-

PNNL-11860
UC-400
RECEIVED
JUN 17 1398
09Tl
Laboratory Directed

Research and Development‘

Pacific Northwest National Laboratory
Operated for the U.S. Department of Energy
by Battelle

DISTRIBUTION OF 11 DOGUMENT 18 UNUIMIT



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
Battelle Memorial Institute, nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, reconmumendation, or favoring by the United States Government or any
agency thereof, or Battelle Memorial Institute. The views and opinions of authors
expressed hercin do not necessarily state or reflect those of the United States Government
or any agency thereof.

PACIFIC NORTHWEST LABORATORY
operated by
BATTELLE MEMORIAL INSTITUTE
Jor the
UNITED STATES DEPARTMENT OF ENERGY
under Contract DE-AC06-76RLO 1830

@ This document was printed on recycled paper.



Laboratory Directed
Research and Development
Annual Report

Fiscal Year 1997

March 1998

Prepared for
the U.S. Department of Energy
under Contract DE-AC06-76RLO 1830

Pacific Northwest National Laboratory
Richland, Washington 99352

PNNL-11860



Contents

Introduction ................... et e e e e e X
Overview and Management Process ... xi

Atmospheric Sciences

A New Tool for Complex Tropospheric Air Quality Systems .............. e et et 1
Biotechnology

750 MHz NMR Determination of the Three-Dimensional Structure (;f a Unique Reductive Dehalogenase ............ 7

A Rapid and Efficient Automated Nucleic Acid Extraction/Purification/Concentration System for

Environmental Samples .................... e e e e e eeeeae e e e e et a s et 9

Adaptation of Mycofiltration Phenomena for Wide-Area and Point-Source Decontamination of CW/BW Agents ... ... 10

Automated, Integrated Mesoscale Continuous Flow Multichannel PCR Thermocycler for Rapid Nucleic

Y0 1o D T Lo L T S 14
Bioremediation: Mycofiltration Mesocosm Study for the Cleanup of Oil-Contaminated Soil . ..................... 16
Electron Paramagnetic Resonance of Environmental Enzymes ............. SO P 20 -
EvaluationofCellularResbonsetoInsult.........................; ....... R RS 22V
Mechanism of Biotransformation of Environmental Contaminants ...........cucieuieninonnennnannnsn e 24
Microbial Gene Expression and Genetic Engineering ... ...t iiiin ittt 26
Microbial Informatics e e e e e e e e 28
Microbiosystems DEVEIOPIIENL . . .« .ot v v et et et e e s et e e e e e e et et e e e e e e e 30
Molecular and Functional Analyses for Evaluating Microbial Treatment Process Performance .................. .31
Molecular Biology Infrastructure ............. .' ...................................................... 33
Novel Foreign Protein Production from Waste Starch . ... ... oot i et iaanas 35
Phylogenetic Analysis of Anaerobic Dechlorinators . . . . . . TSR 36
Production of Foreign Protein Pharmaceuticals Using Transgenic Whole Plant and Cell Culture ................... 37
Radiﬁm Complexation and Linkage to Monoclonal Antibodies for Cancer Therapy .............. .. ... .., 40
Sequencing and Functional Analysis of Thermus Strain IRB-SA . ........................ PBOOCoOaBa0T PR 42
Use of Extremophillic Microorganisms for Use in Targeted Industrial Applications ............. 500a0B0a00600600 44

Contents  iii




Chemical Instrumentation and Analysis

A Flow Injection/Electrochemical System for Detection of DNADamage .........covvrevnnniirenernsennnnnnn 49
Aerosol Analysis by Laser Desorption in an Ion Trap Mass Spectrometer—Determination of Design

Specifications for On-Line InStrumentation ... .. ... ..ttt turitunenreeunneeeennnensnnereeetsaneonnns 51
Chemical Speciation of Radionuclides and Tritium in Nuclear Process Effluents . ...........cccoiiiineineennnnn. 52
Component INterface . . . ... e e e e 54

Development of a Field Portable Matrix-Assisted Laser Desorption/lonization Mass Spectrometer for
Pathogen Detection & . oottt i it e e e 56

Development of High Performance Field-Portable Electrospray Ionization Fourier Transform

Ion Cyclotron Resonance Mass SPeCtTOMELEr . . . ..ttt ettt ataeesaanseeennnserenetosoennesennnns 57
Flow INJECtion ANALYSIS . . .. e ottt ettt et ettt ettt et et et e e et it et e e 58
Immunochromatographic Sorbents for the Selective Collection of Chemical and Biological Warfarec Agents ......... 60
Micromachined Aerosol Collection System for Pathogen Detection ............cciiiiiriinennnianneeanannan, 63
Multispectral Imaging for the Detection of Leaking Explosives fromUXO ... ... ...t iiir i rrnneennnnn, 65
Rapid Detection of Bacterial Fingerprints by Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry

(MALDI-MS) ot ettt et et 68
Versatile Synthesis Method for Sensing Materials .......... ... iiitttitniitttiierrennearenraneeennann 71

Computer and Information Science

A Metadata-Based Approach for Retrieval of Heterogeneous Data ......... ...ttt iieiininiennnnnnnn. 75
Applied Intelligence Systems . . ... ..ottt ettt ettt e 77
Applied Mathemetics and Computer SCIENCE . .. .. ...ttt t ittt ittt iie e iieeeeeaaenseannnennns 78
Automated Docurﬁent and Text Processing .. ... oottt ittt ettt et e 80
Feature Extraction and Signature Tracking (FEAST) .. ... ..ottt i e ettt et et eiaeann .83
Heterogeneous Information Systems Linkages .. ... ... ...ttt ittt ettt 85
Individual Document Analysis and CoOmparison .. .. .... ittt tuietetieetiie et eneaeenaetasnenaneeanan 88
Internet Platform Technology . ... ..ot i i i it e sttt ettt it e e enenennenanns 91
On-Line Collaborative INStruments . . .. ... oottt ittt it i e ine et eaeennseanasinenanns 93
PNNL-LBNL Virtual Research Facility .. ....... .. . ittt it e ettt iaaanans 96

Design and Manufacturing Engineering

A Multicontinuum Approach to Composite Material Characterization and Predictive Analysis for
ComPOSIte SHUCLUTES . . ...ttt ittt ittt et e ee s e et e e ae e e e aanseanenaseeaneesneenoneannns 101

iv  Laboratory Directed Research and Development - FY 1997



- BW System Integration: Mesofluidics Motherboard ..............cvveeiiiniiiiienne, EERRRRRERES 102
Freeform Fabrication of Structural Metal Components ..................... e 103
Power Line Robot Conceptual Design .. ...........iuntiniuitintuiii e 104

Ecological Science

Eéological Modeling of Regional Responses to Global Change

............................................ 107
Integration of Acoustic Doppler Current Profiler Subsurface Sensing and Global Positioning Systems
B0 11110 10y 109
Integration of Unmanaged Ecosystems into the Global Change Assessment Model .. .... '. B U § |
Electronics and Sensors |
Automated Electrooptical Identification of Pathogenic Microorganisms ..........o.ooiiiieiiiinnn it 115
Enhanced RFTags ................ e ......................................................... 117
Fiber Optic Sensor Platform ... ... i i e et i 118
Gas Composition INStrUMENt . . .. ..veeeenrennereneeeeenns i et ettt 120
Genetically Engint}ered SFEIB 60000000000000000000000000000000000a000AE000C0000a0000GT000000000A0a 122
Imaging the Neurological Mental Processing of the Human Brain . ... ... ... it 123
Investigation of OSL Materials for IRRUVIFFTags .......c..ociininiiiniiiiriitiiiraraerenanaeenaens 126
Low Cost Demodulator - Novel Fiber Grating Sensor . ........ociiiiiiniiiniieiriiiirtereennraroananns 128
Low Cost Endoscope for Viewing inaccessible /AT 6600600000000000000000%660A00A0AA0A00AAEETC000000a0AT 130
Portable Ultrasensitive Biologicai LY 1 -1 131
Positi.on Sensing for Hand-Held Wand . . ... ittt ittt iaaaa e 134
Sensors and Controls for Advanced Manufacturing ...........c.oiitinieriiiiniieinetannnneeonananas 135
Ultrasound Vector VelOCItY . ... iuiiiiiiiniit ittt iinissasonensaasaaaesssouanssasosnssnessasenes 136
Experimental Toxicology
Determination of Estrogenic Effects of Environmental Contaminants ..............coi it .. 141
Health Protection and Dosimetry
Detection of the Helicobacter Pylori Infection Using Infrared Laser Breath Analysis . .......................... 145
Development of PBPK Modeling for Mixed Waste Applications . .........ooennieiiiiiinneeiiiiiinnan.. 147
Development of Specific Absorption Rate (SAR) Measurement . .........vveuurenernenseraannnasiannnaanen 149
Performance Testing of Non-Radiological Instrumentation . ...........c.oevuiiiieeiiiienennrenann. P 150

Contents v




Radium-223 Immunoconjugates for Cancer Therapy . ... .. ovvuitree ettt ittt iiinninraeeens 152

Hydrologic and Geologic Sciences

Determining Reactive-Well Design Parameters . ... ... ..iui ittt ittt iiiiee i iiiinnann, 157
Immobilizing DNAPL’s Using Clathrate Hydrates .. ........ ...ttt it 158
In Situ Redox Manipulation Permeable Barrier Research ........ ... ..o i i i 160
Microbiologic Controls on Contaminant Behavior ... ... .. ittt i ittt it iian e 162
Speciation of Uranyl Aqueous and Surface Complexes by Cryogenic Spectroscopic Methods . ................... 165
Stochastic Methods for Bioremediation and Geochemical Modeling . ..., 167
Subsurface Reactive Transport . .. .. ouu ittt ittt ettt ittt ciiaat i iiaaan e enaneenas 169

Marine Sciences

An Integrated Capability for Remote Sensing of Bottom Conditions in Near Shore Coastal Systems ............... 173

Materials Science and Engineering

vi

A Smart Molecular Membrane System for Wastewater Treatmentand Recycle ............ ... ... .. iiiiiat, 177
Advanced Multilayer Panels for Construction Applications . ........ ..ottt iiiii ittt iinennnnannn 179
Antimicrobial CoatiNES . . . .o u ittt ittt ittt e e e e e et a e i 181
Biocatalyst for Remediation .......... ... .. oo i 183
Biological Interactions/Materials Biocompatibility .......... ... i e 186
Development of Improved Oxygen Electrolyzer Membranes .............c.couiiiiiiiiiiiiriiieneeniiiennn, 188
DissOIvable SENLS . ...ttt e e e e e i e 190
Gas Selective Thin Film Barrier Materials ... ... ... . i i i i e it it 191
High Functionality Surfaces and Structures in Microchannels ............................................. 192
High Precision Rapid Prototyping . ... .. .. ittt i e ittt i it 194
Interfacial Interactions of Biomolecules ....... ... ... i e 196
Light Emitting POLymers . .. ..ottt ettt ittt it e ie it i ittt a e iia e nnnes 198
Mechanisms of Radiolytic Decomposition of Complex Nuclear Waste Forms .............. .o, 202
Near Net Shape Forming of Resorbable and Implantable Devices . ........... .ot i, 205
Thermoreversible Polymeric Gels . . ... . o i it ittt e s 207

Laboratory Directed Research and Development - FY 1997



Molecular Science

Application of Mass Spectrometry to Life Science and Bioremediation Research .. ....................... ..., 211
Catalytic ChemiStry Of Metal OXideS ... ... v ernenneennetnn et et e et e e eneeneenaeanens 213
Colloid-Colloid Interactions: Forces and Dynamics 215
Computational Boron ChemistIy ... ....uuuetitt ittt ittt iiaiiiaaaaaa s eeaasnas 217
Development of a Whole Organ Perfusion System for Use in PBi’K Modeling . .....coiiiniiniininiinnennanns 220
Development of Dynamic Nuclear Polarization-Enhanced Capabilities for Applications in Environmental

and Health-Related Research ....... ... i i i i i i it ca it nineaanaaaans 222
DNA Replication and REPAIT .« « ..« nnuunrene e eeneeeeeeeeaainaans I 224
Eicosanoid Synthesis Following Exposure to Environmental Chemicals ............. R R R RRREE 226
Experimental and Theoretical Study of Oxyanion Chemistry on Mineral Surfaces ............................. 227
Glass Structure, Chemistry and Stability . . ... ........... TR 230
Glutathione Transferase Molecular Dynamics SImulation . .. ... ....eeereneeenneeneneaueennennenneeneennns 231
Magnetic Resonance Spectroscopy Studies of Glasses, Minerals and Catalysts . .. ................oeiiiiaian.. 233
Mechanisms of Heterogeneous Electron-Transfer Reactions at Fe-Bearing Mineral Surfaces .. ........ SeAnaa060a 236
Molccuiar Modeling of Bacterial Lipopolysaccharide/Amino Acid Binding in Solution @d to Mineral Surfaces ..... 238
Near Field Optical Microscopy of Dehalogenase Electron Transport ............c.oieiiiieinniniinennnanns, 239
Near Field Spectrographic Mapping and Manipulation of Enzymatic Reactions in Biological Membranes .......... 241
NMR STUGiES OF PIOEINS - . . .« - e e e e e eeeneene e e et e e e e e e e e e e eaenee e e, 242
Pr;)tein—DNA Complexes: Dynamics and Design . ..... ...ttt ittt ii i 244
Rational Redesign of Warfare Nerve Agent Degrading Enzyme: Phosphotriesterase ........ 000000000050050000¢ 246
SpectroelectroCheMISIIY ... .o oitttt ittt ittt iiiiet it i et st e 249
X-Ray Adsorption Fine Structure ......................................... 251

Nuclear Science and Engineering
Silicon-Based Beta Sensor for Onsite InSpection ... ..... ...ttt iitiiiiiiiniieneenenneannaenans 255
Process Science and Engineering

Advanced Biotreatment fof Industrial and Municipal Wastewater ...ttt ittt 259
Advanced Technologies for Selective Anion Separation ...............coiiiiieinenn... "90000000000000000 260
Biological Catalysis and Processes for Chemical Synthesis . ......... .ottt 262

Contents  vii




Catalytic Hydrothermal RedUuCtions ... .......ttiuunniettmuntiineennneieeeunnneeernoenasoeersenannns 264

Catalytic Upgrading of C4 Feedstocks to Ethylene and Propylene Glycols ........... ... ... 266
Characterization of Rapid Dechlorinators: Remediation of DNAPL ........ ... ... ... i, 267
Chemical Process and Reactor Modeling for Innovative COnversion ............cooiiiiiiiiiiiiiineeennnnnns ", 269
Controlled Oxidation Reactions of Organics by a Unique Gas Phase Corona Heterogencous Reactor System ........ 270
Cost Indexed Process Design HEeuristics . .. ..ottt it ittt ettt ittt eiiaaaans 272
Development and Testing of Microchemical Separations . ..........ovttiitiiiiiiiiiaiiiereeerereeens 274
Enhanced Mixing for Supercritical Fluid Oxidation~Phase Separations ..............cooiiiiiiiuiiinieeennnnn 276
Extension of Acid Hydrolysis for the Minimization of Biosludge ......... ... ..o, 279
Feasibility of Membrane-Plasma Reactor for Partial Oxidation .............. ..o oo, 281
“Glow Discharge Plasma” Process .........ccoeeiiuiiiiinnennnenen e 286
Hydrocarbon Processing with MICTOSYSIEIMS .. oo it ttttntit ettt iiiee e iiiaie et iinianaeearnannnnns 289
Integration of Advanced Technologies for Selective Anion Separation ............. ... ... o i i, 201
Isolation and Use of Extremophilic Bacteria for the Treatment of High Nitrate and Sulfate Containing Wastes .. ..... 292
Lattice-Boltzrﬁann Simulation of Microfluid Systems . ..........ciriiiiiiiiiinnenn., E 294
Ligand Design and Testing in Support of Metal Ion Separations ..............cciiiiiiiiiiiiiiiineeneenann 295
Micromachined Electrokinetic Converter for the Treatment of Tank Wastes .. ...........coooiiiiiiiiiii s, 296
Micromachined Fuel Cell Systems . ...........cooiiiiiiiaiiiii .., % 000000000000006000000000000G 298
Mixed Waste Treatment with Iron Reducing Bacteria ...ttt iiiiiirennennns 300
Molecular Design of Agents for Selective Anion Separation ........ ...ttt 301
Novel Photocatalytic Reactor Technology . ... ...t ittt iiinannnn, 303
Novel Small-Scale Membrane Reactor Fuel Processor TeChnOlOZY . . ..« vvveve e et e eeaeinaaanaenaaanns 305
Plasma Spray Coating of Small Diameter Tubes with Aluminum . ...........ciiiiiiiiiiiiiirieieraean... 306
Production of Medical Isotopes Using Microtechnology ......... ..ottt 307
Real-Time Tomographic Ultrasonic Velocimetry and Densitometry ............cciiiiiiiiiiiiiineiiennnnnn. 308
Recycling Heavy Metal Process Streams: Biogenic Sulfide Precipitation .............. ..., 310
Separation via “Enhanced Diffusion” . ...... ...ttt i i i i i et e 311
Spray Coating Supercritical Carbon Dioxide to Eliminate or Reduce VOC Emissions .......................... 313

viii ~Laboratory Directed Research and Deve]oprﬁent -FY 1997



Stabilized Native Enzymes and Chemical Treatment for Conversion of Organic Chemicals from Biomass .......... 314

Superstructural Assembly of Materials for Selective Anion Separation ..............cooeineiiiiiiiiaanns 316
Risk and Safety Analysis
Cell and Tumor Growth Kinetics ...........coovvinein ... T 319
Cell Signaling Mechanisms . . ... ...oouutiiiiii ettt et aaeaanarnees ogaaboooC 323
Comparative Metabolism and PharmacoKinetics .. ... ...evuutntiutin ittt ieaeananeae e nenns 326
Developmeht of Risk Modules for the RT3D Bioremediation Code .. ......uvrerererenenenenenenrnenenenanns 329
Direct and Indirect Genotoxic Mechanisms 331
Enhanced Windows Version of MEPAS ... T e e 00 R 056E0080009600000600 333
Integrated Contaminant-Based Ecological Risk Assessment Methodology ..............oiiiiiiiiiiii s, 334
Integrated Environmental Decision Support Tool . ........................ [ e 336
Technical Analysis and Integration of Health Effects Data ..... 338
Toxicodynamic Modeling . ...............cn.n. 7 60800000000000000000000000000000000000300060000004 340

Socio-Technical Systems Analysis
Life Cycle Assessment Design Tools .. ....oveneennennenenens 0000060006000000000000000A00600T00000000D 345
Management of International Environmental Treaties in Support of Environmental Security ..................... 347

Navigating Obstacles to Environmental Technology Deployment Using Environmental Management _
Systems (EMS) .. ..iiu ettt ittt iieetiaeretaiaeraeeraunrneaeseaaanssereaatosaaananttens 350

Statistics and Applied Mathematics
Use of Wavelet Methods for the Homogenization of Dynamics ..................... ©060000000000000000000C 355

Thermal and Energy Systems

Flat Residential Commercial Light Architecture . . . ... oot vuiiit it iiiiniiiiiiiniieeeeenanns 900000000004 359
High Performance Micro Heat Engine Development .. .........c.o..eveeneunennen. 1000000000000000000A00a0A 360
Integrated Mes.oscopic Fuel Cell and FUel ProCesSOr . ..o vcvttniestteaeteeaee ettt ennannaennans 363
Mcsoscopié Heat Actuated HeatPump ............. [T TP TR UT SRS 365
Microscale Air-Side Heat Transfer Enhancement . . ... .ooi ittt ittt it iiieiaeaeoeaannn 367
Molecular Dynamics SIMUIAHON . . . .. ..ottt ettt ittt ettt 368
Acronyms and Abbreviations ... 373

Contents ix




Introduction

The Department of Energy Order 413.2 establishes DOE’s policy and guidelines regarding Laboratory Directed
Research and Development (LDRD) at its multiprogram laboratories. As described in 413.2, LDRD is “research and
development of a creative and innovative nature which is selected by the Laboratory Director or his or her designee, for
the purpose of maintaining the scientific and technological vitality of the Laboratory and to respond to scientific and
technological opportunities in conformance with the guidelines in this Order.”

DOE Order 413.2 requires that each laboratory submit an annual report on its LDRD activities to the cognizant Secretarial
Officer through the appropriate Operations Office Manager. The report provided in this document represents Pacific
Northwest National Laboratory’s LDRD report for FY 1997.

During FY 1997, 165 LDRD projects were selected for support through Pacific Northwest National Laboratory’s LDRD
project selection process. Total funding allocated to these projects was $12.9 million. This amount represents 3 percent of
the Laboratory’s operating budget, which is half of the 6 percent maximum allowed by DOE Order 413.2.

In recognition that the Laboratory must focus on a defined set of research that reflects our missions and unique assets,
LDRD investments are focused on developing new and innovative approaches in research which support our “core
technical capabilities.” Currently, the Laboratory’s core technical capabilities have been identified as

Atmospheric Sciences e Marine Sciences
Biotechnology e Materials Science and Engineering
Chemical Instrumentation and Analysis e Molecular Science

Computer and Information Science
Design and Manufacturing Engineering
Ecological Science

Electronics and Sensors

Experimental Toxicology

Health Protection and Dosimetry
Hydrologic and Geologic Sciences

Nuclear Science and Engineering
Process Science and Engineering
Risk and Safety Analysis
Socio-Technical Systems Analysis
Statistics and Applied Mathematics
Thermal and Energy Systems

In this report, the individual summaries of LDRD projects are organized according to these core technical capabilities.
The largest proportion of Laboratory-level LDRD funds is allocated to our capability in molecular science and the second
largest allocation is in process science and engineering. A significant proportion of the Laboratory’s LDRD funds were
atlocated to projects proposed by individual researchers or small research teams within the various technical research
organizations. Funding allocated to each of these projects is typically $50K or less.

The projects described in this report represent the Laboratory’s investment in its future and are vital to maintaining the
ability to develop creative solutions for the scientific and technical challenges faced by DOE and the nation. In accordance
with DOE guidelines, the report provides

e an overview of the Laboratory’s LDRD program and the management process used for the program
e a S-year project funding table

e project summaries for each LDRD project

e brief descriptions and funding profiles for each new project started in FY 1998 (Attachment).

(a) U.S. Department of Energy Order DOE 413.2. Laboratory Directed Research and Development. 04-09-92.
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Overview and Management Process

The relevance and value of a Department of Energy (DOE) multiprogram laboratory lies in its ability to apply science and
technology to national needs that fall within the missions of the DOE. The increasing complexity of these needs and the
inadequacy of using conventional approaches demand that creativity and innovation underlie scientific and technological
efforts so that new and novel solutions are discovered and applied. In addition, new ideas and opportunities frequently
occur at a faster pace than can be anticipated or adopted in the federal budget process.

A national laboratory must establish and maintain an environment in which creativity and innovation is encouraged and
supported if it is to fulfill its missions and remain viable in the long term. For these reasons, external reviews of the DOE
multiprogram laboratories have consistently recommended that laboratory directors be given discretion to select research
and development projects for support and to allocate a percentage of their operating budgets to provide this support.

The Laboratory Directed Research and Development (LDRD) program allows the Pacific Northwest National Laboratory
to assist DOE in fulfilling its missions and contributes to other priority needs of the nation. Pacific Northwest National
Laboratory’s program supports creative endeavors in areas of strategic national importance that utilize the core technical
capabilities of the Laboratory. The Laboratory seeks to continually replenish its inventory of ideas that have the potential
to address major national needs. The principal goals of the LDRD program are to 1) encourage the advancement of basic
science and fundamental research at the Laboratory, and 2) develop major new research and development approaches and
capabilities. Specific objectives are to:

s foster an environment that encourages creativity and innovation

¢ fund new and novel ideas that have scientific/technical merit but that cannot be funded promptly through programmatic
channels

s investigate new ideas/concepts to the proof-of-principle stage.

The LDRD program serves to enhance the morale and vitality of the Laboratory’s scientific and technical staff and to
recognize their importance to the future of the Laboratory. This program has a major impact on our staff by providing a
mechanism to promptly pursue new ideas and concepts and to enrich the Laboratory’s capabilities.

Program Beneﬁts

Pacific Northwest National Laboratory’s LDRD program has provided a number of benefits relative to the generic goals of
fostering creativity and innovation within the Laboratory. The program has also provided specific benefits to the
Laboratory that have allowed it to assume a major role in the development of science and technology to address significant
national needs, such as the environmental restoration of DOE sites and global climate change.

When Pacific Northwest National Laboratory became an Energy Research laboratory in 1985, one of the major DOE
directives was strengthening its fundamental research capabilities. A strengthened fundamental research component would
establish a sound scientific basis for the Laboratory’s applied research and development programs that would provide a
complete capability for the integrated management of scientific and technical programs of national importance.

LDRD has been the principal vehicle by which the Laboratory has made substantial progress in improving its fundamental
research base. The new capabilities developed at PNNL in molecular science, high-performance computing,
biotechnology, and the environmental sciences have enhanced its ability to serve DOE missions. These new capabilities
have changed and renewed the institutional vitality of the Laboratory during a time when the Hanford Site was undergoing
significant changes that appeared likely to undermine this vitality.

The national goal of restoring DOE sites, the total cost of which is now estimated to exceed $100 billion, will never be
accomplished in a reliable and cost-effective manner without significant contributions from science and technology. These
contributions will range from developing a fundamental understanding of the effects of contaminants on molecular structure
and function, to developing innovative new technologies for processing wastes. Bioremediation is an example of where
advances in both fundamental science and applied engineering will be necessary if it is to be successfully implemented.

Overview and Management Process  xi




Similarly, a rational and defensible approach to addressing global environmental change will not be developed until the
pature of possible changes are more fully understood and the impacts of alternative mitigating strategies are analyzed.
Investments in advanced computing underlie the Laboratory’s approach to these and other major scientific areas.

The LDRD program has allowed PNNL to initiate the process of bringing the capabilities of the national scientific and
technical community to bear on these environmental problems. These efforts are still evolving and significant challenges
remain. However, many of the Laboratory’s ideas and concepts related to these areas were originally developed with
LDRD funds and are now receiving programmatic support from DOE. Examples include previous LDRD-supported work
in the atmospheric sciences that is now being applied through Pacific Northwest National Laboratory’s participation in the
Atmospheric Research Measurement (ARM) program, and studies in chemical dynamics that are now being supported by
the Office of Basic Energy Sciences. Another example is PNNL’s success in the Environmental Management Science
Program (EMSP) where many of the Laboratory’s winning proposals were based on concepts initially explored through
LDRD. It is believed that current LDRD projects in process science and engineering, bioremediation, and health effects
research will produce similar scientific and technical benefits as national efforts in these areas more fully emerge.

Pacific Northwest National Laboratory has traditionally made a portion of its LDRD funding available to small,
interdisciplinary teams of researchers with new ideas or concepts that require only a small amount of funding (typically
less than $50K) for initial testing. This practice is planned to be continued because of the significant scientific and
technical benefits that have resulted.

In summary, LDRD has enabled Pacific Northwest National Laboratory to enhance its research vitality as a DOE
multiprogram laboratory during a period of significant change. LDRD has facilitated the Laboratory’s ability to make
significant contributions to addressing nationa! problems, particularly in the environmental research area which represents
the primary distinctive signature of the Laboratory. It is essential that PNNL and the other DOE laboratories retain the
capability provided by LDRD if their full capacity to assist DOE and the nation is to be realized.

Laboratory Directed Research and Development Management Process at Pacific Northwest National Laboratory

At Pacific Northwest National Laboratory, LDRD is funded through a Laboratory overhead account applied to the value
added base on al! PNNL 1830 Contract accounts. The PNNL Director of Finance is responsible for ensuring that these
funds are accumulated and accounted for in the appropriate manner. Formal proposals in an authorized format are
required for each LDRD project.

Decisions regarding funding levels for the LDRD accounts are made by the Laboratory Director, with assistance from the
Laboratory Strategy Council (composed of the Associate Laboratory Directors). Primary responsibility for allocations to
individual LDRD projects within these accounts also rests with the Director and the Strategy Council. The Laboratory
Technical Council (composed of the leaders of the core technical capabilities) and the Laboratory Business Council
(composed of major DOE program managers) play key roles in developing recommendations for the Director on these
allocations. The Laboratory Technical Council has primary responsibility for ensuring the technical soundness of the
LDRD investments, through peer reviews conducted by both internal and external scientific reviewers. The Associate
Laboratory Director for Strategic Planning has responsibility for the general oversight and conduct of PNNL’s LDRD
program.

All projects are reviewed for technical merit by line managers and/or scientific staff, and in some cases by external peer
reviewers. Written guidance pertaining to the criteria and guidelines for LDRD projects provided in DOE Order 413.2 is
widely distributed to Laboratory staff. Adherence to these criteria is further ensured through reviews by the LDRD
Office. Individual projects are usually limited to $1M in total funding and $500K in a single fiscal year. The Director of
Finance is responsible for financial oversight of the LDRD program. Accountability for individual LDRD projects rests
with the principal investigators conducting the projects and their cognizant line manager.

The major sequential steps of Pacific Northwest National Laboratory’s LDRD process are as follows:
e Ongoing LDRD projects are reviewed for technical progress in achieving their intended goals.

o Initial concepts for new LDRD investments are solicited through the Laboratory’s business planning process managed
by the Associate Laboratory Director for Strategic Planning.
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¢ Based on the approval of Pacific Northwest National Laboratory’s LDRD Plan by DOE, initial funding allocations for
the LDRD accounts are approved by the Laboratory Director and a request for proposals is issued.

¢ Line managers solicit proposals for specific LDRD projects from research staff and select projects as candidates for
funding. Each manager selecting an LDRD project must certify in writing that the project has been peer-reviewed and
meets the requirements of DOE 413.2.

¢ All LDRD project proposals and the electronic files must be submitted to the Laboratory’s LDRD Office for review
for compliance with DOE requirements after the principal investigator and the cognizant manager have signed them.
All documentation required to meet Nationa! Environmental Policy Act (NEPA) and other environmental, safety, and
health comphance requirements for the projects must also be submitted.

» The emphasis of the proposals is on the technical objectives and approaches that will be incorporated in the project.

¢ The Budget and Analysis Office has established six-digit alpha codes that are used to represent the work breakdown
structure (WBS) code for each of the LDRD accounts. After a project receives final approval, a project-level work
breakdown structure code is assigned by the LDRD Office for each LDRD project.

Primary responsibility for ensuring adequate technical review of LDRD projects rests with line managers. In addition,
regular peer reviews of selected activities are performed by the Laboratory Technical Council and the Strategic Planning
Directorate. Additional oversight of the progress of the LDRD investments is provided by the Laboratory Strategy
Council. Some of the major LDRD investment areas, such as molecular science and process science and engineering, also
have designated advisory councils that include external advisors in their peer reviews of the status and progress of the
research. The various technical reviews constitute the most important means of ensuring that LDRD funds are used for -
their intended purpose.

Principal investigators and management are also required to develop input to meet all DOE LDRD reporting requirements.
These requirements include the LDRD annual reports and the quantitative survey of LDRD project results. Selected
principal investigators may also be asked to participate in periodic DOE LDRD program reviews, which are organized by
the LDRD Office. The LDRD Office has primary responsibility for developing the annual LDRD Plan.
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A New Tool for Complex Tropospheric Air Quality Systems

Carl M. Berkowitz, Xindi Bian, Jerome Fast, Shiynan Zhong (Earth Systems)

Study Control Number: PN97003/1144

- Project Description

The goal of this project was to synthesize existing
capabilities in atmospheric chemistry and dynamic
modeling through development of an in-core, interactive
multiphase chemistry/regional-scale atmospheric modeling
system. This modeling system will enable PNNL scientists
to study important feedback processes between clouds,
aerosols, and gas-phase chemistry. Although the feedback
processes are acknowledged in the scientific literature to be
of importance, they have not been explicitly studied in
detail because of computational complexities, uncertainties
associated with atmospheric heterogeneous chemical
processes, and the interdisciplinary expertise required.

The tool we proposed to develop for studying complex
tropospheric air quality applications included a coupled
version of the Regional Atmospheric Modeling System
(RAMS) and the Global Chemistry Model (GChM). These
models have been coupled in a one-way approach in that
wind, temperature, and moisture fields computed by RAMS
are passed into GChM; howeyver, there are no mechanisms
to permit the simulation of feedback processes. A fully
coupled modeling system, consisting of two distinct but
closely linked parts, could significantly extend our
fundamental knowledge of radiation-cloud-aerosol-gas-
phase interactions. Although a fully coupled version of
RAMS and GChM could not be completed by the end of
the fiscal year, progress on that coupling was achieved with
meaningful improvements to the current one-way approach.

Technical Accomplishinents

The following summary of technical accomplishments
is presented in the same order in which the work was
proposed.

1. Coupling of RAMS and GChM~

s Development of the in-core coupling of RAMS and
GChM

Coupling of the two codes was accomplished on a Sun
 Ultra workstation. The basic philosophy in coupling the
codes was to limit the number of modifications for each

model. We originally planned to create a new main
program that would make separate calls to RAMS and
GChM at certain time steps within a loop. However, we

found it simpler to execute the GChM modules within
the RAMS framework.

A common block of variables (horizontal and vertical
wind components, temperature, humidity, eddy
diffusivity, pressure, and zenith angle) used by both
models was established. At the end of the RAMS time
integration loop, a subroutine was added that updates the
meteorological variables so that the most recent values
can be used by the chemistry calculations. Immediately
following the call to this subroutine, a statement was
added to call the GChM modules. Since the time step

- for the meteorological variables is much smaller (e.g.,

30 seconds) than is needed by the chemistry integration
(e.g., 5 minutes), a constant has been added to control
how frequently the GChM modules are executed.
Although GChM computes the zenith angle needed to
evaluate diurnally varying photolysis rates, the zenith -
angle from RAMS is now used so that this variable is
consistent between the two codes. Other minor aspects
of the codes were also changed, including duplicative
subroutine names and calls to IEEE routines.

One advantage of in-core, one-way coupling is that
RAMS can efficiently feed the meteorological quantities
to GChM at frequent intervals. Air quality modeling
studies have traditionally employed an out-of-core
approach in which the chemistry model reads meteoro-
logical quantities from a file at relatively coarse time
intervals, typically on the order of an hour. The
chemistry model then either linearly interpolates the
meteorological quantities in time or assumes that
meteorology is constant over the coarse time interval.
Previous studies have shown that this approach can
produce significant errors for long-range transport
applications. Boundary layer quantities, such as the
mixed-layer depth, can also change significantly over a
short period of time so that an adequate description of
vertical diffusion may not be obtained when assuming
constant meteorology over a 1-hour period. With in-
core coupling, the most recent values are used at small
time steps so that these problems are eliminated.

Development of a consistent horizontal coordinate
system )

A latitude/longitude coordinate system had previously

been used in GChM to describe the horizontal transport,
whereas RAMS had used an orthogonal polar
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stereographic system. Before any coupling could
proceed, a common coordinate system had to be
selected, and one of the two models recast into this
system. Because GChM is largely an in-house system
designed in a highly modularized framework, the
latitude/longitude system was reformulated to that of
RAMS. This involved rewriting the governing equation
from a simple latitude (1), longitude (¢) coordinate, to
one defined as

x = ( —2—‘1—2&) cos(A -A") + X,
1 + sin(¢)

_| 2acos(®) )y 4+ .
y (——1 " sin(d)))sm(}b A)+Y,

where a, X and Y are the earth’s radius, and X-Y
origin of the RAMS polar stereographic system.

A corresponding map factor algorithm for this
coordinate system also was developed using existing
code from the RAMS model.

Initial step toward including aerosol-radiation feedback
processes in the integrated modeling system

Work was initiated on improving the existing radiation
and cloud physics schemes in RAMS as a first step
toward incorporating the aerosol-radiation feedback
processes in the integrated modeling system. There are
two types of radiation schemes in the current version of
RAMS. One scheme (Mahrer and Pielke 1977) requires
relatively little computational expense, but does not
include the radiative effects of clouds. Another scheme
(Chen and Cotton 1983) is computational expensive, but
accounts for the radiative effects of clouds. Because one
of the important impacts of atmospheric aerosols on
radiation is through indirect effect on clouds, the Chen-
Cotton scheme in RAMS which accounts for radiative
effect of clouds is a natural choice as the radiation
scheme for the integrated modeling system. Unfortu-
nately, we have found, through previous simulations and
comparisons with surface radiative flux measurements,
this scheme tends to produce an underestimation of
shortwave radiative fluxes by 10% to 15% under most
conditions. To improve the calculated shortwave
radiative fluxes, we have replaced the existing Chen-
Cotton scheme in RAMS with a new version. The new
version of the scheme has been tested with a case study
which has shown considerable improvement in the
simulated shortwave radiative fluxes over the old
version. We have also sped up the computation of
longwave radiation by eliminating the calculations of
fractional cloud cover that was never used in practice
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but consumed much computation time because it
involves an iterative process.

. Development of Emission Inventories Compatible with

the Integrated Modeling System

The U.S. Environmental Protection Agency (EPA)
supplied regional-scale emissions employed in this
version of GChM. This inventory is known as the
“RADM AP-45” case, and is based on EPA’s 1990
Interim Emissions Inventory. It contains hourly
emissions of 22 species in eight vertical atmospheric
layers over a 5-day summertime period characterized by
warm temperatures for eastern North America. The

121 hours (5 days plus 1 hour) of emissions data were
temporally averaged to producc a mean hourly value at
each of the 35 x 38 x 8 grid cells of the emissions
domain. This reduction had the benefit of reducing the
size of emission files by one-fifth thus reducing the time
required for mode! input/output.

. Development of Post-Processing Graphics

A new graphical tool was developed to display the
results of the coupled modeling system. Both meteoro-
logical and chemical values were combined in the
graphics to facilitate interpretation of the relationship
between meteorological processes on chemical
production, transport, diffusion, and final removal via
deposition and reaction. Interactive Display Language
(IDL), a commercial software, was used for this purpose
(IDL is a flexible graphics language that permits the user
to create a wide variety of plots using script files that
contains programming commands similar to
FORTRAN).

. Verification of the Integrated Modeling System

Our preliminary verification study was donc using data
collected during the 1995 Southern Oxidants Study
(SOS). SOS was a large regional-scale field measure-
ment program centered in Nashville, Tennessee,
involving scientists from public, private, and academic
institutions. One of its goals was to determine the
relative importance of volatile organic compounds and
NO, in ozone production. Both airborne and surface
measurements were readily available to us and used to
verify the performance of the model.

The evolution of the ozone in the vicinity of Nashville
was predicted by the coupled modeling system for

July 12 during the 1995 SOS field campaign. Two
versions of the modeling system were crcated. For the
first version (out-of-core), GChM read in meteorological
quantities from RAMS at 1-hour intervals from external
files. This is the traditional approach used by chemistry
models. The second version was the in-corc RAMS and



GchM code with the frequency of the meteorological
variables updated in GChM temporarily set to 1 hour. The
results from the second version were compared to those
from the first version to verify that the new in-core code

* was working properly. Two simulations were performed by
both versions of the code. One simulation was initialized
with a constant ozone concentration of 30 ppb and the other
simulation was initialized with a vertical ozone profile that
contained a maximum concentration of 85 ppb at 1 km
AGL, consistent with early morning aircraft observations
on July 12.

5. Scoping Study

The technical accomplishments described above provide
evidence that our team has achieved our stated goal of
producing a fully coupled RAMS and GChM modeling
system in 2.5 months with a $25K budget. The primary
benefit of the effort to date is a reduction in modeling

uncertainties associated with time interpolation of
meteorological fields used in GChM with an off-line
coupled system. We have also made significant
progress in developing an emission inventory
compatible with the fully integrated modeling system
and in improving radiative budget calculations in RAMS
in order to account for the important feedback processes
between meteorology and chemistry.

References

C. Chen and W.R. Cotton. 1983. A one-dimensional
simulation of the stratocumulus-capped mixed layer.
Boundary-Layer Meteor., 25, 289-321.

Y. Mahrer and R.A. Pielke. 1977. A numerical study of
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750 MHZ NMR Determination of the Three-Dimensional |
Structure of a Unique Reductive Dehalogenase

Michael A. Kennedy (Macromolecular Structure and Dynamics)

Study Control Number: PN95001/977

Project Description

Tetrahydroquinone reductive dehalogenase (TeCH-RD)

is a bacterial enzyme that has been isolated from
Flavobacterium sp. strain ATCC 39723. It has been
shown to be involved in the degradative pathway of
pentachlorophenol. Specifically, TeCH-RD carries out the
reductive dechlorination of tetrachlorhydroquinone to
dichlorohydroquinone. TeCH-RD is 247 amino acids in
length with a corresponding molecular weight of 28.1 kD.
The goal of this project is to use nuclear magnetic
resonance spectroscopy to determine the three-dimensional
solution-state structure of the enzyme. An integrated
biophysical, biochemical, analytical, and modeling
approach is being used to identify the three-dimensional
structure of TeCH-RD. :

Technical Accomplishments

Tetrachloro-p-hydroquinone reductive dehalogenase
(TeCH-RD) was recently purified from a
pentachlorophenol-degrading Flavobacterium sp. strain
ATCC 39723. The enzyme is thought to first catalyze the
formation of a hydroquinone-glutathione adduct between a

- tetrachloro-p-hydroquinone (TeCH) and a glutathione and
then to split the adduct at the expense of another
glutathione to produce 2,3,6-trichloro-p-hydroquinone and
the oxidized form of glutathione (GS-SG). The deduced
amino acid sequence shows strong similarity with two
previously reported plant glutathione transferases (GSTs).
TeCH-RD is the only reductive dehalogenase that has been
characterized to date. The enzyme’s ability in splitting
hydroquinone-glutathione adducts may represent a new
type of activity catalyzed by GSTs, which is very important
to prevent building up multiple substituted hydroquinone-
glutathione adducts. Hydroquinones, metabolites of many
xenobiotics, react with glutathione to form multiple
substituted (more than one glutathione per quinone
hydroquinone glutathione) adducts. The conjugates
recently have been shown to be more toxic than the original
quinone metabolites in animal studies.

Nuclear magnetic resonance spectroscopy is the leading
method for determination of solution-state protein
structure. Secondary structure of proteins up to 31.4 kD
have been determined at 600 MHZ with 0.7 mM solutions
of uniformly 15N and 13C-labeled materials. The current
estimate of the molecular weight range for complete three-
dimensional NMR structure determination of proteins,
employing the latest innovations in fractional deuteration of

_ protein sidechains and using up to 750 MHZ field

strengths, is between 30 and 60 kD. We have been able to
show that under buffer conditions being used for NMR
studies, TeCH-RD exists as a monomer in solution.
Therefore, the TeCH-RD subunit is well within.the
molecular weight range for structural studies.

Strain JDO1, an E. coli IM105 harboring the TeCH-RD
expression vector, pJDO1 has been used to produce large
quantities of TeCH-RD. Overproduction of TeCH-RD is

~ induced by the addition of isopropylthio-B-D-galactoside.

For 1’N-labeled and 1°N, 13C-TeCH-RD production, JDO1
is cultured in Isogro (Isotec, Inc.) labeled protein
hg'drolysate. Triply labeled protein including 2y, 13¢, and
15N, has been prepared from cultures grown in media based
on deuterated algae grown in heavy water and with labeled -
carbon and nitrogen sources.

Preliminary NMR studies initiated indicated that TeCH-RD
was a good candidate for NMR investigation. 1H-15N-
heteronuclear multiple quantum coherence spectra
collected at 750 MHZ shows excellent resolution. We
found aggregation to be a problem over time and have
taken steps to solve this problem. While we optimize
conditions for studying the native protein, we have
explored subcloning the protein into its distinct domains
and site directed mutagenesis to eliminate unnecessary
cysteine residues that could be susceptible to oxidation
over time. Figure 1 shows a detailed homology model of
TeCH-RD. The protein appears to be divided into two
distinct domains, the N-terminal domain that includes a
two-strand beta sheet and an alpha helix in the substrate
binding region of the protein and the C-terminal domain
that is composed of a bundle of alpha helices. The two
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Homology Model ot TeCH-RD

N-Tesminal Domain

s

C-Terminal Domann

Figure 1. Homology model of TeCH-RD indicating two
distinct structural domains and the position of the two
cysteine residues.

cysteine residues are indicated with a space-filling surface.

C157 is positioned on the surface of the protein. We are
preparing a site-directed mutant C157S to minimize
oxidation induced aggregation. We have also per cloned
out the cDNA coding for each of the domains. Figure 2
shows an agarose gel of the pcr product for the N-terminal

2652 bp

800 bp

e wne v 384 5D

350 bp

50 bp

Figure 2. Agarose gel showing the 384 base pair
per product that encodes for the N-terminal
domain of TeCH-RD.
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domain of TeCH RD. The 384 bp DNA fragment is clearly
indicated. Figure 3 shows the pcr fragment corresponding
to the C-terminal domain of TeCH-RD. The pcr fragments
have been cloned into appropriate expression vectors and
are being screened for successful insertion. These
approaches are continuing to be pursued in our structural
investigations of TeCH-RD by NMR spectroscopy.

2652 bp

— e = - 434 bp

Figure 3. Agarose gel showing the 434 base pair per
product that encodes for the C-terminal domain of
TeCH-RD.

Publication

D.W. Hoyt, J. Zhao, J. Trewhella, and M.A. Kennedy.
“Comparison of Small Angle -x-ray Scattering and
Gradient Encoded NMR diffusion Experiments for
Assaying the Aggregation State of Proteins in Solution.”
(in preparation).



A Rapid and Efficient Automated Nucleic Acid Extraction/
Purification/Concentration System for Environmental Samples

Fred J. Brockman, Darrell P. Chandler, Jay W. Grate,

Cynthia Bruckner-Lea (Biogeochemistry)

Study Control Number: PN97004/1145

Project Description

The objective of this project is to develop approaches for .
the rapid, specific, sensitive, and simultaneous detection
and identification of microorganisms based upon their
specific nucleic acid content. The expected results of this
research include an understanding of nucleic acid
hybridization conditions required for successful and
efficient hybridization of an environmenta! nucleic acid
sample; a demonstration of automated nucleic acid
purification from environmental samples; and integration of
a sample processing module into a rapid, automated,
mesoscale, compact detection system for microorganisms in
environmental samples.

Technical Accomplishments

Injtial research into DNA array and state-of-the-art gene
detection technology consistently showed that the
commercial sector has advanced high-speed thermocyclers
for the polymerase chain reaction and miniaturized
genosensor array elements, but that sample preparation,
processing, and delivery to the detector is the limiting
technology for fully integrated gene-based detection
systems. This conclusion was consistently and universally
supported by several visits and discussions with genosensor
companies, potential clients (NASA, DARPA, DoD,
USDA), collaborators (University of Alabama,
Birmingham; Perkin-Elmer, Genometrix, Nanogen, Clinical
Microsensors, Life Technologies) and other LDRD focus
areas (Food Safety and Agricultural Pathogens, Medical
Technologies). Therefore, development of the nucleic aqid

- extraction and purification component of this project was

emphasized in 1997 and will continue during FY 1998. A
separate proposal focusing on purely electronic detection of
nucleic acids on a genosensor microarray has been
submitted as a new start proposal for FY 1998.

Based upon our prior experience extracting nucleic acids
from environmental samples, we developed a cadre of
nucleic acid purification techniques. Affinity resins can be
sequence-specific (as in oligo-dT sepharose for purification
of eukaryotic mRNA) or use a more general physical

pfoperty of nucleic acids (e.g., electrostatic interactions),
but they all use a solid support in a column or spin-filter
format. With the affinity purification concepts in hand, we
identified, pursued, and developed a collaboration with
Cindy Bruckner-Lea and Jay Grate of the Environmental -
and Molecular Sciences Laboratory (EMSL), experts in
flow injection and microfluidics technology.

The flow injection system developed in FY 1997 is
operated under computer control and results in 10 pL to

10 mL of fluid handling capability. The second-generation
flow cell developed under this project retains micro-
particles (>3 pm). We performed basic research to identify
the flow regimes and programming steps necessary to
manipulate microparticles ranging from 3 to 80 pm in size
and from sepharose to silica in plasticity. Fundamental
issues were addressed and dominated experimental work
during FY 1997.

A significant body of literature exists for solution- and
mixed-phase nucleic acid hybridizations, but affinity
capture of large (> 1 Kbp) nucleic acids with surface-bound
probes has not been thoroughly addressed. Further, very
little information exists for the affinity capture and purifi-
cation of dilute nucleic acids, in solution- or mixed-phase
experiments. An experimental plan for assessing nucleic
acid capture and purification efficiency at low DNA

and RNA concentrations (< 106 copies) was therefore
implemented for comparative analysis of benchmark
affinity purification procedures versus comparable flow
system performance.

Initial results showed that affinity purification of 1 ng
genomic DNA (ca. 108 target sequences) is equally
efficient in different butters with an absolute capture

and detection limit ca. 1 to 10 pg (103 to 10 targets).
Additional comparisons of benchmark and flow system
capture of 1 ng genomic DNA suggest that the flow system
offers a 103-fold increase in capture efficiency with a
twofold reduction in sample processing time relative to the
benchmark procedures. More impressive gains in
purification/detection sensitivity and processing times are
expected under a continuation of this project in FY 1998.
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Adaptation of Mycoﬁltration Phenomena for Wide-Area and
Point-Source Decontamination of CW/BW Agents

Jack Q. Word, Susan A. Thomas, Ann S. Drum, Peter Becker,
Margaret R. Pinza, Ted Divine (Marine Sciences Laboratory)

Study Control Number: PN97006/1147

Project Description

The objective of our laboratory bench study was to test the
effectiveness of a new biotechnology for decontamination/
remediation of chemical warfare (CW) and biological
warfare (BW) agent contamination: mercoﬁltration(l), the
application of living fungal mycelium 2 to remove/degrade
contaminants. Based on the known capabilities of wood-
degrading higher fungi, and using relevant surrogates to
represent the CW and BW agents of interest, we developed
methods, identified candidate proprietary fungal strains 3,
measured the effectiveness of degradation, and determined
as a proof of concept the efficiency and applicability of this
approach to the treatment of CW/BW contaminants that are
typically difficult and costly to address.

We also made progress toward meeting our longer-range
objectives to identify and isolate active fungal enzymes that
can facilitate capture or destruction of contaminants apart
from the living fungal system. Our focus is on the develop-
ment of a fungal enzyme-based CW/BW decontamination
system that could be applied to equipment, personnel, and
structures, and that in combination with application of

the living mycelial systems could address wider-area
decontamination, remediation, and detection.

Sixteen proprietary fungal strains were screened for their
ability to grow in the presence of the sarin surrogate,
dimethyl methylphosphonate (DMMP), and to effectively
degrade the contaminant. Our experiments compared
mycelial activity on three types of agar medium
representing the range of environments that could be
encountered in actual field situations. The range of sarin
surrogate concentrations applied in the experiments reflect
a realistic contaminant exposure that would likely be
encountered in the field. Our screening resulted in the
identification of 12 strains that are good candidates for
effective application to CW decontamination, and among
these, at least 5 that possibly could be deployed in very
low- or non-nutrient conditions. We found that the addition
of nutrient enrichment results in a decline in contaminant
degradation by the mycelium. The effective fungal strains
we identified are proposed for further evaluation under
mesocosm and field conditions.
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Using a species of fecal coliform bacteria, Escherichia coli,
as a simulant pathogenic bacterial BW agent, we carried
out experiments by which we identified at least one
proprietary mycelial strain that inhibits/delays the
bacteria’s log-phase growth, one that completely inhibits its
growth, and several that appear to actively attack or destroy
the bacteria. Our observations and photodocumentation of
liquid and crystal forms of the suite of enzymes or other
exudates produced by each fungal strain in the presence of
the contaminants contributes new basic scientific
information. We are testing the isolated crystals for their
specific enzyme activity and characteristics.

Technical Accomplishments

Team members received intensive training at Fungi Perfecti
to establish fungal culture/expansion techniques, which we
subsequently modified and adapted to our experimental
design at the Marine Sciences Laboratory.

DMMP Experiments. We conducted preliminary
laboratory bench-scale DMMP experiments using one
proprietary fungal strain to test our method and analytical
techniques. This strain achieved about 40% removal of
DMMP over a 4-week period. In further preliminary steps,
we tested toxicity/tolerance of five fungal strains to the
sarin surrogate, established that there is robust growth in a
range from 0.9 pg/g to 900 pg/g DMMP, which reflects a
realistic set of values from low to high that would be likely
to be encountered at a field site exposed to CW agents, and
that there is no decline in growth with exposure to 100%
DMMP. It was necessary to eliminate bacterial contamin-
ants from the commercial reagent DMMP, and to demon-
strate that these bacteria were not capable of remediation of
the compound.

After we had developed appropriate growth medium,
established the appropriate time-scale for experiments, and
adapted chemical analytical procedures specific to this
study, we conducted lab-scale DMMP tests. In approxi-
mately 500 test plates, 16 naive® fungal strains were
exposed to 0.9, 9, 90, and 900 pg/g DMMP mixed into
three different agar media—one enriched-nutrient,



one low-nutrient, and one non-nutrient (water-agar)
medium—for a period of approximately 16 weeks. The
experiment was terminated and chemical analyses were
conducted to determine removal of DMMP by the different
mycelial strains.

Results are summarized in Figure 1. Mycelia grown in the
non-nutrient and low-nutrient agars achieved from 10% to
>50% removal of DMMP, and variation in their effective-
ness was related to differences among the fungal strains.
However, fewer fungal strains were able to grow success-
fully on the non-nutrient medium. The enriched medium
did not enhance the effectiveness of fungal degradation of
DMMP; rather, removal of DMMP was close to zero for all
16 species.

The use of low-nutrient agar appears to be a useful
technique for screening fungal strains both for tolerance of
and for ability to remove CW contaminants. The
effectiveness of certain strains in a non-nutrient medium is
an indication that mycelial systems or their enzymes could
be conditioned for decontamination of synthetic equipment
and structures, for example, when a nutrient substrate (i.e.,
cellulose) is not present.

Escherichia coli Experiments. We selected and screened
proprietary fungal strains by their characteristic growth,
enzyme exudates, natural predation on bacteria, and other
features. We also selected, based on literature search and
personal communications, and acquired an appropriate

E. coli strain for the purpose of these experiments.

Initially, we established culture techniques, media, and
analytical methods, whereby both fungus and bacteria can
be grown together during exponential expansion periods on
the same medium and under the same temperature regime,

The experiment was carried out using Costar Transwell cell
culture chambers, which are small cups with a central well
insert that has a 12-p pore-size membrane across the
bottom, and sampling ports to allow access to the well and
the outer chamber. Five mycelial strains were selected and
cultured in nutrient broth in Transwell cell culture
chambers either as a central plug under the membrane or as
aring around the insert well. At the start date of the
experiment, three fungal strains were adequately grown for
use. One hundred individual E. coli bacteria were
introduced into each chamber, which was then incubated at
room temperature in a humidity chamber in the dark, and
sampled at 4 hours, 12 hours, 1 day, 2 days, and 3 days
after bacterial inoculation. The broth culture in the
Transwell insert and in the outer well surrounding the insert
was sampled at each appointed hour through the ports, and
the colony-forming units were analyzed by plating and
counting. One of the three tested species is a probable
candidate and another is extremely promising for this
application.

Supplementary Experiments. During FY 1997, we
performed a number of supplementary experiments. To
enhance our capability to work in a variety of environments
and conditions, and in anticipation of addressing a broader
spectrum of CW/BW agents, we expanded our working-set
of fungal strains to 26, including strains suited to arid,
tropical, and other varied climatic or habitat conditions.

Enzymes - Several experiments were devoted to the photo-
micrographic documentation of mycelial development and
growth on various agar media with and without CW/BW
contaminants. These experiments allowed us to observe
distinctive liquid enzyme exudates concentrated on the
aerial portions of the mycelia (Figure 2), and further, to

with tight analytical precision. discover crystalline forms of exudates, which we believe to
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Figure 1. Relative percentage of removal of DMMP by proprietary fungal strains in non-nutrient and low-nutrient agar compared with

that in nutrient-enriched agar,
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Figure 2. Liquid enzyme exudate released by aerial portion of
mycelium,

be enzymes, released by the growing mycelia into the agar,
broth, or water-agar substrate under various conditions
(Figure 3). We have found the crystals to be stable, and
insoluble in saline, ethanol, methanol, and isopropyl
alcohol. We began testing the crystals to determine their
activity with regard to facilitating contaminant breakdown
and to study their general characteristics, and we developed
methods to harvest and isolate (separate from all traces of
agar) sufficient quantities for further experiments. We are
presently conducting protein assay of the compounds.

Figure 3. Crystalline forms of fungal exudate released in agar.

Our observations have advanced the basic scientific under-
standing of fungal degradation processes; crystal forms
such as these are previously unreported in the literature. It
appears that the fungal mycelia produce or mobilize
different crystals, which we believe to be different enzymes,
under exposure to different contaminants. We documented
relatively dense production of crystals by mycelia in water-
agar, in which DMMP was likely the only available nutrient
source, despite nonrobust fungal growth.

Antibiotic - In our supplementary experiments with E. coli,
we identified one mycelial strain that appears to completely
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inhibit growth of the bacteria (Figure 4). We documented
the attraction of E. coli to an octahedral crystal typc
produced by Strain H, and the subsequent immobilization
and apparent death of the bacteria (Figure 5).

Strain E (white) beginning to
surround and engulf three E.
coli colonies (gray)

Strain F fungus (white)
surrounded by three E. coli
colonies (gray); no aggressive
interaction

Strain H (white) completely
inhibiting the growth of E. coli
colonies that had been
introduced into the three wells
visible around the mycelium

Strain P (white) aggressively
attacking and reducing threc
E. coli colonies (gray)

Figure 4. E. coli was introduced into three wells in each agar plate
surrounding a “plug” of fungal mycelium. The interaction with four
different fungal strains is described; note complete inhibition of
bacterial growth by Strain H.

IMPA - In the final weeks of FY 1997, we established an
experiment analogous to the prior DMMP screening, but
using 26 fungal strains on low-nutrient agar contaminated
with isopropyl methylphosphonic acid (IMPA), another
sarin surrogate. We observe strong growth of a large
subset of the strains, and production of a suite of liquid and
crystallized fungal exudates in the presence of IMPA.
Chemical analysis is planned for early FY 1998.

Conclusion

Our objective was to test the effectiveness of mycelial
systems for decontamination and remediation of CW/BW-
affected materials. We accomplished the following:

s identified candidate fungal strains capable of degrading
CW surrogates

s identified candidate fungal strains capable at least of
demobilizing, and apparently of destroying (digesting)
bacteria, under experimental conditions

s documented various liquid and crystal fungal exudates
produced in response to various substrata and
contaminants



 developed laboratory testing procedures that permit
evaluation of the effectiveness of mycelial systems in
removing/destroying BW/CW surrogates

 determined that nutrient enrichment of substrate is
detrimental to the effectiveness of mycelial systems in
CW surrogate removal

« cultured 26 proprietary fungal strains with widely
varying growth characteristics and environmental
tolerances

* demonstrated that fungal strains modify the substrate,
such as altering its pH

+ tested combinations of strains for remediation/
decontamination.

Reference

P. Stamets. 1993. Growing Gourmet & Medicinal
Mushrooms. Ten Speed Press, Berkeley, California.

1. The term micofiltration was coined by Paul Stamets, first published in
Stamets 1993, p.15.

2. Mycelium is the perennial body of a fungus, which takes the form of a
loosely organized mass of threadlike cells that permeate the substrate at
a density of 1 mile of mycelium per cubic inch. The strands are
invisible to the naked eye, except when they bundle together to form a
thicker mat.

3. Proprietary fungal strains are cultured from wild species; selected,
propagated, and supplied to us by our colleagne Paul Stamets; and are
identified only by code name (e.g., A,B,C).

4. Not preconditioned by previous exposure to DMMP.

C

Figure 5. E. coli interaction with Strain H crystal exudates: a) E. coli
dispersal outside crystal field in agar; b) motile E. coli approaching
crystal field in agar (note mycelium); and c) E. coli clustered around
octahedral crystals, and second polygon crystal type released by
Strain H in presence of bacteria.
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Automated, Integrated Mesoscale Continuous Flow Multichannel
PCR Thermocycler for Rapid Nucleic Acid Diagnostics

Mark T. Kingsley (Environmental Characterization and Risk Assessment)

Study Control Number: PN97016/1157

Project Description

A combination of novel materials selection, micro-
fabrication technologies, mesoscale integration, micro-
processor control for flexible system architecture (i.e.,
readily operator customizable for any desired application),
combined with microchannel capillary electrophoresis and
fiber optic detection will provide a rapid, robust, rugged
nucleic acid amplification, detection and identification
device—AIM-PCR. The multichamber thermocycler
device will be micromachined into various plastic polymers
including polycarbonate. The chambers/wells will be
disposable, the micromachined heater system will be
reused. Each of the chambers/wells will be set up as an
independently addressable grid system, therefore the
channels can be reprogrammed as needed to alter the cycle
timing parameters. Each well will be independent of the
other wells for programming/cycling purposes; therefore a
series of different primer/probe combinations can be cycled
simultaneously. By employing a “TagMan” approach,
amplification/detection can occur in real time. If a
fingerprint modality is the desired output, the PCR products
can be loaded onto a microchannel capillary electrophoresis
system, or micro-capillary HPLC for product separation
and sizing. The products can be detected either via
ultraviolet absorbance or fluorescence. The product sizes
can be compared to the on-board data library and an answer
to identify provided. Additional product detection options
are mass spectrometry and DNA hybridization arrays.

Technical Accomplishments

At the second annual Microfabrication Technology for
Biomedical Applications symposium (October 1996), it was
learned that at least two firms (Affymatrix and Perkin
Elmer) were developing prototype micromachined PCR
systems. Discussions were held with Perkin-Elmer in

FY 1997 and we concluded that our approach, with
independent heating for each well, was a potentially novel
approach and design work was begun. A relatively large
(sample volume) device (for ease of sample addition/
removal) was initially planned. Thermal modeling of this
design, conducted by Hank Reid, ruled out this design as
too power hungry and also indicated problems in heat
transfer laterally between sample chambers. Subsequently,
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a smaller chamber design was implemented along with a
different design for the heat sink and other layers. This
initial four-well design is static (i.e., not flow-through).
This will allow us to concentrate on issues of the heating
and contro! functions, stability, and the overall operation of
the control program. Fabrication of the initial four-
chamber prototype has been completed; initial
programming of the control software for cycler operation
has been implemented. The current sample chamber wells
are constructed of thermal conducting plastic from a mold
created for their fabrication. Other moldable plastic
polymers will be tested to determine their usefulness with
this design. The sample well/chamber is independent of the
heating pads, therefore the relatively inexpensive sample
wells can be replaced with clean sample chambers for
subsequent amplifications. (See Figure 1.)

Figure 1. Prototype four-position, independently addressable
thermocycler heater module. The four sample well chambers, molded
from 25% carbon filled polyamide plastic polymer, and Pyrex glass lid
and integral seals (not shown) are clamped on top of the heater
system. The sample wells, containing DNA solution and chemistries
sit directly above the individual heater modules.

The thermal modeling of the initial design proved
extremely useful and indicates that we will have to pay
great attention to thermal bleed between the individual
heaters/sample chambers. The commercial firms pursuing
PCR-chips are employing one heating element for all



sample wells; one reason may be ease of design to avoid additional level of control of amplifications in addition to
the issues of thermal bleed in a multibeater system. We modifying the sample chemistries (approach taken by
think the ability to independently control the thermal Perkin Elmer). '

characteristics of the amplification provides us with an
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Bioremediation: Mycofiltration Mesocosm Study for
the Cleanup of Oil-Contaminated Soil

Meg Pinza, Peter Becker, Susan Thomas (Environmental Technologies)

Study Control Number: PN97020/1161

Project Description

The objective of this laboratory study was to test the
bioremediation effectiveness of living fungal mycelium on
the petroleum hydrocarbons of Bunker C oil in both alder
chip and soil substrate. Comparisons were made based on
quantification of the standardized oil components
(aromatics and alkanes) at the start, middle, and end points
of the experiment. We addressed the effectiveness of
mycelium and microbial populations separately as well as
in combination, with appropriate controls and baseline
information. A secondary objective was to compare the
rate at which such degradation occurs. A proprietary strain
of the fungus Pleurotus ostreatus was selected, cultured,
and evaluated for the transformation or removal of the
petroleum products. We developed methods for the bench-
scale tests and evaluated the end products of the
transformation. In addition, we conducted supplementary
experiments to help elucidate the mechanism of fungal
breakdown of oil and to explore the associated enzyme
activity; to screen several species for their effectiveness;
and to test the system at the mesocosm scale under field
conditions.

We found that the most effective treatment among those
tested was an application orchestrated to let our selected,
mycelium dominate, but to act in combination with the
native microbiota present in alder chips and soil. Based on
results from other studies, we expected that the oil-
contamination in soils treated with Pleurotus ostreatus
mycelium would be transformed and reduced by at least
80%. In our 8-week experiment, the polynuclear aromatic
hydrocarbons (PAHs) were reduced by 97% by the most
effective treatment; the higher-molecular-weight PAHs (4-
to 6-ring) by 62%; and lower-molecular-weight PAHs (2- to
3-ring) by 99%. Total alkanes (Cg to C,q) were diminished
by 82% during the same time period; the longer-chain
alkanes (Cy5 to Cyg) by 80%; and the shorter-chain alkanes
(Cg to Cy4) by 89%. In our mesocosm test, we attained
92.3% removal of PAHs in 12 weeks under outdoor, field
conditions, using a combination of two proprietary fungal
strains and a mycelial mat deployment system.
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Technical Accomplishments

The experiment was carried out at laboratory bench scale,
in 4-L glass test chambers containing 1 kg substrate. We
used a 2% by weight application of a standard oil mix

(500 g Bunker C oil diluted with 3 L Number 2 diesel) in
substrate consisting of either soil, alder chips, or a
combination of the two. Ten treatments were applied with
three replicates, and appropriate controls and quality
controls were run concurrently (Table 1). The results arc
shown in Tables 2 and 3. The most effective treatment (H),
namely a community consisting of our proprietary strain of
fungal mycelium in the dominant role, with the native
fungal/bacterial populations from the alder chip and soil
substrate, accomplished a 97% removal of PAHs and 82%
removal of alkanes in a period of 8 weeks (see highlighted
column H in Tables 2 and 3). We developed methods that
can be applied to any number of parallel studies and
commercial applications.

Table 1. Summary of treatments.

Oil, mycelium, autoclaved alder

Oil, mycelium, nonautoclaved alder

Oil, nonautoclaved alder

Oil, soil

Qil, soil, autoclaved alder

0il, soil, nonautoclaved alder

0il, soil, mycelium, autoclaved alder
Qil, soil, mycelium, nonautoclaved alder
Oil, autoclaved soil

Oil, autoclaved alder

“rmommpowy

Supplementary Experiments. During FY 1997, we per-
formed a number of supplementary experiments to broaden
the number and variety of mycelial strains in culture to
around 20, to further our understanding of the mechanisms
of fungal degradation of contaminants and of the enzymes
that mediate the reactions; to expand our capability to
deploy mycelial systems in the field; and to challenge the



Table 2. Percentage of each PAH removed from the test chambers after 8 weeks.

COMPOUND

naphthalene 83% 95% 68%
biphenyl 44% 72% 42%
acenaphthylene 78% 58% 29%
acenaphthene 89% 73% 37%
fluorene 90% 1% 34%
dibenzothiophene 78% 51% 34%
2-RINGS 68% 76% 44%
phenanthrene 60% 39% 26%
anthracene 79% 1% 10%
fluoranthene 40% -38% 9%
3-RINGS " 60% 37% 25%
pyrene 73% 25% 5%
benzo(a)anthracene 74% '39% 13%
chrysene 45% 19% 9%
benzo(b)fluoranthene 30% 23% 10%
benzo(k)fluoanthene 11% 12% 21%
4-RINGS 62% 25% 8%
benzo(e)pyrene 31% 21% 9%
benzo(a)pyrene 91% 43% 13%
perylene 17% 21% 57%
indeno(1,2,3-c,d)pyrene 25% 24% -16%
dibenzo(a,h,)anthracene 45% 32% 10%
5-RINGS 50% 29% 25%
benzo(g,h,Dperylene 56% 24% 13%
TOTAL PAH 65% 64% 38%

98% 999 99% 36%
99% 99% 99% 6%
89% 92% 86% 349%
94% 95% 96% 11%
99% 100% 97% 9%
89% 87% 91% 14%
98% 98% 98% 9%
94% 97% 94% 18%
71% 86% 87% 18%
73% 79% 82% 3%
93% 96% 94% 18%
28% 19% 70% 8%
1% 80% 84% 8%
40% 47% 60% 12%
25% 30% 43% 12%
45% 53% 44% 9%
37% 38% 68% 9%
21% 21% 45% 9%
21% 25% 79% 12%
29% 26% 4% 26%
29% 30% 59% -13%
18% 13% 51% 19%
23% 23% 571% 14%
17% 14% 59% 16%
94% 94% 95% 12%

cultured mycelial strains with a variety of contaminants,
with extreme concentrations of contaminants, and with a
range of environmental conditions.

Expand Strains in Culture - We expanded our culture
strains from the original single strain of Pleurotus ostreatus
to about 20 strains selected for potential application to a
range of chemical and biological targets, and a range of:
environmental tolerance. We tested most of these strains
with petroleum hydrocarbon contaminants, and identified
those with the greatest natural affinity to attack this class of
compounds—that is, to grow robustly in medium contain-
ing oil, and to rapidly degrade the petroleum product. We
have found no strains in our screening that do not grow on
or use petroleum hydrocarbons at least of 2%, and up to
100% concentration by weight of oil to substrate.

Enzymes - Several experiments have been devoted to the
photomicrographic examination of the development and
growth of mycelial cultures on various agar media. These
experiments have led to the observation of distinctive liquid
enzymes exuded by the aerial portions of the mycelia, and

further, to discovery of crystalline forms of enzyme
exudates released by the growing mycelia and pushed
ahead through the substrate. Some of these crystals are
produced, we believe, as broad spectrum, low-specificity
enzymes, and others are released in response to particular
contaminants/food sources in the environment. We feel
that these stable crystal forms may have important
implications for chemotaxis and enzyme degradation
processes. This phenomenon has not yet been reported by
other researchers in the mycological literature. We have
isolated some of the crystals, and we are currently
beginning to test their properties and activity.

Mesocosm Experiment - In this important step toward
broad-scale field application, we used a combination of two .
selected, mycelial strains to address 2% contamination by
weight of oil (Bunker C/diesel) in a 50-1b soil substrate,
outdoors in Pacific Northwest weather conditions for

12 weeks. Our treatment attained 92.5% removal of total
PAHs, with particularly high rates of removal of the larger,
5- and 6-ring compounds. At the halfway-point of the
experiment (sampled at 6 weeks), the removal of PAHs was
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Table 3. Percentage of each alkane removed from the test chambers after 8 weeks.

TEST CHAMBER A B C E F G H J
‘CODE

COMPOUND

c8

c9 97% 95% 94% 95% 98% 97% 97% 94%
cl10 90% 93% 91% 94% 98% 96% 96% 85%
cll 71% 85% 67% 89% 96% 93% 94% 59%
cl2 48% 67% 30% 77% 86% 83% 9% 28%
cl3 43% 63% 19% 74% 79% 78% 89% 16%
cl4 27% 47% 9% 58% 63% 65% 84% 7%
Low Alkanes 48% 66% 33% 74% 81% 79% 89% 30%
cls 22% 52% 5% 59% 56% 66% 81% -5%
cl6 21% 45% 0% 50% 54% 56% 77% -5%
cl7 13% 56% 6% 62% 74% 66% 84% 0%
pristane 6% 21% 7% 26% 37% 31% 40% 2%
cl8 14% 48% 10% 63% 58% 59% 82% 3%
phytane 2% 15% 3% 17% 26% 15% 29% -1%
cl9 13% 41% 9% 50% 60% 50% 74% 4%
c20 7% 37% 8% 47% 62% 47% 79% -1%
c21 14% 33% 4% 43% 62% 48% 76% -3%
c22 14% 36% 7% 45% 65% 50% 78% -1%
c23 15% 32% 6% 44% 63% 48% 78% 0%
c24 10% 31% 6% 45% 64% 48% 79% 2%
c25 10% 28% -1% 48% 62% 47% 76% 5%
c26 5% 22% -16% 53% 61% 46% 77% 7%
€27 -9% 9% -19% 53% 60% 46% 70% 6%
c28 0% -1% 21% 44% 56% -39% 65% -2%
c29 -23% 14% 23% -20% 19% 35% 43% -47%
c30 -14% -16% -11% 34% 38% 25% -12%
c32 -29% -35% -20% 24% -40%
High Alkanes 14% 42% 14% 50% 57% 52% 73% -1%
Total Alkanes 22% 47% 18% 55% 63% 59% 76% 7%

already 77.1%. These results are comparable to those
attained in the laboratory bench-scale tests. In comparison
with published results of bioremediation (using bacterial
systems, with periodic fertilization and tilling) and
phytoremediation (using plants, with periodic fertilization
and initial tilling), this degradation of the aromatic
components in oil is significantly faster (weeks instead of
years), more efficient (close to 100%, instead of 50%), and
will be ultimately more economical because there is no
need for fertilization or tilling of mycelial applications (see
Drake 1997; Glass 1997).

Field Deployment - In the mesocosm (above) and other
experiments, we also tested and had excellent success with
a unique field deployment technique for both terrestrial and
aquatic application using coca-fiber mats on which to grow
and transfer the living mycelium (Figure 1). We can
dehydrate the mats, fully grown with mycelium, for storage
and subsequent rehydration for field deployment. We
deployed mats in various settings, including both terrestrial
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and (floating) aquatic, combining plants with the mycelium
on some of the mats. We successfully tested the ability of
the mycelial mats to persist and grow robustly in the field,
in spite of mycovores (animals that eat fungus) and
extremes of weather. Other field deployment techniques
that we tested included culturing mycelium on bamboo
stakes that can be driven into the ground, on rice grass
mats, and on corn stalk materials, among others.

Challenge Tests - Some examples of the challenge studies
we conducted are as follows: we freeze-dried mycelial
mats for long-term storage, and rehydrated them for
deployment. We cultured several selected strains exposed
to or directly in medium containing Bunker-C/diesel oil
mix, and found that in successive steps of culture, we could
precondition the mycelium to prefer.oil to nutrient agar
medium. We cultured several selected strains exposed to
100% pure Bunker-C/diesel oil either by direct pipetting of
oil onto an existing culture, or by surrounding a plug of
mycelium with disks soaked in oil, or by incorporating the



Figure 1. Field deployment: mycelial mat floating in
freshwater catchment pond.

oil into agar. The mycelium grew successfully, and nearly

- completely degraded the oil within a few weeks. The initial
effect of the fungal enzymes on the Bunker C oil was to
decrease its viscosity. Subsequently, the oil was trans-
ported cell-to-cell within the mycelium, and was gradually

broken down (the disappearance is readily observed, day by

day). We observed particular liquid/crystal forms of
enzyme exudate produced in response to the presence of
oil. ' '

Conclusion

In our objective analysis of the remedial treatment of oil
contaminated soil using various combinations of a selected
cultured mycelial strain, autoclaved and nonautoclaved soil,
and autoclaved and nonautoclaved alder chips, we demon-
strated that a combination of the selected, cultured mycelial
strain of Pleurotus ostreatus as the dominant entity, acting
with resident bacteria and fungi native to alder chips and
soil, was most effective of all the treatments that we
compared in reducing levels of PAHs and alkanes during
the 4- and 8-week intervals after inoculation. We were able
to demonstrate in a supplementary, mesocosm-scale

experiment that the results we attained at laboratory bench-
scale are valid for outdoor, field conditions as well.

Only slightly less effective in all cases and somewhat more
effective in removal of some high-molecular-weight PAHs
in our bench-scale experiments was the application of our
selected strain of Pleurotus ostreatus alone, without any
microbial community. However, because the native
microbiota in both soil and alder is at least 50% fungal
mycelium, and because native Pleurotus ostreatus was very
likely among the dominant fungal species in the nonauto-
claved alder chip micro-community, we cannot in our
present analysis account for the potential overlap of fungal,
and specifically of Pleurotus activity in the degradation
process. This does not detract from the strength of
applying selected, cultured mycelial strains to remediation,
but rather lends support to our community approach to the
application. The presence of specific fungal strains in any
given sample of soil at a site that requires remediation is
fortuitous at best, determined by a complex set of
opportunities and environmental conditions. For
remediation, control of the dominant, active species is
important if the treatment is to be both successful and
repeatable.
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Electron Paramagnetic Resonance of Environmental Enzymes

Michael K. Bowman (Macromolecular Structure and Dynamics)

Study Control Number: PN96021/1088

Project Description

The long-term goal of this effort is to isolate and to under-
stand the structure and functional details of enzymes with
metal reduction activities. These activities are important
for bioremediation and for understanding radionuclide and
toxic metal fate and transport. We will apply the advanced
instrumentation of EMSL to characterize key structural
details such as the location and structure of the heme site
and the reduction site in the putative metal reducing
enzyme from Shewanella alga. We will also investigate the
.action of inhibitors of its activity. We hope to eventually
develop a sufficient understanding of the mechanism of
these enzymes to predict their behavior in the subsurface
and to make directed alterations to their metal substrate
specificity.

Technical Accomplishments

We are studying S. alga because of its ability to reduce iron
and other metals, particularly Co, U, Cr, and other poten-
tially important environmental contaminants. Although it
remains to be confirmed, current indications are that 1) the
terminal iron reductase (TIR) is a membrane-associated
cytochrome with an apparent molecular weight derived
from gel mobility of 37 kDa, and 2) the TIR has reductase
activity for several metal and radionuclide contaminants.

Terminal Iron Reductase Identity

We have purified nine heme proteins from S. alga Strain
BrY grown under anaerobic conditions to test some of their
biochemical and spectroscopic properties. Heme proteins
in fractions from ion exchange columns were checked by
optical absorption spectroscopy and gel electrophoresis
(SDS-PAGE), Figure 1, using heme stain and Coomassie
Blue stain and purified as needed using additional ion
exchange columns to obtain a purity of >90% with high
yields.

The 37 kDa protein seems to have all the properties

expected of the TIR. The 37 kDa protein is predominantly
membrane bound, as is the metal reductase activity in
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1 2 3 Ext

Figure 1. SDS-PAGE of membrane fractions from S. alga
purified on a DES2 ion exchange column. Lane 2 - the pure
37 kDa band; Lane 3 - 37 kDa band with a high molecular
weight heme protein; Lane 4 - the crude membrane extract
with six different heme proteins.

Ten different heme proteins were seen in different cell
compartments:

Periplasmic 95 8 45 37 33 6
location

Cytoplasmic 95 85 37 33 14
location

Membrane 90 50 45 37 130
bound

S. alga. The optical absorption spectrum of the native and
the reduced protein, Figure 2, clearly shows characteristic
spectra of a c3 type cytochrome. The spectrum of the



oxidized sample has the main Soret band at 408.0 nm;
upon reduction the Soret band shifts to 418.5 nm and an
additional sharp band appears at 553.0 nm. These
characteristics are similar to the cytochrome c5 in

D. vulgaris and D. desulfuricans reported to have metal
reductase activity.

EPR Signal

250 ‘ 300 350
' Magnetic Field/mT

Figure 4. EPR spectrum of the 37 kDa cytochrome recorded at
77 K with the heme signals broadened beyond delectability.
Recorded with 2.0 mW microwave power at 9.44 GHz with
100 kHz field modulation of 0.84 mT amplitude.

observation of both high- and low-spin heme, strongly
suggests that the 37 kDa protein contains three hemes and
two strong binding sites for divalent metal ions.

280 400 600 800
Wavelemgh tam)

Figure 2. Optical absorption spectrum of oxidized and reduced

forms of the purified 37 kDa cytochrome from S. alga. We expect the TIR to have a binding site for its metal ion

‘ ' substrate. In addition, metal reductase activity is inhibited
The low temperature (~10 K) electron paramagnetic by copper. Our working hypothesis is that the 37 kDa
resonance (EPR) spectra of the 37 kDa fraction (Figures 3 protein is the TIR and that it has a substrate binding site
and 4) clearly show resonances due to a rhombic, high-spin and an inhibitory copper binding site occupied during
ferric heme (S=5/2); a rhombic, low-spin ferric heme protein purification by zinc and copper impurities in the
(S=1/2); and a copper center. The pulsed EPR spectros- concentrated salt solutions used. Finally, we note that
copy known as HYSCORE indicates that the copper center although the mobility of the protein on SDS-PAGE is that
in the 37 kDa protein has a histidine ligand. of a nonmembrane protein with a mass of 37 kDa,

electrospray ionization mass spectrometry (ESI-MS) of the
denatured protein reports a mass of 25078 +/- 4 Da,
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Heme Figure 5.
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Figure 5. ESI-MS spectrum of the denatured
37 kDa cytochrome showing the multiple charged
states. .

Figure 3. EPR Spectrum of the 37 kDa cytochrome with peaks from

. high-spin and low-spin hemes. Recorded at 8 K with 1.0 mW
microwave power at 9.49 GHz with 100 kHz field modulation of
0.94 mT amplitude.

The presence of copper was confirmed by plasma emission
(ICP) spectroscopy which found iron, zinc, and copper in a
3:1:1 molar ratio. This measurement, together with the
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Evaluation of Cellular Response to Insult

Charles G. Edmonds, Toyoko Tsukuda (Macromolecular Structure and Dynamics)

Margaret F. Romine (Earth Systems and Science)

Study Control Number: PN95033/1009

Project Description

The study of gene expression may be approached by the
separation, isolation, and structural characterization of the
relevant gene product(s). Derived amino acid sequence,
even if only partial, allows the design of reverse translated
nucleotide probes to identify, map, and isolate the corres-
ponding gene. Alternatively, with the complete genome
sequence, this task may be accomplished by searching the
grand sequence database. Two-dimensional polyacryl-
amide gel electrophoresis (2D-PAGE) is among the most
highly resolving methods in analytical biochemistry. It is
well suited for the evaluation of new gene products and
changes in abundance of virtually the complete array of
proteins expressed (the proteome) in bacterial systems.
We have developed and are refining a combined methodo-
logical approach for the “pico-scale” sample handling,
chemical and/or enzymatic digestion, isolation, and
concentration of such proteins. These methods will include
matrix-assisted laser desorption ionization mass spectrom-
etry and capillary zone electrophoresis and capillary
isotachophoresis in dynamic combination with electrospray
ionization mass spectrometry. This combination will add a
new and sensitive axis of selectivity to the 2D-PAGE
experiment which includes data on primary amino acid
sequence and also the nature, the extent, and the residue
location of post-translational modifications. Such
developments will have wide applicability in the mass
spectrometric extension of 2D-PAGE protein databases,
correlation of cDNA sequences generated by the DOE
Microbial Genome Project, the cataloging of functional
relationships among sets of proteins, and the evaluation of
co-regulation of gene expression in a variety of induced
processes.

Technical Accomplishments

Our new mass spectrometric methods will permit the
evaluation in 2D-PAGE analysis of the co-regulation of
induced gene expression. This information will be
invaluable in the studies of bacterial genes and gene
products and in the highlighting of pathways which are
induced by changes in environmental conditions and that
are responsible for the metabolic transformation of
environmental contaminants.
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Aromatic hydrocarbons are common contaminants in
groundwater nationwide. The Department of Energy
supports investigations aimed at thc use of the endogenous
microorganism for in situ bioremediation of contaminated
subsurface sediments and groundwater. Fredrickson and
coworkers have isolated a subsurface bacterium
Sphingomonas strain F199 from the sediments at 407 m
below the soil surface. The subsurface bacterium
Sphingomonas was shown to have the ability to use all
xylene isomers, p-cresol, naphthalene, and toluene as a sole
carbon and energy source.

We report the recognition of the proteins that are involved
in the degradation of aromatic hydrocarbon in
Sphingomonas F199. Two-dimensional gel electrophoresis
provides an effective tool to identify the proteins that are
induced, altered, or eliminated in response to environ-
mental or genetic changes. The 2D-PAGE resolves the
proteins on the basis of the polypeptide net charge in the
first dimension and of the molecular sizes in the second
dimension. The first dimension isofocusing gel (17 cm in
length x 1.5 mm in diameter) consists of 3% polyacryla-
mide gel containing 9 M urea and ampholytes pH 310
(40%) and pH 4.56 (60%). After applying 900 voltage for
17 hours to the first dimension gel, the gel was laid on the
second dimension 12% SDS polyacrylamide ge! (19 x

21 cm) to separate the proteins according to their sizes.
The resolved proteins in the gel were detected with the
ammoniacal silver staining. With greater than 100 pg of
the crude cell lysate, approximately 200 proteins between
the molecular sizes for 80,000 to 17,000 daltons and the PI
ranges of 4.5 to 6.3 were detected.

Various factors influence isofocusing of the proteins and
the integrity of the first dimension gel. For example,
isofocusing the F199 cell lysat resulted in breakage of the
gel at the region where the pH is 7 to 8. However, electro-
focusing the crude lysates form other species, or the strain
of bacteria did not cause the gel breakage even when they
were run under the same conditions. Varying the ratio and
the type of ampholyte and the duration of electrophoresis
minimized the breakage of the gels containing the F199
lysate. The gel breakage after isofocusing has often been
documented—the explanations for the problems were not
consistent. Since the first dimension gel is very thin (1 mm



in diameter) the salt concentration, nucleic acid contamina-
tion, and cell membrane components in lysate may attribute
to the aberrant resolution of the proteins or/and the
breakage of the gel. The component of the cell lysate
varies from one strain of bacteria to the other. Therefore,
the optimum condition for the isoelectrofocusing has been
determined empirically for each species-and strain of
bacteria. The cell growing condition was established for
each aromatic hydrocarbon source in the medium. For the
m-xylene, its vapor was applied in the culture flask and the
cell culture was incubated statically for 4 days at 30°C. For
p-cresol, the cell were grown in 0.01% p-cresol which was
added to the media every 24 hours for 4 days with aeration.

The induced proteins by p-cresol and m-xylene carbon
source were identified by comparing to the control lactate
carbon source. Using the 2-DE molecules standards, the
size and the values of the electrofocusing points (PI) of the
induced proteins were estimated (Table 1).

Publication

C.E. Edmonds. “Identification of the proteins involved in
the degradation of m-xylene in a subsurface bacterium
Sphingomonas F199.” (in preparation).

Table 1. The estimated molecular weight (M.W.) and pI of proteins induced with m-Xylene and p-Cresol.

526 52 39.3
52.4 53 372
51.0 57 36
51 5.7 36
50.8 5.85 35
50.8 5.8 35
504 56 - 35
50.2 57 34
46.7 455 31
433 4.85 30.7
432 . 525 292
427 495 28
40 : 495 27.2

5 49 58
5.05 43 - 56
5.85 37 58
58 33 58
5.05 . 31 58
4.95 29 6.4
4.85

5.3

55

5.05

4.6

5.15

52
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Mechanism of Biotransformation of
Environmental Contaminants

Michael K. Bowman (Macromolecular Structure and Dynamics)

Study Control Number: PN96045/1112

Project Description

This project developed and applied macromolecular
structural techniques, particularly Fourier transform
electron paramagnetic resonance (EPR) spectrometry to
study degradative enzymes and reactions at metal oxide
surfaces. We developed methods to determine the
conformation of substrates and the catalytically active site
in order to understand the mechanism, the binding affinity,
and the selectivity of these systems. We developed new
spectroscopic methods such as HYSCORE for unoriented
samples and three-dimensional HY SCORE-like experi-
ments to obtain high-resolution spectroscopic data. These
data, in the form of the spectroscopic coupling parameters,
are related to structural and chemical properties of the
active site or substrate using molecular modeling methods.
The resulting molecular insights into structure and
reactivity were applied, within the limited scope of this
project, to purposefully alter the properties of an enzymatic
or surface reaction.

Technical Accomplishments

This project has partially characterized the Rieske iron-

sulfur center in 2,4,5-T monooxygenase, a multicomponent

enzyme that helps degrade Agent Orange and other related
persistent pesticides. This Rieske-type center shows
differences in the HYSCORE spectra of the iron-sulfur
center from the Rieske center in the prototypical eukaryotic,
electron transport proteins. This is not surprising given the
evolutionary distance between these proteins. However, it
is more surprising that the spectra from this protein differs
in some details from those recently published by the
Cammack group on other oxygenases. The origin of these
differences is not apparent, but may be related to changes in
the structure or the environment of the iron-sulfur center
that the protein uses to help tune the redox potential of the
cluster. Since there is only a single x-ray crystal structure
of a Rieske center, we turned to the plant-type two-iron,
two-sulfur centers found in ferredoxins and many other
proteins. There are a half dozen crystals structures for
these, the best existing for the ferredoxin from Spirulina
platensis, by all evidence nearly identical to the analogous
protein from Porphyria umbilicalis.
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A significant body of work exists that links, both theoreti-
cally and experimentally, the protein conformation around
the iron sulfur center and the isotropic hyperfine couplings
to the PB-cysteine protons of the iron ligands. Because these
structural details are quite difficult to obtain by diffraction
or NMR methods and because the immediate conformation
has been implicated as a determining factor in controlling
the redox potentials, we have worked on developing
methods to accurately and rapidly characterize this
structure in unoriented protein samples.

We have developed a graphical spectral analysis method to
determine the hyperfine couplings of weakly-coupled
I=1/2 nuclei from HYSCORE spectra. We have applied
this to the ferredoxin of P. umbilicalis and compared the
protein conformation with the x-ray crystal structure

(Figure 1).
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Figure 1. Peaks of non-exchangeable protons from the HYSCORE
spectrum of a ferredoxin of P. umbilicalis in frozen solution. Four sets
of points fall along the four straight lines indicated. The locations at
which each line crosses the curve give the ENDOR frequencies of the
principal directions of the hyperfine tensors. The coordinates are the
squares of the frequencies in the HYSCORE spectrum and convert the
curved arcs in the typical proton HYSCORE spectrum into the
straight lines seen here.



Right around the iron-sulfur center, the HY SCORE-derived
structure is in excellent agreement with the x-ray structure.
These measurements have been extended to three-iroh,
four-sulfur centers in bacterial hydrogenases where there is
a significant controversy over the role of those centers
despite a good x-ray diffraction structure for the protein
(Table 1).

Table 1. Iron-sulfur-carbon-proton dihedral angles for the
[B-cysteine protons in the ferredoxin of P. umbilicalis as
determined here by HYSCORE and from two successive
‘published refinements of the x-ray diffraction data.

37 39 4
Cys-41
e 157 159 124
Fe(l)
37 40 45
Cys-46
157 160 165
30 3 41
Cys-49
150 117 79
Uy 30 0 20
ST 150 120 140

The structure of a widely used active site probe was
improved based on pulsed EPR data obtained in this

project. The advanced HYSCORE spectroscopy
measurements used here were able to distinguish the
involvement of the amine nitrogen of histidine as a direct
ligand of oxovanadium in complexes modeling active metal
sites in xylose isomerase and other enzymes.

The relationship between the spectroscopic parameters that
can be measured in pulsed EPR experiments and the struc-
ture of active sites in metalloproteins and oxide surfaces
have been explored in an ongoing series of calculations.

We have completed a study of the ligand conformation and
isotropic hyperfine coupling for a series of model structures

~_ involving cysteine and Co(II) and are in the midst of a

mixed-valent calculation for a two-iron, two-sulfur center.
In addition, we have calculated results for an anthraquinone
reporter molecule at surface sites of an aluminum oxide
cluster. One such structure predicts couplings that match
well with the experimental results obtained for anthra-
quinone at an active site on alumina. Completion of these
calculations will allow us to assign specific structures to
several of the species observed and to serve as a guide for
extension to other metal oxide surfaces.

Publication

R.I. Samoilova, S.A. Dikanov, A.V. Fionov,

A M. Tyryshkin, E.V. Lunina, and M.K. Bowman. 1996.
“Pulsed EPR Study of Orthophosphoric and Boric Acid
Modified y-Alumina.” J. Phys. Chem. 100, 17621-17629.
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Microbial Gene Expression and Genetic Engineering

Kwong-Kwok Wong, Jeffrey D. Saffer (Molecular Biosciences)

Study Control Number: PN95056/1032

Project Description

The objective of this research was to develop gene
expression technology for the expression of diverse
enzymes to support microbial biotechnology applications.
In order to develop an expression technology, genetic
elements or genes that are regulated by environmental
signals have to be defined, and appropriate vectors have to
be developed. In this study, we used a method developed
in FY 1996 to clone and sequence RNA from the Columbia
River sediment, for identification of genetic elements that
are expressing in the natural environment.

Technical Accomplishments

Established Method to Amplify Partial cDNAs from Minute
Amounts of RNA

By modifying the TRHA method, which was developed in
FY 1996, we successfully amplified partial cDNA frag-
ments from minute amounts of RNA isolated from 10 g of
Columbia River sediment. The isolated RNA was analyzed
(Figure 1, lane 1 to lane 3), and we were able to amplify
enough cDNA with size ranges from 0.5 kb to 2 kb for
visualization in the agarose gel (Figure 1, lane 4). We have
cloned the TRHA-amplified cDNA products into the pCR-
blunt cloning vector (Invitrogen). From the initial
sequencing analysis of 12 clones, we were able to assign
putative functions to five, including NADH dehydrogenase
I, assimilatory sulfite reductase, surface glycoprotein, and
two RNA virus proteins. The latter clones suggest that the
gene expression profile is likely to include information
about bacteriophage that contribute to the community
structure such as potential for gene transfer. The partial
cDNAs represent potential genetic elements for future
development.

Demonstrated Plasmid Transfer Occurring Among Surface
Bacteria '

We have completely sequenced a 180 kb plasmid from a
subsurface bacteria Sphingomonas F199. It was found that
the plasmid carries a set of genes for conjugal transfer of
this plasmid from one bacterium to another. To
substantiate this hypothesis, we have cloned and sequenced
several EcoRV fragments from another Sphingomonas
strain B0695.
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Figure 1. Agarose gel analysis of total RNA preparation from
Columbia River sediment and TRHA product form total RNA.
M, size markers; lane 1 to 3, RNA samples; lane 4, TRHA ¢cDNA
products from RNA. The locations of 23S rRNA and 16S rRNA
molecules are indicated on the left. The sizes of the markers are
indicated on the right.

The result indicated that strain B0695 carries the same
plasmid with an identical sequence. Since strains F199

and B0695 were isolated from two different geological
locations 25 miles apart, this suggests that one of the
bacteria has been transferred from one site to another site
and the plasmid pNL1 was transferred from one bacterium
to another during this event. This property of the plasmid
pNL1 further substantiates the notion that pNL1 will be a
good candidate for use as a vector system for expressing
genes usable for bioremediation in subsurface environment.

A Novel Partial Digestion for Analysis of Genetic Elements

To define the minimal genetic element required for gene
expression, deletion mapping is usually used. Deletion
mapping by conventional methods, however, is relatively
tedious. We have developed a novel partial digestion
method which will be useful for defining minimal genetic
elements for gene expression as well as for sequencing
analysis.



Publications and Presentations

K.K. Wong, L.M. Markillie, and J.D. Saffer. 1997.

“A novel method for producing partial restriction digestion
of DNA fragments by PCR with 5-methyl-dCTP.” Nucleic
Acids Res. 25:4169-4171.

K.K. Wong, L.C. Stillwell, S.J. Thurston, S.M. Varnum,
E.C. Sisk, C. Dockery, and 1.D. Saffer. 1996. “Complete
DNA sequence of a 180 kb catabolic plasmid from a
subsurface Sphingomonas.” Microbial & Comparative
Genomics 1:388, and Presented at Small Genomes:
Sequencing, Functional Characterization and Comparative
Genomics conference at Hilton Head, South Carolina,
January 25-28, 1997.
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Microbial Informatics

Margaret F. Romine (Environmental and Health Sciences)

Study Control Number: PN95057/1033

Project Description

The objective of this project was to provide bioinformatics
support for the DNA sequence analysis of a 185 Kb
plasmid extracted from Sphingomonas aromaticivorans
strain F199. The scope of the work included both acquiring
computer skills and tools to accomplish this project as well
as assembly and annotation of the plasmid sequence.

Technical Accomplishments

DNA sequences generated from a catabolic plasmid,
designated pNL1, have been assembled into a single
contiguous fragment of 184,714 bp. This task was
completed by assembling 2,693 templates using the Staden
UNIX-based software package. We anticipate requiring
less than 25 additional sequence files to complete the
sequence of this plasmid on both DNA strands.

A preliminary annotation of the plasmid using blastn,
blastx, and blastp was used to identify 110 genes within this
sequence. A contiguous stretch of approximately 54,000 bp
encodes open reading frames with extensive homology to
genes known to be required for degradation of aromatic
compounds such as naphthalene, biphenyl, p-cresol, and
m-xylene. Discussions with Dr. Gerben Zylstra from
Rutgers University revealed that sequences which his group
generated from another bacterium, Sphingomonas
yanoikuyae strain B1 are remarkably similar. Not only do
the DNA sequences of the two bacteria possess more
homology with each other than to sequences from other
bacteria with similar genes, but the gene order of 35 genes
is identical. The features that distinguish these regions are
that ‘

¢ F199 possesses an additional gene in this region for
which no closely related genes involved in
biodegradation of aromatics are known

¢ these 35 genes are flanked by insertion sequences in B1

¢ the F199 genes are plasmid-encoded while those in B1
are found on the chromosome.

Additional opeﬁ reading frames likely to encode aromatic
biodegradative genes are found in the adjacent 23,500 bp.
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Also found here are open reading frames with homology to
genes associated with multidrug resistance efflux pumps
and several genes whose function, if known, has no clear
role in biodegradation of aromatic compounds. The
presence of efflux gene homologues among biodegradative
gene homologues suggests that a function of this pump may
be to prevent toxic buildup of aromatic compounds within
the cell. Although F199 is able to degrade a varicty of
aromatic compounds, it is sensitive to high levels of thesc
materials in laboratory conditions. The presence of the
pump suggests that F199 can be adapted to tolerate higher
levels of aromatics by gradually increasing the concen-
tration of aromatics to induce expression of the efflux
pump. The association of an efflux pump with degradation
of aromatics by Sphingomonas would be novel.

The remainder of the plasmid appcars to encode genes
involved in replication and conjugation (transfer of the
plasmid to other bacteria). Only one long stretch of
sequence (approximately 12,000 bp) with no known
homology to genes deposited in public databases occurs
here. It is possible that weak homologies to known genes
will be found by using additional analytical software to
survey this region. Additional interesting findings in this
region include the presence of three transposasc genes, two
Group Il introns, and a large open reading frame (4.3 kb)
with significant homology to an insect gene that encodes a
soluble mixed function monooxygenase responsible for
detoxification of pyrrolizidine alkaloids.

Among the plasmid-encoded genes, there arc several genes
that can be grouped in the same gene family and therefore
likely encode similar functions. Seven sets of genes encode
large and small subunit dioxygenase components, which are
responsible for recognition of the target aromatic substrate
by the holoenzyme. Their gene products, when combined
with ferredoxin and ferredoxin reductase, form an enzyme
that is responsible for the first step in degradation of
aromatic compounds such as m-xylene, toluene,
naphthalene, and biphenyl. There appears to be only one
gene, each, for the ferredoxin and ferredoxin reductase
present on the plasmid. This finding suggests that this
F199 may be able to combine any of the seven large and
small dioxygenase subunits with the ferredoxin and
ferredoxin reductase to create a different dioxygenase
enzyme, each with unique affinities for different aromatic
substrates. Other gene duplications include two p-cresol



monooxygenase flavoprotein subcomponents, two
maturases (Group II introns), and two sets of the hydrolase,
hydratase, and aldolase enzymes responsible for three of the
enzymatic reactions that take place after meta cleavage of
the catechol intermediate (lower pathway enzymes).

A comparison of the biodegradative genes found on pNL1
to pathways described for degradation of m-xylene and
biphenyl reveals that only one enzyme, the toluate
dioxygenase ferredoxin reductase subcomponent, is
missing. Dr. Zylstra was also unable to find this gene in
strain B1 and demonstrated that the ferredoxin and
ferredoxin reductase genes could substitute for this
subcomponent. The toluate dioxygenase ferredoxin

reductase subcomponent possesses both the ferredoxin and
ferredoxin reductase activities in a single protein molecule.
Also missing is the cytochrome component of the p-cresol
monooxygenase. Conjugative transfer of pNL1 into
another Sphingomonas sp., which is unable to degrade
aromatic compounds, enables the new host to grow on
p-cresol. These findings suggest that all genes necessary
for growth on p-cresol are plasmid-encoded and that no
cytochrome subunit is needed for the monooxygenase

- activity.

The completion of the sequence of this plasmid is the first
for a catabolic plasmid and the second for a megaplasmid.
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Microbiosystems Development

Jeffrey D. Saffer, Kevin M, Groch (Molecular Biosciences)

Study Contro! Number: PN97071/1212

Project Description

The long-term objective of the project was to couple state-
of-the-art microtechnology with molecular and cellular
biology to produce biomedical systems including artificial
organs and implantable therapeutic devices. The specific
goals for this project were 1) identify functional criteria for
specific operating devices and developing conceptual
designs to serve as bases for focusing research and
development efforts on critical feasibility issues, and

2) provide integration across the separate activities which
would constitute the early efforts of the project.

Technical Accomplishments

Medical devices such as renal dialysis machines are and
will continue to be essential for human health. Advances
in molecular and cell biology, microtechnology and
fabrication, and materials science suggest that the current
armamentarium of medical devices available to the
clinician represents only a fraction of the identifiable
applications in the future. For example, advances in our
understanding of liver cell biology suggest that an
implantable device containing functioning liver tissue can
be developed to replace the transplanted livers obtained
from cadaveric donors. However, progress toward
developing additional devices such as artificial livers has
been hampered by a lack of scientific infrastructures that
allow basic scientists in the medical, biological, and
engineering disciplines to interact for integrating state-of-
the-art knowledge in their respective fields. At its roots,
this project was envisioned to address this void with an
initial focus on defining a limited but specific series of
potential devices for development.

Initial efforts included an analysis of the clinical need as
well as the economics and feasibility of developing an
implantable version of each of the five commonly trans-
planted organs (kidney, heart, lung, liver, and endocrine
pancreas). Two major conclusions emerged from this
analysis. First, successfully developing these organs would
not only save lives and improve the quality of life for
individuals suffering from the underlying diseases, but
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would have a profound impact on the U.S. economy.

Of these organs, our analysis indicated that the greatest
positive societal impact would come from a functioning
artificial endocrine pancreas. Morcover, our analysis
revealed that the technologies that would most likely be
required for developing an artificial endocrine pancreas
would also be directly applicable toward developing a
broad spectrum of devices such as an artificial liver and
indwelling bioreactors for housing genetically engineered
cells producing biological products of therapeutic value.

The critical feasibility issues in developing a hybrid system
capable of serving as an artificial endrocrine pancreas or
indwelling bioreactor include 1) isolating viable cells from
the host’s immune systems, and 2) maximizing exchange
between the cellular components of implantable devices
and the systemic circulation. While substantial progress
had already been made by others in developing methods to
isolate implanted cells, we found that little progress has
been made on the second issue. Given these conclusions
and the state of the art, a technical analysis indicated that
integrating micromechanical devices into solutions for
addressing the exchange issue was premature and that
biological solutions to the issuc were more likely to
succeed over the long run. Moreover, our analysis
indicated an approach that integrated the appropriate
combination of bioactive molecules known to induce the
formation of vasculature such as vascular endothelial
growth factor (VEGF) and biocompatible scaffolding to
physically support the new tissuc. A review of the open
literature and communication with investigators active in
the field indicated that this was a novel approach.

With these technical considerations in mind, a conceptual
design for guiding the first research and development
efforts was developed. The key question to be addressed is
whether stimulating the ingrowth of new vasculature
around immunoprivileged sites embedded within a porous,
biocompatible scaffolding improves the function of gratted
cells. Subsequent efforts would then be aimed at
optimizing the subsystems as a prelude to preclinical
testing as well as identifying novel scaffolding biomaterials
which may provide superior performance.



Molecular and Functional Analyses for Evaluating
Microbial Treatment Process Performance

Fred J. Brockman, Darrell P. Chandler (Biogeochemistry)

Study Control Number: PN97074/1215

Project Description -

Microbial processes are widely used to destroy and detoxify
organic and inorganic contaminants in groundwater pump-
and-treat systems, petroleum refining, and other industrial
wastewaters. However, these systems often experience
process upsets and poor efficiency due to changes in the
composition of the wastewater and/or changes in the
functioning or population structure of the microbial
community. Currently, only rudimentary efforts have been
made to understand what is happening, at a microbial
community structure level, during periods of poor system
performance. Thus, engineers have a poor understanding of
the specific microorganisms responsible for optimal system
performance and how the treatment process could be
enhanced. This project will develop and use a genosensor
microarray to identify and characterize the types of micro-
organisms in petroleum refinery wastewater during efficient
and inefficient periods of operation. This information will
provide an enabling technology for informed operational
decisions, improved management of the treatment process,
and minimization of the environmental impacts of
wastewaters.

Technical Accomplishments

Substantial effort was made to assess the materials,
architecture, and operating principles of genosensor
microarrays being developed by various microelectronic
companies engaged in biotechnology research and
development. This activity was undertaken to take
advantage of the extensive fabrication and biophysics
expertise that exists in the private sector and that has been
applied toward drug discovery and medical research
diagnostics and mutation mapping. A range of technologies
varying in the form of the sample DNA, method of labeling,
array density, method of detection, and detection sensitivity
exists. A company that possesses technology suitable for
analysis of environmental samples and willing to co-
develop wastewater microarrays was identified.

A companion LDRD project exists at Lawrence Berkeley
National Laboratory (LBNL). In FY 1997 the LBNL
project focused on gaining an understanding of the
microbiological community of an Exxon activated sludge
wastewater process (BIOX) using culturing methods and

community level physiological profiling. LBNL found that
knowledge of the dominant microorganisms present in the
BIOX was not possible due to the inability to remove
>0.1% of the biomass from the activated carbon.

In an effort to better understand the community and to
determine what portions of the community the microarray
should target most strongly, PNNL staff extracted DNA
from a BIOX sample and the DNA was cloned. Randomly
selected clones (244) were screened to (conservatively)
identify different types, and one clone from each type was
sequenced (ca. 650 bases). Each sequence was analyzed by
computer against sequence databases to identify the most
closely related sequences (i.e., BLAST analysis).

A BLAST score of >200, representing a sequence
similarity of approximately >90%, was selected as the
cutoff value for allowing genera-level phylogenetic and
metabolic inferences. In contrast to most published studies
on analysis of community 16S rDNA, a majority of the
types in the BIOX sample (39/56 or 70%) were >90%
similar to sequences in databases (Table 1). However, only
two genera (zospirillum Pseudomonas) were identified in
both the cultural approach (LBNL) and the direct extraction
approach, highlighting the importance of analyzing
communities directly and without culturing.

Among the 39 types with >90% similarity to database
sequences, only one Mycobacterium represented a Gram-
positive genera. This could have been due to poor lysis of
the more recalcitrant Gram-positive bacteria. However, in
several other environments we have obtained a large
fraction of sequences corresponding to Gram-positive
bacteria using the same protocols, so we conclude that few
Gram-positive microorganisms exist in the BIOX sample.
Among the 39 types, sequences corresponding to alpha,
beta, gamma, and delta proteobacteria were, respectively,
41%, 26%, 18%, and 13%.

Only one type corresponded to an inferred genera
(Pelobacter/Geobacter) that was strictly anaerobic; this
genera performs sulfur and/or iron reduction. At least six
of the inferred genera contained facultative anaerobes, four
of which could denitrify. Other metabolic capabilities
corresponding to the inferred genera included ammonia
(Nitrosomonas), manganese (Leptothrix), and sulfur
(Thiobacillus) oxidation.
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Three types corresponded to uncultivated endosymbionts of corresponded to a microeukaryote (ciliate) endosymbiont.

marine benthic macroeukaryotes; these endosymbionts are These data have identified the portions of the microbial
known (based on the chemistry of the symbiosis) to community that the microarray should target most strongly.
perform sulfur oxidation. Although the similarity values In addition, sequences targeting microorganisms involved
are approximately 95%, these bacteria likely reflect non- in undesirable foaming and floc bulking (usually Nocardia
marine microeukaryotic endosymbionts. A fourth type and other actinomycetes) will be placed on the microarray.

Table 1. Number of sequence types identified in the BIOX sample.

Category Number of types‘®
>90% similarity
Cultivated bacterium as closest match 36
Uncultivated bacterium as closest match 3

<90% similarity

Cultivated bacterium as closest match 5
Uncultivated bacterium as closest match 12
No sequcnce(b) 10

(a) Types were based on restriction pattern. The exception was that
sequence specified the type when different restriction patterns (on ca.
1365 bases) yielded the identical ca. 650 bases of sequence.

(b) Due to lack of homology between the internal sequencing primer
and the clone, or due to two superimposed sequences.
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Molecular Biology Infrastructure

Lisa C. Stillwell (Molecular Biosciences)

Study Control Number: PN96050/1117

Project Description

The principal objective of this project is to develop critical
capabilities in molecular biology in a central facility to
facilitate a wide range of molecular studies.

One area of interest is site-directed mutagenesis. This
technique will be critical to new programs in structure-
function analysis, where specific protein mutations will be
required to test hypotheses about the functional contribu-
tion of key amino acids. This capability will contribute to
research potential in several ongoing and planned research
areas.

A second area requiring capability development is in gap
closure in DNA sequencing projects. The Laboratory has
previously developed approaches for doing medium-scale
DNA sequencing. However, it has become apparent that
for long DNA sequences, the final gap closure activities are
requiring a much greater effort than the initial sequencing.
Since many projects in several groups are planned that
would require this capability, this project will refine
existing methods and approaches for gap closure.” This
work will provide additional capability and speed to DNA
sequencing projects and be widely applicable.

Technical Accomplishments
Protein Expression

Over the past year, this project has established capabilities
for cloning, expression, and purification of proteins for
structural biology studies. Much of this effort focused on
XPA, a DNA damage recognition protein. In those efforts,
approaches were refined for cloning genes into expression
vectors by reverse transcription polymerase chain reaction
(RT-PCR). In addition, various schemes for over-
expression and purification were evaluated and modified to
produce sufficient quantities for NMR analysis. These
capabilities and those developed in protein site directed
mutagenesis will enable future protein structure/function
studies designed to understand the effects of single -
nucleotide polymorphisms in cell signaling proteins in
disease susceptibility.

Bioremediation

The microbial genome research program at PNNL has
focused on the subsurface Sphingomonas species F199,
which has capability for aromatic hydrocarbon degradation.
The majority of genes responsible for this activity were
identified using genomic approaches and localized on a
180 kilobase pair megaplasmid. The complete DNA
sequence of this megaplasmid has just been completed
revealing important information regarding the organization
and regulation of the degradative pathways encoded on the
plasmid. Over the past year, the core facility developed
polymerase chain reaction-based strategies for completing
the sequence of pNL1 for which several gaps remained.
Annotation and publication in a peer review journal are
pending and a poster will be presented at the upcoming
Microbial Genomes Conference hosted by The Institute for
Genome Research.

Mutation Screening

The study of carcinogenesis, molecular genetics, molecular
toxicology, and structural biology includes the study of
DNA base changes in protein coding regions. These
changes, or mutations, are often the underlying cause of a
change in functionality of a protein which can contribute to
uncontrolled cell division and tumor growth. How DNA
base changes alter enzyme activity or efficiency is of
interest to structural biologists as well since the structure
and function of a protein is known to be integral to the
DNA coding sequence. We have initiated efforts to
develop procedures in the core facility for screening for
mutations in polymerase chain reaction products without
prior subcloning. These polymerase chain reaction
products are often a mixture of wild type mixed with tumor,
or mutated, sequences since it is difficult to completely
separate tumor cells from the normal cell population. To
circumvent this problem, an initial time-consuming step of
subcloning each product into a sequencing vector is
currently required. There is a danger of introduction and
fixation of mutations in the subcloning process as well as
potential for distorting the ratio of normal to mutant
sequences. With the increased sensitivity of our
sequencing system, however, we should be able to estimate
the percentage of the polymerase chain reaction products
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within the mixed population that have the wild type
sequence and the percentage with the altered genotype.

While it is known that certain changes in DNA coding
sequences can lead to a disease state such as cancer or
sickle cell anemia, the effects of polymorphisms found in
cellular proteins across populations are less understood.
One hypothesis is that there are less obvious outcomes such
as increased susceptibility to the harmful effects of
chemicals we encounter in the environment. A future
project is planned aimed at testing this theory by
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sequencing a number of cell signaling proteins from several
strains of mice commonly used in molecular toxicology
studies and known to have variations in susceptibility to
liver cancer. The above capability of being able to detect a
mixed population at each base will be instrumental in the
success of this project. Once the system is optimized, we
will be able to analyze four or five samples at time to
screen for differences. Those sample mixes with a
background level of alternate bases will be resequenced
individually in order to identify polymorhisms from
individua! strains.



Novel Foreign Protein Production
from Waste Starch

Jianwei Gao, Brian S. Hooker (Environmental and Health Sciences)

Study Control Number: PN97080/1223

Project Description

The objective of this project is to identify starch-degrading
yeast strains, test starch use, and genetically engineer these
strains to produce foreign protein from waste starch. The
results obtained in this project provide information to
evaluate biomass growth on starch material, genetic
transformation, and the possibilities of foreign protein
expression in starch-degrading yeast strains.

Technical Accomplishments

The agricultural and food industry disposes a significant
amount of biomass byproducts during manufacturing

_ processes. For example, a typical potato processing plant
can produce as much as 340,000 pounds of biomass
byproduct (wet potato waste) per day. Biomass byproducts
are low-value and high volume products (much of it sold as
livestock feed or even disposed as waste). -Biomass
byproducts are usually rich in starch, sugar, cellulose, and
hemicellulose and therefore, are an inexpensive yet robust
feedstock for biotechnological processes. As for potato

waste, it is rich in starch and other nutritional factors,
which can be directly used as a growth medium by bacteria
and fungi. Through the use of molecular biology and
advanced bioprocessing techniques, fungi (yeast or molds),
which can be grown directly on starch substrate, may be
modified for the production of novel foreign proteins.

Starch-degrading yeast strains can directly hydrolyze starch
as their primary carbon source. Refined substrates such as
glucose, galactose, and methanol are unnecessary. During
FY 1997, starch-degrading yeast strains have been
identified and obtained from American Type Culture
Collection (ATCC) and researchers in universities. To
characterize starch utilization of identified starch-degrading
yeast strains, batch cultures of starch-degrading yeast were
conducted in 250-mL flasks with 50-mL culture medium
containing waste potato starch as the primary carbon
source. Waste potato starch was obtained from a local

potato processing plant.

In this project, two expression vector systems were
evaluated to test genetic transformation and expression of
foreign protein in starch-degrading yeast strains.
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Phylogenetic Analysis of Anaerobic Dechlorinators

Margaret F. Romine, Darrell P. Chandler, Jim K. Fredrickson (Environmental Microbiology)

Study Control Number: PN96056/1123

Project Description

The focus of this work is to monitor the progress of
enrichments for bacteria capable of deriving energy for
anaerobic growth from perchloroethene (PCE). Only a few
such bacteria have been found, and of these, only one is
able to fully dechlorinate this compound. Isolation of
functionally related bacteria is difficult because they often
form symbiotic relationships with other bacteria or they
compete for the same nutrients. By monitoring the types of
bacteria that predominate during the course of enrichment,
we hope to better understand the dynamics of the inter-
actions between the PCE degraders and other community
members.

Technical Accomplishments

An enrichment sample was obtained from Cornell
University and analyzed for bacterial types. This
enrichment was known to harbor a bacterium, designated
Dehalococcoides ethenogenes strain 195, the only bacterial
isolate known to date, which is able to completely
dechlorinate PCE. Although this bacterium can be grown
in pure culture, its growth requirements are quite complex
and do not result in production of high biomass. Addition
of sonicated cell pellets from the original enrichment
greatly enhanced the amount of ethene produced from PCE,
suggesting that other bacterial members provide growth
requirements for strain 195.

16s rDNA was selectively amplified, by the polymerase
chain reaction (PCR), from DNA extracted from this
enrichment sample. The products were cloned into a
plasmid and expressed in Escherichia coli. One hundred
randomly selected clones were selected for restriction
analysis to identify clones that differed from one another.
Approximately 500 bp were sequenced from each of the
30 unique clones identified. Surprisingly, sequence
analysis confirmed that there were only fifteen 16s IDNA

types.
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The restriction pattern between clones with similar
sequences was very similar (some restriction fragments
were identical in size while the remainder, when combined,
could result in a similar sized fragment). The disparity
between the number of unique clones identified by

16s rDNA fingerprinting versus sequencing may be
accounted for by errors incorporated during PCR.
Alternatively, unique fingerprints can represent different
alleles of the 16s IDNA from the same bacterium. Many
bacteria possess more than one copy of the 16s rRNA gene.
Minor differences in their sequence are possible without
affecting their function or the identification of the
bacterium based on 16s rDNA sequencing. A final
explanation is that the 16s rDNA PCR product was, in
some cases, partially resistant to restriction digestion.

The 15 unique 16s rRNA sequences were compared to the ‘
Genbank database of DNA sequences to determine if
similar sequences have been deposited by other
researchers. The predominant clone type (31% of the total
tested) was identical to the sequence of D. ethenogenes.
There were three moderately predominant clone types (14,
12, and 11% of the total). One of these was closely related
to Desulfovibrio sp., while the other two represent bacteria
distantly related to any bacteria whose 16s IRNA sequencc
has been deposited in Genbank.

Our findings demonstrated that this method of community
analysis can be used to identify predominant bacterial types
in environmental samples. The initial identification of
unique fingerprints should be very carefully evaluated to
determine if any of the fingerprints differed only by a single
restriction site. It would be worthwhile to determine the
cause of the variations in fingerprints resulting from
analysis of clones with similar sequences. If the disparity is
due to purity of the DNA used in restriction analyses or to
the use of small restriction fragments, the technique can be
modified accordingly. An improvement in our ability to
identify unique clones will reduce the number of clones that
need to be sequenced for phylogenetic typing of the
community.



Production of Foreign Protein Pharmaceuticals
Using Transgenic Whole Plant and Cell Culture

Brian S. Hooker, Jianwei Gao, Ziyu Dai (Bioprocessing)

Project Description

The objective of this project is to complete proof-of-
concept tasks toward formulating commercially viable
methods for production of functional foreign proteins using
whole plants as well as plant cell suspensions transformed
with appropriately constructed vector plasmids. The scope
of this work focused on achieving stable expression of
foreign proteins of interest in three product areas: pharma-
ceuticals, industrial enzymes, and phytoremediation.
Proteins produced in Nicotiana tabacum (tobacco) whole
plants and suspensions included human epidermal growth
factor (hEGF), cellobiohydrolase (CBH1), and
dinitrotoluene dioxygenase (DNTase).

Technical Accomplishments
Human Epidermal Growth Factor

Cloning efforts for hREGF were focused on obtaining an
active portion of the larger pro-EGF protein for targeting of
non-small cell lung cancer, with less rapid clearance
properties than smaller, correctly processed hEGF.
Correctly processed hEGF, at 53 amino acids, is cleared
within minutes of introduction into the circulatory system,
and therefore may not be used effectively for tumor
targeting. The bacteriophage AEGF116 (ATCC No. 59956)
containing the gene encoding the full length polypeptide of
human kidney pre-pro-EGF was obtained from ATCC.
Pro-EGF (Figure 1) is the 1207 amino acid precursor in
which hEGF is flanked by polypeptide segments of 907 and
184 residues at its NH,- and COOH-termini, respectively
(Bell et al. 1986). The remainder of the 4.8 kb pre-pro-
EGF gene encodes signal peptides at both the NH,- and
COOH- termini of pro-EGF. The polypeptide contains a
transmembrane (TM) binding region that facilitates proper
cleavage in the endoplasmic reticutum.

The full length of cDNA was excised with Sma I, Hind III,
and Eco RI restriction enzymes, as shown on Figure 2,
producing two separate fragments. These were sequentially
ligated into compatible Sma I and Eco RI sites in
pBluescript- creating the 7.5 kb plasmid pZD203. After
proper orientation was confirmed, pre-pro-EGF cDNA was
further excised with Xba I and Cla I restriction enzymes

Study Control Number: PN96059/1126

1207 amino acids

Figure 1. Structure of human kidney pre-pro-EGF (Bell et al. 1986).
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Figure 2. Insertion of human kidney pre-pro-EGF gene into
pBluescript” to form pZD203. Amp: ampicillin resistance gene;
MCS: multiple cloning site; Smal, H3, RI, PstI, Bgll, BamHI,
Bglll: specific restriction endonuclease cleavage sites; pBSK-:
pBluescript.

and ligated into compatible sites located between the
CaMV 358 promoter and T transcription terminator of
binary vector pGA643, forming the 16 kb plasmid pZD204
(Figure 3). The gene was introduced into tobacco whole
plants (by leaf disks) and calli (by suspension culture) using
an Agrobacterium-mediated system. Positive transformants
were screened under kanamycin selection pressure and
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preliminary ELISA results indicate the presence of hEGF in
tobacco calli. Western blot analysis preliminarily indicate a
protein size of 30 kD, as compared to correctly processed
hEGF standard at 6 kD.

pID203

Xbal/Clal
™
Xbal/Clal N
LB

Figure 3. Insertion of human kidney pre-pro-EGF gene with proper
ligation sites into the binary vector pGA643 to form pZD204. Xbal,
Clal: specific restriction endonuclease cleavage sites; 35S: CaMV
35S promoter; T7/T5: T7 transcription terminator; tet: tetracycline
resistance gene; npt (kn): neomycin phosphotransferase gene
(kanamycin resistance).

Cellobiohydrolase 1

CBH1, derived from Trichoderma reesei strain 1.27
(Shoemaker et al. 1983) catalyzes the exo-conversion of
cellulose to cellobiose, the $(1-4) dimer of glucose. This
enzyme is extremely important in the overall conversion of
cellulose to ethanol-based fuels.

The plasmid pB210-5A containing the gene encoding the
full sequence of CBH1 was obtained from Dr. Steve
Thomas at National Renewable Energy Laboratory
(NREL), Golden, Colorado. The full length of

CBHI1 c¢DNA (1.5 kb) was excised with Pst I/Xho I
restriction enzymes and ligated into a compatible Hpa I site
located between the CaMV 35S promoter and T,
transcription terminator of the binary vector pGA643,
forming the 13 kb plasmid pZD215. The orientation of the
insertion was determined by restriction mapping. The gene
was introduced into tobacco whole plants (by leaf disks)
and calli (by suspension culture) using an Agrobacterium-
mediated system. Transformants were screened under
kanamycin selection pressure. Dot-blot immunoassay was
used to confirm the presence of CBH1 in 184 of

202 separate transformants, representing three separate
transformation events. CBH1 functional assays and
Western blot analysis will be used to determine enzyme
strength/concentration and protein size, respectively.

38 Laboratory Directed Research and Development - FY 1997

Dinitrotoluene Dioxygenase

The degradation of 2,4 dinitrotoluene (DNT) by
Pseudomonas sp. strain DNT is initiated by dioxygenase
attack to yield 4-methyl-5-nitrocatechol (MNC) and nitrate
(Suen and Spain 1993). This degradative enzyme is
important and may have some benefit in phytoremediation,
since DNT is the major impurity resulting from the
manufacture of 2,4,6 trinitrotoluene (TNT) (Spanggord

et al. 1991).

The plasmid pJS33 containing the genc encoding the full
sequence for DNTase was obtain from Dr. Jim Spain,
Tyndall AFB, Florida. The full length of DNTase

(3.22 kb) was excised with Bg! II/Nsi I restriction enzymes
and ligated into compatible Pst I and BamH I sites in
pBluescript - creating the 6.2 kb plasmid pZD209. After
proper orientation was confirmed, the DNTase cDNA was
further excised with Eco RV and Xba I restriction enzymes
and ligated into compatible sites located between the
CaMV 35S promoter and T transcription terminator of
binary vector pGA643, forming the 14.9 kb plasmid
pZD213. The orientation of the insertion was determined
by restriction mapping. The gene was introduced into
tobacco whole plants (by leaf disks) and calli (by
suspension culture) using an Agrobacterium-mediated
system. Transformants were screened under kanamycin
selection pressure. Additionally, functional assays will be
used to determine the presence and strength of the DNTase
in plant extracts.
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Radium Complexation and Linkage to
Monoclonal Antibodies for Cancer Therapy

Darrell R. Fisher (Radiochemical Processing Group)
Chien M. Wai (University of Idaho, Department of Chemistry)

Study Control Number: PN96062/1129

Project Description

The purpose of this project was to design and synthesne
new macrocyclic ligands that complex radium (Ra +), that
can be linked covalently to protein monoclonal antibodies,
and that exhibit chemical stability in physiological media.
The objective was to identify at least one preferred
complexing agent that exhibited both high selectivity
(preference for radium over all other competing metal
cations), and high stability (binding strength with radium).
The aim of this work was to find a complexing agent for the
short-lived alpha emitter radium-223 (T1/2 = 11.4 d), so that
the complexed Ra-223 could be linked to a monoclonal
antibody and constitute a new radiopharmaceutical for cell-
directed radioimmunotherapy of cancer. Central to this
effort was the goal of finding a chelate for radium that
would remain stable in body fluids without exchanging
radium for other metal cations (such as calcium,
manganese, and zinc) present in relatively high
concentrations.

The IIA element radlum is highly electropositive and ionic
in solution, and Ra?* is therefore difficult to complex with
chelating agents. It is also difficult to link the chelating
agent to a protein molecule. This project involved three
specific efforts: 1) molecular design of radium-complexing
agents, 2) synthesis and testing of radium-complexing
agents, and 3) linkage of the complexing radium-
complexing agent to proteins. Animal testing of the
radiolabeled immunoconjugate is a separate study under
“Radium-223 Immunoconjugates for Cancer Therapy”
(elsewhere in this report).

Technical Accomplishments

The coordination chemistry of RaZ* is not well known.

A computer modcl was developed to study the molecular
dynamics of Ra%t gas-phase ionic hydrates and of Ra?* ion
hydration in liquid water. Results of this work agreed well
with predictions based on experimental values for IIA
elements strontium (Sr2*) and barium (Ba2t). However,
the computer model was not capable of testing Ra2*
interactions with more complicated types of macrocyclic
compounds (such as calixarenes and callxarene-crown
ethers) that have an optimal cavity size for the Ra?* jon.
Therefore, a number of different compounds (more than 30)
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were synthesized one by one and tested (by trial and error)
as candidate radium chelates.

Previous studies showed that radium could be extracted
from solvents with crown ether carboxylic acids
(Beklemishev et al. 1995). Due to their translational
flexibility, howevcr common crown ethers showed
selectivity for RaZ* over other metal ions but not high
binding constants. Acyclic (open) crown derivatives were
found to complex Ra?* more nghtly than closed crown
ethers, but were not selective for RaZ* over other alkaline
earths (barium, calcium, and strontium).

The discovery (Gutsche 1989) of calixarenes (cyclic
oligomers made up of phenolic units meta-linked by
methylene bridges) provided another option for radium
complexation. Recent reports suggested that calixarcnes
might undergo dimerization, forming a cage that could trap
guest atoms or molecules. We found during chemistry
experiments that commermally available calixarenes were
not effective chelates for Ra2*. We then reviewed
published work by Bocchi et al. (1995) showing that
calix[4]arene-crown-6 was selective for the cesium ion.
We then synthesized calix[4]arene-crown-6, added two
carboxylic acid groups, and found that this new ligand
(Figure 1) showed both exceptionally high binding stability
and selectivity for Ra?* (Table 1).

Rl = NH,
R2 = OCH,COOH

Figure 1. Schematic of a radium complexing agent: calix[4]arene-
crown-6-dicarboxylic acid with amide linker positions and two terz-
butyl stabilizers.



Table 1. Percent extraction of alkaline earth metal ions from water to CHCI, at
pH 8.9 and at 25°C and distribution ceefficient (D value).

Ionophore Mg(2+) Ca(2+)

calix[4]crown(6)-DCA (U
©) (0.18)
. t-butyl(16)crown(5)-CBA 12.4

acyclic polyether-DCA 93.8

Sr(2+) Ba(2+)  Ra(2+)

73.5 98.7 100
2.8) (76) (>100)
13.8 12.5 13.4
90.3 87 89

D value = concentration of metal complex versus uncomplexed metal

Table 1 shows the results of a two-phase solvent extraction
experiment to compare the relative stabilities of Ra2* with
three different ligands: calix[r]arene-crown-6- dicarboxylic
acid, tert-butyl-16-crown-5 carboxylic acid, and acyclic-
polyether-dicarboxylic acid. The pH of the aqueous phase
was adjusted with succinic acid-NH,OH for pH = 4-6, Tris-
HCl for pH = 7-9, and Tris-Me,NaOH for pH >10. The
distribution coefficient referred to in Table 1 is the
concentration ratio of complexed metal to the uncomplexed
metal.

Table 1 shows that the complexing agent calix[4]arene-
crown-6-dicarboxylic acid exhibited selectivity for Ra2*
over other divalent alkaline earth metal cations (Mg2+,
Ca?*, Sr**, and Ba®*), greater binding strength compared
to the second compound (#-butyl-16-crown-5-carboxylic
acid), and greater selectivity for Ra%* compared to the third
compound (acyclic polyether dicarboxylic acid).

The preferred complexing agent SFigure 1 shows two fert-
butyl groups and two amide (NH*) groups on the aromatic
ring of the calixarene. The amide groups serve as positions

for linking the complexing agent to a monoclonal antibody

using aminocaproic acid.

Initially, synthesis of complexing agents with one or two
amides proved to be difficult. Ipso-nitration of the
calixarene resulted in a mixture of one, two, three, or four
amides, and concentrated nitric acid broke down the crown-
6-ether. We then modified the procedure to nitrate the

complexing agent under more mild conditions at lower
reaction temperatures, and succeeded in obtaining the
structure shown in Figure 1. Purification of the compound
by HPLC may result in selective yield of the fraction with
only a single amide group. This compound will be used for
further antibody labeling studies.
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Sequencing and Functional Analysis of Thermus Strain IRB-SA

Margaret F. Romine, Jim K. Fredrickson, Yuri A. Gorby,
F. Blaine Metting (Earth Systems Science)

Study Control Number: PN97095/1236

Project Description

The focus of this work is to study the physiological and
genetic basis for anaerobic respiratory pathways in Thermus
strain IRB-SA. This bacterium was isolated from ground-
water samples collected 3.2 km below the surface in a
South African gold mine. Preliminary data on the
physiology of this bacterium suggest that it is remarkably
versatile in its anaerobic respiratory capability and thrives
at elevated temperatures (60 to 70°C). The existence of
this metabolism in a thermophilic bacterium is novel and
suggests that this bacterium can be useful in the
bioremediation of metals and radionuclides.

Technical Accomplishments

The 16s rIDNA sequence of Thermus SA-01 (formerly IRB-
SA) is greater than 98% identical to that of Thermus sp.
strain NMX2, which was isolated by other investigators
from a thermal spring in New Mexico. These investigators
confirmed to us that strain NMX2 also appears to use iron
as a terminal electron acceptor for anaerobic growth.
Thermus NMX2 was obtained from these investigators and
tested in parallel with Thermus SA-01 for iron-reducing
capability. Thermus aquaticus (ATCC 25104) and
Thermus filiformis (ATCC 43280) were also tested, but
found to lack Fe(IIl) reducing capability. Strains SA-01
and NMX2 reduced Fe(III) in the form of amorphous
Fe(I1I)-oxide and also Fe(III) complexed with citrate or
nitrilotriacetic acid (NTA). Fe(IIl) is reduced to Fe(Il);
magnetite is not formed. Electron donors for growth
coupled to Fe(III) reduction include lactate and acetate.
These strains are able to mineralize nitrilotriacetic acid and
appear to couple its oxidation to Fe(III) reduction. Lactate
is oxidized to CO,.

Neither of the Fe-reducing strains grew fermentatively, i.e.,

addition of an external electron acceptor was required for
growth. Thermus SA-01 was also able to reduce Mn(IV),
Co(III), and anthraquinone disulfonate (AQDS; a humic
acid analog). Low concentrations of AQDS in the growth
media improve the rate of iron reduction. Nitrate is
reduced to nitrite. We have been unable to demonstrate
reduction of elemental sulfur, sulfate, thiosulfate, or U(VI).
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Thermus SA-01 grows in a temperature range of approxi-
mately 45 to 75°C and optimally at 65°C. Range of pH for
growth and iron reduction is approximately 5 to 9 with an
optimum of 6.5 to 7 (Figures 1, 2, and 3).
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Thermus sp. are most closely related phylogenetically to
Deinococcus sp., which are best known for their
remarkable radiation resistance. In collaboration with
Dr. Michael Daly, we tested the effect of several doses
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of ionizing radiation on survival of stationary cells.
Bacterial survival was evident (visual growth in liquid
culture) after exposure to 1000 and 2000 Gy, but not at
doses of 3000 Gy or higher. Escherichia coli typically
shows no survival at doses above 300 Gy, while

D. radiodurans can survive 5000 Gy with no lethal effect.
Thermus SA-01 is clearly not highly radiation resistant but
is significantly more resistant than E. coli.

The ability of D. radiodurans to grow anaerobically was
also tested. According to the literature, this bacterium is a
strict anaerobe. We were, however, able to confirm that
this bacterium is able to grow fermentatively on glucose in
both rich and defined media. No growth was observed on
nitrate. Analyses of the preliminary release of its genomic
sequence suggest that several genes are present that could
encode fermentative pathway enzymes. No extensive
homology was found with other known genes that encode
enzymes from other respiratory pathways (such as nitrate
reductases, nitrite reductase, TMAO reductase, and DMSO
reductase). Contrary to literature reports, these data
suggest that D. radiodurans is able to grow anaerobically
by fermentation.

The results of this work confirm that Thermus sp. SA-01
and NMX-2 are capable of anaerobically respiring on a
variety of different compounds. These isolates are the first
facultative anaerobic thermophilic Fe(III)-reducers to be
identified. This work also is the first to demonstrate
anaerobic growth in Deinococcus sp. These two species
are phylogenetically related. As such, they make good
partners for functional comparison, evolutionary studies,
and gene exchange.

Biotechnology 43



Use of Extremophillic Microorganisms for Use
in Targeted Industrial Applications

Robert Romine (Environmental Technologies)

Study Control Number: PN97103/1244

Project Description

There are a growing number of research efforts for
developing bioprocesses to compliment or provide alternate
approaches to traditional process chemistry. There has
been particular interest in bioprocesses using micro-
organisms because many thrive in extreme environments
(i.e., high or low temperature or pH, high salinity or
pressure) much like those required for bioprocessing.
Extremophillic microorganisms are currently being
screened for thermally stable enzymes such as xylanases
and proteases for bioprocessing. Only a fraction of the
" potential capabilities of these microbes has been
determined. The emphasis of past research has been on
discovery and genetic characterization of the micro-
" organism, while the determination of potential industrial
uses has largely been overlooked.

Several microorganisms will have been identified in the
screening process which warrant further investigation for
developing a bench-scale (5 L to 10 L) bioprocess for
desulfurizing crude oil and/or cleaning spent catalyst.
Through the process of identification and screening of
candidate microorganisms, we will have greatly expanded
our capabilities to use extremophiles in developing novel
bioprocesses.

Technical Accomplishments
Screening Experiments

The process that was originally targeted for this work was
the desulfurization of crude oil. Shortly after the start of
the fiscal year the targeted application was changed to the
desulfurization of gasoline, based on discussions with
DOE-HQ and petroleum industry contacts. Based on this
change, thiophene was selected for use as a mode!l
compound for sulfur-containing species in gasoline.

Twelve purified microorganisms and one mixed culture
were evaluated for their ability to degrade thiophene.
Thiophene (50 ppm) was introduced into robust cultures in
logarithmic growth phase. Degradation of thiophene was
determined by HPLC measurements. Many of the micro-
organisms were unable to degrade thiophene and in some
cases the presence of thiophene was lethal to the bacteria.
Three organisms, Rhodococcus rhodochrous-1GTS8,
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Sulfolobus acidocaldarius, and S. sulfataricus, were
selected for further evaluation based on the results of these
initial screening experiments. These more detailed
experiments included development a fine aerosol
microencapsulation system.

Fine Aerosol Microencapsulation System

Overcoming problems associated with cell mortality in the
presence of organics is a major issue with developing
bioprocesses which must operate with a significant organic
phase. Physically separating the bacteria from the organic
phase (via the use of polymeric films and beads) has been
successful in mediating mortality problems in similar
applications. Development of a microencapsulation system
was critical to protecting the bacteria from the thiophene
organic phase. A bench-scale fine aerosol micro-
encapsulation system was constructed that is capable of
consistently producing microbeads in the 5p -10p particle
size range. Bacteria were encapsulated in alginate, poly-
urethane, and polyacrylamide microbeads. Figure 1 is a
photograph of the fine aerosol microcncapsulation system.

Figure 1. Fine aerosol microencapsulation system.

Encapsulation Experiments

R. rhodochrous, S. acidocaldarius, and 8. sulfataricus were
encapsulated in three different medium: alginate, poly-
urethane, and polyacrylamide. These encapsulated cells
were exposed to 500 ppm thiophene (under the optimum



condition for the specific bacteria). The degradation of
thiophene was again analyzed by HPLC. The results of
these experiments can be found in Table 1.

It can be seen that the degradation of thiophene was
significantly improved in the R. rhodochrous experiments,
but was still lower than that of the free cell experiments

. with S. acidocaldarius and S. sulfataricus. Experimental

results for the encapsulated strains of Sulfolobus were not
improved. Alginate was a poor encapsulation medium for
use with the acidophilic Sulfolobus. The alginate was
severely destabilized by the elevated temperature (70°C)
and low pH required (pH 2.5) to grow the S. acidocaldarius
and S. sulfataricus. The poor results for the Sulfolobus
strains encapsulated in polyurethane and polyacrylamide

can be attributed to the pH sensitivity of the micro-
organisms. It is believed that the microenvironment within
these polymer beads was not acidic enough and was not
compatible with the biological requirements of these
bacteria. New polymers which are more acidic in nature
are being sought for future experimentation.

Construction and demonstration of the fine aerosol
encapsulation system has expanded the bioprocessing/
bioengineering capabilities of the Laboratory. This
capability will be employed to address other research
issues, such as biological treatment of low pH and high salt
wastewater streams, low pH production of lactic acid and
succinic acid from renewable resources.

Table 1. Degradation rates® of thiophene for encapsulated cells.

Alginate 0.32 28
Polyurethane 22
Polyacrylamide 2.6

FC ENC FC ENC

6.9 2.1 58 1.9
55 41
0.9 0.5

(a) All rates expressed as milligrams of thiophene per 1010 cells per hour.

(b) Free cells.
(c) Encapsulated cells.

(d) 500 ppm thiophene vs. 50 ppm in FC expcﬁmenté. 500 ppm thiophene ~100% lethal.
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A Flow Injeciion/Ele_ctrochemical System
for Detection of DNA Damage

Cindy J. Bruckner-Lea (Interfacial and Processing Science)

Study Control Number: PN96001/1068

" Project Description

The goal of this project is to develop an automated in vitro
microanalysis method for detection of DNA. Detectable
changes in DNA structure can be used to screen for DNA
damage due to chemical or radiation exposure. In addition,
DNA detection is important for clinical applications (e.g.,
genetic screening, drug screening), and it can also be used
to monitor bacterial DNA in water, soil, and air samples.
Electrochemical detection of DNA is ideal for determining
total DNA concentration in a sample, and electrochemical
detection of DNA hybridization is also possible (Mikkelsen
1996). This project combines the sensitivity of electro-
chemical methods to changes in DNA structure with the

" small volume, precise control, and automation provided by
flow injection analysis.

Electrochemical detection of unlabeled DNA is possible
using two electrodes: mercury or carbon. From an electro-
chemical point of view, mercury is preferable since
reduction of the bases guanine, cytosine, and adenine
occurs at negative potentials that are only attainable using
a mercury electrode. In addition, electrode fouling and
contamination is not a problem because mercury is a
renewable electrode that is freshly extruded for each
measurement. During the first year of this project, we
focused on using mercury electrodes for DNA detection.
During the second year, we designed a flow system for
automatically perfusing the electrode, and studied the
alternating-current voltammetry of native and denatured
DNA. The system proved to be useful for studying DNA
electrochemistry, but is not suitable for instrument
development since it is quite large and uses a few
microliters of mercury per sample.

We are now evaluating two alternative renewable
electrodes for DNA detection. Mayer and Ruzicka (1996)
have shown that such a renewable electrode is feasible, and
Wang et al. (1996) have shown that carbon electrodes may
be used for electrochemical detection of DNA.

The flow injection system provides precise, automated
control of the electrode renewal process as well as sample
volumes and flow rates. In addition, renewable electrodes
may be useful for other electrochemical detection systems
where electrode fouling is a problem.

Technical Accorhplishments

Mercury Sessile Drop Electrode

At the beginning of the project, Professor Emil Palecek
from the Czech Republic, an expert in DNA electro-
chemistry, visited PNNL for 4 days. During this time,
we discussed techniques for storing and handling DNA
samples and conducted electrochemical impedance
measurements using calf thymus DNA. In addition, a
fluid delivery system was designed with the assistance of
Professor J. Ruzicka from the University of Washington.

The DNA-modified electrode was electrochemically
characterized by both manual operation and automated
sample handling using the flow injection system. This
work was conducted by Dr. F. Jelen (a visiting scientist
from Professor Palecek’s lab) and Dr. C. Bruckner-Lea.
The parameters investigated were the effect of DNA
concentration, the effect of DNA accumulation time, and
the effect of electrode area (sessile drop size) on the
electrochemical response. These experiments showed that
less than 1 pg/ml of DNA can be detected, and that each
measurement requires only a few minutes. The detection of
DNA hybridization is the basis for identifying the genes of
organisms ranging from humans to bacteria, and therefore
has many potential applications. A paper describing the
results of these experiments is currently in preparation.

Although mercury sessile drops are useful for studying
DNA electrochemistry and our results indicate that it is
possible to automate DNA detection using a mercury
sessile drop electrode in conjunction with a flow injection
system, the mercury sessile drop electrode is not suitable
for instrument development since it requires careful
handling and uses relatively large amounts (microliters)

of mercury per sample. We conducted literature searches
in these areas and began developing alternative approaches.

The principal investigator attended a “DNA Biochip
Arrays” conference in February 1997, in San Diego,
California, in order to become up to date on the develop-
ment of DNA detection systems. No work was presented at
this conference regarding renewable electrode systems, and
the detection limits of many of the fluorescent labeling
techniques were similar to electrochemical methods
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(<pg/mL). This indicated that renewable electrodes should
be investigated further for DNA detection, and we
subsequently developed such an electrode.
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Aerosol Analysis by Laser Desorption in an Ion Trap Mass
Spectrometer—Determination of Design Specifications
for On-Line Instrumentation

Michael L. Alexander (Interfacial and Proceésing Science)
James Huckaby (Environmental Technology and Design)

Study Control Number: PN97010/1151
Project Description . A schematic of the instrument is shown in Figure 1.

The objective of this project was to build a prototype
aerosol interface to take advantage of existing
instrumentation and to demonstrate the feasibility of

this concept for acrosol measurements. We proposed

to add an aerosol interface to a new laser desorption ion
trap mass spectrometer (LD-ITMS) currently under
construction in the EMSL for the purpose of developing
laser and ion trap-based on-line analysis methods. This
unique device uses a proprietary PNNL ion trap design
(patent applied for) and bipolar detection to simultaneously
observe the mass spectrum of both positive and negative
ions produced by laser desorption on a single shot basis.
These characteristics of this device make it ideally suited to
study the process of laser desorption of aerosols, to
determine the physical and chemical characteristics of
aerosols produced from various processes, and to provide
the design parameters for portable aerosol analysis
instruments. It can observe phenomena on a single particle
basis or acquire average quantities. Although funding is in
place for the construction of this instrumentation, po
funding exists for its application to specific problems.

Figure 1. Aerosol interface on LD-ITMS. (The asymmetric
electrode design is patented by PNNL.) ’

Technical Accomplishments

The results of this project are summarized below: The interface was based on a design by Stoffels of PNNL.
_ ' A programmatic program has been identified to
e particle interface was constructed and installed on ion demonstrate the aerosol interface as part of the iodine
trap mass spectrometer speciation program at PNNL. A U.S. patent was granted
for the design of the asymmetric trap that is part of the
e particle size measurement by laser light scattering was LD-ITMS. The primary motivation for the asymmetric
demonstrated from 0.5 to 2 microns design is to allow the analysis of individual aerosol
- velocity measurement - aerodynamic sizing particles. The interface developed as part of this project is
- light scattering cross-section fundamental in applying this ion trap design.

¢ mass spectra were taken for several particle sizes.
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Chemical Speciation of Radionuclides and
Tritium in Nuclear Process Effluents

Bob W. Wright, Harry S. Miley (Radiological and Chemical Sciences)
John F. Wacker (Isotopic Separations and Analysis)

Study Control Number: PN97024/1165

Project Description

The objective of this project is to obtain preliminary
information on the value of newly identified nuclear
proliferation signatures. The overall results will be
documented in a report that records the measured
signatures, outlines the preliminary analytical procedures,
and recommends developments for improved analytical
capabilities. The information that will be gained in this
work is needed as a basis for developing additional sample
collection and analysis capabilities. These improved
capabilities could possibly be used at other nuclear
facilities to obtain further information.

Background

A document recently prepared by PNNL staff identifies
several unique airborne radionuclide signatures of
proliferation processes. Traditional signatures are
compared to newly identified and more unique types

of signatures. Unique signatures are identified for

1) nuclear fuel reprocessing (metal), 2) nuclear fuel
reprocessing (oxide), 3) tritium production, 4) tritium
recycling, 5) Hanford-type reactor operations, 6) light-
water reactors, 7) heavy-water reactors, and 8) gas cooled
reactors. The approximate emission rates, or relative
amounts of the signature radionuclides (chemical species)
are identified, as well as their potential utility in monitoring
nuclear processes. The report also provides a basis for
selecting the radionuclides and the chemical species which
currently appear to provide the greatest sensitivity for
detection of specific nuclear processes which may be
indicative of nuclear proliferation. Many of these
signatures must be investigated further to determine their
precise ratio in effluents, the quantities which are released
during various phases of plant operation, and variations in
release rates from similar but separate operations. This
document provides the justification for conducting the
experimental work. At present, only limited information is
available on the more unique signatures. The data that
exists were developed many years ago during operation of
the Hanford plants primarily for radiation exposure
purposes. Other data from foreign operations that were
published in the open literature also have been obtained and
used as the basis for predicting probable signature
compounds. Data obtained from experimental
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measurements made at the Hanford Site have collaborated
the existence of specific new signature compounds.
Analytical capabilities developed in this project are being
used to characterize samples collected at the Savannah
River 291-F reprocessing plant and from collection stations
several kilometers remote from the plant.

Approach

Air samples from the Savannah River 291-F reprocessing
plant ventilation stack and from the Williston Barricade
have been collected. Savannah River personnel developed
an isokinetic stack sampling system that was operated to
collect specific samples for PNNL. This system has been
approved to meet all of the Savannah River Site safety
issues, and consequently provides certain limitations on
what can be done. For instance, approvals do not presently
exist to allow sampling directly from the dissolution or
extraction off-gases. Sampling from the stack is also
limited to certain volumetric flow rates to ensure that the
flow dynamics are not upset. Two types of stack gas
samples were collected; whole air samples in 500 mL
evacuated steel canisters and various types of adsorption
tube samples optimized to maximize collection efficiency
for various species. Approximately 1 cubic meter air was
sampled through each of the adsorbent tubes. Samples
were collected during dissolution and extraction. Based on
Savannah River sample processing schedules, it appears
that various sampling opportunities will be available during
1998. Environmental air samples were also collected
several kilometers downwind of the 291-F and H plants at
the Williston Barricade. Two types of air samples were
collected. Savannah River Site shipped the samples back
to PNNL for analysis. Several types of analytical
procedures were used. Iodine measurements will be made
using established capabilities available at the laboratory.
Specialty organic analyses were made using multi-
dimensional gas chromatography/mass spectrometry. This
technique continues to be developed to improve analytical
capabilities.

Data from the various samples and analysis techniques will
be compared and correlated to obtain a more definitive
characterization of the signature compound spectrum.

The early data already collected will allow sampling

and analysis efforts to be further refined and optimized.



Ideally, development efforts for the specific signature
compounds would have been completed prior to sample
collection. However, the time-critical path required in this
work demands that real sample collection and analysis be
done concurrently with analysis methodology development.

Technical Accomplishments

During FY 1997 several significant activities were
completed. They are as follows:

1. A follow-on document, PNNL-NSD-0597, was prepared
that further assessed the known technical literature as it
relates to the identification of various signature com-
pounds and their significance in detecting proliferation
processes. Predictions on the concentrations of
various signature compounds were made based on
straightforward assumptions to serve as guides in
collecting samples. This document also provided
potential directions for developing field detection
capabilities.

2. Sampling hardware for collecting organics, iodine, and

* tritium species was assembled, tested, and sent to the
Savannah River Site for their use to collect both field
samples (remote location from the reprocessing plant
at the Williston Barricade) and stack samples from
the 291-F reprocessing plant. Sampling was based on
collection of whole air samples and collection of specific
species in custom adsorbent samplers.

3. Arrangements were made to have our samplers used
during various relevant activities at the SRS canyon,

e.g., decladding, dissolution, and solvent extraction of
irradiated fuel elements. Four types of samples were
collected at the stack and two types of samples at the
Williston Barricade. The field samples were collected

- straightforwardly, but it took several months longer than

we envisioned to successfully schedule collection of the
stack samples. SRS had an ongoing stack sampling
program that we were able to leverage to obtain our
samples. Since our samplers were different, it took
some effort to get them integrated into the existing
system.

. The collected samples were returned to PNNL for

analysis.

. Whole air samples were subjected to gamma ray

spectroscopy and T0-14 organic analyses. The quantity
of expected radionuclides found in the samples was less
than expected based on first-order modeling predictions.

. Significant effort was devoted to developing and

refining on-line organic chemical analysis methods
based on supercritical fluid extraction and tandem gas
chromatography mass spectrometry to detect the
ultralow levels of specific signature compounds.
Selected field samples and stack samples were analyzed
using the technique with a range of results obtained.

. Traditional analysis methods for total iodine were

applied to selected field samples with the results being
consistent with our expectations.
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Component Interface

Steve C. Goheen (Chemical Sciences)

Study Contro! Number: PN97025/1166

Project Description

This project is designed to develop a systematic approach
to properly assemble components of a pathogen detector/
analyzer. Examples of issues include the order of
components, pathogen losses to the system, quality control,
and sample preparation requirements.

Technical Progress

This project was initiated for the purpose of integrating the
components of a pathogen detector from a chemical
perspective. The main issue that was addressed was
determining the order of the various components to identify
and quantify pathogens. As efforts progressed, additional
questions arose regarding quality control, standardization,
solutions to be used, and the adequacy of the components to
meet client needs. The components used to detect, identify,
and measure pathogens included an optical technique, a
mass spectrometric method, and potentially two DNA-
enhancing methods, such as those that depend on the
polymerase chain reaction (PCR). There were also some

sampling methods under development, which would be
used in the front end of the system.

The sampling technologies initially examined were for the
gas phase. While the examined sampling methods initially
were designed to convert aeroso! to the liquid phase, this
was not a requirement. The principal investigators were
interviewed to determine their chemical requirements.
Each detection/analytical component had some concept
of how many cells or cell equivalents would be needed to
perform a successful analysis. These are indicated in
Table 1. These requirements were examined and the
preliminary design was put before the principal
investigators.

This project is also involved in developing standard criteria
for the detection system. One criterion that needed to be
resolved right away was a list of simulants that could be
used to test each device. The simulant list was chosen

to target suspected biological warfare categories of
organisms/agents. The list of simulants is shown in

Table 2.

Table 1. Component requirements for successful analyses.

Input Bacterial Requirements
Component Input Buffer Requirements {(number/volume) Output/Comments
Sampling TBD (airborne contaminants as well TBD from tests Output targets to be determined
as buffer/solution used) by requirements of other

components

Optical TBD TBD Media probably needs to be

: transparent

Mass Spectrometry TBD 100-1,000/uL Some of the sample will be
destroyed in analysis

PCR 0.1 mm Phosphate buffer, pH 8 >10,000 if background is minimal Cells will be destroyed during

processing
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Table 2. Pathogen simulants.

Gram negative bacteria

Yersinia pestis Erwinia herbicola Pantoea agglomerans
Gram positive bacteria Bacillus anthracis B. subtilis var. niger Bacillus subtilis
virus Yellow fever MS-2 E. coli phage
toxin Botulinum Bovine serum albumin
Order of Detectors of variables that need to be defined for such a measurement

In a pathogen detector system, the components should be
assembled in the following order:

1. Collector

2. Trigger Mechanism—The trigger mechanism would
identify whether an event had occurred or not. The
trigger should be fast, and have few sample preparation
requirements. Optical methods are good candidates for
a trigger mechanism.

3. Recognition—The third component in a pathogen
detector should be recognition. The mass spectrometry
and polymerase chain reaction methods fall into this
category.

The next step in this project dealt with quality control.

How well do we need to know what we are measuring?

The precision and accuracy of the analytical device needs
to be defined before a device can be fully useful. Examples

device include the following:

1. Quantity of cells - What should our detection limit be?
Under what background conditions?

2. Type of cells - How well do we need to know the cell
type? ‘

3. Viability of cells - Do they need to be viable? If so,
what percentage of them?

4. Are the cells intact? How many of them are intact?
How many need to be?

5. How accurately do we need to know the number of
cells/volume?

To answer the above questions, some of the quality
parameters were identified. Using these quality parameters
and the initial selection and sequence of instruments,

the ability of the proposed system to analyze airborne
pathogens will be evaluated starting in FY 1998.
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Development of a Field Portable Matrix-Assisted Laser
Desorption/Ionization Mass Spectrometer for Pathogen Detection

Karen L. Wahl, Bruce D. Lerner, Joseph G. Birmingham, Charles J. Call

(Environment and Health Sciences, Environmental Technologies)

Study Control Number: PN97034/1175

Project Description

The objective of this project is to develop a mesoscale
matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) instrument that could be used
in remote sites and integrated into the mesoscale acrosol |
sample collection and handling platform. The focus was to
adapt this technique to the mesoscale by automating sample
preparation and handling and reduce the physical size of the
MALDI-MS instrumentation.

Technical Accomplishments

Commercially available MALDI time-of-flight mass
spectrometry instrumentation is bench scale and portable
for large vehicle deployment. However, for truly portable
(hand-held) applications, a further reduction of size and
weight of such instrumentation is required. In addition to
size reduction, a simple on-line method for introducing
samples into the mass spectrometer is needed. To make
efficient use of resources, a literature and web-based search
was performed to identify other efforts in miniaturizing
MALDI mass spectrometry instrumentation and on-line
sampling techniques for MALDI-MS. Several attempts at
linking MALDI-MS to on-line separations and flow
techniques have been attempted with limited success. The
majority of MALDI-MS work is performed off-line where
sample spots are prepared, dried, and then the sampling
plate is inserted into the vacuum system of the mass
spectrometer. Automated sample plate spotting has been
developed; however, manual placement of the sample plate
into the mass spectrometer interface region is still required.
A tape-drive system would be ideal for continuous feeding
of sample into the vacuum system, but engineering a robust
. system through the atmosphere/vacuum interface is not

. trivial.
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Several processes of the MALDI technique could affect the
integrity of the microbial cells and thercfore play a role in
which cellular components are sampled and detected by
MALDI-MS. The cells were dried in the presence of a
small organic matrix molecule, inserted into the vacuum
system, and then sampled by a nitrogen laser beam. Efforts
to sample the cells from the MALDI target surface after
MALDI analysis for determination of ccll membrane
integrity were unsuccessful. Scanning electron microscopy
was employed to provide insight into the plight of the cells
during the laser desorption process. The majority of the
cells appeared to be intact on the MALDI target surface
before and after MALDI analysis. This suggests that cell
lysis is not a facile process during MALDI sample
preparation and analysis. While no direct cell damage
resulting from the laser beam was visualized on the
MALDI target surface, valuable information on ways to
improve the sample preparation on the MALDI target

for cell analysis was obtained. Efforts to reduce the
number of cells applied to the target and improve the
homogeneity are being implemented.

It was determined that efforts to miniaturize time-of-flight
mass spectrometry and automate sample introduction were
in progress at Johns Hopkins Applied Physics Laboratory
(APL). A site visit provided an opportunity to initiate a
collaboration. Collaboration between CoronaCat and
Johns Hopkins was initiated for developing direct sampling
methods into the mass spectrometer. PNNL researchers
are consulting with the local small business to assist in
developing the front-end sampling system compatible

with MALDI analysis.

Once duplicate efforts were identified and a collaboration
with the Johns Hopkins Applied Physics Laboratory
initiated, efforts were redirected toward supplementing
the analytical method development for MALDI analysis
of microorganisms.



Development of High Performance Field-Portable
Electrospray Ionization Fourier Transform
Ion Cyclotron Resonance Mass Spectrometer

Richard D. Smith, Harold R. Udseth (Macromolecular Structure and Dynamics)

Study Control Number: PN97036/1177

Project Description

This project will develop a novel approach for decreasing
the size of mass spectrometric instrumentation for the rapid
detection and definitive identification of biological agents
based upon concepts for field portable electrospray
jonization (ESI) and ion trapping instrumentation. The
method will use compact and ultra-sensitive multi-stage
mass spectrometry and novel ion accumulation methods in
a new manner that moves many lengthy laboratory sample
manipulation steps (that require times on the order of
hours) into the mass spectrometer where they can be
conducted in an automated fashion on a time scale of
seconds. The use of a novel ion accumulation device and
high speed microvalve will greatly decrease the pumping
requirements while a new method of activation and ion
dissociation in the ESI interface will afford greater
information from the mass spectra. '

Technical Accomplishments

This project was initiated in the early summer of 1997, and -

thus limited progress was made in this fiscal year. The aim
is to demonstrate convincingly proof of principle for
concepts designed to enable the development of smaller,
less massive and more sensitive instrumentation for
biological warfare (BW) threat detection and/or
identification. The technological focus of this project is the
ESI-ion trap or FTICR technology that aims to provide
sensitivity and the selectivity needed for the definite
identification of distinctive polypeptides and proteins from
the crude microorganism lysates that are provided by the
rapid processing steps. Polypeptide biomarkers are
selected due to their species-specific nature (as gene
products, they reflect the sequence of DNA segments),

and are selected for this purpose primarily on the basis

of their size (smaller is better) and abundance. (The
approach, however, can also target other classes of
cellular constituents, such as fatty acids, and DNA after
amplification by the polymerase chain reaction.) Thus, the
approach is based upon the highly sensitive identification
of these marker proteins, and thus poses extreme demands
upon the analysis technology—a demand that is not
currently met by any approach, even in the most
sophisticated laboratory setting.

The approach depends on the capability of ion traps or
FTICR to isolate trace-level species from highly complex
mixtures containing both biological and other environ-
mental components. The capability for identification is
derived from the high selectivity afforded by the MS/MS
capabilities that allow polypeptide identification.

The development and evaluation of a new approach to ESI-
mass spectrometer interfacing to allow a small, compact
and lightweight vacuum system to be utilized. There are
two main elements to our approach: 1) inclusion of novel
methods for improved ion focusing, trapping, and
transmission from higher pressure regions; and 2) the

use of methods to eliminate the gas introduction or
transmission between differentially pumped regions, except
during periods of ion introduction and transmission
between these differentially pumped regions of the vacuum
system. The significance of this approach is that it
provides a decrease in the pumping speeds required by a
factor of between 10 and 100, which is directly reflected
by a reduction of the weight and size of the vacuum system.
In our initial efforts a high speed micro-valve has been
designed for the ESI interface of an ion trap mass
spectrometer, and is currently under construction.
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Flow Injection Analysis

Jay W. Grate (Interfacial and Processing Science)

Study Control Number: PN95034/1010

Project Description

Flow injection analysis constitutes a combination
between wet analytical chemistry and instrumentation
that automates analyses and processes in miniature form.
Flow injection techniques are extremely flexible and
analyses have been developed for a great variety of
inorganic and organic chemicals on samples ranging from
soils, wastewater, and industrial process streams. The
purpose of this project was to enhance the flow injection
analysis technique and conduct proof-of-principle
experiments that will demonstrate the usefulness of these
methods in addressing a variety of problems at Hanford
and other DOE sites. Specific areas of interest include
radiochemical analysis, soil and groundwater analysis,
and process simulation.

Technical Accomplishments

Automation of radiochemical analysis was the focus of the
work in FY 1996. We submitted a successful proposal
entitled “Automation of Radiochemical Analysis by Flow
Injection and Sequential Injection Methods” under the
Wolf-Broido Initiative. Further radiochemical analysis
research related to tank waste characterization problems
was continued under this program and the LDRD project
was shifted to other topics.

We demonstrated that sequential injection techniques could
be used to automate the separation of isotopes for medical

purposes.

The isolation of radioisotopes for medical use typically
involves a mixture of a longer-lived parent isotope and
shorter-lived daughter isotope in secular equilibrium.

The purpose of the generator is to separate the daughter
isotope from the parent and other radionuclide and stable
interferences. If the daughter isotope has a short
radioactive half-life, it needs to be separated from its parent
at the user’s facilities, as it cannot be produced

and shipped. The medium containing the parent isotope

is often referred to as the “cow.” The cow is extremely
valuable. One approach for medical isotope generation lies
in storing the parent/daughter mixture in solution, and then
using separation chemistry steps to isolate the daughter
isotope from the parent. The parent (cow) is recovered and
saved for additional use. An example of this approach is
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the Ac-225/Bi-213 separation method recently developed at
PNNL. It would be highly advantageous to automate these
types of separations.

Flow injection and sequential injection represent automated
solution handling approaches that are highly suitable for
this task. Under this project, we previously developed a
rapid, automated, microanalytical procedure for the
determination of Sr-90 in aged nuclear waste. It was based
on a sequential injection system that rapidly separates Sr-90
from Y-90, Cs-137, and other radionuclides. The
separation was achieved using a sorbent extraction
minicolumn containing sorbent material that selectively
binds strontium from nitric acid solutions. The separated
Sr can be eluted with water. The eluted Sr-90 zone was
mixed with a liquid scintillation cocktail and detected on-
line with a flow-through liquid scintillation counter. The
effectiveness of the new methodology for this load, wash,
and elute separation was demonstrated in the analysis of
tank waste samples. In addition, this instrumental approach
is usefu! for studying new radiochemical scparation
methods.

In the medical isotope area, we set out to demonstrate
applicability of the sequential injection methodology to
the separation of Bi-213 from the Ac-225 parent. In a
series of experiments in collaboration with Lane Bray,
we demonstrated that the manual ion exchange generator
procedure developed at PNNL can be efficiently
automated. We demonstrated that the product isotopc
could be successfully separated from the parent in the
automated format with excellent recovery efficiency.

In addition, the cow was efficiently recovered for future
“milking.”

This work received ALARA recognition. This technology
will not only save extremity and whole body dosc taken by
research staff at PNNL, but will also reduce dose to
medical personnel administering the radioisotopes in
hospitals when this technology is applied. The flow
injection capability we developed has also now been
applied to a number of bioanalytical applications.

In summary, flow injection and sequential injection have
led to demonstrated applicability in a wide range of
disciplines, including radiochemical separations and the
automated analysis of nuclear waste, microanalytical
determination of contaminants in soil and groundwater,



miniaturization of unit operations for nuclear waste
separations for laboratory-scale research, development
of generators for medical isotopes, and a variety of
bioanalytical applications.

Presentations

IW. Grate, O. Egorov, and J. Ruzicka. 1997. “Automation
of Radiochemical Separations using Sorbent Extraction
Techniques and Flow Injection Methodologies.” Canadian
Society for Chemistry 80th Conference and Exposition,
Windsor, Canada, June 1-4.

J.W. Grate, O. Egorov, and J. Ruzicka. 1997. “Advancing
FIA Applications in Radiochemistry: Rapid Automated
Separation of Actinides by Flow Injection Analysis.”
Eighth International Conference on Flow Injection
Analysis - ICFIA 97, Orlando, Florida, January 12-16.

O. Egorov and J.W. Grate. 1997. “Automation of
Radiochemical Analysis by Flow Injection Techniques:
Fast Actinides Separations by Flow Injection Analysis.”
4th International Conference on Methods and Applications
of Radioanalytical Chemistry, American Nuclear Society

_ Topical Conference, Kailua-Kona, Hawaii, April 6-11.

O. Egorov, M. O’Hara, and J.W. Grate. 1997. “Flow
Injection Based Radionuclide Analyzers: Automated
Analysis of Sr-90 and Tc-99.” 4th International
Conference on Methods and Applications of
Radioanalytical Chemistry, American Nuclear Society
Topical Conference, Kailua-Kona, Hawaii, April 6-11.
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Immunochromatographic Sorbents for the Selective Collection
of Chemical and Biological Warfare Agents

Scott D. Harvey, Bob W. Wright (Radiological and Chemical Sciences)

Study Control Number: PN97052/1193

Project Description

A significant problem in the collection of environmental
samples for analysis of biological and chemical warfare
related chemicals is the nondiscriminate collection of
numerous interfering compounds that occurs along

with concentration of target analyte. One approach for
isolating pure toxin from a preconcentrated environmental
sample is to process the sample through a complex array of
successive chromatographic separations. The approach
presented here focuses on simplifying this analytical
approach by implementing an initial selective precon-
centration stage that will collect only the analyte of interest.
We plan on exploiting the highly specific antigen/antibody
interaction for this preconcentration stage by preparing
custom immunochromatographic sorbents. The sorbents
will be evaluated for their ability to quantitatively remove
trace-level chemical warfare (CW) surrogates or biological
warfare (BW) toxins from water samples. The target
analytes will be eluted from the immunosorbent and
analyzed by HPLC in an on-line configuration.

To produce a silica-based immunosorbent, a large quantity
of purified IgG (approximately 100 mg/g sorbent) was
required as a requisite to covalent bonding to the
chromatographic support. Accordingly, the first goal of
these studies was to develop improved methods for the
semi-preparative isolation of antibodies from serum.
Previously, we had used commercially available kits that
used gravity-fed Protein A columns followed by gel-
permeation chromatography to desalt the I1gG fraction.
Using these techniques, we purified antibodies to the
mycotoxin zearalenone from rabbit serum; however, this
approach was time-consuming and labor intensive. This
LDRD describes an improved IgG isolation method. The
second goal was to consolidate data created during previous
zearalenone studies. Chromatograms from this study were
transferred from strip chart tracings to electronic files to
facilitate data use for publications and presentations.

Technical Accomplishments
A commercially available Protein A HPLC column (Shodex
AFpak APA-894, 50 mm x 8 mm i.d.) was used for IgG

purification. Various buffers and solvent combinations
were explored using this column. A representative
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separation of serum on the Protein A column is shown in
Figure 1. The arrow indicates when the step gradient to
low pH buffer was initiated. Figure 1 illustrates
approximately 1.33 mg of IgG eluting with a retention time
of 19.63 minutes. The Protein A column was equilibrated
for 20 minutes with the initial mobile phase before injection
of the next sample. Alternative mobile phase systems,
including a comparable phosphate buffer combination and
a commerciallg available clution buffer system from Pierce
(ImmunoPure™), did not yield acceptable chromatography
for IgG.

19.63

14.89

RN

I I I
0 10 20

Retention Time (min)

Figure 1. Representative chromatogram of semi-preparative IgG
isolation from rabbit serum on a Protein A'HPLC column. The arrow
at 14.89 minutes indicates a step change to an acidic acetate mobile
phase. IgG elutes with a retention of 19.63 minutes.

The Protein A-purified IgG fraction pool was neutralized
to pH of 7.0 with a dilute sodium hydroxide solution.

The solution was then processed through membrane
filtration centrifuge tubes (Centriprep-30, 30 kDa cut-off,
Millipore, Bedford, Massachusetts). During this step the
antibody was desalted, the buffer exchanged to phosphate
buffered saline (PBS), and the antibody concentrated.
Future work could take advantage of a new membrane
filtration advancement (i.e., Centricon Plus-20, 30 kDa cut-
off, Millipore). Advantages include very low membrane
binding, higher possible concentration factors, and faster
sample processing. Larger versions of this membrane unit
are capable of processing 80 mL of column eluate at a time.



Protein A column breakthrough studies were essential

to ensure that IgG was not being discarded in the dead
volume peak. These studies were performed by collecting
the dead volume peak under actual semi-preparative
chromatographic runs. This material was desalted (by
dialysis) and concentrated (by lyophilization) before being
reinjected on the Protein A column. The peak area for IgG
was compared between the dead volume fraction and a
similarly treated solvent blank (initial buffer that had been
identically desalted and concentrated). This comparison
indicated that breakthrough of IgG through the Protein A
column during semi-preparative runs was less than 0.5%.

To further characterize the IgG and dead volume fractions,
a specialized form of capillary electrophoresis (CE) was
implemented. In this technique, proteins are first treated

. with sodium dodecyl sulfate (SDS). This surfactant
denatures and binds to the hydrophobic portions of the
protein in such way that a constant negative charge is
imparted to the molecule per unit protein. Further,

the SDS-induced charge overwhelms the native charge

of the protein. The negatively charged proteins are then
separated in an entangled polymer buffer. Under these
conditions (designated CE-SDS), the sieving effect of the
viscous hydrophilic buffer causes the larger proteins to
migrate slower than smaller proteins. In fact, as observed
in traditional SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), a linear log molecular weight versus
migration time is observed. Initial experiments verified this
linear relationship for CE-SDS with protein standards
ranging from 14.4 to 200 kDa. The regréssion line
equation derived from the linear plot allowed estimation of
an unknown protein’s molecular weight.

Analysis of the desalted and concentrated Protein A column
dead volume fraction by CE-SDS indicated that serum
albumin was the principal component. Although several
very small peaks were also observed, IgG was not present,
a result consistent with other breakthrough studies
described above. The CE-SDS electropherogram of the
IgG fraction was dominated by a broad peak having a
molecular weight that corresponded to IgG. We
hypothesize this peak was broad because antibodies

were polyclonal and, therefore, contained structural
beterogeneity. Surprisingly, there were other components
present in the profile as well. It was noted that these
additional minor components had molecular weights
corresponding to the light and heavy chains that make up
IgG. To test whether IgG was decomposing into its
constituent polypeptide chains, all disulfide bonds were .
reduced by addition of 10 mM dithiothreitol. The
electropherogram of the reduced IgG fraction verified that
IgG had been quantitatively reduced to the light and heavy
chains. Some of the fronting on the IgG peak could be due
to combinations of partially reduced IgG that contain two
heavy chains (110 kDa) and a heavy/heavy/light chain
combination (132 kDa). The 77 kDa light and heavy chain

combination (if present) would elute well before the IgG
peak.

Immunosorbent was produced by covalently coupling IgG
amino groups (N-terminal peptide and lysine amino groups)
with an activated silica. This resulted in IgG being bound
to the silica with a random orientation. Immunosorbents
produced in this fashion have reasonable chromatographic
properties, although two characteristics can be expected to
limit performance. First, antibodies are bound in a region
immediately adjacent to the solid silica phase. Diffusion in
this interficial boundary layer is very sluggish and counter-
productive to conducting efficient chromatography.
Additionally, because IgG molecules are bound in a
random fashion, many are unable to interact with analyte
based on stearic considerations. We have proposed
bonding strategies that address both shortcomings by
incorporating a spacer molecule to distance IgG from the
silica surface. This, combined with specific reaction
chemistry that is designed to orient the antigen recognition
sites toward solution, will result in a sorbent with a higher
antigen capacity and more desirable chromatographic
diffusion properties.

The example given below is taken from previous
zearalenone studies. Once an immunosorbent has been
prepared, a small precolumn containing this material is
placed in-line with a reversed-phase chromatographic
column. An HPLC trace enrichment valving configuration
conveniently serves this purpose (Harvey and Clauss 1996).
Figure 2 shows the analysis of 10.0 mL of 10-fold diluted
urine that had been fortified with 5.0 ppb (ng/mL)
zearalenone. The peak that elutes with a retention time of
9.27 minute is due to the mycotoxin zearalenone. Given

the extreme complexity of the urine matrix, the background

observed in this analysis is notably low. This example
emphasizes the very high selectivity available through the
immunochromatographic preconcentration approach.
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Figure 2. Immuno preconcentration followed by on-line reversed
phase HPLC of 10.0 mL of 10-fold diluted urine that had been
fortified with 5.0 ppb zearalenone. Zearalenone elutes with a
retention time of 9.27 minutes.
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Micromachined Aerosol Collection System
Jfor Pathogen Detection

Joseph G. Birmingham, Donald J. Hammerstrom, Charles J. Call,

Jianwei Gao, Nancy B. Valentine, Brian S. Hooker (Process Technology)

Study Control Number: PN97072/1213

Project Description

A micromachined aerosol collection system for biological
warfare agents will be designed, fabricated, and tested.

This device can be coupled with a detection technology for
use on the traditional battlefield and in counter-terrorism
applications. The aerosol collection system we propose to
build uses a combination of microelectromechanical and
microfluidic technologies capable of trapping airborne
viruses, bacteria, molds, and spores; and eliminating smoke,
dust, and other large particulate interferences.

We will use advances in precision engineering techniques
to develop a system with miniaturized components. The
system will consist of micromachined electrostatic
precipitation, microchanneled liquid collection. This
flexible system can be assembled into smaller or larger
architectures for a range of applications. It will overcome
several limitations of the current biological detector system
(BIDS): micromachined sheet substrate material choice is
not limited; silicon, Teflon, plastics, ceramics and metals
can be micromachined to be lightweight and compact;
laminar flow in micromachined electrostatic precipitators
reduces the destruction of biological samples by impaction
and increases collection efficiency; the particle size range
that can be effectively collected will be improved by an
order of magnitude over current devices while power
consumption is reduced; and compact micro-architecture
reduces size and is ideal for mobile or battlefield
applications.

Background

The experimental work performed in FY 1997 revealed that
a 1000 liter per minute microelectrostatic precipitator
(LESP) was able to collect polystyrene latex sphere
aerosols at an efficiency of greater than 70% for several
sizes. As a point of comparison, the state-of-the-art aerosol
collectors are expected to be about 35% efficient.

The efficient collection of aerosols for subsequent analysis
has become an important military objective after the Gulf
War. One approach to the collection of aerosols is the
electrical charging of the particulate followed by deposition
in an electric field. This use of electrical forces to effect

the efficient collection of aerosols of biological origin in
micromachined devices is the focus of this project.

The prototype electrostatic precipitator was built at full
scale for a flow rate of 1000 liters per minute of gas flow.
Air flows were determined in a smaller diameter 2-inch
section of tubing downstream of the evaporation section.
The velocity head was measured with an inclined
manometer.

The first-generation electrostatic precipitator did not have

* a fully integrated fluidic collection system due to excessive

fabrication. Therefore, we used a batch collection process
that deposited collected particles into a fluid at the end of
a collection run. The collector plates were washed with
water and then rinsed with tetrahydrofuran to remove all
of the particles.

A Sequoia-Turner model 450 fluorometer was used to
measure the fluorescence of our liquid samples. The
instrument was used with the excitation and emission filters
appropriate to the fluorescein dye which tagged the
microspheres. For each sample, the measured fluorescence
was scaled by the fluorescence from a standard solution of
microspheres. Each standard contained a known number
density N4 of microspheres, enabling the number density
Ngam in the sample to be determined from:

Niam = (fluorescence of sample/fluorescence of standard) N4

The span setting of the instrument was adjusted such that
N,q Was constant over a series of measurements, thus
compensating for instrument drift.

In general, each standard solution was prepared by diluting
0.01 mL of the standard 2.6 wt% solids solution (from
Polysciences, Inc.) in 500 mL of deionized water. This
concentration for the standards gave fluorescence emissions
of the same order of magnitude as those from our influent
and effluent samples. These solutions were transparent and
were of sufficiently low concentration to yield emission
intensities which were linear with concentration. Experi-
mental samples which were not sufficiently transparent
were diluted prior to measurement.

The overall design philosophy of the use of microfluidics,
laminar flow, and massive parallel processing was
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followed. This strategy has proved to be successful with
other micromachined aerosol collectors. The power
consumption of the pESP was found to be a fraction of a
watt. It required about 14 watts to operate the air fan. This
electric force is sufficient to remove the particulate to the
collection electrode.

Technical Accomplishments

The efficient collection of aerosols using various sizes of
polystyrene latex spheres has been demonstrated during
FY 1997. The design was based on several considerations
that differentiate the micromachined electrostatic
precipitator (WESP) from conventional designs.

Some of these design anomalies will be modified for wind
tunnel studies conducted with bacterial and viral simulants.

We did not include the charging section in the first series
of tests because of the intrinsic negative charge of
polystyrene latex spheres. Collection efficiency was
determined by comparing the number of particles in the
influent subsample air with the number in the effluent

subsample air (i.e., after passing through the collector). We

also measured the number of particles in the fluid collected
from the plates. These amounts were roughly equivalent
with the number of particles nebulized into the influent
airstream, suggesting nearly 100% collection efficiency.
These results are summarized in the following table:

Particle Size, pm Avg. Collection Efficiency, %
0.485 84
0.752 72
0.930 77
0.973 90
1.871 71
5.47 48*

* Problems with the power supply during the test.
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The efficiency of collection of polystyrene latex spheres by
a uESP is shown in Figure 1. The two curves represent the
predicted performance (top curve) using the Duetch-
Anderson equation and the experimental results (bottom
curve). The significance of the experimental results arc
that the current state-of-the-art acrosol capture devices have
typically 35% collection efficiency whereas for almost
every aerosol size the pESP collection efficiency was
greater than 70%. The pESP performance as predicted
from the Duetch-Anderson equation suggested that as the
particulate size increased, the collection efficiency should
increase commensurately. However, the experimental
collection efficiency decline at the largest acrosol diameter
was due to the loss of power during the experiment which
allowed the polystyrene latex to pass through uncollected.
Another explanation suggested by the data is that the
mobility of larger aerosols may be reduced to the point that
the collection efficiency is reduced. Whether the collection
efficiency decline of larger aerosols is an experiment
anomaly or reflects a reduced mobility condition will be
determined in additional tests. In summation, the dircct-
current powered electrostatic precipitator has exceeded
initial expectations for particulate collection.
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Figure 1. Microelectrostatic precipitator performance.



Multispectral Imaging for the Detection of
Leaking Explosives from UXO

Khris B. Olsen, Edward C. Thornton, Christopher J. Thompson (Water and Land Resources)

Randy R. Kirkham (Hydrology)

Study Control Number: PN97078/1219

Project Description

This project evaluated the use of ultraviolet-visible-near
infrared spectroscopy as a tool to identify explosives
associated with explosive production and unexploded
ordnance (UXO). Project activity focused on explosive
detection in a soil matrix during dig-face activities.

Technical Accomplishments

- A thorough literature search was conducted on optical
methods associated with the detection of explosives.

Results from the literature search suggest fluorescence
techniques are not suitable for direct measurement of
explosives in a soil matrix. Photon yields for explosives
typically fall below 0.001 (1 photon emitted/1000 photons
absorbed by molecules). This response factor is sufficiently
low to prevent detection by fluorescence. Therefore, no
further consideration was given to the use of fluorescence
measurements during the course of this project.

The literature search suggested the ultraviolet-visible-

near infrared portion of the light spectrum may provide
reasonable sensitivity to detect explosives in soil matrix

at or about 100 mg/kg. Based on this conclusion,
ultraviolet-visible scans were conducted on liquid standards
of TNT, RDX, and tetryl. The solution scans suggested the
region of interest is between 200 to 350 nm for these three
compounds (Figure 1). The feasibility of measuring
explosives in sediments by ultraviolet reflectance was
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Figure 1. Transmission spectra of explosives,

evaluated by examining spectra of silica and samples

of silica that had been spiked with HMX, RDX, tetry],
and TNT (Figure 2). The spike concentrations were

4858 mg/kg HMX, 4230 mg/kg RDX, 4495 mg/kg tetryl,
and 4322 mg/kg TNT. In general, the raw spectra are
similar in shape, with a dip in the reflectance near 228 nm
and gradually increasing reflectance values at longer
wavelengths. The sample of unspiked silica was the most
reflective, followed by the spikes of HMX, RDX, tetryl,
and TNT. In order to convert the spectra into a form more
useful for quantitation, each sample spectrum was divided
by the SiO, spectrum, and the logarithm of the inverse of
this ratio (i.e., log 1/R) was calculated. The results of this
transformation are shown in Figure 3. The transformed
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Figure 2. Raw UV-reflectance spectra of explosives in
Si0,.

Log(1/R)’

220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 3. Transformed UV-reflectance spectra of
explosives in Si0,.
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spectrum of the TNT sample shows an intense band
centered at 240 nm. Much weaker bands in the same region
are also apparent in the transformed spectra of the other
spiked samples. This limited analysis shows that the
spectral measurement appears to be much more sensitive to
TNT than HMX, RDX, and tetryl. Consequently, a more
detailed analysis of TNT in silica was performed. Figure 4
shows the log(1/R) spectra of six silica samples with TNT
spikes ranging from 513 mg/kg to 5440 mg/kg. For
quantitation purposes, the intensity of the bands should vary
in a systematic fashion with concentration. While the three
lowest concentration spectra appear to follow a linear trend,
the relationship between intensity and concentration is not
obvious for TNT concentrations greater than 2049 mg/kg.
This is probably the result of a saturation effect that results
from the strong absorbance of TNT and the influence of
stray light. The detection limit for TNT in silica was
estimated to be 110 mg/kg based on the intensity of the

513 mg/kg spectrum at 236 nm and an estimate of the noise
in the baseline. A similar analysis was also conducted for
the other explosives using the data in Figure 2. The
detection limit estimates for tetryl, RDX, and HMX were
400 mg/kg (based on the intensity at 234 nm), 670 mg/kg
(228 nm), and 940 mg/kg (228 nm), respectively. Since
Si0, is a clean, highly reflective matrix, these values
represent the “best-case’” scenario for the measurement of
explosives in sediments by ultraviolet reflectance
spectroscopy.
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Figure 4. Transformed UV-reflectance spectra of TNT in SiO,.

The effects of natural sediment matrices were evaluated by
acquiring reflectance spectra of sand, clay, and silt samples
(Figure 5). The sand, clay, and silt samples were collected
from various locations around and on the Hanford Site.
The sand fraction was collected from a road cut along the
Columbia River in North Richland. The clay fraction was
collected from a clastic dike adjacent to the Hanford
highway. The silt fraction was collected from a burrow
pit at the McGee Ranch near the Yakima Barricade. The
samples were dried at room temperature over an extended
period of time, spiked with the respective explosive,

66 Laboratory Directed Research and Development - FY 1997

100

90 8lllca
80

704
60
50
40 -
30

201 : Clsy .
10 _—‘—_f’____________-___‘———'

Sand

% Reflectance

0 T T T T T g T T
220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 5. Raw UV-reflectance spectra of silica, sand, silt and
clay.

homogenized, and packed into mounts. Representative
spectra of these matrices are plotted in Figure 5 along with
a raw spectrum of Si0,. The graph shows that clay, silt,
and sand are very highly absorbing matrices, compared to
silica. In fact, the low reflectance values of these materials
suggest that detection of explosives in clay, silt, or sand
would be very difficult. This hypothesis was tested by
spiking silt samples with 276, 633, and 1525 mg/kg of
TNT. TNT was selected since it provided the best
reflectance response on the silica matrix. Figurc 6 shows
the raw reflectance spectra of these samples and the
average spectrum of three unspiked silt samples. The
spectra of the three samples containing TNT are very
similar to each other and have slightly higher percent
reflectance values than the unspiked silt spectrum. Figure 7
shows the corresponding log(1/R) spectra for the TNT
spikes. No obvious correlation exists between spectral
intensity and concentration. Moreover, the spectra appcar
to be dominated by random noise. The detection limit for
TNT in silt is therefore estimated at greater than

1525 mg/kg. Greater sensitivity might be achieved by
using a brighter source of incident light, but the detection
limit would never approach that observed for a silica
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Figure 6. Raw UV-reflectance spectra of TNT in silt.
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Figure 7. Transformed UV-reflectance spectra of TNT in silt.

matrix. These results, together with the less promising
results obtained on tetryl, HMX, and RDX in silica,
demonstrate that the detection of explosives in silt, sand,
and clay by ultraviolet reflectance spectroscopy is not
feasible at practical concentrations of explosives.

Near-infrared reflectance scans were also taken of the -
fine-grained silica sand standards (TNT, tetryl, HMX,

and RDX) used for ultraviolet analysis. As before

the concentrations of explosives were as high as

4858 mg/kg and the spectra were normalized by the
log(1/R) transformation. In general, the spectra did not
appear to contain any features that would be useful for the
detection of explosives, although HMX and RDX may have
weak absorbance bands at about 2300 nm. No further

consideration was given to the use of the near-infrared
spectral region for detection of explosives in sediments.

Conclusion

¢ Based on the results of an extensive literature search, the
measurement of explosives by fluorescence was
not conducted because of poor photon yields.

¢ Using ultraviolet reflectance and a silica-sand matrix,
detection limits for TNT, tetryl, RDX, and HMX were
determined to be 110 ppm, 400 ppm, 670 ppm, and
940 ppm, respectively.

¢ Ultraviolet-reflectance detection limits for explosives
in natural sand, silt, and clays were determined to be
greater than 1525 ppm.

¢ Laboratory testing of the near-infrared region of
the light spectrum failed to identify any specific
distinguishing bands associated with explosive
compounds.
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Rapid Detection of Bacterial Fingerprints by Matrix-Assisted Laser
Desorption/Ionization Mass Spectrometry (MALDI-MS)

Karen L. Wahl, James A. Campbell, Mark T. Kingsley (Materials and Chemical Sciences)

Study Control Number: PN97089/1230

Project Description

The objective of this project was to develop a rapid
screening tool for detection of microorganisms based on
unique fingerprints produced by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS).
Unique ion fingerprints have been obtained from different
microbial cells. However, a better understanding of the
effects of experimental parameters, in addition to a
fundamental understanding of the microbial origin of the
fingerprint ions is needed.

Technical Accomplishments

Rapid detection and classification of microorganisms

is important for public health, biotechnology, food
processing, monitoring of biological warfare, and
counterterrorism response. Most analytical methods
developed for such detection required significant sample
handling and preparation time, or exhibited indirect
evidence of the presence of specific microorganisms.
Recent advances in analytical instrumentation, such

as MALDI-MS, have made it possible to rapidly and
efficiently analyze biological components such as proteins,
peptides, oligonucleotides, and phospholipids intact.
MALDI-MS was chosen for detection of the micro-
organisms for this project due to its rapid analysis time (less
than 5 minutes), minimal sample requirenient (microliters),
and for providing molecular weight information of
biological components.

During FY 1996, preliminary MALDI-MS analysis directly
from intact microbial cells was developed. Separation of
whole bacterial cells from the soy broth growing media was
required prior to mass spectral analysis using simple
washing techniques. Distinct ions from 13 bacterial
samples were obtained. A preliminary blind unknown test
of sample preparation and MALDI analysis of the 13
samples was 50% successful in identifying the bacteria
based on comparison with the known MALDI spectra.
These results show the potential of this rapid analysis
technique for screening for the presence of microorganisms
such as bacteria.

In FY 1997, the effects of experimental variables, such as
cell culture age and analytical matrix, on the bacterial
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fingerprints was investigated. The MALDI fingerprint
spectra are reproducibly generated when the bacterial
samples are in the same growth phase, and the matrix used
for the MALDI analysis is the same. However, altering
either culture age or matrix has a significant impact on the
ions observed. For example, the Gram-negative bacterium
Shewanella alga (BrY) has a very reproducible fingerprint
of ions when 1) the bacterial sample is fresh, 2) the cells
are in the log phase, and 3) when sinapinic acid is used as
the MALDI matrix. When the ccll sample has aged, so that
the cells are in death phase, the MALDI-MS spectra differ
from those obtained with fresh cultures. An example of
changes in the MALDI-MS spectra based on cell culture
age is shown in Figure 1. This may prove valuable if
MALDI-MS can provide information on cell viability or
growth state. Continuing work is in progress to assess

this value.

A series of 13 Bacillus cultures was obtained from various
sources. Analysis of these cultures by traditional DNA
extraction, followed by polymerase chain reaction (PCR)
gel electrophoresis, revealed that many were homologous
(Table 1). The Bacillus strains that appear homologous
based on PCR gel traces produce very similar MALDI .
mass spectra (Figure 2a,b). Bacteria that are found to be
different by PCR gel also produce noticeably different
MALDI mass spectra (Figure 2c). The MALDI-MS results
and the PCR nucleic acid determinations are in agreement
for comparative analyses of bacterial cultures.

Matrix-assisted laser desorption/ionization mass spectrom-
etry is a powerful rapid screening too! for microorganism
identification. Reproducible mass spectral fingerprints arc
obtained from intact microbial cells with minimal sample
handling. Several experimental variables, such as
microbial cell growth conditions and analytical matrix
selection, affect the mass spectral fingerprints. However,
the MALDI mass spectra are reproducible under identical
parameters. Aged cells with consistent analytical
conditions yield reproducible MALDI-MS fingerprints, but
are different compared to viable cells. These variations
may in fact provide valuable information to identify the
origin and viability of the microbial sample. The
MALDI-MS results and the PCR nucleic acid
determinations are in agreement for comparative analyses
of bacterial cultures.
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Figure 1. Culture age effect on MALDI mass spectra of gram-negative bacterium BrY.’

Table 1. PCR fingerprinting of “BG” strains/repeat DNA primer sets.

ATCC 9372 (B. subtilis) 1 A a
ATCC 31028  (B. subtilis) 1 A .a
ATCC 51189  (B. subtilis) 1 A a
ATCC 49822 (B. subtilis, formerly B. globigii) 1 A a
ATCC 49760  (B. subtilis, formerly B. globigii) 1 A a
DPG BG (orange from simulant powder) 1 A a
BMIBG (purified from DPG) 1 A a
ATCC 7972 (B. subtilis) 1* A% a*
ATCC 6455 (B. atrophaeus, formerly B.s.) 1* A* a*
ATCC 49337  (B. atrophaeus, formerly B.s. var niger) 1* A* a*
ATCC 4516 (B. circulans) 2 B b
ATCC 6501 (B. subtilis) 3 C c
ATCC 14580  (B. licheniformis) i 4 D d
ATCC 14579  (B. cereus) 5 E e
ATCC 14577  (B. sphaericus) 6 F f
®ENVI (white culture) 7 G g

1 Patterns with same number or letter are identical

* indicates similar but slightly different (additional bands, etc.)

@ different from “BG” and controls

(a) amplification protocols essentially as Louws et al., 1994, Appl. Environ. Microbiol. 60, 2286.

ATTC - American Type Culture Collection
BMI - Battelle Memorial Institute

DPG - Dugway Proving Ground

ENVI - random environmental isolate
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Figure 2. Comparison of two gram-pesitive Bacillus cells and one unknown isolate by MALDI-MS.
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Versatile Synthesis Method for Sensing Materials

Jay W. Grate (Interfacial and Processing Science)

Study Control Number: PN97104/1245

Project Description

The objective of this research is to develop a versatile and
generic approach to the synthesis of polymeric materials for
chemical sensors and arrays. The approach and the
resulting materials will be applicable to many different
sensing platforms, including acoustic wave, fiber optic,
planar optical waveguide, and field effect transistor sensors.
The synthetic approach will be designed so that the
following physical properties and capabilities are built into
the materials: a) low glass-to-rubber transition temperature
for rapid vapor diffusion and hence rapid sensor responses;
b) tunable physical properties such as viscosity, refractive
index, etc.; c) polymer end groups tailored for cross-linking
to cure materials on sensor surfaces; d) incorporation of
functional groups and binding sites to absorb the analytes
of interest; and e) optional incorporation of molecularly
dispersed groups to facilitate in signal transduction.
Development of this capability will provide a significant
advantage in developing chemical sensors and sensor arrays
for particular client applications.

Technical Accomplishments

Just over a decade ago, the development of sensing
materials for acoustic wave and other chemical sensors was
an empirical approach based on testing candidate materials
and seeing if they worked. The process was sometimes but
often not informed by chemical intuition. Since that time,
systematic studies by Grate, Abraham, and coworkers,
using solvation parameters and linear solvation energy
relationships, have established and quantified the
interactions governing the sorption of organic vapors by
sorbent polymers. With this understanding in hand, it
should follow logically that sensing polymers can be
rationally designed and synthesized at will. However, a
number of practical considerations render this task more
difficult than one might expect. Most synthetic approaches
for polymer synthesis suffer from one or both of the
following problems: 1) the polymer backbone and
substituents lead to glassy or crystalline polymers leading to
very slow vapor diffusion and hence slow sensor responses,
and 2) the chemistries used to create covalent bonds create -
polar sites that may conflict with the desired selectivity of
the material. ‘

A useful sensor material must not only have the interactive
properties of interest, it must also have other physical

properties necessary for fabrication and reliable operation
of a sensor device using a thin film of the material. For
example, it must wet and adhere to the sensor surface.

For optical applications, it may be necessary to tailor the
refractive index. For acoustic wave applications, it may be
necessary to be sure the material is not excessively lossy
(thus, attenuating the acoustic waves) at the temperature
and operating frequency of the device. Viscosity may need
to be within a particular range for some applications, and in
some cases it may be required that oily or gummy materials
can be cross-linked to yield solid elastomers (on optical
fibers, for example). In addition, it may also be necessary
to adjust other properties for the transduction mechanism
of the particular sensing platform. For example, optical
sensors may require that absorbent or fluorescent sites be
incorporated. Work function sensors require a suitable
initial work function and electrical conductivity of the
sensing materials.

Given the number of requirements placed on a sensing
material when it is designed for a particular sensing
platform and analytical application, it might appear that a
new approach would be required for each case, and that
some trial and error might be necessary to obtain all the
desired properties. However, such an approach would be
inefficient. It would be advantageous if a versatile and
generic approach could be developed to deliberately
synthesize materials to obtain the full range of required
properties in a predictable way, and be able to apply this
approach to multiple sensing platforms.

We are developing a versatile synthetic approach that
will enable the existing rational understanding of vapor/
polymer interactions to be extended to the rational design
and synthesis of sensing materials. In addition, by careful
attention to polymer physical properties, material cross-
linking, and interfacial issues, we will greatly improve the

~ reliability of chemical sensor devices employing sorbent

thin films.

This approach is being used to help prepare a set of sorbent
materials covering all the solubility properties that one
would wish to put in a sensor array for organic vapors, and
to prepare these polymers in formulations that can be cross-
linked in thin films. The properties to be covered include a

" non-polar polymer, a polarizable polymer, a dipolar

polymer, a dipolar basic polymer, a basic polymer, and a
hydrogen-bond acidic polymer. Thus far we have found or
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synthesized materials that cover four of these categories,
and we have strategies in place for the remaining two.

A critical issue in the development and deployment of
polymer-coated sensors is the reproduciblity and reliability
of such sensors. This is critically dependent on the
behavior of the polymer as a thin film. We have observed
that the overall performance is dependent on factors such as
film morphology, the surface to which the film is applied,
and the ambient humidity. We are performing experiments
to determine which of these factors are most important
under what conditions, and whether or not cross-linking is
necessary or beneficial. With discontinuous films, cross-
linking alone is not sufficient to prevent performance
problems with some polymers. On the other hand, one of
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our newly synthesized materials is well behaved regardless
of the film morphology or humidity, even without cross-
linking.

Presentations

J.W. Grate and S.N. Kaganove. 1997. “Hybrid Organic-
Inorganic Copolymer Films with Strong Hydrogen Bond
Acidic Properties for Vapor Sensing.” 213th National
Meeting of the American Chemical Society, San Francisco, .
California, April 13-18, and Canadian Society for
Chemistry 80th Conference and Exposition, invited talk,
Windsor, Canada, June 1-4.
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A Metadata-Based Approach for Retrieval of Heterogeneous Data

Daniel R. Adams, James C. Brown,
David M. Hansen, Mark A. Whiting (Information Sciences)

Study Control Number: PN97001/1142

Project Description

The purpose of this project is to explore and develop new
techniques for locating and retrieving heterogeneous,
multimedia data sources using search and visualization
techniques that exploit both the content of data sources as
well as the context in which those sources exist. We must
move beyond the simple text indexes used with World
Wide Web search engines to richer and more adaptable
forms of metadata (i.e., information that describes the
actual data sources) in order to deal with the wealth of data
and data types available today. The research focuses on
developing a malleable and extensible metadata structure
that can describe the contents of heterogeneous data types
(text, audio, video, imagery, etc.), as well as describe the
relationships between various data sources. From this base
we will move forward to develop advanced search
capabilities, visual exploitation tools, and new approaches
for extracting and exploiting metadata.

Technical Accomplishments

As the amount and variety of data available increases, new
techniques for locating data sources that are relevant to a
given problem are needed. At present, most techniques for
locating electronic information rely on textual descriptions
of data sources and Boolean searches of word indexes to
locate relevant information. (There is a growing body of
work on performing image queries, but these efforts rely on
textual descriptions of images or they use feature/attribute
extraction and recognition algorithms that are not readily
combined with other data types.) These approaches are not

.cognizant of, and cannot exploit, contextual clues in
locating relevant information. A significant amount of
information relevant to locating data that is germane to a
given problem is actually found in the correlations and
relationships between data sources. One perspective on the
Galaxies, SPIRE™, and ThemeScapes™ approaches to
data visualization is that these are techniques for finding,
visualizing, and exploiting the relationships and correla-

- tions between textual documents. This research attempts to

broaden the types of relationships that can be modeled,

extend these relationships to multimedia data, and explore

how the content and context metadata can be effectively
exploited.

The metadata construct for individual data sources is
relatively straightforward and quite general. We capture
the information needed to retrieve an object (including
location, ownership, access limitations, etc.),
keyword=value pairs that describe the data objects, and
links which document and describe relationships between
data objects. Furthermore, we determined that any
implementation of a metadata repository for information
extraction must be dynamic. That is, it must be possible to
add metadata and relationships over time, and systems must
be able to easily accommodate the addition of items and
forms of metadata that were not anticipated at the time the
system was designed.

Although we evaluated several products, we chose to
implement the metadata repository using the Gemstone

‘Object Oriented Data Base Management System because it

is highly extensible, can adapt to new and changing
metadata components at run time, and can be used to model
both static and active relationships. To demonstrate the
basic concepts of the research platform and to validate our
design, we prototyped a system (Figure 1) that

s drills down through a Windows file system

s identifies files from which text can be extracted (e.g.,
word processing files, spreadsheets, presentations,
Postscript, etc.) )

s extracts the text and any keyword=value pairs that can
be identified (e.g., components of the “Properties” sheet
in Microsoft Office products)

s summarizes any text extracted from files
s populates the Metadata Repository with the

keyword=value pairs, text summaries, and location and
retrieval information

+ builds a searchable index of the text

s provides tools to subsequently locate and examine data
based on queries of the text and keywords.
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This project will provide the foundation for research the use of information models impressed onto a data space,

proposed in FY 1998. This research proposes to expand and developing new approaches to visualize the web of
into working with audio data, discovering and establishing data and information represented within the metadata
connections and relationships between data source through repository.
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Figure 1. System prototype.
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Applied Intelligence Systems

Tamara S. Stewart (Information Sciences)

Study Control Number: PN97013/1154

Project Description

Information tools of the future will provide services to the
full spectrum of information manipulation tasks of
customers. This includes software/hardware components
for cognitive processing, providing opportunities to better
extract meaning from information in a context, and fit into
architectures that conform to “good design practices” for a
specific application. This project’s objectives were to make
initial inroads to 1) identify cognitive processing
approaches that could assist in information manipulation
tasks, 2) identify which cognitive processing approaches
were appropriate for current information technology ;
projects, and 3) identify a methodology to determine task-
appropriate information theories/structures/logics for use in
system design.

Technical Accomplishments

There are underlying theoretical principles which support
or give meaning to our work, any of our work, and we as
human analysts draw conclusions and implications and take
action based on the meanings derived from those principles
applied to specific situations. '

In the information technology arena, theoretical principles
have dictated the bounds of computability, the nature of
information, and the design of systems to manipulate that
information. When we modify those principles or the
environmental situation they operate within, we should
expect the entire system to react. The valid range of
problems and applicable analysis methods for them will
change, a shift in the types of conclusions which may be
drawn will occur, and implications and subsequent user
actions will be altered.

For information technology, a recent paradigm shift has
been data visualization. The explosion of information
available has not only “pushed” the need for new ways of
viewing and reviewing data, but “pulled” a reassessment of
the nature of information in order to focus automation tools
on issues critical to relieving the overburdened analyst.

At today’s stage of information system development,
researchers are still identifying information components,

their appropriate representations, boundaries for reasonable
application of new display technologies, and information
systems to assist in manipulating new forms of information.
However, it is clear that to design a system that assists in
revealing an information set’s meaning and relevance in a
context or the variable situations that a context occupies in
time, the information modeled will have to contain
conceptual components.

There is a strong relationship between information,
knowledge structures, and their representations on one
hand; and design, architecture methods, and algorithms.
How we design or how we think in structured ways is
influenced by how we define information and knowledge
and how we hold that knowledge for processing. If we can
understand how design takes place at a cognitive level, then
we may identify principles that are closely related to
thought processes and assist in designing information
manipulation tools that assist analysts in their tasks.

Modeling conceptual information will extend current
information technology capabilities, integrate organiza-
tional science and human factors research more closely
using new information technologies, and lead to significant

. applications using conceptual and cognitive structures as

the principal basis for each application.

This project initially focused on the underlying structure
and theoretical relationships describing data, information,
knowledge, and system design. This inquiry led to an
understanding of the importance of conceptual structures
and context/situation.

Conceptual structures research and tools exist in both
academic and commercial settings. Only very recently
have commercial tools been released that provide
conceptual representations. They are still immature in their
feature sets, but indicate support and a wide potential of
applications for the technology.

Publication
T.S. Stewart and D. Kashporenko. “Conceptual

Structures.” Pacific Northwest National Laboratory,
Richland, Washington. (in preparation)
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Applied Mathematics and Computer Science

George L. Fann, Joel M.J. Malard (Theory, Modeling and Simulation)

Study Control Number: PN97014/1155

Project Description

Four decades of production, testing, and operations at the
U.S. Department of Energy facilities across the nation have
resulted in the interim storage of millions of gallons of
highly radioactive mixed wastes in hundreds of under-
ground tanks, extensive contamination of the soil and
groundwater at thousands of sites, and hundreds of facilities
that must be decontaminated and decommissioned. One
method of developing and evaluating remediation strategies
is to apply computer simulations. It has long been
recognized that modeling of the transport, fate, and
processing of contaminants is a computational challenge of
the first magnitude, a “Grand Challenge,” because of the
complexity, variation in temporal and spatial scales,
requirements for accuracy, and urgency of the problems at
hand due to safety and risk considerations.

In order to best utilize current and future computational
resources, simulation software will need to take advantage
of clustered shared memory computers. Our work develops
the computer science and computational mathematics
capabilities that are required for the fast, accurate, and
scalable subsurface modeling needed for environmental
remediation and restoration efforts using massively parallel
computers. During 1997, we developed a library of
iterative linear equation solvers with preconditioners that is
suitable for groundwater simulations with wells. In
addition, we assisted the groundwater modelers with
interfacing their simulation codes with post-processing and
parallel visualization of their results.

The iterative solution methods are scalable and portable to
MPPs and clusters of SMPs using the UNIX operating
system with MPI for communication.

Technical Accomplishments

The discretization of partial differential equations occurring
in groundwater modeling, e.g., the reservoir equations,
leads to systems of linear equations whose coefficient
matrices are large and sparse. For example, a three-
dimensional simulation of an aquifer discretized as a

100 x 100 x 100 grid yields a linear system of a million
equations. The efficient and accurate solution of such large
~ systems is essential to further our understanding and the
predictability of subsurface flows and reactive transport of
chemical species. The linear system is typically
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ill-conditioned and block banded in structure.
Ill-conditioning is characterized by real and small
eigenvalues whose norm is near the numerical machine
precision. Banded direct solvers are typically used on
serial computers and in optimized codes. However, they do
not scale well to parallel computers when using a relatively
small number of grid points. Iterative methods such as
SOR and SLOR are applicable; however, their rate of
convergence is slow because of the small eigenvalues.
Complex eigenvalues render the use of traditional non-
symmetric iterative solvers such as SSOR or BiCG
prohibitive. Newer techniques such as Generalized
Minimal Residual (GMRES) (Saad and Schultz 1986),
Quasi-Minimal Residual (QMR) (Freud and Nachtigal
1991), Biconjugate Conjugate Gradient Stabilized
(BICGStab(L)) (Sleijpen and Fokkema 1993), and
BiConjugate Gradient (BiCG) exhibit better numerical
robustness and scalability than previous methods and can
handle the presence of complex eigenvalues.

We have implemented GMRES, QMR, BiCGStab(L), and
BiCG. The QMR, BiCG, and BiCGStab(L) have been
incorporated with preconditioners into the PNNL ground-
water code STOMP. The performance of the QMR was
excellent when the error tolerance requirement was greater
than 10°7; however, it was disappointing when tolerance of
less than 10'13, needed for groundwater simulation, was
required. The performance and convergence of
BiCGStab(L) was better than QMR in this tight tolerance
regime. We investigated the performance of BiCGStab(L)
as a function of L, the number of Lanczo search directions,
and as a function of data distribution on the Silicon
Graphics PowerChallenge computer.

The structure of linear systems arising in groundwater
modeling and reactive transport has a strong impact on the
scalability of iterative solvers. The matrices underlying
these systems are typically block-banded and the size of the
block is closely tied to the number of coupled equations in
the original system of the differential equations. In the type
of applications that are relevant for this part of the effort,
the bands are typical, about 7, and the blocks are small, no
more than 10. In effect, there is little arithmetic involved to
amortize synchronization costs on SMPs or communication
latency across processors on MPPs.

Within this project, we have developed distributed data
structures for storing block-banded matrices that are
compatible with groundwater application software and yet



allow for scalable implementations of the sparse
matrix-vector multiplication kernels that are commonly
found in sparse iterative solvers. Moreover, our codes were
written to take full advantage of the three-dimensional
nature of physical problems. For example, the number of
processors effectively used by our implementations of
matrix-vector multiplication for three-dimensional
problems scales proportional to p'2/ 3 where p is the number
of nodes compared to pl/2 scaling for three-dimensional
problems. We also take advantage of the matrix structure
so that only nearest neighbor communications are needed in
several of the mathematical kernels, e.g., matrix-vector
multiply, Schur Complement.

Using these data structures, we have implemented solvers
for banded and block-banded linear systems arising in
groundwater simulation. Our solvers library contains
QMR, BiCGStab(L), CGS, and BiCG with application
interfaces for FORTRAN 90 and FORTRAN 77. For our
implementation of BiCGStab(L), we obtained a novel
implementation of QR factorization that combines the
numerical accuracy achievable via modified Gram-Schmidt
and the scalability of solving the normal equations. The
groundwater simulation component of the STOMP code has
already achieved a speed-up of more than 6 using our serial
implementation of BiCGStab(L) on a single processor.
(See Figure 1.) :

We have continued interactions with the compiler tool
component of the initiative to ensure that the FORTRAN
Pre-Processor (FPP) tool being developed by Matt Rosing
for the subsurface reactive transport project can take full
advantage of the parallelism available in our iterative
solvers. . '

Performance of BiCGStab(8) As A
Function of Data Decomposition(n=30000)
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Figure 1. Parallel performance and scalability of the iterative solver
BiCGStab(L) as a function of L. and as a function of the dimension of
the data decomposition.
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Automated Document and Text Processing

Grant C. Nakamura (Information Technologies/Sciences)

Study Control Number: PN95007/983

Project Description

There exists innumerable collections of text documents that
require content exploration and analysis in order to be used
effectively. Due to the amount of text involved, it is usually
impractical to manually explore and analyze such a
collection. Automated approaches show promise, but must
be developed further with respect to accuracy, efficiency,
and interpretability. The goal of this project was to develop
and test new automated text analysis approaches, measures,
and algorithms.

In previous years, this project formulated a text analysis
approach and developed that approach into the SID
(System for Information Discovery) text analysis software.
In FY 1997, the project primarily explored possible
alternatives to the SID methods, ways to tailor SID
algorithms to focus analysis on specific areas of interest,
and ways of using the SID algorithms to incrementally
process text.

Technical Accomplishments
The project’s FY 1997 research was spread over five areas:

¢ Incremental processing methods

¢ Alternative text analysis

¢ Multiple vector representation

¢ Predefined information

s Loose integration with the Metadata Repository.

Incremental Processing Methods

SID processing creates a context vector model for a set of
documents. SID identifies key terms from the set, and
relationships between those terms, to generate the model.
Because SID processing uses terms from the entire set, the
technique requires that all documents be processed within
one SID run.

Sometimes it may be desirable to process a set of docu-
ments in piece-wise fashion rather than all at once. One
motivation for piece-wise processing is to reduce the time
that the user must wait before beginning to interact with a
large data set. Another motivation is that some data sets, by
their nature, grow incrementally. The project created
variants of SID algorithms that could perform partial
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reprocessing, yielding approximatcly the same vectors that
would have been produced by full reprocessing.

We conceived two approaches for the reduction of time to
first interaction, one involving piece-wise processing of
each document in the data set, the second involving
processing of full documents chosen at random from the
data set. The theory was that the user could begin to
interact with an approximate representation of the data set
while SID continued to process subsequent increments in
the background. When background processing was
completed, the results would have converged to those of a
single, one-step SID run. The basic technique we tried was
to monitor word usage, and limit reprocessing to words
with significantly changed usage, as measured by
heuristics. Initial testing in late FY 1996 and early

FY 1997 suggested that the technique produced acceptable
context vectors, but it was uncertain whether the time saved
was substantial enough to warrant avoiding full
reprocessing. This uncertainty was due to having an
insufficiently large test set, and not having a fully
optimized version of SID.

In FY 1997, we sought to remove both areas of uncertainty.
We acquired a substantially larger test data set. More
importantly, we profiled and optimized the existing SID
algorithms. We modified many of SID’s I/O-intensive
operations, relying more heavily on the use of in-memory
operations, and increasing virtual memory usage to
accommodate the large amounts of information. In doing
s0, we took advantage of empirical data gathered during the
preceding year about system run-time requirecments. We
made optimizing assumptions based on these observations,
allowing further improvements in the algorithms. As a
result of these efforts, SID processing is now approximately
an order of magnitude faster than before.

Once this optimization process was completed, it became
clear that our intended approach to incremental processing
would not sufficiently reduce the time to first interaction;
full reprocessing would be a better option. Our plan was to
use a B-tree data structure to manage the increasing
vocabulary associated with incremental processing, but this
proved to be too inefficient. The major problem was that
the preparation time for each incremental pass through the
set of documents can be greater than the time saved by
processing a smaller amount of text. Reducing the size of
the text increment processed each pass made each pass



complete sooner, but required more passes to converge to
useful results. Therefore, we abandoned the notion that
incremental processing could be useful in reducing the time
to first-user interaction.

The second motivation, processing incrementally growing
data sets, remains a strong one. During the last half of
FY 1997, we began to investigate ways to reengineer SID
such that documents could be added to the data set and the
context vectors recomputed by reusing and expanding,
rather than completely recalculating, many of SID’s
intermediate bookkeeping tables.

Alternative Text Analysis

In FY 1996, this project began to investigate alternatives to
the current SID methodology. In FY 1997, this task sought
to continue that investigation. The project explored the
modification of SID algorithms and alternative vector
generation algorithms. To better understand the results, we
also added new evaluation techniques to our testing.

This latter item is related to an important observation of our
research, the difficulty of comparison of results. In
evaluating alternatives to the existing methodology, it is
necessary to compare results from the two methods for the
same data sets. Our current comparison techniques rely
heavily on subjective judgments, such as comparing similar
visualizations produced using different vector generation
techniques. Objective measures would seem to be prefer-
able, but in our view, effective methods for objectively
measuring subtle differences between approaches do not yet
exist. Precision and recall measures, the de facto standard
of the information retrieval community, cannot effectively
differentiate between small differences in performance.

Because of our lack of confidence in precision and recall,
we naively set out to create objective measures for model
accuracy, but soon found this to be an extremely difficult
problem that could not and should not be addressed in the
scope of this project. Therefore, until better objective
measures are established, many of our research results are
necessarily based on subjective comparisons.

During FY 1997, the project investigated several alternative
association measures for use in SID. These measures are
used to calculate strength of relationship between important
words identified by the SID algorithms. Several modifica-
tions studied are apparently viable alternatives to the
current measure and need to be studied further once more
objective evaluation techniques are developed.

Once SID was optimized, larger test sets could be
processed, giving an indication of performance over a
larger sample of corpus sizes. Unfortunately, our
visualization techniques were too computationaily intensive
to use if there were more than about 3000 documents. We
developed software to support the well-known k-means

clustering technique and have successfully visualized larger
data sets with it.

The project continued development and validation of an
iterative vector generation method. This approach iterates
simultaneously on both word and document context
vectors. As an approximation, one can treat documents as
being defined by the words they contain, and words as
being defined by the documents that contain them. Using
this approximation leads to a symmetrical relationship
between words and documents that can be expressed as a
large linear system of equations. Approximate iterative
solutions of this system are then used as the basis for both
word and document vectors.

Based on visualization of topical relationships, this method
appears to be more effective than the current SID method at
modeling those relationships. However, there is a stability
issue with the linear system. Iteration can proceed too far,
causing simpler relationships to be reinforced at the
expense of losing more complex relationships.

The project developed software implemenﬁng an n-gram

.vector generation method. The method uses contiguous

and overlapping blocks of n characters and uses the
frequencies of blocks within a document to form a context
vector. Initial results clustering tri-gram results show
noticeable differences from clustering of the same data with

* SID. Additional investigation of this method is needed.

One particularly promising aspect of the technique is that it
can be used to generate a vector for a document based
solely on the contents of that document, making the method
a potentially good choice for incremental processing
applications.

In order to gain further insight into the effectiveness of
alternative methods, the project developed several new or
modified techniques for transforming the n-dimensional
vector model to a visualizable form. The project also
developed an objective measure for assessing the amount of
error introduced by these and other methods of
transforming from n-space to 2-space.

Multiple Component Vectors

The project conducted preliminary work in splitting SID-
generated context vectors into multiple components. The
idea was that some documents cover a broad range of
topics, and might better be represented by multiple vectors. -
We had hypothesized that separation of SID vectors into
primary components might be sufficient to create such a
multiple vector representation. We developed software to
test this hypothesis. :

Topic and document vectors are assumed to have already
been generated by the SID text engine. Topic vectors are
then projected using a PCA algorithm. Each document
is initially positioned at the same two-dimensional

Computer and Information Science 81




coordinates as its most significant topic. The position is
then adjusted for each other topic in order of significance.
If a move would exceed a preset tolerance, another position
is introduced instead, with each position representing
different components of the original document vector. In
this way, a document can appear in more than one place if it
contains diverse topics.

We ultimately concluded that SID vectors are not
sufficiently discriminated to support division into parts.
If SID is to be used for this purpose, a different approach
will be needed, perhaps one based on first automatically
identifying different thematic sections of documents, then
applying SID techniques to the sections.

Predefined Information

The project developed techniques for using predefined
information to influence the SID text analysis. For any
given domain area, certain words and relationships between
words will be known beforehand to be significant. By
developing the capability to predefine some of this
information for SID, we hoped to both simplify
computation and improve accuracy of analysis. We
developed proof-of-concept software for predefined topics,
predefined vocabulary, and a predefined association matrix.
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Normally, SID processing estimates the importance of
terms, and uses only the most important terms for the
purpose of generating context vectors for documents. The
idea behind predefined topics is to be able to specify the
“topicality level” for some or all terms, in order to
significantly influence the focus of a SID analysis. Our
software uses a file of term “pre-definitions™ where listed
terms are followed by any or all of the threc possible
topicality levels.

Another area for pre-definition is to allow the user to
specify the entire vocabulary, and let SID perform the rest
of its processing based on that vocabulary. Tests have been
done by running SID with a predefined vocabulary, then
running SID normally, and comparing SPIRE visualizations
of the results. As expected, the visualizations are different,
and terms in the original vocabulary do not show up if they
were not included in the predefined vocabulary.

The final predefined item that has been implemented is a
predefined association matrix. If a predefined matrix is
supplied to SID, then SID computes context vectors based
on it, instead of a SID-computed matrix. As with
predefined vocabularies, merging a predefined matrix with
a SID-computed matrix is left as a future research area.



Feature Extraction and Signature Tracking
(FEAST)

Brent M. Pulsipher, Don S. Daly (Engineering and Analytic Sciences)

Study Control Number: PN97045/1186

Project Description

The development and deployment of high-speed, high-
dimensional data generators, such as multivariate sensors
and sensor arrays, are accelerating. The ability to collect
and store the ever larger, more complex datasets and data
streams is keeping pace. However, the ability to identify,
extract and track key features in these datasets and data
streams lags further and further behind. The data
generating, collecting, and storing components are now far
more sophisticated than the analysis component; the
advanced capabilities of the former are not exploited due to
the simplicity of the latter. The Feature Extraction and
Signature Tracking (FEAST) project was posed to bridge
this sophistication gap by developing a system keyed to the
efficient and comprehensive analysis of multivariate
spatio-temporal datasets and data streams.

The long-term goal of this effort is to improve significantly
the development of defensible, costeffective, compre-
hensive solutions to stochastic feature extraction and
signature tracking (FEAST) problems. The long-term
objective of this project is to develop an analysis system
keyed the efficient and comprehensive analysis of complex
multivariate spatio-temporal data problems. The FEAST
system would provide a flexible, supportive environment
featuring interconnected custom and commercial multi-
variate analysis and visualization tools for feature
extraction and signature tracking. This year's efforts

were focused on three objectives (which were achieved):
defining the FEAST paradigm (the foundation of a
successful FEAST system) bringing that paradigm to life
in a prototype FEAST system, and refining the FEAST
roadmap leading from paradigm to functioning system.

Technical Accomplishmeﬁts

During 1997, we defined a FEAST paradigm describing an
analysis system to identify and extract features from, and to
track signatures embedded in, large-volume, high-
dimensional, spatiotemporal datasets and data streams. We
embodied this paradigm in a fast FEAST prototype.

Four elements capture the essence of the FEAST paradigin:

1. acollaborative analysis environment featuring a flexible,
supportive technical study manager

2. the integration of multivariate data conversion, analysis,
and visualization tools

3. custom tools to fill critical conversion, analysis, and
visualization niches left uncovered by the available
commercial tools

4. analysis support provided by an “expert’s assistant.”

Under our paradigm, the FEAST analysis environment
incorporates a technical study manager that

s assists in directory, file, and content management

s provides defensibility/traceability through cross-
referencing, hyperlinking, journaling, and revision
control

s facilitates “collaboratory” communications: study
participants can access some or all on-line study
materials at their leisure since an ongoing study is an
evolving web document

s streamlines the production of analysis algorithms,
journal articles, protocols, technical reports, and
presentations »

s eases study archival, retrieval, and review

s acts as an intermediary for diverse collections of
commercial and custom data conversion, analysis, and
visualization tools

s adapts to the analyst’s style; does not coerce the analyst
to adopt a new style.

The FEAST study manager may be realized in a web-based
setting using a web-browser; web-based programming
languages such as HTML, Java, and CGI; and systems-
level programming languages such as Pearl.

A multitude of commercial multivariate software is
available. Two significant shortcomings are common to
these codes: they are not comprehensive, and they are not
integrated with their competitor’s products. The first can
be cured by identifying the holes and then developing niche
analysis codes; the second can be cured by providing
product-to-product data conversion software, and by
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smoothing inter-product usage via a high-level
intermediary, ala the study manager.

Identifying and then tailoring sophisticated analyses and
algorithms to complex datasets and data streams can be
aided greatly by an expert’s assistant. An expert’s assistant
is closely related to an expert system. The key difference is
that an expert’s assistant never takes over the analysis; it
only assists. The human analyst retains complete control
over the analysis. The simplest form of an expert’s
assistant provides reference materials. A more advanced
expert’s assistant provides on-line help. The most
advanced expert’s assistant actively suggests alternatives
to the analyst and provides draft code segments. FEAST
knowledge is embedded in our studies. Eventually, it will -
fall upon the expert’s assistant to help us extract that
knowledge from our studies.

The FEAST System Prototype
The FEAST system prototype is a partial realization of the
FEAST paradigm. Though not a fully functioning FEAST

system, the prototype does illustrate almost all aspects of
the FEAST paradigm.
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In the prototype, the technical substance of a study (i.e.,
text commentary, data, graphs, and tables, analysis journals
and logs, and source code segments) is managed within a
dynamic document-like “Abstract to Conclusions/
Recommendations” framework. The materials are
thoroughly cross-referenced using hyperlinks; e.g., text
commentary to graphs to source code segments. The study
manager, through a web-based interface, provides the
analyst free-wheeling access to generate, update, or remove
study materials through editing, analysis, and visualization
software chosen by the analyst.

In the FEAST system, a technical study is purposefully
immersed in a web-based world. Hence, it is straight-
forward to navigate among study materials. Dynamic
technical communications among study participants arc
easy to carry out. A technical study in a web-based format
is easy to archive, retrieve, and review. To aid a new study,
it is easy to search a collection of FEAST studics for
relevant materials, and in particular, relevant
methodologies.



Heterogeneous Information Systems Linkages

James C. Brown, Mark A. Whiting (Information Technologies)

Study Control Number: PN95038/1014

Project Description

Development for this final year of this project consisted of
_ efforts toward completing implementation and integration
of the independent metadata search, analysis, retrieval, and
maintenance processes of the metadata repository. Several
processes and software agents had been designed and
partially developed for handling the metadata related to
heterogeneous information sources. The tasks for FY 1997
were targeted at completing a representative set of the agent
process to prove viability and to integrate the metadata
repository and associated processes with other research
efforts. To accomplish this, we set up the following five
tasks to be completed. '

+ Metadata Repository Agent Processes - Design and
implement agent processes for identifying and managing
physical and semantic linkages.

¢ Agent Processes for Metadata Mining and Maintenance
- Implement agent processes to perform user-directed
mining of information sources for data of interest.

« Enhanced Iterative Query Tool - Construct a query
mechanism to enable expansion /generalization of
queries. '

 Bascline Testing - Evaluate effectiveness of iterative
query mechanism against known data sets.

¢ Integration - Integrate ITI Tasks 1 and 2 for evaluation
on at least two demonstration problems.

Technical Accomplishments
Physical and Semantic Linkages

Implementation and integration of physical and semantic
linkages was accomplished by extending the object model
for metadata. The metadata model was extended to allow
for the entry of attribute/value pairs where the attribute
represented the type of linkage between the objects (either
physical or semantic) and the value was the keyword or
property that forced the linkage.

Agent processes were developed to automatically identify
and populate these linkages into the metadata repository for

use later in the query and retrieval stages of information
collection and analysis.

Metadata Mining Process

A process was developed for mining and maintaining
metadata from multiple information source types. We split
the process into two parts, one to collect physical metadata
and one to collect semantic (content based) metadata. For
physical metadata, we put in place mechanisms to collect
information on the characteristics of the information object
such as size, source, format, IP address, object type (image,
document, video, etc.), database, and table for relational
information. This information was instantiated in the
metadata repository attached to the information object.
This information is then made available for searching for
information objects applicable to the users’ interests. This
proved to be highly effective. Potentially, this could be
extended to do more advanced metadata generation. For
instance, we could pull the IP address apart and access
other systems that could tell us what country the address is
assigned to. This would enable you to make a query
against the metadata repository by asking for all messages
from a specific country in the world.

The semantic metadata is based on the textual content
contained in the title, description, and/or body of the
information object. For this effort, we concatenated the
title (for non-database objects) and the first 2000 bytes of
content. While this did not give us a completely repre-
sentative sampling of the overall content, it did give us
enough variability to test the viability of searching,
analyzing, and visualizing metadata as a means of rapidly
scanning information.

The results we received were mixed. On one hand, we
were able to collect, manage, and query on the metadata.
This gave us the ability to quickly scan through information
objects without the need to read the entire object first.

On the other hand, though, our results indicate the need to
have a text summarization capability to more effectively
produce a true summary of large textual information
objects rather than simply capturing the first x-number of
bytes. This was especially noticeable when dealing with
web-based information objects. There was not enough
variability in the captured semantic metadata to provide a
sufficient analysis. The results from using database records
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was more satisfactory since the records were normally
captured in whole since their total field length was normally
less than 2000 bytes.

Iterative Query Processing

To develop a paradigm for iterative processing and refining
of an information query, we first looked at the processes
one uses to manually search for information on the Internet
and from structured databases. This led to the identifica-
tion of several principal characteristics of query refinement;
regardless of whether the purpose of the refinement was for
expansion or reduction in the query results.

The primary steps we identified included

¢ Select an information source type to query, such as web
pages, news groups, relational database.

¢ In the case of a relational database, the user typically
must select a beginning database table.

¢ Select one or more key words to return an initial set of
results.

o Based on a manual review of the results, make possible
modifications to the sources being searched.

¢ Modify the search terms used by selecting one or more
to either add to or restrict from the result set.

These basic steps were consistent during searches for
various types of information. Through the use of the
metadata repository, we extend the search capability by
enabling a user to select specific domains, IP address
ranges, etc., to further modify the query parameters. This
was possible by allowing the user to specify search criteria
on the metadata as well as the content of the data objects.
We also enable users to search across all the tables in a
relational database at one time. This enables the user to
make broader searches across large data sets. This can be
done without the need for prior knowledge of the physical
designs of structured data systems.

Another method of extending the query modification
capabilities that we investigated was through the use of
visualization tools. To do this, we made an initial, broad
search for information, imported the metadata into the
metadata repository, and then exported the metadata set in a
format that could be imported into both the SPIRE and
Starlight visualization tools.

Query Effectiveness
The fourth task was to evaluate the effectiveness of the

query and retrieval mechanisms to return appropriate
information.
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To accomplish this, we needed to have 1) a known
information set to be used as a baseline, and 2) the query
paradigms developed under this effort. Together, these
were to be measured against known and confirmed results.
We were not able to complete this task.

Integration

The last task planned for this effort involved the integration
of the two tasks: heterogeneous information access and
document understanding. The purpose was to show the
overall complimentary nature of the two efforts. It was our
intention to demonstrate this integration, even if it was only
a loose integration. It was this loose integration that was
accomplished. '

There were threc primary sub-tasks involved in doing this:

» The query refinement process needed be connected to
the document understanding algorithms. To do this, we
manipulated the structure and information of the
metadata repository content to enable it to be fed into
both SPIRE and Starlight.

e The output from the document understanding task
needed to be fed back into the metadata repository to
supply another form of linkage among information
objects. This element was not completed. Because the
context vector created by SPIRE was specific to the set
of data processed, we decided that it would not be
helpful to store that “corpus specific” vector in the
metadata repository since it is non-corpus specific.

¢ Investigate finding a common platform for thec metadata
repository and the visualization tools. The investigation
resulted in a determination that it was more appropriate
to host each tool on the platform best suited for that
functionality. The loose connection accomplished via
network connections was adequate for this effort.

Private Information Spaces

During the work performed (as described above), a concept
that became obviously necessary was that of private
information spaces. We extended the metadata repository
to include the ability for the user to create and manage
information spaces where they could maintain pointers
back into the metadata repository for subject- or domain-
specific information. This feature of the metadata
repository enabled us to create, add to, delete from, and
combine sub-sets of information for further export to other
analysis tools.

To evaluate the capabilities implemented under this effort,
we tested these capabilities through the end-to-end process
of information analysis. The case established involved



1) collecting information from the open Internet and
structured databases, 2) sub-setting that information using
the tools of the metadata repository, 3) exporting a sub-set
of metadata to visual analysis tools, 4) refining the
information set using the metadata repository tools, and

5) re-visualizing the information for final analysis.

Through the visualization of the metadata, it was possible
to rapidly categorize and create clusters from the informa-
tion without the need for the user to review or read all
entries. This capability impacted step 4 in the process
above. In one of our test cases, in the visual representation
of the metadata, we found one cluster that was significantly
different from the majority of the objects. This cluster
contained 64 objects (out of a total of 3500+) that
contained no actual data even though the original search
mechanism included them based on the content of the
“title” of the object.

Using the capabilities of the visualization tool, we
identified that each of these objects contained the phrase
“NOT FOUND” as the actual content. These were clearly
brought back by the search engine based on the titles only.

Once this phrase was identified, we went through the
following process:

1. returned to the metadata repository

2. queried the private information space to identify the
records containing the phrase “NOT FOUND”

3. removed them from the private information space

4. exported the new metadata space

5. re-visualized the metadata.

. The elapsed time from when we initially recognized the

cluster (that skewed the visualization) to the time we
re-visualized the reduced metadata set was less than

2 minutes. To accomplish this through a totally manual
process would have taken tens of minutes for a person to
review the content of all the metadata objects to locate the
offending entries. The ability to manage visualization
metadata prior to visualization of the entire content of an
information collection greatly reduced the processing time
required to get a basic understanding of the total
information set. The use of private information spaces,
which act like a scratch pad for rapidly manipulating a set
of information, added the information set generation
capability that is too often missing in information analysis
processes. :

Application and Presentation of the Technology
The metadata repository architecture and interface were

used as the basis for locating and retrieving information for
the United States Air Force Modular Aircraft Support

- System Information server at Wright-Patterson Air Force

Base. They have called their resulting system “Info
Server.” '

Presentation

The test case described above was presented and demon-

strated to a wide audience of intelligence community

representatives at the Advanced Information Processing
and Analysis (AIPA97) Symposium in March 1997.
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Individual Document Analysis and Comparison

Elizabeth G. Hetzler, Vernon L. Crow, Shelly Harris,
Don Jones, Nancy Miller, Grant Nakamura (Information Sciences)

Study Control Number: PN97054/1195

Project Description

This project will explore textual information. A visual
representation of a document could show document
attributes, length, distribution of themes within the text, and
relevance to a particular user context (such as search
history). User could visually compare several documents
simultaneously, quickly get a more in-depth understanding
of their contents, and then narrow in on what to actually
read.

This project will develop the ideas for document overview
and comparison to the point where a proof of concept can
be demonstrated to potential clients. This will include
initial research into visualization and analysis options,
selection of promising approach(es), and experiments to
show viability of the approach. What we will discover is
how well various approaches actually work n conveying
useful information. If we are successful in demonstrating a
method that allows users to better understand and compare
individual documents, the impact will be significant.

Technical Accomplishments

The investigation focused on three main approaches:

1. The thematic content of documents can be represented in
detail by subdividing a single document into a collection
of pieces and constructing a Themescape showing the
variety of detailed topics addressed by the document.

2. The content of the document can be represented as a
curve showing the strength of thematic topics, allowing
the user to display multiple document curves for

comparison.

3. Document attribute information can be represented by
showing documents as rich graphic elements.

Each approach will be discussed in turn, including details
of the method, results achieved, and knowledge learned.

Single Document Themescape

In this approach, a document is first divided into subpieces
to form a pseudo-corpus. This pseudo-corpus can then be
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visualized either as a standalone corpus or in the context of
the original. Both methods were investigated. Figure 1
illustrates the results.

Figure 1. Single document Themescapes: upper left - document split
into pseudo-corpus; lower left - circular “clouds” over document
Themescape show prevalence and strength of descriptive theme; right-
transition from full Themescape to encapsulated pieces.

For subdividing the documents, we used a method
developed in a previous project, enhancing the imple-
mentation and tailoring its use. As expected, we found that
the subpieces could be analyzed and visualized using the
current SPIRE™™ system, although we found that optimal
parameter settings for this analysis were different from
normal defaults.

Working with the visualizations, a key discovery became
clear. Our current text analysis methods focus on finding

. themes that distinguish document subsets within the corpus.

When visualizing an individual document, it is equally
important to identify and visualize the themes that describe
the document as a whole. By experimenting with
parameter inputs, we were able to use the SPIRE analysis
engine to generate a first pass at such descriptive terms,
which we used to investigate visualization methods. The
most promising of these builds on the Themescape
metaphor by portraying a layer of translucent clouds
representing the distribution of one or more prevalent
themes.



As an alternate approach, we investigated analyzing
document subpieces in the context of the larger document
collection. The resulting visualization shows how the
various sub-themes within the document relate to the rest of
the collection; it can also reveal the thematic cohesiveness
of the document. A particularly effective method for ‘
demonstrating this visualization was developed using a
morph technique to show the correspondence between the

- collection and the document subpieces.

Theme Curve Visualization

A frequent question that arises with current visualization
systems based on clustering, is “why are these documents
together?” or alternatively, “why are these documents not
together?” The theme curve visualization addresses this
question by allowing the user to examine the relative theme
strengths of a small group of selected documents. The

presentation method is designed to focus on those themes
that most strongly characterize the documents, to help the
user determine which themes will cause the documents to
cluster together or which theme differences will cause them
not to cluster together.

A functional prototype was developed and proved quite
effective; the visualization clearly distinguishes documents
that have close relations across various themes from ones
that do not (see Figure 2). A user can view the topics in a
selected group of documents, determine which of the
documents contain the topic words themselves, and even
determine which other topics and themes are related to a
selected topic. It helps users to better understand the nature
of the relationships identified and the nature of the themes
in the document corpus.

protestants

atholins
irvas
iveland
irvish
s hol*c

Representing Multiple Document Attributes

Displaying multiple document attributes can provide useful
information to a user, both in selecting specific documents
for closer examination and/or in understanding the docu-
ment collection itself. This part of the project investigated
using “glyphs” or graphic elements to convey useful
document attributes. Examples of potential attribute
mappings include:

s document length - glyph size
s document source - glyph color
s document age - glyph brightness.

Ideally, the level of complexity of the document glyph
would vary with zoom scale. Like gradually adjusting the
view through a lens, the representation can expand from
several single document points, to simple glyphs providing
a general group sense of few attributes, to more complex
glyphs showing detailed document attribute information, to
expanded glyphs portraymg attributes of narrative segments
of the document.

We selected a simple base glyph and experimented with
various assignments for document attributes and methods
for interacting with the graphic elements (see Figure 3). An
interactive mock-up was created to demonstrate a number
of options. For example, eight “petals” of a single
document glyph can show the relative strengths of eight
themes in the document with varying brightness.

Additional attributes can be represented by the color and
size of glyph elements and by refining or adding additional

Figure 2. Theme curves (left) show thematic differences between group of related documents and single
document from another cluster; right side window shows major terms related to the topic “orange” in this

collection.
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Figure 3. Glyphs: top - document attribute glyphs; bottom - strength
of eight themes shown both averaged over whole document (darkness
of the petal indicates strength of that theme) and within each
document subpiece.
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elements to the glyph. At a more detailed level, each theme
petal can be separated into sequential segments, with each
segment showing the relative strength of the theme in the
corresponding document segment. Interaction methods
incorporated in the demonstration include the ability to turn
on or off various graphic elements and the ability to “paint”
graphic elements on selected document glyphs.

This approach has the potential to add significant value to
our visualizations. To refine the selection of graphic
elements and user interactions, a functional prototype
should be developed to allow users to experiment with the
various options applied to multiple document groups.

Summary

The project focus was to explore and identify new
capabilities which are lacking in our current text
visualization methods. Three approaches were identified
and investigated: Single Document Themescapes, Theme
Curve Visualization, and Representing Multiple Document
Attributes. These investigations added to our base
understanding of text visualization, produced a functional
prototype, and several interactive demonstrations, alt of
which have been and will continue to be demonstrated to

current and potential clients.



Internet Platform Technology

Larry E. Skelly (Information Sciences)

Study Control Number: PN97061/1202

Project Description

The purpose of this LDRD investment is to build a useful,
working decision support tool incorporating the best of our
thinking surrounding human interaction (knowledge
sharing) in an Internet-centric environment to bring widely
disparate points of view into a common, interactive,
integrated decision process. The process deals with asset
analysis, resource allocation, and decision consequence
evaluation to first determine the optimal investment path,
then measure accomplishment of investment goals after
managers make investment decisions.

The objective of this project is to produce an integrated
decision support system composed of a “toolkit” which
enables strategic and tactical level decision makers, with
their respective staffs, to interact in a virtual decision work
space to define the optimal investment portfolio for the
organization. The decision support system will support
predictive analysis based on existing data (“past™),
modeling to examine possible scenarios (“future™), and
consequence analysis to evaluate possible outcomes (“what
if”). The system also will provide a feedback mechanism
to compare actual results with predicted results after an
investment decision has been made (“what we thought
would happen” with “what really happened™) to support
post-decision course corrections.

Background

DOE lacks a formal research and development portfolio
management process that examines the totality of DOE
investments from a corporate-level ROI payoff perspective
(the corporate “stockholders” are the U.S. taxpayers). Low
payoff programs (low “ROI”) continue to compete with
higher payoff programs for scarce DOE resources. This
occurs in some cases because DOE senior managers are not
aware of the relative comparative merits of the competing
programs. Judgments are made on a case-by-case basis
rather than a portfolio basis. It also occurs in some cases
where political rather than fiscal or public benefit factors
determine program continuation.

For the last few years PNNL has assisted the DOE
Assistant Secretary for EE/RE, Office of Planning and
Analysis, in examining the EE/RE research and develop-
ment portfolio. David Eike, BWO, developed a stand-
alone, Windows™ based portfolio analysis tool to aid
EE/RE in its annual research and development budget
planning process. This tool has proven very useful in
portfolio analysis from a budget development perspective
but has played only a minor role in actual management of
the portfolio. Expanding the tool to a network-wide
environment and broadening its use to other research and
development management offices in DOE could signifi-
cantly enhance the Secretary’s-ability to evaluate the
effectiveness of all DOE research and development
investments. Such an analysis could prove extremely
valuable in advocating DOE requirements in Congress.

Since 1993, PNNL has worked on developing an
integrated, multi-user distributed data decision support
system containing predictive models, geographical and
relational databases, and planning/response tools for the
U.S. Army’s Chemical Stockpile Emergency Preparedness
Program. The system supports planning, daily operations,
response, and training of civilian and federal emergency
management decision makers to enable them to employ
their scarce resources (portfolio) in the most effective
manner to protect lives and property (ROI). The system,
called FEMIS (Federal Emergency Management
Information System), consists of a suite of commercial off-
the-shelf (COTS) products, government models, and
communications applications working together under a
PNNI-developed user interface. Our experience in
integrating stand-alone COTS products, the disparate
informational requirements of multiple agencies, and a
variety of communications protocols under a common user
interface to produce a multi-agency decision support
system is highly applicable to building a portfolio analysis
system. At its core, managing a portfolio involves
allocation of resources to achieve a desired goal and then
measuring the results of the resource allocation decisions to
determine if the goals will indeed be met or exceeded.
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Technical Accomplishments

The original 4-year development plan was built around

3 years of LDRD support, based on rapid prototype
approach to develop working, useful modules, which then
could be implemented with users to gain feedback and new
ideas. The modules were to be integrated into the larger
system as they were produced. Maximum use of COTS
products was planned to avoid “reinventing the wheel” and
to reduce development costs.

1. The project team developed prototype modules in the
following areas.

+ First generation Web-based “bubble viewer”
- limited number of parameters
- four-dimensional display (x,y,z, and color)
- zoom/pan
- connectivity with standard databases

¢ Data design
- definition of relationships between significant
elements
- access control and roles definitions
- interface (data input/view)
- relationship map between different data elements,
establishment of hierarchy of data.

¢ Asynchronous communication between participants
- discussion areas
- feedback loops
- voting:
simple majority
weighted scoring

¢ Synchronous communication
- teleconferencing (testing)
- chat (several COTS products tested)
- viewboard: a method of viewing/sharing public and
private views of scenario alternatives

92 Laboratory Directed Research and Development - FY 1997

o Alternatives analysis
- definition of scenarios and how they interact with
decision process
- influence of outside factors

¢ Feedback
- performance results

2. Process Map. The team developed a map of the
investment decision-making process within DOE after
conducting interviews with selected senior
policymakers.

With the revision in funding in FY 1998, the emphasis of
the project is to produce a working version that can
demonstrate the utility of an interactive, group-based
decision analysis tool for an organization. The experience
of the first year’s effort demonstrated that using COTS
tools whenever possible significantly reduces costs, but
increases the potential for integration bottlenccks. The
real-time aspect of the interaction modules did not yield as
significant a value to the process as originally anticipated.

In FY 1998, we will deliver a web-based tool using
commercial groupware products with a customized front-
end for data analysis and group decision collection/
interaction. The emphasis will shift from a real-time tool
to an iterative, contribute-when-you-can mode! that allows
participants to contribute to the decision process whenever
and wherever they are.



John M. Price (Computing and Information Sciences)

L

On-Line Collaborativé Instruments

Study Control Number: PN96055/1122

- Project Description

The focus of this work is to build a set of working
prototypes for the next generation of PNNL’s collaborative
research instruments. To do this, we are constructing a
group of on-line, network-based applications to support
data sharing, remote instrument control/monitoring, and
scientific data management across the Internet. This work
exploits many of the new technologies that will be central
to effective collaborative experimental research in the
future and is helping us build capabilities to compete
aggressively for new projects. In FY 1996 and FY 1997,
we greatly extended the capabilities of a new EMSL radio
frequency (RF) ion trapping experimental apparatus,
making significant progress toward the goal of providing
full, network access to the instrument, the data, and the
researchers involved in the experiment. From this work, a
highly visible system has been developed for use by EMSL
scientists and their collaborators that demonstrates our
unique capabilities in a new and growing area. In addition,
the project has had successful “spin-offs” in several areas,
including instrumentation development and science
education.

Overview

Communication and data management software exploiting
the Internet have made long-distance collaborative research
projects easier and more productive. These technologies
are in the process of revolutionizing scientific research
across a wide range of fields and “scales” of experiment,
from large to small. In response to these new develop-
ments, DOE-ER has recently begun to emphasize the
importance of putting its “Facilities On-line” as a way to
help stimulate better collaborative science and make the
most effective use of unique DOE resources. Several new
research programs have been implemented under this
framework. (One example is the DOE 2000 initiative
launched last year in Washington, D.C.) The On-line
Collaborative Research Instruments (EMSL On-line)
project was funded under LDRD to build capabilities to
help us to compete effectively for programmatic funding in
this area.

The objective of this work is to greatly extend the
functionality of the instrumentation and software used in a
pilot group of representative EMSL experiments and build
capabilities we can use on future projects. The vision is to
provide full “on-line” connectivity to these instruments and

give researchers increased access to their data, instrument
resources, and collaborators. Under this proposal, a radio
frequency ion trapping experiment is being used as the first
technology test bed and its capabilities are being extended
in the following ways:

1. Existing instrument control, data acquisition, and
analysis software are being modified and enhanced to
provide wide-area-network (WAN) based monitoring
and control of the instrument. .

2. Data and meta-data about the experiments will be
automatically saved to a network database system in a
way that is fully integrated with the instrument control
software. ‘

3. Internet groupware and communication tools are being
developed and integrated with the instrument software to
give remote collaborators better access to their

- coworkers.

Technical Accomplishments

Since work started in January 1997, a virtual research
facility has been created. As described below, the EMSL
NMR spectrometers were made available across the
Internet, collaborative software was deployed, new means
of sharing and visualizing NMR data were created, and an
NMR collaboration linking researchers at LBNL and
PNNL was set up, the researchers trained to work using
collaborative tools, and experiments begun. The
researchers are continuing their experiments in FY 1998
and are continuing to use collaborative tools to
communicate and to remotely run experiments on EMSL
NMR spectrometers. ‘

Work built on the work of the previous year, extending the
capabilities of both the instrument and the suite of software
supporting network use of the device. Several new
applications were developed to support “real-time”
interactions between researchers at the laboratory with
outside collaborators. A Java client was developed to
permit cross-platform use of the instrument from any
computer connected to the Internet through a web browser.
Experiments were performed to characterize the
performance of a novel operating mode for the jon trap.
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The work in FY 1997 can be broken down into three main
areas: instrument development tasks, software development
tasks, and applications of the technology.

Instrument Development Tasks

The radio frequency ion trap test bed was made operational
in FY 1996. Since then, the instrument has been
disassembled, moved to the new EMSL facility,
reassembled, and tested. In FY 1997, the instrument
control and monitoring functions were augmented, new
electrode designs were tested, and work has been done to
move the system from a prototype toward a more robust
“production” system for performing routine analyses
remotely.

Currently, computer control over a range of parameters is
possible including: instrument timing, radio frequency
trapping levels, mass ranges, and data collection modes.

A computer-controlled sample handling system was also
constructed in FY 1996-1997. This system includes a gas
mixing manifold with pressure monitoring sensors, solenoid
valves, mass flow controllers, and a solid sample laser
ablation source making use of a pulsed Nd-YAG laser.

In FY 1997 this system was interfaced to the laboratory
computer.

During the interfacing task in FY 1996, new operating
modes for the radio frequency ion trap were developed.

In FY 1997, detailed studies were made of the method to
evaluate its applicability to portable mass spectrometric
applications. Results from these studies were presented at
international conferences and a publication on the method
has been prepared for the Journal of the American Society
of Mass Spectrometry.

It should be noted that this part of the work was a
synergistic outcome of the interfacing task. With so many
of the instrument’s parameters under computer control, it
was easy to experiment with novel experimental conditions.
This led to the observation that certain methods tradition-
ally used for ion excitation or isolation could be used to
obtain mass spectra as well. Our unique setup permitted us
to perform these measurements at scan rates much higher
than had been used previously. The method shows promise
for portable applications as it relies on significantly lower
radio frequency voltages than are traditionally used in ion
trap mass spectrometry, reducing the needed size of the
radio frequency power supplies considerably.

Software Development Tasks

In FY 1996 we developed a flexible software architecture
for supporting distributed instrument control, monitoring,
and remote data acquisition. A client-server model was
used, allowing for a single client to connect up to one or
more data acquisition servers to acquire data and set/read
instrument parameters from each. A Windows95 client
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application was developed that could connect to a server
running on the ion trap laboratory computer from anywhere
across the Internet, request changes to the instrument
parameters, acquire data, and display the information in
nearly real time. The server was built to evaluate these
requests and execute them if they fall within predefined
parameters and put the machine into a safe “idle” state if
network communications are lost unexpectedly.

In FY 1997, we extended the capabilities of the server to
allow for more control and monitoring functions and
explored the possibility of including new advanced network
security features into the application. CORBA, (Common
Object Request Broker Architecture) was evaluated in

FY 1997, and some small test applications are being written
under this secure framework to see how easy it might be to
use this as the underlying architecture. '

* The client was also extended and a Java programming

language version was written to supplement the earlicr
Windows95 client. Java has the advantage of being an
inherently cross-platform language and a data acquisition
client written in that language allows for a wider range of
users; e.g., scientists using UNIX and Macintosh computer
systems as well as Windows95 and WindowsNT. Work for
FY 1998 will be in improving this client and adding joint
analysis capability and database access through the client
interface.

Network aware programs were also developed in Java for
communicating with laboratory instruments. Devon

St. Pierre, developed an architecture for communicating
with GPIB (General Purpose Interface Bus) devices across
the network and Ken Swanson implemented a server side
GPIB interface. In FY 1998 a Java-based remote
instrument server architecturc will be developed using this
work.

In FY 1996 we developed a data model for the object
oriented database system to use to store and classify the
instrument data and meta-data. This model is generic
enough to cover a range of experiment types and can be
extended (by virtue of the object oriented nature of the
system) to cover new cases as they arise. In FY 1997 we
began setting up the database to house the information
coming off of the instrument and replace the file-based
archive system we have implemented so far. This work
will include building a database “loader” process to
communicate with the client applications, a browser
application (possibly written in Java) to allow users to
search the database.

Several “real-time” tools were developed this year as well.
An OLE-based tool for synchronizing web browsers with
an interactive pointer was developed and used in a series of
presentations given between PNNL and Heritage College’s
department of chemistry. (See below.) A multipoint audio



cbnferencing tool and a stand-alone camera pan-tilt system
that remote users can manipulate in a videoconference were
also added to the suite.

Applications of the Technology

In FY 1997 the EMSL On-line (EOL) system has seen
applications in experimental research in mass spectrometry,
education, and spin-offs of the architecture for other
instruments at the laboratory.

Using the new frequency sweep method, the on-line
instrument has been used to study the application of metal
ions as selective chemical ionization reagents and to study
the kinetics of dehalogenation reactions. These data will be
part of a paper that will be submitted in the next year.

Collaborating with Professor Hossein Divanfard,

Dr. Jeffrey Mack has used the EOL software to deliver
remote lectures on mass spectrometry to chemistry classes
at Heritage College (Toppenish, Washington). As part of
this short course in mass spectrometry, he has provided
access to the instrument so that students may operate it
from the college. '

Finally, the software architecture used on the project has
been applied in two EMSL projects undertaken by the
Instrument Development Laboratory (IDL). In the first, the
server program was modified to provide an interface to a
motion control system that was part of a femtosecond
pulsed laser system in the laboratory of John Daschbach.

In this case, the server provided access to the laser and the
PC-based motion control hardware to a client program
running on a UNIX computer. The client program was

written by Daschbach and this architecture allowed him to
take advantage of both the speed of the UNIX workstation
for display and analysis and the motion control hardware
made specifically for PCS from the same program.

Similar tools are being used on a program for Bruce Kay
that controls a pair of high voltage power supplies used on
an ion beam line. These devices provide computer
controllable outputs to ~50 independent direct-current
voltages from -6KV to +6KV. The power supplies are
controlled by onboard computers with their own Internet
protocol addresses and the control software written by the
IDL that communicates with them is based on a similar .
architecture to the EOL client.

"Publications and Presentations

J.M. Price, J.A. Mack, and M.V. Gorshkov. 1997. “Laser
Desorption Ion Trap Mass Spectrometry With Frequency
Sweep Detection.” In proceedings of the 45th ASMS
Conference on Mass Spectrometry and Allied Topics.
Palm Springs, California, June 1-5.

D. St. Pierre. 1997. “Web Interface for Remote Control of
Scientific Instruments.” Class Project in Support of
Masters Degree. Computer Science 155, Washington State
University.
(http://www.tricity.wsu.edu/~dstpierr/cs555proj.html)

J.A. Mack, M.V. Gorshkov, and J.M. Price. 1997.
“Frequency Sweep Quadrupole Ion Trap Mass
Spectrometry.” 9th Sanibel Conference on Mass
Spectrometry, Sanibel, Florida, January 25-28.
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PNNL-LBNL Virtual Research Facility

James D. Myers, Raymond A. Bair (Computing and Information Sciences)

Paul D. Ellis (Macromolecular Structure Dynamics)

Study Control Number: PN97085/1226

Project Description

Discussions between PNNL and Lawrence Berkeley
National Laboratory (LBNL) have identified a range of
significant collaboration opportunities with compatible
research program objectives and complementary research
facilities and expertise. This project exploited advances in
electronic communication and computational technologies
that will enable scientists to work more closely together. It
was coordinated with a complementary LDRD project at
LBNL entitled, “Enhanced Scientific Collaboration
Through Computer-Based Communication: The LBNL-
PNNL Joint Collaboratory.”

This project created a virtual research facility (with
instruments, data, software, and expertise distributed among
the sites) by providing Internet support for in-depth,

. interlab research in nuclear magnetic resonance spectros-
copy and x-ray crystallography. Several ongoing and new
collaborations between NMR scientists at PNNL and
synthetic chemists at LBNL were focal points of the
system. Our pilot project coupled PNNL’s developing
Collaboratory software (including the TeleViewer shared
computer display, the World Wide Web (WWW) based
electronic notebook, and LBNL’s MBONE video-
conferencing tools), with specific software built upon
this infrastructure to allow an interlaboratory group of
researchers to monitor NMR and crystallography
experiments; “access data”; analyze and visualize results;
discuss findings; and prepare proposals, presentations, and
papers, all via the Internet and WWW. In FY 1997, PNNL
led the effort to develop remote NMR capabilities. In
FY 1998, LBNL will lead the effort to provide similar
capabilities for crystallography experiments with the
Advanced Light Source. The chemical characterization
undertaken in this project requires information from
complementary experiments done using these two
techniques, and therefore relies on the combined
capabilities and expertise to be made available in this
virtual research facility.

Overview

Using LBNL videoconferencing, the EMSL TeleViewer
shared computer display, World Wide Web (WWW) based
electronic notebook, and software for secure remote access
to the EMSL NMR spectrometers, Dr. Kelly Keating
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(PNNL) and Dr. Jeff Pelton (LBNL) conducted a series of
experiments on a heat shock factor (HSF) protein. The
HSF protein was prepared at LBNL and shipped to PNNL
for analysis to take advantage of the enhanced resolution
available on the EMSL 750 MHz spcctrometer.
Researchers have been experimenting with the electronic
notebook and other tools for several months and started
acquiring HSF data under remote control in September.
They have desktop videoconference capabilitics, can store
and view three-dimensional protein structures through the
electronic notebook, and collaborate directly on data
acquisition and analysis tasks, viewing each other’s
computer screen in real time.

One major objective of this project was to enable inter-lab
chemistry research between PNNL and LBNL (and other
locations) through the use of recently developed
collaboration tools. Despite the reduced scope, this has
been achieved. A second major objective was to
demonstrate how the core collaboration technologies that
have been developed at PNNL and LBNL can be extended
to DOE and other clients with project-specific additions to
create virtual research facilities for distributed research
teams. Many of the activities related to this objective that
would have provided for automation of many data transfer,
translation, and visualization steps; simplified and sped
remote data access; and guaranteed Internet bandwidth
during data acquisition were removed from the project.
Nevertheless, the integration of secure instrument access
with conferencing and application sharing tools, and the
support for viewing three-dimensional protein structures
that was integrated into the notebook, do provide some
demonstration of the additional work needed to bring
project-specific scientific resources into a collaborative
environment, and the benefits this work provides to the
distributed team.

Technical Accomplishments

In FY 1997, a virtual research facility was created. The
EMSL NMR spectrometers were made available across
the Internet, collaborative software was deployed, new
means of sharing and visualizing NMR data werc created,
and an NMR collaboration linking researchers at LBNL
and PNNL was set up, the researchers trained to work
using collaborative tools, and experiments begun. The
researchers are continuing their experiments in FY 1998,



and are continuing to use collaborative tools to
communicate and to remotely run experiments on
EMSL NMR spectrometers.

Tasks on this project were divided into five areas:

1.

Research Scientist and Evaluation

Dr. Kelly Keating, an NMR researcher tasked to work
with Jeff Pelton at LBNL performed NMR experiments
collaboratively. Dr. Keating helped to develop
requirements and validate approaches, testing and
improving software, and discovering new ways of doing
research using the collaborative tools. She is now -
successfully using collaborative tools to perform
experiments with Jeff Pelton.

Organizational/Sociological/HCI Analysis. The
interactions of the NMR researchers, and their
interactions with the tools, have been monitored and
analyzed to provide feedback to the development team.
This information has contributed to the redesign of our
notebook interface, identification of protein viewers for
the notebook, etc.

. Remote Data Acquisition, Monitoring, and Control of

the NMR Spectrometers at PNNL

Secure Remote Access. Work was completed to
integrate the “secure shell (ssh)” application with the
EMSL’s distributed computing-environment (DCE)
security infrastructure (in collaboration with Tom
Harper of the Computing and Network Services group).
This allows secure remote login to the NMR
spectrometer console and encrypted transmission of the
console display back to the remote user.

Secure Collaborative Access. Providing a secure shared
view of the console to multiple sites to allow consulta-
tion and training was demonstrated by integrating “ssh”
with the EMSL TeleViewer.

. Remote Laboratory Notebook with Custom NMR Data
Viewers

Identification of Data Types. Work was completed to
document all data/metadata generated during an NMR
experiment that would be useful to share with
colleagues, to identify the format of this information,

- and to prioritize integration of these data types with the

notebook software.

Integration of Three-Dimensional Protein Structures in
Brookhaven Protein Data Bank Format. Top priority
was given to developing the capability to view three-
dimensional molecular structures within the notebook.

‘Two iterations of this work were completed during the -

year. The first provided a simple, rotatable view of the
protein. The second, integrating the publicly available

WebMol viewer, provides multiple types of color, depth
cued views, and allows simple querying of inter-atomic

distances and angles.

4. Real-Time Videoconferencing and Shared Work
Environment.

o Hardware Deployment. A desktop workstation with
camera, graphics tablet, was acquired for Dr. Keating.
LBNL provided a workstation to Jeff Pelton (the LBNL
NMR researcher).

o Software Deployment. Deployment and support of tools
- (including user training) at PNNL and LBNL. This

work included deploying EMSL'’s integrated collabora-
tion environment with videoconferencing, TeleViewer
application sharing software, chat, etc., the electronic
notebook client, and security software, as well as
installing a password-protected “NMR” notebook server
at PNNL for project use. Training was provided via
phone and the Internet, as well as during visits to LBNL.

Publications and Presentations

A. Schur, K.A. Keating, D.A. Payne, T. Valdez, K. Yates,
J.D. Myers. “The Impact of Collaborative Tools on
Experiment Oriented Scientific Research.” ACM
Interactions, special topic issue on Collaboratories
(submitted). :

P

This project has been a part of over 50 demonstrations to
visitors to PNNL, including staff from industry, academia,
the national lab system, the U.S. Army, and the program
offices of DOE and other government agencies.

February 12-18, 1997, AAAS AMSIE °97, Seattle,
Washington.

June 12, 1997, 1997 International Technology Summit:
Science Based Companies for the 21st Century: The
Convergence of Information Technology and
Biotechnology; Seattle, Washington.

July 24, 1997, “Scientific Collaboratories: Remote
Research and Education Via the Internet,” AWU
Distinguished Lecture, multiple invited presentations to
AWU schools, spring and fall 1997, presentation to the
Collaborative Electronic Notebook Systems Association
(CENSA), Chicago, Illinois.

August 28, 1997, Secretary of Energy Federico Peﬁa,-
PNNL, Richland, Washington.

October 16-18, 1997, EMSL Symposium and Opeh House,
PNNL, Richland, Washington.

November 15-20, 1997, Supercomputing *97, San Jose,
California.
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A Multicontinuum Approach to Composite Material
‘Characterization and Predictive Analysis for Composite Structures

. Mark R. Garnich (Engineering and Analytic Sciences)

Study Control Number: PN97002/1143

Project Description

The primary objective of this project was to establish and
demonstrate the analysis tools that will form the core of

a multicontinuum analysis capability for structural
composites at PNNL. This new approach was based on
multiple continuum fields (multicontinuum). The ability to
design complex composite structures and accurately predict
their performance and reliability does not exist. This
project helped to address these issues. Inherent to the
approach was the analytical prediction of composite
material properties using micromechanics. Such analyses
reduced the need for costly experiments (empiricism) and
institutionalized a valuable capability through the
development of a library of micromechanics models.

Technical Accomplishments

Efforts in FY 1997 focused on implementing multi-
continuum analysis capabilities for linear thermal-elastic
composites in a commercial finite element code and
beginning implementation of capabilities for linear
viscoelastic composites. The MARC general purpose finite
element code was identified as the best candidate for
multicontinuum application. This choice was based on
experience with and existence of the code on PNNL

engineering workstations (ongoing lease), and the fact that
the MARC code permits interfacing with the internal
numerical solution process through a system of FORTRAN
user subroutines. Also, the graphical pre- and post-
processor (MENTAT) permits the storage of additional
solution variables so that multicontinuum variables are
accessed and manipulated in the same manner as
conventional structural solution results. The linear thermal-
elastic multicontinuum equations were successfully
implemented and an example structural analysis was
performed and verified by comparison with previous results
published in the dissertation of Dr. Mark Garnich.

Preliminary to implementing viscoelastic capabilities, a
previously developed finite element micromechanics model
was resurrected to generate the necessary material data for
multicontinuum application and demonstration using a
representative viscoelastic composite material. Previous
data had been in the form of creep compliances, however,
the MARC code requires the equivalent set of relaxation
moduli. Also, a deficiency in the MARC code was
identified that will result in additional work to
accommodate the more general viscoelastic constitutive law
required by the multicontinuum formulation. A strategy for
implementing the viscoelastic equations was developed but
significant progress on the required user subroutines was
not achieved.
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BW System Integration:

Charles J. Call, Joseph G. Birmingham (Process Technology)

Mesofluidics Motherboard

Study Control Number: PN97021/1162

Project Description

Dramatic gains in detector system performance can be
expected through the seamless integration of miniature and
microfluidics sample handling components with microscale
chemical and biosensors through a novel motherboard
technology: the Mesofluidics System Integration
Motherboard. This project developed and demonstrated
this motherboard technology, including the unique
microfabrication technology required. It should find
application for hand-held or field-portable systems for the
detection and identification of hazardous chemical and
biological organisms. The purpose of this technology is to
facilitate the tight integration of a number of electronic,
fluid handling, and sensor components of these systems.

Technical Accomplishments

Current detector systems for biological materials are large
(not portable by an individual) and have slow response
times (approximately 15 minutes for air sample collection
to data output). They require highly specialized personnel
to operate the equipment. Sensor technology is rapidly
advancing, but the balance of the system has not evolved
significantly. The mesofluidics system integration mother-
board for agent and hazardous materials detection and
identification will have the following features:

1. Creates a new motherboard technology for mixed
microelectronics and microfluidics systems. The
mesoscale platform is tightly integrated and solid-state
(e.g., all liquid flows are in microchannels) eliminating
the need for tubing for fluid distribution and
connectivity.

2. System optimized by incorporation of best and smallest
available technology for each sub-system function.

3. Accepts third-party components and sensors through
definition of standards for power, form, and function,
thereby anticipating the need to integrate emerging and
not-yet-conceived technology.

102 Laboratory Directed Research and Development - FY 1997

4. Allows field upgrades and repairs of hardware and
software by incorporating the *“plug and play” concepts
now standard.

5. Mass-producible via micromanufacturing, allowing low
initial cost per system.

The need for an effective aerosol collection system for
biological material detectors addresses a vital national
concern to protect against biological warfarc agents in
battlefield and other military and civil defense applications,
such as airborne pathogenic agents released by terrorist
groups; and infectious organisms contaminating air in
hospitals, research laboratories, public buildings, and
confined spaces, such as subway systems.

The following accomplishments have been achieved to
date:

1. An initial demonstration of seals produced with PDMS
(polydimethylsiloxone) polymer using a lithographic
technique was performed.

2. An initial demonstration of laminate seal fabrication
using a laser micromachining tool was completed.

3. Several generations of microfabricated capillary
electrophoresis units have been fabricated. Electro-
osmotic pumping has been demonstrated. A second-
generation unit is currently being tested for the
separation of DNA.

4. A prototype of a complete motherboard was fabricated.
Several technical challenges were addressed, including

s development of a custom in-house circuit to drive the
micropumps

s attempt to seal laminates over a 16 sq. in. arca
s integration of microfluidics and microelectronics

s embedding of micropumps/valves in a motherboard.



Freeform Fabrication of Structural Metal Components

Suresh Baskaran, Gary Maupin, Gordon L. Graff (Environmental and Health Sciences)

Project Description

Solid freeform fabrication is the machine capability to
convert “virtual objects,” such as in a CAD file, to solid
objects without part-specific tooling. In solid freeform
fabrication, a CAD model is electronically sectioned into
layers, and the data transmitted to a solid freeform
fabrication machine which then builds the component using
a sequential, layered, or lithographic approach. Solid
freeform fabrication technology is currently used for rapid
prototyping for short-run production, for mold/die making,
and has the potential to significantly impact manufacturing.

Solid freeform fabrication methods using polymeric build
materials have attained sufficient technological maturity.
The critical technological need now is direct fabrication of
functional (structural) ceramic or metal components and
tooling. In FY 1995, PNNL began research on the use of
chemical drop-gelation on slurry layers to fabricate ceramic
components without molds or dies. In this fabrication
approach, ceramic powder slurries containing poly-
saccharide alginate binders are applied as thin layers on a
build table. Selected areas of a slurry layer are gelled by
impact of droplets of a salt solution. Samples are fabricated
by repeatedly applying and gelling layers of the slurry. The
gelled part is finally removed from the slurry, washed to
remove impurity ions, dried, and sintered. High density
engineering components in alumina have been
demonstrated with this process.

For metals, the current methods of freeform fabrication use
coarse powder, molten droplets, or cut-metal sheets as the
build materials. The key requirements in fabricated parts
are dimensional accuracy, surface finish, cost, and
functional properties. In this project, PNNL’s layered
slurry gelation approach was investigated for fabrication of
metal components from metal powder slurries.

Technical Accomplishments
Initial experiments focused on developing iron powder

slurries containing alginates, that could be dispensed and
leveled to form thin layers on a build table. The smallest

Study Control Number: PN97046/1187

(=1 to 6 um size) commercially available spherical iron
powder was used in this study. A semi-automated machine
was assembled at PNNL and used for these layered

~ fabrication experiments.

The gelling agent was dispensed from a commercial

HP Deskjet 600C printer mounted on a gantry positioned
over the build chamber in this machine. After gelation, the
build table was lowered, additional slurry added, and
another layer leveled with the doctor blade. Machine
parameters including print pattern, layer thickness, and
gelling agent concentration was optimized for the metal
slurry experiments. Gelled rectangular bars were fabricated
by layered gelation. Samples were dried slowly (over

2 days) to prevent warping or cracking during drying.

Iron bar samples fabricated by layered gelation were
sintered in H, at 1300°C for 1 hour. SEM micrographs
show fracture surfaces of unfired and fired bar samples.
The green microstructure showing the highly spherical
carbonyl-derived powders was uniform over the thickness
of the sample, with no evidence of impurities, interlayer
porosity, or segregation of particles in the slurry during
fabrication. The fired density was 6.98 g/cc (bulk density),
with 5% open porosity. These initial results compare well
with the reported sintered density of injection molded
samples prepared from similar powders, which are in the
range 7.04 to 7.70 g/cc.

Simple rectangular bars of high quality were fabricated,
with the wet strength and edge definition being comparable
to the alumina body, but more complex gear wheels either
contained cracks or were characterized by rounded edges.
Since the iron powders are larger and heavier compared to
most oxide ceramic powders, the rheological behavior of
the slurry caused difficulties in removing gelled gear
wheels from the unreacted metal slurries and retaining
sharp features consistently. The impurities in gelled iron
bodies also could not be washed extensively due to
oxidation of iron. This study demonstrates that iron
components can be fabricated by a layered slurry gelation
approach, but future work should concentrate on more
oxidation-resistant (e.g., stainless steel) metal powders.

Design and Manufacturing Engineering 103




Power Line Robot Conceptual Design

Bernie F. Saffell (Engineering and Analytic Sciences)

Study Control Number: PN97087/1228

Project Description

The objectives of the project are to develop a feasible,
conceptual design for an untethered power line robot that
can serve as a platform for live-line inspection, mapping,
and maintenance. This will be accomplished through two
tasks:

1. Power Line Mobile Robot. A conceptual design for an
untethered power line robot was developed for
inspection of power transmission lines. The robot
reduces operation and maintenance costs by providing a
low-cost method for completely inspecting transmission
lines between substations. The robot clamps onto the
transmission line and navigates various obstacles.
Transmission lines will be inspected with infrared and
visible light video cameras. -

2. QuickTime VR Cyberhiking. QuickTime VR cyber-
hiking will provide additional 360-degree video nodes
used for navigation, determining a clear right-of-way,
and detailed information at user-defined segments of the
power line. The robot is powered directly by the
transmission line and communicates with maintenance
personnel via radio frequency transmissions.

Background

Power system operation and maintenance represents a
significant component of the total cost of the electric
delivery system. This cost in a regulated environment was
simply passed on to the customer with little incentive to
develop and deploy innovative concepts for improving the
cost effectiveness of the operation and maintenance
process. Operation and maintenance costs in a deregulated
environment are emerging as a significant competitive
element in the energy delivery industry and as such are
receiving increasing attention. Ultilities are cutting costs in
this area by reducing operation and maintenance activity.
While utility costs and profitability are clearly not within
the DOE mission, the reliability and dependability of the
country’s energy delivery infrastructure represents a clear
mission element. Evidence is DOE’s current intense
examination in response to a White House request of the
energy infrastructure vulnerability.

This industrial segment, today and for the foreseeable
future, represents a significant opportunity for the
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innovative application of technology as a means of ensuring
the dependability and reliability of the energy delivery
infrastructure.

Application of robots for the purpose of power line
inspection and maintenance has only recently been
aggressively pursued with the focus being on tele-operated
systems which enable work to be performed on live lines by
a maintenance person. Power line inspection and
maintenance focused on connectors and insulators
represents a clear and impactful need that could be met by a
small robotics vehicle. Alaska’s Railway Utility Group is
very interested in a robotics device for keeping power lines
clear of snow and ice. Desirable features of such a power
line robot include autonomous operation, a geographical
positioning system, the ability to inspect and clean
connectors and insulators, and the ability to traverse power
line towers. To our knowledge, concepts have focused on
tethered vehicles with only one autonomous concept
supported by the Tennessee Valley Authority currently
being pursued.

Technical Accomplishments
The following accomplishments were achieved in FY 1997:

¢ Conceptual Design of the Transmission Power Line
Robotr. PNNL researchers have developed a conceptual
design for an innovative, untethered, transmission power
line robot. The robot has the capability to autonomously
traverse miles of transmission power lines and negotiate
the associated in-line obstacles. Inspection information
gathered by the robot will reduce the operation and
maintenance costs associated with the transmission
power lines while increasing the reliability and
dependability of the country’s energy delivery
infrastructure. The conceptual design is of sufficient
detail to develop a prototype.

o QuickTime VR Cyberhiking. A mobile-based
QuickTime VR capable image capture and process
system has been assembled to demonstrate the cost-
effectiveness of gathering images from a wirelessly
tethered camera system and on-site node processing
label where each panoramic node is converted
immediately and placed into the final virtual tour
in real time.
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Ecological Modeling of Regional Responses to Global Change

Edward J. Rykiel Jr. (Environmental Technologies)

Study Control Number: PN95209/1005

Project Description

Humans are changing the chemical composition of the
atmosphere, the land cover of the continents, and the
biological composition of the ecosphere without under-
standing the consequences of these changes. The major
task of global change research is to provide a level of
scientific knowledge that enables us to understand how
human activities affect the ecological mechanisms that
support sustainability. The goals of this project are 1) to
explore new theoretical approaches to global change
problems, 2) to develop an integrated framework for
simulating regional ecological responses to climate change,
and 3) to provide scientific support to the policy community
concerning global change issues by developing a strong
knowledge of the interaction between earth and life
sciences. The FY 1997 goal was to estimate the net
primary productivity (total carbon fixed by plants annually)
of the Pacific Northwest region (Washington, Oregon,
Idaho). Funding for this project will extend PNNL’s
ecological modeling capability through the development of
state-of-the-art ecosystem models.

Technical Accomplishments

Work in FY 1997 focused on developing a modeling
strategy for estimating the total annual net primary
productivity (NPP) of the Pacific Northwest region (PNW)
defined as Washington, Oregon, and Idaho. Net primary
productivity is a fundamental ecological quantity because it
is the energy base for ecosystem processes. Changes in
NPP that may result from land use and climate change are
therefore of considerable socioeconomic and ecological
interest. Estimates of NPP for the PNW region were
developed in three ways: 1) down-scaling simulations
using the CASA global vegetation model (Potter et al.
1993); 2) summarizing NPP values from the Vemap project
(Vemap 1995); and 3) generating a biogeographic estimate
based on literature values for NPP obtained by field
sampling. We compared the results to assess whether
available data is sufficient to choose a best estimate from
these alternatives.

CASA

We used the CASA NPP model (Potter et al. 1993), which
is a global vegetation mode! designed for a 1° x 1° spatial
scale, to run simulations for the PNW. We ran simulations
at spatial scales of 1° x 1°, and then downscaled the model
to 0.5° x 0.5°, and 0.1° x 0.1° (about 120 km?) to
determine the effect of increasing the resolution of climatic
data. One set of simulations used the original 1° x 1°
climate data for temperature, precipitation, and solar
radiation. As expected, merely increasing the spatial
resolution did not change the total regional NPP. For the
next set of simulations, we generated temperature and
precipitation data sets for the PNW at all three spatial
scales using data from weather stations in the region. The
problem of mapping the scattered meteorological observa-
tions in the region to produce values on regular uniform
grids for ecosystem modeling has presented meteorologists
with a significant challenge because topography and
vegetation are prominent features in this region. We
applied the Multi-Quadric Interpolation Method (MQIM)
to map the scattered meteorological observations in the
PNW region. Simulated NPP increased with better spatial
resolution of climate. For the last set of CASA simulations,
we used our weather data and Vemap 0.5° x 0.5° solar-
radiation data. The effect of better spatial resolution is to
increase the simulated NPP by 13% (Table 1). In all these
simulations, the land cover types were as described in the
original CASA model for the PNW region. Thus, we have
not yet tested the effect of improving the spatial definition
of the land cover. However, since the 1° x 1° scale masks
substantial differences in PNW vegetation, we suspect that
simulated NPP would again differ as spatial resolution
improves.

Vemap

The Vemap project combines three biogeochemical models
(Biome BGC, Century, TEM) with three global vegetation
models (MAPPS, DOLY, Biome) to simulate NPP for the
conterminus United States. These data have a spatial scale
of 0.5° x 0.5°. We assembled the nine data sets of NPP
values for the PNW, but report only the range of values
here (Table 2). ’
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Table 1. Effect of spatial down-scaling of temperature and
recipitation on CASA model NPP estimates (Tg C) for the Paccific
Northwest (WA, OR, ID).

1°x1° 190
0.5°x05° 207
0.1°x0.1° 214

Table 2. Comparison of estimates of total amount net primary
productivity of the Pacific Northwest Region under current
climatic conditions in Tg C.

Biogeographic CASA Model Vemap Models

229 190 - 214 183 - 315

' Biogeographic Estimation of NPP

We used a map of the potential natural vegetation of the
PNW to obtain areas for general vegetation types, and then
modified these areas based on more specific information.
The major land cover types included: forest (11 types),
woodland (1 type), shrubland (2 types), grassland (2 types),
forest/shrub/grass complex (2 types), cropland (6 types),
farmland (3 types), and developed land (including metro-
"politan vegetation). Aquatic ecosystems were not included,
which is typical for global and regional NPP models.
Cropland area was subtracted from shrubland, grassland,
and complex types. Most of the agricultural data we used
were for 1992. Once we assigned an area to the vegetation
types, we multiplied the area by the NPP value that we
developed from the ecological literature to generate an
estimate of total regional NPP under the ambient climate
(Table 2). :

Comparisons

Before evaluating the estimates from the three approaches,
some limitations include the following. The biogeographic
estimates are generally based on investigations at small
spatial scales, below-ground carbon is often not measured
directly, plant community types are sometimes transitional
and do not correspond to those used by global modelers,
and more data are available for vegetation types that
contain economically important plants such as merchant-
able tree species. The global and regional vegetation
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models have relatively few vegetation types. CASA uses
12 types, which have not been refined for the PNW, and do
not include regional topographic effects. The data in
Table 2 indicate that there is considerable overlap among
all the estimates of total regional NPP. Thus, with the data
currently available, it is not possible to determine which
model is best. The biogeographic estimate suggests that
some of the models underestimate NPP by masking
heterogeneity in the vegetation and the environment that
exists below the spatial scale of the models. To reduce the
uncertainty of regional estimates below a factor of two,
more detailed vegetation models are likely to be needed.
Estimates of annual global terrestrial NPP are in the range
of 48 to 62 Pg C. PNW NPP of 229 Tg C is 0.229 Pg,
which is 0.4 to 0.5% of the global amount. The land area
of the PNW is 0.42% of the global land area. The high
productivity areas of the PNW are balanced by low
productivity arid and semi-arid arcas with the result that the
regional contribution to global NPP is consistent with its
land area on a percentage basis. This regional responsc to
global climate change may, therefore, be of greater
significance than is indicated by its relative size.

References
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Integration of Acoustic Doppler Current Profiler Subsurface
Sensing and Global Positioning Systems Technology

Ted M. Poston, David R. Geist, Andrew T. Cooper (Environmental Technologies)

Study Control Number: PN97057/1198

Project Description

The objective of this research was to measure groundwater
upwelling (i.e., contaminant infiltration) into a large fast-
flowing river with a cobble bed. Electrical conductivity
was measured as a surrogate indicator of contaminants
because contaminants are carried primarily via ground-
water. Groundwater at Hanford contains comparatively
high concentrations of dissolved minerals and typically has
conductivity readings greater than the Columbia River.
Other available probes are designed for mud-bottom

rivers and are prone to seepage of river water around

- the electrodes due to the uneven cobble bottom of the
Columbia River. A system was developed that incorpor-
ated a global positioning system with a pair of temperature-
conductivity probes to measure, in real time, the differential
conductivity at the sediment water interface and in river
water approximately 6 cm above the surface.

This system minimizes surface water contact with the
conductivity bridge electrodes and provides for a reference
measurement against river background in real time.
Laboratory testing of a prototype model indicated a
sensitivity of about 5 microsiemens per centimeter (uS/cm).
A second model was constructed of heavier materials and
equipped with an underwater camera for field testing.

Technical Accomplishments

A prototype probe was developed and tested in a
recirculating tank containing a cobble bed. A magnesium
chloride solution was injected into the cobble substrate to
simulate groundwater upwelling in a controlled setting.
Nineteen trials were performed with flows of 1, 2, or 3 ft/s.
These laboratory trials indicated that the prototype design
was functional at flows as high as 3 ft/s. Additionally, the
ability to measure upwelling relative to background river
water indicated a minimum sensitivity of about 4 to

5 uS/cm.

Field testing confirmed that the system could locate and
measure underwater seepage, and based on trials at known

seeps, could detect differences as low as 4 to 5 micro-
siemens. Additional modifications to the sediment-sensing
probe facilitated its use in silt-mud bottoms in river
sloughs. Maps were created and data logged by time to
monitor areas of upwelling in areas of the Columbia River
that support salmon spawning. The system was envisioned
to be coupled with an acoustic Doppler current profiler,
however, the initial trials performed during the study used a
portable electromagnetic flow sensor. This was ineffective
due to electrical interference from the boat motor.

Field testing was performed twice at White Bluffs Slough,
twice at 100-H area, and at the old Hanford Townsite,
Wooded Island, and the 300 Area. Groundwater upwelling
was detected at the White Bluffs Slough, 100-H area,
Wooded Island, and the 300 Area. Because of stagnation
and closed circulation, the conductivity of White Bluffs
slough was elevated above river background and the
prevalence of upwelling was significant. Figure 1 shows
the results of a transect within White Bluffs slough. Two
passes over the same area are shown. The initial detection
occurred at about 9:51:50 where the bottom probe detected
a conductivity difference of about 80 pS/cm. The boat
returned to this area and passed over the edge of the
upwelling where the difference was about 40 uS/cm. At
100-H, there is a known seep that was detected at about 4
to 5 uS/cm above river background. This represents the
lower limit of sensitivity of the probe based on laboratory
studies with the first prototype.

Presentations

R. Sternbeerg, T.M. Poston, A.T. Cooper, and D.R. Geist.
1997. A Bottom Contacting Sediment Probe for Detecting
Ground-water Upwelling in a Large Cobble-bed River.
Student Poster Presentation, Presented at Sixth Annual
Meeting of the Pacific Northwest Chapter, Society of
Environmental Contamination and Toxicology, Richland,
Washington, May 8-10. -
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Figure 1. Conductivity measurements taken at White Bluffs Slough on 9/15/97.

110 Laboratory Directed Research and Development - FY 1997




Integration of Unmanaged Ecosystems into the
Global Change Assessment Model

R. César Izaurralde, Norman J. Rosenberg (Global Change)

Study Control Number: PN97059/1200

Project Description

The objective of this project is to model the response of
unmanaged ecosystems to climatic change within PNNL’s

~ Global Change Assessment Model (GCAM). GCAM
consists of four interacting modules that compute

1. how economic activity influences greenhouse gas
emissions

2. how these emissions lead to changes in atmospheric
composition and alter global mean temperature

3. how changes in global mean temperature affect the
geographic distribution of climate change predicted by
several general circulation models

4. how altered climates affect agricultural productivity,
water resources, and unmanaged ecosystems.

Adding the capability to model unmanaged ecosystems to
GCAM is an essential step toward answering questions
regarding vegetation dynamics, carbon balance, and
biodiversity in response to climate change.

Technical Accomplishments

Work on this project began in August 1997. We have
initiated the evaluation of BIOMES3, a biophysical and
biogeochemical model by Haxeltine and Prentice that
simulates large-scale vegetation patterns. Photosynthesis in
BIOMES is a function of environmental and leaf
parameters. The maximum rate of photosynthesis
achievable under light-saturated conditions is regulated by
the catalytic capacity of the Rubisco (ribulose biphosphate
carboxylase oxygenase) enzyme and leaf N content.

BIOMES3 uses a minimal set of five woody and two grass
plant types for large-scale (global) modeling. Variables

calculated include leaf area index and net primary
productivity. Semiempirical rules capture the opposing
effect of succession driven by light competition and natural
disturbance by fire. Dominant plant types arise from
highest net primary productivity values. Environmental
factors (e.g., CO,) influence photosynthesis, stomatal
conductance, and leaf area. '

Test runs have been conducted in our laboratory on a
UNIX workstation. Model initialization included data on
latitude, CO, concentration, monthly climatic values
(temperature, precipitation, and sunshine hours), and soil
texture on a 0.5° grid. The model predicts global natural
vegetation patterns (Figure 1) by using a rule-based
algorithm to determine plant functional type and by
determining the leaf area index that maximizes net primary
productivity (Figure 2). In its current form, BIOME3
simulates vegetation patterns at steady state; i.e., it does not
predict the time course of vegetational composition and
structural adaptation to change.

In FY 1998, we will compare model outputs of functional
plant types, net primary productivity, and leaf area index
for the conterminous U.S. against measured or remotely
sensed data. We will simulate changes in net primary
productivity and ecosystem distribution in the conterminous
U.S. in response to a matrix of climate change, time periods
(represented by increasing global mean temperatures), and .
atmospheric CO, concentrations (3 GCMs x 3 periods x 3
CO, concentrations = 27 scenarios). Impacts on total land
area in each major ecosystem and on biomass (carbon
sequestration) will be computed for each scenario. These
results will be coupled with results of crop yield simu-
lations under the same climatic change scenarios to
determine, with the aide of the GCAM economics module,
where and by how much land use will change in response to
the climatic change scenarios.
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Automated Electrooptical Identification of
Pathogenic Microorganisms

Charles R. Batishko (Sensors and Measurements Systems) .

David A. Nelson (Materials and Chemical Sciences)

Study Control Number: PN97015/1156

Project Description

The objective of the research is to define the limitations of
the application of optical pattern recognition technology,
and to apply that technology to the identification of
microorganisms within those limitations. It is of
particular importance to identify and apply algorithms
reported in the literature which would provide the most
robust identification in the presence of subject rotation and
scaling variations and in the presence of significant

clutter. '

Technical Accomplishments

This project was divided into several tasks: the optical
correlator, sample images (microorganism database
development and image acquisition), and correlation filter
development.

Optical Correlator

When initiated, the project intended to take advantage of
the anticipated commercial availability of a personal
computer expansion board-based optical correlator. When
the vendor failed to bring the device to market, other
options were explored including other correlators and use
of a wedge-ring detector for reading spatial Fourier
transforms. In the meantime, digital simulations were
performed to begin to define the issues which would be
presented in algorithm design. Eventually a correlator
was procured from Boulder Nonlinear Systems of
Boulder, Colorado. The correlator was a 256 x 256 pixel
binary SLM device. While adequate for initial
demonstration and testing, this system will likely require
an upgrade to a 256 x 256 or 512 x 512 pixel gray scale
SLM in the second year. Unfortunately, the correlator
was delivered too late in the fiscal year for anything other
than acceptance testing.

Correlation Filter Development

The optical image processing literature was reviewed with

particular attention to the state of optical correlation filter

algorithms. NASA-developed software was acquired in
preparation for filter algorithm development once the
correlator was delivered. There was a significant learning
curve as existing expertise was too superficial to support
filter algorithm development.

Sample Images

For preliminary testing, an extensive number of images
were acquired from the Internet and photographs. These
were predominantly microorganisms currently on the
Australian List (potential BW-agents). It quickly became
obvious that, at least until concept feasibility is
demonstrated, image acquisition would be limited to
optical microscopy. This meant generally limiting the
sample microorganisms to those in the range of bacteria
(>0.5 micrometers). While most virus and rickettsia will
be unobservable, most of the readily cultured and
weaponizable microorganisms are bacteria (e.g., Bacillus
anthracis, Yersinia pestis, and Vibrio cholerag). During
the first year, a number of surrogates for B. anthracis and
Y. pestis have been examined. These are listed in

Table 1. Images were acquired with a Nikon microscope,
100X oil immersion objective and 10X secondary
magnification resulting in a net magnification of 1000X.

This investigation indicated that the rod-shaped Bacillus
can be observed as such, but further magnification/
resolution may be necessary for identification of the oval-
shaped Erwinia herbicola, the surrogate for Y. Pestis.
Differentiation of cocci (sphere-shaped) microorganisms
may be problematic. Rod-shaped organisms include
Bacillus, Clostridium, Legionella, and Pseudomonas; all
of which are pathogenic to man. Gram stained smears,
using buccal (cheek/gum) swabs, were examined in an
attempt to obtain spirochete signatures. However, only
Bacillus spp. were observed.

At the end of the year, the focus was to develop a set of
test images which would include multiple reference
images of microorganisms of a single class—at least one
class each representing microorganisms geometrically
similar to a preselected test microorganism.
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Microorganisms

Medium

Table 1. Microorganisms grown as surrogates for BW-agents.

Morphology

Bacillus thuringiensis
Bacillus aetrophaeus
Shewanella alga (BrY)
Pseudomonas cepacia (3N3A)
Thermus sp.

Escherichia coli

Erwinia herbicola

Deinococcus radiodurans

Nutrient agar

Nutrient agar

Tryptic soy broth (TSB)
TSB 3 g/L

Minimal iron-NTA medium
Nutrient agar/nutrient broth
LB agar

TYG broth*

* TYG broth= 0.5% tryptone, 0.3% yeast extract, 0.1% glucose

Spore forming rods
Rods
Rods to longish rods

Short rods

Short to very long polymorphic rods

Rods

Short rods (may have heavy capsule formation)

Large diplococci

Collaboration for FY 1998 was established with
Dr. Guy Cook of the Montana State University Biofilm
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Center. The Center should be able to provide photos and
samples necessary for the optical collator.



Enhanced RF Tags

Ronald W. Gilbert, Kerry D. Steele, Brenda G. Gray,
Tom R. Heimbigner (Engineering and Analytic Sciences)

Study Control Number: PN97041/1182

Project Description

Development of advanced/enhanced RF (radio frequency)
tags would open a multitude of applications for which
there are no competing technologies. A radio frequency
tag is a passive (no battery), miniature device that when
interrogated by an external radio-frequency source,
returns a unique identification code. This tag has been
used primarily in limited industrial applications for
inventory control and object tracking.

The present commercial tags, of which there is only a
handful of manufacturers, have several limitations
preventing their exploitation. The enhanced radio
frequency tag development idea would expand the
capability of the radio frequency tag by adding key
features and refinements.

Previous research conducted on radio frequency tags will
be evaluated as a starting point for understanding the use
of existing radio frequency tags. From this research, we
will define the next steps for expanding the capability of
radio frequency tags by adding key features and refine-
ments: Last, we will fabricate radio frequency tags for
demonstration purposes. The outcome of this project will
be an assortment of tags—each with specific features.
Follow-on programmatic funding will be obtained to
further refine the tags for specific needs.

Technical Accomplishments

Two unique paths were followed to yield designs which
met two requirements. Each path was aimed at showing

design validation by building a working prototype. The
prototypes were successfully demonstrated in the labora-
tory and will serve as candidates for future research and
development.

The task to allow multiple tags to be quickly interrogated .
involved expanding the number of digital bits in the
identification code plus frequency hopping the tags
retransmission frequency (narrow bands). The existing
concept for reading tags uses a serial concept meaning
only one tag, the strongest tag, is read in the radio
frequency field. The enhanced concept involves tags with
inherent properties of both an identification code and a
selective retransmit frequency.

The read/write effort involved enhancing the existing
technology to provide additional circuitry to acquire both
the incoming data stream and to store it into nonvolatile
memory. Since the tags are passive (no battery),
enhancements were also added to acquire the additional
power (from the radio frequency incoming stream) to
accommodate the new write feature. This design
impacted tag/reader antenna design and reader
transmission features.

Presentation
An internal demonstration/presentation of “multiple tags
in an RF field” and “read/write backscatter tags” was

held for an internal PNNL review committee on
October 3, 1997.
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Fiber Optic Sensor Platform™®

Norman C. Anheier (Sensors and Measurement Systems)

Study Control Number: PN95051/1027

Project Description

Conventional iron core current transformers (CTs) and
capacitive potential transformers (CPTs) are used to
measure current and voltage on power lines. The costs
associated with electrical isolation and shielding materials
(porcelain) used on CTs and CPTs are high. CTs and
CPTs also are costly from the standpoint of installation
because they are very large and heavy. In addition, these
current and voltage transformers suffer from nonlinearity
and saturation. CTs also have been noted to explode due
to the buildup of hot gases when the pressure relief valve
fails.

The objective of this project was to develop an optically
powered smart sensor platform capable of accepting
analog current or voltage values from power line sensors
and then transmitting those values, via a low-power
optical data link, to a ground-based data acquisition
system. The measurement of power line parameters, such
as current and voltage, requires great care to achieve
electro-magnetic interference (EMI) immunity and
flashover protection. An optical interconnect provides the
ideal EMI immunity, ground potential rise isolation, and
electrical isolation during power line monitoring. Such an
interconnect can be easily interfaced between existing
sensors and ground-based data acquisition systems.

Technical Accomplishments

In FY 1996, PNNL staff collaborated with Bonneville
Power Administration to understand electric power utility
needs for power metering, fault, and protection
applications. A commercial fiber-optic-based current
sensor was field tested for 4 weeks at BPA’s Slat
substation in Arlington, Oregon. This field test allowed
PNNL staff to observe actual substation monitoring

conditions and constraints. Lessons learned from the field
test were useful in defining the next generation optically
powered smart sensor platform.

In FY 1997, technical efforts were directed at designing a
16-bit resolution smart sensor platform useful for power
utility and other applications (Figure 1). The PNNL
developed sensor board is optically linked to a ground-
based controller using two fiber optic channels. The first
channel is used to optically power the sensor board. The
second channel is used for a fiber optic data link.

Key features developed in this system include a 16-bit
analog-to-digital converter (ADC), a high-speed, high
power laser diode driver, and a robust fiber optic data
link. The ADC incorporates sigma-delta modulation to
obtain the required signal fidelity and resolution needed
for power metering. In addition, the data acquisition is
capable of acquiring analog current values at

12.5 thousand samples per second. Sampling at this rate
permits a unique look at actual power line fault events.

A 1-watt diode laser driver, capable of modulation up to
4 MHz, was designed and built. The driver controls the
diode laser used to optically power the remote sensor
board and to supply the ADC clock using the 4 MHz
modulation.

The fiber optic communication link was designed based on
a biphase mark-encoding scheme. This link has a bit rate
exceeding 10 Mbit digital, that easily handles the required

. 16-bit analog bandwidth of 12.5 kHz (208th harmonic of

60 Hz). The fiber link also supports a closed-loop fiber
safety monitor. This monitor verifies the integrity of the
optical power fiber link. If the link is broken or other-
wise disconnected from the laser diode, the safety monitor
powers down the diode laser to prevent possible eye
damage.

(a) Project was formerly entitled, “Low Cost Sensing Technology for Operations and Maintenance Applications.”
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Gas Composition Instrument®

Chester L. Shepard (Engineering and Analytic Sciences)

Study Control Number: PN95051/1027

Project Description

In this project we built and demonstrated a prototype
laboratory instrument for the measurement of the
composition of gaseous mixtures. The instrument uses
special membranes as the front end to typical laboratory
instruments, such as mass spectrometers and optical
spectrometers. The advantage of the membranes is that
enhancement of instrument performance is accomplished
with greater simplicity and much lower cost than present
instruments provide. The concept takes advantage of the
time dependence of signals collected by the mass
spectrometer, which is related to the properties of the
membrane through which the gas sample diffuses. For
instance, it may be possible to replace the entire GC part
of a GC/MS with a membrane system and accomplish
similar detection capabilities. A prototype was built, and
in FY 1997, we tested the instrument with several
different kinds of membranes.

Technical Accomplishments

Success on this project required the availability of an ion
trap mass spectrometer with which to perform experi-
ments. A new ion trap mass spectrometer became
available during the year and we planned to use this for
our studies. However, the instrument did not function
properly and no useful data were obtained with it, in spite
of repeated attempts. A suitable replacement mass
spectrometer was not identified during the year.

We attempted to obtain data using another mass
spectrometer designed for use at atmospheric pressures.
This instrument was intended for use in direct sampling of
air. It relied on the breakdown of air in an intense
electric field at the inlet of the mass spectrometer to create
the charged particles needed for creation of ions which
could then be analyzed with the mass spectrometer. This
instrument did not have sufficient stability to allow time-
resolved measurements needed for testing the measure-
ment concept. In addition, it could not be operated at low
gas pressures or with more appropriate carrier gases such
as argon. The data obtained in these tests were sufficient

to show that it did not appear likely that even a suitable
mass spectrometer would show the results which we
desired, at least for a natural gas sample. Natural gas is
composed of molecules which contain only carbon and
hydrogen atoms, and they differ from each other only in
the numbers of these elements. All of these molecules are
easily ionized in a mass spectrometer with the resultant
creation of a host of molecular fragments. The problem
is that many of these fragments are similar regardless of
the parent molecule from which they came. As a result, a
prominent peak in a mass spectrum can contain
contributions from as many as seven or eight of the
constituents which make up natural gas. This is
particularly true at low mass numbers corresponding to
methane or ethane or propane. It would be extremely
difficult to arrive at a constituent analysis of natural gas
using this method, which was our goal.

A more suitable instrument for measurement of natural
gas composition might be a Fourier transform infrared
(FTIR) spectrometer. This instrument is useful for
analysis of molecules which have an infrared spectrum,
such as most of the components of natural gas. Some
components, such as carbon dioxide or nitrogen cannot be
analyzed with FTIR spectrometers. However it may be
possible to obtain the relative concentrations of the
hydrocarbons present in a sample. The membrane system
that we have developed can be useful in conjunction with
several analytical instruments. In all cases it provides
another dimension in capability, namely time resolved
measurements which can be used to quantify gas
composition. We used the membrane system in
conjunction with a gas cell used with FTIR measurements.
The cell, a glass unit about 20 cm long and 3 cm in’
diameter, was filled with natural gas to a low pressure of
about 10 mm Hg and this mixture diffused out of the cell
through the membrane and to a vacuum pump. FTIR
measurements were performed while the cell went from
its original pressure down to vacuum. While the FTIR
data looked reasonable, the results obtained were not
consistent with our understanding of the experiment. For
instance, we fully expect that the ratio of the amount of
methane in the sample to the amount of ethane should
decrease in time, since the methane is lighter and should

(a) Project was entitled “Low Cost Sensing Technology for Operations and Maintenance Applications.” in FY 1995.
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escape the volume through the membrane at a faster rate
than ethane. We observed that the ratio of methane to
ethane actually increased over the several hours of the
experiment, implying that ethane leaves the volume at a
faster rate than methane. This simply cannot be the case.
Even though, efforts to understand what went wrong with

the experiment are still being carried forward. This
project is now complete and no funds have been requested
for carrying on the work. It does not appear that the
method of determining gas composition using the concept
described here is suitable for use with natural gas or with
very complex gases having a multitude of components.
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Genetically Engineered Sensors

Peter C. Rieke (Materials and Chemical Sciences)
Fred J. Brockman (Molecular Biology)
Cynthia J. Bruckner-Lee (Materials Interfaces and Process)

Study Control Number: PN96028/1095

Project Description

The objective of this project was to develop a general
bioengineering strategy for the use of cellular organisms
as sensors and to demonstrate the feasibility of the
necessary steps required to achieve complete engineering
for detection of a specific analyte. We planned to use this
biochemistry to prepare sensors using either the live
organisms or, if possible, selected portions of the protein
synthetic scheme associated with response to the toxin.
These genetically engineered sensors should have
considerable application to problems encountered on the
Hanford Site. Candidate organisms might even be
selected from bioremediation studies currently ongoing in
the area. Organisms have remarkable selectivity and
sensitivity to environmental stimuli including chemical
toxins. High sensitivity and high selectivity are highly
desirable in sensors used in complex analyte matrices such
as those found at the Hanford Site.

Technical Accomplishments

During FY 1997, our objective was to develop an
analytical scheme for monitoring the luminescent response
of organisms to the presence of desired analytes. The
Pseudomonas fluorescens SRL bacteria that degrades
salicylate was used for this purpose. The primary
difficulty is design of a microflow system that allows
manipulation of small aliquots of bacteria as well as the
necessary reagents for inducing luminescence and
maintaining viability of the cells.

Three approaches were used to develop flow systems for
the analysis of bacterial cell luminescence: a batch fluid
cell, a flow-through cell, and a jet-ring cell. The jet-ring
cell proved the most versatile and repeatable and was used
for further studies with the specific objective of determin-
ing the sensitivity and dynamic range of the technique.
Early efforts focused on glass beads derivatized with tri-
fluoro acetic acid terminated silanes. While these worked,
the hydrophobicity caused clumping of the beads and
irreproducible pumping characteristics. Different
quantities of glass beads were trapped in the jet-ring cell
each time. Considerable effort was focused on different
cell to bead attachment schemes to overcome this
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problem. Further, this effort improved flow
characteristics of the cell and improved the viability,
distribution, and quantity of cells on the bead surface.
The reproducibility of measurements was substantially
improved by these techniques.

The nature of the cell growth curve and growth conditions
and the influence on chemiluminescent response was
investigated. For this investigation a bioreactor was set
up for the SRL bacteria. It was found that cells in the
early stages of growth were more responsive than those in
the latter stages of growth. We surmised that this was
due to the relative nutrient needs of the cells. Young cells
undergoing more rapid division will seek alternative
nutrient sources to maintain viability. Older cells will be
more selective in their metabolic behavior and will pass
over salicylate in favor of more conventional food
sources.

The secondary nature of the salicylate metabolic pathway
also slowed the chemiluminescent response of the cells.
The cells were maintained in a certain growth stage in the
reactor with a standard nutrient media that did not contain
salicylate. Upon introduction to the flow cell and
attachment to beads, the nutrient media was removed
from the cells and upon introduction of the salicylate the
cells were forced to modify their metabolic pathways to
use the salicylate. We found that maximum response of
the cells occurred 3 hours after exposure to salicylate.
Plug exposure and continuous exposure resulted in varied
magnitude of signal but did not significantly influence the
response time. Apparently it takes some considerable
time to turn on the salicylate pathways.

Publications and Presentations

C.J. Bruckner-Lea, F.J. Brockman, D.P. Chandler,

F.S. Lai, C.R. Martin, N.B. Valentine, and P.C. Rieke.
“Development of a Flow Injection System for Monitoring
Luminescent Bacterial Cells.” (in preparation).

This work was presented at the Eighth International
Conference on Flow Injection Analysis (ICFIA 97),
Orlando, Florida, January 12-16.



Imaging the Neurological Mental Processing of the Human Brain

David M. Sheen, H. Dale Collins (Engineering and Analytic Sciences)

Study Control Number: PN96033/1100

Project Description

The major objective of this project was to conduct basic
imaging research of the EEG signals generated in the
cortex of the human brain. This project includes
collaborations with two or more major medical institutions
in the United States. Their medical expertise, coupled
with PNNL’s holographic imaging technology, should
provide the best possible combination to ensure success in
this area. Successful results from imaging the functional
cortex EEG signals should lead to many potential
applications within the medical community.

Introduction

We have proposed a new medical science program,
“electroholoencephlography” (EHEC) that will merge the
results of both positron emission tomography (PET) and
computerized electroencephalographic tomography (CET)
that is, image the electroencephalographic signals (EEG)
emitted from the brain and display, in real time the
thinking processes in the cortex as demonstrated in non-
real time with PET. PET requires the use of radioactive
oxygen which, injected into the blood stream, is
transported to the brain. This diffusion process may -
not be a true indicator of the electrical activity (thinking
processes) of the brain and, in addition to being relatively
slow, the brain’s activities can never be displayed in real
time using this process. Real-time imaging of the brain’s
electrical activities in the cortex is of major significance
to researchers in the field. If made available, this
technology would allow them to see, in real time, how the
different areas of the cortex light up in response to the
functional processes of the human brain (Figure 1).

Figure 1. PET scan images of the neurological processes.

Using a near-field phase multiplication holographic
technique, this new EHEC imaging concept shows
excellent potential for imaging electrical signals generated
in the brain’s cortex as a result of functional processes
like thinking in real time (Figure 2). Figure 2 is the first
holographic image of nerve activity in the human cortex.
The white dot is the image of evoked potential (elec-
trically stimulated right index finger) in the motor sensory
region of the cortex. The magnetic resonance image is
used to locate cortex function regions in the brain.

® Motor System Region of the Brain

Figure 2. Holographic EEG images of the neurological processes.

This noninvasive technique uses existing EEG signals
from an array of electrodes that are attached to the skull.
The signals are then processed as images in the computer.
The images, which are generated in real time dynamically
display the brain’s cortex where the functionally derived
signals originate. The static EHEC images appear to
compare with the PET images in this first image.

Technical Accomplishments

Brain Images of EEG Evoked Potential Scalp Data
(Electrically Stimulated Right Index Finger)

EEG-evoked potential two-dimensional array data

were acquired from Dr. Jeff Eriksen (Good Samaritan
Hospital). The 80 sample point data were sampled every
1 cm and the aperture centered at the Cz point on the
scalp. There are 8 rows of 10 data points spaced 1 cm
apart. The time series EEG data revealed a low
frequency single sine wave cycle (noisy) at approximately

" 60 ms from the initiation of the shock stimulation of the
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right index finger. Fourier transform of the signal
revealed the time frequency bandwidth to be very low
(less than 30 Hz) as expected.

An 8 Hz hologram was extracted from the two-
dimensional array of data and then phase multiplied by 3
(Figure 3a) and then reconstructed into an image as shown
in Figure 3b. The bright point image in the left side of
the brain shows where maximum nerve activity is taking
place with respect to the overall low-level activity. The
low-leve! activity appears as a grid resembling diamond
shaped areas over the cortex. The depth of the nerve
activity is approximately 1.5 cm to 2 cm below the scalp
surface.

9cm 9cm

fe———>

(a) 3X Hologram (b) Image

Figure 3. Hologram and image of EEG somatosensory evoked
potentials.

The assumed average phase velocity in the scalp media
(between the cortex and scalp) is approximately 30 cm/s.
This range of values fits the data and produces the
optimum image of the somatic sensory evoked potentials.
The assumption is that the excessively high attenuation in
the various layers between the cortex and scalp results in
this low phase velocity. The velocity was also computed
using the EEG time signal (after subtraction of the cortex
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propagation time ~9 ms) of the signal from the finger
tothe cortex). The average velocity from the surface of
the cortex to the scalp was computed to be approximately
30 cm/s using a distance of 1.5 cm and a propagation time
of 51 ms.

Figure 4 is the image imposed on the magnetic resonance
images and the scalp surface along with some of the data
point positions. The dark dot is the motor region where
the nerve activity is generated for electrical stimulation of
the right index finger. The white dot (image) is very
close to the correct position. The data (grid) are
numbered starting from left to right 1, 2, 3 to 80 in

8 rows. The aperture was centered on the Cz point on
the scalp and sampling density ~1 cm.

Comparison of Brain Images of EEG Evoked Potential
Scalp Data (Electrically Stimulated Right Index Finger)
and Computer Model Images

Figure 5 compares the computer model and actual EEG
image data for the somatic sensory two-dimensional array
data. The computer modeled and actual EEG holograms
and images are amazingly similar and support the theory
in that we are able to essentially reproduce the results
with the model.

Conclusions

The initial imaging results with high-density array EEG
somatic sensory data are very encouraging and support

the proposed theory. Hopefully this work will motivate
others to pursue high-density sampling EEG imaging
experiments. More research is required to verify the
above results and raise the level of effort in this area. We
believe this is only the beginning in this very exciting field
with infinite possibilities left to the non-timid.

® Motor System Region of the Brain

Figure 4. Image imposed on the magnetic resonance images and the scalp surface along with some of the data point positions.
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Computer Model Data

Hologram 3X Hologram Image

EEG Scalp Image

N

Hologram 3X Hologram Image

Figilre 5. Computer mode! and actual EEG image data.
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Investigation of OSL Materials for IR/UV IFF Tags

Steven D, Miller (Environmental Technology Division), Chuck Batishko (Energy Division)

Study Control Number: PN97062/1203

Project Description

The focus of this LDRD project is the application of
optically stimulated luminescence (OSL) for the purpose
of marking and tracking. Identification-friend-or-foe
(IFF) is also included in potential applications. The
application of infrared OSL phosphors and the
development of ultraviolet-emitting phosphors are the
~ technical activities. Production of useful quantities and
the development of polymer composites were deliverables.
The generation of ultraviolet OSL phosphors was also
successful and will be optimized next fiscal year.

Technical Accomplishments

Production of infrared active OSL materials is
accomplished through the application of mechanical stress
to crystalline solids. The action of mechanical stress
produces profound changes in the crystal lattice that acts
as electron traps. The action of ionizing radiation on the
pressed crystals produces free electrons that become
trapped in the pressure-induced defects. These trapped
electrons, when illuminated with the proper wavelengths,
absorb the light and “shift” the light to a longer
wavelength.

Small quantities of infrared-active phosphors have been
made using a small mechanical press contained within the
principal investigator’s laboratory. One of the important
outcomes this year was to identify a large-scale
mechanical press that would enable large quantities of
pressed crystals to be produced conveniently. A large
mechanical press was located in the 300 Area of Hanford
and permission to use the equipment was obtained. When
a metal dye was fabricated to press the powder to the
necessary pressures, it was quickly determined that the
necessary pressure exceeded the mechanical strength of
the metal dye parts. We spent a great deal of effort on
this issue before we obtained a heat-treated metal dye that
could withstand the necessary pressures. A large quantity
of phosphor was made and processed for later use.

Some of the phosphor material was made into polymer
“swatches” for future testing. Besides the fabrication of
fairly opaque polymer “swatches,” some phosphor was
loaded into polymers that were index-of-refraction
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matched. These polymer samples produced nearly
optically transparent layers since the phosphor grains
“disappear” when the polymer/phosphor composite
becomes a good refractive index match. This will be
important to such applications as a clear wax marker or
other covert applications. The invisibility of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>