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Essential Spaces Defined by NMR Structure
Ensembles and Molecular Dynamics Simulation
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ABSTRACT Large concerted motions of
proteins which span its “essential space,” are
an important component of protein dynamics.
We investigate to what extent structure en-
sembles generated with standard structure cal-
culation techniques such as simulated anneal-
ing can capture these motions by comparing
them to long-time molecular dynamics (MD)
trajectories. The motions are analyzed by prin-
cipal component analysis and compared using
inner products of eigenvectors of the respec-
tive covariance matrices. Two very different
systems are studied, the p-spectrin PH domain
and the single-stranded DNA binding protein
(ssDBP) from the filamentous phage Pf3. A
comparison of the ensembles from NMR and
MD shows significant overlap of the essential
spaces, which in the case of ssDBP is extraordi-
narily high. The influence of variations in the
specifications of distance restraints is investi-
gated. We also study the influence of the selec-
tion criterion for the final structure ensemble
on the definition of mobility. The results sug-
gest a modified criterion that improves confor-
mational sampling in terms of amplitudes of
correlated motion. Proteins 31:370-382, 1998.
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INTRODUCTION

Solution structures of biomolecules solved by
nuclear magnetic resonance (NMR) spectroscopy are
usually reported as ensembles of structures fulfilling
the experimental restraints to a similar and high
extent. The dynamic information implicitly present
in NOE data is qualitatively expressed via loose
distance bounds. Therefore, we may hope that en-
sembles of NMR structures tell something about
internal dynamics. Simply equating local diversity of
structures to motion may be misleading, however,
since it may be a consequence of missing data.
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Independently obtained data are required for valida-
tion. NMR spectroscopy itself is a valuable source of
independent dynamic data apt for validation. Com-
parison of squared order parameters obtained from
the analysis of N relaxation data to the global
backbone RMSD per residue was recently used not
only for validation, but also as a criterion for which
structures are to be included in a complete and
consistent representation of the solution structure of
ribonuclease T..! A shortcoming of heteronuclear
relaxation data is that they may fail to detect
large-scale correlated motion. This is mainly due to:
(1) The timescale of large-scale correlated motion is
frequently too slow to be fully detected by relaxation
measurements, which are sensitive to mobility on a
picosecond and nanosecond timescale. Slower mo-
tions only show up in the transverse relaxation time
T,, but not in the other parameters. (2) Certain
correlated motions, such as a sliding motion of a
secondary structure element with respect to the rest
of the molecule, do not alter the orientation of an
N-H or C-H vector significantly with respect to a
molecule-fixed axis. Furthermore, it is not possible to
distinguish between correlated and uncorrelated mo-
tion of two X—H vectors by standard relaxation
measurements. As correlated motion may be rel-
evant for biological function, these shortcomings are
significant.

Molecular dynamics (MD) simulation is a source of
detailed information on mobility. However, it suffers
from a simplified, approximate description of interac-
tions and is currently limited to a nanosecond time-
scale. In contrast to NMR relaxation measurements,
the latter is not a principal limitation. Itis surmount-
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able by increased computing power. At the same
time, the observation of nanosecond timescale mo-
tion even in a 500 ps trajectory is not a problem of
sensitivity, but rather a statistical problem. MD
simulations were successfully used previously for
describing fast local internal motion in the refine-
ment of the solution structure of a DNA octamer.?
Squared order parameters calculated from an MD
trajectory significantly improved the agreement be-
tween simulated and experimental 2D NOESY spec-
tra in an approach that accounts for both spin
diffusion and internal dynamics. Similarly, a recent
comparison of families of structures comprising snap-
shots taken at regular intervals from MD trajecto-
ries with NMR structure ensembles of BPTI by
visual inspection and in terms of RMSDs revealed
significant overlap.3 A salient feature of MD simula-
tion is that it provides direct access to the correlated
motions on the timescale sampled by a given trajec-
tory. Modes derived from a reliable trajectory may
even allow extrapolation to a somewhat longer times-
cale than that of the trajectory itself.# The essential
dynamics analysis method® performs a decomposi-
tion of internal motions into modes and sorts them
according to their amplitudes. The modes and ampli-
tudes are calculated as eigenvectors and eigenvalues
of a covariance matrix® containing all information
about correlated displacements of atoms. Rather few
modes—those with the largest amplitudes—account
for a high percentage of the total mobility ob-
served.>7 Biofunctionally important motions are ob-
served to occur among these so-called “essential
modes.”78:2

The essential dynamics analysis is applicable not
only to MD trajectories but to any series of coordi-
nate frames of a system, e.g., an NMR structure
ensemble.” The diversity of NMR structure en-
sembles is then translated into modes of correlated
motion. As an ensemble of NMR structures is not a
series of frames ordered in time, no information
about timescales can be expected from such an
analysis. Therefore, the study focuses on directions
in conformational space and associated amplitudes.
This allows for an assessment of the capability of
NMR structure ensembles to capture correlated mo-
tion. If such ensembles described the large-scale
motions of a protein in a similar way as MD simula-
tions do, it would be both surprising and valuable.
Surprising because MD and NMR structure calcula-
tions employ different force fields and methods of
conformational search; valuable because it would
offer a shortcut to the characterization of biofunction-
ally important motion. In the present study, the
essential dynamics analysis is applied to both NMR
structure ensembles and long-time MD trajectories
of two very different proteins, the B-spectrin pleck-
strin homology domain (PH domain), a globular
protein with flexible surface loops,!® and the single-

stranded DNA binding protein (ssDBP) from bacterio-
phage Pf3,12 a homodimeric protein with DNA bind-
ing wings protruding far from the core of the
molecule. As MD trajectories are used here as a
reference for judging the definition of correlated
motion given by NMR structure ensembles, particu-
lar care has to be taken to ensure their reliability. In
the case of the PH domain, different simulation
methods and different starting structures were used;
all yield significantly overlapping definitions of the
essential space, which is the part of the configura-
tional space spanned by the essential modes.

It was shown previously that distance restraining,
as performed during NMR structure calculation,
inhibits the motion in the essential subspace.’® Am-
plitudes of fluctuations were compared between free
MD simulations and MD with time-averaged re-
straints. Marked differences in the amplitudes of the
first few eigenvectors were reported, i.e., lower ampli-
tudes for the simulation with restraints. The re-
straints used in the standard structure calculation
approach are even more stringent than time-aver-
aged restraints, since they are static, i.e., they have
to be fulfilled by each structure at any time, not only
on average. In addition, only a fraction of all struc-
tures (those with few violations) are reported. At the
same time, there are indications that the range of
conformations available to proteins at ambient tem-
perature may be even larger than usually ex-
pected.’* The range of conformations available to a
biomolecule is relevant for the understanding of
many intermolecular interactions that are not fully
explained in terms of a key-in-lock fitting, but rather
involve mutual adjustments of the structures in the
process of binding. In this study, we suggest a new
cutoff criterion for the definition of a solution struc-
ture ensemble that does not underestimate mobility.

SYSTEMS AND METHODS
Systems

The B-spectrin PH domain is a 106 residue protein
module. The two longest loops (between B-sheets g1
and B2 and between B5 and B6, cf. Fig. 1) have a high
content of basic residues and provide the binding
pocket for the inositol phosphate ligand,'®> which is
negatively charged under physiological conditions.

The ssDBP protein is a C,-symmetric homodimer.
Each monomer consists of seven B-strands, of which
five strands form a five-stranded antiparallel sheet
making up the core of the molecule. Two B-hairpins
and a loop protrude from this core and are involved
in the function of ssDBP: residues 11-25 are referred
to as "DNA binding wing,” 31-36 as “complex loop,”
and 51-70 as “dyad loop”*2 (cf. Fig. 1). The dyad loop
makes up the interface between two monomers
within a dimer and the complex loop provides the
interface for the interaction between dimers in a
super-helical assembly, which is formed in a highly
cooperative manner upon binding single-stranded
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Fig. 1. Molscript33 pictures of the PH domain (left) and the ssDBP protein (right ). The ligand
binding loops (B1-B2, B5—B6) in the PH domain as well as the DNA binding wing (DBW), the dyad
loop (DL), and the complex loop (CL) in one chain of ssDBP are indicated.

DNA. The assembly was modeled by restrained
molecular dynamics based on electron microscopy
data for the highly homologous gene V protein from
bacteriophage M131¢ and recently for the Pf3 protein
as well.t”

NMR Structure Calculation

The solution structures of both the PH domain and
the ssDBP were calculated by MD-based simulated
annealing!®1® using a modified version of the X-
PLOR program.2® This version is capable of process-
ing ambiguous nuclear Overhauser effect (NOE)
data?! and was previously used for calculating the
refined structure of the PH domain.’? Symmetry
restraints previously used for calculating the struc-
ture of ssDBP2 were omitted if not specified other-
wise.

The experimental data sets used for structure
calculation are very different for the two systems.
High-quality distance constraints for ssDBP were
determined from isotope-edited 3D spectra (**N
NOESY-HMQC, ¥C NOESY-HMQC) of a doubly
labeled sample. Apart from the dimerization inter-
face, there was virtually no peak overlap, which
allowed for tight distance bounds. In total, 1,145
NOE restraints were used, comprising 1,018 in-
tramonomer, 22 intermonomer, and 105 ambiguous
NOEs. Seventy-nine J-coupling restraints per mono-
mer were included in the calculation. In the case of
the PH domain, only homonuclear data from a 30 ms
and a 80 ms NOESY spectrum were used. The
merged dataset initially consisted of 1,998 ambigu-
ous and 505 unambiguous distance restraints. Over-
lapping peaks and spin diffusion necessitated looser
calibration. A large part of the NOE peaks was
assigned automatically during structure calculation.
Several NOEs were discarded automatically during

calculation, as they consistently could not be fulfilled
within a rigid structure. As a result, mobility of some
regions, e.g., the small helix in the B3—34 loop, might
be underestimated in NMR structure ensembles.
The final set of restraints consisted of 486 ambigu-
ous and 1,328 unambiguously assigned distance
restraints. A detailed account of the assignment
scheme is given in Reference 11.

MD Simulation

Two different simulation methods were applied.

Reduced electrostatics, implicit solvent model

For the coverage of nanosecond timescales, a
vacuum simulation was performed using X-PLOR?2
and the CHARMM19 united atom force field.?? In
order to mimic the mechanical effects of a solvent, an
implicit solvent model was adopted: surface atoms of
the solute were subjected to Langevin dynamics (LD)
with a friction coefficient B = 20 ps~—1. The solvent
exposure was calculated on an atomwise basis and
updated in intervals of 0.1 ps. Langevin dynamics
served also as a means of maintaining a constant
temperature of 303K. Bond lengths were kept at
their respective equilibrium values using SHAKE.23
Dielectric screening—in solvated simulations a fea-
ture of the explicit solvent model—was performed
via a distance-dependent dielectric constant (e = r)
and scaling by a factor 0.3 of the charges on sidechains
bearing net charge. In order to reduce truncation
artifacts, a switching function over a 5-9 A range
was applied.?*

Full electrostatics, explicit solvent model

Solvated simulations were performed using the
particle mesh Ewald (PME)?> implementation of the
AMBERA4.1 package®® and the Cornell et al. force
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field.?” For the PH domain, protonation states of the
titrable sites were calculated with the UHBD pro-
gram package.?®8 Temperature (303K (PH domain)
and 298K (ssDBP)) and pressure (1 atm)?° as well as
bond lengths?® were kept constant during the simula-
tions.

The LD method was applied only to the PH
domain. Starting from the refined NMR structure,!
a trajectory of 10 ns length (referred to as LD/NMR)
was computed, of which the final 9 ns were used for
analysis. The PME method was applied to both
systems. In the case of the PH domain also, two
different starting structures were used. Equilibrated
PH domain trajectories of 500 and 700 ps length
were calculated using the refined NMR structure!!
and the X-ray structure,’® respectively, as initial
configurations (referred to as PME/NMR and PME/X-
ray trajectories). The inositol trisphosphate ligand
present in the X-ray structure was not included in
the simulation. An equilibrated trajectory of 1,050 ps
length using the NMR structure!? as initial configu-
ration was calculated for ssDBP.

Essential Dynamics Analysis

Information about the correlated motion in a
series of coordinate frames is contained in the covari-
ance matrix, whose elements are constructed accord-
ing to:

M;; = (e (Xi»(xj - (Xj>)> 1)

xj and x; run over the X, y, z coordinates of all atoms
considered. In this study, only the C, atoms of the
respective system were considered. It was shown
that the correlated motions with the largest ampli-
tudes are backbone modes,® which justifies an analy-
sis that is restricted to the C, atoms, provided the
study focuses on the first few eigenvectors. The
average in Equation 1 runs over a series of coordi-
nate frames. These may stem from an MD trajectory
or from an ensemble of NMR structures. The overall
translational and rotational motion is removed prior
to the essential dynamics analysis by transforming
to center-of-mass coordinates and least-square fit-
ting to a reference coordinate frame minimizing the
C, displacements. For a comparison of essential
spaces (see below) the use of the same reference
structure for the removal of overall tumbling in all
data setsis a prerequisite. Eigenvectors and eigenval-
ues of the covariance matrix are modes of concerted
motions and corresponding amplitudes, respectively.
The modes are sorted according to the size of their
amplitudes.® The calculation of the covariance ma-
trix and its diagonalization was performed with the
WHATIF program package.®® For the comparison of
essential spaces, average cumulative square inner

products (ACSIP)3132 were calculated.

ACSIP(K) = (1/D)

> @ %)? 2)

D k
=1 j=1

Vi, Vj are the normalized eigenvectors of the two sets
to be compared and D is the dimension of the
essential space. k runs up to 3N with N the number
of atoms considered for calculating the eigenvectors.
Thus, the first D eigenvectors of a reference set i are
rebuilt using all eigenvectors of a trial set j. The
cumulative square inner products are averaged over
the D eigenvectors of set i. Rebuilding is always
possible; however, the characteristics of the rebuild
curve, i.e., a plot of ACSIP(K) vs. k, may vary. A
straight diagonal line connecting the points
(ACSIP = 0, k = 0) and (ACSIP = 1, k = 3N) corre-
sponds to no correlation between the two sets. In
such a case, the first eigenvectors of the reference set
are spread out over all eigenvectors of the trial set.
The more convex the curve, the more the two essen-
tial spaces are related, the D high-amplitude modes
of the reference set being predominantly present
among the high-amplitude modes of the trial set. On
the other hand, a concave curve would indicate that
high-amplitude modes of one set are retrieved among
the low-amplitude modes of the other set. Only
ACSIPs up to an eigenvector index k = n — 1 can be
considered, if n is the number of coordinate frames in
the trial set, since a set of n structures can only
define n — 1 directions in conformational space. The
eigenvectors with higher indices are meaningless
and associated with zero amplitudes.

RESULTS
NMR Structure Ensembles

For both systems, two NMR structure ensembles
differing in both number of structures and diversity
of the structures were analyzed. They represent
different subsets of the total of structures generated
by the NMR structure calculation protocol. The
X-PLOR energies and energy-sorted RMSD plots
serve as criteria for the definition of the subsets. The
X-PLOR energy is the sum of the potential energies
of the force field terms present during the refine-
ment, i.e., bonds, angles, improper dihedrals, van
der Waals interactions, and NOE restraints. The
sorted energies are shown in Figure 2.

RMSDs are a way of quantifying the increasing
spread of structures when higher energy structures
are taken into account and may guide the structure
selection process.3* An energy-sorted RMSD plot is
given in Figure 3.

The plots of the maximum RMSD (thick lines in
Fig. 3) correspond to the energy-sorted RMSD plot
proposed in Reference 34, with the difference that we
plot RMSD values to the average structure rather
than pairwise RMSDs.
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Fig. 2. Sorted X-PLOR energies for 595 PH domain NMR
structures (a) and 359 ssDBP NMR structures (b). Only energies
below 1,000.0 and 2,000.0 kcal mol-1, respectively, are shown.
The lower energies form a continuum (end indicated by the right
arrow) that is separated by a gap from the smaller fraction of
high-energy structures. The continuum defines set 2 of NMR
structures (for details see text). Set 1 in turn is a subset of set 2,
i.e., the 150 and 75 lowest energy structures (left arrow), respec-
tively, representing the “standard” result of the refinement proce-
dure.

Structure selection for NMR structure set number
1 (lower diversity) considers the lowest energy struc-
tures up to the end of the first marked plateau of the
maximum RMSD plot. Similarly, one might choose
the first quarter of structures starting from low
energies. This yields 150 and 75 structures for the
PH domain and ssDBP, respectively, that show simi-
lar energies (PH domain: 49.4-79.8 kcal mol~1, ss-
DBP: 452.6-520.0 kcal mol~1). The energy curve
(Fig. 2) then becomes steeper until the continuum
ends (PH domain: 364.3 kcal mol-1, ssDBP: 838.6
kcal mol~1). Ensembles with higher diversity (set
number 2) comprise all structures with energies
below the cutoff criterion defined by the end of
continuum. This corresponds to 397 and 332 struc-
tures, respectively. Alternatively, one may use the
NOE violation energy as a criterion for sorting the
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Fig. 3. Energy-sorted RMSD plot for the backbone heavy
atoms of the 595 PH domain structures (a) and 359 ssDBP
structures (b). The respective comparison structure is the coordi-
nate average of all structures considered so far (coming from low
energies), including the current one. Average RMSD from the
average structure (dashed line). RMSD averaging also runs over
all structures up to the current one. The RMSD of the current
structure from the average structure is shown as a thin continuous
line; the maximum value assumed by this function as a thick
continuous line. The arrows indicate the cutoffs chosen for set 1
and set 2.

structures. Again, a clearly delimited continuum is
observed comprising practically the same structures
as the total energy continuum and defining a virtu-
ally identical essential space (data not shown). The
average and the maximum RMSD for the two sets
are given in Table I.

In order to make sure that the larger ensembles do
not include structures with inacceptable restraint
violations, NOEs violated by set 2 but not by set 1
were determined. For the PH domain, 44 restraints
are violated by more than 0.3 A by structures being
members of set 2 but not of set 1. Thirty-four of these
restraints are NOEs involving nuclei in the B1-32
loop, the B3—B4 loop (including the short a-helix) and
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TABLE I. Average and Maximum Backbone RMSD
Values for the Two NMR Structure Ensembles
of the PH Domain and ssDBP

Average Maximum
Ensemble RMSD/A RMSD/A
PH domain set 1 0.86 1.21
PH domain set 2 1.14 2.23
ssDBP set 1 1.11 2.01
ssDBP set 2 1.36 2.78

the B5-B6 loop. The long-range NOEs among the
remaining ten restraints cluster into one class, i.e.,
NOEs between the C-terminal end of B1 and the
N-terminal end of B7, the violation of which results
from the large-scale mobility of the B1-B2 loop.
Owing to the high quality of the distance restraints
for ssDBP,12 the resulting energy and energy-sorted
RMSD plots show an extended flat region, where
both violations and RMSDs do not increase signifi-
cantly. Only close to the end of the continuum
(structures 312 to 332) the refinement energy in-
creases and, concomitantly, the number of violations
larger than 0.3 A. These violations are found predomi-
nantly in the DNA binding wing. Thus, the larger
ensembles are characterized by enhanced mobility in
those regions where the structures are already known
to be less well-defined.

Molecular Dynamics Trajectories

The average geometrical properties of the struc-
tures generated during the three MD trajectories of
the PH domain were determined using the DSSP
program.3® A comparison is given in Table Il. The
solvated trajectories show a larger number of resi-
dues in random coil conformation than the Langevin
dynamics trajectory. For all trajectories the number
is compatible with the low content of secondary
structure (55%) of the PH domain. The number of
mainchain dihedral angles outside favorable regions
of the Ramachandran plot® is similar for all three
trajectories. The radius of gyration is virtually iden-
tical for the two solvated trajectories and larger than
for the vacuum trajectory, presumably because inter-
action with the solvent is absent. The PH domain
NMR set 2 displays a radius of gyration of 12.82 +
0.10 A, which is closer to the solvated simulations
than to the vacuum simulation (Table I1), indicating
that the soft repulsion potential®” used for NMR
structure calculation yields structures of appropri-
ate compactness.

For the ssDBP protein, one solvated trajectory was
calculated. In Figure 4, RMSDs of the equilibrated
trajectory vs. the initial structure and the radius of
gyration are given as a function of time.

The average radius of gyration calculated from the
trajectory (Rgyr = 16.72 = 0.014 A) is very close to
the value for NMR set 2 (Rqyr = 16.78 = 0.019 A).

Figure 5 compares RMS fluctuations of the C,
atoms observed for NMR structures ensembles and
MD trajectories of both systems.

The NMR structure ensembles show an overshoot-
ing mobility for part of the surface-exposed loops and
hairpins, while showing fluctuations smaller than or
comparable to the trajectories for the rest of the
structures. Similar observations were made for
BPTI.2 In the case of the PH domain, there are poor
correlations for the fluctuations in the first part of
the B3—B4 loop (including the short «-helix). Low
mobility in the NMR structure ensembles in this
region arise from the fact that conflicting NOEs to
the helix were omitted during refinement, as they
could not be fulfilled simultaneously.

As the MD trajectories serve as a reference for the
assessment of the definition of the essential space
given by NMR structure ensembles, it is crucial that
the essential space definition is sufficiently con-
verged within the trajectories themselves. In Figure
6, subsets of trajectories are compared to the whole
trajectories in terms of ACSIP (cf. methods section)
curves.

It is evident that subtrajectories approximately
half as long as the respective whole trajectories
define essential spaces that show very high overlap
among themselves and with those defined by the
whole trajectories. An almost equally high overlap is
observed for subtrajectories of the PME/NMR trajec-
tory of the PH domain (data not shown).

Comparison of Essential Spaces

Essential spaces were compared by average cumu-
lative square inner products (ACSIP; see Methods) of
their respective eigenvectors. The dimension of the
essential space D was set to 5. This collects approxi-
mately 50% of the total mobility inherent in the
datasets. A value of 10 for D yields very similar
ACSIP data (not shown). The ACSIP curves in
Figures 7 and 8 show to what extent the first five
modes of the respective reference set are present,
predominantly among the low-index modes of the
trial sets. The more this is the case, the more the
curves are convex. A straight diagonal would corre-
spond to no correlation at all. The comparison is
meaningful only for the first n — 1 eigenvectors, if n
is the number of structures in the smaller dataset
(150 (PH domain) and 75 (ssDBP)) (cf. Methods).

In the case of the PH domain, the first 9.4% of
eigenvectors of NMR set 2 contain on average 50% of
the first five eigenvectors of the PME/NMR trajec-
tory (Fig. 7a). Qualitatively, the MD trajectories of
the PH domain are as distant from each other as the
MD trajectories from the NMR set 2. (Quantitative
analysis reveals that the comparison simulations
done on the PH domain perform slightly better than
the NMR-derived set of eigenvectors: 6.3% of the
eigenvectors of both the LD/NMR and the PME/X-
ray trajectory are sufficient for rebuilding 50% of the
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TABLE Il. Average Geometrical Properties
of the Structures Generated During the MD Trajectories
of the PH Domain

o,V random coil H-bonds Ryl A
PME/X-ray 8.77 = 2.20 36.9 = 3.9 101.0 =35 13.05 +0.13
PME/NMR 7.08 = 2.03 384 £33 1011 =44 13.06 = 0.12
LD/NMR 7.52 = 1.53 211 +3.0 96.2 = 4.0 12.10 = 0.05

@, W/number of mainchain dihedral angles in unfavorable regions of the Ramachandran
plot; random coil/number of residues (out of 106) in random coil conformation;

H-bonds/backbone-backbone hydrogen bonds; Rgy,./radius of gyration.
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Fig. 4. Radius of gyration (thick continuous line) and RMSD of
all C, atoms (dashed line) of the ssDBP protein vs. the starting
NMR structure as a function of time. The RMSD of the C, atoms in
the five-stranded B-sheet vs. the starting structure were deter-
mined individually for each chain, yielding two very similar plots
(thin continuous lines at the bottom). Thus, the core of each
monomer is very stable throughout the trajectory.

first five eigenvectors of the PME/NMR trajectory).
In the case of the ssDBP protein, four eigenvectors
(corresponding to less than 1%) of NMR set 2 are
sufficient (Fig. 8a). NMR- and MD-derived modes are
here less distant than MD-derived modes for differ-
ent trajectories of the PH domain.

Instead of using the MD-derived essential space as
a reference, the NMR ensemble-derived set of eigen-
vectors may be used. The three MD comparison
simulations performed on the PH domain yield very
similar ACSIP curves (Fig. 7b). For ssDBP, the high
overlap is seen in both directions, i.e., independent of
the choice of the reference set (Fig. 8b).

The difference between NMR sets 1 and 2 with
regard to ACSIPs is not pronounced, although NMR
set 2 always performed better. This results predomi-
nantly from the increased number of structures in
set 2, which allows a statistically more significant
definition of covariances. A more pronounced differ-
ence between the two sets are the amplitudes of motion.

The comparison of large-scale correlated motion in
terms of average cumulative square inner products
deals with normalized eigenvectors that are ordered
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Fig. 5. C, RMS fluctuations calculated from NMR structure
ensembles and MD trajectories. (a) PH domain. The bars indicate
the elements of secondary structure (black/B-strands, gray/a-
helices). (b) ssDBP. Bars indicate the DNA binding wings, the
complex loops, and the dyad loops.

according to their associated amplitudes. However,
the actual values of these amplitudes, which are
the eigenvalues of the covariance matrix, are not
considered. In Figure 9 an eigenvalue comparison for
the PH domain NMR structure sets and MD trajecto-
ries is given. Differing from MD results, the NMR-
derived modes show a less steep amplitude distribu-
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Fig. 6. Comparison of subsets of trajectories to whole trajecto-
ries in terms of average cumulative square inner products. (a)
Langevin dynamics trajectory of the PH domain, (b) solvated
simulation of the ssDBP protein. “Identity” refers to the self-
comparison.

tion. Thus, separation between “essential modes”
and the remainder is less pronounced. Mobility is
spread out over more modes.

Resulting from the compactness of the PH domain
structure in the LD simulation (Table I1), its mobility
is highly restricted in comparison to the solvated
simulations.

The amplitudes given in Figure 9 are associated
with different sets of eigenvectors, i.e., they are not
strictly comparable; rather, they give a global view of
the scale of fluctuations. A more strict comparison is
feasible in the case of the ssDBP protein, as the
essential spaces defined by NMR structure en-
sembles and MD simulation match very closely. In
Figure 10, the RMS displacements of NMR sets 1
and 2 from the respective mean structure along the
eigenvectors defined by the 1,050 ps solvated simula-
tion are shown. Thus, only one single set of modes
underlies the comparison. The corresponding RMS
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eigenvector index

Fig. 7. Comparison of essential spaces of the PH domain by
ACSIP. The cumulative square inner product is the sum of square
projections of a particular eigenvector of one set (reference set) on
the whole series of eigenvectors of a second set (trial set). Arrows
indicate the last eigenvector with nonzero amplitude for the
respective dataset. The reference set comprises the first five
eigenvectors obtained from a 500 ps solvated simulation of the PH
domain (PME/NMR) (a) and from set 2 of NMR structures (b),
respectively. (a) Set 2 is only slightly worse in spanning the
essential space than two comparison simulations. (b) Using set 2
of NMR structures as the reference, the three MD simulations
perform rather similarly.

displacements occurring during the trajectory itself
are square roots of the eigenvalues of the covariance
matrix and are included for comparison. NMR set 2
reproduces very well the amplitude associated with
the motion along the first eigenvector obtained from
MD simulation, but overestimates the amplitudes of
the second and the third essential mode.

Influence of Restraint Specification
on the Essential Subspace

Two questions connected to the definition of re-
straints used in NMR structure refinement were
addressed. First, the distance bounds of the flat-
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Fig. 8. Comparison of essential spaces for the Pf3 ssDBP
protein. Arrows indicate the last eigenvector with nonzero ampli-
tude for the respective dataset. (a) Reference: 1,050 ps solvated
MD simulation; (b) reference: NMR set 2. The overlap of essential
spaces is extraordinarily high.

bottom part of NOE restraint potential were changed
and their influence on the description of the essential
space was monitored. Second, the influence of symme-
try restraints commonly used for the refinement of
structures showing internal symmetry was studied
for ssDBP, which contains two C, symmetry-related
monomers.

Two modified datasets were generated by widen-
ing the bounds (reducing lower bounds and increas-
ing upper bounds) by 1 and 2 A. In each case, 200
structures were calculated. The energy profile re-
mains essentially the same (data not shown) as for
the original bounds (Fig. 2a). The energy-sorted
RMSD plots change significantly, owing to the in-
creasing spread of structures when distance re-
straints are loosened (cf. Fig. 11). At the same time,
the convergence rate drops (Fig. 11a), as does the
quality of the structures as measured by the RMSD
from the X-ray structure (Fig. 11b).
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Fig. 9. Sorted amplitudes (square roots of eigenvalues) of the
respective first 20 essential modes of PH domain NMR structure
ensembles and MD trajectories. Set 2 of NMR structures displays
larger amplitudes than set 1 throughout. The two solvated simula-
tions display markedly larger amplitudes of the respective first
essential mode than both the NMR structure families and the
vacuum simulation.
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Fig. 10. Amplitudes obtained by cross-projections: NMR sets 1
and 2 and the 1,050 ps PME/NMR trajectory of the ssDBP protein
are projected along the eigenvectors defined by the trajectory. For
the trajectory, the RMS fluctuations along eigenvectors are equiva-
lent to the square roots of the eigenvalues of the covariance
matrix.

The ACSIP of the eigenvectors defined by the
respective NMR structure ensembles (132 and 109
structures, respectively.) with the first five eigenvec-
tors from the 500 ps PME/NMR trajectory is only
slightly affected by loosened distance bounds (Fig.
12a). The ACSIP curves for distance bounds looser by
1Aare steeper below 0.5, but run below the curve for
the original bounds beyond 0.5. Further loosening
the bounds by adding 2 A to the original bounds has
no significant effect.

Plots of amplitudes of all datasets with looser bounds
run throughout above all plots in Figure 9 (cf. Fig. 12b).
Thus, the 50 lowest-energy structures calculated with
bounds loosened by 1 A overestimate mobility.
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595 for the original bounds and 200 for the two calculations using
widened bounds, respectively. (a) Maximum backbone RMSD
from the average structure (cf. Fig. 3). (b) RMSD of the backbone
of secondary structure elements versus the crystal structure.15

The influence of symmetry restraints in the refine-
ment of the dimeric ssDBP protein is dramatic. It
was analyzed using an ensemble of 80 structures
calculated with symmetry restraints (referred to as
NMR/sym). The RMSD between the two monomers
was minimized using noncrystallographic symmetry
(NCS) restraints and artificial distance restraints
were invoked in order to enforce the C, symme-
try.3812 The high overlap with the essential space
defined by the trajectory breaks down when C,
symmetry is enforced (cf. Fig. 13).

The overlap with the first five eigenvectors defined
by NMR set 2 of ssDBP structures is equally bad
(data not shown). The low number of structures in
this ensemble does not explain the bad performance
(cf. Fig. 8, where NMR set 1 holding 75 structures
yields excellent overlap). The low number of struc-
tures gives rise to a loss of correlation in the ACSIP
curves beyond the eigenvector index that equals the
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Fig. 12. Influence of distance bounds on modes and ampli-
tudes (PH domain). (a) Essential space overlap with the PME/
NMR trajectory. Arrows indicate the last eigenvector with nonzero
amplitude for the respective dataset. (b) Amplitudes.

number of structures used. This is apparent from the
straight ACSIP line beyond eigenvector 80 in Figure
13. Really critical, however, is the low ACSIP reached
by the first 79 eigenvectors. In order to track down
the reason for the marked influence of symmetry
restraints in refinement, the type of motion de-
scribed by the respective eigenvectors was inspected.
In Figure 14, the components of the first five eigenvec-
tors of the trajectory and the ensemble calculated
with symmetry restraints are shown. For each C,
atom i the value of \x? +y? + zZ is given, where
(Xi, Vi, zj) are the (X, y, z) components for atom i in the
respective eigenvector. The plots indicate where the
motion associated with a particular eigenvector is
located along the sequence of the protein.

The trajectory is characterized by two features
that are virtually absent from the NMR structure
ensemble calculated using symmetry restraints: (1)
There is asymmetry in the motion sampled by the
trajectory. This is obvious from the plots of the
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essential space (ssDBP). The arrow indicates the last eigenvector
with nonzero amplitude for the respective dataset.

components of all five eigenvectors shown. Correla-
tions and component sizes of one chain are not
retrieved in the component pattern for the other
chain. Exactly the latter is enforced, however, by
symmetry restraints. (2) There are nontrivial dy-
namic cross-correlations, i.e., correlations between
structural elements residing at a distance from each
other. Part of these are retrieved in the NMR/sym
ensemble, i.e., those that are enforced by the re-
straints, e.g., between equivalent stretches of the
two chains. Other nontrivial dynamic cross-correla-
tions, as between the DNA binding wing and the
complex loop within one monomer, are absent or present
but much weaker in the NMR/sym ensemble.

DISCUSSION

Ensemble refinement3® was put forward as a
method that accounts for the mobility inherent in
NOE data. The distance averages over a small
ensemble of structures (typically two copies of the
molecule) are fitted to the distance restraints. By
contrast, the ensembles studied in this work are
generated by restraining each individual structure
to the experimental distance data. Ensemble refine-
ment proved particularly successful in cases where
conflicting NOEs cannot be fullfilled simultaneously
by single structures. It is computationally less expen-
sive than refinement using time-averaged re-
straints,*%41 which has the further drawback of
generating an uneven temperature distribution in
the system.*! Unfortunately, very small ensembles of
only two copies sometimes contain too many degrees
of freedom and show too-divergent behavior.3® Fur-
thermore, we note that a subset of restraints (torsion
angles, hydrogen bonds) is not allowed to average.3®
In this study, instead of using an enhanced refine-
ment protocol the diversity of structures obtained
from the “standard” protocol was examined for mobil-
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Fig. 14. Eigenvector components for the first five eigenvectors
(from top to bottom) of the 1,050 ps trajectory (left column) and the
NMR structure ensemble calculated using symmetry restraints
(right column). The first monomer consists of residues 1-78, the
second of residues 79-156. Residue ranges comprising the DNA
binding wing (DBW, residues 11-25), the complex loop (CL,
residues 31-36), and the dyad loop (DL, residues 57-70) of
monomer 1 are indicated in the bottom left plot.

ity information. Thus, each refined structure was
interpreted as a conformational substate of a real
ensemble.

MD simulations are the only source of sufficiently
detailed dynamics information for the comparison of
collective motion pursued in this study. Their use as
a reference, however, requires further justification.
The interaction model used for the generation of the
reference trajectories combines a state-of-the-art
all-atom force field?” with a consistent description of
the electrostatic interaction.?> We note the very
stable behavior of the central five-stranded B-sheet
in both monomers of ssDBP throughout the trajec-
tory. The accuracy of the comparison may be esti-
mated in the case of the PH domain, where the
essential space definitions given by three different
trajectories employing two different methods are as
close to each other as they are to the NMR structure
bundle. This indicates also a certain robustness of
correlated motion toward the simulation method
reported previously.3! The simulated mainchain flex-
ibility of ssDBP is supported by 1°N relaxation
measurements.l” The high overlap of the essential
spaces of subtrajectories with those of the respective
entire trajectories indicates a high degree of conver-
gence.

The similarity of large-scale correlated motion
found in this comparison of NMR structure en-
sembles and MD trajectories is surprising because
MD simulation and NMR structure calculation em-
ploy both different protocols and different potential
functions. Long-range electrostatic interactions are
completely absent during NMR structure calcula-
tion. Nevertheless, large-scale correlated fluctua-
tions are accessible to the proteins also in the
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simplified energy landscape defined by the chemical
force field used for NMR refinement and the re-
straints. It appears that the actual direction of these
fluctuations in conformational space is sufficiently
guided and confined by the experimental restraints,
thus yielding correlated fluctuations similar to those
observed in MD trajectories. The density of long-
range NOEs is lower for atoms in the surface loops of
the PH domain and the DNA binding wings of the
ssDBP protein than for other parts of the molecules.
As these parts of the structures are involved in
high-amplitude motions in simulation, in part the
overlap may arise from the fact that low NOE
density coincides with true mobility in case of the
two systems considered, which is supported by °N
relaxation experiments on ssDBP.17 Still, the obser-
vation that nontrivial dynamic cross-correlations, as
between the DNA binding wing and the complex loop
in ssDBP, are retrieved in the NMR ensembles
cannot be explained by this simple reasoning. Retriev-
ing this type of correlated motion is more than just
detecting regions with the largest mobility. The high
overlap of essential spaces appears to offer a fast
route to an approximate description of correlated
motion, considering that NMR structure ensembles
are calculated in a much shorter time than a nanosec-
ond solvated MD trajectory.

The comparison of amplitudes reveals that the
commonly reported NMR structure ensembles con-
taining only low energy structures that fulfill the
restraints to a high extent do not reproduce the
amplitudes of motion observed in the MD trajecto-
ries. Arelated observation was made for simulations
using time-averaged distance restraints,’* which
represent less stringent restraints than the static
distance restraints used in standard structure calcu-
lation. Furthermore, it was shown that correlations
between the global backbone RMSD per residue and
the squared order parameters of backbone >N-H
vectors for ribonuclease T, arise only upon inclusion
of higher-energy structures (cf. Fig. 3 in Ref. 1). One
may think of two means of increasing the conforma-
tional sampling of an NMR structure ensemble. One
is including higher-energy structures, the other uses
loosened distance bounds. In the present study,
although a close agreement of amplitudes of all
essential modes is not achieved, a better matching of
amplitudes between MD trajectories and NMR struc-
ture ensembles is observed if the latter include
higher-energy structures. This simultaneously im-
proves the overlap with the essential space defined
by the MD simulation. We therefore suggest the end
of the continuum of the total potential energies
(or—with equivalent effect—of the NOE violation
energies) as a new cutoff criterion for structure
selection, if an ensemble is desired that correlates
with an MD-based definition of amplitudes of large-
scale correlated motion. This corresponds to maxi-
mum backbone RMSDs from the average structure

between 2 and 3 A for the two systems considered
here. Violations present in the wider bundle, but not
in the tighter one, are predominantly located in
those parts of the structures that are less well-
defined in the tight bundle.

The influence of symmetry restraints for the refine-
ment of structures with internal symmetry was
investigated in the case of ssDBP. Although symme-
try restraints are necessary when ambiguities are
present in the NOE restraints,38 they turned out to
impair the sampling of conformational space by
enforcing symmetric structures. Snapshots of sym-
metric multimers are not necessarily symmetric,
even if on average symmetry is conserved.*? Hence, if
dynamic information is to be obtained from an
ensemble of symmetric multimers, we suggest to
calculate an additional ensemble without symmetry
restraints.

Looser distance restraints, being an alternative
means of obtaining enhanced mobility instead of
wider bundles, turned out to have negligible effects
on the definition of essential space. At the same time,
mobility is overestimated very easily and the quality
of structures as measured by the RMSD of the
secondary structure from the X-ray structure de-
clines when bounds are loosened. We think that the
use of wider structure bundles, including higher-
energy structures—which one gets for free—is both a
faster and more consistent way of obtaining dynam-
ics information.
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