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TRANSFORMATIONS THAT REQUIRE BIOTIN

The enzymes that are involved in the metabolism of one-carbon units at the
oxidation level of carbon dioxide have a problem. Considerations of chemical

reactivity would favor the attack of a nucleophile on dissolved carbon dioxide
to generate the new carboxylic acid. Yet at physiological pH and temperature
the concentration of dissolved carbon dioxide in equilibrium with the atmos-
phere is e,nly 10/xM, whereas that of bicarbonate ion is 200 t~M (1). Is 
preferable for an enzyme to use the small concentration of electrophilic
carbon dioxide, or are there effective ways of fixing the more abundant
bicarbona~te ion? Nature has taken both routes. Carbon dioxide is the substrate
for the rather sluggish and (therelbre) abundant enzyme ribulose-l,5-
bisphosphate carboxylase, as well as the vitamin K-dependent carboxylases,

and phosphoenolpyruvate carboxykinase and carboxytransphosphorylase.
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196 KNOWLES

In contrast, bicarbonate ion is used by all the biotin-dependent carboxylases,
by carbamoyl phosphate synthetase, and by phosphoenolpyruvate carboxylase
(2). This review concerns the mechanism of action of those enzymes that use
the cofactor biotin in bicarbonate-dependent carboxylation reactions. Other
recent accounts of this field are listed (3-6).

Biotin, illustrated in Figure 1, is essential for a group of carboxylases that
can be subdivided into three classes (7). In the reactions of Class I, biotin
becomes carboxylated in a reaction that requires ATP, Mg(II), and bicarbon-
ate, and the carboxyl group of carboxybiotin is transferred in a second step to
such acceptors as pyruvate, propionyl-CoA, acetyl-CoA, /3-methyl-cro-
tonyl-CoA, geranyl-CoA, and urea. These reactions can be summarized:

Mg(II)
enz-biotin + ATP + HCO~- ~ enz-biotin-COj- + ADP + Pi + H+ 1.

enz-biotin-CO~- + R-H ~--- enz-biotin + R-CO~- 2.

The Class II enzymes mediate sodium transport in anaerobes, the transport
being coupled to the decarboxylation of/3-keto acids and their thioesters, such
as oxalacetate, methylmalonyl-CoA, and glutaconyl-CoA. These systems are
structurally and mechanistically related to the Class I enzymes, and their
reactions can be summarized analogously:

enz-biotin + R-CO~- ~ enz-biotin-CO~- + R-H 3.

enz-biotin-CO~- + 2(Na+)i, ~ enz-biotin + HCOj- + 2(Na+)out 4.

Finally, there is one Class III enzyme, transcarboxylase, that couples two
carbon carboxylations:

enz-biotin + oxalacetate ~ enz-biotin-CO~- + pyruvate 5.

enz-biotin-CO~- + propionyl-CoA ~ enz-biotin + methylmalonyl-CoA 6.

Structural Similarities

From a bewildering variety of protein subunit types and functions has now
emerged a satisfyingly tidy pattern, as well as some striking amino acid
sequence similarities that suggest strong evolutionary conservation among the
carboxylases. Each class of reaction outlined above requires three functional
elements: one active site for each of the two chemical transformations (that is,
reactions 1 & 2, reactions 3 & 4, and reactions 5 & 6, and a translocation
element that links the two active sites by allowing carboxybiotin to "visit"
each in turn. In the simplest cases, the enzymes are made up of three different
components. Thus acetyl-CoA carboxylase from Escherichia coli (an enzyme
from Class I) is readily separated into an ATP-dependent biotin carboxylase
that performs reaction 1, an acetyl-CoA carboxyltransferase that catalyzes
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Figure 1 ’Eae structure of biotin.

reaction 2 (R-H -- acetyl-CoA), and a carboxyl carrier subunit that contains
the covalently bound biotin that shuttles the carboxyl group between the two
catalytic :subunits (8-10). Analogously, transcarboxylase from Propionibac-
terium shermanii (the enzyme of Class III) is made up of three different kinds
of subunit (the enzymes that catalyze reactions 5 and 6, and the biotin carrier
protein) in an assembly having a central core of six propionyl-CoA carboxy-
lases, each with two CoA ester substrate sites, linked through 12 biotinyl
carrier sttbunits to six dimeric pyruvate carboxylases (11). In contrast, 
higher organisms some or all of the three functions can lie on a single
polypeptide chain, presumably as a consequence of gene fusion. For example,
the acetyl-CoA carboxylase from chicken liver (12) and the pyruvate carboxy-
lase from yeast (13) each carry both carboxylation active sites and the biotin
attachment site on a single polypeptide. The sequences~ of the genes for these
two enzymes have been determined (12a, 13), and have proved very in-
formative.

The yeast pyruvate carboxylase gene encodes a polypeptide of 1178 amino
acids, the sequence of which shows strong similarity to a number of other
systems (see Figure 2) (13). First, and predictably, the lysine residue to which
biotin is attached is readily identified from the -Ala-Met-Lys-Met- sequence
that has been found at nine of the ten known biotin attachment sites (7).
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Second, and of great interest evolutionarily, there is similarity between this
90-amino-acid biotinylated region of pyruvate carboxylase and the lipoic acid
attachment site in the acetyltransferase component of the pyruvate de-
hydrogenase multienzyme complex (14)! For each of these enzyme systems 
has been suggested that the cofactor visits different catalytic sites on the end
of a "swinging arm," and it is tempting to see in this sequence similarity a
reflection of analogous functions for biotin and for lipoate as carriers of
carboxyl groups and acetyl groups, respectively. [Further support for this
view comes from the remarkable stretch of -Ala-Pro- residues that is seen
upstream from the biotin attachment site in the biotin-containing a-subunit of
oxalacetate decarboxylase (a Class II sodium pump) (15). This arrangement 
very reminiscent of the hinge region rich in -Ala-Pro- sequences that has been
found between the lipoate domains in the acetyltransferase from pyruvate
dehydrogenase (14), and hints at an even closer relationship between lipoate
and biotin than has been appreciated. These two cofactors are unusual: both
contain sulfur, each is small, neither has any relation to nucleotides, both are
covalently attached to their host proteins, and both probably arrivcd relatively
late in evolutionary time (16).] Third, there is high sequence similarity
between a 350-amino-acid portion near the middle of yeast pyruvate carboxy-
lase, and the N-terminal half of the subunit of transcarboxylase that catalyzes
the carboxylation of pyruvate (13). This similarity suggests that the central
domain of pyruvate carboxylase binds pyruvate and an essential divalent
metal cation, and catalyzes the carboxylation from carboxybiotin. Fourth,
there is an upstream 120-amino-acid segment of pyruvate carboxylase that
resembles parts of the c~-subunit of human propionyl-CoA carboxylase and
chicken acetyl-CoA carboxylase (13). The only common catalytic function
amongst these three polypeptides is the ATP-dependent carboxylation of
biotin by bicarbonate, so it seems likely that this segment represents part of
the domain that recognizes ATP and catalyzes reaction 1. Finally, a 170-
amino-acid long section of yeast pyruvate carboxylase is very similar to the
N-terminal halves of the ATP-binding domains of many carbamoyl phosphate
synthetases. As will become evident later, there are many similarities between
the pathways followed by carbamoyl phosphate synthetase and by the biotin
carboxylase activity of Class I enzymes, and the structural parallelism noted
by Lim et al (13) increases our confidence that these two reactions have 
equally close mechanistic relationship. The elegant sequence comparisons
made by the Adelaide group (13), seductively suggesting the recruitment 
functional domains in the assembly of a new catalytic entity, are illustrated in
Figure 2.

Functional Similarities

The sequence comparisons exemplified above provide strong evidence for
structural conservation among all the three classes of enzymes that use biotin
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Figure 2 Similarities between regions of the amino acid sequence of yeast pyruvate carboxylase
and various other proteins.

as a cofactor, and we may expect that this architectural similarity will be
reflected in common mechanistic paths for enzyme-catalyzed transformations
involving biotin. There are, indeed, only three types of process. First, the
carboxylation of biotin that is effected by ATP and bicarbonate is shared (as
reaction 1, above) by all Class I carboxylases. Second, the transfer of the
carboxyl group from carboxybiotin to a carbon or nitrogen acceptor is com-
mon to all Class I carboxylases (as reaction 2), to all the transport systems 
Class II (as reaction 3), and to each of the two chemical steps of the Class III
enzyme, transcarboxylase (as reactions 5 and 6). The third type of process 
the ion translocation step that is coupled to the decarboxylation of carboxy-
biotin as reaction 4 of the Class II pumps. In this review, we shall focus on the
mechanistic aspects of the first two of these enzymic transformations. This
necessarily precludes discussion of such facets of the subject as the biosynthe-
sis of biotin, the transport and mobilization of the cofactor, the nature and
specificity of the biotinylation process, and the assembly and regulation of the
multienzyme complexes that are biotin-dependent. Many of these subjects
have been reviewed elsewhere (3, 4, 17, 18).

THE CARBOXYLATION OF BIOTIN

The first reaction, 1, which is common to all Class I carboxylases, involves
the carboxylation of biotin. For most carboxylases the cofactor is covalently
attached to a lysine residue of the biotin carrier domain (for the multi-
functional enzymes) or of the biotin carrier protein (for the multienzyme
complexes). Early models of the carboxylases emphasized the fact that biotin
attached llo a lysine residue provides (in extenso) a "swinging arm" that 
about 14 A from C-2 of lysine to C-5 of biotin. Yet recent analogy with the
lipoate domains of the acetyltransferase core of the pyruvate dehydrogenase
complex, where it is believed that whole lipoate-carrying domains are hinged
and mobile (19), would suggest a much longer "reach" for the biotin residue
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if this were needed.~ In contrast to the enzymes that require biotin to be
attached to its carrier subunit, two enzymes, the fl-methylcrotonyl-CoA
carboxylase from Mycobacteria (21) and the biotin carboxylase subunit 
acetyl-CoA carboxylase from E. coli (9), catalyze the carboxylation of free
biotin, which has allowed reaction 1 to be studied in isolation. Before any
discussion of mechanism, however, two questions must be answered: what is
the nature of the substrate (that is, is it bicarbonate or carbon dioxide), and
what is the nature of the product, carboxybiotin?

Bicarbonate or Carbon Dioxide as Substrate?

The early ~80 tracer experiments of Kaziro et al (22) showed that when
[lSO]bicarbonate is used as substrate for propionyl-CoA carboxylase in
H2160, two 180 atoms end up in the new carboxyl group (of methylmalonyl-
CoA) and the third is :found in the Pi. These findings are most readily
explained if bicarbonate is the substrate, and this conclusion was confirmed
for pyruvate carboxylase by the direct observation of the initial reaction rates
with bicarbonate and with carbon dioxide (23). Biotin-dependent enzymes are
thus in a group with carbamoyl phosphate synthetase and phosphoenolpyru-
vate carboxylase, in using bicarbonate as the primary carbon source (2).
Whether the bicarbonate subsequently dehydrates to carbon dioxide at the
active site is discussed later.

N- or O-Carboxybiotin as Product?

The original isolation by Lynen et al (24) of the methyl ester of N-1 carboxy-
biotin from the biotin carboxylation reaction catalyzed by/3-methylcrotonyl-
CoA carboxylase led to the presumption that the enzymic intermediate is N-1
carboxybiotin. The relative inertness of this species generated some unease in
the mechanistic community, and an ingenious alternative explanation was put
forward (25), where O-carboxybiotin is the actual intermediate, and rear-
ranges after methylation and during isolation to the more stable N-acyl
material. This attractive proposal was ruled out, however, by the demonstra-
tion that authentic exogenous N-1 carboxybiotinol is a chemically and kineti-
cally competent substrate2 for the biotin carboxylase subunit of acetyl-CoA
carboxylase (9). Biotin clearly carries the carboxyl group on N-1.

Some Suggested Mechanisms and Efforts to Discriminate
Amongst Them

Of the rather large number of proposals that have been put forward for the
mechanism of reaction 1, we summarize some of the mechanistically less

lln fact, the required ann length may in some cases be quite short, and the distance between
the two active sites of transcarboxylase has been estimated to be only about 7 /~. (20).

2This was the test, indeed, that Lynen (24) had originally said must be done.
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egregious ones in Figure 3. Pathway 1 involves the activation of bicarbonate
by ATP to produce carboxyphosphate, which then-~either directly or after
collapse to enzyme-bound carbon dioxide-~carboxylates the N-1 of biotin.
This pathway is close to (if chemically more reasonable than) the route
originally presented by Kaziro et al (22) to accommodate the fact that one 
the bicarbonate oxygens ends up in Pi. Pathway 2 involves the activation of
biotin by phosphorylation on its urea oxygen, and was an early suggestion
from Calvin &Pon (26) and from Lynen (27). The intermediate 
phosphobiotin then reacts with bicarbonate, either in a concerted fashion or by
an "adjacent associative" route with pseudorotation at phosphorus (28, 29), 
give the products. Pathway 3 also goes via O-phosphobiotin, but this in-
termediate is attacked "in line" by bicarbonate to give carboxyphosphate and
the ureide anion of biotin, collapse of which (directly, or again, via carbon
dioxide) gives N-1 carboxybiotin (29). The experimental evidence that bears
upon these various mechanisms is enumerated below.

ISOTOPE EXCHANGE If the carboxylation reaction, 1, were to follow a
simple ping pong pathway, isotope exchange experiments would define
whether bicarbonate (pathway 1) or biotin (pathway 2 or 3) is phosphorylated

ATP
+ ~

HCO3-

+ ~
0 0

biotin
O~-~C

/~o
o~ ,..o--~--o- ei0 Or" 0

I IIHO ~ 0 C O
HN.~NH ~ Ioi HN/J~NFI

ATP HCO3- "~/~ P~’~O;" ~O+ ~
~bilotin N NH

0
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o~

HO O-

N’~NH
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Figure 3 ;Some conceivable mechanistic pathways for the carboxylation of biotin. Pathway 1,
activation of bicarbonate to carboxyphosphate; pathways 2 and 3, activation of biotin to O-
phosphobiotin.
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by ATP. Yet the consensus from a number of laboratories investigating
several biotin-dependent carboxylases is that neither a rapid ATP/ADP ex-
change in the absence of biotin but dependent upon bicarbonate (which would
support pathway 1), nor a biotin-dependent ATP/ADP exchange in the ab-
sence of bicarbonate (which would indicate pathway 2 or 3), can be observed
(10, 22, 30-33). The failure to observe partial exchange reactions is quite
common, of course, and may derive from the need to collect all the reaction
components before the chemistry even of a partial reaction can occur (this is
substrate synergism) (34), or from the fact that no product is released until 
chemical processes at the active site are complete. Thus, while useful
mechanistic information has been gleaned from the study of a number of
different exchange reactions catalyzed by carboxylases (see, e.g., 33), the
distinction at issue here cannot be made by this method.

When isotope exchange reactions fail, it has become natural to ask if the
reason derives simply from a slow "product off" rate. Such behavior can often
be uncovered by finding positional isotope exchange in appropriately labeled
[~80]-ATP by the method developed by Midelfort & Rose (35). The search
for carboxylase-catalyzed exchange of 180 from the peripheral/3 positions of
ATP into the/3,y bridge position of reisolated material (see Figure 4A) has
been conducted in three laboratories. Wimmer has investigated pyruvate
carboxylase and propionyl-CoA carboxylase (M. Wimmer, private com-
munication), and Tipton & Cleland (36) and Ogita & Knowles (37) have 
studied the biotin carboxylase subunit of acetyl-CoA carboxylase. The latter
enzyme system allows the positional isotope exchange process to be evaluated
in the absence of biotin, and permits the study of possible synergistic effects
of free biotin analogues such as N- 1 methylbiotin [as had earlier been used for
the carbamoyl phosphate reaction by Lane’s group (10): this is discussed
later]. In no case has any positional isotope exchange been observed. This is
even true for the complete system (that is, including ATP, bicarbonate,
biotin, Pi, and enzyme). In general, there are two reasons why the positional
isotope exchange test can fail. First, the relevant intermediate state (in this
case, enzyme-bound ADP and carboxyphosphate for pathway 1, or enzyme-
bound ADP and O-phosphobiotin for pathway 2) may partition forward so
strongly that the resynthesis of isotopically scrambled ATP is too rare an
event to be detected. This explanation certainly cannot be ruled out, granting
the expected high chemical reactivity of each of the putative intermediates,
carboxyphosphate or O-phosphobiotin. The second reason why a positional
isotope exchange reaction can fail is if the/3-phospho group of enzyme-bound
ADP is not torsionally fi’ee. Such suppression of phospho group rotation has
been suggested before (e.g. 38), and there are, indeed, persuasive arguments
why the positional isotope effect phenomenon may be the exception rather
than the rule, even when the necessary intermediates form and partition
appropriatcly (W. W. Cleland, private communication).
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INTERMEDIATE TRAPPING The most direct way to determine the nature of
the reaction intermediate in the carboxylation reaction would be to trap it from
the steady state. This approach seems feasible if pathway 1 is followed, since
Sauers et al (39) have estimated the half-life of carboxyphosphate in neutral
aqueous solution to be on the order, of 70 msec, and because Powers &
Meister (40, 41) have reported the trapping of this species as its trimethyl
ester from the steady-state reaction of carbamoyl phosphate synthetase. If
pathway 2 or 3 is followed, however, the chances of trapping O-phospho-
biotin seem slim, since the work of Blonski et al (42, 43) suggests that
this species (even in esterified form) is extremely labile. In practice, efforts
to trap carboxyphosphate from pyruvate carboxylase (33), from biotin car-
boxylase (37), and from phosphoenolpyruvate carboxylase (44), have 
failed. It seems that if carboxyphosphate is formed, either it is in such low
amount at the steady state, or it is so inaccessible to the diazomethane
quencher (such sequestration would surely not be surprising for a labile
reaction intermediate), that none can be detected in direct trapping ex-
periments.
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STEREOCHEMICAL TESTS With the aim of narrowing the range of
mechanistic possibility expressed in Figure 3, Hansen & Knowles determined
the stereochemical fate of the y-phospho group of ATP in the reaction
catalyzed by pyruvate carboxylase (45). For this purpose, we made the
[y-170, y-~80]-~/-phosphorothioate of ATP (that is, ATPTS chiral at the 
phosphorus), used this as substrate for the carboxylase, and then determined
the configuration of the chiral inorganic [~60, ~vO, ~80]thiophosphate prod-
uct. On the basis that each act of enzyme-catalyzed phospho group transfer
involves inversion of the configuration at phosphorus (46), we expected that
pathways 1 and 2 would lead to overall inversion, and that pathway 3 would
result in overall retention. Thus in pathway 1, bicarbonate would be phos-
phorylated with inversion, and carboxyphosphate would then react with biotin
with no further change in the bonds to phosphorus. In pathway 2, O-
phosphobiotin would be formed with inversion, and the subsequent pericyclic
step, though chemically unprecedented, would be equivalent to a front-face
displacement at phosphorus with retention. Pathway 3 would show one
inversion in the formation of O-phosphobiotin, and a second inversion in the
transfer to produce carboxyphosphate, giving retention overall. These stereo-
chemical expectations are based upon the seemingly universal pattern that
single enzyme-catalyzed displacements at phosphorus proceed with "in-line"
geometry and invert the configuration (46). There could be exceptions to this
pattern, of course, and it has been suggested that the generation of carboxy-
phosphate from O-phosphobiotin in pathway 3 could follow an "adjacent"
attack (29), which, with the necessary pseudorotation at phosphorus (47),
would give retention of the configuration for this step. Yet the lack of any
enzymic precedent for pseudorotatory pathways makes one hesitant to make
an exception to the corpus of knowledge on enzyme-catalyzed phospho group
transfers, and the predicted stereochemical outcomes are therefore: inversion
for pathways 1 and 2 and retention for pathway 3.

Of the three routes, pathway 3 is attractively close to the favored mech-
anism for an analogous enzyme, phosphoenolpyruvate carboxylase. This
enzyme does not require biotin, but the ~80 labeling pattern (one of the
bicarbonate oxygens ends in Pi) (48) and the stereochemical course (inversion
at phosphorus) (49) has, with other results, led to the proposed pathway 
carboxyphosphate shown in Figure 5. From this figure, the analogy with
pathway 3 for biotin carboxylase is clear. So it was slightly surprising when
biotin carboxylase was found to proceed with inversion at phosphorus, which
(pace Ref. 29) effectively rules out pathway 

SUBSTRATE ANALOGUES In 1972 Lane and his group (50) showed that
incubation of biotin carboxylase with biotin, ADP, and carbamoyl phosphate
led to the production of ATP. This result was taken to support pathway 1,
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Figure 5 /VIechanistic analogy between the favored pathway for phosphoenolpyruvate carboxy-
lase (upper path) and pathway 3 (of Figure 3) for biotin carboxylation (lower path).

with carbamoyl phosphate acting simply as a chemically more stable isosteric
analogue of carboxyphosphate. A concern about the possible covalent in-
volvement of the required biotin was not fully resolved by the observation that
N-1 methylbiotin can partly support the phospho group transfer reaction (10),
since it is the urea oxygen that is phosphorylated in pathways 2 and 3. This
possibility’ notwithstanding, the above conclusions were supported by Ash-
man & Keech (32), who made similar observations with pyruvate carboxy-
lase. Additionally, these workers found that another analogue of carboxy-
phosphate, phosphonoacetate, inhibits the enzyme-catalyzed carboxylation
reaction, though the binding is not very tight (Ki is 0.5 mM) (32). 
presumption that carbamoyl phosphate acts as a surrogate for the carboxy-
phosphate intermediate of pathway 1 has been challenged by Kluger and his
collaborators (28, 29), who suggested that carbamoyl phosphate could as well
be an analogue of O-phosphobiotin, and that the observed synthesis of ATP
could represent a reversal of the first step of pathway 2 or 3. While it is true
that the interpretation of the behavior of substrate analogues always carries
dangers, the requirement for biotin or a biotin derivative in the reaction of
carbamoyl phosphate and ADP (10, 50), tilts the argument towards pathway
1.

ATP HYDROLASE ACTIVITY It has recently been shown by Climent &
Rubio (51~) that biotin carboxylase possesses a low ATPase activity in the
absence of biotin, an activity that appears to be an intrinsic property of the
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carboxylase (51, 52). Thus the ATPase reaction is dependent on the presence
of bicarbonate, its rate is increased by the presence of ethanol in the same
proportion as in the normal biotin carboxylation reaction, it shows the same
magnesium ion and potassium ion dependence, it is independent of the
presence of avidin, and the thermal stabilities of the two activities run
hand-in-hand (51). This hydrolysis of ATP seems, therefore, to be catalyzed
by the carboxylase in what could well be a diversion from the normal fate of
carboxyphosphate when biotin is present. Yet it can also be argued that the
observed ATPase activity is adventitious, and that the dependence of this
reaction on the presence of bicarbonate derives from some conformational
activation of the carboxylase. To prove that the activity indeed comes from
the hydrolytic diversion of a carboxyphosphate intermediate, it must be
shown that bicarbonate is involved covalently. This has been done by es-
tablishing that the Pi produced from ATP in the slow ATPase reaction in the
absence of biotin, derives its fourth oxygen from [~80]bicarbonate rather than
from the (unlabeled) water (37). These experiments therefore indicate that 
ATPase reaction catalyzed by biotin carboxylase in the presence of bicarbon-
ate and the absence of biotin occurs via a carboxyphosphate intermediate, and
strengthen the view that the carboxylation of biotin itself proceeds anal-
ogously, following pathway 1.

The Mechanism of Biotin Carboxylation

It is clear from the above that the balance of evidence favors pathway 1. In the
first step carboxyphosphate is formed, and in the second, this reactive species
carboxylates biotin. Rubio (2) has stressed the mechanistic similarities be-
tween the biotin-dependent carboxylases and carbamoyl phosphate syn-
thetase, and this relationship is made even closer by the amino acid sequence
similarities between these enzymes discussed earlier (13). Mechanistically,
the carboxylases and carbamoyl phosphate synthetase share the following
features: (a) one of the three oxygens of bicarbonate ends up in product Pi; (b)
the carboxylases show a bicarbonate-dependent ATPase activity in the ab-
sence of biotin, and the synthetase shows a bicarbonate-dependent ATPase
activity in the absence of ammonia; (c) neither an ADP/ATP exchange nor 
ATP/Pi exchange can be observed; (d) the steady-state kinetics of the reac-
tions are consistent with no product being released until all the chemistry has
occurred; and (e) the two groups of enzymes have very similar requirements
for both monovalent and divalent metal cations. The carboxylases differ from
carbamoyl phosphate synthetase in two respects: ([) trapping of the carboxy-
phosphate intermediate has been reported from the synthetase (40, 41), but
analogous experiments with carboxylases have failed (33, 37, 44); and (g)
positional isotope exchange in [~80]-labeled ATP is observed with carbamoyl
phosphate synthetase (53) but not with any of several carboxylases (36, 37).
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These two differences do not seriously undermine the structural and
mechanistic parallels between the two groups of enzymes, and it seems
sensible to assume that the reaction pathways followed are analogous.

The second step of the biotin carboxylation reaction formally involves the
attack by biotin’s N-1 on the carboxyphosphate intermediate. As stated, this
does not look like a facile process: the carbon being attacked is not especially
electrophiliic, and the nitrogen of biotin is a poor nucleophile. Considerable
speculationt and experimentation has gone into each aspect of this step.

THE ELECTROPHILE First, how can carbon of carboxyphosphate become
more electrophilic? Obvious possibilities would be to protonate the carboxy-
late or to bind a metal cation, yet this formulation creates several difficulties
for the transfer of the carboxyl group from carboxybiotin, both in the reverse
reaction (of ATP synthesis) and in the forward transfer to a carbon acceptor.
The problem is one of avoiding the formation of the high-energy dianionic
tetrahedral intermediate I that would derive from nucleophilic attack on a
carboxylate. From recent model studies discussed below, such energetically
unfavorable species can be avoided by providing a general acid catalyst as in
II, or by following a "borderline" mechanism III such as has been proposed
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for phospho group transfers (54). But an alternative to any such direct transfer
is to create an electrophilic carbon center by prior dissociation of carboxy-
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phosphate into carbon dioxide and Pi. The possible advantages of such a
dissociation were first noted by Sauers et al (39), who pointed out that carbon
dioxide is much more electrophilic than carboxyphosphate, and that the role
of ATP in biotin carboxylation may be to collect a bicarbonate from solution
and deliver a carbon dioxide molecule to biotin at the active site. Such a
locally generated molecule of carbon dioxide could be appropriately posi-
tioned for reaction, thus providing a significant entropic advantage for the
carboxylation step. ATP is thus used for dehydration and delivery, and
carboxybiotin becomes a carbon dioxide carrier. Release of carbon dioxide is
triggered at the active site, either from carboxyphosphate for the carboxyla-
tion of biotin, or, in subsequent steps of the reaction of carboxylases, from
carboxybiotin for the carboxylation of carbon enolates.

Despite some effort, there is still no experimental evidence to support the
view that carboxyphosphate dissociates to Pi and carbon dioxide at the active
site of carboxylases. The experimental test that has been applied to carbamoyl
phosphate synthetase (53, 55) and to the biotin carboxylase subunit of acetyl-
CoA carboxylase (36, 37), looks for the enzyme-catalyzed exchange of ~80
between the solvent and the three peripheral ~/oxygens of ATP. As illustrated
in Figure 4B, if the Pi were to tumble at the active site thus rendering all its
oxygens torsionally equivalent, resynthesis of ATP would effectively equili-
brate the three oxygens of bicarbonate (which are in equilibrium with solvent,
via free bicarbonate) with the ~/phospho group of ATP. This exchange has not
been observed in any of the cases examined. Yet the fact that positional
isotope exchange is often not observed when we have every reason to expect it
(37, 38), presumably because the ADP fl-phospho group cannot rotate, would
argue, afortiori, that inorganic phosphate need not tumble, either. The failure
to detect the ATP/solvent oxygen exchange, therefore, is not evidence against
carbon dioxide as the reactive carboxylating entity. There is, however, in the
related case of a phosphoenolpyruvate carboxylase, a suggestion that an
enzyme-bound Pi can indeed tumble, and that carboxyphosphate does dis-
sociate to Pi and carbon dioxide. Fujita et al (44) have shown that the
methylated substrate analogue phosphoenol-a-ketobutyrate is cleaved into Pi
and t~-ketobutyrate in a bicarbonate-dependent reaction. Although no sub-
strate carboxylation was found, when the reaction was done with [180]bicar-
bonate, multiple 180 atoms were incorporated into the liberated Pi. This
finding has been confirmed by M. O’Leary and J. O’Laughlin (private
communication), who have further shown that phosphoenol-c~-ketobutyrate
contains multiple ~80 labels when reisolated after incubation in H2180 with
the enzyme. These results, albeit with a substrate analogue that does not
complete the reaction, are consistent with the reversible cleavage of carboxy-
phosphate into Pi and carbon dioxide at the active site.
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THE NUCLEOPHILE The low nucleophilicity of biotin’s N-1 has generated a
great deal of bioorganic concern, and a number of proposals to circumnavi-
gate the problem. Caplow’s early suggestion that the decarboxylation of
N-carboxyimidazolidone at low pH probably occurs by the unimolecular
decomposition of the free acid, which would give carbon dioxide plus the
isourea ta~ttomer of imidazolidone (56, 57), led to the recognition by Bruice
and others that the isourea is about l0~° times more nucleophilic than the urea
form (58). This fact, with the knowledge that when urea itself acts nucleophil-
ically it uses oxygen rather than nitrogen, resulted in the suggestion that
carboxybiotin is really carboxylated on oxygen, and that Lynen’s isolation of
the N-1 carboxylated species (25) was a consequence of the isolation pro-
cedure. This seductive proposal neatly resolved both the nucleophilicity
question and the acyl-transfer reactivity issue. Yet it was short-lived, since
Lane’s group proved in 1972 that an authentic N-1 carboxybiotin was both
chemically and kinetically competent as an enzymic intermediate (50). Now,
while this demonstration forced the abandonment of O-carboxybiotin and the
facile acyl transfer from such an O-acylisourea, the greater nucleophilicity of
an isoureet could still be rescued. The groups of Kluger (28, 29) and 
Kellogg (59), reviving an earlier suggestion of Calvin (26) and of Lynen (27),
put forward O-phosphobiotin as an intermediate in the biotin carboxylase
reaction (’,see, e.g., Figure 3, pathways 2 and 3) and produced ingenious
model chemistry to support these ideas. Yet, as has become clear from earlier
sections, the more banal reaction of N-I of biotin with carboxyphosphate (or
with carbon dioxide derived from it) now seems to be the most likely path,
and we must ask whether our prejudices about the poor nucleophilicity of
biotin’s nitrogen are justified.

In 1985, Mildvan and his colleagues (60) published an NMR study of the
exchange of the NH protons of biotin with water, and showed that under mild
conditions the exchange rates were comparable to the rate of enzyme-cata-
lyzed carboxylation of biotin. In principle, therefore, base-catalyzed N-de-
protonation of biotin is fast enough without any further action by the enzyme,
to accommodate the second step of pathway 1 (Figure 3). More recently,
Perrin & Dwyer (61) have made some important corrections to the earlier
work, and have discussed all the possible modes of proton exchange and the
relevance of these possibilities to the mechanism of biotin-mediated carboxyl
transfer. If carboxylation proceeds via carboxyphosphate and not carbon
dioxide, then the preferred nucleophile will be the ureido anion IV. This
species can be formed fast enough (k ~> 12 -~ at p H 7.4, 2 5°C), and the
deprotonation can be effected by an enzymic base. There seems to be no
purpose in creating the isourea V, since O-protonation would surely reduce
the nuclee,philicity of N-1. To avoid dianionic tetrahedral intermediates, Perrin
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& Dwyer (61) suggest the participation of a general acid (as is also indicated
by the model experiments described below). If, however, carboxyphosphate
collapses at the active site to produce carbon dioxide, then a concerted process
(as in VI) is feasible. Indeed, from a study of the breakdown of carbamates

o OH 0

~’~NH
N/’~NH B’"H’".N’~ NH

IV V VI

derived from amines of different basicities, Jencks’ group concluded that the
cleavage of carbamates of weakly basic amines occurs through a pre-
associative pathway that may well be concerted (62). In the reverse
(carboxylation) reaction, Rebek has pointed out (J. Rebek, private com-
munication) that the collapse of the carboxyphosphate trianion at the active
site would generate electrophilic carbon dioxide and a strong base (orthophos-
phate trianion) appropriate for the deprotonation of biotin at N-1. (Looking
ahead to the question of carboxyl transfer to biotin from a/3-keto acid, the
analogous base would then be the carbon enolate formed after decarboxyla-
tion of the acid.) In short, this work on the proton exchange at N-1 of biotin
has largely removed the concern of the past 20 years that biotin’s nitrogen
could not act directly as the nucleophile in the carboxylation process.

A MODEL SYSTEM To select a single model reaction from a field that has
received so much more than its share of attention from the bioorganic
community may seem gratuitous, yet Blagoeva, Pojarlieff & Kirby (63) have
reported a model reaction of particular appropriateness and simplicity. These
workers investigated the cyclization of the hydantoic acid ~derivative VII
(Figure 6) to the hydantoin VIII. At high pH, the reaction is specific base-
general acid catalyzed, and avoids a dianionic tetrahedral intermediate, as
shown in Figure 6. The authors point out that one may reasonably presume
that N-I of biotin is analogously deprotonated before carboxylation, while
recognizing (for attack on a carboxyl species carrying a good leaving group,
such as carboxyphosphate) the possibility of the "borderline" mechanism (as
in III) discussed earlier.

This view of biotin carboxylation is consistent with what is known about
the pH dependence of the reaction catalyzed by the biotin carboxylase subunit
of acetyl-CoA carboxylase. The carboxylation reaction requires a catalytic
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Figure 6 Mechanistic pathway for the cyclization of the hydantoic acid VII to the hydantoin
VIII at high pH.

base of apparent pKa of 6.6 in Vmax/Krn (52). Interestingly, the pH depen-
dence of the analogue of the reverse reaction, the phosphorylation of ADP by
carbamoyl phosphate, is very similar, which may mean that the catalytic
groups assume the same protonation states for catalysis of phospho transfer in
either direction (52). The carboxylation reaction shows an unusual inverse

solvent isotope effect on Vmax/Km (of 0.5 for biotin carboxylation at pH 8),
which is most readily interpreted in terms of a thiol on the enzyme that has
(essentially completely) transferred its proton to an oxygen or nitrogen base 
the rate-limiting transition state (36). It seems possible that for the carboxy-
lase to become active, an essential thiol has to relinquish its proton to a
nitrogen or oxygen base on the enzyme. Before all the data are collected and a
mechanism for biotin carobxylation is proposed, we discuss the second
half-reaction, the carboxylation of carbon acceptors. By doing this, several
parallels in mechanism between the two half-reactions become apparent, and
a more economical pathway for each of them can then be put forward.

THE CARBOXYLATION OF CARBON ACCEPTORS

The second type of process catalyzed by biotin-dependent enzymes involves
the transfer of the carboxyl group from N-1 carboxybiotin to a readily
enolizable carbon center, as exemplified by reactions 2, 3, 5, and 6 listed at
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the beginning of this review. Two key facts about these transfers, concerning
stereochemistry and proton exchange, were soon established, and drove the
early mechanistic thinking. Stereochemically, all biotin-dependent carboxy-
lases that have been investigated proceed with retention of the configuration at
the carbon atom that undergoes carboxylation. Thus propionyl-CoA carboxy-
lase (64, 65), pyruvate carboxylase (66), and each of the reactions catalyzed
by transcarboxylase (67), all follow a retention path, and it seems reasonable
to presume that this will prove to be the universal pattern for biotin-dependent
carboxylases. The second mechanistic feature is that the enzymes do not
catalyze the exchange of protons between solvent and substrate, without
overall turnover. For example, propionyI-CoA carboxylase only incorporates
solvent tritium into propionyl-CoA at a rate commensurate with the overall
carboxylation-decarboxylation rate (64, 68), and enzymically synthesized
[2(R)-3H]propionyl-CoA does not lose the isotopic label unless all substrates
are present (68). Analogous findings for pyruvate carboxylase (69) and 
transcarboxylase (67) have been reported.

These two characteristics of the biotin-dependent carboxylases led to early
proposals that the reactions were concerted, and to suggestions of the (chemi-
cally unprecedented) pericyclic process illustrated in Figure 7A (64, 68, 69).
Yet neither the stereochemical course nor the absence of proton exchange
requires a concerted process. Thus retention of stereochemistry is seen with
the aldolases, for example, and this is quite compatible with proton abstrac-
tion to give an enol(ate) or enamine, which then reacts in a second step with 
carbonyl electrophile. Analogously, the absence of proton exchange does not
preclude a carbanionic intermediate: a high forward commitment, or an
enzyme conjugate acid that is sequestered from solvent, readily accommo-
dates the lack of an observable exchange. The stepwise pathways shown in
Figure 7B and 7C must therefore be considered.

Is the Carboxyl Transfer Stepwise or Concerted?

To examine the concertedness of biotin-dependent carboxylases, the reaction
of 13-fluoropropionyl-CoA with propionyl-CoA carboxylase and with trans-
carboxylase was investigated (70, 71). Both enzymes catalyze the elimination
of HF from the fluorinated substrate to form acryloyl-CoA, suggesting [by
analogy with the great body of work on mechanism-based inactivation by
fluorinated substrates of enzymes that require pyridoxal phosphate (72)] 
stepwise reaction and the intermediacy of a substrate carbanion. Yet the
elimination of HF catalyzed by propionyl-CoA carboxylase occurs at the same
rate as ATP hydrolysis (71), which is just what would be expected if proton
removal and carboxylation were coupled processes. Abeles and coworkers
(71) argued, however, that the reaction does follow a stepwise path such 
that shown in Figure 7B, in which the first-formed enolate attacks N-1
carboxybiotin in a second step. The pathway illustrated in Figure 7C is a
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variant of that in Figure 7B, and follows the view that the electrophilic species
is carbon dioxide rather than carboxybiotin.

In 19821, Kuo & Rose (73) sought to discover if exogenously generated
enolpyruvate, which is a presumed intermediate in the reaction catalyzed by
transcarboxylase, is handled as a substrate by this enzyme. They showed that
transcarboxylase catalyzes the stereospecific ketonization of enolpyruvate,
which is entirely consistent with the stepwise path. This C-protonation of
enolpyruvate was only effected in the presence of the other substrate, methyl-
malonyl-CoA (which would drive biotin towards carboxybiotin), yet it trans-
pired that a negligible fraction of the enolpyruvate was carboxylated. Thus
although enolpyruvate appears to be a substrate for transcarboxylase in
reprotonation, it is not carboxylated. This is a concern, since a true enolpyru-
vate intermediate should partition both ways: back to pyruvate and forward to
oxalacetate.3 Neither of the two experiments described, therefore, one using a

3Though it can be argued that the enolate of pyruvate is the natural intermediate, whereas the
exogenously supplied material is the enol. This enol will bind to a form of the enzyme that may be
in an inappropriate protonation state, and the resulting complex need not partition identically to
that formed in the normal reaction.
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substrate analogue and the other an exogenous intermediate, produces an
entirely unambiguous answer.

The issue was settled in 1986, when two groups applied the double-isotope
fractionation test to transcarboxylase (74) and to pyruvate carboxylase (75).
The method can be summarized as follows. In a carboxylation reaction, a
carbon-hydrogen bond is broken and a carbon-carbon bond is made. If the
reaction were concerted (and providing that the rate-limiting transition state
was that involving the covalency changes), then the reaction would show both
a 2H and a ~3C primary kinetic isotope effect (in pyruvate and in carboxy-
biotin, respectively: Fignre 7A). If, however, the reaction were stepwise, with
the proton abstraction step preceding the carboxyl transfer step, then the
reaction would show either one primary effect (i.e. a 2H effect or a 13C effect)
if the proton abstraction step or the carboxyl transfer step were cleanly
rate-limiting (Figure 7B), or both primary effects if the intermediate carbanion
partitioned evenly between the forward and reverse reactions (in a "balanced"
stepwise process). So the existence of one isotope effect but not the other,
requires a stepwise reaction. However, if both a 2H and a 13C kinetic iso-
tope effect are seen, the reaction may be concerted or balanced stepwise.
These two situations can be distinguished by looking at the consequence
of substrate deuteration on the ~3C isotope effect. In the concerted case, pyru-
vate deuteriation (in Figure 7A) will not affect the discrimination between
~2C and 1-~C carboxyl groups; the reaction will go slower, but the 12C/13C
rate ratio will be unchanged. But in the stepwise case, pyruvate deuteri-
ation (in Figure 7B) will slow the proton abstraction step, causing the car-
boxylation step to be kinetically less significant, and resulting in a lower ob-
served 13C effect. [The above simple description sidesteps some fine points,
such as the consequences of equilibrium effects and of slow "product off"
rates: the original papers (74, 75) discuss these questions.] When this test was
applied to transcarboxylase, the ~3C effect of 2.3% with protio-pyruvate was
found to fall to 1.4% with deuterio-pyruvate (74). The results with pyruvate
carboxylase showed that this carboxylation, too, is unequivocally stepwise.

These findings rule out the concerted pathway shown in Figure 7A (against
which, it must be said, persuasive though nonexperimental arguments of an
improbable geometry, unprecedented chemistry, and an unlikely tautomeriza-
tion for the reverse reaction, had been leveled). Also ruled out are two
concerted variants of Figure 7A (76, 77) that involve carboxylation by N-1
carboxybiotin in its isourea form with N-3. What remains, is the stepwise
pathway shown in Figure 7B, and the corresponding version using carbon
dioxide as the electrophile, in 7C. These pathways for transcarboxylation
mirror the preferred route for the carboxylation of biotin, which is pathway 1
of Figure 3.
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Tritium Transfer in Transcarboxylase

In 1976, Rose et al (78) investigated the possibility that in the transcarboxy-
lase reaction, protons might be transferred between the noncarboxylated
substrates,, pyruvate and propionyl-CoA. One reason for doing this experi-
ment was to test the concerted mechanism (Figure 7A). According to this
formulation, biotin collects a proton from pyruvate, and, in its isourea form,
migrates t,a the other active site where it becomes carboxylated by methylma-
lonyl-Co,~ and gives up this proton to produce propionyl-CoA. So, as long as
the protont is not rapidly lost to solvent en route, one might hope to observe
tritium transfer from pyruvate to propionyl-CoA, as illustrated in Figure 8. In
practice, ~tbout 5% of the tritium labilized in the enzyme-catalyzed reaction of
[3H]pyruvate was found in the appropriate (2-pro-R) position of the pro-
pionyl-CoA product (78). This observation of tritium transfer was taken 
evidence for the concerted mechanism in which the isourea form of biotin is
the proton carrier between substrates and enzyme subunits. Yet we now know
that transcarboxylase does not follow a concerted pathway. Moreover, the
exchange rate of the hydroxyl group proton in the isourea form of biotin is
likely to be very rapid [a rate constant of > 5000 s-1 has been estimated
(75)], and[ it is arguable whether the migration of biotin from active site 
active site in transcarboxylase would occur as fast as this (5, 79). The
generation of biotin in its much less stable isourea form (for example, in the
decarboxylation direction), also puts unnecessary strain on mechanistic
credulity. So how can the tritium transfer result be accommodated, since we
know that the concerted pathway is not followed?

Fortun~Ltely, the preferred mechanistic pathway for carboxyl transfer to and
from active sites involves biotin in only two forms: the urea tautomer of biotin
itself, and N-1 carboxybiotin. So it is the stable urea tautomer of biotin that
can carry the tritium label without any significant concerns about the site-
to-site migration rate, since the proton (presumably on N-l) exchanges
quite slowly in neutral aqueous solution [the rate constant is about 5 s-~

(60, 61)]. Biotin carries the proton, and N-carboxybiotin carries the carboxyl
group.

Figure 8 The putative pathway of a tritium label in pyruvate to propionyl-CoA, catalyzed by
transcarboxylase.
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THE MECHANISTIC PATHWAY FOR CARBOXYLASES

While no reaction mechanism is ever secure, and while we can only, at best,
formulate minimalist proposals that are in reasonable accord with the facts, it
would be improper not to attempt to summarize the foregoing in a suggested
mechanistic pathway. This is done in Figure 9. The reader will notice at least
one omission, namely the metal cations that are known to be essential for
biotin carboxylation and for carboxyl transfer to carbon. Thus both Mg(II)
and K(I) are required for the ATP-dependent activity of biotin carboxylase
(51), and carboxyltransferases such as pyruvate carboxylase (80) and trans-
carboxylase (81) need a divalent cation for activity. But although a Mn(II) 
lies near the pyruvate binding site in pyruvate carboxylase (69), pyruvate 
not an inner-sphere ligand (20, 82), and the role of the metal may be structural
rather than participatory (83). Until these uncertainties have been fully re-
solved, therefore, we prefer not to invest the various cations with defined
functions. In other respects, the pathway shown in Figure 9 is consistent with
all the results that have been presented,4 and aims to cast both the ATP-
dependent carboxylation of biotin and the transfer of the carboxyl group from
carboxybiotin to a carbon acceptor into the same mechanistic framework,

WHY BIOTIN?

In this final section, we ask why Nature goes to such biosynthetic lengths to
assemble biotin. While such teleological questions are, of course, unanswer-
able, efforts to find answers have certainly sharpened our understanding of the
function of many cofactors, and the question has a special piquancy here. The
role of most cofactors seems to be to supplement and extend the range of
chemistry that enzymes can mediate. Thus while the side chains of the 20
amino acids can handle much of the heterolytic chemistry required in
metabolism, metal cations are used as superacids, thiamin provides an ylid,
and pyridoxal is a particularly versatile electron sink. Very little redox
chemistry is possible with amino acid side chains alone, and essentially all of
these reactions need the help of cofactors (the nicotinamides, flavins, pterins,
porphyrins, etc).

Looked at from this angle of chemical reactivity, biotin is a puzzle. Biotin
is an unreactive molecule that seems to lack any interesting bioorganic
properties that would extend the catalytic range or prowess of the enzymes
that use it. What emerges from the mechanistic considerations of biotin-
dependent systems is that the cofactor seems to be a vehicle for the carriage

’~Though for pyruvate carboxylase, Attwood et al (75) prefer a slightly different sequence 
the basis of the fit of predicted to experimental isotope effects.
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and delivery of carbon dioxide, as Sauers et al (39) originally suggested. How
does biotin perform in these roles?

CARRIAGE TO be an effective carrier of carbon dioxide, and to avoid
wasteful discharge before arrival at the transcarboxylation enzyme, carboxy-
biotin must have an appropriate kinetic stability without excessive thermody-
namic inertness. In this respect, many cofactors activate their charges. Thus
methionine is evidently too unreactive as a methyl group donor, and S-
adenosylmethionine is the metabolic consequence. Analogously, Pi is not
used in phosphorylation, but ATP is; acetate ion is not used for acetylation,
rather acetyl-CoA is; and so on. In other cases, such as acetyl group transfer
between CoA and dihydrolipoate, the chemical reactivity and thermodynamic
stability are (very) roughly left unchanged. But for biotin, the carbon dioxide
molecule actually becomes less reactive on attachment to its carrier. (A
second example may be methylenetetrahydrofolate, which can be viewed
as the transportable form of undesirably reactive formaldehyde.) We should
not, then, be surprised or disappointed that carboxybiotin fails to show any
special chemical reactivity: a kinetically stable species may be just what is
required.

That carboxybiotin has a reasonably long half-life (>100 min at pH 8) is 
consequence of two features of the system. First, as is clear from the crystal
structure, the N-carboxyurea moiety of N-1 methoxycarbonylbiotin methyl
ester is planar (84), and is therefore fully conjugated and (relative to carbon
dioxide) immune from nucleophilic attack. Second, the bicyclic structure of
biotin creates a steric crowding that decreases the lability of the molecule in
decarboxylation, particularly by the acid-catalyzed route. Thus a recent study
by Tipton & Cleland (85) of the mechanisms of decarboxylation of carboxy-
biotin at different pH values has shown that carboxybiotin is 30 times less
susceptible than the monocyclic analogue (N-carboxyimidazolidone) to de-
carboxylation at low pH. These workers suggest that the second ring of biotin
helps to prevent N-1 from achieving the tetrahedral geometry required for
decarboxylation via a transition state analogous to VI. These workers also
speculate (85) that this crowding has little effect on the mechanism that
simply involves spontaneous C-N bond cleavage (such as is part of each of the
carboxylation pathways outlined in Figure 9). In any event, there is no doubt
that N-1 carboxybiotin is a much less labile carbamate than monocyclic or
acyclic carboxyureas, and as such has the kinetic stability appropriate for the
transport of the carboxyl group.

DELIVERY On binding to the active site, carboxybiotin must relinquish the
carboxyl group, either directly to an acceptor nucleophile, or by dissociation
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to carbon dioxide. In the search for unusual features of the biotin molecule
that might bear on this problem, the possibility of a transannular interaction
between sulfur and the urea carbonyl carbon has been rejected. This sugges-
tion was originally triggered by the fact that these two atoms lie within 0.13 ,~
of their atomic radii in biotin crystals (60, 84). While such an interaction had
been observed in thiacyclooctanone (86), no effects in the infrared, or in the
~H or ~3C NMR, can be observed for biotin (87, 88). Even when BF3 
coordinated to the urea oxygen, no significant transannular interaction be-
tween sulfur and the carbonyl group of biotin is detected (88). These findings
have put the transannular effect to rest, but leave us with the unanswered
question of why O-heterobiotin (in which oxygen replaces sulfur) can 
incorporated into transcarboxylase and yet results in an inactive enzyme (89).
[Though it should be mentioned that O-heterobiotin can support the growth of
some microorganisms where it has been confirmed that the analogue is not
converted to biotin itself in vivo (90).]

Currently the most persuasive suggestion to account for the delivery of
the carboxyl group when carboxybiotin binds to the active site is due to
Kluger and his group (91). These workers, recognizing that the decarboxyla-
tion of carboxybiotin is faster when bound to the active site of biotin-de-
pendent enzymes than when free in solution (92), have calculated that rota-
tion of the carboxyl group of carboxybiotin out of the plane of the urea ring
may trigger the decarboxylation. The deconjugation that results from ro-
tation of the carboxyl group both weakens the carbon-nitrogen bond,
and leads to the migration of charge from the carboxylate oxygens towards
the urea ring. This, then, possibly combined with desolvation into a hy-
drophobic environment (e.g. 93, 94), could constitute a neat way in which
carbon dioxide could be released at the active site when carboxybiotin
binds.

Whether the speculations that have been brought together in this sec-
tion have any validity will only become clear when the structure of a
biotin-dependent enzyme is determined to atomic resolution. Yet already
we can see that biotin does solve, in the reasonably economic fashion that we
expect from nature, the problems of the transfer of carboxyl groups in
metabolisna.
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