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ABSTRACT
Enzymes are remarkable not only in their ability to enhance
reaction rates, but also because they do so selectively, directing
reactive intermediates toward only one of multiple potential
products. 1-Aminocyclopropane-1-carboxylate (ACC) synthase and
7,8-diaminopelargonic acid synthase are pyridoxal 5′-phosphate-
dependent enzymes that utilize S-adenosyl-L-methionine as a
substrate but yield different products. The former produces ACC
by R,γ-elimination, while the latter makes S-adenosyl-4-methylthio-
2-oxobutanoate by transamination. The mechanisms of these two
reactions are the same up to the formation of a quinonoid
intermediate, from which they diverge. This Account explores how
the active-site topology of the enzyme-intermediate complexes
decides this pathway bifurcation.

Pyridoxal Phosphate Enzymes Provide
Important Insight into Substrate and Reaction
Specificities
Two of the central problems in mechanistic enzymology
are substrate recognition and reaction specificity. The first
is clearly that of optimal complementary juxtaposition of
the recognition elements of the enzyme active site with
the major specificity determinants of the substrate. This
aspect has been studied extensively since the dawn of the
discipline and will only be addressed selectively in this
Account. The second issue is one of directing a reactant,
potentially subject to a variety of metabolic fates, to the
desired outcome in the face of alternate, more favorable
thermodynamic and kinetic barriers. For example, S-
adenosyl-L-methionine (SAM)1 may donate a methyl group
to a nucleophile or undergo decarboxylation, R,γ- or â,γ-
elimination, or transamination. The last four reactions all
depend on formation of a carbanion at the R position

(Scheme 1), a situation that is most often facilitated in
Nature by the cofactor pyridoxal 5′-phosphate (PLP). This
role is assumed by a serine-derived pyruvoyl group in a
small number of enzymes, including SAM decarboxylase.
We will consider here only the PLP-dependent reactions.
The formation of the normally thermodynamically in-
accessible R-carbanion is promoted by condensation of
the substrate amino group with the aldehyde moiety of
PLP, which allows for resonance delocalization of the
negative charge through the π orbitals of the cofactor
(Scheme 2). This delocalized anion is referred to as the
quinonoid intermediate.

As a result of this capacity to stabilize anions at
positions adjacent to an amino group, PLP-dependent
enzymes are able to catalyze a remarkably diverse set of
reactions, a few of which have already been mentioned.
These enzymes also utilize a wide variety of substrates,
primarily amino acids, but also amino sugars2 and other
amine-containing metabolites. The ENZYME database
(http://us.expasy.org/enzyme/) has more than 100 EC
numbers assigned to PLP enzymes, making this group one
of the largest classes of cofactor-dependent enzymes.
Reflecting this diversity, PLP-dependent enzymes are
found to participate in many essential cellular processes,
particularly in the biosynthesis and transformation of
amino acids and amino acid-derived metabolites. Because
of their prominent role in metabolism, many of these
enzymes have been identified as candidate drug targets.
For example, inhibitors of γ-aminobutyrate aminotrans-
ferase are used to treat epilepsy and may also prove useful
for treatment of other serious neurological disorders,3 and
serine hydroxymethyltransferase has been identified as a
target for anti-cancer therapy.4

Sequence and structural analyses of PLP enzymes have
revealed that they can all be classified in one of five
families or fold types, at least two of which are evolution-
arily related (for recent reviews, see refs 5-7). The fold
type does not define the chemistry, as a number of
reaction types are found in each. This combination of
structural similarity and functional diversity within each
fold type makes PLP enzymes ideal for the investigation
of the sources of enzyme substrate and reaction specificity.

The first hypothesis concerning the control of reaction
specificity by PLP enzymes was put forth by Dunathan in
1966.8 He postulated that the enzymes bind their sub-
strates such that the bond that is to be broken to form
the carbanion is aligned in a plane that is perpendicular
to the plane of the pyridine ring. This alignment allows
the nascent π orbital to overlap with the π system of the
cofactor and distinguishes, for instance, R-deprotonation
(leading to a variety of products) from decarboxylation of
an R-amino acid. All structures of PLP enzymes that have
been determined support this hypothesis. A particularly
interesting example is dialkylglycine decarboxylase, which
catalyzes both a decarboxylation and a transamination
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reaction, depending on the orientation of the bound
substrate.9 Little work, however, has been directed to the
understanding of the divergence to different products after
the initial bond breakage, although it is known that minor
changes in active sites of PLP enzymes often result in
substantial increases in the rates of undesirable side-
reactions (for example, see refs 10-13). Limitation of these
side reactions, therefore, is often as important as enhance-
ment of the desired reaction.11

In this Account, we show how two PLP-directed reac-
tions of SAM, both of which depend on CR proton
labilization, yield different products. The enzymes cata-
lyzing these two reactions are 1-aminocyclopropane-1-
carboxylate (ACC) synthase, which preferentially catalyzes
an R,γ-elimination, and 7,8-diaminopelargonic acid (DAPA)
synthase, which effects a transamination reaction (Scheme
1).

ACC Synthase: An Apple among Oranges
ACC is a cyclic amino acid produced by an R,γ-elimination
of 5′-deoxy-5′-methylthioadenosine (MTA) from SAM
(Scheme 1). This reaction, catalyzed by ACC synthase,
represents the committed and rate-determining step in
the biosynthesis of the gaseous hormone ethylene in
flowering plants.14 In addition to its agricultural impor-
tance, this enzyme attracted our attention because of its
close relation to the well characterized PLP enzyme
aspartate aminotransferase (AATase). Initial sequence
analysis15,16 indicated that ACC synthase is closely related
to aminotransferaes. Subsequent structure determina-
tion17 confirmed its predicted membership in Fold Type

I of PLP enzymes, specifically in aminotransferase subclass
I. This group includes AATase, tyrosine (aromatic) ami-
notransferase, and histidinol phosphate aminotrans-
ferase,5,7,18 all of which catalyze transamination reactions.
Although the sequence identity shared between ACC
synthase and AATase is quite low (∼15% depending on
species), the CR atoms of apple ACC synthase and pig
cytosolic AATase superimpose with an rmsd of 3.2 Å.17

Considering the close structural similarity of ACC synthase
to aminotransferases, we have attempted to determine
what features of the enzyme allow it to discriminate
between the desired elimination reaction and the potential
aminotransferase reaction to generate S-adenosyl-4-meth-
ylthio-2-oxobutanoate (oxo-SAM, Scheme 1).

The mechanisms of both reactions have an important
feature in common in that they share intermediates up
to the quinonoid (Scheme 2). The steps after quinonoid
formation are depicted in Scheme 3. In order for the
enzyme to drive the R,γ-elimination reaction, it must
increase the ratio kelim/ktrans, where kelim and ktrans are,
respectively, the rate constant for R,γ-elimination of MTA
and the net rate constant for transamination from the
quinonoid. Much of the insight into this process has come
from comparison of the reactions of ACC synthase with
its natural substrate to those of the same enzyme with
alternate substrates.

1. Reaction of ACC Synthase with SAM. The absor-
bance maxima of the different forms of the cofactor
(indicated in Scheme 3) often allow intermediates in the
reaction pathways of PLP enzymes to be distinguished
spectrophotometrically and to be followed individually

Scheme 1. The Metabolic Fates of SAMa

a An R-carbanion can be formed either by decarboxylation or deprotonation. Reprotonation of the decarboxylated intermediate yields S-adenosyl-
(5′)-3-methylthiopropylamine (dcSAM), an intermediate in polyamine biosynthesis.35 Formation of the R-carbanion by deprotonation is a prelude to
R,γ-elimination, â,γ-elimination, and transamination. The R-carbanions are stabilized by enzyme-bound PLP (not shown; see text and Scheme 2). The
mechanisms of these three reactions are presented in more detail in Scheme 3.

Topology of Enzyme-Substrate Complexes Eliot and Kirsch

758 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 36, NO. 10, 2003



during the course of a reaction monitored under pre-
steady-state conditions. A strong absorbance at ∼500 nm,
indicative of the quinonoid intermediate, forms rapidly
upon mixing SAM with ACC synthase (Figure 1).19 This
intermediate decays with a rate constant equal to the
steady-state kcat value for the reaction, indicating that it
is one of the species involved in the equilibrium preceding
the rate-determining step, which is presumed to be the
irreversible R,γ-elimination of MTA. These data indicate
that the quinonoid is a stable intermediate in the reaction,
which is unusual. This intermediate does not accumulate
in most transamination reactions, such as that of AATase
with aspartate, although it is observed during the reaction
of AATase with the alternative substrate cysteine sulfinic
acid (CSA).20

2. Reaction of ACC Synthase with the Inhibitors
Aminoethoxyvinylglycine and sincefungin. L-Amino-
ethoxyvinylglycine (AVG; Figure 2) is a potent inhibitor
of ACC synthase, with a calculated Kd of 10-20 pM.21

Spectrophotometric and crystallographic studies have
shown that the inhibition is due to the formation of a
stable ketimine, which is not hydrolyzed. The required
quinonoid intermediate is not observed (Figure 3),21

indicating that it does not accumulate during the reaction.

A similar result is observed in the reaction of ACC synthase
with the close substrate analogue sinefungin (Figure 2).
This compound also forms a ketimine that is not hydro-
lyzed (M. White and A. Eliot, unpublished results).

Although the results of the investigations employing
these inhibitors do not necessarily extend to SAM, the
close structural similarity of sinefungin to the natural
substrate suggests that a SAM ketimine, if formed, would
also be recalcitrant to hydrolysis. Further, the fact that
different intermediates accumulate depending on which
inhibitor or substrate is involved indicates that substrate
structure sharply influences the thermodynamic and/or
kinetic accessibility.

3. Reaction of ACC Synthase with (R,S)-SAM. The
physiological diastereomer of SAM has the (S,S) configu-
ration, but the (R,S) diastereomer (Figure 2) is both a
substrate and a mechanism based inhibitor of ACC
synthase.22,23 Although the latter compound can suffer the
same R,γ-elimination as the natural (S,S) diastereomer, it
more often eliminates the same leaving group in a â,γ-
process to produce a vinylglycine-related intermediate
(Scheme 3). The ratio of the elimination rate constants
kR,γ/kâ,γ is 0.4,24 as compared to ∼60 for the (S,S) diaste-
reomer.25 This result proves that the topology of the (S,S)-

Scheme 2. The Formation of the r-Carbanion Is Promoted by
Condensation of a Substrate Amino Acid with Enzyme-Bound PLP to

Form an Aldiminea

a The carbanion formed by subsequent deprotonation is resonance
delocalized across the cofactor in the quinonoid intermediate.

FIGURE 1. Formation and decay of the quinonoid intermediate
during the reaction of ACC synthase with (S,S)-SAM. Excess ACC
synthase (25 µM) was reacted with 5 µM (S,S)-SAM in reaction
buffer (25 mM potassium phosphate, 2.5 µM PLP, 0.5 mM EDTA, 0.1
mM DTT, 7.5% glycerol, pH 8.3), and the absorbance at 500 nm was
followed for 200 ms. [Reprinted from ref 19 with permission. Copyright,
American Chemical Society, 2000].

FIGURE 2. The structures of (S,S)-SAM, (R,S)-SAM, AVG, and
sinefungin.
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SAM complex is crucial for directing the nearly exclusive
R,γ-elimination.

â,γ-Elimination requires a reasonably acidic C-H bond
at the â position (Scheme 3). This increased acidity is
expected to occur in the ketimine intermediate because
the â proton is adjacent to an electron-withdrawing imine
moiety; therefore, the â,γ-elimination likely proceeds from
this intermediate as shown in Scheme 3. Spectrophoto-
metric monitoring of the reaction with the (R,S) diaste-
reomer reveals that, as in the reaction with the (S,S)
compound, the most populated steady-state species is the
quinonoid,22 indicating that ketimine formation is either
rate-determining or that the latter species is in equilibrium
with the more populated quinonoid.

DAPA Synthase: A Physiological SAM
Aminotransferase
7,8-Diaminopelargonic acid (DAPA) synthase is a PLP-
dependent aminotransferase that transfers the amino
group from SAM to 7-amino-8-ketopelargonic acid (KAPA)
to produce DAPA and the oxo-acid of SAM (Scheme 4).26

This enzyme catalyzes the second of four steps in the
biosynthesis of biotin and is the only enzyme known to
utilize SAM as a substrate in an aminotransferase reaction.

Scheme 3. Possible Fates of the Quinonoid Intermediatea

a The irreversible R,γ-elimination of MTA (right) proceeds directly from the quinonoid, followed by release of the product ACC to regenerate the PLP
form of the enzyme. The transamination (middle) and â,γ-elimination (left) reactions require initial protonation of the quinonoid at C4′ on the cofactor
to generate the ketimine. This step is likely reversible (see text). The transamination reaction is completed by hydrolysis of the ketimine to release the
oxo-acid product, leaving the enzyme in the PMP form. The irreversible â,γ-elimination of MTA occurs from the ketimine because the â-proton acidity
is increased by the presence of the adjacent imine. The resulting vinylglycine ketimine is converted to a vinylglycine aldimine by proton transfer from
C4′ to CR. The resulting eneamine is discharged from the enzyme and decomposes spontaneously to R-ketobutyrate and ammonia.22

FIGURE 3. Formation of a ketimine following addition of AVG to
WT ACC synthase. ACC synthase (3 µM) was added to 3.9 µM AVG
in pH 6.3 buffer containing 62.5 mM MES, 62.5 mM MOPS, 125 mM
4-hydroxy-N-methylpiperidine, and 10% glycerol at 25 °C. Spectra
were recorded every 60 s. The experiment was carried out at low
pH to slow the rate of conversion of the PLP cofactor from its
aldimine to ketimine form. The quinonoid intermediate is not observed
during the reaction. [Reprinted from ref 21 with permission. Copyright,
American Society of Biochemistry and Molecular Biology, 2002].
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This enzyme, like ACC synthase and AATase, is a member
of fold type I of PLP enzymes, but it is classified by its
structure in aminotransferase subclass II.5,7 The subclasses
differ primarily in the conformation of the N-terminal
portion of the protein,27 but the region around the cofactor
is similar in both.

Since the transamination reaction catalyzed by DAPA
synthase proceeds from the same SAM quinonoid as the
ACC synthase-catalyzed elimination, this enzyme must
interact with the substrate in such a way that the
partitioning of the intermediate down the possible reac-
tion pathways instead favors the transamination. As in the
case of ACC synthase, analysis of the reaction of the
enzyme with different substrates has provided insight into
the control of this partitioning.

1. Reaction of DAPA Synthase with SAM. In contrast
to ACC synthase, DAPA synthase does not react with the
(R,S) diastereomer of SAM, nor is that compound an
inhibitor of the enzyme;28 therefore, we will only consider
the half-reaction with the (S,S) diastereomer. Spectropho-
tometric observation of this reaction (Figure 4)28 reveals
that the quinonoid intermediate forms rapidly and decays
with a rate constant equal to kmax (the first-order rate
constant for the half-reaction at saturation), just as in the
reaction of ACC synthase with SAM. However, the prod-
ucts in this case are the 335 nm-absorbing pyridoxamine
(PMP) form of the enzyme and oxo-SAM. No ACC is
formed (A. Eliot, unpublished results, 2002), indicating
that the barrier to R,γ-elimination is substantially higher
than it is in the reaction of SAM with ACC synthase. The
transamination reaction catalyzed by DAPA synthase,
although favored, proceeds slowly, with a kmax of 0.02 s-1,

indicating that either ketimine formation or its hydrolysis
is hindered, similar to the ACC synthase-catalyzed reac-
tion.28

2. Reaction of DAPA Synthase with DAPA. The PMP
form of DAPA synthase reacts with KAPA to generate
DAPA and the PLP form of the enzyme in the physiological
aminotransferase reaction (Scheme 4). The kinetics of the
PLP form of DAPA synthase can be investigated with both
SAM and DAPA. The value of kmax for DAPA is 0.8 s-1, 40-
fold greater than that for SAM. Moreover, the quinonoid
intermediate does not accumulate during the reaction
with DAPA, as opposed to that with SAM.28 Instead, only
the aldimine and ketimine are observed. Thus, substrate
structure is a major determinant of the thermodynamic
and/or kinetic accessibility of the quinonoid and ketimine
intermediates, as was observed for ACC synthase.

Major Differences between the Reactions
Catalyzed by the Three Enzymes
This comparison of the reactions catalyzed by three
enzymessACC synthase, AATase, and DAPA synthases

which differ in either substrate utilized, reaction catalyzed,
or both (Scheme 5), provides insight into the sources of
the reaction specificity of these enzymes. Their reactions
with alternative substrates and substrate analogues have
been particularly revealing. Specifically, the obtained
results identify three important factors that contribute to
the different reaction specificities of ACC synthase and
DAPA synthase.

1. Determinants of the Regiospecificity of Elimina-
tion. The fact that the differing stereochemistry of the
sulfonium pole of the (R,S) diastereomer of SAM is
sufficient to favor â,γ- over R,γ-elimination on an other-
wise identical substrate shows that the topological relation
of the groups attached to the stereocenter to the active
site residues is sufficient to decide the regiochemistry of
the elimination reaction. This result suggests that simple
binding geometry interactions prevent R,γ-elimination

Scheme 4. The Reaction Catalyzed by DAPA Synthasea

a The amino group is transferred from SAM to KAPA to generate DAPA.

FIGURE 4. The quinonoid intermediate accumulates during the
reaction of DAPA synthase with SAM. DAPA synthase (4.5 µM) was
incubated with 1 mM SAM in reaction buffer (50 mM AMPSO, 20%
glycerol, pH 9.0). Spectra were recorded every 30 s. The strong
absorbance at 485 nm is characteristic of a quinonoid intermediate.
[Reprinted from ref 28 with permission. Copyright, American Chemical
Society, 2002].
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from the quinonoid formed from SAM in the reaction with
DAPA synthase.

2. Control of Ketimine Hydrolysis. Although ketimine
hydrolysis is partially rate-determining in the AATase-
catalyzed transamination reaction,29 this reaction still
proceeds quickly (kcat ) 170 s-1).30 The DAPA synthase-
catalyzed transamination reaction rate constants are
substantially less, but ketimine hydrolysis must occur with
a rate constant that is at least as great as kcat (0.013 s-1).28

In contrast, the ketimines formed in the active site of ACC
synthase are not hydrolyzed.

3. Quinonoid Stabilization. The quinonoid intermedi-
ate is calculated to be 1.7 kcal/mol less stable than the
aldimine intermediate in the reaction of AATase with
aspartate,30 and it is not observed during the reaction in
either steady-state or single-turnover kinetics. The ketimine
is the most stable intermediate among the aldimine,
quinonoid, ketimine trinity, and it accumulates during the
reaction. The reaction of DAPA synthase with DAPA
superficially appears similar, but it is the quinonoid
intermediate that accumulates in the reaction of SAM with
either ACC synthase or DAPA synthase. This stabilization
of the quinonoid intermediate during the reactions with
SAM may contribute to enhancing the rate of the R,γ-
elimination reaction (see below).

How Do These Differences Relate to the
Reaction Specificity of Each Enzyme?
It is reasonable that substrate binding geometry might be
important for the R,γ-reaction, because the SN2 closure

of the cyclopropane ring requires alignment of the nu-
cleophilic R-carbon atom of the quinonoid, the electro-
philic γ-carbon atom, and the sulfur atom of the leaving
group. It is also clear that prevention of hydrolysis of a
ketimine formed on ACC synthase blocks a suicidal trans-
amination reaction and thereby allows the substrate to
be directed down the desired R,γ-elimination pathway.
The hydrolysis reaction may be limited by exclusion of
solvent as a result of closure of the enzyme around the
bound substrate. A precedent can be found in AATase,
which is known to exist in a closed form when substrate
is bound.31 The recently solved crystal structure of ACC
synthase with AVG bound shows evidence of a similar,
but less dramatic, closure.21 In AATase, the closure is not
sufficient to exclude solvent completely, but it has been
suggested that it acts to prevent unwanted side reactions
such as racemization resulting from protonation of the
quinonoid by solvent.32

Accumulation of the quinonoid intermediate can also
contribute to reaction specificity. Both transamination and
elimination reactions must proceed via the quinonoid
intermediate. The product distribution is decided by the
relative barrier height leading from the quinonoid to the
transamination products via ketimine versus that leading
from the quinonoid to the R,γ-elimination products. ACC
synthase selectively favors the latter reaction with SAM
by preferential stabilization of the quinonoid and of the
transition state leading to the ACC aldimine (Scheme 6),
while the barrier to transamination is less affected.
Quinonoid stabilization may even increase the overall
barrier to transamination, because the quinonoid can act
as a kinetic trap (Scheme 6).

It is intriguing to note that the stabilized quinonoid is
a property of the substrate and not specific to the enzyme
involved, since the quinonoid accumulates in the reaction
of at least one substrate with each enzyme.

Why Is the Quinonoid Intermediate Stabilized
by Certain Substrate Structures?
It is interesting to speculate why the structures of certain
substrates help to stabilize the quinonoid intermediate.
An electron-withdrawing side chain is the common at-
tribute shared by the two substrates whose structures
result in quinonoid stabilization. These are a sulfinic acid
in the case of CSA and a sulfonium ion for SAM. An
explanation for quinonoid stabilization is provided by the
structures of the quinonoid and ketimine intermediates.
The CR position in the quinonoid is nucleophilic and
partially anionic, while the CR position of the ketimine is
electrophilic and partially cationic (Scheme 7). An electron-
withdrawing moiety in the side chain is thus expected to
stabilize the electron-rich quinonoid, while destabilizing
the electron-deficient ketimine. Ketimines are observed
in the ACC synthase AVG and sinefungin complexes
because the side chain of AVG is much less electron-
withdrawing than that of SAM, and the formal positive
charge of sinefungin is one atom more remote from the
CR carbon atom than is that of SAM.

Scheme 5a

a ACC synthase, AATase, and DAPA synthase allow a comparison of
three closely related, PLP-dependent enzymes that utilize the same
substrate in different reactions (i.e., ACC synthase and DAPA synthase)
or catalyze the same reaction with different substrates (i.e., DAPA synthase
and AATase). Although the primary focus is on the different fates of SAM
in the ACC synthase- and DAPA synthase-catalyzed reactions, AATase
provides an important third point of comparison because of its close
structural similarity to ACC synthase and the extensive kinetic and
mechanistic studies that have been performed with it.
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Conclusions
DAPA synthase and ACC synthase are PLP-dependent
enzymes that utilize SAM as a substrate but produce
different products. DAPA synthase transaminates SAM to
produce oxo-SAM and the PMP form of the enzyme, while
ACC synthase yields ACC and MTA by R,γ-elimination. A
quinonoid intermediate is formed in both reactions by
R-deprotonation of the substrate, but the reaction path-
ways diverge from this common intermediate. The ability
of each enzyme to direct the intermediates down the

desired reaction pathway is complete; neither enzyme
catalyzes the other reaction to a measurable extent. Pre-
steady-state and steady-state kinetic analyses of the
reactions of these enzymes with a variety of substrates and
inhibitors have been particularly useful in helping to
understand how they achieve such specificity. Further
comparisons with the structurally related and well-
characterized enzyme AATase have added insight into this
question.

Because of the close sequence and structural similari-
ties of ACC synthase to AATase and the other subclass I
aminotransferases, it is instructive to think of the question
of reaction specificity from an evolutionary perspective;
that is, how has ACC synthase evolved to prevent the
aminotransferase reaction and to promote elimination?
It is likely that this enzyme, which participates only in the
biosynthesis of the regulator molecule ethylene in higher
plants, evolved relatively late from broad specificity ami-
notransferases. Once affinity for SAM was acquired, the
stability of the quinonoid intermediate formed in the
reaction of that substrate contributed to the development
of the enzyme’s ability to catalyze the R,γ-elimination.
Optimization of the geometry of the bound substrate for
cyclopropane ring formation further increased specificity
for this reaction over others, as did increased exclusion
of water from the active site to prevent transamination.
The latter process was also influenced by the choice of
substrate, as the achievement of the solvent-excluded
conformation is contingent on specific interactions with
the substrate. The evolutionary heritage of ACC synthase

Scheme 6. The Effect of Quinonoid Stabilization on the r,γ-Elimination (Right) and Transamination (Left) Reactionsa

a Both are depicted as proceeding from the substrate aldimine (center). The solid lines represent the free-energy profile for the reactions where the
quinonoid is the most stable intermediate, as is observed for the reactions of SAM with either ACC synthase or DAPA synthase. The dashed lines represent
the cases where the quinonoid is an unstable intermediate relative to the ketimine (transamination only) and aldimine (both), as in the reaction of DAPA
synthase with DAPA and other aminotransferases with their physiological substrates. The stabilization of the quinonoid and the rate-determining transition
state between it and the product aldimine in ACC synthase results in a decrease in the overall barrier to the R,γ-elimination reaction. The reaction of
SAM with DAPA synthase also proceeds via the stabilized quinonoid, resulting in an increased barrier for transamination, which accounts at least in part
for the low rate constant (kmax ) 0.02 s-1). In contrast, the quinonoid is not stabilized in the reaction of DAPA with the same enzyme, and the value of
kmax (0.8 s-1) is correspondingly higher. The reactions of well characterized aminotransferases follow the same dashed reaction coordinate pathway.

Scheme 7. Resonance Forms of the Quinonoid (Top) and Ketimine
(Bottom) Intermediatesa

a The quinonoid is partially anionic at CR, while the ketimine has a
partial positive charge at the same position.
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is manifested in the retained ability of the enzyme to
catalyze slow transamination of substrates such as ala-
nine.19

DAPA synthase, on the other hand, has evolved to bind
SAM but has retained its function as an aminotransferase.
The stable quinonoid formed from this substrate also
increases the potential for catalysis of R,γ-elimination, but
that reaction is presumably blocked by simply binding the
substrate in a conformation that does not allow for closure
of the cyclopropane ring. SAM remains a suboptimal
substrate for transamination, as evidenced in the lower
rate constant for turnover relative to DAPA, and this low
rate constant is likely the result of the quinonoid stabiliza-
tion, which creates a kinetic trap.

Although the conclusions presented derive from analy-
ses of these two enzymes and their close relatives, it is
likely that other enzymes utilize similar mechanisms to
direct intermediates to the intended product and to limit
possible side-reactions. An understanding of these mech-
anisms is critical to the success of protein engineering
efforts to alter the specificities of enzymes and to engineer
new catalytic activities.

The authors thank Steven Rothman and Daniel Malashock for
critically reviewing the manuscript.
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