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Abstract: The role of the pyridoxyl functionality on pyridoxal’fphosphate (PLP)-dependent enzymatic
decarboxylation oft-amino acids has been examined using ab initio calculations at electron-correlated levels
of theory (MP2/6-31G(d) and B3LYP/6-31G(d)). The zwitterionic reactant intermediates involved are used to
measure the effects of ground-state destabilization on the activation barriers. Inclusion of the 2-hydroxy-3-
methylpyridine group, as in alanine imine with PLB),(results in a decrease in the barrier height to 20.1
kcal/mol. Either an intramolecular 1,4-proton shift from the carboxylic acid group or general acid catalysis by
the phenol group irb affords a protonated aldimine group that provides Coulombic stabilization for the
decarboxylation step (T6-and TS7). There is no change in electron density of the pyridoxyl ring in either
neutral transition structure. The “electron sink” effect attributed to the amide functionality in pyruvoyl-dependent
and the pyridoxyl group in PLP-dependent decarboxylation is absent. The barrier heights of the pyruvoyl-
dependent (TS) and PLP-dependent (TH-decarboxylations are quite similar. The three pertinent structural
features essential to efficient PLP-dependent decarboxylation are (i) the Coulombic influence of proton transfer
to the imine nitrogen in the transition state for decarboxylation, (ii) the short, strong stabilizing hydrogen bond
of the phenol oxygen anion with the imine hydrogen in the transition structure, and (iii) the formation of
zwitterionic intermediates along the reaction coordinate with an energy-compensating Coulombic stabilization
of the PLP cofactor at the active site. In decarboxylation reactions involving salt bridges, the potential for an
increase in distance between oppositely charged centers must be alleviated early along the reaction coordinate
by annihilation of the salt bridge to avoid marked increases in energy.

1. Introduction electrostatic solvation of ionic TS is clearly one of the most

Several theories have been put forth recently in an effort to important aspects of enzyme catalysis. )
explain the rate enhancement typically associated with enzymatic It has also been proposed recently that low-barrier hydrogen
reactions relative to comparable processes that take place inPonds (LBHBs) supply a large fraction of the energy required
solution. Considerable efforts have been expended on thefor transition-state stabilizatioh This hypotheSiS involves a
question of how transition structures in these reactions may bemechanism whereby an enzyme-bound intermediate or transition
stabilized. Electrostatic stabilization of ionic transition structures state is stabilized by the formation of a single short, strong
and formation of low-barrier or short, strong hydrogen bonds hydrogen bond that can provide-220 kcal/mol of stabilization
can be considered as two main factors that can influence reactiorenergy to the enzyme complex, resulting in a rate enhancement.
barriers. The first of these has been discussed by Warshel, whaHerschlag prefers to advocate the use of multiple interactions
advocated that enzymes function by solvation substitution at with substrate groups undergoing charge rearrangements to
the active siteé.He suggests that enzymes work by modulating provide stabilization specific to the transition statEnzymes
the difference between the electrostatic energies of the transitioncan use these multiple hydrogen-bonding interactions, where
structure (TS) and the ground state (GS). The catalytic effect each makes a modest energetic contribution, in a nonaqueous
of the enzyme is then essentially the difference in stabilization environment. While none of these theories is without detrattors
energies of the relevant state in the enzyme and in the and there is yet to be a consensus on how the stabilization is
corresponding reference solvent system. Within this context, provided? there is little question that this controversy has
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On the other hand, there has been very little discussion Scheme 1
concerning how the energy gap between ionic ground and
transition states can be traversed in enzymatic reactions. The
concept of substrate destabilization has been discussed, where

the enzyme uses binding interactions with functional groups that
would not otherwise interact in the GS but that do interact
strongly in the TS'96 Gas-phase reactions forming a charged

species from neutral fragments are characterized by enormous

activation barriers. In the gas phase or in solution, transition

state theory dictates that an ensemble of reactants will undergo

many collisions until a fraction of these molecules acquires
sufficient internal energy to surmount the activation barrier
according to a classical pictufeHow can substrates bound at
the active site of a relatively immobile, high-molecular-weight
enzyme, often in the virtual absence of solvent, overcome an
activation barrier? In this study we examine the possible benefits
of zwitterionic destabilizationof substrate GSs and how this
phenomenon can effectively lower the barrier for ionic enzy-
matic processes.

Pyridoxal 3-phosphate (PLP)-dependent decarboxylation is
an enzymatic reaction involving the accepted zwitterion inter-
mediaté that can serve to demonstrate the advantageous effect
of both electrostatic stabilization of the TS and destabilization
of the GS on the overall reaction barrier. Enzymatic decarboxy-
lation processes involving-amino acids constitute an important
class of biochemical reactiofisThis decarboxylation reaction
is a key step in the synthesis of neurotransmitter amino
compound$.Mechanistic studies on the enzymatic decarboxy-
lation of a-amino acids have typically been aimed at the
identification of the key reaction intermediates. Such enzymes
are known to form intermediate imino compounds by exchange
between the amino group of threamino acid and the imine
functionality of the enzyme prosthetic grofims shown in
Scheme 1 for'PLP-dependent enzymatic decarboxylations.
Formation of quinonoidC from zwitterionic intermediat® is
presumed to be facilitated by the formal deposition of the pair
of electrons of the breaking-8COO™ bond in consonance with
the “electron sink” concept, where it is generally accepted that
the PLP cofactor serves to delocalize/stabilize the developing
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Although PLP-dependent transamination and decarboxylation

ave been considered as one of the better understood mecha-
nisms&°we suggest in this study that several conceptual aspects
of these processes, including the thermodynamic driving force
of the decarboxylation step, need to be reappraised. We will
examine the role of the pyridoxyl functionality on PLP-
dependent enzymatic decarboxylationochmino acids. This
provides an opportunity to compare pyruvate- to PLP-dependent
decarboxylation at the same level of theory to ascertain if this
is simply an alternate, but equally efficient, method of achieving
the same objective. We also examine the more general question
of how such isolated biosubstrates, localized by hydrogen
bonding at an active site, acquire a sufficient increase in internal
energy to overcome an activation barrier.

2. Methods of Calculations

Molecular orbital calculations were carried out using the Gaussian94

negative charge as the carboxylate group is lost as carbonprogram systedi® utilizing gradient geometry optimizatiof> All

dioxide. These zwitterionic intermediates provide an ideal
opportunity to examine the effects of Coulombic interactions
of the functional groups involved in the mechanism of decar-
boxylation. We can calculate tlirgrinsic destabilization of these
species in the gas phase to provide a comparison with how
interactions at the active site, which has a site-specific polar
environment designed for electrostatic stabilization of such ionic
TS, can influence the activation barrier.
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Poelje, P. D.; Snell, E. EAnnu. Re. Biochem 199Q 59, 29. (c) Hayashi,
H.; Mizuguchi, H.; Kagamiyama, HBiochemistry1993 32, 812. (d)
Momany, C.; Ghosh, R.; Hackert, Nerotein Sci.1995 4, 849. (e) Rozzell,
J. H., Jr,; Benner, S. Al. Am. Chem. So&984 106, 4937. (f) Hohenester,
E.; Keller, J. W.; Jansonius, J. Biochemistryl994 33, 13561. (g) Grishin,
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structures were fully optimized at the HF, MP2, or B3LYP level of
theory1212The 6-31G(d) and 6-311G(d,p) basis $ktave been used
throughout the study. All structures shown in Scheme 2 were fully
optimized at the MP2/6-31G* level (frozen core). Vibrational frequency
calculations were used to characterize all stationary points as either
minima (no imaginary frequencies) or first-order saddle points (a single
imaginary frequency) at the level indicated. In general, the effect of
the MP4SDTQ corrections and inclusion of diffuse functions (the
6-31+G(d) basis set) on the MP2 activation barriers for decarboxylation
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Scheme 2 Table 1. Activation Energies (Relative tt in kcal/mol) for the
Decarboxylation of Glycine Imine of FormaldehydeG+N—
CH,COOH (1) Calculated at VVarious Computational Levels

(B\QLOH -
Ny computational level TS
éﬁ .
N7 CHs

\i \i RHF/6-31G(d)//RHF/6-31G(d) 45.8
o on \i MP2/6-31G(d)//MP2/6-31G(d) 29.8
7 . =~ ol ° MP4/6-31G(d)//MP2/6-31G(d) 29.2
o 1S kol O o B3LYP/6-311G(d,p)//B3LYP/ 23.8
L= (] 6-311G(d,p)
) CHy o) Cs o “CH; QCISD(T)/6-31G(d)//QCISD/ 31.7
» H s 6-31G(d)
0.0 keal/mol 6.4 kcalmol 24.4 keal/mol
2 The reaction is endothermic (25.9 kcal/mol at the MP2/6-31G(d)
l rama i level). The calculated total energies are given in Table 1S (Supporting
\(ﬁ’\ \ioe Information).
00
] - J&H \lw Q)'\H
N OH -0 | H l H - co, ~ o
] -~ (] [ -— | B p=6.1D
CH; N"  CH; v CHs ®N “CH3 % 0
TS-6 © 4 H s H TS-7 N---H
22.0 keal/mol 15.6 kcal/mol 5.8 keal/mol 20.1 kcal/mol HT 2.015

NN/

- H
Final Product | + €O, Relative energies were calculated at the
CHj MP2/6-31G(d)//MP2/6-31G(d) level

9
MP?2 -22 2kcal/mol

q(Cs0709H11) = -0.01
q(C10H3Hs) = 0.18
q(Na) = -0.48
q(C1Hz2Hs) = 0.29

of B-keto acids is very minimdf?2 Since solvent effects play only a
minor role in determining the rate for decarboxylatiorpeeto acids,

we observed excellent agreement between experiment and theory in
our initial studiesi*PCharges were calculated at the B3LYP level or
using the HF wave function at the MP2/6-31G(d) geometry. The
Mulliken*'2and natural population (NPAY analyses were employed.
The relatively large sizes of the molecules under consideration make
calculations of charge distributiof8 using the MP2 wave functions
prohibitive because of their demand for computer resources.

3. Results and Discussion

3.1. Assessment of the Level of Theory.he computational

ab initio study of the more complex models discussed below Eogenmyacish = -321.561363 S = .00 (018
! . ) ' = 31.7 keal/mol q(NaH11) = -0.03 (0.45
gives rise to considerable requirements for computer resources. q(CtHzHe) = 0-45((0-14)

As an assessment of the level of theory required to accurately _. 1. Glveine imine of f dehvd qi -
describe the decarboxylation process, we computed the classicaf igure 1. Glycine imine of formaldehydelf and its transition structure
- . - or decarboxylation (TS). Geometries are fully optimized at QCISD/

bar_r'er_ for the I(_)SS of C@from the simplest model _'m'ne 6-31G(d). Energies are given in hartrees, distances in angstroms, and
derivativel at various computational levels. The results in Table angles in degrees. Group Mulliken charges are given asd the net
1 show that the HartreeFock (HF) decarboxylation barrier is  changes are in parentheses. The dipole momestgiven in debye.
overestimated. All three electron-correlated methods (MP2, ) ) . ) ) . .
MP4, and QCI) afford comparable results. The MP4 correlation method still provides reliable relative energetics, provided this
correction on the MP2/6-31G(d) activation barrier was minimal trend is recognized. These data suggest that, while the HF level
(AAE* = —0.6 kcal/mol), and the QCISD(T)//QCISD/6-31G(d) may be adequate for determining relative energies for the larger
barrier height AE* = 31.7 kcal/mol) differed by only 2.5 kcal/ ~ Systems examined, the MP2 or a correlated level should be used
mol. The B3LYP method underestimates the barriers somewhat,to predict the activation barriers for decarboxylation.
as previously noted for the model pyruvoyl syste"ﬁﬁ’sbut this We have examined the potential role of electron delocalization
of the developing carbanionic center to an adjacent imine on
R. D Canepa, . Am. Chem. Sod807 118 11726, (9 Bach R p:  (he gas-phase barrier for decarboxylatiéiiThe MP2/6-31G(c)
Su, M.-D.J. Am. Chem. Sod 994 116 5392. barrier height for decarboxylation of a simple imine derivative

(14) (a) The Mulliken charges fd@b calculated using the HF/6-31G(d)  of glycine (1) (Figure 1) was predicted to be 29.8 kcal/mol.

wave function and the MP2/6-31G(d) geometry are close to NPA charges The total energies calculated at various levels of theory are listed
computed using an electron-correlated (B3LYP/6-31G(d)) wave function . 9 ry

(Figure 4). (b) The computed Mulliken or NPA charon these atoms  In Table 1S (Supporting Information). In the transition structure
bear no resemblance to the formal charges, and, as such, formal chargefor the decarboxylation ot (TS-2, Figure 1), the carboxylic
should not be used to make mechanistic predictions. For example, the g¢cid proton is transferred to the imine nitrogen, while the-C

Mulliken and NPA charges on the pyridine nitrogen in minimbimare N ; - o Al ;
both negative £0.727 and—0.470, respectively; the NH group charges C10—Ns—C, dihedral angle of-72.1" aligns the developing

are also negative;-0.300 and—0.033), whereas the formal charge is €lectron pair, derived from the breaking—C bond with the
positive. The NPA charge on the imine nitogenSais —0.560, and the imine z-system. The relatively strong hydrogen bond between

NH group charge is-0.295. NPA charges for organic molecules generally N, and H; in minimum 1 is lost in the transition structure,
agree with charges calculated using various schemes of population I . . - .
analysisi4c (c) Breneman, C. M.; Wiberg, K. B]. Comput. Chem99Q contributing to the relatively high barrier for decarboxylation

11, 361. relative to an enzymatic system. The Mulliken group charges
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(a) Pyruvamide-Dependent DecarboxylaseThe above
imine model systeml was extended to include the amide
functionality present in the pyruvoyl-dependent enzydnén
intrinsic reaction coordinate (IR®P analysis established that
a 1,4-proton shift from the carboxylic group to the imine
nitrogen was complete before the barrier was crossed in the
transition structure for decarboxylation (BR3P Significantly,
the HHNC=0O amide functionality in ground state (GS) model
imine 3 has a group charge of 0.04, and it does not serve to
disperse the developing negative charge for decarboxylation,
where this group charge (q) is actually slightly more pasiti
in the TS(q(H,NCO) = 0.07). The calculated Mulliken charge
distribution shows that the net charge on the,@@gment of
TS+ is negative 0.51), while the charge on the remainder of
the pyruvoyl system bears an equal positive charge. The
estimated barrier for the decarboxylation of isolated glycine is
64.5 kcal/mol, while that for decarboxylation 8fis 23.1 kcal/
mol (MP2/6-31G(d)). The group charge of 0.43 on the pyruvoyl
C—H fragment in TS4 shows that the positive fractional charge

AE” = 31.5 keal/mol

TS-4b of the zwitterionic structure is delocalized by thesystem of
Figure 2. Transition structures for the decarboxylation of pyruvoyl- the G=N double bond. ) ) )
dependent co-factd catalyzed by two water molecules (B%) and (b) The Role of Hydrogen Bondlng n Pyruvamldg-

an ammonium cation (T8b). Geometries were fully optimized at the ~ Dependent Decarboxylation.In this study, we also examine
MP2/6-31G(d) level. the potential stabilizing influence of hydrogen bonding on the

calculated energetics for pyruvamide-dependent decarboxylase.
When two water molecules are hydrogen bonded to the amide
functionality in 3, a hydrogen bond strength of 27.3 kcal/mol

is estimated at the MP2/6-31G(d) level. The barrier height for
decarboxylation (TSk) is reduced to 3.0 kcal/mol relative to

its separated reactants but increases to 30.3 kcal/mol when
measured relative to this hydrogen-bonded pre-reaction complex

given in Figure 1 indicate that the negative charge inZTiS-

on the carboxylate group §0;09, q = —0.41), while the
corresponding positive center is the £group (GH2He, q =
0.45). The lowering of the barrier for decarboxylation bf
(AAEF = —35 kcal/mol) relative to that of glycine itsé# is
ascribed to electrostatic stabilization and delocalization of the

charge by thes-system of the positively charged imine . . S X
funct?onal?{y. The gharge on Nin (.‘E)S-l is —yO.48, v?/hile the (Figure 2). We also included an ammonium ion (NMthat is

N4H11 group charge in T is close to zero {£0.03). This strongly Co_mp'e_xed with the amide carbonyl oxygerﬁp_wivith
approximate change in charge distribution on going from GS a GS stabilization energy _0%24.8_ kcal/mol. The barrier for
to TS is essentially the same for the larger PLP-containing 0SS ©f ana(bTS"lb ) relative to isolated reactants was, as
systems and serves to demonstrate how ineffective the p|panticipateé®®for a positively charged system, also markedly

moiety is in fulfilling its presumed role in dispersing charge in "éduced to 6.7 kcal/mol. However, the overall barrier for
the decarboxylation process. decarboxylationincreasedto 31.5 kcal/mol relative to this

hydrogen-bonded cationic complex as a result of ground-state

ﬁ\ stabilization. As noted aboVé?in the absence of catalysis, the
OH (ﬁ\cm H\[ 00 gas-phase barrier for decarboxylation ®fis 23.1 kcal/mol.
N He SN/ These results do corroborate the ideas presented below, that a
" H:\io ﬁg} " localized concentration of charge, either positive or negative,
2 H,

can markedly influence the rate of enzymatic reactions.

More importantly for the present argument, the group charge
on the HN(C=0)-NH4" fragment in the GS (0.96) and the TS-

theoretical studi?® on the decarboxylation process, where a 4b (_0'99) increasessligh_tly, supporting the idea_expressed
variety of S-keto acid systems were used as models for previously3P that the amide carbonyl was essentially equally

enzymatic reactions, we provided evidence that the loss of CO polqriz_ed throughou_t thg regction coordinate for decarboxy_lation.
from the simplesB-keto acid, formylacetic acid (HE0)CH,- A similar charge distribution was observed for catalysis by
COOH), proceeds through a cyclic transition structure with Water, where the net charge on theNfiC=0)-2H,0 fragment
essentially complete proton transfer from the carboxylic acid Was 0.040 in the GS and 0.064 in P&- Based upon these
group to theB-carbonyl. A classical activation barrier of 28.6 data, we conclude that the “electron sink” effect typically
kcal/mol was found for formylacetic acid, while the loss of £O  attributed to the amide functionality in pyruvamide-dependent
from its corresponding carboxylate anion exhibited a reduced decarboxylation is not in evidence. The dominant factor in
barrier of 20.6 kcal/mol (MP4SDTQ/6-3G(d)//MP2/6- stabilizing TS4 is the Coulombic stabilization afforded by the
31+G(d)). Adjacent positively charged ammonium ions were adjacent positively charged iminium ion functionality. The
also observed to stabilize the unimolecular loss o @OmM a destabilization energy associated with ionic species in the gas
carboxylate anion by through-bond Coulombic stabilization of phase is large, but the zwitterionic species involved in decar-
the transition structure. The role of electrostatic stabilization boxylation can be stabilized by the surrounding protein environ-
by adjacent positively charged ammonium ions in oxygen atom ment in an enzymatic reaction. If both the GS and the TS are
transfer from 4e-flavin hydroperoxide has also been described stabilized to the same extent, i.e., if the zwitterionic TS closely
recentlylsc resembles the GS, then the theoretically derived classical

3.2. Models for Enzymatic Decarboxylation.In our first
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activation barriers can provide a reasonable estimate of the
energetics of the enzymatic systén.

3.3. Model Pyridoxal 3-Phosphate.ln enzymatic catalysis,
the binding energy from noncovalent secondary interactions is
used to arrange the active site in the folded protein. The 2
prepositioning of the hydrogen bond acceptors with respect t0 qcsor0sH24) = 0.01

the hydrogen bond donors minimizes the entropic penalty that &g hss®®

must be paid in order to bind and properly orient the substrate &G25%s"
with respect to the catalytic groupDue to the zwitterionic

nature of the substrate, both the GS and the TS should be
stabilized by hydrogen-bonding interactions with amino acid Emp2 = -721.262032

residues at the active site. Analysis of the overall reaction

energetics must take into account the energy of the GS, and @
the overall energy of the TS must be measured relative to the a9

[0
GS irrespective of any gas-phase intermediates that may lie on  ™¢ 0e
H

1.349
(1.343)

the reaction pathway. If the GS stabilization energy is greater e~
than that of the TS, the energy gap between them widens, and é\f
the activation energy for the decarboxylation reaction can
become excessivié? Although zwitterionic intermediates typi-

cally exhibit an increase in energy in the gas phase (Scheme

2), the increased secondary bonding of these dipolar species

with residues at the active site can effectively lower their energy

while maintaining the essential zwitterionic structural features

required for efficient decarboxylation. It is also quite possible = g:6702 0.9 €51 AEE 22,0 Kealimol

that energetically favorable site-specific Coulombic interactions  #3:52)=:2%03%)

of the PLP cofactor with amino acid residues could result in a dtring) = 0.05 (0.04)

zwitterionic GS in much the same fashion that amino acids exist Figure 3. Alanine imine with PLP %) and its transition structure for

as zwitterions in polar media. With this caveat in mind, we will decarboxylation (T$). Geometries are fully optimized at MP2/6-
provide the intrinsic gas-phase barriers that we compute in the 31G(d). Energies are given in hartrees, distances in angstroms, and
absence of solvent but also attempt to predict the influence of angles in degrees. Group Mulliken charges are giver) asd the net

the interactions at the active site upon the overall energetics.Shanges are in parentheses. Geometrical parametésofimized at

o _the B3LYP level are given in parentheses.
To assess the role of electron delocalization and electrostatic
interactions on the barrier for decarboxylation in PLP-dependent Cs bond length is shortened by 0.015 A a with respect to

deqarboxylgtion, we have extended model imirte include a _ thatin5 and slightly elongated (to 1.540 A, MP2/6-31G(d)) in
pyridoxal ring. It has been suggested that the developing gy, (Figures 3 and 4).

n_egative charge on the-carbon of the amino acid _is dispersed The charges depicted in minimuba (Scheme 2) are formal
via the-system of the coenzyme, as proposed in Schefhe 1. charges, and the calculated Mulliken negative charge on the
The terminal methylene group df was substituted with the  jnine nitrogen irb (—0.52) actually increases (in absolute value)
2-hydroxy-3-methylpyridine group as i& (Scheme 2). The i, 7yjitterionic minimumsa (—0.76), whereas the formal charge
phosphate group has been omitted on the grounds that it should,, the nitrogen is-1. When the formal charges fare due to
not have a major effect upon the electron distribution. Although 5 transfer of the phenolic hydrogen to the pyridine nitrogen, as
this negatively charged fragment could exert a Coulombic i, zyjitterionic structurésb (x = 13.8 D, Figure 4}2the energy
influence on the adjacent iminium ion, there is no direct gifference increases to 6.4 kcal/mol (6.5 kcal/mol at the B3LYP/
resonance interaction with the ring because it is linked to the 6-31G(d) level, see Table 3S, Supporting Information) as a
pyridoxyl ring through a Chl group, and thus this electronic  consequence of the increase in charge separation. The NPA
effect should be the same in both the zwitterionic GS and TS. charges calculated f&a and5b at the B3LYP level agree with

(a) The Effect of Charge Separation on the Energy of the  the Mulliken charges computed using the HF wave functions
Reactant Ground State. Since a separation in charge is atthe MP2/6-31G(d) geometry (Figure 4). While the 2-hydroxy-
typically associated with an increase in energy, we examined 3-methylpyridine moiety irba bears a negative group charge,
the relative energies of the zwitterionic structures that have beenit has a small positive group charge &b (q(ring) = 0.04
proposed for PLP systerfi8. The proton distribution of the  (Mulliken) and 0.03 (NPA at the B3LYP/6-31G(d) level; Figure
phenolic, carboxylic acid, and basic nitrogen functionalities is 4).
usually based upon their corresponding,values in water. The most fundamental change in zwitterionic intermediate
The relative energies for MP2/6-31G(d) geometry optimizations 5c¢ (u = 20.9 D, Figure 4) with respect t6 is the enthalpic
on various minima and transition structures with different proton tradeoff of two C-H bonds for two weaker NH bonds. It is
distributions are shown in Scheme 2. Proton transfer from the the balance between alternating bond strengths and Coulombic
phenolic group irb (u = 5.8 D, Figure 4) to the imine nitrogen,  destabilization due to charge separation that accounts for the
affording minimumb5a, having the lowest dipole moment & net energy increasé2 When there are small changes in the
4.8 D, Figure 4), is associated with a snddicreasen energy relative positions of the heavy (nonhydrogen) atoms and no
(1.5 kecal/mol; 5.2 kcal/mol at the B3LYP/6-31G(d) level). The changes in their connectivity, the change in charge distribution
actual change in the calculated charge on the oxygen anddue to proton transfer is minimal and in no way reflects the
nitrogen atoms is minimdt, and the strong intramolecular formal charges. The dipole moment of gas-ph&se has
O---H hydrogen bond irba, where the @-H bond distance is increased markedly relative to that®{Au = 15.1 D, Figures
1.674 A (Figure 4), contributes to the lower energy. Thg-C 3 and 4). At the MP2/6-31G(d) level, putative GS reactat

<(8,10,4,1)=-65.5

TS-6
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N CH; q(C50,05H) = 0,00 (0.04)

q(C\oH3) =0.16 (0.11)

Q(NgHg) = -0.23 (-0.09)
q(CHy) = 0.46 (0.37)
(1471 qlring) = -0.50 (-0.50)
Enps = -721.284464

AE = -1.5 keal/mol

q(C50,0,H) = 0.02 (0.05)

q(CgH3) = 0.08 (0.06)
q(Ny) = -0.48 (-0.47)
q(CH,) = 0.27 (0.28)
q(ring) = 0.04 (0.03)

1.489
(1.491)

b1oga 1444
ul (1.275) (1.443)

\N n=13.8D
@ | ) )

H Enpr = -721.27176
AE = 6.4 kcal/mol

ATEED
o

E2)s)1.268 1.243

q(Cs0709) = -0.65

q(C10H3) = 0.07
q{NaHz20) = -0.10 s¢
ggﬁ;gi):o"i‘? Empz = -721.243089

AE = 24.4 keal/mol

Ewmp2 = -721.250042
AE"= 20.1 keal/mol

q(C80709) = -0.54 [-0.55]
q(C1oH3) = 0.01 [-0.08]
q(NaH23) = -0.11 [0.41]
q(C1Hz2) = 0.51 [0.20]
q(ring) = 0.08 [0.06)

Figure 4. Alanine imine with PLP (structureésa—c) and the transition
structure for decarboxylation (TH- The geometries are fully optimized
at MP2/6-31G(d) and B3LYP/6-31G(d) (féaand5b) levels. Energies

are given in hartrees, distances in angstroms, and angles in degrees.

MP?2 relative energies are given with respectstoGroup Mulliken
charges are given ag and the net changes (for TBwith respect to

5) are in square brackets. Geometrical parameters and NPA (:halrgef0

for 5aand5b calculated at the B3LYP/6-31G(d) level are indicated in
parentheses.

which is comparable in structure to intermedi8tén Scheme
1, is 24.4 kcal/mol higher in energy th&rand is, in fact, even
higher in energy than T3see below). To assess the effect of

Coulombic destabilization on the barrier for decarboxylation,

J. Am. Chem. Soc., Vol. 121, No. 28, 19547

we must locate the TSs for decarboxylation that are related to
these zwitterionic intermediates.

(b) The Effect of Coulombic Destabilization on the Barrier
for Decarboxylation. We examined initially the effect of the
pyridoxal ring on the overall barrier for decarboxylation. At
the MP2/6-31G(d) level, the barrier height for the loss of,CO
from the simple imine modédl (as in TS2, Figure 1) is predicted
to be 29.8 kcal/mol (Table 1). The barrier for decarboxylation
of 5was reduced to 22.0 kcal/mol (Te+igure 3). This barrier
is lower (16.1 kcal/mol) at the B3LYP/6-311G(d,p) level
(however, a tendency of the B3LYP functional to underestimate
activation barriers has been documenté®j$ The neutral
phenolic oxygen is hydrogen bonded with the iminium hydrogen
(R(O19H23) = 1.905 A) in TS6. In this pathway, since the
phenol is not ionized, the resulting charge-separated product of
decarboxylation, intermedia® remains fairly high in energy
(15.6 kcal/mol). Thus, extension of the simplest model imine
system with either the amide functionality3ror the pyridoxyl
moiety in5 (pathA, Scheme 2) results in a further decrease in
barrier height for decarboxylation of 6.7 and 7.8 kcal/mol,
respectively. In both transition structurébe 1,4-proton shift
to the imine nitrogen was complete before the barrier was
crossed. For those reactions of a neutral carboxylic acid
involving a 1,4-proton shift in concert with the loss of @
is the transferring of the proton to the imine nitrogen that
neutralizes the putative negative charge arising frerC®ond
cleavage.

We next considered decarboxylation via p&hinvolving
zwitterion 5b. Zwitterionic intermediatéb (Figure 4), which
may be derived formally frond by intramolecular transfer of
the phenolic proton, is 6.4 kcal/mol higher in energy than neutral
structure5 (Scheme 2). The transition structure for the decar-
boxylation of this species with multiple charge alternation (TS-
7, pathB) is only 20.1 kcal/mol above neutral structé@ré~igure
4). As a consequence of the increase in the GS energy (6.4 kcal/
mol), the activation barrier for the decarboxylation relative to
the energy of zwitteriorbb via TS-7 is reduced to 13.7 kcal/
mol at the MP2/6-31G(d)//MP2/6-31G(d) level. If the relative
energies obb and TS7 can be lowered at the active site as a
consequence of complementary hydrogen bonding with neigh-
boring residues, then the overall barrier would approach 13.7
kcal/mol and place this decarboxylation well within the desired
range of 13-18 kcal/mol for efficient enzymatic reactions. The
NPA charges calculated f&b at the B3LYP/6-31G(d) level
(Figure 4) are close to the Mulliken charges calculated using
the HF/6-31G(d) wave function and the MP2/6-31G(d) geom-
etry. It should be noted that the charge distribution in TS-
resembles closely intermediaB given in Scheme 1 for the
generally accepted enzymatic decarboxylation process in PLP-
dependent systems, emphasizing the importance of Coulombic
destabilizatiorin lowering the activation energy for the loss of
CO..

The pathway for the decarboxylation bb also resembles
that of 3, where a 1,4-hydrogen shift to nitrogen, affording the

(15) (a) The experimental gas-phase proton affinity (PA) of the phenoxy
anion is 348.1 kcal/mol, and the PA of pyridine is only 222.3 kcal/mol, as
consequence of neutralization of charge upon acquiring a proton in the
rmer and formation of a cation in the lattéf. At an infinite distance
between charged centers, this electrostatic interaction results in a large
energy increase that is reduced to about 6 kcal/mol when the charged centers
are brought together as Bbb. (c) Data from NIST Standard Reference
Database 69, August 1997 Release: NIST Chemistry WebBook (http:/

webbook.nist.gov/chemistry).

(16) (a) Glukhovtsev, M. N.; Bach, R. D.; Pross, A.; RadomChem.
Phys. Lett1996 260, 558. (b) Bach, R. D.; Glukhovtsev, M. N.; Gonzalez,
C.; Marquez, M.; Estevez, C. M.; Baboul, A. G.; Schlegel, HJBPhys.
Chem A 1997 101, 6092.
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essential iminium ion functionality, precedes the loss of,CO Table 2. Single-Point SC+PCM Calculations at the MP2
(TS-4aand TS4b). In a kinetic isotope effect (KIE) study on ~ 6-31G(d) Level (Dielectric Constart 8)

PLP-dependent histidine decarboxylase, Abell and O’'L¢ary compd Erotal Erel (kcal/molt)
found that the observed nitrogen KIE requires that the imine 5 —721.295 687 0.00
nitrogen in this Schiff base is protonated. In the systems that 5a —721.299 027 -2.10
we have examined thus far that are neutral overall, either an 5b —721.290 895 3.01
adjacent positively charged ammonit#or an iminium iort3? TS-7 —721.278 263 10.93

resulting from a proton shift is essential to the decarboxylation
process. In both thé-keto acid32and pyruvamide-dependé#tt Scheme 3
decarboxylation reactions, an intramolecular proton shift takes

place from the carboxyl group to a neighboring carbonyl or

7—\ QLOH
imine group that provides a neutral leaving group. These N, _N
observations raise the question of whether7TiS-connected %im I on
| _— | B —
81 CH3 ®\ CH;
B 10

Kmoe
(EN\H
~ ] H

to 5b and involves a 1,4-hydrogen shift as described above for
TS+ or if zwitterion 5c¢ is implicated. Since zwitterioc is

4.3 kcal/mol higher in energy than TS the gas phase, the
position of the equilibrium between intermediatsls and 5¢ 163 kealimol 0.0 keal/mol 35.8 kealimol

on the enzymatic pathway remains an open question. While the

N---H—O hydrogen bond distance is 1.540 A5, the O+ dipole moment of TS (Au = 16.3 D) has realized a significant
H—N hydrogen bonding is presumably weakebi(1.817 A). increase over that of neutrlbut remains fairly close to that
Both pathways take advantage of a protonated imine, but only of 5b (Au = 13.8 D) as a consequence of the greater charge
the lower energy patB explicitly uses hydrogen bonding to ~ separation. While it may be desirable to do a more extensive
the phenoxy anion (TS). The shorter @+-H hydrogen bonding ~ SCRF study on this process, problems with SCF convergence
distance in TSZ (1.723 A, Figure 4), when compared with the and cavity definition on systems this large suggest that a note
O-++H distance in TS (1.905 A, Figure 3), also serves to lower of caution is in order and that such data should be taken as
the activation barrier. The proton on the imine is the result of preliminary.

general acid catalysis by the phenol. This observation is further ~ Thus, catalytic rate enhancement may be accomplished by
buttressed by animation of the normal modes of the single destabilizing the GS or solvating the TS or both. Excessive

- .
N
oy e

L TS

imaginary frequency (first-order saddle point) for TSexhibit- destabilization due to the ionized groups of the PLP-bound
ing a vibronic motion for Hs; between @ and N, in concert substrate in the GS may cause the zwitterionic structure to revert
with the C—CO, bond stretch. to its neutral or un-ionized form, resulting in a loss of the
As a consequence, it might appear tBatis too high in essential c_harge ;gpa_rated strugtural features responsible for its
energy to play a significant role as an intermediatéRhP- electrostatic stabilization attending the loss of £C8Ithough

dependent enzymatic decarboxylations. Just as amino acids exist€ cofactors in both pyruvoyl- and PLP-dependent decarboxy-
in polar media as zwitterions, energetically favorable interactions |ation processes make a meaningful contribution to the decar-
with the requisite amino acid residues at the active site could Poxylation barriers (6.7 and 7.8 kcal/mol), the dominant factor

also significantly stabiliz&c. Therefore, it is quite possible that  In lowering the barrier height (based upon comparison with

Coulombic interactions of this dipolar specigs € 20.9 D) glycine and the simplist model) remains the electrostatic
with residues at the active site would reduce its energy to a Stabilization provided by the adjacent positively charged imi-
point where a zwitterionic structure resemblifig could hium functionality in the transition statés" _
represent the GS configuration (intermediBteScheme 1) and 3.4. Protonatgd PLP Model.Next we agldressed the question
proceed to TS with a relatively low barrier. There is little ~ ©f how the barrier for the decarboxylation bfis affected by
question that patiB is favored energetically over path and protonation of th_e pyr|_doxal nitrogen. Part of the mechamstlc_
that TS7 is connected to quinonoid intermedideand CQ dogma surrounding this cofactor suggests that the electron pair

and remains only 6 kcal/mol higher in energy than PLP model derived from the GCOO™ bond cleavage is delocalized into
5 (Scheme 2). The kinetic product8 ¢ COy) are slightly '.the PLP ring (|ntermed|at@,'Scheme 1), affordmgaqumonmd
endothermic relative tc, but the overall decarboxylation intermediate such & bearing a proton on nitrogen (Scheme

process is exothermic, and the produd@s¥ CO) are 22.2 2). The simplest approximation is to protonate PLP mdslel
kcal/mol lower in energy thas. and compute the reactant and transition structure for decar-

boxylation of the naked catiatD (Scheme 3). As a consequence
of the protonation of the pyridine ring, a stationary point with
the carboxyl proton transferred to the imine nitrogen could not
be located. The geometry optimization proceeded to the cyclic
structure 11 that lies 16.3 kcal/mol below the open-chain
minimum 10.

At the HF/6-31G(d) level, the activation barrier for neutral
TS-6is 41.0 kcal/mol, and that for the loss of @@om cation
10 to form cation13 is 35.8 kcal/mol. Thus, we observe a
lowering of the barrierAAE* = —5.2 kcal/mol) at the HF level
of theory relative to TS (Scheme 2; the HF barriers are
typically overestimated, see section 3.1). Nonetheless, this is
still a relatively small decrease in the barrier height for the
unimoleculardecarboxylation of a cationic species. For example,

(17) (a) Abell, L. M.; O'Leary, M. H.Biochemistry1988 27, 5927. (b) fully protonated formylacetic acid has an activation barrier
O’Leary, M. H. Acc. Chem. Re<.98§ 21, 450. (MP2/6-31G*) for decarboxylation only of 2.6 kcal/maAAEF

The relative effects of solvation at the active site can be
approximated as a continium of uniform dielectric constant
the reaction field. We have arbitrarily chosen a dielectric
constant of 8 and used the self-consistent isodensity polarized
continium model (SCI-PCMY to establish the trend for
stabilization in the gas phase versus solution (Table 2).
Intermediatésa (Scheme 2) is stabilized by 2.1 kcal/mol relative
to neutral PLP modeb, while the higher energy zwitterionic
intermediatebb is increased in energy by 3.0 kcal/mol, despite
its much higher dipole momeni\ft = 9.0 D). More signifi-
cantly, the relative energy barrier for the decarboxylatioB,of
TS-7, is reduced to 10.9 kcal/mol; a reduction of almost one-
half as a consequence of this relatively nonpolar medium. The
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Scheme 4
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0.0 keal/mol 3.9 keal/mol q(Cs0907H18) = 0.02
el 017 EMP2 = -984.605789
l \ q(C1H2) = 0.32
q(ring) =0
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H\O/H-\ l’({ J{\O/H H\O/Hx ,H\O/H @ ?:n
0\(47’ o @ 2178
H  TS16 H Ts-17
<(8,10,4,1)=72.7
22.1 kcal/mol 24.5 kcal/mol
q(Cs0s07) = -0.21 (-0.24) TS-16
) . q(C10H3Hs) = -0.08 (-0.26)
= 25.9 kcal/mol)*3a This trend stands in marked contrast to a  a{NsHs2) = -0.05 (0.45) Enpz = 984.5705711

- ) - . . q(C1H2) = 0.38 (0.06) AE’= 21.2 keal/mol
reaction pathway involving Bimoleculargas-phase pre-reaction  a(ring) = -0.02 (-0.02)

cluster, where the complexation energy of the pre-reaction GS Figure 5. Glycine imine with PLP-neutral formié) and its transition
complex is greater than that in the TS, as noted above. Thisstructure for decarboxylation (T$6). The geometries are fully
prompted us to approximate more closely the environment at optimized at RHF/6-31G(d) level. MP2//HF/6-31G(d) energies are given
the active site, where conventional wisdom suggests that thein hartrees, distances in angstoms, and angles in degrees. Group
pyridoxyl ring is protonated but the overall charge on the Mulliken charges are given ag(the ring charge irl4 is assigned to
substrate is presumably negative (Scheme 1). Sinc&Zllgs zero as a reference charge), and net charges are in parentheses.
a charge distribution comparable to that of TSwith the ] o
exception of the phenol hydrogen, we examined next the effect assumed to be in zwitterionic form. However, neutral fdr
of a proton transfer to the nitrogen of the pyridoxal ring (Figure 5) is the most stable complex, in the gas phase, at the
complexed to a solvated formate anion. MP2/6-31G(d)//HF/6-31G(d) level. The corresponding charged-
3.5. PLP Model of the Active Site. (a) The Role of Aspartic ~ Separated structures (Figure 6), where the proton has been
Acid. One of the many apparent functions of PLP is to “lock” transfe_rred fr_om formic acid to f[he ring nitrogen, I_|es 3.9 kcal/
the substrate into the active site. PLP-dependent enzymesMO! higher in energy, reflecting the modest influence of
(decarboxylases and amino-transferases) have been reported tgoulomb|c destabilization. The position of the equilibrium is
accommodate the imine intermediate in a variety of hydrogen- determined by the number and type of hydrogen-bonding
bonded network&’ Crystal structures of dialkylglycine decar-  interactions’® In the absence of the two water molecules, a
boxylase (DGD}ashow that the Asp243 carboxylate group is Stationary point in the gas phase corresponding to proton transfer
hydrogen bonded to two additional residues (His139 and from formic acid to5 does not exist. The decarboxylation of
Asn113) to impede its rotation. This is an unusual pyridoxal complex15, where the proton is fully transferred from formic
phosphate-dependent enzyme that catalyzes both decarboxylaacid to the PLP ringhad a higher barrief( AE* = 24.5 kcal/
tion and transamination. Heavy-atom kinetic isotope effects mol with respect tol4) than neutral PLP modél (TS-6) or
(KIEs) onksashow that the decarboxylation half-reaction largely PLP complexed to HCg1-2H,0 (TS-16, Figure 5) at the MP2/
limits the rate of the overall catalytic cycle of DGR The 6-31G(d)//HF/6-31G(d) level of theory. If the barrier can be
observed?C KIE of 1.06 for a doubly labeled substrate suggests measured relative tt5, as a result of GS stabilization of this
the presence of other partly rate-limiting steps. A solvent KIE dipolar intermediate, then this decarboxylation process would
of 1.6 indicates that a single proton is in flight in the TS. One have a lower barrier than that for T&-
possibility suggested was proton transfer to the pyridine A compensating decrease in the energy of the surrounding
nitrogen. In an attempt to establish more quantitatively the effect microenvironment could potentially arise from complementary
of protonation involving a counteranion (a salt bridge) on the hydrogen-bonding interactions with residues adjacent to Asp243
barrier for loss of C@ we allowed the model imin&to interact (His139 and Asn113) that provide a stabilizing influence of
with formic acid and two water molecules (H@®2H0) comparable magnitude. In these two models, the phenol
according to Scheme 4. hydrogen is not directly involved in the enzyme catalysis, but
The resulting hydrogen-bonding network is a model for the the phenol oxygen is hydrogen bonded to the iminium hydrogen
interaction of PLP with aspartic acid. Salt bridges are routinely (R(O---H) = 1.972 A). Hydrogen bonding of the phenol residue
(18) (a)Toney, M. D.; Hohenester, E.; Keller, J. W.; Jansonius, J. N. to an adjacent residue (GIn246) has been suggéiathus,

Mol. Biol. 1995 245, 151. (b) Zhou, X.; Toney, M. DJ. Am. Chem. Soc the barrier heights for decarboxylation with (TL3; Figure 6)
1998 120, 13282. and without (TS6) proton transfer to the pyridine nitrogen
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Figure 6. Glycine imine with PLP-zwitterionic form15) and its
transition structure for decarboxylation (TS). The geometries are
fully optimized at RHF/6-31G(d). The MP2//HF/6-31G(d) energies are

Bach et al.

Transition Structure TS-6 (u=10.0 D)

Stabilization

Y—

%, TS7 (=16.3D)

5b (1 = 13.8 D)

I

5 (u=5.8 D)

Reactant
Destabilization

\
"
"
"
\

9+ CO,

Reaction Coordinate
Figure 7. Qualitative scheme of ground-state destabilization and
transition structure stabilization in PLP-dependent decarboxylation
reactions. The relative energies calculated at the MP2/6-31G(d) level
are given in Scheme 2.

hydrogen bond with the protonated aldimine nitrogen and also
the side-chain amide nitrogen of GIn246. The carboxylate group
accepts three hydrogen bonds in this model from GIn52, Arg406,

given in hartrees, distances in angstroms, and angles in degrees. Relativand Lys272. These interactions, combined with the positive

energies are given with respectliéd Group Mulliken charges are given
as(q, and the net changes froi are in parentheses.

charge on Arg406 (and possibly Lys272), are thought to stabilize
the ground state more than the TS for decarboxylation. The role
of active residues at the active site cannot be modeled

relative to their respective reactant energies are comparable. The:xtensively, but a general trend can be established. For example,

difference in the activation energies, although relatively small,

(AAEF = 2.4 kcal/mol)is due entirely to the electrostatic
destabilization in zwitterionic reactadb relative to its neutral
tautomer forml4 (AE = 3.9 kcal/mol).

When the proton is transferred from the model Asp (HBO

when TS7 was extended to include a formamide molecule to
model GIn246, the hydrogen-bonding interaction of the iminium
hydrogen and phenoxy oxygen with the formamideNC=0
group resulted in an increase in the decarboxylation barrier of
4.4 kcal/mol, reflecting the decrease in the ground-state energy

2H,0) to the pyridine nitrogen to form charge-separated but of the H-bonded pre-reaction gas-phase complex. This trend,

overall neutral compled5 according to Scheme 4, the positive
charge on the ring increases to 0.75. However,dih@nge in
the group chargen the pyridoxal ring on going from the ground
to the transition state iboth TS-16 and TS47 is very slight

reflecting an increase in the activation barrier, is typically what
we observe when the GS stabilization is greater than that in the
TS. The side-chain amide oxygen atom of GIn394 is also within
hydrogen-bonding distance of the Arg406 guanidine group. The

(ca. 0.02). It has been generally accepted that the positively proximity of these residues presents an ideal opportunity for
charged nitrogen of the pyridine ring acts as an electron sink to participation in a proton relay to dissipate the charge associated

lower the free energy of €H bond tautomerization or the loss
of CO,. Clearly, the latter function is not supported by our

with the salt bridge prior to the loss of GCas described below.
The phosphate ester at position 5 is involved in a total of nine

calculations on a system where the overall net charge is neutral.hydrogen bonds that we are unable to model.

A comparison of the activation barriers for decarboxylations
of 14 and15 via transition structure$6 and17 (Figures 5 and
6), respectively, supports the conclusion above thraton
transfer to the pyridoxyl ring has no influence on the rate of
decarboxylationQuinonoid intermediat8 is 9.8 kcal/mol lower
in energy than isomeric zwitterionic intermedisde (Scheme
2). One function of proton transfer from Asp to the pyridinium

An attempt to extend the theoretical model to include the
aldimine portion of the active site was made by retaining the
above structure with formic acid transferring a proton to the
pyridine nitrogen as irl5 (Figure 6) and including a neutral
guanidine accepting a proton from the carboxylic acid group
of 15. In a hydrophobic environment, the energy difference
between the ionic salt and its neutral hydrogen-bonded complex

nitrogen could be to raise the energy of the GS reactant and tois small, and the barrier that separates them is small. The ground-

stabilize intermediat€ after the barrier is crossedScheme

state energy of this ionic compled& Figure 8) is only 7.4

1). The reaction pathway for PLP-dependent decarboxylation kcal/mol higher in energy at the HF/6-31G(d) level than the

involving these zwitterionic tautomers has a lower activation

corresponding neutral hydrogen-bonded complex betvieen

barrier than that for the pathway in which the neutral reactant formic acid2H,0, and guanidine. It is notable that the group
without charge separation undergoes decarboxylation (Figurecharge on the HN(pyridine) fragment is negative0(19), in

7).
(b) The Role of the Arginine Residue Other groups in direct

contrast to the positive formal charge. A formal chargetdf
is not localized on the guanidine cation (the group charge is

contact with the coenzyme at the DGD active site are the only 0.17, Figure 8), while the group charge on #iectrone-
transamination catalytic base Lys272 and the hydrogen bond/gative formate anion is—0.81. Inclusion of the guanidinium

salt bridge with Arg408821t is also thought that the phenolic

cation in hydrogen-bonded/salt-bridged reactant comp8x

group (presumably ionized) at position 3 enjoys a strong = 17.6 D) resulted in a surprisingly largecreasen the barrier
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<CyN4CyCg = 70.9°
R(C3Csp) = 124 A

q(C307,00) = -0.71
q(CroHaHy) = 0.139
4(C1Hy) = 0.428
q(ring) = -0.548

18 q(C30H20730;) = -0.81
4HC32(NH,)3) = 0.17
q(NaoHa) =-0.19

Figure 8. Glycine imine with PLP complexed to model aminoacid residdd. (The geometry was optimized at the RHF/6-31G(d) let@k (=
—1186.04001 hartrees). Mulliken group charges are giveq as

height for decarboxylation. Although a first-order saddle point function, this angle would afford maximuo- orbital overlap
was not located, when the forces on this TS were approachingin the TS when this angle 90°. It is then surprising that the
the point of convergence, the total energy had increased by aboutCs—C,0—N4—C; dihedral angle in this series of TS varies from
100 kcal/mol. At the HF level, the barrier for decarboxylation 65.5 to 72.7.

of 5in its ionic form (TS¥) was 49.5 kcal/mol. Therefore, the In the present case, we suggest that the Arg406 salt bridge
dramatic increase in overall energy on going from the GS to jn minimum 18 is annihilated by a proton relay, presumably
the TS is due largely to the separation of charge attending thethermoneutral, from the Arg406 to a nearby base with rotation
movement of C@that increases the distance2 A) between of the &*—CO,~ bond to a position where the anionic carboxy-
the formate anion and guanidine cation (shaded atonis3in late group is nearly perpendicular to the plane of the PLP
Figure 8). aromatic system. Consistent with this idea, the ratig-afr-
From these observations, we conclude that reactions such ashoxylase/transaminase specificity of aspartate aminotransferase
decarboxylation, where the distance between oppositely chargedcan be increased by 656 10 by replacing the active-site Arg
particles is increased by the evolution of a neutral fragment with alanine and introducing a new arginine residue nefirby.
(CO,), must proceed in a manner where the separation of chargeAs noted below, the localization of a negative charge on the
in the microenvironment is diminished early along the reaction carboxylate group serves to significantly lower the barrier for
path. This can be achieved by a proton relay that annihilates decarboxylation. In addition, the protein structural energy that
the charge on the guanidine (salt bridge), accompanied by awould be required to reorient the dipolar groups so that they
proton transfer from the phenol to the imine nitrogen. An could accommodate the movement of the Arg406 residue to
equivalent process could involve the concerted 1,4-proton shift gllow it to follow the developing C@fragment as the G—
from the neutral carboxylic acid to the imine nitrogen early along CO, distance increases would be excessive. When protonated
the reaction pathwaysp — TS-7). We have seen this type of  guanidine (Arg406) remains in the plane of the PLP ring to
concerted proton transfer when pyruvate serves as the prosthetigtabilize the diminishing negative charge on the PLP residue
group and the decarboxylation requires the presence of theas the partially negatively CO~—0.5 e) departs, the barrier
protonated aldimin&® Either pathway would be consistent with  rises sharply.

the solvent KIE, suggéasting the transfer of a single proton in - Thjs leaves open the question of the purpose of the Arg406
the rate-limiting step® From an evolutionary perspective, it resique at the active site. A viable possibility is that, prior to
would seem that the phenol should play a larger role than just ihe pase-catalyzed proton removal by Lys272 in the transami-
hydrogen bonding, and direct involvement as a general acid nation step, the salt brid@ewould revert back to its neutral
catalyst to provide the obligatory positively charged iminium o 10 facilitate proton removal adjacent to tR€OOH group.
ion is suggested. . An o-C—H proton removal from a carboxylate anion has a high
An earlier reported carbon KIEfor_the decarboxylatlon_ step parrier. The neutral Arg406 residue would be required to
of about 1.2 prompted the suggestion that the@bond is  hydrogen bond to the carboxylic acid, while general acid
about two-thirds broken in the transition st&tIn TS6 and catalysis by the phenol to produce an iminium ion could
TS-7, the C-C bond elongation is 19 and 14%, respectively. It coulombically stabilize the TS for proton removal by Lys272.
has also been proposed that decarboxylation is catalyzed by (c) The Influence of the Carboxylate Anion on the
stc_areoe!ectronlc activation of the*Ccarboxylate _b(_)r!d by its Activation Barrier. We have shown that the activation barriers
orientation perpendu_:ular to the plane of the pyridinium ﬁ?\g. are reduced for unimolecular decarboxylation of a series of
This torsional angle in the GS of DGD has a value-d5” in carboxylic acids in their anionic form. The increase in the

both DGD-K" and DGD-N4, reflecting the position of the g . : - ;
Arg406 at the active sit€ This dihedral angle in zwitterionic ground-state energy associated with formation of a naked anion

minimum 18 is 70.9 (Figure 8). Since the overlap of the (19) Dunathan, H. CProc. Natl. Acad. Sci. U.S.A966 55, 712.
breaking C-C bond with the adjacent-system is a cosine (20) Zheng, Y.-J.; Ornstein, R. L. Am. Chem. S0d996 118 11237.
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due to deprotonation typically reduces gas-phase decarboxylation

barriers by ca. 816 kcal/mol*32bA notable exception to this HC {i\o o
generalization is decarboxylation dfcarboxy biotin, where A
the loss of CQis much faster from the neutral carboxylic acid  _/
as a consequence of a delocalized urea nitrogen anion leavingls, J
group?! Although electrostatic destabilization of the substrate
carboxylate group can raise the energy of the ground state, the
magnitude of this perturbation must not exceed the intrinsic
activation energy for decarboxylation. A significant component
of the ~10°-fold increasethat DGD provides over the nonen-
zymatic rate could be due to this ground-state destabilization.
Formation of a carboxylate anion elevates the energy of the
GS closer to that of the transition state and allows the enzyme
to populate the conformation of the external aldimine intermedi-
ate in which the €-CO,~ bond is held nearly perpendicular

to the PLPz-bonding iminium ion system. A recent crystal
structure of a histidine decarboxylatsubstrate analogue
complex situates the carboxylate group in the crevasse lined
with apolar residue® Such a medium supports the concept of
electrostatic destabilization as a component of the catalytic
mechanism, providing a potential mechanistic pathway whereby
the substrate can gain sufficient internal energy to surmount
the activation barrier.

The formation of the carboxylate anion of the substrate can
be achieved either by a proton relay or by a 1,4-proton shift to
the imine nitrogen in concert with the transfer of the phenolic
hydrogen to an adjacent base (GIn246). In order for this to lower
the barrier for decarboxylation relative to that of a neutral
zwitterion, production of a localized carboxylate anion must
be achieved in a nearly thermoneutral exchange of protons. The
phenolic hydroxyl group is ideally located to provide either
general-acid or -base catalysis in an intramolecular mode of

action. To test this hypothesis, we calculated initially the energy 20a
for decarboxylation of the simplest naked PLP carboxylate anion Emp2 = -532.60380
19. The loss of CQ@from 19, affording anionic minimunt0, Figure 9. Carboxylate anion of the alanine imine of PLE9) and the

is endothermic by 22.0 kcal/mol (Figure 9). The NH-tautomer products of its decarboxylatio2Q and204). The geometries are fully
of 20 (203 98) is 4.2 kcal/mol higher in energy th&o (7.0 optimized at MP2/6-31G(d). Energies are given in hartrees, distances
kcal/mol at the B3LYP/6-31G(d) level; see Table 3S in inangstroms, and angles in degrees.
Supporting Information), although the-®i---N hydrogenbond  Lydrogen removed to produce an anionic transition state for
distance is longer i20 (1.726 A) than the N-H-+-O hydrogen decarboxylation.
bond distance ir20a (1.573 A). The transition states for the The barrier height for the loss of G@&rom anionic complex
decarboxylation of carboxylate anions suchladthe anionic 21 at the HF/6-31G(d) level is 28.6 kcal/mol. The activation
equivalent of TS5) are very difficult to locate and may actually  energy for decarboxylation of this carboxylate anion was
be barrierless. We were able to estimate an activation energyreduced to 11.8 and 8.4 kcal/mol at the MP2//HF/6-31G(d) and
of ~19 kcal/mol (MP2/6-31G(d)) as the convergence limit was B3LYP/6-311G(d,p)//HF/6-31G(d) levels. Geometry optimiza-
approached and the-CO,~ bond distance reached 2.8 A. As  tjon at the B3LYP/6-31G(d) level until the forces (but not
anticipated, the phenolic hydrogen is transferred to the imine displacements) were converged gave a comparable classical
nitrogen along the reaction coordinate to produce the necessanparrier AE* = 9.4 kcal/mol). The lowering of the barrier height
iminium ion moiety. is a consequence of the increase in GS energy, the stabilizing
A potential enzymatic pathway could involve molecular influence of the short, strong hydrogen bond of the phenolic
motion, placing the &CO,~ bond in conjugation with the PLP  hydrogen R(O—H) = 1.511 A), and the protonation of the
aromatic system, that is accompanied by general acid catalysispyridine nitrogen. These gas-phase barriers constitute a lower
of the phenol hydrogen to form the protonated aldimine limit for decarboxylation of the carboxylate anion, since GS
intermediate. To test this hypothesis, we have examined thestabilization of this dipolar reactant at an active site would tend
energetics for decarboxylation of anid®complexed to neutral ~ to increase the barrier height. However, the formation of an
HCO:H-2H,0. In this model, the proton is transferred from the anionic cofactor is associated with an increase in energy that
phenol hydroxyl in minimum21 to the imine nitrogen early ~ requires a compensating stabilization elsewhere in order for a
along the reaction pathway to provide the electrostatic stabiliza- et decrease in the barrier for decarboxylation.
tion for TS22 (Figure 10). This ground-state anionic structure ~ When the TS bears an overall negative charge, protonation
21 (Figure 10) is essentially neutral, but zwitterionic minimum of the pyridine nitrogen has a significant impact upon the
5¢ (Figure 4) hydrogen-bonded to the formate anion (HCO decarboxylation barrierAAE* ~ 10 kcal/mol). The charge

2H,07). The TS is equivalent to neutral T with the phenol  distribution in the PLP fragment of minimul (Figure 10)
shows the localization of a negative charged(56 €) on the

(21) Bach, R. D.; Canepa, C.; Glukhovtsev, M. N. Unpublished results. CO, group, and this feature is quite similar to thabio(Figure
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4(C50;04) = -0.560

W M a(CigHsH) = 0.045
or H 9(CyHy) = 0,308
S o q(ring} = 0.04

7 4(C3003:020H) = 0.670
« 4(C300n02H » 2H,0) = 0.744
@N7 T cHy 21 q(HOH) = -0.039

| Q(HOH) =-0.035

g q(NH ) = -0.090

H\O/H‘.\: .‘.H\O,H
e() (o}
b

e\ 1.720
©

qNHys) = -0.01
q(HC gH)= -0.07
G(C405903H) = -0.688
q(HO;,H) = -0.05

q(HO3,H) = -0.05
Q(C3502505H » 2H,0) = -0.79
qiring) = -0.21

CHy

H TS-22

\é‘c:)Yo“"H\O
H

AE* = 9.4 keal/mol

Figure 10. Glycine imine with PLP carboxylate anio?l and its
transition structure (T@2) for CO, elimination. The geometries were
optimized at the B3LYP/6-31G(d) level (see the text for discussion of
the optimization of22). Mulliken group charges are given gs

4). It is notable that the 5—CgOO™~ bond length in anior21

is longer (1.627 A) than those in minin%b (1.549 A) andsc
(1.580 A) (Figure 4). This should facilitate the elimination of
CO,. The transfers of electron density from the formate anion
complex to the PLP moieties in GBEand TS22 are close to
each other (0.25e and 0.21e). In contrast to7]T 8¢here the
ring bears a positive charge (0.08) and the difference in the
ring charges between tfe and TS7 is only 0.06, the net ring
charge in TS22 becomes negative—0.21), whereas it is
positive in minimum21 (0.04) (Figure 10). The pyridine ring
and the HC@2H,O~ fragment combined bear essentially a full
unit of negative charge«0.79 e). A consequence of this charge
redistribution is that the NH--O hydrogen bond (1.511 A)
becomes stronger in T&2 with respect to that in minimurl
(1.754 A), resulting in additional stabilization. This trend is quite
opposite to the relative stabilization due to hydrogen bond
formation that is observed fé&b, 5c, and TS7. The N—H---O
hydrogen bond is presumed to be weaker in7T@-732 A)
than the G-H---N hydrogen bond irbb (1.540 A) or the N-
H---O hydrogen bond isc (1.817 A). Thus, anionic T2 is
stabilized with respect to reacta2i, and this contributes to
the lower activation barrier for C&elimination when compared
with that for neutral TSZ. The major difference between the
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section is that a localized negative charge on the PLP cofactor,
however derived, will result in a lowering of the barrier for
decarboxylation relative to the energy of the anionic GS.

(d) An Analysis of the “Electron Sink” Concept. In the
classical rationalization of the role of the PLP aromatic system
based upon the “electron sink” concéphe extended conjuga-
tion of the developing charge on the-carbon into the
sr-electrons of the pyridine ring has been postulated according
to Scheme 1. An inspection of the charge distributions ir2TS-
and all related neutral structures involving the pyridine ring
shows that the Ckgroup charge at €in the TSs remains
essentially zero. The group charge on the pyridoxal ring is also
essentially unchanged on going frdmto TS6 (Aq = 0.04)
(Figure 3). The reaction path for decarboxylation results in a
negative carboxylate groupg(= —0.54) in TS7, with a
comparable amount of positive charge residing on the “benzylic”
C—H (C;—Hy) group, where the group charge is 0.51 (Figure
4). Predictably, on the basis of electronegativity, the group
charge on the NH group (Nv—Ha3), where the nitrogen bears
a formal charge oft-1, is negativeq = —0.11). Thus, the bulk
of the positive charge resulting from 1,4-proton transfer actually
resides on the -H, carbor-hydrogen fragment, thereby
effectively neutralizing the negative charge associated witicC
bond cleavage and negating the presumed need to delocalize
this charge into the pyridine ringthe aerall change in the
pyridine group charge in T3+(Figure 4) is more positie (0.06)
than that in the ground-state structube However, the charge
distribution is not that anticipated on the basis of the electron
distribution suggested by Scheme 1. In no case of neutral
reactants have we seen a shift of electron density away from
the potential developing carbanion at,Cas suggested by
conventional wisdom. We do see the structural features associ-
ated with the proposed zwitterionic structures outlined in
Scheme 1, but sincthe anticipated charge distributions ba
been based upon formal chargeg do not observe concurrence
with what has typically been assumed by the experimental
community.

However, in the decarboxylation of anionic complexes such
as21, we have a unit of negative charge that must be dispersed
over the remaining substrate in the TS after the loss of carbon
dioxide. In the anionic transition structure, we typically find a
relatively long carbor-carbon bond (€COQO~), which often
makes it very difficult to locate a first-order saddle point for
this endothermic process that quite possibly occurs without a
barrier. Thus, the barrier is effectively the endothermicity of
the reaction. A neutral C{fragment is essentially completely
formed that requires that the negative charge inZ2PSis
delocalized over the pyridoxyl ring rather than remaining largely
localized on the departing carboxylate group (Figure 10). Upon
moving from GS21 to TS22, we observe a net change in
charge of the pyridine ring (including its substitutents}-@f.25
e, consistent with the basic premise of the electron sink effect
but for an entirely different reason. The decarboxylation of
anionic systems tends to be endothermic in nature. An anionic
decarboxylation reaction is associated with a very late TS, which
requires that the negative charge be localized over a smaller
number of atoms of lesser electronegativity. While most of the

neutral and charged decarboxylation pathways, besides the facl Ss for decarboxylation that we have described involve a
that the latter process has a much lower barrier, is that the Coulombically stabilized carboxylate, if the formation of an

transition structure in the neutral case (e.g.,Sstill maintains
most of its initial charge on the carboxylate moiety, while the
TS for an anionic system has essentially a neutral ftagment
(e.g., TS22). The major conclusion to be drawn from this

essentially localized naked carboxylate anion can be achieved
without a large expenditure of energy, then there is little question
that this would provide an efficient enzymatic decarboxylation
pathway.
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p=14.6D

Eypa = -760.43401 q(COOH) = 0.015 '
a(Ny) = -0.481 j Ewp: = -760.80815 q(COOH) = 0.053

q(C;-H) = 0.273 q(Ny) = -0.462
q(ring) = 0.044 q(C;-H) = 0.323
q(ring) = 0.879

Eypa = -760.41295 q(CO0) =-0.533

(N;-H) =-0.112
AE* = 13.2 keal/mol 2&:5):-0%%%4 (CO0)= 0.3
Figure 11. N-Methyl-PLP model23 and its transition structure for AR Eypye 76077312 ©
decarboxylation, T24. The geometries were fully optimized at MP2/ qiring) = 0.950 26 AE =220 kealimol

6-31G(d). Energies are given in Harltrees, distances in angstroms, and

angles in degrees. Figure 12. N-Methyl-PLP model catio25 and its transition structure

for decarboxylation, T®6. The geometries were fully optimized at
The idea of moving an electron pair from the breaking@ MP2/6-31G(d). Energies are given in hartrees, distances in angstroms,

bond to the pyridine nitrogen is aesthetically very pleasing, but 2nd angles in degrees.

the separation of charge attending movement of electrons in

such a manner requires work. A classic experiment to prove

the electron sink concept has typically been to utitizenethyl- TS24 is slightly more positive (0.082), consistent with the
PLP, where it was assumed that “the ring nitrogen has a Charge distribution in the N-protonated structures in Scheme 2.

permanent positive charge”. Recent experimental studies in 1 N€ charge on the pyridine nitrogen-9.616 in TS24, while
support of the electron sink effect, where the cofactor analogue that on theN-methyl group is 0.35. B
N-methyl-PLP was employed in an effort to get a full positive W€ have also examined the effect of a full positive charge
charge on the pyridine ring, shows a modest 10-fold recovery ©n the pyridine ring on the decarboxylation barrier. The
of enzymatic activity??2 While it has been suggested that the Positively chargedN-methyl-PLP minimum25 (Figure 12),
negative charge of ASP stabilizes the positive charge at N(1) having a proton on the phenol oxygen, has a net charge on the
that accelerates abstraction of theproton from the from the  ing of 0.88. This chargéncreasesto 0.95 in TS26 (Figure
amino acid substraf@>c the observation of a quinonoid 12), and the barrier for decarboxylation alsereasesto 22.0
intermediate in aminotranferase reactions is not necessarilykcal/mol. Thuswe see no gdence for an increase in the rate
consistent with a rate enhancement resulting from transfer of Of decarboxylation due to a positly charged pyridine ring
electron density to the pyridine ring. As suggested above in OF to & positely charged amide group (T4h).
our decarboxylation studies, the function of the proton (or )
methyl group) on the pyridine nitrogen could be to stabilize 4- Conclusions
S,UCh a qumon0|q |ntermed|atg (Scheme 2), making its observa- (1) The barrier for the decarboxylation of the simplest imine
tion spectroscopm_ally more likely. 1 (H,C=N=CH,—COOH) is 29.8 kcal/mol. Inclusion of the
We have examined the influence Bfmethyl-PLP on the 5 by groxy-3-methylpyridine group, as  results in a decrease
barrier for decarboxylation using thi-methyl derivatives i parrier height to 20.1 kcal/mol. The lower activation barrier
corresponding to ,TS and T,S7' Th? ne'rutr.aIN-methyI-Pll_P for neutral TS7 is attributed to delocalization of positive charge
ground state_23 (Figure 11), is a zwitterionic structure with & 4t the adjacent €H group.
formal negative charge on the ring oxygen and a formal positive (2) Either an intramolecular 1,4-proton shift from the car-

charge on the pyridine nitrogen corresponding to ground-state boxvli : ; .

S ylic acid group or general acid catalysis by the phenol group
(r)n)l;ggﬁn;r?;)rfﬁfggei’;gge?rgi j%;g%gglf;;gfgi\fg?rfhseOn in 5 affords a protonated aldimine group that provides Cou-
barrier for decarboxylation 13 (TS-24, AE = 13.2 kcal/mol, I(;mb|c stabilization for the decarboxylation step (6&nd TS-

Figure 11) is essentially the same as that of T@-3.7 kcal/ (3) The “electron sink’ effect attributed to the amide

mol), showing that thé\-methyl group does not influence the functionality in pyruvoyl-dependent and the pyridoxyl group
decarboxylation barrier any more than the proton on nitrogen. in PLP-dependent decarboxylation is absent for neutral and/or

(22) (a) Gong, J.; Hunter, G. A,; Ferreira, G. Blochemistryl998 37, zwitterionic substrates. There is no change in electron density

3509. (b)Yano, Y.; Hinoue, Y.; Chen, V. J.; Metzler, D. E.; Miyahara, |.; ; ina in e iti _
Hirotsu, K. Kagamiyama, HJ. Mol. Biol 1993 234, 1218, (c) Yano, T. 21 (€ Ppyridoxyl ring in either transition structure (Tear TS

Kuramitsu, S.; Tanase, S.; Morino, Y.; Kagamiyamapitichemistry1 992 7). The barrier heights of the pyruvoyl-dependent @Sand
31, 5878. PLP-dependent (T3} decarboxylations are quite similar. Thus,

The charge on the ring in neutral G3-is 0.043, while that in
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nature has evolved two equally efficient processes for the site. The successful conversion of neutral reactrio its
catalysis of decarboxylation, and neither of them appears to betautomeric formsba—c results in an increase in their dipole
driven by the accepted paradigm of electron delocalization moments (from 5.8 to 20.9 D). Although the relative energies
through an “electron sink” mechanism. These theoretical data of these zwitterionic structures are higher than that of the neutral
suggest that the primary function of proton transfer from Asp reactant and they exemplify, thereby, reactant destabilization,
to the pyridinium nitrogen appears to be to raise the energy of the surrounding active site environment can lead to a corre-
the GS reactant and to stabilize intermediatefter the barrier sponding increase in stabilizing electrostatic interactions that
is crossed (Scheme 1). lower energies of both zwitterionic reactants and transition

(4) In reactions involving salt bridges, either the potential structures. The reaction pathway for PLP-dependent decarboxy-
for an increase in distance between oppositely charged centerdation involving these zwitterionic tautomers has a lower
must be alleviated early along the reaction coordinate by activation barrier than the pathway in which the neutral reactant
annihilation of the salt bridge, or structural rearrangement of undergoes decarboxylation. A proton relay or comparable
the protein must allow the neutral G@o escape in order to  process that generates a neutral but zwitterionic transition state
avoid marked increases in energy. such as TS in a medium of low dielectric constant will

(5) The barriers for decarboxylation reactions of systems dramatically lower the activation barrier for decarboxylation.
bearing a net negative charge are about 10 kcal/mol lower thanPerhaps it is not too surprising that both pyruvoyl- and PLP-
their corresponding neutral and/or zwitterionic counterparts. The dependent decarboxylation processes have the same turnover
formation of a localized carboxylate anion represents a highly number and operate at comparable rates by similar mechanisms
efficient pathway for the decarboxylation step. having distinct rate-determining stepsThese data, taken

(6) The energy gap between the ground and transition statescollectively, suggest that another fundamental role of the
for PLP-dependent decarboxylation is reduced by the increasepyridoxyl ring in the overall decarboxylation process is to
in energy of zwitterionic reactant intermediates and increased provide a zwitterionic tautomer of the substrate as a consequence
stabilization of these multiply charged intermediates in the of general acid catalysis that diminishes the energy gap between
transition state for decarboxylation. the ground-state structure and the transition structure for

(7) N-Methyl-PLP cofactors in either a neutral (zwitterionic) decarboxylation.
or a positively charged state have no influence on the barriers

for decarboxylation and plays no role as an “electron sink”. Acknowledgment. This work was supported by the National
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PLP-dependent decarboxylation are (i) the Coulombic influence
of the protonated aldimine, (ii) the short, strong stabilizing
hydrogen bond of the phenol oxygen anion with the imine
hydrogen in the transition structure, and (iii) the formation of
zwitterionic intermediates along the reaction coordinate with
energy compensating Coulombic interactions of the charge-
separated PLP cofactor with the amino acid residues at the activelA9907616
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