A\C\S

ARTICLES

Published on Web 02/14/2007

Covalent Catalysis by Pyridoxal: Evaluation of the Effect of
the Cofactor on the Carbon Acidity of Glycine

Krisztina Toth and John P. Richard*

Contribution from the Department of Chemistry, uaisity at Buffalo, SUNY,
Buffalo, New York 14260

Received November 6, 2006; E-mail: jrichard@chem.buffalo.edu

Abstract: First-order rate constants for deprotonation of the o-imino carbon of the adduct between 5'-
deoxypyridoxal (1) and glycine were determined as the rate constants for Claisen-type addition of glycine
to 1 where deprotonation is rate determining for product formation. There is no significant deprotonation at
pH 7.1 of the form of the 1-glycine iminium ion with the pyridine nitrogen in the basic form. The value of
kuo for hydroxide ion-catalyzed deprotonation of the a-imino carbon increases from 7.5 x 10%to 3.8 x 10°
to 3.0 x 107 M~* s71, respectively, with protonation of the pyridine nitrogen, the phenoxide oxyanion, and
the carboxylate anion of the 1-glycine iminium ion. There is a corresponding decrease in the pKss for
deprotonation of the o-imino carbon from 17 to 11 to 6. It is proposed that enzymes selectively bind and
catalyze the reaction of the iminium ion with pK; = 17. A comparison of ks = 1.7 x 1073 s~ for deprotonation
of the a-imino carbon of this cofactor-glycine adduct (pKa = 17 by HPO4?~ with Keat/ Km = 4 x 105 M1 571
for catalysis of amino-acid racemization by alanine racemase shows that the enzyme causes a ca 2 x
108-fold acceleration of the rate of deprotonation the a.—imino carbon. This corresponds to about one-half
of the burden borne by alanine racemase in catalysis of deprotonation of alanine.

Introduction o-imino carbon, because heterolytic bond cleavage with loss

Enzymes accelerate deprotonation of ¢hamino carbon of ~ ©f H, COs, or R™ gives an enolate that is strongly stabilized
amino acids by providing an environment favorable for depro- by delocalization of negative charge onto the pyridine ring of
tonation of the bound substraté and/or through covalent the cofactor (Scheme 1).
modification that increases the carbon acidity of the amino  Despite extensive studies to characterize covalent catalysis
acid®7 We are interested in determining the effect of such by PLP in enzymatie~¢ and model reaction¥, 22 there are

covalent modifications on the carbon acillof ~34 for the no modern estimates of the carbon acida(s) of the key

simple amino acid glycirf® and have shown that thip is iminium ion intermediate of these reactions. For example, it
decreased to 14 through systematic modification of the amino Was stated recently that there is “no available experimental infor-
and carboxylate groups of glycine (Chart81}° Pyridoxal 3- mation on the energies of the carbanionic intermediate for the

phosphate (Scheme 1) is an extraordinary electrophilic catalystuncatalyzed or PLP catalyzed reactions (or on their existeAte)”.
of carbon deprotonation af-amino acids in solution and in a The kinetic barriers determined in elegant studies by Bruice
number of enzymatic reactions for which it is serves as a and co-workers for racemization of alanine catalyzed by a PLP
cofactor. The first step in the mechanism for covalent catalysis analog provide insight into the kinetic barrier for carbon
by PLP is formation of an imine between the amino acid and deprotonation of the iminium ion reaction intermedi&te; and
PLP. Formation of this adduct labilizes all of the bonds of the these barriers have been estimated in recent computational
studies by Gao and co-workets.However, the effect of
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Scheme 2 the kinetic acidity of thea—hydrogen of glycine is used to
estimate the contribution of covalent catalysis by PLP to the

rate acceleration for alanine racemase catalyzed racemization
of alanine.
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Results

The reaction of glycine (100 mM) antl (10 mM) in D,O
buffered at pD 7.0 with 100 mM phosphate at*Z5([B]/[BD]
=1.0,1 = 1.0, KCI) was monitored byH NMR as described
in the Experimental Section. The first-orddisappearancef
1 (Kobsa = 4.3 x 1075 s71) to form an equilibrium mixture
containing 3% reactant (in the form of free aldehyidbydrated
aldehyde and glycine iminium ion addu)) and 97% of
diastereomeric Claisen-type addition products (Scheme 2) in a
ratio of 2:1 was observed. There was no detectabi&%f)
incorporation of deuterium from f® into glycine or transami-

] o ] ) ) nation to give 5deoxypyridoxamine. The structures of the
formation of an iminium ion between PLP and simple amino products of this reaction were identified d@s and 4b by

acids on the K, of 34 for deprotonation of glycine has not  ,mnarison of their NMR spectra to an authentic mixture of
been examined within the framework of recent advances in thethese compounds prepared from the reactiorl @ind ami-

evaluation of substituent effects on carbon acidity. nomalonic acid® Good mass balance was observed over a
We recently reported that the reaction of the pyridoxal analog period of 12 h. This shows that Claisen-type addition of glycine

5'-deoxypyridoxal {) and glycine gives the Claisen-type adduct i, 1 s the only significant reaction during this tiieThe

4 as the only detectable product over 4-halftimes for the reaction rgaction ofL (10 mM) and glycine (100 mM) in kO at pH 6.5

of 1 (Scheme 2§ The rate-determining step for this reaction |,qer the same conditions (100 mM phosphate, ([BJ/[BH]

at pH 2-7 is deprotonation of the glycine iminium ioi,(= 1.0,1 = 1.0, KCI) was monitored at 412 nm. This reaction was
kio[HO] + ke[B], Scheme 2), because addition dfto the also first order for four reaction halftimegofsq= 5.0 x 1075

resulting pyridoxal-stabilized glycine carbanidad{1], Scheme -1y \we conclude that there is a small solvent deuterium isotope
2) is much faster than protonation of the intermediate by the 4fact on the Claisen-type addition reaction whiig £ 10 mM.

_Sl_?]l.ve'}lt wattehr %mz buffert.catalfystt&(, ~ l:HOtH Jfr ksH[BHt])' i Figure 1 shows time courses for the reaction of glycine (100
is allows the determination of rate constants for deprotonation mM) with 0.1 mM 1 in H,0 at pH 6.5 and in BO at pD 7.0

o:iasith(ioltgser\'\//ledwst-orde; Late ctohnst%nts fordCIatlsen ad?'t'(t)nbuffered by 100 mM phosphate ([BLJ/[BF 1.0) at 25 °C and
of 1 (1], = 10 mM). We report here the observed rate constants | = 1.0 (KCI). These reactions are no longer first-orderl [

for deprotonation o2 between pH 2 and .7 in the presence Of. and no stable endpoint is observed even after 40 halftimes, using
;everal buﬁgr cgtaly§t§. These dgta prov.|de.a thorough descrlp-a halftime calculated for the first-order reaction of 10 niM

tIOI’? of the kinetic acidity of the d|ffereqt lonic forms Qfand under the same conditions. These data show that there is a shift
estimates of the effect of the protonation of basic sites of the ;| v oo tion order from first-order wheti§ = 10 mM toward
pyridoxal cofactor on carbon aci&p This analysis of the effect second-order wher], is decreased 100-fold to 0.10 mM. This

of formation of a covalent adduct betweérand glycine on

is consistent with the mechanism shown in Scheme 2 where:

=T

(25) Toth, K.; Amyes, T. L.; Richard, J. P.; Malthouse, J. P. G.; N'Beilliu, M.
E.J. Am. Chem. So004 126, 10538-10539. (26) Thanassi, J. WBiochemistry197Q 9, 525-532.
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Figure 2. The effect of increasing concentrations of acetate buffdoen
for Claisen-type addition of glycine (100 mM) tb(10 mM) at constant
ionic strength of 1.0 (KCI) and 25C. Key: (®), [AcO~J/[AcOH] = 4.0;
(m), [AcO~]/[AcOH] = 1.0; (¥), [AcOJ/[ACOH] = 0.25; @), [AcO7V/

Figure 1. Time courses for reaction of glycine (100 mM) with 0.1 miM
in H,O at pH 6.5 W) and in DO (®) at pD 7.0 buffered by 100 mM
phosphate ([BLJ/[B]= 1.0) at 25°C andl = 1.0 (KClI).

, , . ) , [ACOH] = 0.10.
(1) Formation of the carbanion reaction intermediatekpys
irreversible and rate determining at high (kadd 1] > k-p) when
[1]o = 10 mM, and (2) formation of the carbani@becomes 50
partly reversible, and its trapping by addition Xartly rate ’
determining kaad 1] < k-p) as the concentration dfis decreased 4.0

100-fold to 0.10 mM.

The initial velocity for the reaction ofl], = 0.1 mM 5-
deoxypyridoxal in DO is 1.8-foldlarger than in HO (Figure
1). This contrasts with the 14%mallervalue of kypsq for the
reaction ofl in D,O than in HO when [L], = 10 mM and the
reactions are followed for 4-halftimes (see above). The smaller 1.0
velocity for the reaction in BD compared to BD, whenkaggis
partly rate-determining, is due to the normal primary deuterium
isotope effect on the protonation 8f(k,, Scheme 2) which
fa"o.rs return of3 '.[0 r.eaCtant in 5O 2722 Th?refore’ a Iarger Figure 3. The effect of increasing concentrations of phosphate buffer on
fraction of the ionization steps that produ&én DO result in Kobsafor Claisen-type addition of glycine (100 mM) 1o(10 mM) at constant
partitioning to the product of the Claisen-type addition reaction, ionic strength of 1.0 (KCI) and 25C. Key: @), [HPO2 J/[HPO;] =
and a faster reaction than in® where partitioning to regenerate ~ 4.0; @), [HPO"J/[HoPQ, "] = 1.0; (v), [HPO,* J/[H,PQ, 7] = 0.25; @),
reactant is favored. This paper focuses on the reaction of glycine[HPO“%]l [H2PQ:7] = 0.10.
and [1], = 10 mM where deprotonation & (k, = kuo[HO] +
ks[B], Scheme 2) is rate determining for the formation4of
More extensive data for Claisen-type additionlofvhen [1],
= 0.10 mM will be presented in a later pagér.
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to 1to form5is observed. We have not fully characterized this
second reactioff

First-order rate constankgysqfor the reaction of glycine with o P G OC;)
1([1]o =10 mM) in H,O at pH 2-7 and 25 °C were determined o HavNH;
as the observed rate constant for conversiorl ¢d 4 under NH~~pH 5
conditions where deprotonation @fis rate determining for O
formation of4 (Scheme 2). The reaction progress was normally \(I
monitored at 412 nm after making a 100-fold dilution using E@

the original reaction buffer. Figure 2 shows representative plots
of kopsg @gainst the concentration of acetate buffer for the ) ) )
Claisen-type addition reaction df (10 mM) with 100 mM The y-intercepts of the plots shown in Figures 2 and 3,
glycine at different fixed ratios of the buffer acid and conjugate ((Koobsa S™) are reported in Table 1. Table 1 also reports values
base at = 1.0 (KCI). Figure 3 shows plots d§psqagainst the of fim, the fraction of totall present as the reactive iminium

concentration of phosphate buffer for the Claisen-type addition 10N 2 under the given experimental reaction conditions. Com-
reaction ofL (10 mM) with 100 mM glycine at different fixed bining fim with the observed rate constants for the Claisen-type
ratios of the buffer acid and conjugate basé at 1.0 (KCI). reaction ofl gives the first-order rate constants for buffer-

No data for the Claisen-type addition reaction is presented for independent deprotonation Bfi(ko)m = (ko)obsdfim, Table 1].

reactions at pH> 7.1. As the pH is increased above 8 an  Figure 4 shows plots dépssagainst the concentration of the
additional reaction that results in addition of 2 mol of glycine basic form of chloroacetate buffer (50% free base) for the
Claisen-type addition reaction &f(10 mM) with different fixed

(27) Keeffe, J. R.; Jencks, W. B. Am. Chem. S0d.983 105 265-279.

(28) Keeffe, J. R.; Jencks, W. B. Am. Chem. Sod 981, 103 2457-2459.

(29) Richard, J. P.; Toth, K. In preparation.

(30) Toth, K.; Gaskell, L. M.; Richard, J. B. Org. Chem2006 71, 7094

7096.
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Table 1. Kinetic Parameters for Solvent-Catalyzed Claisen-Type
Addition of Glycine to 1 (Scheme 2)2

[glycine]r (ko)obsa/107® (ko)n/2107°
pH buffer M) fin® (s s
2.1 chloroacetate €0 26
0.050 0.0055 0.20 36
0.10 0.011 0.61 55
0.20 0.022 1.6 74
2.7 (0 23
0.050 0.019 0.62 32
0.10 0.037 1.6 42
0.20 0.071 4.3 60
3.3 (02 24
0.050 0.062 1.8 29
0.10 0.12 4.1 34
3.6  acetate o 17
0.10 0.28 5.3 19
0.20 0.53 11 21
4.0 0.10 0.36 4.7 13
4.6 0.10 0.52 3.7 7.2
5.2 0.10 0.57 3.4 6.0
5.5 phosphate 0.10 0.58 45 7.7
5.9 0.10 0.63 7.0 11
6.5 0.10 0.71 12 17
7.1 0.10 0.84 19 23

aFor reactions of 10 mM. at 25°C andl = 1.0 (KCI). P The fraction
of total 1 that is converted to the imine at the given concentration of glycine
determined by NMR analysis of an equilibrium mixture f1-hydrate,
and the imine, unless stated otherwis&he observed rate constant for the

buffer-independent Claisen addition reaction, determined as the interceptHof

of a plot ofkynsgagainst the concentration of the buffer catalfgko)im =
(Ko)obsdfim. € The intercept of a linear plot ofkf)im against [glycinej.
fCalculated from the value df, determined for reaction in the presence
of 0.10 M glycine by assuming thdfy, is directly proportional to the
concentration of glycine in the reaction mixture.
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Figure 4. The effect of increasing concentrations of the basic form of
chloroacetate buffer (50% free base) kapsq for Claisen-type addition of
glycine to1 (10 mM) at increasing fixed concentrations of glycine and
constant ionic strength of 1.0 (KCI) at 2&. Key: (#), 0.05 M glycine;
(m), 0.10 M glycine; @), 0.20 M glycine.

concentrations of glycine at 25 °C ahek 1.0 (KCI). The slopes

of these correlations are proportional to the concentration of
glycine, because of the bimolecular reaction of glycine to form
the reactive iminium ior2 (see below). Thg-intercept increases
with the square of [glycing]for a reaction where one molecule
of glycine reacts with to form 2 and the second molecule acts
as a buffer catalyst of deprotonation2fThe inset to Figure 4
shows the plot oki/fin against the concentration of glycine
zwitterion, wherekiy = ko + kg[TH3NCH,CO, ] is the intercept
from the main Figure, antiy, is the fraction ofl converted to

3016 J. AM. CHEM. SOC. = VOL. 129, NO. 10, 2007

2 determined by*H NMR analysis (Table 1). The intercept of
the plot shown in the insetkf)m = 2.3 x 10°s%, is equal to

the first-order rate constant for buffer- and glycine-independent
deprotonation o2 at pH 2.7 (Table 1) and the slope is the
apparent second-order rate constant for deprotonatio@ of
catalyzed by the basic form of glycine (see below).

Values ofkgpsqat increasing concentrations of chloroacetate
buffers (20% and 80% free base) were determined for the
Claisen-type addition reaction &f(10 mM) with three different
fixed concentrations of glycine (0.05, 0.10, and 0.20 M) at 25
°C and constant ionic strength of 1.0 (KCI). These data were
evaluated as discussed for Figure 4 to give the valuekopf, (
for buffer-independent deprotonation Bfat pH 2.1 and 3.3
reported in Table 1. Table 1 shows that deprotonatio by
0.10 M glycine at pH 3.6 is slow compared with the reaction
catalyzed by the stronger base acetate ion and makes ecaly a
15% contribution to the value okf)m at pH 3.6. This is because
the general base-catalyzed reaction of 0.10 M glycine zwitterion
occurs in competition with the hydroxide ion-catalyzed reaction
of solvent [see Discussion]. Therefore, the largest relative rate
acceleration for general-base catalysis is observed at pK,
for the base catalyst, where the concentration of the Brgnsted
base is greatest relative to hydroxide ion; and, the importance
of catalysis falls off sharply as the pH is increased above the
catalyst fK,, because now the concentration of the strong base
is increasing relative to the concentration of the weak
Bragnsted bas#. It is assumed, therefore, that the glycine-
catalyzed reaction does not make a significant contribution to
(Ko)im for the deprotonation o2 at pH > 3.6.

The slopes of the linear plots ¢§psq against total buffer
concentration shown in Figures 2 and 3 are equaki@)épsas
the apparent second-order rate constants for buffer-catalyzed
Claisen-type addition of glycine tt. Buffer catalysis is due
exclusively to the basic form of the buffer (see Discussion),
and the apparent rate constants for general base catalysis
reported in Table 2 were calculated &s){pbsda = (Kbuf)obsdTs,
wherefg is the fraction of the buffer present in the basic form.
Combining ks)obsa With the fraction ofl present as the imine
(fim) gives the values for the second-order rate constants for
deprotonation of by the corresponding Brgnsted base catalyst
[(ke)im = (Ks)obsdfim, Table 2]. The values ofkg), for the
reaction catalyzed by chloroacetate remain constant, within the
error of these experimentsg £+ 10%) as the concentration of
glycine is increased from 0.056 0.20 M. The values ofkg)im
for deprotonation oR by glycine zwitterion reported in Table
2 were determined as the slopekgf/fim against the basic form
of glycine. The plot for reactions at pH 2.7 is shown in the
inset to Figure 4.

Discussion

Acetone is an effective catalyst of the deprotonation of glycine
methyl ester in DO8 By analogy, we expected that the
pyridoxal analogl would be an effective catalyst of deproto-
nation of glycine and that reversible proton-transfer would lead
to transfer of deuterium from solvent to the amino acid. We
were surprised to observe exceedingly small level§-oata-
lyzed exchange of the-hydrogen of glycine after prolonged
incubation in BO. Instead,4a and 4b form as the major
products of the reaction of the pyridoxal-stabilized glycine

(31) Jencks, W. PAcc. Chem. Red.976 9, 425-432.
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Table 2. Kinetic Parameters for General Base-Catalyzed
Claisen-Type Addition of Glycine to 1 (Scheme 2)2 a4l
[glycine]r (Ke)obsa/20™°  (Kg)im/20~*
pH (B)” base catalyst (M) fin® (M-1s71)d (M~is7Y)e
°
2.1 glycine 9.8 ff °
pKa=2.5 % -5t O
2.7 3.4 2 e _ O
3.3 1.1 5 n®0 4 oQ
3.6 0.25% 2
-8 O
2.1 chloroacetate 0.050 0.005% 11 20 :5? -6
(fs =0.20) pKa=2.7 ER =
0.10 0.011 1.7 15
0.20 0.022 4.5 21 . . . . .
average 19 2 3 4 5 6 7
2.7 0.050  0.019 1.3 7.5 pH
(fs = 0.50) 0.10 0.037 25 77 Figure 5. pH rate profiles for the observed rate constants for the solvent-
0'20 0'071 4'9 6.9 catalyzed Claisen-type addition reaction between glycinelg(id)opsa(S™),
a;/erage ’ ’ 7' 4 0), and the derived rate constants for Scheme 2 where deprotonatin of
) is the rate determining step for Claisen-type addifig@)m (s™%), ®) for
3.3 0.050 0.062 2.9 4.7 reactions at 25C andl = 1.0 maintained with KCI (Table 1). The solid
(fs =0.80) line shows the least-squares fit of the data to eq 1 using the acidity constants
0.10 0.12 5.5 4.6 from Scheme 3% and the derived second-order rate constants for depro-
average 4.7 tonation of2-H,, 2-Hs, and2-H; by hydroxide ion.
3.6 acetate 0.10 0.28 69 25
(fs=10.10) pKa=4.6 H,0 is due to a normal kinetic isotope effect on the protonation
gﬁga . 0.53 120 gi of 3 (k-p = kioL + ken[BL]), which favors return oB to reactant
g in H,O and results in a slower rate of formation éfor the
?}'0: 0.20) 0.10 036 65 18 reaction in this solvent. Large inverse solvent deuterium isotope
a6 0.10 0.52 25 49 effech have also been obsc_arve(_j for El_cb-type eIimin_qtion
(fa = 0.50) reactions through a carbanion intermediate that partitions
5.2 0.10 0.57 1 19 between loss of leaving group to form an alkene, and protonation
(fs=0.80) to regenerate substrate which is subject to a normal primary
5.5 phosphate  0.10 0.58 210 36 kinetic isotope effect’28 and in the fragmentation of 2-(1-
(SfBg_ 0.10) pKa=6.5 0.10 0.63 140 29 hydroxybenzyl)thiamine in water through a carbanion interme-
(fa = 0.20) ' ' diate that partitions between protonation and fragement&tion.
6.5 phosphate 0.10 0.71 67 9.4 The kinetic data reported here fbircatalyzed deprotonation
(fs=0.5) of glycine are in qualitative agreement with the more limited
(7f'1_ 0.20) 0.10 0.84 35 42 data from earlier studies by Bruice and Dixon of the racem-
B=— U.

aFor reactions of 10 mM. at 25°C andl = 1.0 (KCI). ® Fraction of
the buffer in the basic fornf. The fraction of totall that was converted to
the imine at the given concentration of glycine, determined by NMR analysis
of an equilibrium mixture ofl, 1-hydrate, and the imine unless stated

otherwise d The observed second-order rate constant for general base-

catalyzed Claisen-type addition of glycinetaetermined as the slope of

a plot of kopsq @gainst the concentration of the basic form of the buffer.
e (ke)im = (ks)obdfim €XxCept for the glycine-catalyzed reactiohhe slope

of replots of the type shown in the inset of Figure 4 for the reaction at pH
2.7 9 Calculated from the value &f, determined for reaction in the presence
of 0.10 M glycine by assuming thdty, is directly proportional to the
concentration of glycine in the reaction mixture.

carbanion3 (Scheme 2%° The decarboxylation reaction of
aminomalonate catalyzed Hyhas also been reported to give
4aas the major product of the reaction of the pyridoxal stabilized
glycine carbanior® generated by decarboxylation of a pyridoxal-
aminomalonate adduét.

Figure 1 shows that there is a 1.8-fold inverse solvent
deuterium isotope effect on the initial velocity for the reaction
of 0.1 mM 1 with 0.10 M glycine. This provides strong evidence
for the existenceof the pyridoxal-stabilized carbanidhas an

intermediate of the stepwise reaction shown in Scheme 2, whereS

addition of3 to 1 is partly rate determining for the formation
of 4. The velocity of this Claisen-type addition reaction is
proportional tok,fe, wherek; is the rate constant for deproto-
nation of3 andfp is the fraction of eacB formed that partitions
forward to product. The larger velocity in,D compared with

ization of alanine catalyzed by the pyridoxal analog 3-hydroxy-
pyridine-4-carboxyaldehyd¥.We have revisited this problem
for 1-catalyzed deprotonation of glycine to: (1) Exploit a simple
kinetic method for monitoring deprotonation ®fto obtain an
extensive body of kinetic data for formation of a pyridoxal-
stabilized carbanion. (2) Draw direct comparisons between the
effect of the pyridoxal-analog) on the carbon acidity of glycine
with the effect of a variety of other substituents on this carbon
acidity8-10.33.34 (3) Obtain the rate acceleration for a PLP-
assisted enzyme-catalyzed deprotonation of amino acids using
modern kinetic data.
Deprotonation of 2 by Solvent.The open squares in Figure

5 show the pH rate profile for the rate constants for solvent-
catalyzed Claisen additiofdjopsqdetermined by monitoring the
disappearance df at 412 nm, and the solid circles show the
rate constants for rate determining deprotonatio? cdlculated
as Ko)im = (Ko)obsdfim, wherefiy, is the fraction ofl converted
to the imine 2 under the experimental reaction conditions,
determined by'H NMR.

Figure 5 shows that the observed rate constdnjddr the
olvent-catalyzed Claisen-type addition reaction at low pH
decrease with increasing fii and, that this decrease is due

(32) lkeda, G.; Kluger, RJ. Phys. Org. ChenR004 17, 507-510.

(33) Rios, A.; Richard, J. Rl. Am. Chem. S0d.997, 119 8375-8376.

(34) Crugeiras, J.; Rios, A.; Amyes, T. L.; Richard, JQrg. Biomol. Chem.
2005 3, 2145-2149.
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Scheme 3
2'H4 2-H3 2'H2 2-H
(0] (0] (0]
H H H
HS~~oH HE g HS NP H R
HONG  pk,=21 HON§  pK,=30 H NS, pK, =64 HHNNH@)LOG
\\OH OH O° U H
| _ (Ka)4 | _ (Ka)3 | (Ka)Z \(\%/\O
N N NG |
Ko HO 1 N
(kor)2-u3[OH] +
(kon)2-14[OH] + (k) 4131B] (kom)2-12[OH] +
(kp)>.14[B] (k)>.112[B]
2 o
@HLOe cO5 ® C03
Ho N® HaN——H HgN——H
NH kygal1] H—-OH HO—T—H
| ~OH \/( OH I j/\OH
NG H N H N7
H@

Mixture of protonated
forms

mainly to a decrease in the fraction of substrate present as th
reactive imine2. The nearly flat pH rate profile for deprotonation
of 2 (@) reflects the increasing reactivity @fdue to protonation

of basic sites with lzs of 6.4, 3.0, and 2.1 (Scheme*3)hat
compensates for the decease in [HOrhe deprotonation o2
observed in acidic solution ([HQ = 10712 M (1 picomolar!)

at pH 2) is a dramatic manifestation of the strong acidity of
this carbon acid.

The dominant pathway for the reaction @fat pH 7 is
deprotonation of2-H, by hydroxide ion. The observed rate
constant is nearly pH independent because the effect o
decreasing [HO] and of increasingd-H,] on the reaction rate
cancel. There is a downward break in the pH rate profile at pH
= pK, = 6.4 for 2-H,%> and then an upward break at pH 5 due
to a new pathway for deprotonation &fHz by hydroxide ion.
The kinetically equivalent pathway for deprotonation2sH,
by water is excluded, because deprotonation of amino-acids an

their derivatives by water has been shown to be slow compared

to the hydroxide ion-catalyzed reaction at pH 5.

The second upward break in the pH rate profile at pH 4 may
be due to one of two kinetically equivalent pathways; depro-
tonation of2-Hz (pK, = 3.0F° by water, or deprotonation of
2-H,4 by hydroxide ion. The following observations are incon-
sistent with water-catalyzed deprotonatioreifl; and provide

strong evidence that the reaction at low pH is due to deproto-

nation of2-H, by hydroxide ion.

(1) If the reaction at low pH were water-catalyzed deproto-
nation of2-Hs then an upward break should be observed in the
pH rate profile ag2-H, (pKa = 2.1) accumulates at pH 2 because
protonation of the carboxylate group 2fH; should increase
the reactivity of this carbon acid toward deprotonation by water.
However, no upward break is observed in the pH rate profile.

(35) Vazquez, M. A.; Echevarria, G.; Munoz, F.; Donoso, J.; Garcia Blanco, F.
J. Chem. Soc., Perkin Trans.1®89 1617-1622.
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e (2) The addition of a fixed concentration of glycine zwitterion
should cause the same increase in the velocity of deprotonation
of 2-Hg relative to the rate of a water catalyzed reaction as the
pH is decreased from 3 to®.In fact, there is a significant
increase in the rate acceleration for catalysis by glycine
zwitterion over this pH range (Table 1). This shows that solvent
is becoming less reactive relative to the buffer as the pH
decreases and is consistent with the reaction of the conjugate
base of solvent, hydroxide ion, in deprotonation2eifl,.

(ko)lm =
f
[(ki0)z-11,[H 124 (K40)2-11,(KalH T+ (ko) 1, (KoKl Ky

[H'T? + (KaH T + (KQs(KalH T + (Ka)o(Ka)o(Kas

W)
d ™ (K, + H']
(Krio)o—n, Ku[H "]
(K = 3)

(K)a(KDs + (K, + [H'T?

Equation 1 gives the relationship between the kinetic param-
eter k,)m and the rate constants and acidity constants for
Scheme 3° The values of the second-order rate constants for
deprotonation oR-H,, 2-Hz, and2-H,4 by hydroxide ion were
evaluated as follows for the data shown in Figure 5. (1) The
only significant reaction at high pH is deprotonation2H;
by hydroxide ion. The value foko).-n, was determined by
fitting the data from Figure 5 at high pH to the limiting eq 2,
which can be derived for Scheme 3 for the case wh2sd4
= [2-H4] = 0. (2) The only significant term at low pH is
(Kno)2-n, for deprotonation o2-H,. The value of kno)2—Ha Was
determined by fitting the data at low pH to eq 3, which can be
derived for Scheme 3 for the case whePeH,] = 0. (3) The
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Table 3. Second-Order Rate Constants for Deprotonation of
Different lonic Forms of 2 by Hydroxide lon and Buffer Bases? 25
(ke)o-1, (K)o (Ke)o-, ~
base pKab (Mflsfl)c‘d (Mflsfl)c‘s (Mflsfl)c,/ » _30 N
i [ ]
OHP 157  3.«10° 3.8x 1P 7.5x 102 S
HPOZ 6.5 43x 10t 1.7x10° g 35
CHzCOO~ 4.6 1.1x 102 1.0x 104 2
CH,CICOO™ 2.7 2.3x 1073 8.2x 10 = 40+t \¢
NH,CH,COO~ 21  16x10° 45x10° &
-4.5
aFor reactions of 10 mM. at 25°C andl = 1.0 (KCI).  Calculated
from the solution pH and the ratio of the acidic and basic forms of the

buffer under our experimental reaction conditiohRate constants deter- 2 3 4 5 6 7
mined from the fit of the experimental data to eq 1 derived for Scheme 2

as described in the text Rate-constants for buffer-catalyzed deprotonation pH
of 2-H,. © Rate-constants for buffer-catalyzed deprotonatio2-bif. f Rate- Figure 6. The pH rate profiles for the second-order rate constaajsm(
constants for buffer-catalyzed deprotonatior2eifl,. for the general base-catalyzed deprotonatio. dfhe solid lines show the

] S ) ) fits of the experimental data to partial forms of eq 2 determined as described
deprotonation o2-Hs by hydroxide ion is the dominant reaction  in the text. Key: &), phosphate dianion; M), acetate anion; &),

at intermediate pH. The value fokd{o),—p, for this reaction ~ chloroacetate anionw(, glycine zwitterion.
was determined by fitting the data at intermediate pH to eq 1
and using the values okgo)2-n, and &uo)2-+, determined at

the pH extremes, so that{p),—ns is the only variable in this
fitting procedure. The solid line in Figure 5 shows the theoretical
fit of the experimental data obtained using the acidity constants
from Scheme 3 and the second-order rate constants for the
hydroxide ion-catalyzed reaction determined by the above fitting
procedure (Table 3).

Deprotonation of 2 by General Brgnsted BasesBuffer
catalysis of the Claisen-type addition reaction is due to general
base-catalyzed deprotonation @f to form the pyridoxal
stabilized glycine carbanioB. There are several moderately ' : :
basic sites a2 where protonation by buffer acids will cause an 8 12 16 20
increase in the reactivity of the-imine carbon toward depro- PK, +logp
tonation. However, concerted general-acid catalysis of proton Figure 7. Brgnsted-type relationship between the second-order rate
transfer is effectively prohibited by thiébido rule of Jencks, constants for deprotonation of cationic carbon acids by hydroxide ion and

; ; e carbon acid K, wherep is the number of equivalent protons for the carbon
because under our experimental reaction conditions proton acid. The solid circles show data used to define this linear relationship:

transfer from the catalyst to theactingform of the substrate  (carbon acid, i) PyrN*-CH,COPh, 10.9; (CH),C=NH*CH,CO,Me, 14
is either thermodynamically favorable or only slightly upRfil. *MesNCH,CO,Me, 18;HsNCH,CO;Me, 21. The open symbols show the
The libido rule states that general acid catalysis will only be differentionic forms of the pyridoxal-glycine imine (Chart 2). Thigsp of
. . . . .. these carbon acids were estimated by making the assumption that values
observed _for reactions when there is a large char_lge n baSICItyof log(kno/2) for their deprotonation lie on this linear correlation.
of a reacting group that causesfavorable protonation of the
reactant by the acid catalyst to become favorable for protonationforms of eq 2 (not shown) that were derived for Schemes that
of product?*% include only two of the three kinetic terms for Scheme 3 and
_ three of the four forms d2. The acidity constan¥(,), and2-H;
(Kehim = i3 2 N were omitted in deriving the equation for a modified form of
[(Kg)2—1,[H 17+ (Kg)o-1,(KadalH 17+ (Kg) o1, (Ko a(K) J[H ] Scheme 3 that was used to fit the data for the catalysis by glycine
+13 +12 + and chloroacetate ions, where#&s)4 and 2-H, were omitted
(A1 (KaalH 17 (Ka)s(KaalH ] + (Kao(Ka)a(Ka)s 4 in deriving the equation that was used to fit data for catalysis
) by acetate and phosphate ions. Table 3 reports the values of
Figure 6 shows the pH rate profiles for the observed second- (K8)2-H, (Ke)2-Hs, and ks)z-, Obtained from these fits.
order rate constants for general base-catalyzed deprotonation The slope of the Brgnsted correlation (not shown) for general
of 2 (ks)im. The increase inkg),m with increasing pH is due to ~ base catalysis of deprotonation 2z is # = 0.83. Brgnsted
the increasing acidity of the substrate that results from proto- coefficients of close to 1 were observed in studies of general
nation of sites aP with pKgs of 6.4, 3.0, and 2.35 Equation 4 base catalysis of deprotonation of the cationic carbon acids of
derived for Scheme 3 shows the relationship betwigi{and ~ glycine and betaine methyl estehe smaller value off =
the rate and the acidity constants for Scheme 3, where each0.83 observed here reflects a relatively small Hammond type
term in this equation corresponds to the rate constant for shift to an earlier transition state caused by the greater carbon
deprotonation of a single ionic form @ It was only possible  acidity of2-Hs compared to the simpler amino acid derivatives.
to study catalysis by any single buffer over a range of 2 pH  Substituent Effects on the Acidity of Glycine. The solid
units, where only two of the three ionic forms ®fre reacting. symbols in Figure 7 show the rate-equilibrium relationship
The solid lines in Figure 6 show the fits of the data to truncated between second-order rate constants for deprotonation of

8+

log (kOH/P)

(36) Jencks, W. PJ. Am. Chem. Sod972 94, 4731-4732. (37) Hammond, G. SJ. Am. Chem. Sod.955 77, 334-338.
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Chart 2 carbon of the iminium ion adduct between acetone and glycine
by o by o el methyl estef. The ~8-unit lower K, estimated for the-imino
Hﬁ)J\OH Hﬁ-)LO@ Hﬁ)Loe carbon of2-H, reflects specific stabilization of charge by the
H /N,@a H /N.Ca H /N(ﬂ elaborate electron sink of the pyridoxal cofactor. It is not
‘s OH \-OH \ o° possible to generate a significant concentration of this "quini-
| N | N | noid“-type carbanion by deprotonation &fH,, because-H,
i@ i@ ﬂ only accumulates at a pH 3 that is below th&, fior the carbon
acid. Our data suggest that it should be possible to generate a
2-Hy 2-H; 2-H, "quininoid“-type carbanion by deprotonation of an analog of
pk, 6 11 17 2-H, where protons at the imine nitrogen and carboxylic acid

are replaced by alkyl grougs.

cationiccarbon acids by hydroxide ion and the estimated carbon Enzymatic Catalysis The PLP analog o2-H, is the most
acid Kzs for simple derivatives of glycine and of a related acidic form of the cofactor, and the fully protonated cofactor
cationic carbon acil.These data define a linear correlation of might be expected to be the species selected to undergo enzyme-
slope of 0.44 (Brgnstef for proton transfer) and intercept of  catalyzed deprotonation at the-imino acid carbon. However,
10.0. The carbon acidias for 2-Hy4, 2-Hs, and2-H; reported X-ray crystal structures of pyridoxal enzymes show the cofactor
in Chart 1 were calculated by making the assumption that valuesbound in the form analogous %-H,,*6-8 or in the case of
of log(kon/2) from Table 3 lie on the linear correlation alanine racemase the form analogougd.*° This is evidence
established for related carbon acids Figure 7). By compari- that despite the weak carbon acidity 2H, (pKa ~ 17) and
son, values of 9, 12, and 14 were estimated fordheémino even weaker acidity oR-H, these forms of the cofactor are
carbon acid K, of the corresponding protonated forms of the selected for deprotonation by enzyme catalysts. There are several
adduct between alanine and 3-hydroxypyridine-4-carboxalde- reasons why these enzyme-catalyzed reactions are unlikely to
hyde by extrapolation of linear logarithmic relationship of rate proceed by deprotonation 8fH.. (1) The equilibrium constant
constantskoy for a highly structurally diverse set afeutral for formation of2-H4 from glycine andl is less favorable than
carbon acidg? for formation of 2-Hz and 2-H, (Table 1). (2) There is a
Several effects contribute to the differences in the carbon substantial thermodynamic barrier to formation2sH, from
acidity of 2-H,, 2-Hs, and 2-H,4. (1) The presumably strong  2-H, the most abundant form of the cofactor at pH 7. (3) There
intramolecular hydrogen bond between the iminium ion nitrogen are minimal ionic groups a2-H, to interact with groups of
and phenoxide anion &f-H, has the effect of decreasing the 0pposing charge at the enzyme active site. Note that the
carbon acidity o2-H,, because-carbon deprotonation reduces intramolecular hydrogen bond between nitrogen and oxygen at
the acidity of the nitrogen hydrogen bond donor which weakens 2-Hz will reduce its carbon acidity (see above). However, the
the hydrogen bond at the product enof#¢2) Destabilizing carbon acidity will be increased i2-H, is bound in a
intramolecular electrostatic interactions between cationic centersconformation where the intramolecular hydrogen bond cleaved.
will increase the acidity o2-Hy, because these interactions are The energetic price for cleavage of the hydrogen bond may be
relieved at the product enolai®(3) Protonation of the phenolate ~ recovered as stabilizing interactions between the protein and
ion of 2-H, to form 2-Hz will cause an increase in carbon acidity ~ the charged nitrogen and oxygen.
by increasing the charge density at nitrogen that interacts a A value of kg)2-n, = 1.7 x 103 M~ s71 (Table 3) was
neighboring enolate dianid¥ The effect of cationica-sub- determined for deprotonation 8fH, by phosphate dianion i
stituents on the stability of enolates is known to be particularly = 6.5), a reaction where the base catalyst and carbon acid
large?4041(4) Finally, neutralization of charge at a carboxylate combine to form a transition state for deprotonation of the
anion will cause an increase in the acidity of neighboring carbon a.—imino carbon. By comparisok.a/Km = 4 x 10° M1 s71
by allowing the formation of an unstable enolate dianion to be for alanine racemaseBécillus stearothermophilyscatalyzed
avoided*?#3 For example, there is an 8 unit difference in the racemization ob-alanine at 25 °C, a reaction where the enzyme
pKazs for deprotonation of thex-amino carbon of glycine and alanine combine to form airtual transition state for
zwitterion (Ka = 29) and N-protonated glycine methyl ester deprotonation of thea—imino carbon of an alanine-PLP

(pKa = 21)2 adduct® A comparison of these second-order rate constants
The K, of 6 for carbon deprotonation @&Hy is striking in shows that the presence of the protein catalysts causes a 2
comparison to the carbon-acitpof ~34 for glycine carboxy- 10°-fold rate increase in the apparent second-order rate constant

late anior* A large portion of the reduction in carbon acid for proton transfer. This is close to the true rate acceleration
pKa, can be obtained with relatively simple modifications of the for carbon-acid deprotonation, which is mostly rate determining
carboxylate oxygen and amino nitrogen of glycine. For example, for the alanine racemase catalyzed reactfi¥:>1 This corre-

a K of 14 was estimated for deprotonation of thie-imino sponds to a~11 kcal/mol stabilization of the transition state
(38) Stahl, N.; Jencks, W. B. Am. Chem. S0d.986 108 4196-4205. (45) Metzler, C. M.; Harris, A. G.; Metzler, D. Biochemistryl988 27, 4923—
(39) Hine, J. InStructural Effects on Equilibria in Organic Chemistiiley: 4933.
New York, 1975; p 98. (46) Toney, M. D.; Hohenester, E.; Cowan, S. W.; Jansonius, Bdi&nce
(40) Tobin, J. B.; Frey, P. AJ. Am. Chem. S0d.996 118 12253-12260. 1993 261, 756—759.
(41) Halkides, C. J.; Frey, P. A,; Tobin, J. B. Am. Chem. Sod993 115 (47) Kirsch, J. F.; Eichele, G.; Ford, G. C.; Vincent, M. G.; Jansonius, J. N.
3332-3333. Mol. Biol. 1984 174, 497-525.
(42) Richard, J. P.; Williams, G.; O’'Donoghue, A. C.; Amyes, T.J..Am. (48) Almo, S. L.; Smith, D. L.; Danishefsky, A. T.; Ringe, Brot. Eng.1994
Chem. Soc2002 124, 2957-2968. 7, 405-412.
(43) Gao, JTheochenl996 370, 203—-208. (49) Shaw, J. P.; Petsko, G. A.; Ringe, Biochemistryl997, 36, 1329-1342.
(44) The carbon acid pKa for glycine anion should be greater than the value of (50) Sun, S.; Toney, M. DBiochemistry1999 38, 4058-4065.
33.5 reported for acetate anion (ref 40). (51) Spies, M. A.; Toney, M. DBiochemistry2003 42, 5099-5107.
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for deprotonation of thex-imino carbor?? A much larger 19 The fraction of1 present as the iminium ion in @ under the
kcal/mol transition state stabilization was estimated for non- conditions of the kinetic experiments was determined'dyNMR
PLP amino acid racemasesp that the cofactor bears about analyses. A solution of 0.5 Nlin CDsCN was injected into water that
one-half the burden of catalysis of the proton-transfer reaction. contained 0.10 M of the appropriate buffer, 0.1 M glycine, and 1 mM

A smaller transition state stabilization of 8 kcal/mol has been ©f t.he internal Star.]dard tetramethylammonium hydrogen sulfate to give

: . . . a final concentration of 10 mM at| = 1.0 (KCI). 'H NMR spectra
estimated in a combined QM/MM computational study of the . hy

lution and enzyme catalyzed react®iThe difference in the were recorded at 25C approximatst 1 h after the addition of. The
SO its of th . | and " | dies is due i fraction of 1 present as the glycine iminium ion was determined from
results of the gxperlmenta an gomputatlona studies Is due Nthe normalized peak areas of a single protonIpthe hydrate ofl
part to our choice of p.hosph'ate dianion as the base 'Fhat abstracts,g the iminium iore.
a proton from the amino acid substrate. By comparison a more
basic phenoxide anion was used in compu_tatlonal studies to,, i, glycine to form the Claisen-type adduct was followed by
model the pht_enomde an'_on of tyrosine which is thought 'FO serve monitoring the disappearance of reactantyNMR in H,O. Solutions
as the base in .the alanine racemase catalyzed reé@ﬁ%.)ﬁ‘. _of 10 mM 1 were prepared by making a 50-fold dilution of a 0.50 M
The correct choice of the solution ba§e to model an active sité solution of1 in CD:CN into water that contains 0.10 M buffer, 0.10
side-chain whose i, has not been rigorously determined is M glycine and 1 mM of the internal standard tetramethylammonium
problematic. We therefore consider the results of experiments hydrogen sulfate dt= 1.0 (KCI). The'H NMR spectra were recorded
and calculations to have converged to give a single consistentat 25°C. The first spectrum was obtained 1 h after the addition of
picture of the energetics for the solution and enzyme-catalyzed 1. The relative concentrations of 1-hydrate and th@ were determined

Kinetic Analyses by 'H NMR Spectroscopy. The reaction ofl

reactions. from relative normalized peak area#))(,r for each compound. The
sum of these area®Any, was determined using the peak areas for the
Experimental protons () whose signals were resolved. The signals for the nonex-

] ) changable protons of the different forms of the cofactor were often all
General. Pyridoxal 8-phosphate, glycine, #IPQ;, KH2PQ,, potas- resolved, in which cashl = 8. However, the chemical shifts are pH

sium acetate, glacial acetic acid, and potassium chloride were purChase‘iijependent, and at some pH, it was not possible to resolve the signals

from Fluka. 3-Deoxypyridoxal was prepared by published procedures for all of the protons. In these caséis equal to the number of protons
from pyridoxal 3-phosphat&® Reagent grade inorganic chemicals were

used without further purification. The water used for kinetic experiments
was first distilled and then passed through a Milli-Q water purification
system.

Preparation of Solutions. The solution pH was determined at 25
°C using an Orion model 720A pH meter equipped a Radiometer
pH4006-9 combination electrode. The pH of solutions of glycine was
adjusted to the pH desired for the kinetic experiment, a concentrated

that gave cleanly resolved signals. First-order rate constants for the
reactions ofl were determined as the slope of semilogarithmic plots
of reaction progress against time (eq 5), wh&A); and £An). are

the sum of the areas for the signals for the cleanly resolved protons at
reaction time and after ten reaction halftimes, respectively. These plots
were linear for four reaction halftimes.

solution of KCl was added and the volume adjusted with distilled water EAY = [(EAN — (EAN.] (%)
to give the desired final concentration of glycinelat 1.0 (KCI).
Phosphate and acetate buffers were prepareedt.0 (KCI) by mixing Kinetic Analyses by UV—Vis SpectroscopyThe reaction ofl. with
measured volumes of stock solutions of the buffer acid and conjugate glycine to form4 (Scheme 2) was followed by monitoring the decrease
base. Chloroacetate buffers were prepardd=at.0 (KCl) by addition in absorbance at 412 nm for reactions at°®5 The reactions were
of a measured volume of 1.00 M KOH to a solution of chloroacetic injtiated by diluting a 0.50 M solution cf in acetonitrile into aqueous
acid. buffered solutions to give a final concentration of 10 MiMt| = 1.0

The diastereomers of the Claisen adduct between glycineland (KCI). For reactions at pH~ 2.7, the absorbance at 412 of 10 niM
(Scheme 2) were prepared by following a published procetiuitd. was too large to determine by direct measurement. Therefore, the
NMR (D20, pD 7.0, chemical shifts reported relative to HOD at 4.67 absorbance at measured reaction times was determined immediately
ppm): Major diasterecisome 2.24, 2.40 (3H, s, CfJ, 3.95 (1H, d, after making a 100-fold dilution of an aliquot from the reaction mixture

J =5 Hz, CH(NDy)*), 5.29 (1H, dJ = 5 Hz, CH(OD)), 7.45 (1H, s, into a solution of the same composition. Pseudo first-order rate constants
ArH); Minor diastereoisomers 2.29, 2.37 (3H, s, Ckj, 4.21 (1H, d, kobsa (S71) for Claisen-type addition of glycine ta ([1], = 10 mM)
J=5Hz, CH(NDy)"), 5.50 (1H, dJ = 5 Hz, CH(OD)), 7.41 (1H, s, were determined as the slope of semilogarithmic plots of reaction
1H, ArH). Anal. (GoH1ClN-Oy) C, H, N. progress against time, which were linear for at least three reaction
'H NMR Spectroscopy.'H NMR spectra were recorded on a Varian  halftimes. The rate constants were reproducible-t6%.
Unity Inova-500 spectrometelitd NMR spectra in RO were obtained
as described in earlier wof®® 'H NMR spectra in neat $O were
obtained with suppression of the peak for HOH and by using DOD in
an inner tube for locking the spectrometer. Chemical shifts were
referenced to HOD at 4.67 ppm. In all cases, a sweep width of 6000
Hz, a 90 pulse angle, and an acquisition time6s was employed.
The relaxation delay between pulses was at least 7-fold longer than
the longestT; of the protons under examination. Baselines were
subjected to first-order drift correction before integration of the signals.

The slow Claisen-type addition reactions at gH2.7 were monitored
by directly following the decrease in absorbance at 412 nm. The
endpoints were determined as the absorbance of a 10 mM solution of
the chemically synthesized Claisen adduct reaction product. First-order
rate constantksq(S) were determined by the method of initial rates
as the slopes of linear plots of reaction progress against time for the
first 10% of the reaction. Observed second-order rate constets (
M1 s™) for buffer-catalyzed Claisen-type addition of glycinelteere
determined as the slopes of linear plot&@fsagainst the concentration
of the basic form of the buffer.
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