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Introduction 

Racemases (and their close cousins, the epimerases) 
have always intrigued biochemists because they must 
process both substrate enantiomers (or diastereoiso- 
mers in the case of epimerases). So the question 
arises, how can enzymes, which are inherently asym- 
metric, deal with both enantiomers with at  least 
approximately equal facility? Most enzymes, after all, 
are famous for being exquisitely stereoselective. But 
racemases by definition have equilibrium constants 
equal to unity and therefore, according to the Haldane 
relationship, h,,JK, in one direction must be equal to  
k,,JK, in the reverse direction. The logical answer 
to this question is that racemases must have evolved 
a “functional asymmetry” o r  “pseudosymmetry” in 
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their active ~ i t e s . l - ~  In this Account, we provide 
considerable insight into this question as we now have 
an X-ray crystal structure of mandelate racemase and 
several of its mutational variants a t  reasonably high 
r e s~ lu t ion .~ - l~  In fact, mandelate racemase is so far 
the only racemase for which an X-ray crystal structure 
is available. 

Another puzzling mechanistic question in enzymol- 
ogy is, how can enzymes catalyze rapid proton ex- 
change (and racemizations, isomerizations, or P-elim- 
inations) involving carbon-hydrogen bond cleavage of 
carbon acids with relatively high pKa values? The pKa 
for the a-hydrogen of mandelic acid, for example, has 
been estimated to  be -22 and that for the mandelate 
anion to  be -29.15 The difficulty in removing this 
proton has been shown experimentally by Pocker,16 
who found that sodium mandelate undergoes ex- 
change of its a-hydrogen in 0.40 M NaOD in DzO only 
very slowly even at 100 “C. In contrast, enzymatically, 
this same exchange reaction occurs with a turnover 
number of -1000 s-l a t  25 “C even at  pH 7.17 In this 
Account, some important insights will be presented 
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Scheme 1. Reaction Catalyzed by MR 
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concerning this mechanistic puzzle, insights that 
should be generalizable to  a host of related enzymatic 
reactions. 

Mandelate racemase (MR, EC 5.1.2.2) catalyzes the 
reversible interconversion of the (R)- and (SI-enanti- 
omers of mandelate (Scheme 1). This Account will 
focus on mechanistic findings that have been made 
by our research consortium over the past decade. 
Early work, which has been reviewed previously,18 
established that the enzyme contains no organic 
cofactors and showed that stabilization of negative 
charge on the carbon a to  the carboxylate (by using 
electron-withdrawing substituents in the para position 
of the phenyl ring) accelerates the enzymatic racem- 
ization.lg Also, the enzyme shows a primary deute- 
rium isotope effect of -3 in both directions when 
[a-2Hlmandelates were used as  substrate^.^,^^ These 
observations, as well as the observation that the 
enzyme catalyzes carbon-hydrogen isotopic exchange 
that accompanies racemization, led to  the early hy- 
pothesis that the enzyme functions by using acid-base 
chemistry to promote carbon-a-hydrogen bond cleav- 
age as its fundamental mechanistic strategy.20,21 These 
studies were followed by reports that demonstrated 
conclusively that MR has an absolute divalent metal 
ion requirement with Mg2+ as the most effective 
followed by Co2+, Ni2+, Mn2+, and Fe2+ in that order.22 
This absolute divalent metal ion requirement even 
extends to  the affinity labeling of the enzyme by 
a-phenylglycidate (Scheme 2).23,24 The required di- 
valent metal ion was found to  be tightly bound to  MR 
and close to  the bound mandelate, suggesting that the 
metal ion (Mn2+ in these experiments) helps weaken 
the scissile bond by its proximity to  the substrate’s 
carboxylate group.17 

Mandelate Racemase: Biological Context, 
Cloning, and Overexpression 

Mandelate racemase is part of the mandelate path- 
way in Pseudomonas putida, which is composed of five 
enzymes that permit the conversion of the enantio- 
meric pair of mandelates to benzoate; oxidative ca- 
tabolism of benzoate on to  succinate and acetyl 
coenzyme A is promoted by the enzymes in the closely 
affiliated P-ketoadipate pathway.25 Together, these 
two pathways permit these soil bacteria to  use either 

Scheme 2. Stereochemical Relationship between 
(R)-a-Phenylglycidate and @)-Mandelate 

(R)-a-Phenyl- 
glycidate 

(S)-Mandelate 

(RI- or (SI-mandelate as a sole source of carbon and 
energy. The other enzymes in the mandelate pathway 
include an S-specific mandelate dehydrogenase, ben- 
zoylformate decarboxylase, and two distinct benzal- 
dehyde dehydrogenases. The genes encoding the 
enzymes in the mandelate pathway were early on 
considered to  constitute an operodregulon that is 
inducible by either enantiomer of mandelic acid26 and, 
moreover, can be co t ran~duced;~~ i n  vivo cross-linking 
experiments have led to the notion that these enzymes 
may be closely associated with each other inside the 
bacterial cells.28 

The gene for MR from P. putida was cloned into 
Pseudomonas aeruginosa and expressed in a col- 
laboration between the Gerlt and Kenyon laborato- 
r i e ~ . ~ ~  Selection of the cloned gene was based upon 
the ability of the P. aeruginosa t o  grow on (R)- 
mandelate as the sole carbon source by virtue of the 
absence of MR in its mandelate pathway. Subcloning 
and sequence analysis of the DNA containing the MR 
gene permitted the amino acid sequence to be deduced 
and the exact molecular weight of the enzyme’s 
subunit to  be determined (M,  38 570). 

The plasmid containing the subcloned gene (pSCR1) 
did not permit very generous levels of MR expression, 
however, and so a novel strategy using a-phenylgly- 
cidate was devised to create an overproducing expres- 
sion system.30 This overproducing strain has been 
used to generate generous quantities of enzyme (up 
to 40 mg of highly purified enzyme per liter of cultured 
cells). 

Recent Mechanistic Studies 

Since the early work had strongly implicated car- 
banionic character a t  the carbon a t o  the carboxylate 
of mandelate in the MR-catalyzed reaction, the Kozar- 
ich and Kenyon groups in 1988 launched a collabora- 
tive effort to  see if more direct evidence could be found 
for a carbanionic intermediatee31 Accordingly, p -  
(bromomethyllmandelate (1) (Scheme 3) was synthe- 
sized and its reaction with mandelate racemase was 
evaluated. The reaction of 1 was observed both by W 
spectroscopy and by the use of a bromide ion electrode 
to  follow bromide ion release quantitatively. The 
results using the bromide ion electrode are shown in 
Figure 1. Over and above the nonenzymatic solvolysis 
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Scheme 3. MR-Catalyzed Conversion of 
p(Bromomethy1)mandelate to 

@-Methylbenzoy1)formate 

Kenyon et al. 

wm2. 
3 

tautomerization I 
4 

product 5 (Scheme 3). In fact, in the presence of a 
large amount of enzyme, only product 4, identified as 
(p-methylbenzoy1)formic acid, forms. A logical route 
to  4 is via a-carboxy-a-hydroxy-p-xylylene (3), which 
would be expected to tautomerize spontaneously to 
form 4; and 3 would most logically come from 2. These 
results are fully consistent with the trapping (or 
diversion) of an intermediate with considerable car- 
banionic character. 

The Kozarich and Kenyon groups also collaborated 
on a related study wherein propargylglycolate (a 
mandelate analogue in which the phenyl group of 
mandelate has been replaced by an acetylenic group) 
has been shown to  be a mechanism-based inactivator 
of MR, again presumably via an intermediate with 
carbanionic character, which in this case rearranges 
to  a reactive allenic moiety.32 

Subsequently, the Kenyon, Kozarich, and Gerlt 
groups collaborated on a detailed study of MR- 
catalyzed deuteriumhydrogen exchange at the a-car- 
bon position.33 These studies used high-resolution gas 
chromatography/mass spectrometry to examine the 
various exchange possibilities [e.g., (R)-[aJHImande- 
late in D20; (S)-[a-'Hlmandelate in D20; (R)[a-2Hl- 
mandelate in HzO; (S)-[a-2Hlmandelate in HzOI. In 
all cases that were examined, exchange reactions were 
limited to  the initial 5-7% turnover so that back 
exchange from product could be essentially ignored. 
The results were surprising. Substantially different 
results were seen in the R - S and S - R directions. 
In the R - S direction almost no exchange (50.4%) of 
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Figure 1. Analysis of bromide ion release from p-(bromo- 
methyllmandelate (1 mM) in 0.1 M MES (pH 6.0) by mandelate 
racemase: no racemase (HI; racemase added (255 units; 0); 
difference (A). Reprinted with permission from ref 31. Copyright 
1988 American Chemical Society. 

the a-hydrogen in the remaining R substrate pool 
occurred whereas under the same conditions in the S - R direction -5% exchange occurred in the remain- 
ing substrate (both after 5-7% turnover). A similar 
asymmetry in the processing of (R)- and (S)-[aJH]- 
mandelates in D20 was seen using overshoot experi- 
ments (Figure 2).33-35 

These exchange and overshoot experiments are both 
consistent with the hypothesis illustrated in Scheme 
4. (SI-Mandelate has its a-hydrogen removed by a 
polyprotic base (e.g., the t-amino group of a lysine 
residue) whereas (R)-mandelate has its a-hydrogen 
removed by a monoprotic base (e.g., the imidazole 
nitrogen of a histidine residue). These predictions 
were borne out by X-ray crystallographic studies 
described below. 

X-ray Crystallography: A Major Surprise 

The crystal structure of MR was solved by the 
Petsko group in collaboration with the Gerlt and 
Kenyon groups (Figure 3). The original structure was 
refined to  2.5 A resolution with an R-factor of 18.3%.8 
MR is composed of two major structural domains (an 
N-terminal a + /3 domain and a central parallel alp- 
barrel) and a third, smaller, irregular C-terminal 
domain. Thus, MR joins the ever growing group of 
enzymes whose core alp-barrel structures resemble 
closely that of triose-phosphate isomerase (TIM).36,37 
The big surprise was that the overall polypeptide fold 
was strikingly similar to  that of muconate lactonizing 
enzyme (MLE), whose structure had earlier been 
solved by Goldman, Ollis, and Steik3* MLE occurs 
in the P-ketoadipate pathway in the same class of 
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Figure 2. Results of the overshoot experiments. The MR-catalyzed racemization of (R)- or (S)-[a-'Hlmandelate in DzO (or HzO as 
a control) was followed using a circular dichroic assay: (A) racemization of (R)-[a-'Hlmandelate in DzO; (B) racemization of (R)-[a- 
'Hlmandelate in HzO; (C) racemization of (S)-[a-'H]mandelate in DzO; (D) racemization of (S)-[aJH]mandelate in HzO. The overshoot 
panel in C (S - R )  is attenuated relative to that shown in panel A (R - S) since, owing to greater deuterium exchange, much of the 
protium in the remaining (&mandelate will have been depleted by the time a 50:50 mixture of mandelates is reached for the first 
time. Reprinted with permission from ref 33. Copyright 1991 American Chemical Society. 

Figure 3. Stereoview of a ribbon diagram showing the three-dimensional structure of the MR backbone. Reprinted with permission 
from ref 8. Copyright 1991 American Chemical Society. 

pseudomonads where MR is found and, ironically, at  
that time was the only other enzyme involved in 
mandelate catabolism whose crystal structure had 
been solved.6 

MLE catalyzes a Mn2+-dependent addition-elimi- 
nation reaction in which cis,cis-muconate reversibly 
forms muconolactone (Scheme 5). Although the MR- 
and MLE-catalyzed reactions appear at  first inspec- 
tion to  be very different, the two reactions actually 

share a common, fundamental step; in the reverse 
reaction shown in Scheme 5, the a-proton of mucono- 
lactone presumably is abstracted by an active site base 
to generate an intermediate (with carbanionic char- 
acter), in analogy to the formation of an intermediate 
in the MR reaction. 

The MR/MLE similarities also extend to  the second- 
ary, tertiary, and quaternary structures (both enzymes 
are octamers of 422 symmetry), to  the overall subunit 
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A 

Scheme 4. MR-Catalyzed Fates of the a-Protons in 
D20 of (A) (S)-Mandelate and (B) (R)-Mandelate 

Scheme 5. Reaction Catalyzed by MLE' 
Muconate 

Lactonizina 

G incorporation D ;ncorporation H recapture 
into prodiic: into sbbstrate by substrate 

w 

H re-capture No D incorporation D incorporation 
by substrate into substrate into product 

packing arrangements (cubic), and to the primary 
amino acid  sequence^.^^^^^^^ The two enzymes exhibit 
25.6% sequence identity. Actually, the residues at the 
active sites show even greater similarities. MR has 

(39) TSOU, A. Y.; Ransom, S. C.; Gerlt, J. A.; Buechter, D. D.; Babbitt, 
P. C.; Kenyon, G. L. Biochemistry 1990,29, 9856-9862. 

cis,&-Muconate Muconolactone 

The encircled proton is the one t h a t  is solvent-derived. 

its essential Mg2+ liganded to Asp195, Glu221, and 
Glu227. MLE has its essential Mn2+ coordinated to 
Asp198, Glu224, and Glu249, which is spatially equiva- 
lent to Glu227 in MR. Also, each has a pair of lysine 
residues in its active sites which project their +am- 
moniudamino groups toward each other in space 
(Lys164 and Lys166 in MR and Lys167 and Lys169 
in MLE).7 This pair of lysine residues (separated by 
only one intervening amino acid residue) in the active 
site regions of MR and MLE is reminiscent of the 
mechanistically important Lys115-Lys116 pair that 
was found in the active site of acetoacetate decarboxy- 
lase from Clostridium acetobutylicum by Westheimer 
and c o - w ~ r k e r s . ~ ~ - ~ ~  

The stereochemistry of the MLE-catalyzed reaction 
(syn addition of the carboxylate group with the pro-R 
proton of the muconolactone product derived from 
solvent) is consistent with the +ammonium group of 
Lys169 being the essential general acidic catalyst in 
the active site of MLE. By analogy, the +ammonium/ 
amino group of Lys166 would be expected to be an 
acidhase catalyst in the active site of MR. These 
similarities led to the hypothesis that MR and MLE 
share a common ancestor and that they evolved by the 
recruitment of needed chemistry followed by refine- 
ment of substrate ~pecificity.~~ 

In an early X-ray crystallographic experiment p- 
iodomandelate, a weakly active substrate for MR, was 
diffused into the crystal lattice and its electron density 
located. The hydrophobic pocket for the phenyl group 
was readily located. Not only was Lys166 hovering 
nearby as expected, but His297 also was found to be 
in close proximity, on the opposite face of the sub- 
strate.8 At this stage, we therefore postulated that 
Lys166 and His297 were the two active site bases 
responsible for abstracting the (S)- and (R)-a-protons, 
respectively, of the mandelate enantiomers. This 
hypothesis is consistent with the results of the deu- 
terium exchange experiments described above (Scheme 
4) wherein one of the two bases was proposed to be 
polyprotic and the other mono pro ti^^^ and provides a 
framework for an explanation for the "pseudosymme- 
try" in the active site of MR discussed in the Introduc- 
tion. 

Site-Directed Mutagenesis Experiments 

A logical next step was to use site-directed mu- 
tagenesis to change some of these key postulated 
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active site residues into other, less reactive residues 
and to  examine the consequences. The first residue 
changed was His297. In a relatively innocuous per- 
turbation it was replaced by an asparagine residue 
(bearing a carboxamide functionality), which should 
be able to  function neither as an active site base nor 
as a conjugate acid. 

The results with the H297N (asparagine) mutant 
were striking, definitive, and very informative. (An 
X-ray crystal structure of the H297N mutant showed 
no substantial changes in the structure save for the 
altered residue.) First of all, the H297N mutant was 
completely devoid of detectable mandelate racemase 
activity (<0.001%). On the other hand, it was almost 
fully active (relative to wild-type MR) in its ability to 
catalyze deuterium exchange in D20 of the a-proton 
of (SI- but not (R)-mandelate. Similarly, H297N was 
able to  catalyze the elimination of bromide ion from 
(S)-  but not (R)-p-(bromomethyl)mandelate, again at  
a rate quite comparable to  that catalyzed by wild-type 
MR. These results are consistent with the formation 
of an intermediate in the MR-catalyzed reaction path- 
way. The H297N mutant is “crippled” and cannot 
deliver a proton to  the R-face of the intermediate in 
order to generate (R)-mandelate from (S)-[a-’H]man- 
delate. Nevertheless, in D2O it can catalyze what 
amounts to  a half-reaction in which the intermediate 
can regenerate (SI-mandelate which has acquired a 
deuterium on the a-carbon. 

When Lys166 was changed to  an arginine residue, 
racemization activity fell by a factor of about 1000.14 
Once again, the X-ray crystal structure of the mutant 
showed only minimal structural perturbations. The 
K166R mutant was, however, still able to catalyze the 
elimination of bromide ion from p(bromomethy1)- 
mandelate at a rate comparable to  that of wild-type 
MR. This time, however, the mutant was specific for 
(R)- and not (SI-p(bromomethy1)mandelate. These 
results are fully consistent with our hypothesis that 
Lys166 is the S-specific base whereas His297 is the 
R-specific base. 

Affinity Labeling of Lys166 by 
a-Phenylglycidate 

Even though Fee and K e n y ~ n ~ ~  showed in 1974 that 
a-phenylglycidate (a-PGA) (Scheme 2) behaved like a 
classical affinity label for MR, it was only recently that 
the residue that it alkylates was identified. This was 
done by first inhibiting the enzyme with (R)-a-PGA 
[(R)-a-PGA corresponds in absolute configuration to  
(Omandelate; see Scheme 21 at pH 7 and then 
growing crystals and solving thg structure by differ- 
ence Fourier analysis a t  2.0 A resolution.12 The 
results were both rather surprising and pleasing. (R)- 
a-PGA cleanly forms a covalent adduct with the 
eamino group of Lys166 by having the NH2 group 
attack the distal carbon of the epoxide ring (Scheme 
6; Figure 4). Interestingly, an X-ray structure of the 
competitive inhibitor (SI-atrolactate (a nonracemizable 
homolog of (SI-mandelate in which the a-proton has 
been replaced by a methyl group) with MR reveals 
that the (SI-atrolactate atoms are almost superimpos- 
able on the structure for (R)-a-PGA-inactivated MR 
(Figure 4). In the (SI-atrolactate-MR structure the 
a-methyl group [surrogate for the a-proton of (SI- 
mandelate] is pointing directly at Lys166! [In unpub- 
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Scheme 6. Formation of a Covalent Adduct between 
Lys166 of MR and (R)-a-Phenylglycidatea 
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a See also Figure 4. 

lished work, Clifton and Petsko have also now shown 
that the R enantiomer of atrolactate, as expected, 
binds to  MR in such a fashion that its a-methyl group 
points to  His297; also, it was found that Glu317 
projects its carboxylate group close to  the carboxylate 
of the (SI-atrolactate (Clifton and Petsko, unpublished 
results)]. (SI-a-PGA evidently does not form a cova- 
lent adduct with MR and appears to  bind nonco- 
valently to  the active site with a much lower affinity 
than that of (R)-a-PGA. 

The fact that Lys166 reacts so rapidly and selec- 
tively with (R)-a-PGA at  pH 7 is consistent with our 
hypothesis that Lys166 indeed has an altered pK, (-6) 
and is the S-specific base in the MR-catalyzed reac- 
tion. Finally, the structure of (SI-atrolactate with MR 
at  high resolution (2.0 A) revealed for the first time 
the probable interactions of the substrate mandelate 
with the essential Mg2+ and active site functional 
groups. This led to  the hypothesis that mandelate 
forms a bidentate chelate with MR through both its 
carboxylate group and the a-hydroxy group. More- 
over, the carboxylate group of the bound mandelate 
is sufficiently close to  Glu317 (-2.7 A) to  share a 
hydrogen with its carboxylate. 

Because the K166R mutant is so relatively inactive 
in abstracting the a-proton from (SI-mandelate, (5’)- 
mandelate itself could be cocrystallized with it.14 The 
results of the crystal structure determination of the 
enzyme-substrate complex were quite gratifying; (23)- 
mandelate was bound to K166R exactly in the manner 
in which (SI-atrolactate was bound to  wild-type MR. 

Possible Roles for Glu317 and Asp270 

As noted above, the carboxylate group of Glu317 is 
within hydrogen-bonding distance of the carboxylate 
groups of both (R)- and (S)-atrolactates when they are 
bound to  MR. Since the atrolactates are potent 
competitive inhibitors with respect to the correspond- 
ing enantiomers of mandelate, it is a reasonable 
hypothesis that Glu317 serves as a general acid 
catalyst for the MR-catalyzed racemizations of both 
(R)- and (5’)-mandelate by helping to  stabilize an 
intermediate in the reaction pathway. In order to test 
this postulated role for Glu317, it was recently mu- 
tated to  a glutamine to  generate the E317Q mutant.13 
Since glutamine is sterically extremely similar to  
glutamate, one would expect only a minimal perturba- 
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Figure 4. X-ray structure of the active site of MR inactivated by (I?)-a-phenylglycidate. The epoxide ring of the inhibitor has alkylated 
the eamino group of Lys166. Both (S)-atrolactate and (S)-mandelate bind in a very similar (but noncovalent) fashion (see text). 

tion on the MR structure as was shown experimen- 
tally. The kcat values of E317Q were reduced dramati- 
cally, however [a (4.5 x lo3)-fold reduction for (R)- 
mandelate as substrate and a 2.9 x 104-fold reduction 
for (S)-mandelate as substrate]. These results confirm 
the importance of Glu317 as a putative general acid 
catalyst in the MR reaction pathway. 

Similar results have been found for Asp270, which 
in the MR structure has its carboxylate group within 
hydrogen-bonding distance of the imidazole group of 
His297, one of the two postulated crucial active site 
bases. Asp270 was mutated to an asparagine residue, 
which once again represents a minimal structural 
perturbation as borne out by a high-resolution X-ray 
structural analysis.45 As with E317Q, the D270N 
mutant has a dramatically reduced k,,t value for 
racemization (- lo3 reduction). In this case, however, 
D270N can catalyze exchange of the a-proton of (S)- 
mandelate [but not (E)-mandelate] in D20. In other 
words, D270N behaves like H297N. It appears then 
that Asp270 and His297 function as a “couplet” or 
“dyad” of amino acid residues in serving as a general 
base in the MR reaction. This is reminiscent, of 
course, of the Asp-His dyad that has appeared regu- 
larly in serine  protease^.^^ 

Catalytic Mechanism 

The proposed minimalist catalytic mechanism for 
the MR-catalyzed reaction is shown in Scheme 7. 
Only the key amino acid side chain residues are shown 
for simplicity. 

We propose that, during catalysis, Glu3 17, through 
hydrogen bonding, partially protonates the second 
carboxylate oxygen of mandelate, thus significantly 
increasing the acidity of the a-proton of mandelate.15 
Chelation of the mandelate by the divalent metal ion 
also has the same e f f e ~ t . ~ ~ , ~ ~  Finally, the hydrogen 

(45) Schafer, S. S.; Kallarakal, A. T.; Kozarich, J. W.; Gerlt, J. A,; 

(46) Blackburn, S. Enzyme Structure and Function; New York: De- 

(47) Terrill, J. B.; Reilley, C. N. Inorg. Chem. 1966, 5, 1988-1996. 

Clifton, J. R.; Kenyon, G. L. Manuscript in preparation. 

kker, 1976. 

bond of mandelate’s carboxylate group to the positively 
charged e-ammonium group of Lys164 should also 
contribute to the electrostatic stabilization of the 
intermediate. Thus, we propose that MR catalyzes 
facile abstraction of the a-protons of the mandelates 
by a concerted general acid (using Glu317 in each case) 
and general base [His297 for (E)- and Lys166 for (S)- 
mandelate] mechanism that leads to formation of an 
enolic intermediate (vide infra). By microscopic re- 
versibility, the “ketonization” of the intermediate will 
also be general acid, general base catalyzed, with the 
carboxylate group of Glu317 serving as the general 
basic catalyst and the conjugate acid of either Lys166 
or His297 serving as the general acidic catalyst. 

Accounting for the Rapid Rate: The Gerlt and 
Gassman Proposal 

The conclusion that the mechanism of the MR- 
catalyzed reaction involves concerted general acid- 
general base catalysis cannot quantitatively explain 
the rapid rate of abstraction of the a-proton of the 
substrate (pKa -29) by the weakly basic functional 
groups of Lys166 and His297 (the pK,s of their 
conjugate acids are -6). Without a mechanism to 
stabilize the intermediate that results from a-proton 
abstraction, the large ApK, between the substrate and 
the active site bases means that the expected ther- 
modynamic barrier for formation of the intermediate 
is too large for it to be kinetically competent. How- 
ever, the exchange reaction catalyzed by H297N 
demands the presence of an intermediate. This prob- 
lem of “too unstable” intermediates is not unique to 
the MR-catalyzed reaction: it is a general problem in 
mechanistic enzymology that occurs in the reactions 
catalyzed by several enzymes in primary metabolism, 
e.g., triose-phosphate isomerase, enolase, citrate syn- 
thase, aconitase, and fumarase. 

Gerlt and the late Paul G. Gassman proposed a 
general explanation for the rapid rates of enzyme- 

(48) Buckingham, D. A.; Marzilli, L. G.; Sargeson, A. M. J.  Am. Chem. 
SOC. 1967,89, 5133-5138. 
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Scheme 7. Postulated Minimal Mechanism of Action of MRa 
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a The enzymes’ carboxylates (of Asp195, Glu221, a n d  Glu247) that chelate the Mg2- ion a re  omitted for clarity. 

catalyzed a-proton abstraction from weakly acidic 
carbon acids such as mandelate. A neutral enol would 
be the intermediate if the proton from an active site 
general acidic catalyst were transferred to the sub- 
strate. However, the PKa of the enol intermediate 
would be closely matched to  the pKa of the general 
acidic (electrophilic) catalyst. For example, in the MR- 
catalyzed reaction, the pK,s of both the enol (enetriol) 
intermediate49 and Glu317 are -7 (W. Barrett, S. 
Budihas, and J. A. Gerlt, unpublished observations). 

However, Gerlt and G a ~ s m a n ~ O , ~ ~  proposed that the 
hydrogen bond involving the proton “shared” by the 
intermediate and the electrophilic catalyst is a “short, 
strong’’ hydrogen bond (designated by . in Scheme 
7). In this type of hydrogen bond, the proton is 
physically located midway between the intermediate 
and the electrophilic catalyst rather than being as- 
sociated with the intermediate one-half the time and 
with the electrophilic catalyst one-half the time. The 
importance of this proposal is that “short, strong” 
hydrogen bonds have strengths that approach 20 kcal/ 
mol in comparison to  “normal” hydrogen bonds that 
have strengths of only a few kilocalories/mole. Such 
an “enolic” intermediate would be significantly stabi- 
lized relative to the substrate, allowing it to be 
kinetically competent and quantitatively explaining 
the rapid rates of the a-proton abstraction reactions. 

Implications for Other Enzymatic Reactions 

The relationships of the MR mechanism with those 
of other racemases and epimerases have been re- 
viewed by us recently and will not be repeated here.’l 
Since that review, papers on glutamate racemase from 

(49) Chiang, Y.; Kresge, A. J.; Pruszynski, P.; Schepp, N. P.; Wirz, J. 

(50) Gerlt, J. A,; Gassman, P. G. Biochemistry 1993,32,11943-11952. 
(51) Gerlt, J. A.; Gassman, P. G. J.  A m .  Chem. SOC. 1993,115,11552- 

Angew. Chem., lnt .  Ed.  Engl. 1990,29, 792-794. 

11568. 

the Knowles laboratory have appeared that are espe- 
cially noteworthy as they found several important 
mechanistic parallels with MR (and, of course, some 
intriguing  difference^).^^-^^ 

Very recently, sequence data bases have been ex- 
amined and five additional open reading frames (orfs) 
related to the MR/MLE family have been found.55 
Although the reactions catalyzed by four of these are 
still uncertain, one of these orfs (687)  has been 
identified as encoding galactonate dehydratase (Gal 
D) from Escherichia coli. Like mandelate, galactonate 
is an a-hydroxy acid which also has a proton on the 
a-carbon. In the course of its catalytic mechanism, 
Gal D must also promote the abstraction of a proton 
a t o  a carboxylate group in order to  execute the 
required elimination of HzO (Scheme 8). 

When one aligns the deduced amino acid sequences 
of MR and Gal D, Gal D has an Asp-His dyad that is 
homologous to the Asp-His dyad found in the sequence 
and the active site of MR, where His297 is the 
R-specific base. However, Gal D lacks a homologue 
for Lys166 that is the S-specific general base in MR. 
Of course, it does not need a homologue for Lys166 
since the absolute configuration of the a-carbon of 
galactonate is R. Thus, it is not a surprise that only 
an R-specific base is present in the sequence of Gal 
D. 

On the basis of these results, we have postulated 
that MR, MLE, and Gal D all belong to  a superfamily 
of enzymes that has evolved to  perform the specific 

(52) Gallo, K. A.; Knowles, J. R. Biochemistry 1993, 32, 3881-3970. 
(53) Gallo, K. A.; Tanner, M. E.; Knowles, J. R. Biochemistry 1993, 

32, 3991-3998. 
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32, 3991-3998. 
(55)Babbitt, P. C.; Mrachko, G. T.; Hasson, M. S.; Huisman, G. W.; 

Kolter, R.; Ringe, D.; Petsko, G. A,; Kenyon, G. L.; Gerlt, J. A. Science 
1996,267, 1159-1161. 
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Scheme 8. Reaction Catalyzed by Gal D 
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task of abstracting protons from the a-carbons of 
carboxylic acids. In contrast to  other enzyme super- 
families whose members differ in substrate specificity 
but not chemistry (e.g., the serine proteases), the 
enzymes in the MR/MLE/Gal D superfamily generate 
and stabilize enolic intermediates by proton abstrac- 
tion from either or both sides of the active site, and 
the processing of the enolic intermediate to product 
is determined by the particular active site architec- 
ture. A larger perspective here is that understanding 
the fundamental chemistry behind enzymatic trans- 
formations can contribute mightily to the understand- 
ing of the evolutionary origins of enzymes. 

Conclusions 

Mandelate racemase catalyzes the equilibration of 
(R)- and (S)-enantiomers of mandelate by using gen- 
eral acids and general bases. The pKa values for the 
R-specific base (His2971 and the S-specific base 
(Lys166) are about equal (-6). The pKa of the eam-  
monium group of Lys166 is evidently lowered by about 
4 pK units by electrostatic effects a t  the active site. 
His297 has a more nearly normal pKa value for a 
histidine imidazole group. This electrostatic lowering 
of the pKa of Lys166 down to  close to  that for His297 
can account for the “pseudosymmetry” in the MR 

D-2-Keto-3-deoxy- 
galactonate 
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reaction that results in kcat and K, values for the MR 
reaction that are very nearly identical in both direc- 
t i o n ~ ; ~ . ~ , ~ ~  pH-rate profiles are also remarkably simi- 
lar in both directions.12 The divalent metal ion (e.g., 
Mg2+) plays a crucial role in chelating the mandelate 
and helping to  lower the acidity of the a-proton that 
is abstracted. 

Finally, the structure-function relationships among 
mandelate racemase, muconate lactonizing enzyme, 
and galactonate dehydratase not only indicate that 
these enzymes evidently have evolved from a common 
ancestor to perform the necessary (and somewhat 
daunting) chemical task of abstracting protons a to a 
carboxylate that have relatively high pKa values, but 
also lead to the expectation that other examples of this 
superfamily will be revealed as new open reading 
frames appear in the data bases. 
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