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Evolution of Enzymatic Activities in the Enolase and mechanistic evidence in support of His 185 as a “new” general
Superfamily: Identification of a “New” General Acid acid in GalD that catalyzes the vinylogofdselimination of the
Catalyst in the Active Site of b-Galactonate 3-OH group. .

Dehydratase from Escherichia coli GalD catalyzes the dehydration nfgalactonateX) to afford

2-keto-3-deoxyp-galactonateZ), presumably via enolic3) and
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y Alignment of the sequences of the members of the MR subgroup

Receied February 17, 1999  allowed prediction of the ligands for the divalent metal ion (Asp
Revised Manuscript Receéd March 15, 1999 183, Glu 209, and Glu 235) as well as two essential catalysts in
] ] the active site of GalB:His 285 hydrogen-bonded to Asp 258
The members of the enolase superfamily catalyze different was predicted to initiate the reaction by abstraction obthoton
overall reactions related by conserved abstraction ofctpeoton from 1, and Glu 310 was predicted to assist in stabilizatioB of
of a carboxylate anion substrate to generate an enolic intermediatesy hydrogen bonding. The kinetic phenotypes of the H285N and
stabilized by interactions with electrophilic groups, including a E310Q mutants (Table 1) support these predictiohstructure
divalent metal iort. The intermediates are directed to products of GalD complexed witip-lyxonohydroxamates), a competitive
via divergent chemistries determined by the specific active site. inhibitor and an analogue @, has been solved at moderate
The structurally characterized members of the superfamily include resolution and supports the proposed roles of His 285 and Glu
yeast enolase, mandelate racemase (MR), and muconate lacton310 in catalysi§.More importantly, this structure discloses the
izing enzyme | (MLE)_. Additional members can be divided into  proximity of His 185 to the 2-OH ob, the homologue of the
three subgroups, designated enolase, MR, and MLE, based upor3-OH group in1. This location allows the hypothesis that His

alignments of their sequences that allow prediction of (1) the 185 is a new general acid in the conversio8 o 4 and, perhaps,
ligands for a conserved divalent metal ion and (2) the basic in the stereospecific tautomerization 4to 2.

catalysts that initiate the reactions by abstraction obtfpgotons.

The MR subgroup includes-glucarate dehydratases (GlucDs) NH-OH coy
from several eubactefig* and both.-rhamnonate(RhamD) and o) H—OH
p-galactonat®(GalD) dehydratases frofscherichia coli Within H H F/—H __ _
this subgroup, the metal ion ligands (Figure 1) are predicted to HO——H HO——H
include one Asp, one Glu in aB-[E/D]-P sequence motif, and S e
usually one Glu in a G& motif (the GlucDs are an exception in s 2 . 2

that the third ligand is an Asf)In addition, each member is
predicted to contain an His-Asp dyad, where the His is a basic

catalyst; some, but not all, members contain a [K/R]-X-K motif, S
where the first cationic residue neutralizes the negative chargekcalt 3“%kca{Km fodr t_fllebll-|1€155l\cl:ﬁnd .H1|85Q mutt?nt?har_e S|gr;|f|-
on the carboxylate group and the second, if present, also functionscanty decrease ( avle )- emical support for th€ importance
as a basic catalyst. of His 185 was obtained by determining the effect of substitution
In addition too-proton abstraction, the GlucDs, RhamD, and of F for OH at carbon-3 ofl. The I|th_|um sal_t of 3-f|u_orc19-
GalD catalyze8-elimination of OH (dehydration). To understand gjc;:act(_) dnate (3-FGaﬁ)a/_vasO[|J;fepa_red via ﬂf‘e d|§thyg_m|nosulfur
the evolution of this incremental function within the superfamily, tri I.léo“ € (DASIT)f-me late uorlnaltlo? (t)h 1’2'5’,[6' i ISopro-
we must identify the additional general acid(s), if any, required pylidénee-b-guloluranose, removai of the protecting groups,

to accomplish the dehydration reaction. We have obtained kinetic ox!datlo_n with b“’”g'”‘?- and anlon-excha_mgg chromatography
using LiCl as eluent? 6 is a substrate and, likg is converted to

* Author to whom correspondence may be addressed. E-mail: j-gerlt@ 2. The values of botk.,;andk:./K, measured for wild-type GalD,

Consistent with the participation of His 185, the values of both

Uiu??ii?ilxj/érsit of Hlinois His 285N, and E310Q witlé are comparable to those obtained
t BrandeisyUniversity: with 1 (Table 1), providing further support for the importance of

(1) Babbitt, P. C.; Hasson, M.; Wedekind, J. E.; Palmer, D. R. J.; Rayment, His 285 and Glu 310. However, in striking contrast, the values
I.; Ringe, D.; Kenyon, G. L.; Gerlt, J. ABiochemistry1996 35, 16489

16501. (9) Clifton, J. G.; Wieczorek, S. J.; Gerlt, J. A.; Petsko, G. A., experiments
(2) Palmer, D. R. J.; Gerlt, J. Al. Am. Chem. S0d.996 118 10323 in progress. The current structure with eight polypeptides in the asymmetric
10324. unit is refined at 3.2 A resolution. The effective resolution of the structure
(3) Palmer, D. R. J.; Hubbard, B. K.; Gerlt, J. Biochemistry1l998 37, was increased by 8-fold averaging of the electron density map. A full
14350-14357. description of the structure will be published and coordinates deposited in
(4) Hubbard, B. K.; Koch, M.; Palmer, D. R. J.; Gerlt, J. Biochemistry the Protein Data Bank when refinement at higher resolution is completed.
1998 37, 143690-14375. Until that time, coordinates are available without restriction by request to
(5) Hubbard, B. K.; Delli, J.; Gerlt, J. A., unpublished observations. G.A.P. (E-mail: petsko@binah.cc.brandeis.edu).
(6) Babbitt, P. C.; Mrachko, G. T.; Hasson, M. S.; Huisman, G. W.; Kolter, (10) 3-FGal 6): *H NMR (400 MHz, D,O) 6 4.74 (1H, ddd{J-3 = 45
R.; Ringe, D.; Petsko, G. A.; Kenyon, G. L.; Gerlt, J. 8ciencel995 267, Hz}, H-3), 4.12 (1H, dd Jr> = 36 HZ, H-2), 3.75 (1H, K J- s = 3.7 HZ,
1159-1161. H-4), 3.73 (1H, m, H-5), 3.53, (2H, m, H-6Y3C NMR(100 MHz, BO) ¢
(7) Gulick, A. M.; Palmer, D. R. J.; Babbitt, P. C.; Gerlt, J. A.; Rayment, 177 (C-1), 91.4 (C-3J = 178.7 Hz), 70.3 (C-4) = 20.5 Hz), 69.4 (C-5),
I. Biochemistry1998 37, 14358-14368. 67.1 (C-2,J = 27.0 Hz), 62.3 (C-6)°F NMR (376 MHz, DO) ¢ —207 (m).
(8) The conversion ab-galactonatel) and 3-FGal §) to 2-keto-3-deoxy- (11) Palmer, D. R. J.; Wieczorek, S. J.; Hubbard, B. K.; Mrachko, G. T.;
pD-galactonate was quantitated using a semicarbazide assay (MacGee, J.Gerlt, J. A.J. Am. Chem. S0d.997 119 9580-9581.
Doudoroff, M. J. Biol. Chem 1954 210, 617-624). (12) Babbitt, P. C.; Gerlt, J. Al. Biol. Chem1997, 272, 30591-30594.
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Figure 1. Partial alignment (GCG pileup) of the sequences of several members of the MR subgroup of the enolase superfamily showing the contexts
of the three metal ion ligand8.The metal ion ligands are highlighted in blue; the position of His 185 in GalD is highlighted in red.

Table 1. Kinetic Phenotypes of GalD and Mutants A
3t M
enzyme substrate Keat (s€CY) (M~1sec?)
wild type Dp-galactonatel 3.5+ 0.033 2300 B
3-FGal,6 3.7+ 0.16 260 M
H285N D-galactonate]l 0.00004&+ 0.0000014 0.0025

3-FGal,6 0.000014+ 0.0000014 0.0032
E310Q D-galactonatel ~ 0.00047+ 0.0000045 0.42 c
3-FGal,6 0.00026+ 0.000018 0.026
H185N p-galactonatel ~ 0.00014+ 0.000002 0.16 ‘flk
3-FGal,6 0.31+ 0.047 16
H185Q  Dp-galactonatel  0.00024+ 0.000011 0.18 D
3-FGal,6 0.42+ 0.041 28
of both ke and keo/K, measured for both H185N and H185Q 2.00 1.90 1.80 1.70 1.60
with 6 significantly exceed those obtained withand are only ppm

modestly reduced from those observed with wild-type GalD. Figure 2. Panels A and B, partial 400 MH# NMR spectra at pD 8 of
These differences are consistent with the requirement for a generathe hydrogens of carbon-3 in the hemiketals 2fobtained from
acid for elimination of the 3-OH group but not of the 3-F group.  p-galactonate) with wild-type GalD in HO (panel A) and BO (panel

After departure of the 3-leaving group, an enol intermediate B); the 3-pr& hydrogen of2 in panel B is replaced with solvent
(4) is formed. As assessed By NMR analyses of obtained in deuterium® Panel C, the spectrum of the hydrogens of carbon-3 of the
D0 (in thea-pyranosyl hemiketal conformation), wild-type GalD  hemiketals oP obtained from 3-FGalg) in D,O using wild-type GalD.
catalyzes the replacement of both the 3-OH groug @figure Panel D, the spectrum of the hydrogens of carbon-3 of the hemiketals of
2, panels A and B) and the 3-F group ®{Figure 2, panel C) 2 obtained from6 in D20 using H185N.
with a solvent-derived hydrogen with retention of configuration
(Hs in 2).1! This outcome could be explained if His 185 also SJ"‘
served as a general acid in the conversiod tuf 2. However, in .
both the H185N- (Figure 2, panel D) and H185Q-catalyzed (data
not shown) reactions using as substrate, a deuteron is incor-
porated with retention of configuration. Perhaps these substitutions F ‘o Hi= 2B5
allow a water molecule to enter the active site and function as  Ly=s 144 Strand 7
this acidic catalyst; otherwise, an as-of-yet unidentified active site  Strand 2
acid, including a positionally restricted water molecule, mediates
the final partial reaction.

These observations identify His 185 as a new general acid/
base catalyst in the enolase superfamily. The position of this
residue, at the end of the thifdstrand in the §/o)s-barrel domain
(Figure 3), is consistent with our analysis of the active site design
of the superfamily, i.e., the functional groups are located at the Asp 183
ends of thes-strands where their identities can be conserved or ,.,|£| 185
diverged to generate new overall reactié#30n the basis of Sirand 3
the locations of His 185 and His 285 (the ends of the third and Glu 209 EGE'“ 1’35
sevenths-strands on opposite sides of th#d()s-barrel domain), F— sl
we conclude that the GalD-catalyzedtelimination reaction Figure 3. The @/o)s-barrel domain of GalD.Asp 183, Glu 209, and
proceeds with an anti stereochemical course. Glu 235 are metal ion ligands, the His 288sp 258 dyad is the general

GlucD does not contain a homologue of His 285equiring basic catalyst, Lys 144 and Glu 310 are electrophilic catalysts, and His
that another group assume the role of the required genera' ac|d185 is. the “new” general acidic Catalyst that Catalyzes the Vinylogous
(Figure 1). However, the sequences of three members of the MR/-€limination of the 3-OH group.

(13) RspA fromE. coli, SwissProt P38104; Yin2 fronBtreptomyces ; ;
ambofaciensSwissProt P32436; and SpaA fr@treptomyces coelicolpPIR subgroup that have unknown functions (RspA, SpaA, and Yin2)

JC5178. RspA, Yin2, and SpaA each shaB2% sequence identity with GalD; ~ contain homologues of His 185, allowing the prediction that these
the sequence identities relating RspA, Yin2, and SpaA:4@%, suggesting catalyze dehydration reactions on as-of-yet unidentifigd-
that these proteins may catalyze the same reaction. . . 4
(14) Supported by NIH GM-40570 (to J.A.G., G.A.P.) and GM-52594 (o dihydroxycarboxylate anion substratés!
J.A.G.). We thank Dr. Patricia C. Babbitt, University of California, San
Francisco, for helpful discussions. JA990500W



