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Galactose Mutarotase: pH Dependence of Enzymatic Mutarotation
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ABSTRACT. Here we report pH dependence of kinetic parameters for the mutarotatiaroajlucose
catalyzed by galactose mutarotase (GalM) frEstherichia coli The values ok.,: and keafKn, for the
mutarotation ofa-D-galactose were found to be 1.8410* s™t and 4.6x 10° M~! s71, respectively, at

pH 7.0 and 27C. The corresponding values farp-glucose were 1.% 10* st and 5.0x 1° M~1s L.
Inasmuch as the value @f./Kn for the reaction oft-p-galactose is 10 times that for-D-glucose, and

the diffusional rate constants should be essentially the same for the two sugars, the mutarotatien of
glucose should not be diffusion controlled. Therefore;éte profiles should not be distorted by diffusion.
Thek.4 for the mutarotation ofi-p-glucose is independent of pH. Therefore, either the enzysnbstrate
complexes do not undergo ionization of catalytic groups, or the rate-limiting step is neither mutarotation
nor diffusion. The profile of loda/Km versus pH is a distorted bell-shaped curve, with slopesbn

the acid side and-2 on the alkaline side. The values dfpare 6.0 and 7.5, and mutarotation depends

on the ionization states of three functional groups in the free enzyme, one unprotonated and two protonated.
On the acid side, ring opening afb-glucose limits the rate, and on the alkaline side, ring closure of the
open-chain sugar limits the rate. A mutarotation mechanism is presented in which one of the catalytic
groups shuttles a proton to and from the endocyclic oxygen and the other two shuttle protons to the
anomeric oxygen atoms. In this mechanism, three catalytic groups overcome the problem of nonste-
reospecificity in mutarotation. The groups are postulated to be His 104, His 175, and Glu 309. Mutations
of these residues grossly impair catalytic activity. Variants H104Q- and E309Q-GalM display sufficient
activity to allow profiles of logk../Kn versus pH to be constructed. Both profiles show breaks on the
acid side corresponding td<p values of 5.8 for H104Q and 6.3 for E309Q. Apparently, ring opening of
o-D-glucose limits the rate at low pHs, but ring closure does not become rate limiting at pHs up to 8.5
in reactions of these variants.

Galactose mutarotase (GalMjyom Escherichia coli{also A likely chemical mechanism for mutarotation by GalM
known as aldose-1-epimerase) catalyzes the equilibration ofwould be related to that of the nonenzymatic reaction.
a- andp-anomers of aldose4,(2). The geneggalM encodes ~ Mutarotation of sugars in aqueous solution proceeds with
this protein inE. coli and is a member of thgal operon ~ general and specific acid or/and base catalysis of ring
(3). E. coli GalM participates in the metabolic conversion ©pPening, followed by general and specific base or/and acid
of B-p-galactose inta-p-glucose-6-P by way of the Leloir catalysis of ring closure to the anomer. In the nonenzymatic

pathway §). In lactose metabolisnf-galactosidase produces ring opening, ba;e catalysis is required to remove a proton
[-D-galactose, and the next step in galactose metabolism isfrom.the anomeric hydroxyl group, and ac_ld catalysis is
required to donate a proton to the endocyclic ether oxygen

phosphorylation tox-p-galactose-1-P catalyzed by galac- . : .
toki Galk h duct of il Galk in the open-chain form of the sugar. Ring closure follows
okinase (GalK), another product of tigal operon. Ga the microscopically reverse mechanism. In developing the

requireso-D-galactose as its substrate, and GalM transforms et of general acid and general base catalysis, Bronsted
p-p-galactose intax-p-galactose. GalM also catalyzes mu-  gng Guggenheim used the mutarotation of glucose as their
tarotation of other sugars, includingp-glucose. test system§).
The acid and base catalysis of ring opening in solution is
T Supported by Grants GM30480 from the National Institute of not concerted unless the acid ar!d. base groups are in the same
General Medical Sciences (P.A.F.) and GM32415 (G.A.P. and D.R.). Molecule so that a two-body collision can allow both to occur
* Corresponding author. Tel: (608) 262-0055. Fax: (608) 265-2904. simultaneously. In enzymatic catalysis, both acid and base

E-mail: frey@biochem.wisc.edu. groups are likely to be present in the correct orientations for
* University of Wisconsin-Madison. ted catalvsis. Theref ts. for th t
§ Present address: PanVera LLC, Madison, WI 53719. concerte Ca,a ysIS. erefore, one eXPec S, Tor the mutaro-
' Brandeis University. tase mechanism, concerted general acid- and general base-
! Abbreviations: GalM, galactose mutarotase; ADXg(2-aceta- catalyzed ring opening of th@-anomer, rotation about the

mido)-2-iminodiacetic acid; EPP3-(2-hydroxyethyl)piperaziné¥- _ - i ;
3-propanesulfonic acid; HEPESI-(2-hydroxyethyl)piperaziné¥'-2- C1-C2 bond of the open-chain sugar, and adidse

ethanesulfonic acid; NAD, nicotinamide adenine dinucleotide; NADH, Cataly_SiS of _ring closure to th@'?momer g, 6—-9). Scheme
reduced NAD; GalK, galactokinase. 1 depicts this general mechanism.
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Scheme 1 Table 1: Kinetic Parameters for Mutarotation a@fb-Glucose and

HoHO HoHO o-D-Galactose

HLA H -A
g&)ﬂ) e gg{o —_— substrate Keat (571 KealKm (M71s™D)  Kpy (MM)
HO ~H B HO H—B* a-o-glucose (L9 0.2)x 10°  (5.0+ 0.6)x 10° 38+8

HZ H HO 1 a-p-galactose  (1.84-0.06)x 10° (4.6+ 0.4)x 10° 4.0+ 0.5
P-D-galactose a Parameters measured at pH 7.0 and®@7
HOMO ™ HOHO A 6.5), HEPES (pH 7.0, 7.5, 7.75, and 8.0), and EPPS (pH
0\ y4 _— g%/ﬁ 8.5). Control reactions were performed with identical buffers
HO Y —~ LB HO HO B at 20 and 100 mM concentrations to ensure that the buffer
O~y was not inhibiting or accelerating the enzymatic or uncata-
0-D-galactose lyzed reactions. The profile of pHog k.a/Km for E309Q-

. . e ) GalM was measured using the coupled assay with NAD and
Evidence from chemical modification experiments and pH g|cose dehydrogenase. The initial rates of the background,

dependence suggested the involvement of histidine residuencatalyzed mutarotation were subtracted from the observed
in the mechanism2 10). A sequence alignment and site- jpitial rates in all enzymatic reactions.

directed mutagenesis/kinetics experiments implicated His 104  p4tq Analysis.Data were fitted with the KaleidaGraph

and His 175 3 10). The cry_stal structure dt. C(_)Ii GalM _ (Synergy Software) curve-fitting program using egs 1, 2 or
shows that His 104 and His 175 are located in the active 3, where values of were the experimental pH-dependent

site, as is Glu 3Q9.The struc_:tu_re of the mut_arotase fr_om values ofkeafKm and c were the pH-independent values
Lactococcus lactishows a similar constellation of amino resulting from the fitting procedure.

acid side chains at the active sitel).

In this paper, we present a pHiate profile for the wild- C
type E. coli enzyme that differs somewhat from that |09y=|091 UK.+ KT 1)
presented previously2). We also investigate the roles of TH VK + Ke[H]
His 104 and Glu 309 by obtaining the ptiate profiles for
H104Q- and E309Q-GalM and quantify the catalytic im- logy = log c )
portance of Glu 309. 1+ [|-|+]/|<a
MATERIALS AND METHODS c

Purification of Galactose Mutarotas&Vild-type E. coli logy = log 1+ [H+]/K + K JH +] 3)

al a.

GalM, H104Q-GalM, and E309Q-GalM were purified using
previously described procedured)). Unlike the wild-type
enzyme and other mutated variants, E309Q-GalM emergedRESULTS
from the phenyt-Sepharose column at 3% ammonium  Kinetic Parameters for the Mutarotation afp-Galactose
sulfate and 10 mM HEPES (pH 7.5), rather than buffer alone. The interpretation of pH dependence in enzymatic reactions
Site-Directed Mutagenesis of Glutamate 309 to Glutamine. js simplified if diffusion is not rate limiting. To obtain
Site-directed mutagenesis was performed using theinformation about possible rate limitation by diffusion in the
QuikChange site-directed mutagenesis kit (Stratagene). Prim-action of mutarotase, the steady-state kinetic parameters for
ers of 33 bases were used to change the Glu 309 codonhe enzymatic mutarotation ofp-galactose and-b-glucose
(GAA,) to the GIn codon (CAA). The DNA was transformed  were measured under the same conditions and compared.
into GB87 cells 8, 12) possessing a deletion in the gene for The parameters at pH 7 and 2 are listed in Table 1. If
GalM. Cells incorporating these constructs were a gift from diffusion were rate limiting, values for the apparent second-
Dr. Sankar Adhya, National Cancer Institute. The nucleotide grder rate constantksa/Km, would be expected to be similar
sequence of the full-length mutated gene was identical to for o-p-galactose and.-p-glucose, which should diffuse at
that ofgalM (3) except for the change of CAA for GAA at  similar rates. However, the value kf,/K, is about 9-fold
codon 309. larger fora-p-galactose. While no conclusion can be reached
Assays.The purification of the wild-type enzyme was regarding rate limitation for the mutarotation @f-p-
monitored using the standard NAD and glucose dehydroge-galactose, the results strongly suggest that the rate of
nase coupled assa, (10, 13). In this method, the initial  mutarotation ofo-p-glucose is not likely to be limited by
rate of NADH formation by glucose dehydrogenase was the diffusion of the substrate. Moreover, the valuekgf
measured at pH 7.5 (10 mM HEPES) in the presence of 0.05K, for the mutarotation ofx-b-glucose is well below the
mM a-p-glucose at 27C. range of 16—10° M~ s1 typical of the rate constants for
The pH-rate profile experiments for wild-type and molecules the size of sugars binding to enzymes. Therefore,
H104Q-GalM were conducted using a polarimeter equipped the pH dependence for the mutarotation wb-glucose
with a water-jacketed cell maintained at 27 (10). Buffers should not be complicated by diffusional effects.
(50 mM) were brought to the correct pH with NaOH and an  pH Dependence for the GalM-Catalyzed Mutarotation of
ionic strength of 0.05 M with NaCli@). The buffers included o-b-Glucose For the pH-rate analysis, the-anomer of
the following: acetate (pH 4.0, 5.0, 5.5), ADA (pH 6.0 and glucose was chosen as the substrate because of the greater
total change in optical rotationd]'s = 112.5 to [a]', =
2], G. Clifton, G. A. Petsko, et al., manuscript in preparation. 52.5°) compared to th@-anomer (f'o = 18.7 to [a]'p =
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5 dissociation constants, which must differ by a factor of at
least 4 for statistical reason&6). However, the available
45 S data do not permit an objective evaluation of two very similar
< - L S values of [Ka.
;" 4 Values of X, obtained from the pH dependencelgf/
2 Km correspond to ionizations of the free enzyme or free
35 substrate and not to enzymsubstrate complexes. In this
case, the substrate does not undergo ionization in the pH
3 range under study, so the observed pH dependence must
3 4 5 f:_l T8 9 pertain to free GalM. We conclude that free GalM contains
p

three ionizing groups that control the rate, one of which must
Ficure 1: Plot of logkeat against pH for wild-type GalM. Steady-  pe unprotonated and display &4of 6.0 and two of which
state values of log.,: for the mutarotation ofi-p-glucose by wild- must be protonated and display thié.mf 7.6.

type GalM are plotted as a function of pH. Parameters were

evaluated at 27C using buffers described in the Materials and PH Dependence for the H104Q'GalM'Catalyzed_M_Ut_aro'
Methods section. The average value of lag s 4.2+ 0.1 when tation of a-p-Glucose GalM contains two essential histidine
fitted to a straight line and evaluated as the ordinal intercept. residues, His 104 and His 175%0). Mutation of His 175 to

Asn decreases the activity to below the detectable libl, (

6 so pH-rate analysis is impossible for H175N-GalM. H104Q-
/o/ WN GalM displays activity corresponding to 1/4000th that of
. 5 /‘ wild-type GalM, and the rate cannot be saturated by
<, increasing concentrations afp-glucose 10). Therefore, the
x© observed rates should correspondkig/K., when divided
g 3 by the enzyme concentration. Mutarotationoeb-glucose
. by H104Q-GalM is pH dependent, and the values ofldgg
2 e Km are plotted against pH as the lower curve in Figure 2.
1 e The plot displays a break on the acid side but not on the
4 5 6 7 8 9 alkaline side. The data are fitted to eq 2 and correspond to
pH a K, of 5.8, which is somewhat lower than th&gof the
FIGURE 2: Plots of logkea/Km against pH for wild-type GalM and ~ Wild-type GalM on the acid side.
H104Q-GalM. For wild-type GalM, we measured lkg/K, as a Importance of Glu 309ln the chemical modification of

function of pH, plotted the values against pH)( and fitted the  GalM, the enzyme activity proved to be sensitive to a water-
data to eq 1. The values of acid dissociation constants for the soluble carbodiimide in the presence of aminomethane-

mechanism in Scheme 2 afg = (1.1+ 0.4) x 108 M andK, = . . . . .
Ks = (3.54 0.7) x 10-® M. For H104Q-GalM, values of [08sd sulfonic acid, and the substrate provided protection against

Kn measured as a function of pH are plotted against @} The this reagent 10). The result was consistent with the
data are fitted to eq 2 and yield the dissociation constant (1.7 importance of one or more acidic amino acids. To learn more
+0.3) x 10°° about this, a Clustal W multiple sequence alignmeirit, (
18) was performed using protein sequences of GalM (Figure
5250), so that the SenSitiVity of the assay was maximized. 3) In a previous sequence a”gnment His 104 and His 175
Figure 1 is the plot of logka: against pH for the GalM-  \yere found to be conserve8)(and our results are consistent
catalyzed mutarotation of-D-glucose. The average measured jith those findings. We also found Glu 309 to be conserved,
value ofkea; was 19000+ 3000 s, and it did not display  and it is located in the substrate binding pock&onse-
any pH dependence between pH 4 and pH 8.5. This resultqyently, we generated, expressed, and purified E309Q-GalM
means that ionizations of the enzyrsubstrate complexes  and examined it for activity in the standard coupled assay.
do not exert detectable effects on the maximum rate in this The specific activity was 0.04 IU/mg of protein. This was
pH range 15). Because acitbase catalysis is essential for 1/2000th the activity of wild-type GalM (79 1U/mg of
the mutarotation of sugars, either the acithse groups  protein) under the same conditions. The low activity docu-
involved in catalysis are prevented from ionizing in the mented the importance of Glu 309 in catalysis.
enzym&sgbstrate complexes, or the_rate is limited by a pH Dependence for the E309Q-GalM-Catalyzed Mutaro-
conformational change. The catalytic groups could be tation ofa-p-Glucose In preliminary experiments to evaluate
prevented from ionizing in the Michaelis complexes if the K in mutarotation catalyzed by E309Q-GalM, we found that
values of their s were shifted out of the range of the pH  the initial rate could not be saturated at increasing concentra-
analysis. tions of a-b-glucose. Therefore, like H104Q-GalW,, for
Unlike Keq the value ok.o/Kn is pH dependent. Figure 2  E309Q-GalM proved to be very high and was not evaluated.
depicts the plot of logk.s/Km against pH, which is an Instead, the initial rates of mutarotationafb-glucose were
unsymmetrical bell curve. The data fit eq 1, which specifies measured at a low concentration as a function of pH. From
the ionization of three acidbase groups, one on the acid the data, values d../Kn were calculated and plotted as log
side and two on the alkaline side of the pldg KealKm keaf Km against pH. The data were fitted to eqs 2 and 3 with
profile. Thus,k.a/Km is maximal when one group is unpro- the results shown in Figure 4. The fit to eq 3 is clearly
tonated and two groups are protonated. The valueqiom superior to the fit to eq 2, indicating that two ionizing groups
the acid side is 6.0, and the data on the alkaline side in free GalM control the rate. The values dfgarising from
correspond to aky, of 7.6 for both ionizing groups. The the fit of data to eq 3 are 6.2 0.03 on the acid side and
two groups cannot ionize with exactly the same acid 8.7 & 0.09 on the alkaline side. When fitted to eq 2, the
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1 g8 4 23 29 38 39 53 54 :13)
E. coli 0 mmmmmmmmmmmmmmm ommmm - MLNETPAL APDGQPYRLLTLRNN AGMVVTLMDWGATLL SARIPLSDGSVREAL LGCASPECYQDQA-
V. cholerae ---MNALFTSMTAQV AYDGQPAKLIELTNR RGMRVVVMDICATWL SCTLPMGD-ESREVL LGVSSMDDFVRQG-
H. influenzae = =  —--—--—--------  —-—o--—- MLEQTTFN APDGAPYQLITLQONE NGMRVQFMDWGATWL SCKVPVND-TLREVL LGCK-VDNYPTHQ-
A. pleuropneumonide -----=-========  seeseceemeemmem= mem——— MKTFTLEN- SFLEITLSDFGAAWL SCVVEHPK-GEREVL VTTS-AENWQNQT-
5. coelicolor = — seeeseesmeesccses eeeeeeaa MSELFGT LSDGTPVHRWTLEE- AGVRVEVLSYGCGIVQ SAEVPDRDGHTADVV LGFADLDGYVAHP-
T maritima = = =00z ------—-------- MEYLMSHIEKEFFGA TSEGIPVYQYTLINK MNGMMAKIITYCAIVR ELWVPDSSGTLSDVV LGFDTLQEYEAKNS
A. calcoaceticus MEKKLAILGVTVYYSFA QLANAATLNVESYGT TQONGOKVDLYTMSNN MNGVSVSFISFGGVIT QILTPDAQGKQNNIV LGFDDLKGYEVTDT
B. halodurans = = =  -----—---------  -—-——-- MQITTRIFA ETNGESVRAFTMTND HGMEVTCIEYGCIIT ELKTPDRHGNLENIV LGFDRMDDYEKHS-
8. thermophilus = ~ --------------- —----- MEISCEIIG KVDSGDVSKISMENN NGVVISTLTTGATLD EFLVPMETGALENIV LGFSDFEDYYENN-
N. meningitidis -=-=--MSDTPATRDFG LIDGRAVTGYVLSNR RGTRVCVLDLGGIVQ EFSVLADG-VRENLV VSFDDAASYADNP-
L. laectis 0000 meemmmmmem—e-- ----MTFTISKESLP FRADKSISQITLSN- ERLTIVVHDYGARVH QLLTPDKNGTFENIL LSENNSETYANDG-
67 79 80 94 95 107 108 122 123 133 134 148
E. coli --AFLGASICGRYANR TANSRYTFDGETVTL SPSQG--VNQLHGCP ECFDERRWQIVNQND R----QVLFALSSDD GDQCFPGNLGATVQY
V. cholerae --SYLGATVCRYANE IARGELKIGTQTYAL SVNQA--GNTLHGEV VCEFDERRWQITQQOSA (Q----HVTFQLLSAD GEQCGFPGNLHVAVTY
H. influenzae --SYLGASVCGREYANE IANAQFELNGELIKL SSNQG--KHQLHGG- ECFDKRRWNIQECGE N----FVCFSLHSVD GDQGFPGNVDVSVTY
A. pleuropneumoniae --AYFGATCGRYANE IANAEYQLNGETYTL VENDG--EKNTLHGCA NCADKQIWQAEQLDP Q----AVKFSRIFAD GEQCFGGEVYAVVTY
5. coelicolor -EPYFGALVCRYANE TAGGRFPLDGRTYAL APNEG--PNTLHGGT RCFDEEVWDVAAVEE G----- VRLSRVSPH GEEGFPGRLEMSVTY
T. maritima -NFFFGAIVCRYANRE TAGGRFEIDGVTYQL ALNDGDRPNALHGCV KCFYTRVFEAVEMKT PT-GPFFLVLEYLSHD GEECYPGNLDLTVIY
A. calcoaceticus EGIHFGGLICGRYANE IGNAKFSLDGKTYNL EKNNG--PNSLHSGN PCFDERVWQVEPLVE KGRTVKASLKLTSPN GDQGFEGKLDVEVIY
B. halodurans --QYFGAVICGEVAGE IANGEFMLDNQSYTL ANNEG--ENHLHGCE KCEFDKVVWKGETIDS QD-EVGVEFSYISRD GEECGYPGTLSMSVRY
. thermophilus --LCACQSICGRVAGE IGKASYTHNMVLYSL PENEG--DNCLHGCP KCMOVONWNYVINLN DD-YVETKFIRRLYSE SVDCGFPGDVIVSISY
N. meningitidis --FQINKQICEVAGE IRGAAFDINGRTYRV EANEG--RNALHGGS HCLAVTRFNAVAADG R----SVVLRSRLQQ SADCYEPNDLDLDISY
L. lactis -=-GYYGVICCPVAGE ISGATYDS----VSL EANEG--KNNLHSGCS HCWERQFWSYETFET AS---SLGIKLSLRD EESCFPGQIQAEVTY
1439 162 164 177 178 183 190 204 205 219 220 234
E. coli RLTDDNRISITYRAT VDKP-CPVNMTNHVY FNLDGEQ---SDVEN HEKLQILADEYLEVDE GGIFHDGLKSVAGTS FDFRSAKIIASEFLA
V. cholerae RLDEQGGVNIDYQAT TDRA-TAVNLTNHAY FNLNGAEQG-SDCLN HQLWIDAKQFLPTDA SGIFPLGELQSVLGSG FDFTQPKRVGEDLLY
K. influenzae TLTGDNSVKIEYAGM CDKD-TALNLTNHTY FNLENAEQG-SDVRE HTLRLNADFYLFVDN EGIPNSPLKHVVNTS FDFRIAKPIKQDFLQ
A, pleuropneumm‘ae RLNGKE-VEIAFEAT ANQD-TPLCFTNHAY FNLLGAG----DVLS HQLMINADEYLPVGA GGIPILPFKAVAHTG FDFSTPKLIGQODLLE
5. coelicolor TLDGSGALRIAYEAV TDAP-TVLNPTNHSY FNLSGSG----HAGG HELRLAASRITPVDA GLIFTGGLDDVIDTR FDFRRARKVG-----
T. maritima TLTNENELKVEYRAT TDKP-TVVNLTQHSY FNLSGEG----TILD HELKINADSYTEVDD NLIFTGEIAPVEGTP FDLRSFEVLRDAIEP
A. calecoaceticus SLSDONEFKIEYKAK TDQP-TVVNLTNHSY FNLSGAGNNPYGVLD HVVQLNAGRILVTDQ NSLETGEIASVAGTP FDFRMPKAIVEDIRA
B. halodurans ILNNDNELKVMYSGK ADQK-TLVNVITNHSY FNLSGNLKR--DILE HELTLKSSQFLQLND QLLPTGTVLDVVDTP FDFRNGRKIIDGTKA
&. thermophilus RLNNNNRLTILFEAF DVTESTVFNPTNHVY FNLSDKQ----DLSS HELQIYSDYRLELDS ELIPTGQKINVDETN YDFRETTDLLPRIEA
N. meningitidis RLDEDDRLTVTYRAT ALGD-TVFDPTLHIY WRLDAGLH------ D AVLHIPQGGHIFADA EKLFVS-TVSDDLEV FDFSRPKFLDAAVARA
L. lactis KLTDNK-LEVTISGL SVID-TVFNPAWHPY FNLSAELS---TTHE HFIQANVDFLVETNQ ENIFTGRLLNVDDSS YSIKESVSIKKLLED
235 247 248 262 263 276 277 291 292 303 304 318
E. coli DDDQRKV--KGYDHA FLLQAKGDGKKVAAH VWS-ADEKLQLEVYT TAPALQFYSGNFLGG TPS-RG--TEPYADW QGLALESEFLEDSEN
V. cholerae DEQQIRA--KGYDHS YFFAPERDMHTPIAEK VWS-ADEEVQLLVST DEPAMQLYTGNWLAG TPN-RL--GSHYKDY AGLALETQFLFDSFH
H. influenzae GDQQ-AT--KGYDHS FIVN--KAWQKPCVL LTS-PTGDLSLEVRET SQAATQVYTGNYLAG TPT-RN--GELYADF SGIALETQCLEDTEN
A. pleuropneumoniae DTDQQLV--KGYDHA FELVE----NSAKPT ACL-TVEDLALELNT SMPALQCYSGNWLGE QPN-LS--GSTYQDY AGVALEPEFFPDSEN
5. coelicolor @ se==se----- SCYDHN YVLDEGVTEAAEKVA ELYDPASGRVLTVAT TEPGLQLYTADHLGE P-----=----- FAPG DGIALETQHFFDSFN
T. maritima LEST-TT--KGFDIN YVLN-GEDGKLEKLAA VLRDERSRREMEVYT TEPGLQLYTGNFLDV KG--KC--GTYYGPY SGLCLEAQHFEDSEN
A. calcoaceticus NNQQLAYG-YCYDQT WVINQKSQGELNLAA IVVDPKSKERTMQVLT TEPSVOMYTADHLLG NIVGAN--GVLYRQA DALALETQHFFDSEN
B. haledurans TYEQNVIVGNGYDHP FEKLDTN----LOQEI RLVDEESGRCLEMET TEPCVVLYTGNALQE GVP-IR--GVRSERKY LALCLETQGFFDATH
5. :bermophijus N-------- NGFODA FVVGGGETCDHVKEVA ILHDKESGDGIEIFS MNRNGLVIFTMDDIED NYFFARDEKGKMAKRR EAIAMEAQTLPDAVN
N. meningitidis LERETGR--AGFDDA YRVP-5---DIGRPA AVLQAGRRRRISIYS DRNGLVIFTAAPQDF ARHDAG------- VY DALATEAQTLFDSLH
L. lactis NP------- VCGLDDC FVFN-P---KGDESL MLYDPLSGRELVAQT DREQAVVIYTATNPEI ESMIND---RPMSKEN RGIAIEFQEIPDLVH
319 333 334 346
E. coli HPEWPQPDCFLRPGE EYSSLTEYQFIAE--
V. cholerae HEEWLQPSCILQPGE VYRYQTRYQFVF---
H. influenzae HPEWQNYGGIQKAGE RYYQWTEFKFK----
A. pleuropneumoniae QRELAKFGGITKAGE RYKHDIRYTFHF---
5. coelicolor RPGFFP--S5TVLRPGE VFRSETVYGFSVR--
T. maritima HANFP--STILRPGE EYRQVIVYRFSVEV-
A. calcoaceticus QPTFP--STRLNPNQ TYNSVIVFKFGVQEK-
B. haleodurans HPEDLP--SIVLEEGE EYLSTTTYRFRTV--
8. thermophilus HEKGFG--DIILDKGH SVNYEIGFQYFNSSR
N. meningitidis WPEFG--NIRLNKGD TREATIAYGIESLS-
L. lactis HPEWG--TIELKAGQ EKKTFITEYLFTTD--

Ficure 3: Multiple sequence alignment of 11 identified mutarotase proteins. The following mutarotase enzymes were used (accession
numbers in parenthesesEscherichia coli(P40681),Vibrio cholerae (AAF94748), Haemophilus influenzaéC64096), Actinobacillus
pleuropneumoniad AAB37129), Streptomyces coelicolofCAB62725), Thermotoga maritima(H72395), Acinetobacter calcoaceticus
(A29277),Bacillus halodurangBAB06474),Streptococcus thermophil(B44509),Neisseria meningitidiSlCAB85315), and_actococcus

lactis (AAD20257). Histidine 104, histidine 175, and glutamic acid 309 are colored red, while other fully conserved residues are in green.
A MULTILIN multiple alignment using the pole Bio-Informatique Lyonnais was performed to identify resici® 86 conseved as well

as the IV, LM, and FY conserved positions, and they are colored in blue.

evaluated K, is 6.2+ 0.08. Both fits give the same value
of pK, on the acid side.

the activity of GalM. That is, the acithase groups that
participate in catalysis undergo ionization in the free enzyme
over this pH range but not in the enzymsubstrate
complexes. The results are compatible with the kinetic

pH Dependence of Wild-Type GalMle conclude, onthe ~ Mechanism in Scheme 2.
basis of the present results, that three Bronsted-dmade The acid limb of the lod{../Km)—pH profile is governed
groups are required to catalyze mutarotation at the activeby Kj, the activity is maximal at pHs aboveKp and the
site of GalM. One group must initially be in its unprotonated, value of [K; is 6.0. The alkaline side of the profile is
conjugate base state, and two must be protonated in the freggoverned byK; andKs, and activity is maximal when these
enzyme. We further conclude that ionizations of the enzyme two groups are in their acidic forms. The data in Figure 2
substrate complexes in the range of pH&5 do not affect are fitted well to eq 1, and the log form of eq 5 fet/Kn

DISCUSSION
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Ficure 4. pH dependence for the activity of E309Q-GalM. The values ofkdgéKn, for E309Q-GalM measured as a function of pH are
plotted against pH in parts A and B. (A) The data are fitted to eq 2 and yield the valué,6f 6.2. (B) The data are fitted to eq 3 and
yield the values of a1 = 6.2 and K,, = 8.7.

Scheme 2 Mutarotation intrinsically includes a nonstereospecific pro-
FLEH,H, cess, and this presents a mechanistic barrier in an enzymatic
site. Being chiral, enzymatic active sites catalyze reactions
K ‘ =H . with a high degree of stereospecificity. Mutarotases, epime-
EHH, + S : EH,H,S i EH,H.X IR EH.H, rases, and racemases operate by mechanisms that overcome
ka . the barriers to nonstereospecificity. In the case of GalM, it
K, |*H appears that this is accomplished by the actions of three
EH, Kear = kaks/ (ks + ks + ks) @ acid—base residues, perhaps as outlined in the mechanism
X of Scheme 3 for the transformation af to S-anomers.
K| = keal Ky = k‘[ﬁf]s/(kzk‘,; kzk”kjf) ®) In Scheme 3 the acitbase catalysts are designateg G
E L+ & T ﬁ(” [H;]> Gy, and G, and each has a specific function, facilitates

proton transfer to the endocyclic oxygen and proton abstrac-

in Scheme 2 becomes equivalent to eq 1 when the values oftion from C5(OH) of the open-chain sugar intermediatg. G
pK, and (K3 are the same. The values K and K; must facilitates proton transfer to and from tjfeanomeric OH,
differ by at least a factor of 4 for statistical reasod$)( and G catalyzes proton transfer to and from thk@nomeric
however, the available data are insufficient to evaluate the OH. The reciprocating actions of ,Gand G solve the
difference from the plot in Figure 2. As shown by eq 4 in stereochemical problem of nonstereospecific proton transfer
Scheme 2, the kinetic mechanism is also consistent with theat the anomeric center.
pH independence df. in Figure 1. The mechanism in Scheme 3 is consistent with the profile

The results are compatible with stereochemical require- of log keo/Kn versus pH in Figure 2 for wild-type GalM.
ments for mutarotation at the active site of an enzyme. The two legs of the profile are likely to represent a change

Scheme 3
HO. HO HO

H-G, HG, H-G,
HO 1 HO » HO
0 0 )
HO y H-G, ——= HO VO H4G, —=—= HO OoH G
Ho IN' HO | HO g

H g, H-G, H-G,
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in rate-limiting step on going from low to high pH or vice requirements of the pHrate profile in Figure 2. In the case
versa. At low pHSs, glycosyl ring opening in step 1 probably of E309Q-GalM, the net charge may be retainedt Btwhich
limits the rate because the required base catalystifG  allows both an acid and a base at the active site, His 104
Scheme 3) becomes protonated in the free enzyme at lowand His 175, as required for mutarotation and in agreement
pHs and would not be able to abstract another proton. At with the pH-rate profile in Figure 4.
high pHs, ring closure of the aldehydic sugar in step 2 limits  The replacement of His 104 with glutamine greatly lowers
the rate because the two acid catalystsd@d G in Scheme  the activity of GalM and also changes the ptite profile
3) undergo ionization to their conjugate bases in the free for k../K. The acid leg of the wild-type profile is retained,
enzyme. but the alkaline leg is absent in the profile for H104Q-GalM.
An alternative to the mechanism in Scheme 3 is that two This likely results from a difference in rate limitation at high
of the three catalytic groups function in aeillase catalysis,  pHs in the mutated enzyme relative to the wild-type enzyme.
one in its protonated and another in its unprotonated form, The lower curve in Figure 2 suggests that ring closure never
and the third group must be in its protonated form for the becomes rate limiting at higher pHs in the reaction of
substrate to bind. This latter mechanism is less satisfying H104Q-GalM. Furthermore, the overall rate is seriously
from a stereochemical perspective because it would requireimpaired by the mutation because the maximum value of
a single catalytic group to interact as an aelghse catalyst  k /K., for HL04Q-GalM is less than 1/4000th that for wild-
with the o-anomeric OH group ofx-p-glucose and the  type GalM. In mutarotation, ring opening is intrinsically more
B-anomeric OH of3-p-glucose. However, such a mechanism difficult than ring closure, as shown by the predominance
cannot be excluded by the available data. of the ring-closedx- andj-anomers of glucose at equilibrium
The three acigbase residues in GalM are postulated to (37% and 63%, respectively). It is possible that uncatalyzed
be His 104, His 175, and Glu 309, all of which are in the ring closure could be occurring at high pHs in the reaction
active site and in contact with the substrai@)( Because  of H104Q-GalM. It seems clear that His 104 participates in
histidine and glutamate can ionize in the same pH range inan important way in the ring opening step 1 in Scheme 3,
enzymatic sites, the pH dependence for wild-type GalM does and its absence slows this step. Then, ring closure in step 2
not allow the assignment of these groups in the mechanismdoes not become rate limiting within the accessible pH range.

of Scheme 3. However, the forthcoming crystal structures  The similarity between the values okpfor the acid legs
may shed light on the matter. of the two profiles in Figure 2 for wild-type ¢ 6.0) and

pH Dependencies of H104Q- and E309Q-GalM.  H104Q-GalM (K, 5.8) does not justify assignment to the
COI’ISIderIng the behavior of a mutated form of GalM in which same residue in the two proteinS. This is because of the
one of the catalytic groups is neutralized, it is necessary to difference in net electrostatic charge at the active sites in
recognize that an important step in the mechanism must takeyjjd-type (+1) and H104Q-GalM (0). The electrostatic

place without participation by the usual catalytic group. Most djfference is likely to lead to significant perturbations in the
likely, another group at the active site takes over the function jgnization constants of His 175 and Glu 309.

of the neutralized' group. The group taking over may beone The pH dependence of E309Q-GalM suggests that the two
of the three required for the action of the wild-type GalM. pigtidine residues in the active site of this variant display

In this scenario, one of the three catalytic groups may do n«_ values of 6.2 and 8.7. This difference is reasonable for
double duty in the variants H104Q- and H309Q-GalM. For 4 hasic groups in proximity, where electrostatic repulsion
example, in step 1 of Scheme 3 two acid groups are normally yotveen two closely spaced imidazolium groups would

present, HG, and H-Gp. If H—Ga is absent, step 1 may  gepress one of the dissociation constants. In these circum-
still occur if H=Gy can take over the function of acid  gances, one histidine residue could serve as the base catalyst

catalysis of ring opening. However, this would generage G 5 the other as the acid catalyst in the mechanism of Scheme
at the wrong protonation level for step 2, which requires 1, consistent with the pHrate profile in Figure 4.

g_ﬂ%ﬁ'f‘aﬁggﬂzg c?x I ;?ﬁ g?en tgkfhgveéﬂrgfsqrgi?fgg Correlation of Present and Past Resultsthe earlier pH-
Y9 P, Neh rate study, a bell-shaped profile for 1d4K was observed

proton from C5(OH) in place of &in step 2. In .th's Case, — ith less complete data than presented in this paper that did
Gy does double duty for & Analogous scenarios can be distinauish the sl 562 he alkali ide2l. Th
constructed for the other variants not distinguish the slope of22 on the alkaline si Q'_ €

) present finding of two ionizing groups on the alkaline side

maA Slgzg'fig rglgﬁg;’neo{no{]heeO;Jgfaﬂ];?:cfg;lg:;g Lii?ussatis well correlated with the required catalytic groups and the
y 9 9€ algtereochemical imperative for the mechanism. In the earlier

D e ' rk,  beak on the scd side n e pol of g
Y P pH indicated an ionization of an enzymsubstrate complex.

third unprotonated, and the residues are His 104, His 175, . .
and Glu 309, the net charge of these residues in the mostTh'S was not observed in the present work, and we have no

active form of free GalM must b& 1. In the case of H104Q- explanation for this discrepancy.
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