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Galactose Mutarotase: Purification, Characterization, and Investigations of Two
Important Histidine Residués
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ABSTRACT. Galactose mutarotase catalyzes the interconversien ahd/-anomers of aldoses and is a
recently identified member of thgal operon ofEscherichia coliand participant in the Leloir pathway
[Bouffard et al. (1994)]. Mol. Biol. 244,269-278]. We report the purification and characterization of

this enzyme, as well as mechanistic studies involving chemical modification with diethylpyrocarbonate
(DEPC) and site-directed mutagenesis demonstrating the significance of two conserved histidine residues.
The enzyme lacks metal ions and oxidoreduction cofactors, and an extinction coefficient e&f (642

x 10* M~1 cm™ has been measured by quantitative amino acid analysis. The catalytic mechanism is
likely concerted general acid/general base. Experiments involving modification with DEPC suggest that
a histidine is essential and is protected by substrate. Furthermore, site-directed mutagenesis of two
conserved histidines was performed, and characterization of these mutants (His104GIn and His175Asn)
illustrates the significance of these residues. Kinetic analysis of HL04Q demonstrates an inckgase in

of about 600-fold, a decreaseligy; of approximately 7-fold, and a 4000-fold decreask:iiKy as compared

to the wild-type enzyme. The activity of His175Asn mutant, on the other hand, was too low to be measured
accurately, and His 175 remains a candidate for the general base. These mutants were also subjected to
DEPC maodification, and results are consistent with the presence of two important histidines positioned
closely together in the active site.

Galactose mutarotase, a ubiquitous enzyme, catalyzes thérought to equilibrium witho-p-glucose-6-P through the
equilibration of a- and f-anomers of certain sugars-( action of phosphoglucomutase prior to entering glycolysis.
galactosep-glucose,b-xylose, pb-arabinose, and-fucose) This sequence of reactions is also used in reverse for
(1, 2. It has recently been identified as a member of the glycoprotein and glycolipid biosynthesi4,(5). The active
gal operon ofEscherichia coliand has been shown to be sites and chemical mechanismgiedalactosidase, galactose-
involved in the Leloir pathway as follows3). After 1-P uridylyltransferase, and UDP-galactose 4-epimerase have
fp-galactosidase cleaves lactose to produce glucosg-and  been describeds(-8 and references therein).
galactose, galactose mutarotase catalyzes the equilibration A role for mutarotase in sugar transport has also been
of p-p-galactose with thex-anomer, the substrate for the proposed 9, 10. In addition, the transport ai-fluoro-n-
next enzyme in this pathway, galactokinase, resulting i deoxyb-glucose derivatives across the human erythrocyte
galactose-1-P. Galactose-1-P uridylyltransferase then catamembrane has been studied by NMR, and it was found that
lyzes the transfer of a uridylyl group from UDP-glucbse o-anomers permeate up to 2.5-fold more rapidly than
o-D-galactose-1-P to form UDP-galactose ard-glucose- B-anomers 11).

1-P. UDP-galactose is then epimerized to UDP-glucose by  Ajthough the rate of uncatalyzed mutarotation is significant
UDP-galactose 4-epimerase, and thep-glucose-1-P is  (0.032 min) (1), nonenzymatic mutarotation is too slow
to satisfy the needs of the cell for galactose utilizati8h (

" Supported by National Institutes of Health Grant GM 30480. J.A.B. \/alues ofKy, are rather high foE. coli galactose mutarotase
was supported by Individual National Research Service Award number (KMQa'aC‘Ose— 6.5 mM, Kydlucose= 15 mM); howeverKea is
5 F32 DK09306. L ' D A &

*To whom correspondence should be addressed. Phone: (608) 262-21s0 quite highKcar= 9550 s) (2), resulting in &kealKw of
00§5-b|;ax1 (608) 265-29051- i . ihiob 6 x 10° M~1s71 for the glucose substrate.

Abbreviations: DEPC, diethylpyrocarbonate; DTNB,'&j8hiobis- ;

(2-nitrobenzoic acid); DTT, dithiothreitol; Hepes, 4-(2-hydroxyethyl)- N(I)_] m_UtarOtasle .has yet bee.n SUbjle;tﬁd to .a ItlhorOUQh
1-piperazineethanesulfonic acikHMB, p-hydroxymercuribenzoate; ~ Mechanistic analysis. Mutarotation could theoretically occur

ICP-OES, inductively coupled plasma optical emission spectrometry; through any mechanism allowing cleavage of any one of the
IPTG, isopropyl thig-p-galactopyranoside; MES, 4-morpholineethane-  fg,r bonds to C-1 of galactose. The most obvious chemical

sulfonic acid; NAD, nicotinamide adenine dinucleotide; NADPH, . .
nicotinamide adenine dinucleotide phosphate; NMR, nuclear magnetic mechanism for the galactose mutarotase-catalyzed reaction

resonance; SDSPAGE, sodium dodecyl sulfategolyacrylamide gel is a concerted version of the nonenzymatic general acid/
electrophoresis; PMSF, phenylmethanesulfonyl fluoride; ppb, parts per general base-catalyzed mechanism (Figurel2)-(L5). An

billion; ppm, parts per million; TCA, trichloroacetic acid; UDP-  qyiqation/reduction mechanism similar to that of UDP-
galactose, uridine*8iphosphate galactose; UDP-galactose 4-epimerase,

uridine-B-diphosphate galactose 4-epimerase; UDP-glucose, uridine- 9alactose 4-epimeras@®)(would also be feasible if the
5'-diphosphate glucose. enzyme contained an oxidoreduction cofactor. A third
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Ficure 1: Proposed concerted general acid/general base-catalyzed mechanism for galactose mutarotase.

possibility is a mechanism similar to that of the glycosidases centrifugation at 25009for 30 min. The following proce-
(16, 17 involving cleavage between C-1 and the anomeric dures were conducted in a cold room°@®). Streptomycin

oxygen resulting in dehydration followed by rehydration.

sulfate (20%) was added dropwise to the supernatant while

However, evidence supporting the general acid/general basestirring to a final concentration of 3%. The supernatant was

catalyzed mechanism was acquired for Ehecoli enzyme

stirred an additional 20 min, then the precipitate was removed

using gas chromatography to observe the formation of by centrifugation at 80Gfor 30 min. The supernatant was

products B). Wheno-bp-galactose was dissolved in water

brought to pH 7.5 by the additiorf @ M NaOH and loaded

and allowed to come to equilibrium either in the presence onto a Q-Sepharose Fast Flow column (5 enm22 cm),

or absence of galactose mutarotgse;galactofuranose was

which had been equilibrated with 10 mM Hepes buffer (pH

observed as a minor product upon achieving equilibrium for 7.5). The enzyme was eluteda0.3 M NaCl usig a 4 L
both catalyzed and uncatalyzed mutarotation. These datagradient containing 10 mM Hepes (pH 7.5) with an increas-
suggest that, during both uncatalyzed and enzyme-catalyzedng NaCl concentration (60.4 M).

mutarotation, open-chain galactose is formed which can then A coupled assay (27C, 10 mM Hepes, pH 7.5) involving

be converted to either pyranoid or furanoid produdig, (
13). Additionally, a pH-rate profile folE. coli galactose

the addition of freshly dissolved-p-glucose to NAD (3 mM)
and glucose dehydrogenase (USB or Sigr3a() was used

mutarotase was obtained at saturating substrate concentrain purification of the enzyme and for several experiments.

tions that suggested &pof 5.5 for a Brgnsted bas@)(

Only the g-form of glucose is a substrate for glucose

E. coli galactose mutarotase, a monomer of molecular dehydrogenase, which catalyzes the oxidatiofi-ofglucose
weight 38000 18), has been cloned, sequenced, and to p-gluconoé lactone, and the concomitant reduction of
overexpresseds]. The c_)bjecnve of our research has been NAD to NADH. The initial velocity (first 20% of the
to develop a purification procedure for overexpressed reaction) was determined by monitoring the increase in
galactose mutarotase, to characterize the enzyme, and tabsorbance at 340 nm. For optimal activity, coupling
begin a detailed mechanistic analysis. The enzyme has beernzyme was resuspended in 10 mM Hepes (pH 7.5), 3 mM
purified to homogeneity and characterized with respect to NAD, and 125 mM KClI, and aliquots were frozen in liquid
extinction coefficient, oxidoreduction cofactors, and metal nitrogen and stored at70 °C. All assays were carried out
ions. Additionally, the mechanism is being studied using a at 27°C. For all time courses, the rate of the background
combination of chemical modification and site-directed reaction in the absence of galactose mutarotase was sub-
mutagenesis techniques. The present findings demonstrateracted from that of the enzymatic reaction. Fractions from
the importance of two conserved histidine residues, His 104 the Q-Sepharose column were assayed by this procedure,

and His 175.
MATERIALS AND METHODS

Purification of Galactose Mutarotase.The plasmid
pGB1001 which codes fdE. coli galactose mutarotas8)(
was a gift from Dr. Sankar Adhya, NIH. It was transformed
into BL21(DE3)pLysS cells (Novagen). Seven liters of
2XYT media (9) containing 10Qwg/mL ampicillin and 34
ug/mL chloramphenicol was inoculated with 5 mL of
overnight culture and grown to an absorbance of-0 &t
600 nm. Isopropyl thigd-p-galactopyranoside (IPTG) was

and those possessing the highest activity and purity as
analyzed by SDSPAGE were pooled and concentrated
using Centriprep-10 concentrators (Amicon). Galactose
mutarotase was dialyzed agaidsL of 10 mM Hepes (pH
7.5) (three changes,—6l4 h each session), then frozen
directly in liquid nitrogen (26-30 uL drops) and stored at
—70°C.

Plasmids containing mutant genes of galactose mutarotase
were transformed(l) into GB87 cells that possess a deletion
in the gene for galactose mutarota8g (These cells were
a gift from Dr. Sankar Adhya, NIH. Mutants were purified

then added to 1 mM, and induction proceeded for 3.5 h. Cellsin the same way as the wild-type enzyme but with some

were centrifuged at 50@0for 10 min, then pellets were
frozen directly into liquid nitrogen. Typically 2.6 g cells
were obtained frm 1 L media.

additions to the purification procedure due to the reduction
in expression (from 30 mg of enzyme/g of cells for wild-
type enzyme in BL21(DE3)pLysS cells to 8:8.7 mg of

For the entire procedure, 10 mM Hepes (pH 7.5) was used €nzyme/g of cells for mutants in GB87 cells).

as the buffer with phenylmethanesulfonyl fluoride (PMSF)
Cells were this amount was used in each purification.

added daily to 1 mM to control proteases.

About 40 g of cells was obtained froa 7 Lgrowth, and
After the

resuspended at a concentration of 0.12 g/mL (18 g cells in streptomycin sulfate precipitation, the supernatant was
each purification) and broken by sonication in eight 30 s brought to 40% ammonium sulfate saturation while stirring
bursts using a sonic dismembrator (Fisher Scientific). Cells in the cold room, and stirring was continued for an additional
were sonicated on ice and cooled between bursts to kee@20 min. The precipitate was removed by centrifugation at

the temperature a9 °C. Cell debris was removed by

800Qy for 30 min, and the pellet was discarded. The
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SuPema_tant was brought to pH 7.5 wsid M NaQH' Table 1: Purification of Galactose Mutarotase Expressed in
Ammonium sulfate was then added to 50% saturation, and B|.21(DE3)pLysS

the supernatant was removed by centrifugation at §360
30 min. The pellet was resuspended in 40 mL of 10 mM
Hepes (pH 7.5) and dialyzech i4 L of buffer for three

SDS-
PAGE

total %

yield
activity¢  activityd yield

step (mg)

- g crude 22.8 7.1x 10" 100 3111 close to pure
sessions, 614 h each. The mutant enzyme was then diluted 3% streptomycin 26.8% 65x10° 92 2419 close to pure
s _ sulfate
to 109 mL and pgnfled over a Q Sepharoge column as Sepharose 792 43x10 60 539 pure
described for the wild-type enzyme. After pooling the purest ~ (=400 mM NaCl)

fractions as determined by SB®AGE, ammonium sulfate a Conditions for purification: all steps were carried out in a coldroom
was added to 17.5%, and the enzyme was loaded onto &g °C) and in 10 mM Hepes (pH 7.5) and 1 mM PMSFConditions
phenyl sepharose column that had been equilibrated with 10for assays: 10 mM Hepes (pH 7.5), 2C, [a-b-glucose]= 50 uM.
mM Hepes (pH 7.5) and 17.5% ammonium sulfate. A 1.5 ¢ (uM product formed/min)/mg of proteir.uM product formed/min.

L gradient of decreasing ammonium sulfate concentration
from 17.5% to 5% was applied, then a 600 mL gradient from
5% to 0%. The enzyme was eluted with 10 mM Hepes (pH
7.5). The pure fractions as determined by SIPAGE were
pooled, and enzyme was concentrated, dialyzed, frozen in
liquid nitrogen, and stored at70 °C as described for the
wild-type enzyme.

Polarimetric Assay. Polarimeters have been useful for
assaying mutarotatioriL{ 2) because of the difference in
specific rotation ofa- and -anomers of aldoses. Due to
the relatively high cost and impurity of commercially
available coupling enzyme, a Perkin-Elmer model 14
polarimeter was used for assays in which [5]50 uM.
Water-jacketed cells were used to maintain a reaction
temperature of 27C. For all assaysy-p-glucose (Aldrich)
was dissolved in 10 mM Hepes (pH 7.5) immediately before
addition to enzyme, and the initial rate (first 20%) of the
reaction was measured. The initial rate of the background
reaction was subtracted from the initial rate of each enzyme-
catalyzed reaction.

Measurement of the Extinction Coefficierithe extinction
coefficient of galactose mutarotase was determined as
described 22, 23, with modifications. Ten microliters of
2.5 mM 4-transhydroxyproline (Sigma) was added to the

1

amino acid standards and to the enzyme before hydrolysis

for use as an internal standard. To determine whether
complete hydrolysis had occurred, the enzyme was hydro-
lyzed for either 24 or 48 h. The phenylthiocarbamyl
derivatives were separated using a Beckmam 518
Ultrasphere column with dimensions of 4.6 min25 cm

and a Beckman System Gold HPLC. The following gradient,
which is effective at separating phenylthiocarbamyl deriva-
tives (Dr. Frank Ruzicka, University of WisconsiMadison,

personal communication) was used. Each step involves a

linear gradient unless otherwise noted. The column was
washed with solvent A (0.05 M ammonium acetate, pH 6.8)
for 10 min between injections, then solvent B (44% aceto-
nitrile, 10% methanol, and 46%,8 in 0.1 M ammonium
acetate, pH 6.8) was increased in a gradient from 0% to 10%
in 35 min, 10% to 30% in the next 35 min using gradient
curve 3 (a convex gradient), 30% to 55% in the following
35 min, and 55% to 100% in the next 10 min, then from
100% to 0% in 5 min.

Preparation and Quantification of Diethylpyrocarbonate
(DEPC). DEPC (Aldrich) was diluted 1/10 into acetonitrile
(Fisher, HPLC grade)2d, 29, and its concentration was
determined by reaction of an aliquot with 10 mM imidazole

¢ Protein concentration was determined as in34f' Enzyme concen-
tration determined from the extinction coefficient (1.62 mLthgm™
or6.2x 10* M1 cm).

stored at 4°C were used in subsequent experiments, with
the concentration of DEPC measured before each experiment.

Site-Directed Mutagenesis of Histidine Residué&ite-
directed mutagenesis of three histidine residues was per-
formed using the QuikChange site-directed mutagenesis kit
(Stratagene). For the H104Q mutant, 29 base primers were
used to substitute the Gln codon (CAG) codon for the His
codon (CAC). This mutation generatedPat site that was
used initially in screening for the H104Q mutation. The
DNA was then transforme() into GB87 cells (described
earlier). The entire sequence of this gene was then deter-
mined by the method of Sange2?) to confirm that the
desired mutation had indeed occurred, and that this had been
the only mutation generated in the gene.

For the H175N and H190N mutants, 42 base and 36 base
primers were used, respectively, to substitute the AAC codon
for CAC. Sequencing27) was used to screen for each
desired mutation, then the sequence of the entire gene was
verified by the University of Wisconsin Biotechnology
Center using fluorescent dye-terminato28)(

Data Analysis. Data were fitted using the KaleidaGraph
(Synergy Software) curve-fitting program using equations
below describing simple exponential®9j.

A = Aexp(kt) (1a)

A = Aexp(kgt) + Aexpkit) (1b)
A = Aexp(kt) +C (1c)

B, = A1 — exp(—kt)] (2a)

B, = Aj[1 — exp(=kt)] + AJ1 — exp(=kyt)] (2b)

RESULTS

Purification of Galactose Mutarotase. E. calalactose
mutarotase has been cloned, sequenced, and overexpressed
in BL21(DE3) cells 8). A purification method forE. coli
galactose mutarotase involving acid precipitation, ammonium
sulfate precipitation, gel filtration chromatography, adsorption
by calcium phosphate gel, and preparative polyacrylamide
gel electrophoresis has been publish&). (We have
developed a simpler method for the purification of the
overexpresseH. colienzyme to homogeneity as determined

(pH 7.5) and measurement of the increase in absorption atby SDS-PAGE (Table 1).

230 nm due to the formation of the N-carbethoxyimidazole
derivative @4, 2. Tenfold dilutions of DEPC in acetonitrile

Mutants of galactose mutarotase were expressed in GB87
cells which have a deletion in the gene coding for galactose
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24 Hour Hydrolysis uM galactose mutarotase was incubated 30 min in the
W 48 Hour Hydrolysis presence of 1uM zinc sulfate. After the incubation,
8 10* enzyme was diluted to 2.4 nM in XM ZnSO,, a-D-glucose
. was added to 5@M, and enzyme was assayed as described.
The rate of the uncatalyzed reaction was unchanged in the
presence of 1&M zinc sulfate (0.6«M/min).

Since NADH and NADPH absorb light at 340 neyf, =
6.22 x 10° M~1cm™), and flavoproteins possess absorption
spectra with maxima around 280, 35880, and 45031), a
spectrum from 320 to 800 nm using 22M galactose
mutarotase was obtained to search for these cofactors. There
were no peaks in this spectrum, which had an absorbance at
340 nm of 0.02. This absorbance appears to be from the
peak at 280 nm. To quantify NAD, galactose mutarotase
was precipitated with trichloroacetic acid (TCA), the acid
was removed by extraction with ether, and the supernatant
was enzymatically assayed for NAD using glucose dehy-
drogenase with negative results.

Amino Acid Steady-State Kinetic Parameter$he following steady-
state kinetic parameters were measured for the conversion
of a-p-glucose tqg3-p-glucose by galactose mutarotase using
a polarimeter as describet;,; = 22 0004 1000 st, Ky =

mutarotase 3). Expression of mutants in these cells was 29+ 4 MM, andkea/Ky = (7.6+ 0.7) x 1°M™is ™. These
significantly less (0.40.7 mg of enzymelg of cells) than Values are similar to those measured previousy fa: =
the expression of the wild-type enzyme in BL21(DE3)pLysS 6700 s* Ku = 15 mM, andkeafKm = 4.5 x 10° M™s™™.
(30 mg of enzyme/g of cells), and additional steps were Chemical Modification of Histidine Residues Using Di-
added to purify the mutants to homogeneity. ethylpyrocarbonate (DEPC)The pH-rate profile for galac-
Measurement of the Extinction Coefficieffthe extinction tose mutarotase under conditions of saturating substrate
coefficient was determined by quantitative amino acid POSSesses akp of 5.5, suggesting aspartic acid, glutamic
analysis 22, 23; Dr. Frank Ruzicka, Unersity of Wisconsifr acid, or histidine as a possible Brgnsted base catalysi(
Madison, personal communicatipn The extinction coef- comblnatlon of Ch_emlca_l qu|f|cat|on and site-directed _
ficients determined for nine amino acids [Asn and Gln are Mutagenesis techniques is being used to search for catalytic
quantitatively hydrolyzed to Asp and GI8@)] are shown  residues.
in Figure 2, and the average value was (&2.4) x 10* The involvement of histidine residues was examined by
Mt cm?!and 1.6+ 0.1 mL mg!cm % To determine modification of the enzyme with DEPC, which produces a
whether hydrolysis was complete, one portion of the enzyme N-carbethoxy derivative absorbing at 240 nM with an
sample was hydrolyzed for 24 h and another for 48 h. The extinction coefficient of 3200 M'cm™ (24, 32, 33 (Figure
differences between these extinction coefficients were within 3A). The concentration of the N-carbethoxy derivative was
the experimental error described above. divided by the enzyme concentration to determine the number

Metal lon and Cofactor AnalysisA sample of 15uM of histidine residues modified for each time point. The
purified galactose mutarotase and a control sample containingesulting biphasic data were described by a double expo-
10 mM Hepes (pH 75) were Supp”ed to the So” and P|ant nential (eq 2b), W|th one h|St|d|ne mOdIerd about 20'f0|d
Analysis Lab at the University of Wisconsin where induc- more rapidly than the others. A related experiment was also
tive'y Coup|ed p|asma optica| emission Spectrometry (|CP_ performed Under. identical anditions except that galactose
OES) was performed. This technique has a sensitivity of Mutarotase was incubated with 65 mM galactdggof'tose
0.01-0.1 ppm. Amounts of the following metal ions inthe = 6.5 MM ()] for 40 min before the addition of DEPC.
galactose mutarotase sample were found to be less than off he increase in absorbance at 240 nm was monitored and
equa| to that in the control buffer: P, K, Mg, Mn, Ca, Fe, lacked a fast phase, Suggesting that the most rapldly reaCting
Al, Cd, Co, Cr, Cu, Li, Mo, Ni, Pb, As, and Se. The amount histidine was completely protected.
of zinc was slightly higher than that in the control buffer The effect of DEPC modification on the activity of
(0.08 ions/molecule enzyme). A Qu sample of purified galactose mutarotase was also examined using the coupled
galactose mutarotase and a control sample of the Amiconassay at 5M o-p-glucose (580-fold belovKy), and the
Centriprep-10 filtrate from this preparation was supplied to polarimeter at 90 mMx-p-glucose (3-fold abov&y). The
the Soil and Plant Analysis Lab of the University of dependence of the disappearance of active galactose mu-
Wisconsin, where inductively coupled plasma mass spec-tarotase on the amount of time since the addition of DEPC
trometry (ICP-MS) was performed. This technique has a is shown (Figure 3B). Activity was completely lost, and
sensitivity of 0.010.1 ppb. The zinc content of the enzyme the rate constant describing this loks,{= 0.078 min?) is
preparation determined by this technique was 0.02 ions/ more similar to that for modification of the slower-reacting
molecule enzyme. The small amount of zinc present is likely histidines as determined from tig,, measuremenkfy,s =
adventitious. Additionally, enzyme activity decreased by a 0.062, Figure 3A) than that for the rapidly modified histidine
factor of 2.4 (from 2.4uM/min to 1.0 x«M/min) when 0.21 (kobs = 1.2 mimrY). When galactose mutarotase was incu-

610%
41044

210°7

Extinction Coefficient, M'cm™

1) o o

= et =4

o

Gly
H
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Leu
Phe
Lys
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Glu + Gin

FiGURE 2: The extinction coefficients determined after a 24 or 48
h hydrolysis by quantitative amino acid analysis.
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Ficure 3: Changes iM\y4 and enzyme activity observed upon modification of galactose mutarotase with DEPC. The buffer for each
experiment was 100 mM MES (pH 6), and each experiment was conducted@t @X) The absorbance at 240 nm was monitored°@y

after DEPC (2.2 mM) was mixed with galactose mutarotase/MB Data (O) were biphasic and were described by a double exponential

(eq 2b) withA; = 1.18+ 0.04 His modified andkops; = 1.22+ 0.09 mirr?!, A, = 2.06 4+ 0.03 His modified, andky,s, = 0.062+ 0.003

min~1. An experiment was also performed under identical conditions except that the enzyme had been incubated with 65 mM galactose for
40 min prior to the addition of DEPC, and the increas@dg, possessed one phase. D@ yere fitted to a single first-order exponential

(eq 2a): A = 1.96+ 0.02 His modified kops = 0.070+ 0.003 mirrL. (B) The influence of DEPC modification on enzyme activity using

the coupled assay at 30M a-D-glucose is shown. Galactose mutarotase (244 was incubated with 4.4 mM DEPC, andib aliquots

were removed and diluted 200-fold into 10 mM Hepes (pH 7.5) that had been incubated on ice. This dilution was then diluted into the assay
mixture for a final galactose mutarotase concentration of 1.2 nM, and the rate of the reaction was measured after the addition of
glucose to 5«M. Data (O) were described by a single-exponential decay (eq 1a)Ayith 1.37+ 0.05uM/min andkg,s= 0.078+ 0.006

min~1. Additionally, enzyme (24.4M) was incubated with 65 mM galactose for 40 min before the addition of DEPC to 4.4 mM, and
assays were performed as described for experiments conducted in the absence of galactdlig weatadescribed by the equation for a
single-exponential decay plus a constant (eq 1c) Wih= 0.6 + 0.1 uM/min, keps = 0.12 4+ 0.08 mirr?, and a constart= 0.8 + 0.1

uM/min. A control experiment was also performed in which galactose mutarotase (RIYi4vas incubated (27C) in the absence of
chemical modification reagents, and aliquots were withdrawn and assayed <Bateeie fit to the equation for a straight line with slope

= (6 4+ 9) x 104 uM/min? and intercept= 1.774 0.09uM/min. (C) The effect of DEPC modification on the ability of galactose mutarotase

to catalyze mutarotation of 90 mi-p-glucose was determined using a polarimeter. Galactose mutarotageMPwBas incubated with

DEPC (2.2 mM), then 4L aliquots were removed and diluted 250-fold into ice-cold 10 mM Hepes (pH 7.5). A portion of this dilution
was added to freshly dissolvedp-glucose (90 mM) for a final enzyme concentration of 2.2 nM, and the initial rate was measured. The
dependence of the initial rate on the time since the addition of DER@v&s described by a single-exponential decay (eq 1a), Avith

14 900+ 700 st andk.ps = 0.08 + 0.01 mirmt. When 65 mM galactose was incubated with 2N galactose mutarotase for 40 min

before the addition of DEPC to 2.2 mM, 61% of the activity was retained, and @gtavére described by the equation for a single-
exponential decay plus a constant (eq 18):= 4400+ 400 s, kyps = 0.10+ 0.02 mirr%, and constant= 6900+ 400 s1. The inset

shows the reactivation of galactose mutarotase by hydroxylamine (100 mM) which was added 10 min after the addition of DEPC. Data
were fitted using a single first-order exponential (eq 2a), demonstrating an increase in rate af 3000 s,

bated with 65 mM galactose for 40 min prior to the addition 27 °C in 100 mM MES (pH 6) retained full activity for at
of DEPC to 2.2 mM, 56% of the activity was retained (Figure least 4.8 h (data not shown).

3B). To measure the influence of DEPC modification on

A control experiment was performed to determine whether enzyme activity at a higher substrate concentration, a similar
galactose mutarotase loses activity when incubated in theexperiment was performed using a polarimeter to measure
absence of chemical modification reagents. Galactose mu-the rate of the reaction (Figure 3C). As with the experiment
tarotase (2.44M) in 10 mM Hepes (pH 7.5) was incubated involving assays conducted at a lower substrate concentration
at 27°C, and aliquots were periodically removed for assay (Figure 3B), enzyme activity was completely lost. However,
for up to 4.8 h without a significant decrease in activity when 65 mM galactose was added to galactose mutarotase
(Figure 3B). Additionally, 2.44«M enzyme incubated at 40 min before the addition of DEPC to 2.2 mM, 61% of the
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activity was retained. The effect of DEPC on galactose kinetic parameters could not be determined. To set limits
mutarotase activity (Figure 3, panels B and C) together with on the reduction in activity, assays were performed at 0.6
the quantification of the N-carbethoxy derivative (Figure 3A) and 2 M a-p-glucose with 12.54M mutant enzyme,
suggest that the histidine residue most rapidly modified is producing initial velocities 0f~0.0027 and 0.000 17 mi,
protected by galactose but is not essential, and that one orespectively, after subtraction of the background rate. The
more slowly modified residues is essential. rate of the background reaction is 0.02860.0014 min?,

To determine whether hydroxylamine was capable of and assuming that an initial velocity 10-fold larger than the
reactivating enzyme that had been modified with DERE, ( standard deviation could have been measured, the rate at 0.6
32), 9.8 uM galactose mutarotase was incubated with 2.2 M o-b-glucose is<10 s* (2000-fold less than the value for
mM DEPC and aliquots were withdrawn, diluted, and wild-type enzyme) and the rate at 2 ddp-glucose is<37
assayed as described using 90 mMb-glucose. After 10  s1 (600-fold less than that for wild-type enzyme).
min, hydroxylamine was added, and aliquots were diluted These mutants were also characterized with respect to the
and assayed (Figure 3C, inset). In addition, the coupledincrease in absorbance at 240 nm upon reaction with DEPC,
assay was used to investigate reactivation by hydroxylamine.reflecting an increase in the concentration of the N-
Galactose mutarotase (981) was incubated with DEPC  carbethoxy derivative (Figure 4, panels A and B). In these
(2.2 mM) in 100 mM MES buffer (pH 6) and aliquots were experiments involving 9.8M wild-type or mutant galactose
withdrawn and assayed using M a-b-glucose. As mutarotase, DEPC was initially added to 2.2 mM, then
described above, hydroxylamine was added to a concentra-brought to 6.6 mM at 9 min to compensate for the side
tion of 100 mM after 10 min. Two trials were performed in reaction involving the hydrolysis of DEPQ@4). At early
which 16+ 2% and 20+ 1% of the activity was recovered times (0-9 min, Figure 4B), data were best described by a
(data not shown). These experiments demonstrate thatdouble exponential (eq 2b) and indicate that the amplitude
modification of one or more histidine residues is at least of the first phase is reduced by a factor of 3.2 for H175N
partially responsible for the complete loss of activity upon and 3.6 for H104Q as compared to that of the wild-type
modification with DEPC. enzyme. At longer times>9 min), DEPC maodifies his-

Site-Directed Mutagenesis of Consed Histidine Resi-  tidines of the mutants somewhat more quickly than those of
dues. E. colpalactose mutarotase contains seven histidines,the wild-type enzyme.
two of which are conserved (His 104 and His 175), and one The increase in absorbance at 240 nm upon reaction with
residue (His 190) that is histidine in all cases tested exceptDEPC in the presence of galactose was investigated for the
for Saccharomyces carlsbergensidjich has a threonine in -~ H104Q and H175N mutants (Figure 4C). For the H104Q
this position 8). To investigate the roles of these histidines, mutant, no protection by galactose was observed. However,
the following mutants were generated: H104Q, H175N, and some protection was seen for the H175N mutant, and the
H190N. Each gene was completely sequenced to ensure thaamplitude determined in the presence of galactose is about
it contained only the desired mutation. Plasmids were then 2-fold smaller than the sum of the amplitudes measured in
transformed into the GB87 cell line, which lacks mutarotase, the absence of galactose.
and the activities of crude lysates were compared to those To determine whether the H104Q mutant could be
in which no plasmid or the plasmid for the wild-type gene inactivated by DEPC, H104Q (18M) was incubated in 100
was present. The assays involved the use of the couplingmM MES (pH 6, 27°C) for 10 min, then DEPC was added
enzyme glucose dehydrogenase angiBDa-p-glucose. In to 2.2 mM. Aliquots were withdrawn and diluted 16-fold
the absence of any plasmid, the crude lysate of GB87 cellsinto 10 mM Hepes (pH 7.5) that had been incubated on ice.
containing 2.3ug/mL protein B4) catalyzed mutarotation  Assays were performed using the polarimeter, with 24
at a rate of 0.0&«M product formed/min after subtraction glucose and 1.2«M H104Q. Complete inactivation oc-
of the background rate. Preparations of crude lysate (proteincurred, and the dependence of the disappearance of active
concentratior= 2.3ug/mL) from GB87 cells containing the  enzyme on the amount of time since the addition of DEPC
wild-type plasmid catalyzed the reaction at a rate of 0.5 to was determined. Data were fitted using a single-exponential
1 uM product formed/min. When 4.3g of protein/mL of decay (eq la) witlhy = 346.7+ 0.4 s andky,s = 0.787
the H190N crude extract was assayed, a rate ofd/b =+ 0.004 min! (data not shown).
product formed/min resulted, demonstrating that the histidine  The involvement of aspartic and glutamic acid residues
residue at 190 is not likely to be important in substrate was investigated by the modification of galactose mutarotase
binding or catalysis. However, both H104Q and H175N with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
crude extracts were devoid of measurable activity even whenchloride and aminomethanesulfonic acid in 70 mM MES (pH
protein concentrations were increased to4@mL. 6) as described3@, 33, 3. Assays were performed (50

To ascertain whether these decreases in activity were duexuM a-b-glucose) with the modified enzyme, and a time
to decreased expression or impaired enzyme function, bothcourse demonstrating the relationship between the initial rate
H104Q and H175N mutants were purified to homogeneity. of the reaction catalyzed by 1.2 nM galactose mutarotase
The following kinetic parameters were determined for and the time of incubation of enzyme with the chemical
H104Q: ket = 3300+ 1900 st, Ky = 17 & 10 M, and modification reagents is shown in Figure 5.

KealKm = 1954+ 10 M~!s™1. The error in the measurements Similar experiments were performed in which the enzyme
of kegrandKy for this mutant was high because the substrate was incubated with 65 mM galactose 15 min before the
a-D-glucose was insoluble at concentrations greater than 2addition of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
M. These data suggest that His 104 plays an important rolehydrochloride and aminomethanesulfonic acid in order to
in substrate binding. The activity of His 175, however, was determine whether substrate protects against modification of
so low that no rate above background could be detected, andessential carboxylic acid residues. In both experiments,
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FIGURE5: The investigation of the possible involvement of aspartic
acid or glutamic acid residues in catalysis by chemical modification.
Galactose mutarotase (4u®M) was incubated with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (100 mM) and
aminomethanesulfonic acid (250 mM) (2T). Aliquots were
removed and diluted 200-fold into ice-cold 10 mM Hepes (pH 7.5)
and assayed using %M a-p-glucose. Complete biphasic inactiva-
tion occurred, and dataDj were described by the equation for a
double exponential decay (eq 1b) with = 0.61+ 0.09uM/min,
Kobs1 = 0.9 + 0.3 mirr!, A, = 1.14+ 0.06 uM/min, andkopsz =
0.025+ 0.003 mit. When galactose mutarotase (48) was
incubated with 65 mM galactose for 15 min before the addition of
T T T the chemical modification reagents, dilution, and assay, some
0 2 4 6 8 10 protection occurred. These dai) (vere also described by a double-
Time (min) exponential decay (eq 1bA; = 0.6 + 0.1 uM/min, kops1 = 0.3+
0.1 mirr?, A, = 1.1 &+ 0.1 uM/min, andkys; = 0.005+ 0.002
min~. Additionally, galactose mutarotase (2:M) was incubated
in 10 mM Hepes (pH 7.5, 27C) in the absence of chemical
modification reagents. Aliquots were removed and assayed, and
data €) (also shown in Figure 3B) were described by a straight
line with slope= (6 + 9) x 10~ uM/min? and intercept= 1.77+
0.09 uM/min.

activity was completely abolished in a biphasic fashion. In
the presence of galactose, the amplitudes remained un-
changed; however, modification was slowed.

To investigate the involvement of cysteine residues, 2.44
uM galactose mutarotase was incubated with /80 p-

Time (min) hydroxymercuribenzoat@{HMB) (32, 33, 3 and aliquots
were diluted 100-fold into ice-cold 10 mM Hepes (pH 7.5),

Ficure 4: Characterization of the mutants H104Q and H175N with then to 1.2 nM galactose mut_arotase and assayed using 50
respect to the effects on formation of the N-carbethoxy derivative #M a-D-glucose and the coupling enzyme glucose dehydro-
as determined by the changeAas,o (A) The absorbance at 240 genase (data not shown). Depletion of activity leveled off
nm was monitored for wild-type enzym®), H104Q (), and within the first 30 min and decreased little (0.4®1/min)

H175N (@) (9.8 uM each) after DEPC was brought to 2.2 mM, ; : ;
then to 6.6 mM after 9 min to compensate for DEPC hydrolysis. for the next 3 h L3nin. Data were described by the equation

(B) Data from early times (69 min) were described by a double O @ Single-exponential decay plus a constant (eq ¥g):

o
4

exponential (eq 2b): for wild-type enzym®), A, = 0.036+ 0.002, = 1.7+ 0.1uM/min, Kops= 0.5+ 0.1 mir?, and constant

kobs1 = 2.6 + 0.2 mirr%, A, = 0.06 & 0.02,Kkops2 = 0.09 + 0.05 = 0.27 &+ 0.06 uM/min, demonstrating that 16% of the

TQT :T?irnfrl‘e :1_7 %NlTit%nE)Ql)koAl iodo()lgiioodgor%?r:r@s;; activity remains. These data suggest that cysteine residues
y A = U, U1, Kops2 = U. . ; . . .

for HL04Q O): A, = 0.010+ 0.006,koper = 2 £ 1 min-%; Ay = are not required for catalysisE. coli galactose mutarotase

0.08 0.01, kops2= 0.14-= 0.06 mirr™. (C) As described for the ~ CONtains no conserved cysteine residugs Additionally,
wild-type enzyme (Figure 3A), the effects of the presence of the low concentrations of chemical modification reagents in

galactose (65 mM) on the formation of the N-carbethoxy derivative all of the chemical modification experiments described have

as measured by the increaseino were determined for the H104Q 5 eff nthe r fth karound r ; M
and H175N mutants. Data for the reaction of the wild-type enzyme mci)nea?g[(')ZMt (iDi][?ucc:)o;e()e (b daeftagn?)ltj S?]OSV?’SUG@G# /

in the absence of galactoser)( were fitted using a double
exponential (eq 2b) and have been described (Figure 3A). Here,
the amplitude is expressed &s,¢ Ay = 0.037 + 0.001,A; = DISCUSSION

0.064+ 0.001. In the presence of galacto®),(A = 0.0612+ -

0.0007. For the H104Q mutant, data obtained in the absence of Characterization of Galactose MutarotaseGalactose
galactose 4) are described in Figure 4B. In the presence of Mutarotase, a 38 kDa monome3, (18, has been further
galactose<®), data were fitted using a single first-order exponential characterized with respect to the extinction coefficient and

(eq 2a): A = 0.086+ 0.002,kyps = 0.0190+ 0.009 mirrt. For has been shown to lack metal ions and oxidoreduction

the H175N mutant, data obtained in the absence of galadi@se ( ; ;
are described in Figure 4B, Data) measured when the H175N cofactors. The lack of oxidoreduction cofactors rules out a

mutant was incubated with 65 mM galactose for 40 min before the mechanism i”VO'Vi”Q reyersible oxidation and reduction at
addition of DEPC were described by a single first-order exponential C-1. Steady-state kinetic parameters have also been evalu-
(eq 2a): A = 0.054=+ 0.005 andkops = 0.19+ 0.03 mirr™. ated and are similar to those measured previol8ly (
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Galactose mutarotase possesses a few interesting featurethus decreasing the rate with which it reacts with DEPC.
that are currently being investigated in greater detail. The Characterization of mutants of the two conserved histidine
enzyme is rather stable to heat, retaining 50% activity (50 residues has also been informative. Steady-state kinetic
uM substrate) after a 18L aliquot was placed in boiling  parameters of the H104Q mutant demonstrate that this
water 5 min and allowed to cool 15 min before assay. In histidine is likely important for binding, while no measurable
addition, reaction of 5.3M galactose mutarotase with 5,5  activity for the H175N mutant could be demonstrated. His
dithiobis(2-nitrobenzoic acid) (DTNB) in the presence of 3 175 remains a candidate for the putative Brgnsted base. These
M guanidine thiocyanate, 3 mM EDTA, and 38.5 mM mutants were also characterized with respect to their reactions
potassium phosphate buffer (pH 837 suggested the  with DEPC. Interestingly, the quantification of modification
presence of four free sulfhydryls. Interestingly, the enzyme by DEPC as demonstrated by the appearance of the N-
activity is completely depleted in the presence of DTT (data carbethoxy derivative (Figure 4, panels A and B) is very
not shown). Galactose mutarotase contains a total of foursimilar for these mutantsBoth mutants display a diminish-
cysteine residues3y. ing of the fast phase, but an increase in the rate of the slow

Possible Functions of the Consed Histidine Residues phase. It is possible that either His 104 or His 175 is the
His 104 and His 175 in the Mechanism of Galactose histidine residue that reacts with DEPC rapidly, thus explain-
Mutarotase. Results of DEPC modification and protection ing the abatement of the fast phase. The decrease in the
experiments with wild-type enzyme clearly indicate the amplitude of the fast phase in the other mutant could be
presence of at least one protected histidine as demonstrateéxplained by the model described above involving two
by the measurement of the formation of the N-carbethoxy histidine residues positioned near one another. Both mutation
derivative in the presence compared to the absence ofof the fast-reacting histidine and mutation of the protonated,
galactose (Figure 3A). Results also suggest the presence o§lower-reacting histidine would result in the disappearance
an essential histidine residue (Figure 3, panels B and C)of the fast phase. Additionally, the H104Q mutant is
because of the complete loss of activity occurring in the inactivated by DEPC, suggesting that the complete loss of
presence of DEPC and the reversal of this loss by hydroxy- activity that results upon modification of the wild-type
lamine. In addition, 60% of this activity is protected by enzyme with DEPC is not simply due to modification of
galactose, implying that this necessary residue resides in theHis 104.
active site. The histidine reacting most rapidly with DEPC  The increase in the rate of DEPC modification for the
(1.2 mimY) as demonstrated by the appearance of the mutants during the slow phase might be caused by a
N-carbethoxy derivative is obviously protected (Figure 3A); conformational change increasing the accessibility of the
however, the essential histidine loses activity at a signifi- histidine residues. Mutations of histidine to asparagine or
cantly slower rate (Figure 3, parts B and C, 0.08 mjin glutamine are considered to be conservative and unlikely to
This slower rate is similar to the rate of appearance of the cause significant structural perturbatio88); however, the
N-carbethoxy derivative during the slower phase (0.06 structure of these mutants compared to that of the wild-type
min~1), however, although 60% of enzyme activity was enzyme has not yet been investigated. Structural studies of
protected by galactose, the slower-reacting histidines do notgalactose mutarotase are currently underway and will also
appear to be protected by galactose (Figure 3A). One be conducted for these mutants once the analysis of the wild-
possible explanation for these data is that because there ar¢ype enzyme is complete.

a total of seven histidine residues in galactose mutarotase, The mutant enzymes were also characterized with respect
and DEPC is hydrolyzed over time as a side reacti?), ( to the ability of galactose to protect them from DEPC
the data may not be sensitive enough to detect the protectiormodification (Figure 4C). Unlike the wild-type enzyme, the
of one slowly reacting histidine. Additionally, if the faster- H104Q mutant exhibits no protection by galactose, while
reacting histidine is natompletelyprotected, the protection  the H175N mutant displays some protection. The protection
of one slower-reacting residue would not be easy to observe.by galactose of the H175N mutant may suggest that this
An alternative explanation for these results is that becausemutant retains the ability to bind substrate and that the
the fast-reacting histidine is clearly not essential (Figure 3, mutant’s structure is stabilized when substrate is bound.
panels B and C) but 60% of the activity is protected by  Besides histidine, aspartic and glutamic acid residues are
galactose in the presence of DERfther the fast-reacting  considered candidates for the general base and could possess
or a slow-reacting histidine is necessary for activity, but a pK, consistent with that measured at saturating substrate
activity is lost when both are modified. (2). As described (Figure 5), chemical modification with

We also present two models for explaining the differences 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
in rates of DEPC modification. One possibility is that the ride and aminomethanesulfonic acid results in complete
rapidly modified histidine is on the surface of the enzyme biphasic loss of activity, and galactose slows this loss.
and is thus more accessible to DEPC modification. The However, there are no conserved aspartic or glutamic acid
remaining histidine residues are located on the interior of residues irE. coli galactose mutarotas8)(
the protein and are shielded from modification. A second As mentioned earlier, the analysis of reaction products by
possibility is that two histidines are located near each other, gas chromatography of both the uncatalyzed and the mu-
and since the experiments are conducted at pH 6, one residu¢arotase-catalyzed mutarotationoceb-galactose indicate the
is protonated and the other is not. The unprotonated residuepresence of a small amount of the furanose form once
will react rapidly with DEPC, while the protonated residue equilibrium is reached?). In the absence of enzyme, no
will react more slowly. If galactose interacts with the furanose form was seen after 5 min, and most of the galactose
protonated histidine and diminishes its interaction with the was still in theo-form, but the furanose form was observed
unprotonated one, thekp of the unprotonated His will rise, at 3 h. For the enzyme-catalyzed reaction, about the same
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amount of furanose form was present in 5 min as that seen 8.

for the uncatalyzed reaction after 3 h. Since galactose
mutarotase apparently catalyzes the pyranose-furanose equili-

bration, it was conclude® that enzyme-catalyzed mutaro-

converted to either the pyranoid or furaniod form.
We wondered whether galactose mutarotase might simply 12.

catalyze the opening of the ring, then release the open-chain

intermediate into solution, allowing it to close on its own.
Rate constants for opening and closing of the ring have been 14,
measured fora-b-glucose by a polarographic method in
which the reducible, free aldehyde form was quantifig®) (
Data were obtained at a variety of phosphate buffer
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ring closure to the rate of the enzyme-catalyzed reaction, 18.

the rate constant for ring closure was extrapolated to zero
phosphate concentration. We fitted the data of Los et al.
(39), which consisted of measurements of the rate constant

at 0.655 Ma-b-glucose for ring closure acquired from 70

to 153 mM phosphate buffer, to the equation for a straight
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intercept= 3 4+ 15 s'1. Although the error in the intercept
is fairly high, it is clearly less than the rate of the enzyme-
catalyzed reaction at 0.655 M glucose (21 06%,ssuggest-
ing that galactose mutarotase catalyzes closure as well as 24.
opening of the ring.

Since the enzyme catalyzes ring closure, a Brgnsted acid
is likely involved, and we plan to search for one. Galactose
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mutarotase, while devoid of conserved lysines, contains two 27,
conserved argenines and two conserved tyrosiBjesvhich
may be candidates for chemical modification and site-

directed mutagenesis experiments. Currently, X-ray crystal-

lographic studies of the wild-type enzyme are underway,
which may help identify residues in the active site.
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