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ABSTRACT. GDP-mannose hydrolase catalyzes the hydrolysis with inversion of &Dfexose to GDP
andpj-p-hexose by nucleophilic substitution by water at C1 of the sugar. Two new crystal structures (free
enzyme and enzymesubstrate complex), NMR, and site-directed mutagenesis data, combined with the
structure of the enzymeproduct complex reported earlier, suggest a four-stage catalytic cycle. An important
loop (L6, residues 119125) contains a ligand to the essential W¢GIn-123), the catalytic base (His-

124), and three anionic residues. This loop is not ordered in the X-ray structure of the free enzyme due
to dynamic disorder, as indicated by the two-dimensidiHal’®N HMQC spectrum, which shows selective
exchange broadening of the imidazole nitrogen resonances of Hikd24 6.6 x 10* s™1). The structure

of the enzyme-Mg?"—GDP-mannose substrate complex of the less active Y103F mutant shows loop L6
in an open conformation, while the structure of the enzyig?t—GDP product complex showed loop

L6 in a closed, “active” conformatiotH—1N HMQC spectra show the imidazole<Mf His-124 to be
unprotonated, appropriate for general base catalysis. Substitutifigwidn the more electrophilic metal

ions Mret or Co*™ decreases thek in the pH versuke rate profiles, showing that deprotonation of a
metal-bound water is partially rate-limiting. The H124Q mutation, which decrdages0®“fold and

largely abolishes its pH dependence, is rescued by the Y103F mutation, which indege@gold and
restores its pH dependence. The structural basis of the rescue is the fact that the Y103F mutation shifts
the conformational equilibrium to the open form moving loop L6 out of the active site, thus permitting
direct access of the specific base hydroxide from the solvent. In the proposed dissociative transition state,
which occurs in the closed, active conformation of the enzyme, the partial negative charge of the GDP
leaving group is compensated by the Wgand by the closing of loop L2 that brings Arg-37 closer to the
B-phosphate. The development of a positive charge at mannosyl C1, as the oxocarbenium-like transition
state is approached, is compensated by closing the anionic loop, L6, onto the active site, further stabilizing
the transition state.

GDP-mannose mannosyl hydrolases (GDPMidajalyze hydrolases, a family of enzymes that catalyze the hydrolysis
the hydrolysis with inversion of GDR-p-hexoses to GDP  of compounds that include a nucleoside diphosphate (NDP)

and-b-hexose {—4). bound to an additional moiety (Xp). Three characteristics
distinguish the GDPMH subfamily from other Nudix en-
GDP-0-p-hexoset+ H,O — GDP + 3-D-hexoset H* zymes. (i) Instead of the characteristic 23-residue signa-
1) ture sequence present in most of the other members of the

family, GXsEX;REUXEEXGU, the sequence in GDPMH

is GXsEX/R(L/XELGU (Uis I, L, or V), which lacks two

metal liganding glutamate residues. (ii) While most members
T This research was supported by National Institutes of Health Grants of the Nudix family hydrolyze their substrates by associative
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DK-028616 (1o A.S.M.) and GM 066895 (to L.M.A.). nucleophilic subsntuthn at phqsphorus, GID_EMH hydro!yzes
* Coordinates of the structure of free GDPMH and of the Y103F ~ GDP-mannose by a dissociative nucleophilic substitution at

Mg?"—GDP-mannose complex have been deposited in the Protein DataC1 of the sugar by hydroxidel). (i) While most Nudix

The sequences of GDPMHs contain a modified version of
the 23-residue signature sequence characteristic of Nudix

Bank (entries 2GT2 and 2GT4, respectively). ;

* To whom correspondence should be addressed. Telephone: (410)er}]z.ymdeS use nglutangate as the catalytic base, GDPMH uses
955-2038. Fax: (410) 955-5759. E-mail: mildvan @jhmi.edu. a histidine residue2 6).
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! Abbreviations: AEBSF, 4-(2-aminoethyl)benzenesulfonyl fluoride has been determined by X-ray diffraction methods to a
hydrochloride; BCA, bicinchoninic acid; DTT, dithiothreitol; GDPMH,  resolution of 1.3 A [PDB entry 1RYA7)]. This complex

GDP-mannose mannosyl hydrolase; HMQC, heteronuclear multiple- ¢y sta|lized with a Tris molecule from the mother liquor in
guantum coherence; MOPS, R-(orpholino)propanesulfonic acid;

PCR, polymerase chain reaction; SESAGE, sodium dodecyl sulfate the catalytic site. The Tris molecule is3 A frqm two of
polyacrylamide gel electrophoresis; rmsd, root-mean-square distancethe oxygens of thg-phosphate of GDP, and its three OH
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groups participate in hydrogen bonds with residues His-88, *SNH4Cl (99%) was purchased from Cambridge Isotope Labs,
Tyr-90, Ser-20, and Arg-37. Two of these residues (Arg-37 Inc. (Andover, MA). Calf intestinal alkaline phosphatase was

and His-88) were found by mutagenesis to be important for
substrate recognition and catalysiy.(The position and
interactions of the Tris molecule in the product complex were
taken as to be indication that this molecule is occupying the
position of the terminal sugar. Using the structure of product
complex, a model was built of the ternary complex of the
enzyme with Mg" and GDP-mannose7). This model
provided a rationale for the difference between GDPMH and
other Nudix enzymes in the site of nucleophilic substitu-
tion: a six-residue deletion in a loop of GDPMH (loop 6)
shifts the location of the general base, His-124, by ap-
proximatey 6 A to a position where it can catalyze the
substitution at C1 of the mannosg 8).

The structure of the GDPMHMg?"'—GDP complex 7)
combined with mutational studie4,(2) shows extensive
activation of the GDP leaving group by the essentiaPMg
and by Arg-37, Arg-52, Arg-65, and Tyr-103, suggesting a
dissociative transition state, as generally found for glycosy-
lating enzymes g). A dissociative mechanism was fur-
ther supported by the significant catalytic contribution of
Asp-22, which is positioned well to stabilize an oxocarbe-
nium ion, by His-88 and Tyr-90, which are positioned to

purchased from New England Biolabs Inc. (Beverly, MA).
Tris-d;;-HCI was purchased from Isotec Inc. (Miamisburg,
OH).

General MethodsPreparation of wild-type GDPMH3]
and the construction, characterization, and purification of the
Y103F and D22A mutants, ta95% purity as judged by
SDS-PAGE, are described elsewher&).( The Y103F
mutant gene was used as the template to generate the Y103F/
H124Q double mutant, using the QuikChange site-directed
mutagenesis kit1). Similarly, the triple mutant Y103F/
H124Q/E70Q was prepared using the Y103F/H124Q double
mutant as a template. Coding and complementary noncoding
mismatch primers, 33 residues in length, were use®(
7). The plasmids were subcloned into Di%. coli cells
and purified using the Qiagen miniprep kit. For protein
expression, the plasmids were cloned into BL-21(DE3)
coli cells. The expressed plasmids were sequenced to verify
the mutations and an otherwise unaltered DNA sequence.
Uniformly >N-labeled wild-type GDPMH and the Y103F
mutant were prepared as described previous)y (

Hydrolysis of GDP-mannose was quantitated by following
the production of phosphate, upon treatment of the GDP

distort the mannosyl group toward the transition state, and product with calf intestinal alkaline phosphatase in a coupled

by the 16-fold lowerk., found with GDP-2Fei-b-mannose
as substrate, in which the electrophilic fluorine at C2 inhibits
the formation of an oxocarbenium ion at C1, 2, 8).

Despite extensive efforts, many questions about the
mechanism of GDPMH remain unanswered. For example,
in some Nudix enzymes, the active site is formed only when
substrate and Mg bind to the enzymel(). This aspect of
the mechanism is thought to contribute to enzyme specificity
by requiring that M@" and the correct substrate be present
to bring the active site residues to their correct positions for
catalysis. Is such a mechanism operative in GDPMH? Are
there conformational changes involving loops that contain

residues that are important for catalysis? To answer these
questions, and to further examine the mechanism of GDP-

MH, we have determined the X-ray structures of the free
enzyme and of the catalytically damaged Y103F mutant
complexed with M§" and the substrate GDé&-D-mannose.
The Y103F mutation was chosen because it had a significan
catalytic effect, decreasiriga by 100-fold but not abolishing
activity and permitting the retention of intact substrate during
crystallization and data collection. We have complemented
these structural studies with NMR experiments and with
additional multiple mutations.

EXPERIMENTAL PROCEDURES

Materials. All reagents, enzymes, buffers, and solvents
were obtained from Sigma Aldrich Chemical Co. (St. Louis,
MO), unless otherwise noted. Enzyme-grade MOPS buffer
and DTT were purchased from Fisher Scientific (Fair Lawn,
NJ). Amicon Ultra (10 000 molecular weight cutoff) Milli-
pore centrifugal filter devices were obtained from Fisher
Scientific (Newark, DE)E. coli strain DH% was purchased
from Gibco BRL (Grand Island, NY)E. coli strain BL-21-

enzyme assay, as described previoug\3]. To determine
whether the site of bond cleavage on GBf-mannose
remained unaltered in the reaction catalyzed by the Y103F/
H124Q double mutant enzyme, a coupled assay for GDP
formation was carried out using pyruvate kina3esnolpyru-
vate, L-lactate dehydrogenase, and NADPHI1) The
concentration of GDPMH was determined by either UV
absorption at 280 nm [using a&pedve of 72.8 mM-t cm™?

at pH 6.5 in 20 mM phosphate buffexd)] or the BCA assay
using BSA as the standartl3). These methods agreed within
3%.

For kinetic measurements as a function of pH; M4ES
buffer was used for pH values between 5.8 and 7.0, Tris-
HCI buffer was used in the pH range of 7%8.5, and Na-
glycine buffer was used for pH values between 8.5 and 10.0.
In studies of the effects of ionic strength ol values, the
indicated concentration of NaCl was added. All pH values

{were measured in parallel samples at the same temperature.

Assays were carried out in a temperature-controlled bath for
15 min. Reaction mixtures (50L) contained 2 milliunits
of GDPMH, 80 mM buffer, 20 mM MgGl and 1 unit of
calf intestinal alkaline phosphatase. The reactions were
stopped by addition of 25@L of a solution of 5 MM EDTA.
For colorimetric determination of phosphate concentrations,
700uL of Ames mix as described previousl®)(was added.
After color development (30 min at 3T), optical absorption
was measured at 780 nm. An alternative and more sensitive
colorimetric method was used in th&kpstudies of the
Y103F mutant and the Y103F/H124Q double mutant in
which the Ames mix was replaced with a malachite green
mix (14). After allowing color development for 15 min at
37 °C, we measured optical absorption at 660 nm.

With the reduced activity of the Y103F/H124Q/E70Q
triple mutant, the effect of pH ok, activated by Mg",

(DE3) and QuikChange site-directed mutagenesis kits wereMn?*, or C&* was independently checked with an assay
purchased from Stratagene (La Jolla, CA). Plasmid DNA that did not require alkaline phosphatase but yielded the same
purification kits were purchased from Qiagen (Valencia, CA). results within experimental error. This assay used GDP-
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mannose containing uniformly*C-labeled mannose, as
described previously2j, permitting detection of the genera-
tion of free [“Clmannose.

Table 1: Crystallographic Data Collection and Refinement Statistics
free GDPMH  Y103F GDPMH

The pH dependence &fx was fit to the logarithmic form  PACE IO 232 b— 488 A 22: 13778 A
of eq 2, by nonlinear least-squares methods, as described c=2102A  b=0389A,
previously (L5) c=66.10 A,

resolution range (A 500200  500-3.30
Kear= (Kead " 7(L + [H YKy 9 (2) esolution range (%) (2.07-2.00)  (2.38-2.30)
533% (ol/ge(lr?esstss ?Ol/el)l)(last shell) 7'82(230(2% 8) 7'57(%0(82; 9)
. 0 . . . .
to yield the K, (—log Kies) of a group that must be muItiF::)Iicity (last shell) 4.1(1.8) 3.0 (3.0)
deprotonated for catalytic activity. Wo () 19.1 14.3

Crystallization.Crystals of the free wild-type enzyme (in  no. of observed reflections 143557 111382
the absence of Md, substrate, or product) were grown at refg‘cemem statistics 0.20 (0.23) 0.19 (0.25)
18 °C by vapor diffusion in hanging drops with a protein: N 0.25 (0.33) 0.23 (0.31)
reservoir solution ratio of 1:1 (0.4 M potassium sodium no. of protein atoms 5288 4393
tartrate). The crystals, which take more than 8 months to  no. of waters 351 3452
grow, belong to space group3, with the following cell Ir.“eta('j - gg’g;
dimensions:a = b = 48.8 A, andc = 210.2 A. For data o eviation “mannose
collection, crystals were flash-frozen in liquid nitrogen bond lengths (A) 0.008 0.010
without a cryoprotectant. Crystals of the mutant Y103F bond angles (deg) 1.158 1.223
GDPMH were grown at 18C by vapor diffusion using the temperature factor (7 32,06 20,00
sitting drop method. Y103F GDPMH, preincubated in a \?Vg’ttgrm 3835 47 64
solution containing 5 mM GDP-mannose and 5 mM MgClI metal - 28.00
was mixed in a 2:1 ratio with reservoir solution [20% PEG ligands T 40.69
4000, 100 mM Tris-HCI (pH 8.5), and 0.2 M Mgg! Raff;'\?grf;%ng/rgndlst“butlon 016 050
Crystals belonging to space groGg with the following cell allowed (%) 54 50

dimensions appeared in 2 daya:= 137.8 A b = 93.9 A,
c=66.1A, ands = 91.2.

Structure Determination and Refinemeiffraction data
were collected on an ADSC Q315 detector using 1.1 A
synchrotron radiation at beam line X25 of the National
Synchrotron Light Source at the Brookhaven National ) .
Laboratory (Upton, NY). All data were collected at 100 K. t_he GDPMH—.M92+_GDP product'complex using the posi-
Intensity data were integrated, scaled, and reduced totion of the Tris molecule as a guid@)(
structure factor amplitudes with the HKL2000 suite of ~ NMR SamplesThe protein concentration of uniformtyN-
programs {6). Data collection statistics are listed in Table labeled wild-type GDPMH and the Y103F mutant was 0.7
1. Molecular replacement was carried out with AMoR&( MM in 4 mM Tris-di;-HCI buffer, 0.3 mM NaN, 21 mM
using the structure of the GDPMHVIg?*—GDP—Tris NaCl, 10 mM DTT, 0.1 mg/mL AEBSF, and 10%0. The
complex (PDB entry 1RYA) as a search model. Prior to indicated pH values were adjusted by addition of either 0.5
refinement, 5% of the data was randomly flagged for cross M HCI or 0.5 M NaOH solutions in microliter amounts. To
validation. Restrained refinement of the models, mini- minimize acid precipitation of wild-type GDPMH and the
mizing a maximum-likelihood residual, was performed using Y103F mutant, 1.0 M N&MES buffer at pH 5.0 was used

Modeling of the Transition StateThe structure of a
partially dissociative transition state structure was modeled
by docking an oxocarbenium form of GOPp-mannose into
the closed, “active”, conformation of the enzyme found in

REFMAC (18), monitoring the convergence BfyystandRyee to adjust_ the pH to low values. NMR spectra were ob_tained
Manual building was carried out using Q9), and water ~ on a Varian INOVA 600 MHz NMR spectrometer equipped
molecules were placed automatically with Arp-WARR), with a triple-resonance cryoprobe wihgradient capacity.

The stereochemistry of the model was analyzed using StandardH—5N HSQC spectra were collected at 30
PROCHECK R1). All structural superpositions were car- and pH 7.5 to observe amide backbone resonances as
ried out with LSQMAN @2). Figures were drawn with  described previouslyl( 2). Mutant enzymes were examined
MOLSCRIPT and PYMOL 23-25). for structural changes by comparing their two-dimensional
In the structure of the Y103F mutant of GDPMH, density H—’N HSQC spectra with that of the wild-type enzyme.
was identified for GDP-mannose and RgAfter refinement The number of resonances with changes in chemical shifts
of the mutant enzyme, including the substrate and magne-of =0.5 ppm in the'>N dimension and/oe0.05 ppm in the
sium, &, — F. andF, — F. density maps showed additional proton dimension were counted and are listed in Table S1
density continuous with the side chain of Asn-39. Attempts of the Supporting Information. Although the backbofis
to interpret this density as a buffer component did not refine and NH resonances of this homodimer have not been
reliably, did not return well-defined density, and showed assigned, changes in their chemical shifts provide a sensitive
strong positive and negative peaks in the— F. density phenomenological measure of structural chandeg)( To
maps. It was not until the density was interpreted as a observe the signals from the coupl&il and HC in the
mannose residue covalently linked t@ Mf Asn-39 that the imidazole ring of the histidine residues, a long-range
refinement and the density maps improved significantly 'H—N HMQC sequence was use2bj, modified to include
(Figure 8). selective N excitation pulses to minimize excitation of
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(A) (B)

Ficure 1. Overall structure of free wild-type GDPMH. (A) GDPMH is a dimer of 160 residues per monomer. Residues2E1doop
L6) are not seen in the electron density due to disorder. Disordered residues include Q123 (metal ligand) and H124 (catalytic base). (B)
Overlap of the structures of the free wild-type GDPMH (gold) and the wild-type GDPME?™—GDP—Tris complex (purple).

backbone amide nitrogens, with spectral widths of 6600 Hz in the monomers in which it is ordered and residue94n
centered at 210 ppm in theN dimension and spectral widths  all monomers adopt a conformation that is different from
of 8000 Hz centered at 4.73 ppm in the proton dimension. that observed in the structure of the product complex, in
The data were processed using NMRPipé @nd analyzed  which they stack on both sides of the guanine base. This
with Sparky @8) or NMRDraw 27). observation suggests that residue®3orm the binding site

To determine the i, values of the titratable histidines, for the guanine base of GDP, but only when substrate or
the HMQC spectra were collected with only eight FIDs (real product is bound to the enzyme. The main chain of loop L2
and imaginary) in the"®N dimension 2). This approach  (residues 3%43), which contains Arg-37 and is involved
allows faster and more accurate measurements of thein phosphate recognition, is 1.2 A farther from the active
chemical shifts directly from the one-dimensiofidlspectra site in the free enzyme than in the product complex (Figure
in cases of overlapping peaks, because the evolution of1B). The position of Arg-37 is closer to its position in the
overlapping signals in the indirect dimension can be separatedY103F mutant (see below) than to that in the product
in at least one of the eight spectra due to differences in thecomplex. Phe-47, which interacts with a Tris molecule in
phases of the individual signals. Fourier transformation of the product complex, adopts a different rotamer in the free

the individual FIDs in the'H dimension showed well- enzyme.

resolved resonances with no interfering signals from the  As mentioned above, loop L6 (residues +I®5), which

backbone NH groups. _ contains His-124, the catalytic base, and GIn-123, a metal
The pH titration data were fit to eq 3 ligand, is not observed in the electron density map of the

free enzyme (Figure 1). This observation correlates with the
A6 = [0 + 0,10 PYTY[LOPTP Y + 1] (3) broadening of the imidazol&N resonance of His-124 in
the *H—5N HMQC spectrum of free GDPMH (see below).
to yield the low-pH ¢1) and high-pH §,) limits for the In the free enzyme, in addition to the disorder of loop L6,
chemical shift change during the titration, the Hill coefficient strand 52 (residues 3436) together with its hydrogen-

(n), and the K, as described previouslp) bonded partner, strarft¥ (residues 126128), is shifted with
respect to its position in the product complex. These changes
RESULTS AND DISCUSSION suggest a concerted conformational change taking place upon
Overall Structure of Free GDPMHThe free wild-type ~ Substrate-product binding (Figure 1).
enzyme crystallizes in space groBf; with two dimers in Tautomeric Forms of the Histidine Residues of GDPMH

the asymmetric unit (dimer 1, monomers A and B, Figure and Its Mutants in the Product Complekhe tautomeric
1A; dimer 2, monomers C and D). The dimer is similar (rmsd structures of the neutral histidine side chains were determined
= 0.94 A) to that observed in the structure of the GDPMH by heteronuclear NMR, making use of the fact tHate of
Mg?t—GDP-Tris complex (product complex)J. the imidazole ring is strongly coupled to botHCS and
Each monomer contains sevgstrands and four helices  *HCe, while 1N¢ is strongly coupled only tdHCe (2, 26,
connected by loops. Residues in loop L6 (AT125, B126- 29). Figure 2A shows a two-dimension#i—*N HMQC
125, C122-125, D126G-124) and some of the N-terminal spectrum of the imidazole region of wild-type GDPMH in
residues (A%+2, B1-4, C1, D1-3) are not observed in the the presence of Mg, GDP, and Tris as in the X-ray structure
electron density map. The N-terminal helix and two of the of the product complex7), at pH 8.3 where all of the
strands are involved in dimer contacts. In all monomers, the histidines are in their neutral forms. The sequence-specific
active site cavity is populated with 13 water molecules. >N and'HC assignments were previously made by compar-
Comparison of the Structures of Free GDPMH and the ing the spectra of the individual histidine mutants of free
Product Complexin the structure of the free enzyme, Phe-3 GDPMH with that of the wild-type enzyme?). As shown
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Ficure 2: Two-dimensionalH—15N HMQC spectra of the imidazole region of the ternary enzyivg?t—GDP complexes of wild-

type GDPMH and the Y103F and Y103F/H124Q mutants at’G0 Assignments were made by individual site-directed mutations of
His to GIn ). (A) GDPMH—Mg?"—GDP complex at pH 8.3. Note tHe-arrangement of cross-peaks of His-88, His-102, and His-142,
indicating the NH tautomers of their neutral forms, and the L-arrangement of cross-peaks of His-124, indicatingHheudtomer of

its neutral form. (B) GDPMH-Mg?"—GDP complex at pH 6.1. Note the appearance of four cross-peaks from the cationic form of
His-124 and the decreased intensity of the signals of the neutral form of His-124. The inset shows a 2-fold enlargement ofHboth the
and 15N scales at a 1.4-fold lower contour level. (C) Y103Ag>™—GDP complex at pH 8.3. (D) Y103RVig>*—GDP complex at pH

6.5. (E) Y103F/H124Q@Mg?*—GDP complex at pH 8.3. (F) Y103F/H124@g?t—GDP complex at pH 6.5. The following compo-
nents were present: wild-type or mutant GDPMH (1.0 mM in subunits), 1.3 mM MdC8 mM GDP, 4.0 mM Trig;-HCI, 21

mM NacCl, 10 mM DTT, 0.3 mM Nah 0.1 mg/mL AEBSF, and 10% J®. To avoid acid precipitation of the protein, the pH of sam-
ple B was lowered to 6.1 and the pHs of samples D and F were lowered to 6.5 by adding microliter quantities of TToMENa

(pH 5.0).
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Table 2: Imidazole Resonances ari,Yalues of His-124 of GDPMH from NMR Experiments at 302

0 (ppm)
enzyme pH HCo IHCe NS 15Ne pPKa n

WT 6.1 7.30 8.51 183.7 178.58 7.200.07 0.81+0.20
8.3 —c 7.84 205 205

WT—Mg?*—GDP 6.1 (cationic) 7.26 8.52 178.1 182.1 78D.05 1.10+0.12
6.1 (neutral) 6.29 7.77 171.6 248.7
8.3 6.29 7.76 171.8 248.1

Y103F 6.5 7.21 8.43 180.4 186.5 7.250.05 1.06+ 0.11
8.3 —c 7.85 —c —¢

Y103F—Mg?**—GDP 6.5 (cationic) —c 8.49 178.5 183.9 7.34 0.06 1.02+0.12
6.5 (neutral) 6.24 7.78 171.2 248.6
8.3 6.24 7.77 171.2 248.4

2 Note that the NH tautomer of the neutral form is found. The errorsdinvere +0.01 ppm in the proton dimension ade).1 to+0.5 ppm in
the >N dimension.” From ref2. ¢ Resonances were not resolved.

in Figure 2A, His-88, His-102, and His-142 show strong result of dynamic rather than static disorder. This exchange
couplings of both their H& and HG resonances to upfield rate is greatly slowed in the enzym#g?t—GDP complex,
Ne signals, forming al-pattern, indicating N to be where His-124 forms a well-resolved®N tautomer (Figure
protonated and 8l to be unprotonated in the neutral forms 2A).
of these residues. In contrast, His-124 shows strong couplings  Unlike wild-type GDPMH, the free Y103F mutant shows
of both H® and HG to a downfield N, forming an  no signals from His-124 in thé&N dimension at pH 8.3,
L-pattern, indicating M to be unprotonated andd\to be although théHCe signal was readily detected in the proton
protonated. The NMR data established thatdfl His-124 dimension at 7.85 ppm in the first slice of the HMQC
which is 3.8 A from a M@"-bound water in the X-ray  experiment (Table 2). Hence, extensive exchange broadening
structure 7) is unprotonated, consistent with the functioning of the 15N signals likely occurs, consistent with a rapidly
of His-124 as the general base. At pH 6.1 (Figure 2B), four changing environment for neutral His-124 in the Y103F
cross-peaks, all upfield in théN dimension, form a  mutant (not shown). Lowering the pH of the Y103F mutant
rectangular array reflecting the cationic form of His-124.  to 6.5 resulted in the appearance of the upfield rectangular
The imidazole HMQC spectrum of the ternary Y163F  array of signals of the cationic form of His-124, like those
Mg2"—GDP complex of the mutant at pH 8.3 is very similar found with the wild-type enzyme2j (Table 2), indicating a
to that of the wild-type enzyme (Figure 2C). At pH 6.5 decreased rate of exchange of the fully protonated form of
(Figure 2D), the signal of the neutral form of His-124 is His-124.
attenuated and that of the protonated form is detectable, pK, Values of His-124 from NMR Titrations and Com-
although the upfield signals fromdEl were not resolved.  parison with KineticsOne-dimensional proton slices of the
Table 2 summarizes the imidazdte and'>N chemical shifts ~ *H—N HMQC spectra of wild-type GDPMH complexed
and (K, values of His-124 in both wild-type GDPMH and with Mg?* and GDP were collected as a function of pH
in the Y103F mutant under various conditions. The imidazole between pH 6.0 and 9.6 at 3€C (Figure 4B). Fitting the
chemical shifts of the other three histidines of wild-type data to eq 3 yielded aig of 7.31+ 0.05 for His-124 in the
GDPMH and of the Y103F mutant are summarized in Tables ternary GDPMH-Mg?*—GDP complex with a Hill coef-
S2 and S3, respectively, of the Supporting Information. The ficient (n) of 1.10+ 0.12 (Table 2). NMR titration of free
imidazole HMQC spectra of the ternary Y103F/H124Q  wild-type GDPMH yielded essentially the sami€ gor His-
Mg?t—GDP complex at pH 8.3 (Figure 2E) and at pH 6.5 124 of 7.20+ 0.07 (Hill coefficient of 0.81+ 0.20) (Table
(Figure 2F) are very similar to those of the wild type and 2), while those of the other histidines are below 26 NMR
the Y103F mutant, differing only in the absence of reso- titration of the Y103F mutant complexed with Kfgand
nances assigned to His-124 (Table S4). GDP, as a function of pH (Figure 4A and Table 3), yielded
IH—15N Imidazole HMQC Spectra of Free Wild-Type @ PKao0f 7.34+ 0.06 for His-124 with a Hill coefficient of
GDPMH and the Free Y103F Mutanin the absence of 1.02=£ 0.12. NMR titration of the free Y103F mutant yielded
Mg?* and GDP, the imidazole resonances of His-124 in free, @ssentially the samekq for His-124 of 7.25+ 0.05 and a
wild-type GDPMH at pH 8.3 show a well-resolvétiCe Hill coefficient of 1.06+ 0.11 (Figure 4A and Table 2}).
signal in the proton dimension at 7.84 ppm, but néHC The Ka values of His-124 determined by NMR (7:20
resonance, likely due to exchange broadening (Figure 3).7.34) (Table 2) differ from the . values determined
Consistent with exchange broadening, a single, broad kinetically (from pH vsk:a), which are 6.7Gt 0.06 for wild-
resonance centered at 2855 ppm, with a line width of ~ type GDPMH @) and 6.56+ 0.06 for the Y103F mutant
2700 Hz, is seen in th&N dimension. This chemical shift ~ (Table 3). Moreover, even when His-124 is absent, as in the
averaging likely results from fast proton exchange at both H124Q/Y103F double mutant, and in the H124Q/Y103F/
the No and N positions of His-124 at a rate exceeding their E70Q triple mutant, the kinetically determine&values
chemical shift difference in thé&N dimension [76.3 ppm  (at 37°C) are 7.49%+ 0.03 and 7.33t 0.08 (Table 3). These
(Table 2)]. Analysis of the line shapa(Q) yields an exchange  observations raise the question of the origin of the kinetically
rate (1tey) of 6.6 x 10¢ s at 30°C. Such fast exchange in  determined K, values.
free GDPMH suggests that the absence of significant density Tests for General Base Catalysis in the Y103F, Y103F/
for loop L6 (residues 11:9125) in the X-ray structure isa H124Q, and Y103F/H124Q/E70Q Mutantsn unknown
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Ficure 3: Two-dimensionalH—1*N HMQC spectrum of the imidazole region of free, wild-type GDPMH at°80and pH 8.3, under
conditions otherwise identical to those described in the legend of Figure 2A. The one-dimensional slicéHrdiimension is taken at
O(**N) = 202 ppm. The one-dimensional slice in ¥l dimension is taken ai(*H) = 7.84 ppm.
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Ficure 4: Heteronuclear NMR titrations as a function of pH of His-124 of the wild type and the Y103F mutant of GDPMH@t 3%)

pH titration by heteronuclear NMR of His-124 in the free Y103F mut®) énd complexed with Mg and GDP @). The solid and
dashed curves correspond to theoretical fits of the data to eq 3 for the free and complexed forms of Y103F, respectively, Kjielding p
values of 7.25+ 0.05 and 7.34t 0.06, respectively, with Hill coefficients of 1.06 0.11 and 1.02t 0.12, respectively. (B) pH titration

of His-124 in the GDPMH-Mg2"—GDP complex of the wild-type enzym®&}. The solid curve corresponds to a theoretical fit of the data

to eq 3, yielding a K, of 7.31+ 0.05 and a Hill coefficient of 1.1& 0.11.

group other than His-124, with a kinetically determinéd,p  versus pH profile. In the Y103F mutant, thE of this base

of 6.56 in the Y103F single mutant, 7.49 in the Y103F/ increases with an increase in ionic strength and decreases
H124Q double mutant, and 7.33 in the Y103F/H124Q/E70Q with an increase in temperature, with\&ideprotonationgf 15 Q

triple mutant and probably also in wild-type GDPMHKp + 1.4 kcal/mol, as might be expected for a nitrogen base
= 6.70), is responsible for the ascending limb of theg (31 or a very unusual carboxyl group (Figure 5). However,
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Table 3: Effects of Mutations on Kinetic Parameters of GDPMH
with Mg?t Activation and GDPa-D-Mannose as Substrate at pH

9.3 and 37°C
fold fold pKa
Keat Km decrease change affecting

enzyme (s) (MM) inkar inKpy Keat
wTa 0.33 0.67 1.0 1.0 6.780.06
Y103F 0.0032 4.6 180 6.9 6.56+ 0.06
R37QG 0.0138 5.7 164 85 nd
H124¢F 0.00031 15 19 4.7 noné
E70Q 0.0049 3.2 102 10.0 6.87£0.25
H124R 0.0020 2.7 182 6.0 7.66+0.07
D22A2 0.0027 3.0 18t 45 7.20+0.07
R37Q/Y103F 0.00175 3.0 193 45 n@
H124Q/Y103F 0.0070 2.3 14 3.4 7.49+£0.03
H124Q/Y103F/E70Q 0.0014 0.68 29 1.0 7.33£0.08

aFrom refl. ® Not done.® From ref2 in which thekg: of WT was
0.71 st and theK, was 0.32 mM 9 k.cincreased with pH in proportion
to [OH™197 (2).

no nitrogenous or free carboxylate groups are seen within 6
A of the Mg?*-bound water nucleophile (W2) at the active
site of the Y103F mutant (see below), and none, other than
His-124, is seen in the wild-type enzym#).(

Asp-22 approaches another water molecule, W10 (3.4 A),
which is in contact with C1 of the modeled mannose in wild-
type GDPMH () and is similarly positioned in the Y103F
mutant. Despite this location, Asp-22 is unlikely to function

as a general base because the D22A single mutant exhibits

an only 16-%fold lower k.o than wild-type GDPMH 1) and
a normal pH-rate profile with a kinetically detected<p of
7.20+ 0.07 (Table 3).

Glu-70 provides a carboxylate ligand to ktg and the
carboxylate oxygen of Glu-70 that is not coordinated by the
metal is sufficiently close to accept a hydrogen bond from
the adjacent nucleophilic water ligand of RgW2 (2.7 and
3.2 A'in subunits A and B of the product complex, respec-
tively). To deprotonate this water molecule, and thereby to
function as the general base, Glu-70 could transiently
dissociate from the Mg as the transition state is approached,
in a process that requires heat. This possibility was tested
by preparing the triple mutant, Y103F/H124Q/E70Q. Adding
the E70Q mutation [which alone decreased67-fold and
increasedK,, 4.8-fold )] to the Y103F/H124Q double
mutant further decreaségl; by only 5.0-fold (to 0.0014 )
and decreased, 3.4-fold (to 0.68 mM) (Table 3). Moreover,
the effect of pH ork., yielded a K, value of 7.33+ 0.08,
which was very similar to that found with the double mutant
Y103F/H124Q (7.49t 0.03) (Table 3). These observations
rule out general base catalysis by Glu-70.

Tests for Catalysis by Small Exogenous Bas&sying
the concentrations of Tris-HCI and of glycine buffers from
1.0 to 50 mM in the standard assay of the Y103F/H124Q
double mutant at pH 9.3, and at ST, or adding 4-meth-
ylimidazole at concentrations ranging from 1.0 to 300 mM
did not increasé.,, providing no evidence for catalysis by
external nitrogenous bases.

Effect of Changing the Metal Actitor on the pK in Keat.

By exclusion, the metal-bound water molecule, W2, could
be responsible for the kinetically detectel pof 6.70 £
0.06 in wild-type GDPMH, 6.56t 0.06 in the Y103F single
mutant, 7.49+ 0.03 in the Y103F/H124Q double mutant,
and 7.33+ 0.08 in the Y103F/H124Q/E70Q triple mutant
(Table 3). To test for this, initially using wild-type GDPMH,
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FiIGURE 5: Effect of ionic strength and temperature on the single
deprotonation observed in the plot of pH vs lkgf of the Y103F
mutant and pH titration of the Y103F/H124Q double mutant. (A)
pH dependence of log{,) of the Y103F mutant at 0.(l) and 0.3

M NacCl (O) at 37°C. The curves are theoretical fits of the data to
eq 2 which yield the K, values of 6.56+ 0.06 and 6.78t 0.05,
respectively. (B) van't Hoff plot showing the effect of temperature
on the kinetically determinedia from pH vsk., studies. The K,

of the Y103F mutant was measured at 8, 22, and@7The slope

of the line equalg\Hicnizatioy(2 3R) which leads to a\Hionization of
15.0+ 1.4 kcal/mol. (C) pH dependence of lbgf) of the Y103F/
H124Q double mutant which yields &pof 7.49+ 0.03.

the activator M§" was replaced with the more electrophilic
divalent cations, Mfir and Cé" , which also activate the

enzymée? The relative electrophilicities of metal ions correlate
inversely with the K, values of their coordinated water

2 With wild-type GDPMH, at the optimum pH, the relativie.{)™*
values with Mg@*, Mn?*, and Cé8* are 100, 82, and 3.2%, respectively.
With the Y103F/H124Q/E70Q triple mutant, the relatikg ™ values
are 100, 18, and 35%, respectively.
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Table 4: Effect of Changing the Divalent Cation on th&,pf a
Water Ligand and thé., of the Y103F/H124Q/E70Q Triple Mutant
and Wild-Type GDPMH

Y103F/H124Q/E70Q

mutant wild type

pKain keat  ApKa

metal Ka of
activator M2*—0OH22  ApKj, pKain kear  ApKa

Mg?t 11.5-125 — 7.33£0.08 — 6.80+0.06 —
Mn? 10.5-10.7 0.8-2.0 6.45+0.09 0.9 6.02£ 0.04 0.8
Co*t 8.9-9.6 1.9-3.6 <5.6 >1.7 5.64£0.13 1.2

aFrom refs32—34.

ligands B2—34). In a fully aqueous environment, th&p
values for water ligands of Mg, Mn?*, and C8* are 12.0

+ 0.5, 10.6+ 0.1, and 9.2+ 0.4, respectively 32—34)
(Table 4). In agreement with the electrophilicities of these
divalent cations which increase in the order Mg Mn?*

< Co?", with the wild-type GDPMH, replacing Mg with
Mn?* decreased the kinetically determineld,pn k.o as a
function of pH from the value of 6.8& 0.06 by 0.8 unit to

a value of 6.02t 0.04. Activation by the more electrophilic
Co?* further decreased the&kpin kqoto 5.644 0.13, a value
1.2 units below that found with Mg (Table 4). While the
absolute values of these kinetically determindd, palues
are far lower than those found in a fully aqueous environ-
ment, their order (C8 < Mn?" < Mg?") and their
differences ApK, values) (Table #)are consistent with the
deprotonation of a metal-bound water ligaidd)( The low
pK, values of metal-bound water W2 can be partially
explained by the interaction with His-124 which is largely
protonated at pH 6.7 (. = 7.2—7.3).

With the Y103F/H124Q/E70Q triple mutant, very similar
effects of changing the divalent cation activator on thg p
of keat @s a function of pH were observed. ThK pralues
decreased with an increase in electrophilicity, in the same
order as with the wild type, and showed simitgpK, values
(Table 4). These data, and previous observations thatthe p
in keqe increased to 7.66 (from 6.70) in the H124E mutant
(1), that the K, was abolished in the H124Q mutant and
was replaced by a weak dependencé&.gfon [OH 1917 (2),
suggest that deprotonation of metal-bound water W2 is
responsible for the kinetically determine&pin ke, in all
cases, which ranges from 6.6 to 7.7 (Table 3). His-124, with
its well-matched R, of 7.20-7.34 (Figure 4 and Table 3),
when properly positioned, aids in this deprotonation by
lowering the X, of the water molecule, contributing a factor
of 1034 to catalysis 2). In the H124Q mutant, the altered
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the >N dimension, indicating largely intact backbone struc-
tures.

X-ray Structure of the Y103F Mutant of GDPMH in
Complex with M§"™ and GDPe.-b-Mannose Determination
of the structure of the GDPMHMg?**—GDP-mannose
complex (substrate complex) was carried out using the
Y103F mutant, which hasla, 2 orders of magnitude lower
than that of the wild-type enzymel,(7) (Table 3). This
reduction ink. allows the substrate and Migto remain in
the active site of the enzyme as the crystals are formed,
without noticeable hydrolysis during the crystallization
period. The structure has three monomers in the asymmetric
unit, two of which form a dimer similar to that observed
previously 7). The third molecule uses the crystallographic
two fold to form an equivalent dimer.

All monomers contain GDP-mannose and ¥ign their
catalytic site. In all monomers, the hydroxyl groups of the
mannose of the substrate form hydrogen bonds with the side
chains of Arg-37 (to OH6), His-88 (to OH4), Tyr-90 (to
OH4), Ser-20 (to OH3), and Asp-22 (to OH2 and OH3)
(Figure 6). On the basis of this structure, it can be inferred
that GDPe-D-glucose, also a substrate of GDPMH, will
make the same H-bonds with the exception of the epimeric
OH at C2 of glucose, which is predicted to bind ty Of
Ser-20. However, th&,, of GDP-o-D-glucose is 2.9-fold
greater than that of GDR-p-mannose with wild-type
GDPMH (1). Phe-103 (Tyr-103 in the wild type) stacks onto
the hydrophobic face of the sugar (Figure 6). The interactions
predicted by the model of the substrate complex based on
the structure of the product complex are in good agreement
with the interactions observed in the actual substrate
complex, with the exception that in the substrate complex
the GIn-123 carboxamide ligand to the kdon is replaced
with a water ligand.

The enzyme-substrate interactions are very similar in the
three monomers. The interactions observed in monomer B
will be described more extensively as an example of the
details of the atoms involved, and their distances (Figure
6). Two water molecules are within hydrogen bonding
distance of the pyranose ring oxygen of the mannose. The
mannosyl O4H is the donor of a hydrogen bond to unpro-
tonated M of His-88 (assigned as unprotonated by NMR;
distance 2.70 A) and accepts a hydrogen bond from Tyr-90
(2.56 A). Accordingly, the H88Q mutation increases kae
of GDP-o-p-mannose 4.4-fold 2). The mannosyl O3H
receives a hydrogen bond from OG1 of Ser-20 (2.80 A) and
donates a hydrogen bond to OD1 of Asp-22 (2.75 A). The

residue GIn-124 may occlude access to metal-bound Watehmannosyl O2H is also the donor of a hydrogen bond to OD1
W2 by external hydroxide, decreasing the reaction rate and Asp-22 (2.61 A) and is a short distance from W10 (2.98

the kinetic order in OH concentration to 0.172]. Another
important role of the divalent cation in catalysis, in addition
to decreasing thelfy of W2, is to promote the departure of
the GDP-leaving group. Since ttkg,; of GDPMH does not
correlate with the electrophilicity of the metal activatather
factors including the detailed geometry of the active complex
contribute to the values d€.a:

The H—1N HSQC spectrum of the Y103F mutant

A), which is 3.5 A from the reaction center C1 of the
mannosyl group. Accordingly, th&, of GDP-a-p-mannose
increased by 4.5-fold in the D22A mutant and by 8.7-fold
in the D22N mutant]). C6 of the mannose stacks against
Phe-47, which shifts from its position observed in the product
complex to maximize apolar interactions.

Comparison of the Structures of the Substrate and Product
ComplexesThe most dramatic structural difference between

exhibited seven backbone resonances of 172 that shifted inthe product complex (with the wild-type enzyme) and the

theH dimension and one that shifted in tH& dimension
in comparison with those of the wild-type enzyme (Table
S1). The Y103F/H124Q/E70Q triple mutant exhibited 13
backbone resonance shifts in thé¢ dimension and five in

substrate complex (with the Y103F mutant) occurs in loop
L6, which contains the metal ligand GIn-123, the general
base His-124, and three anionic residues, Asp-121, Glu-122,
and Asp-125. In the substrate complex, loop L6 is in an open
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he 3

Ficure 6: Stereoview of the active site of the Y103F mutant of GDPMH complexed with"NMgd GDPe-D-mannose. Residues that
interact with the substrate are indicated. TH& 2 F. electron density map corresponding to the substrate is shown (contour).of 1
Phe-47, not shown for clarity, stacks over C6 of the mannosé&'idgshown as a green sphere. Water molecules are shown as red spheres.
W10 is above the mannosyl group.

conformation (Figure 7) with GIn-123 11.0 A from the bound in conformation of loop L2 (residues 3743), are required
Mg2* and His-124 18.4 A from the divalent cation. In to avoid a clash of the bulky C6-OH group of the substrate
contrast, in the product complex, loop L6 is closed over the mannose with the guanidinium of Arg-37, which occupies
active site, permitting GIn-123 to directly coordinate to the an adjacent space in the product complex. The displacement
Mg?* (2.2 A) and His-124 to reside in the second coordina- of loop L2 by the C6-OH group of mannose is probably a
tion sphere of the enzyme-bound kg5.8 A) (7), where it consequence of this steric conflict.
is well positioned to deprotonate the ftgbound water, W2 Several water molecules present in the catalytic site are
(Figure 7). This 912 A movement of loop L6 opens and conserved with only small rearrangements between the two
closes the active site, presumably to permit substratestructures. Notably, water molecule W10, which in the
recognition and binding. Clearly, in the open conformation, product structure is close to the proposed position of C1 of
His-124 cannot function as a general base, nor can GIn-123the mannose, in the substrate structure is partially displaced
serve as a metal ligand. For these residues to function, loopby the presence of O2 of the mannose in such a way that it
L6 must close over the active site, as in the product complex.is now closer to C1 (3.5 A). In this location, this water
Additionally, the product complex differs from the substrate molecule is positioned well to be the entering nucleophile
complex and the free enzyme in the main chain position of as suggested in one of the two proposed mechanisms (see
loop L2 (residues 3743) (Figure 7). below).

Tyr-103 in the product complex donates a hydrogen bond  N-LinkedS-Mannosyl GroupSurprisingly, in two of the
to af-phosphate oxygen atom of the GDP. This hydrogen three monomers in the asymmetric unit of the substrate
bond, together with two hydrogen bonds from Arg-37, helps complex, the X-ray structure showed the presence of a
to stabilize the leaving group. The mutation of Tyr-103 to 3-mannosyl group covalently bound, presumably N-linked,
phenylalanine prevents formation of the hydrogen bond to the amide side chain of Asn-39. This mannose resi-
but maintains the aromatic contact with the mannose, due makes hydrogen bonds with the side chains of residues
analogous to that found between Tyr-103 and the Tris Arg-37, Arg-40, and Thr-38 and with the main chain NH
molecule in the product complex, even though the aromatic group of Thr-38 (Figure 8). Because the mother liquor in
rings of Tyr-103 in the product complex and Phe-103 in the which the crystals grew also contained glucose, it was
mutant-substrate complex are in slightly different positions. possible that the hexose covalently bound to the protein was
A comparison of both complexes suggests that the tyrosineactually glucose, but there is no precedent for a direct
OH group donates a hydrogen bond to the leaving glycosyl glycosylation at a side chain amide. On the basis of this
oxygen in the substrate complex. Accordingly, the Y103F consideration, it was concluded that the residue was indeed
mutation increases th¢€,, of GDP-o-p-mannose by 6.9-fold  a mannose in A-linkage and that the reaction likely involved
and decreaség by 1®-fold (Table 3). Residues Arg-37, a glycosyl transfer from GDIe-p-mannose with inversion.
Phe-47, and His-88 have different positions in the two  The question of why this mannosylation is observed only
structures. These movements, which are part of the changesn GDPMH containing the Y103F mutation remains. One
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GDP-mannaose

Ficure 7: Comparison of the structures of the complexes of wild-
type GDPMH with Mg+ and GDP (purple) and the Y103F mutant
with Mg?* and GDP-mannose (green). (A) Overlap of the ribbon

diagrams of the two structures. Bound substrate and product and

displacement of loops L2 and L6 are shown. (B) Structure of the
Y103FMg?"—GDP-mannose (substrate) complex. In the structure,
loop L6 is far from the active site (open conformation). (C) In the
product complex, the (fortuitous) presence of a Tris molecule, which
probably mimics the charge in the transition state, closes loop L6
carrying GIn-123, the metal ligand, and the His-124 catalytic base
into their catalytically functional positions.

Asn 39

Ficure 8: Position of the N-linkeds-mannosyl group in the
catalytic site of GDPMH. The structure is projected down the
mannosyl C+Asn-39 Ny bond. The interactions of the mannose
with other residues are indicated.

possibility is that as part of the hydrolytic reaction mecha-
nism, mannose is first transferred to Asn-39 and the
N—mannosyl bond is subsequently hydrolyzed in a manner
that requires the OH group of Tyr-103. This explanation,
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however, is not compatible with the observation that the
hydrolysis of GDP-mannose by GDPMH proceeds with
inversion of configuration at C1 which requires a single
transfer. A more likely possibility is that, given that hy-
drolysis of GDP-mannose by the Y103F mutant of GDPMH
is a slow reaction, the residence time of the substrate in the
enzyme is long, and on occasion, the oxocarbenium form of
mannose alkylates a nearby residue, Asn-39. This side
reaction may proceed by a mechanism similar to that
proposed for other N-glycosyl transferases, aided by the
coincidental proximity of Thr-38 and the main chain NH
group of Arg-40, which may provide an “oxy-anion hole”
similar to those present in authentic N-glycosyl transferases
(35).2 Searches by mass spectroscopy revealed no manno-
sylation by GDP-mannose in solution of wild-type GDPMH
or of the R37Q/Y103F mutant. When present, this manno-
sylation of the Y103F mutant is not responsible for the
opening of loop L6 in the crystal since the active site which
is not mannosylated is also open.

Kinetic Effects of the Y103F and H124Q Single and
Double Mutants.Because the Y103F mutation alters the
position of His-124, moving its N approximately 12 A
farther from the metal-bound water (W2), the Y103F/H124Q
double mutant was constructed to determine whether His-
124 functioned as the general base, as in the wild-type
enzyme ). As summarized in Table 3, the H124Q single
mutation was previously shown to decredsg by 164,
equivalent to a 4.8 kcal/mol increase in the kinetic barrier
to catalysis, to incread€,CPP-mamoseyy g factor of 4.7, and
to abolish the ascending limb of the, versus pH-rate
profile, replacing the K, of 6.70 with a weak, linear de-
pendence okey on [OH]%17 (2). Under the same condi-
tions, the Y103F single mutation decreadeg 10°°-fold
(equivalent to 2.8 kcal/mol), increasigCPP-mannoseg 9-fold,
and retained ak, of 6.56 in thek. versus pH-rate profile
(Table 3).

Interestingly, the Y103F/H124Q double mutant decreased
keatby only 13-"~fold (2.4 kcal/mol), in comparison with that
of the wild-type enzyme, increasd(},cPP-mamnosepy only
3.4-fold, and restored the pH dependencégf increasing
the K, from 6.70 to 7.49 (Table 3). A separate kinetic assay
of the double mutantl(l) confirmed the formation of GDP
as a product, indicating that the site of bond cleavage in
GDP-a-p-mannose was unaltered from that found with the
wild-type enzyme. Thus, adding the Y103F mutation to the
kinetically more damaged H124Q mutant antagonistically
restoredk.s in the double mutant to a value of (740 0.3)

x 1073 s7%, comparable to that of the Y103F single mutant
[(3.2 4 0.3) x 102 s1]. In the double mutant, the kinetic
barrier tokeat is only 2.4 kcal/mol relative to the wild type,
departing from additivity by-5.2 kcal/mol. This departure
from additivity, which provides a measure of the interaction
energy between the two residues, likely results from the
opposing structural effects of the two mutation36)(
Conversely, adding the H124Q mutation had no further
damaging effect on the Y103F mutant and may have slightly
improved its catalytic properties (Table 3).

3 The possibility that GDPMH catalyzes glycosyl transfers to other
substrates is under investigation, but no glycosylation of seven
monosaccharides was detect@)l (
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Ficure 9: Alternative mechanisms of the GDPMH reaction. (A) Direct mechanism using the metal-bound hydroxyl (W2) as the entering
nucleophile. (B) Mechanism using hydroxyl W2 as the base and W10 with the latter as the nucleophile.

In the H124Q mutant, GIn-124 may occlude access of Pheg GDP-mannose
) . Phe9
external hydroxide to metal-bound water W2, decreasing the Phe3r
reaction rate by 1" and essentially removing the depen-
dence of the rate on OHconcentration Z). The Y103F Tyro3 ohetos
mutation changes the mechanism to one not requiring closing. - \\Arg 37 he‘g \, GIn 123, Arg3 O
GIn-124 out of the active site (Figure 7). This conformational 2Ty50 QZBS d-

1170 Clu70  Hisss

change permits the direct participation of hydroxide from
solvent in the deprotonation of the metal-bound water, W2,
thereby increasingk.r 10'7-fold and restoring its pH
dependence.

The small 2.2-fold increase in the,: of the Y103F mutant Transition State GDP + mannose
upon addition of the H124Q mutation is more difficult to Phe9
explain since the mutated His-124 is far from the active site.

It is noteworthy that, for an unknown reason, th&, pf the Gz Tyr103
metal-bound water in the Y103F/H124Q double mutant has GIn ] .
increased by 0.93 unit, from 6.56 in Y103F to 7.49. Hence, Higl 2 ;_g"\ {

the metal-bound hydroxide, which is fully formed at pH 9.3, 70 Phea7 Hisgs

is 1%3fold more nucleophilic in the double mutant than in

the Y103F single mutant. A 2.2 (or 2#)-fold increase in

keat resulting from a 10°fold increase in nucleophilicity C D
suggests a loys-nucleophile value of 0.3737), consistent

with a mechanism with partially dissociative character, since Efyi?aEll égﬁapi?cagfrﬂgtfr é)f)ft?hee ?rzfg’tni;yr%y‘;'?n ?giSGS?rEngr.e (il-c\))op
a fully dissociative meCham.Sm. would hav‘.ﬁmUCIeODh”e L6 (dashed line) is disordered at the beginning of the cycle'. (B)
value of~0.2 and an associative mechanism would have a x_ray structure of the substrate complex. In this structure, although
value of~0.8 (37). A dissociative mechanism was previously loop L6 becomes ordered, it remains in an open conformation. (C).
proposed on the basis of the extensive activation of the GDPModel of the GDPMH-transition state complex. This model was
eaying group by four cataly resicues and the essential Y Sonbinng e oot f e snyme e o
Mg?", the 'r.nport.ant role of Asp-22 in stabilizing an incipient structure (PDB enth 2GT4) distorting the mannose to a half-chair
oxocarbenium ion at C1 of the mannose, and the low and elongating the mannosyl €GDP bond. In this model, loop
substrate activity of GDP-2E-p-mannose which would, by L6 is in the closed conformation, bringing residues GIn-123 and

electron withdrawal, destabilize an oxocarbenium ion at C1 His-124 into their active positions. This conformational change is
of the mannosel). probably triggered by the positive charge developed in the partially

S . . dissociative transition state acting on the negative charges in loop
The dependence of the kinetically determined ;1 kea L6 (Asp-121, Glu-122, and Asp-125). (D) Product complex. This

versus pH on the electrophilicity of the metal activator, as structure corresponds to the stage in the catalytic cycle before the
found with both wild-type GDPMH and the H124Q/Y103F/ release of products.

E70Q mutant (Table 4), establishes a central role of the

metal-bound water molecule, W2, in the reaction mechanism.now be ruled out, since metal-bound water W2 was not
Since the K, of W2 is <6.7, possibly due to the proximity = proposed to participate in this process.

of His-124, W2 is largely deprotonated at physiological pH.  Mechanistic Implications of the Conformational Changes.
Although W2 is too far from C1 in the structures of both The three structures of GDPMH, free enzyme, substrate
complexes, it could, after a rearrangement of several groups,complex, and product complex, suggest that major confor-
add directly to the incipient oxocarbenium transition state mational changes take place during hydrolysis of GDP-
at C1 of the mannose (Figure 9A). More likely, this metal- mannose catalyzed by GDPMH (Figure 10). In the structure
bound hydroxide could deprotonate W10, which is better of the free enzyme, the loop spanning residues-11Zb is
positioned to add to C1 of the mannose (Figure 9B). A third dynamically disordered (Figures 3 and 10A) as indicated by
mechanism involving His-124, W5, and W10, proposed on the lack of density in the X-ray structure and by the
the basis of favorable hydrogen bonding distan@@snhay broadening of the imidazol®N resonances of His-124 in

of the loop carrying the catalytic base and thus keeps', \

His124
A

Tyr103

His
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the HMQC spectrum. After binding Mg and GDP-

Gabelli et al.

mutation decreasds,: 24-fold and increases th&, of GDP-

mannose, the loop becomes ordered but in an open confor--p-mannose 8.5-fold (Table 2p).

mation in which the catalytic base, His-124, is more that 12

A from the position required for catalysis (Figure 10B). This ACKNOWLEDGMENT
open conformation of the substrate complex appears to be We are grateful to Dr. Ananya Majumdar for help with

incompatible with the catalytic requirements of the enzyme.

the
In the structure of the product complex, on the other hand

NMR instrumentation. The X-ray data were collected at

' beamlines X6a and X25 of the National Synchrotron Light

the loop had closed onto the catalytic site, bringing His-124 Source, Brookhaven National Laboratory.

into the position in which it can act as the catalytic base

(closed conformation) (Figure 10D). One explanation of these SUPPORTING INFORMATION AVAILABLE

observations might invoke the fact that the structure of the

substrate complex was determined using the Y103F mutant Four tables showing the number of shifted backbone
of the enzyme. It is possible that the lack of the tyrosine eSonances in various mutants (Table S1) and histidine
OH group prevents the bound substrate from triggering the imidazole chemical shifts at low and high pH of wild-type

conformational change to that observed in the product GDPMH (Table S2), the Y103F mutant (Table S3), and the
complex. However, there is no direct involvement of the Y103F/H124Q double mutant (Table S4). This material is
tyrosine OH group in stabilizing the closed conformation, available free of charge via the Internet at http://pubs.acs.org.

nor are there other changes between the two structures th
can explain why the conformational change does not take
place in the substrate structure. A better explanation can be 1.
found if one takes into account the fact that the product
structure contains a Tris molecule bound in the catalytic site,
in the position occupied by the substrate mannose in the
substrate complex. The hydroxyl groups of the Tris molecule
make hydrogen bonds with side chains of the same residues
that bind the mannose in the substrate structure. However,
the Tris molecule has a positive charge not present in the
substrate. The fact that this positively charged Tris molecule
binds to the catalytic site is consistent with the proposed
catalytic mechanism: a partially dissociative mechanism in
which a positive charge develops on the mannose. If this is
the case, it is possible that closing of the negatively charged
catalytic loop L6 (which contains Asp-121, Glu-122, and
Asp-125) takes place only as the positive charge is develop-
ing. In the Y103F mutant, the loop does not close because
the hydroxyl of Tyr-103, which makes a hydrogen bond to
the leaving oxygen atom of th8-phosphate, is probably
required for the charge separation that takes place in the
partially dissociative mechanism. The proposed transition
state (Figure 10C), modeled by docking an oxocarbenium
form of GDPe.-b-mannose into the closed, active conforma-
tion of the enzyme, fit well with no steric clashes.

As mentioned above, loop L2, which contains Arg-37, also
has two different conformations, one in the free enzyme and
the substrate complex and another in the product complex.
In the product complex, the main chain of loop L2 is 1.2 A
closer to the position of theé-phosphate than in the substrate
complex (Figure 10D). It appears that the interaction with 10
GDP stabilizes Arg-37 in an inward position that pushes
Phe-47 to a less favorable rotamer. This change in rotamer
correlates with movements of Arg-37 and Pro-41. In its new  11.
position, Phe-47 forms a stacking interaction with C6 of the
mannose.

The movement of loop L2, which places Arg-37 within
hydrogen bonding distance of tifephosphate, appears to
be a consequence of the developing negative charge in the
B-phosphate. Thus, it is tempting to suggest that loop L2
approaches thgg-phosphate to neutralize the additional
negative charge that is being developed as the phosphate 14.
separates from C1 of mannose. When the reaction is
completed, Arg-37 neutralizes the additional full negative
charge developed in the product. Accordingly, the R37Q

2.

9.
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