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ABSTRACT: The interactions of a transition state mimic anilinomethyl glucoimidazole (AmGlcim), with a

Ki constant of 0.6x 10°° M and a Gibbs free energy value 6f63.5 kJ/mol, with a family GH3-p-

glucan glucohydrolase from barley have been analyzed crystallographically and by ab initio quantum
mechanical modeling. AmGlclm binds 3 times more tightly to fhe-glucan glucohydrolase than a
previously investigated phenyl glucoimidazole. In the enzymnGlcim complex, an additional residue,
Tyr253, and a water molecule positioned between subsifeand+1 are recruited for binding. Analyses

of the two binary complexes reveal the following. (i) An intricate network exists in which hydrogen
bonds between the enzyme’s catalytic pocket residues Lys206, His207, Tyr253, Asp285, and Glu491 and
the glucoimidazoles are shorter by 0-4®53 A, compared with distances of hydrogen bonds in the
Michaelis complex. (ii) The “glucose” moiety of the glucoimidazoles adopt& aonformation that is

vital for the low-nanomolar binding. (iii) The N1 atoms of the glucoimidazoles are positioned nearly
optimally for in-line protonation by the € atom of the catalytic acid/base Glu491. (iv) The enzyme
derives binding energies from both glycone and aglycone components of the glucoimidazoles. (iv) The
prevalent libration motion of the two domains of the enzyme could play a significant role during induced
fit closure in the active site. (v) Modeling based on the structural data predicts that protons could be
positioned on the N1 atoms of the glucoimidazoles, and the catalytic acid/base Glu491 could carry an
overall negative charge. (vi) The enzym&mGlIclm complex reveals the likely structure of an early
transition state during hydrolysis. Finally, the high-resolution structures enabled us to define minimal
structures of oligosaccharides attached to Asn221, Asn498, and Asn600 N-glycosylation sites.

Barley-p-glucan glucohydrolase is a two-domain enzyme TIM barrel domain 1 of aiN-acetyl{5-glucosaminidase from
consisting of and/f3)s TIM barrel and an /5)s sandwich, Vibrio choleraehas recently been reported in its free and
connected by a helixlike linkellj. The enzyme belongs to  N-acetyl5-p-glucosamine (GIcNAc)-complexed forms (PDB
a large group of family GH3 glycoside hydrolases, which entries 1TR9 and 1Y65, respectively; J. Gorman and L.
currently includes more than 820 GenBank/GenPep entriesShapiro, New York Structural Genomics Research, New
(2). The barley enzyme represents the only completely York, NY). The barley3-p-glucan glucohydrolase catalyzes
determined three-dimensional (3Dgtructure in the GH3  hydrolytic removal of nonreducing glucosyl end residues
family of hydrolases, although the structure of thé)s from a broad range gf-p-glucans ang-p-glucosides §).
The enzyme has two glucosyl binding subsites %),
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ily of inhibitors that possess a nonhydrolyzable glycosidic Inhibition Parameter (K AG) Calculations.These proce-
C—N bond between C10 and N1 of the “sugar” and dures were used as previously detailés. (Briefly, the
imidazole moieties, and their anomeric carbons aré sp enzyme inactivation was monitored at 3D by incubating
hybridized and double-bonded with the exocyclic N1 atoms 8 uM enzyme in 100 mM sodium acetate buffer (pH 5.25)
(9, 10). The conformation of these inhibitors is analogous containing 0.83-6.6 mM 4-nitrophenyB-p-glucopyranoside

to those of gluconojiritetrazoles, which in the solid state or as a substrate, 16dy/mL BSA, and 6-200 nM glucoimi-

in DO adopt a*Hs conformation that is similar to an  dazoles. Each inhibitor was tested at five to six concentrations
envelope {E) (6, 11). These inhibitors also possess charac- that were 0.4-3 times greater than thk; (defined as a
teristic charge distributions in their structures that could dissociation constant of the enzymiahibitor complex)
resemble charge distributions during the formation of transi- values, each in duplicate. The enzyme activity in the presence
tion species in the process of hydrolysis. Finally, the C2- of inhibitors was monitored at 410 nm, and Dixon plots
substituted gluco-configured tetrahydroimidazopyridines are (inhibitor concentrations vs &) were used to determine the
powerful tools for identification of protonation trajectories final K values. Substrate hydrolysis during the determination
of glycoside hydrolases, which may be either anti or syn, of K; values never exceeded 10% of the initial substrate

depending on the position of the catalytic acid/base versusconcentrations. The inhibition constatswere determined

substrate &, 12).

In our previous crystallographic work, conduritol B
epoxide, 2,4-dinitrophenyl 2-deoxy-2-fluofo-glucopyra-
noside, and ‘4" ,4V-Strithiocellohexaose were used to

by using nonlinear regression analyses and GraFit as speci-
fied previously B).

The chemical synthesis of the inhibitors has recently been
described10); their chemical structures are depicted in Table

identify catalytic amino acid residues and to define three key 1, and their chemical names are as follows: GlcInR,6R,
stable intermediates in the catalytic sequence; these inter-7S89-5,6,7,8-tetrahydro-5-(hydroxymethyl)imidazo[1aR-

mediates represent a covalent glycestzyme intermediate,
a Michaelis complex, and an enzymproduct complex4).

pyridine-6,7,8-triol; PheGlcim, (®6R,7S589-5,6,7,8-tet-
rahydro-5-(hydroxymethyl)-3-phenylimidazo[1apyridine-

We have also analyzed binding interactions of a transition 6,7,8-triol; phenethyl Glcim, (8,6R,7S89-5,6,7,8-tetrahydro-

state mimic PheGlclm in the active site of the barfkp-

5-(hydroxymethyl)-3-phenethylimidazo[1&pyridine-6,7,8-

glucan glucohydrolase, and defined a hypothetical transition triol; phenpropyl Glcim, (R,6R,7S589)-5,6,7,8-tetrahydro-

state structure at a resolution of 2.62%).(In the3-p-glucan
glucohydrolase PheGlcim complex, it was found that the

5-(hydroxymethyl)-3-(3-phenylpropyl)imidazo[1ekpyridine-
6,7,8-triol; styryl Glclm, (RR,6R,7S589)-5,6,7,8-tetrahydro-

enzyme derives substrate binding energy mainly from the 5-(hydroxymethyl)-3-styrylimidazo[1,2]pyridine-6,7,8-

glycone portion of the ligand at the 1 subsite, although
the aglycone portion at the1 subsite might also contribute

(5).

To rationalize interactions of the enzyme with a second-

triol; phenethynyl Glcim, (R,6R,75,89-5,6,7,8-tetrahydro-
5-(hydroxymethyl)-3-(2-phenylethynyl)imidazo[1aBsyridine-
6,7,8-triol; phenoxymethyl Glcim, @6R,7S589)-5,6,7,8-
tetrahydro-5-(hydroxymethyl)-3-(phenoxymethyl)imidazo[1,2-

generation transition state mimic that binds more tightly to a]pyridine-6,7,8-triol; nitrophenoxymethyl Glcim, R6R,7S
the enzyme than the previously investigated generation of 89-5,6,7,8-tetrahydro-5-(hydroxymethyl)-3-[(3-nitrophen-

glucoimidazoles§, 13), and to investigate in detail binding
of the inhibitor at thet1 subsite, a 3D structure of thikp-
glucan glucohydrolase in complex with AmGlclm has now
been determined at 1.80 A resolution. The inhibitor AmGIclm
binds 3 times more tightly to th@-p-glucan glucohydrolase
than PheGlcim. Thus, thg-b-glucan glucohydrolase

oxy)methyllimidazo[1,2a]pyridine-6,7,8-triol; and AmGIcim,
(5R,6R,75,89)-3-(anilinomethyl)-5,6,7,8-tetrahydro-5-(hy-
droxymethyl)imidazo[1,23]pyridine-6,7,8-triol.

f-D-Glucan Glucohydrolase Crystallization and Soaking
ExperimentsCrystals of$3-p-glucan glucohydrolase isoen-
zyme Exol (4) were washed in 100 mM Hepes-NaOH

AmGilcim complex that could resemble an early transition buffer (pH 7.0) containing 1.2% (w/v) polyethylene glycol
state has been studied in detail in this work and compared400 and 1.7 M ammonium sulfate (solution A), and dissolved

with the enzyme S-cellobioside moiety, or the Michaelis
complexes. Further, the crystal structure of the enzyme
PheGlcim complex determined previoush) vas revised

by adding an equal volume of 100 mM Hepes-NaOH buffer
(pH 7.0) at 4+ 2 °C. The protein solution, adjusted to 8
mg/mL, was microseeded with previously prepared crystals

using the data now refined to 1.70 A resolution, and this that were approximately 2680 xm in the longest dimension

structure was also compared with the enzymenGlcim

(14). The next generation of crystals grew for approximately

complex. Last, the high-resolution structures enabled us to4 weeks at 4+ 2 °C, and several crystals that were 320
define the minimal structures of oligosaccharides attached 150.m in the longest dimension were obtained for soaking
to Asn498 and Asn600 N-glycosylation sites, and these experiments.

represent an additiongd-p-xylosyl sugar residue that is
attached by a 1,8-linked O-glycosidic linkage to the second

Data Collection and Structure Determination of {fe-
Glucan GlucohydrolasePheGlclm and—AmGlIcim Com-

GlcNAc moiety of the oligosaccharides at both the Asn498 plexes Enzyme crystals that were up to 160 in the longest
and Asn600 N-glycosylation sites. On the other hand, the dimensions were transferred into fresh solution A, to which
oligosaccharide motif attached to the Asn221 N-glycosylation either PheGlcim or AmGlcim was added directly in solid

site contains simply the GIcNA&—1GIcNAg34—1Man
minimal structure.

EXPERIMENTAL PROCEDURES

Materials, f-p-Glucan Glucohydrolase, Isoenzyme Exol
Isolation, Enzyme Inactation by Glucoimidazoles, and

form; i.e., 0.01 mg of PheGlcim or AmGIcl was added to
10 uL of the solution A. The final concentrations of the
inhibitors corresponded to approximately 2.5 mM. After
being soaked for-5—10 min at 4+ 2 °C, the crystals were
cryoprotected with 20% (v/v) glycerol in solution A and
mounted on synchrotron goniometers in a stream ofj&s
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Table 1: Inhibition Parameters @¢fp-Glucan Glucohydrolase with Glucoimidazoles

Inhibitor K AG? Chemical structure
M) (kImol™
OH
GleIm® 60x10° 419 o N>V
N
OH
AmGlcIm 06x10°  -53.5 - /©
s N
s /_?/\H
OH
Phenpropyl GlcIm 13x10° -51.5 " X
HO: =\
OH
OH
PheGlcIm® 1.7x10°  -50.9 W
HOHO —
OH
Phenethynyl GlcIm 1.7x107 -50.9 o /
o N =
HO: —
OH
Phenethyl GleIm¢ 1.8x10°  -50.7 o W\/@
HOHO N —
OH
Phenoxymethyl GlcIm 20x10° 505 oH /©
HO. —
OH
Nitrophenoxymethyl GleIm  2.0x 10°  -50.5 § /Q\
NS o} NO,
HOHO /_NY\
OH
Styryl GleIm 22x10° 502 on
yry - N /\Y\Q
HO.

N

OH

a Using 4-nitrophenypB-p-glucopyranoside as a substrate witk.aof 1.4 mM (42). b Calculated according to the equatidG = —RT In(1/K;)
(43). ¢Inhibition data for Glclm, PheGlclm, and phenethyl Glcim taken from&.ef

at 100 K (Oxford Instruments, Oxford, England). An X-ray
diffraction data set for the enzym&®heGlcim complex was
collected using an undulator beamline BioCARS 14-1D-B
at the University of Chicago Advanced Photon Source
(Argonne, IL), which is equipped with a bent cylindrical Si-
mirror (Rh coating) diamond(111) double-bounce mono-
chromator and a focusing to the MARCCD-165 detector
mirror. The X-ray diffraction data set for the enzyme
AmGlclm complex was collected using a multipole wiggler
beamline BL5 at the Photon Factory in Japan, which is fitted
with a collimating mirror, double-crystal Si(111) monochro-
mator, and a focusing to the ADSC Quantum 315 CCD
detector mirror. Both data sets were collected at-05
oscillations throughout the range of 1886C°. The data were
processed using the DENZO/SCALEPACK HKL suite of
programs 15). Autoindexing determined that space groups
of crystals were consistent with primitive tetragonal space
groupP452,2. The structures of the enzym@heGlcim and
enzyme-AmGlIcim complexes were refined using CCP4
REFMACS5 (16). The starting model for theg-p-glucan
glucohydrolase PheGlclm complex was the previously
determined crystal structure of the enzyme with bound
PheGlcim [PDB entry 1LQ25)], without the ligand and

water molecules included. The starting model for fhe-
glucan glucohydrolaseAmGIcim complex was the refined
high-resolution structure of the enzymEheGlclm complex
obtained in the work presented here. The iterative model
building using XtalView (7) and model refinement using
REFMACS5 (16) allowed tracing of all the residues in the
crystal structures. The electron densities for the ligands were
well-defined in the active site regions at the [&vel, and

the water molecules were located automatically with CCP4
ARP for the level higher that®in the m/F,| — |F¢| maps.
The water molecules were retained if they satisfied hydrogen
bonding criteria and if theirr@|F,| — D|F| electron density
maps were confirmed after the refinement. During model
building and refinement, 5% of the data were flagged for
cross validation to monitor the progress of the refinement,
using Ryee Statistics 18). PROCHECK (9) was used to
check the geometrical quality of the models. Ramachandran
plots (19) showed that 90 and 91% of the residues for the
enzyme-AmGIcim and enzymePheGlclm complexes, re-
spectively, were found in the most favorable regions of the
plots, and these statistics indicated that the qualities of the
structures were good.
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Table 2: Data Collection and Refinement Statisticgaf-Glucan GlucohydrolasePheGlclm and-AmGIicim Complexes

f-D-glucan glucohydrolasePheGlcim f-D-glucan glucohydrolaseAmGlcim
complex complex
resolution range (highest-shell) (A) 34:30.70 (1.74-1.70) 48.36-1.80 (1.86-1.80)
unit cell dimensionsd = b, ¢ (A)] 100.558, 182.414 99.991, 184.386
no. of unique observations 98154 87042
multiplicity 12.8 14.0
Rmerge®? (%) 5.4 (63.1) 13.2(98.1)
Wo(l) 42.3(3.4) 23.5(2.9)
data completenes§%) 99.8 (98.3) 100 (100)
Ruork” (%0) 16.0 (27.1) 15.9 (20.6)
Rire© (%) 18.3 (32.0) 18.5(25.8)
rmsd for bonds (A), angles (deg) 0.011, 1.326 0.010, 1.264
overall coordinate error (based Bee) (A) 0.08 0.09

2 Rmerge= 100[3 (I; — D 1;3, summed over all independent reflectiof®ata for the highest-resolution shell are in parenthesRspresents
approximately 5% of the data.

Quantum Mechanical CalculationsStandard ab initio  analysis. The crystal structure of the enzynRheGlcim
molecular orbital calculations2Q) were performed using complex ) was also re-evaluated to higher resolution.
GAMESS-US 21). Geometry minimizations were performed Refinements off-p-Glucan GlucohydrolasePheGlcim
on active site models of th&p-glucan glucohydrolase. The  and—AmGIlcim Complexe# new batch of protein crystals
side chains of Asp95, Asp285, and Glu491 were representedwas prepared by redissolving previously crystallized protein
as acetate molecules, and Argl58 was represented as #14), in attempts to obtain high-resolution crystals/b-
guanidinium moiety, Lys206 as a methylamine, His207 as glucan glucohydrolase that could be used for collection of
an imidazole, and Trp434 as an indole. All atoms of the the data for the enzymePheGlcim and enzymeAmGlcim
inhibitor were included. Restrained geometry optimizations binary complexes. The resolution of 2.62 A that was achieved
at the HF/3-21G level were applied, in which non-hydrogen in our previous work §) wasimprovedto 1.70-1.80 A in
atoms were restrained to positions observed in the X-ray the investigation presented here (Table 2).
crystallographic analyses. Atoms were permitted to move  The structure of thg-p-glucan glucohydrolasePheGlcim
0.50 A without restraints. Beyond this distance, a harmonic complex consists of 602 amino acid residues, 931 bound
restraint with a force constant of 0.5 aJA(mdyn A2 water molecules, one S8 ion, two glycerol molecules, and
was applied. Four models that differed in the protonation one PheGlclm molecule. The two glycerol molecules were
states of the catalytic acid/base Glu491 or the ligands werefound to adopt alternative conformations with different
considered. The acetate molecule representing Glu491 wasemperature factors in this structure. The structure ofthe
either ionized (formal charge ef1) or neutral with a proton  glucan glucohydrolaseAmGlcim complex is composed of
bonded to either the & or the @2 atom. The ligand was 602 residues, 874 bound water molecules, twa?S@ns,
either neutral or protonated at the N1 atom (formal charge three glycerol molecules, and one AmGlcim molecule.
of +1). Model1 had Glu491 and the ligand ionized; model  The final refinement statistics for both enzyiahibitor
2 had Glu491 neutral and the I|gand ionized, while models Comp'exes are summarized in Table 2, and the fﬁ?@lk
3 and4 had both Glu491 and the I|gand neutral, with the and Rfree values for the full range of 34-31.70 and 48.3
proton bound to the € and G2 atoms, respectively. In 1 8o A data were 16.0 and 18.3% for the enzyrR@eGlcim
models3 and4, the HOCO dihedral angle formally equals complex and 15.9 and 18.5% for the enzymenGlcim
0°. In model3, the distance betweene®and H atoms was  complex, respectively. Following the convergence in the
constrained to 0.97 A, which represents the distance in thestandard model refinement, a further improvement of more
HF/3-21G-minimized geometry of acetic acid. than 2% in theR,ond/Riree ratio was achieved by refining the
RESULTS two domains of the enzyme (domain 1, residues3t7,
domain 2, residues 374659), as two independent anisotropic

Inhibition of 3-p-Glucan Glucohydrolase by Glucoimida- domains with a translatieslibration—screw (TLS) motion
zole Inhibitors Dissociation constants of the enzyme (22), as implemented in CCP4 REFMACHG).
inhibitor complex K;j) and calculated Gibbs free energyG) The high-resolution data in conjunction with a two-
values for a range of glucoimidazole inhibitors are sum- domain-like arrangement of th&p-glucan glucohydrolase
marized in Table 1. The values of ti& constants varied  provided an opportunity to define the fine detailsraid
from 60 to 0.6x 10° M, and in all cases, the compounds body motion®f the two independent domains of the enzyme
exhibited competitive inhibition (data not shown) with (22—24). It was observed in both inhibitetenzyme com-
respect to 4-nitrophenyd-b-glucopyranoside as a substrate; plexes that librational motioh tensors of domains 1 and 2
thus, ther = (Vmad)/[Km(1 + I/K;) + § equation was used  were at least one order of a magnitude higher than those of
for calculations ofK; constants. The inhibition experiments translational motiom and screw motiois tensors (data not
showed clearly that the introduction of a phenyl substituent shown). Thus, we concluded tHatmotion tensors exhibited
onto the tetrahydroimidazopyridine core structure of the anisotropy and that the twd and S tensors were less
inhibitors causeda decrease in theéK; values by ap- anisotropic and significant, which indicated that translational
proximately 26-100-fold (Table 1). The most effective and screw motions of domains 1 and 2 were limited. The
inhibitor from the studied glucoimidazole series was AmGlclm, significant anisotropy in thé tensors of domains 1 and 2
which was selected for a further X-ray crystallographic could be explained by the concerted rotational movement
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of domains 1 and 2 toward and away from each other. This N-glycosylation affects expression, structure, stability, an-
mutual librational movement of both domains was also tigenicity, and biological function of proteins in plants and

observed in a high-resolution structure of thep-glucan

other eukaryotes2g). It therefore will be important in the

glucohydrolase with bound glucose molecule, in which the future to determine if the presence of fewer sugars at the

librational L tensor values had marginally but significantly
higher values compared to the values in the inhibitor

enzyme complexes presented in this work (A. Peisley, M.

Asn221 site is linked to a limited biosynthesis of the sugar
moieties at this site, and/or is linked to a selective deglyco-
sylation or trimming of an originally fully developed

Hrmova, V. Streltsov, and J. N. Varghese, unpublished data).N-glycosylation site by specific exoglycosidas@$§)(

Thus, it could be concluded that libration is the prevalent

type of motion linking the two domains in th&b-glucan

Finally, the unit cell dimensions of the crystals with the
two inhibitors studied herdiffered significantlyfrom each

glucohydrolase and that this motion could play a significant other (Table 2). In the unit cell of the crystal with AmGlcim,

role during induced fit closure of the active site during

the dimensions of th@-axis andb-axis were reduced by

inhibitor binding. Because the two catalytic residues, Asp285 0.57 A, and simultaneously, theaxis was increased by 1.95
and Glu491, are located on the two separate domains, it mightA, compared with the unit cell of the crystal with PheGlcim.
also be suggested that the two domains move toward andThese alterations corresponded to approximately 0.6 and 1%
away from each other along the reaction sequence, as thechanges, compared with the “usual” dimensions of the unit

enzyme proceeds through successive catalytic events.
Further, an additionajs-p-xylosyl sugar residue was
discovered, attached by a 132linked O-glycosidic linkage

cells ). It is worth noting that the volumes of the unit cells
of the two crystals were almost identical and that the
difference between the two was less than 0.04% (Table 2).

to the second GIcNAc moiety of the oligosaccharides at both Comparisons of the positions of the enzyrfenGlcim and

the Asn498 and Asn600 N-glycosylation sites. The fi-,2-
bonded glycosyl residue was previously suggested i3ihe

enzyme-PheGlclm complexes in the unit cells indicated that
the molecules adopted very similar positions in the unit cells,

glucan glucohydrolase, but was not modeled in the electronand that the only difference in their positions was a

density mapsl). The Asn498 and Asn600 N-glycosylation

translational movement of the enzyme molecule in the crystal

sites either were disordered in the previous crystals or with AmGlclm by approximately 0.5 A alongside tieaxis,
contained no detectable oligosaccharides or partially detect-without significant rotational repositioning. It is important

able oligosaccharidesl(4, 5, 25). The oligosaccharides
attached to Asn498 and Asn600 of the barfp-glucan
glucohydrolase isoenzyme Exol have the following minimal
structure:

GleNAcB1—2Manol —6Man1 —4GlcNAcB1—4GlcNAcB1—N-Asn498
2 3
T T
Xylp1 Fucal

Manf1—4GlcNAcB1—-4GlcNAcB1—N-Asn600
2 3
T T
Xylp1 Fucal

where GIcNAc, Man, Fuc, and Xyl represéxacetyl{3-

D-glucosamine, mannosyl, fucosyl, and xylosyl residues,

to point out that all the diffraction data collected so far on
the in-house rotating anode or synchrotron X-ray sources
were measured under similar experimental physicochemical
conditions in 100 mM Hepes-NaOH (pH 7.0) and a tem-
perature of~100 K. The changes in unit cell dimension
therefore do not reflect different experimental conditions.
The changes in the dimensions of the unit cell axes of the
enzyme crystal with the bound inhibitor could be translated
into significant changes of the crystal dimensions, and it is
remarkable that these changes did not result in crystal
cracking or shattering. We concluded that during binding of
the inhibitor in the active site of the enzyme, the crystal's
unit cell dimensions have changed but have not led to crystal
anisomorphism or to changes in the space group.

3D Structures of-p-Glucan GlucohydrolasePheGlcim
and —AmGlclm Complexedhe overall fold of the enzyme

respectively. It is interesting to note that the oligosaccharide and the position of the bound AmGIcim inhibitor at the

motif attached to the third N-glycosylation site Asn221
contains simply GIcNAGB4—1GIcNAgs4—1Man in both

interface between the two domains are shown in Figure 1A.
The interactions gB-p-glucan glucohydrolase with PheGlcim

refined structures, and these moieties could only be observedand AmGlIcim in the two high-resolution structures with

in the high-resolution enzymdigand complexes refined in
this work. The fact that only GIcNA@—1GIcNAg34—1Man

overall coordinate errors of less than 0.1 A (Table 2)
indicated that the enzyme interacted similarly with the two

moieties are found at the N-glycosylation site Asn221, and structurally related transition state mimics (Figure 2); the
not branched oligosaccharide motifs as at the Asn498 andoverall root-mean-square deviation (rmsd) value between the
Asn600 N-glycosylation sites, would not be entirely unex- two structures was 0.127 A. The glucoimidazole and phenyl
pected. The reason for this is that the first GIcNAc moiety or aniline moieties of the PheGlclm and AmGlcim inhibitors
of the GIcNA@4—1GIcNAgs4—1Man motif is positioned  were bound at the-1 and+1 subsites of the active site,
approximately 16 A from the Trp286 and Trp434 residues, respectively, and in both enzyméigand complexes, a
which delineate the entry into the active site pocket of the network of 12-13 mono- and cooperative bi- and tridentate
enzyme. Thus, the presence of fewer sugar moieties at thehydrogen bonds2(7, 28) of less than 3.27 A was formed
Asn221 N-glycosylation site could be fully justified, as more (Figures 2 and 3A). Of particular interest are the separations
oligosaccharides could easily obstruct the entry into the active between @1 and @2 of Asp95 and the C60H and C70OH
site pocket. It appears rather challenging to explain a groups of the tetrahydroimidazopyridine moieties [corre-
somewhat minimal or limited N-glycosylation pattern of the sponding to the C60H and C40H groups of the glucopy-
sugar moieties at the Asn221 site, based on the availableranosyl residue at subsitel (4)], between N2 of His207
structural data, although it is well-known that the extent of and the C80OH group, between the catalytic nucleophda O
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Ficure 1: Ribbon representation gfp-glucan glucohydrolase with
bound AmGlIcim and the electron density maps of PheGlclm and
AmGlcim. (A) Ribbon representation gfp-glucan glucohydrolase
with bound AmGlclm, where domain 1 (residues357), the linker
(residues 358373), domain 2 (residues 37459), and the COOH-
terminal antiparallel loop (residues 56602) are colored red,
yellow, blue, and green, respectively. The atoms of the ligand,
AmGlclm, are colored yellow (carbons), blue (nitrogens), and red
(oxygens). (B) Derived 2|F,] — DI|F.| electron density maps
contoured at & for PheGlclm and AmGIclm, where the atoms are
colored as indicated for AmGlclm in panel A. The associated
electron density maps of the inhibitors are colored blue. This figure
was prepared with XTalViewl(7) and PyMol é4).

of Asp285 and the C9OH group, and between tlaé Qroup
of acid/base catalyst Glu491 and the N1 atom of the
tetrahydroimidazopyridine moieties in both enzynnehibi-

Hrmova et al.

which five water molecules are associated with the catalytic
acid/base Glu491 and another acidic residue Glu220 (Figures
2—4). These two residues are highly conserved in the GH3
family of hydrolasesZ9), and while the former residue is
the catalytic acid/base, the latter residue most likely plays a
role in coordinating the water molecules around the acid/
base catalyst4). These two acidic amino acids might
cooperate with Arg291 and guide the associated water
molecules to their target location during hydrolysis of
substrate molecules (Figure 4). At least four of the solvent
molecules are highly conserved in their positions and have
been previously observed in the enzya#deoxy-2-fluoro-
o-glucopyranosyl and enzymdheGlcim complexesi( 5).

Comparison of the enzym&’heGlclm and—AmGlIcim
complexes indicates that in the second complex the newly
identified interacting residue Tyr253 and water molecule W3
participate in the binding of AmGIcim through the hydrogen
bonding interactions with the NH group of the aniline moiety
of AmGlclm at the separation of 3.07 A (Figures 2 and 3A).
Water molecule W3 makes a hydrogen bond contact with
Oe2 of Glu220 and is one of the five water molecules directly
surrounding Glu220.

The next interesting feature of the enzynfemGlicim
complex is that Arg291 is rotated away from the aniline
moiety of AmGlclm by approximately 100compared with
the orientation of this residue in the enzynfeheGlcim
complex; the CGCD—NE—CZ dihedral angles in the
enzyme-PheGlcim and-AmGlcim complexes are 173.3
and 73.8, respectively (Figure 3A). The rotation of the

tor complexes. All these separations correspond to shortguanidine moiety of Arg291 in the enzymémGicim

interactions of 2.532.70 A (Figures 2 and 3A). Further,
there were three (Argl58, Lys206, and Trp434) and four
(Argl58, Lys206, Trp434, and Tyr253) other residues
directly involved in the binding of PheGlclm and AmPhelm,

complex also results in tilting of this moiety toward Glu220,
and thus a salt link with a separation of 2.86 A is formed
between the NH1 group of Arg291 and-Dof Glu220. In

the enzyme-PheGlclm complex, this separation is 3.21 A.

respectively. Finally, residues Gly57 and Glu220 were bound Another residue that has been significantly reoriented in the

to the glucoimidazole inhibitors through water-mediated
hydrogen bonds.

enzyme-AmGlclm complex is Glu287, which has itse®
atom 5.09 A from the NH2 group of Arg291; the corre-

Overall, there are seven water molecules in the active site sponding distance in the enzymBheGlcim complex is 3.24

of the enzyme-PheGlclm and-AmGlcim complexes, from

A (Figure 3A).
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Ficure 2: Hydrogen bonding interactions of PheGlclm (A) and AmGliclm (B) vtb-glucan glucohydrolase. PheGlclm is shown in the

4E conformation with atomic numbering of the C atoms of the tetrahydroimidazopyridine moiety. The dashed lines represent hydrogen

bonding interactions among the ligand, water molecules, and amino acid residues.
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FiGUre 3: Stereo representations fb-glucan glucohydrolase active site interactions with PheGlcim, AmGlcim, an&-tieflobioside

moiety. (A) The enzymePheGlclm complex is superposed with the enzyrAenGlclm complex, where PheGlclm is colored orange and

the interacting residues are colored magenta. The AmGlclm ligand is colored yellow (carbons), blue (nitrogens), and red (oxygens), and the
interacting residues are colored cyan (carbons), blue (nitrogens), and red (oxygens). The two water molecules (W1 and W2) in the enzyme
PheGlIclm complex and the three water molecules (W) in the enzyme AmGIcim complex are colored pink and red, respectively.

The distances of the separations©8.20 A are represented by dashed lines (for the distances, cf. Figure 1). The two structures were
superposed using the LSQ-Explicit tool as implemented i#®) ¢ver the G atoms of residues-1602, with a rmsd value of 0.127 A. (B)

The enzyme-AmGlcim complex is superposed over the enzyffecellobioside moiety complex. Th&-cellobioside moiety is colored

pink (carbons), orange (sulfur), and red (oxygens), and the interacting residues are colored gray (carbons), blue (nitrogens), and red (oxygens).
The color coding of the enzymeAmGlclm complex is as indicated in panel A. The seven separations, from a total of nine, represented by
dashed lines in the enzym@mGlclm complex among residues Lys206, His207, Tyr253, Asp285, and Glu491 are@SB7A shorter

than in the enzymeS-cellobioside moiety complex (for the distances, cf. Figure 1). The two structures were superposed as specified above
over the G atoms of residues-1602, with a rmsd value of 0.392 A. This figure was prepared with PyMd).(

FIGURE 4: Stereo representation of the water channel in the active siiepeflucan glucohydrolase involved in the hydrolytic cycle. The

two acidic residues (Glu491 and Glu220), the two aromatic residues (Trp286 and Trp434), and the PheGlcim molecule are presented as
tubes, and atoms are colored gray (carbons), blue (nitrogens), and red (oxygens). The five water molectl&6)(\d&bicted as red

spheres are connected with each other; Glu491 and Glu220 are connected through&5% hydrogen bonding interactions (depicted

as white dashed lines), and are directed to the N1 atom of the tetrahydroimidazopyridine moiety, which mimics the glycosidic oxygen. The
separation betweend® of Glu491 and N1 of PheGlclm is 2.65 A. This figure was prepared with PyM@l. (

The positive electron densities at thelvel in the 2n|F,| defined (data not shown). The final derived electron density
— D|F| electron density maps for PheGlclm and AmGIclm maps contoured atolaccentuate the continuous nature of
during the initial stages of refinements were very clearly the electron densities for each inhibitor and the presence of
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ring puckers for the sugar and aromatic moieties (Figure 1B). T pie 3: calculated Geometries B-Glucan

In agreement with the previously determined enzyme  Glucohydrolase PheGlcim and- AmGlcim Models Evaluated by
PheGlcim complexg), the sugar components of PheGlclm ab Initio Molecular Orbital Calculations

and AmGilclm positioned at the 1 subsite of the active site distance (A)

are locked into théE conformations with the coplanar C8, Qigand Quiuas? RN1—Ocl)® R(N1—Oc2)!
C9, C10, N1, and C5 atoms (Figure 3). While the sugar and -

enzyme-PheGlcim model

imidazole moieties of both inhibitors are almost completely ™ 1 1 263 3.26
superposable, the phenyl ring of PheGlclm and the aniline 2 0 -1 3.31 3.68
moiety of AmGlclm, positioned at thé1 subsite, adopt quite 3 0 0 2.64 3.37
different orientations, which are dictated by their distinct % 0 0 3.30 2.58
. . . experiment 2.65 3.00
chemical structures (Figure 3A). The tilt of the phenyl enzyme-AmGicim model
substituent of PheGlclm by approximately°Alith respect 1 +1 -1 2.64 3.32
to the planes of the side chains of Trp286 and Trp434 creates gef 8 *% 2-‘;‘1 g-gg
a network of cooperative “edge-to-face” interactions between 4; 0 0 338 558

amr-electron system of the indole moiety of Trp286 and the  experiment 2.68 3.04
C6 edge of the phenyl ring of Ph_eG|C|m' and between the aFormal charge on N1 of the ligantlFormal charge on Glu491
m-electron system of the phenyl ring of PheGlclm and the acetate (cf. Experimental Procedurédistance between € and N1
CH, moiety of the Trp434 residue. On the other hand, the of the ligand.? Distance between & and N1 of the ligand® The
aniline moiety of AmGlclim, due to the presence of an extra formal HOCO angle is 0! The distance betweene® and H atoms
C—NH group, protrudes further through the Trp28Gp434 s constrained to 0.97 A
“coin slot” and emerges well beyond the boundaries of the _ _
two Trp residues, and is also tilted by45°. However, the 3, where the difference between theory and experiment was
tilting is in the opposite direction compared to that of the !€ss than 0.05 A (Table 3). In both models, a rotation about
phenyl ring in the enzymePheGlcim complex (Figure 3A).  the C-C bond of the acetate group (cf. Experimental
The protrusion of the aniline moiety of AmGlcim from the Procedures) causes a minor dlsagrgement in the distances
Trp286-Trp434 coin slot still allows ther-system of the ~ between the N1 and&Q atoms; the difference ranges from
phenyl part of the aniline moiety of AmGlcim to make a 0-26 to 0.37 A (Table 3). The rotation of the-C bond of
polar interaction with the L atom of the pyrrole component  the acetate group occurs because theom of the catalytic
of Trp286. The Trp286 residue is the only interacting partner acid/base Glu491 is not tethered during the minimization of
that makes contacts with the phenyl part of AmGlcim, but the active site model. It is important to point out that in Fhe
despite the lack of interactions, the electron density for the cCOmpletef-b-glucan glucohydrolase structure the position
aniline moiety is well-defined (Figure 1B). of_ the QG2 atom of Glu491 is determlneo! in a context of
The superposition of thg-p-glucan glucohydrolase this residue to. the remamdgr of the protein, vv_herea; in th(_—:‘
AmGlcim complex onto the 3D structure of the enzyme with 92s phase during the modeling, no such restraints exist. This
a boundS-cellobioside moiety 4) is shown in Figure 3B. observation might suggest the presence of as_ma]l 'repulswe
From a total of nine hydrogen bonds, the seven separationdorce between the N1 and <@ atoms in the inhibitor
between enzyme’s catalytic pocket residues Lys206, His207,€nzyme complex. In modeBand4, the distances between
Tyr253, Asp285, and Glu491 and AmGlcim are shorter the N1 and @1 atoms differ from the experimentally
(Figure 3B). In particular, @1 of Glu491 is 0.31 A closer ~ observed distances by approximately 0.7 A. In majehe
to N1 of AmGlclm, which corresponds to the glycosidic N1—Oe2 distance is too long (0-70.8 A), while in model
“heteroatom”, than @1 of Glu491 is to the S atom of the 4, this distance is too short, by approximately 0.4 A (Table
S-cellobioside moiety. This comparison indicates that the N1 3).
atom of AmGIcIim is positioned nearly optimally for in-line
protonation by @1 of Glu491. Similarly, @1 and @2 of DISCUSSION
Asp285, the OH group of Tyr253, the NZ group of Lys206,  Transition state analogues or transition state mimics have
and Ne2 of His207 are all 0.170.53 A closer to the  been used to study the nature of putative substrate transition
corresponding atoms of AmGIclm than are the corresponding states and the mechanistic aspects of oligo- and polysaccha-
groups of thes-b-glucan glucohydrolase t8-cellobioside ride distortions by glycosylhydrolase8(Q; 31). The first
moiety (Figure 3B). The very similar shortenings of these successful attempts to synthesize tetrahydroimidazopyridine
interactions were also obvious from the comparisons of the inhibitors withK; constants in the low nanomolar ranges and
enzyme-PheGlclm and enzymeS-cellobioside moiety com-  with flattened sugar chair conformations containing an
plexes (data not shown). exocyclic N atom were reporte®?, 33), and it was later
Quantum Mechanical Modelinglnvestigation of the suggested that these inhibitors could mimic the planar
protonation states of the catalytic acid/base Glu491 and theglycosyloxycarbenium ion transition state®; (3). Recent
N1 atoms of the glucoimidazole moieties of the two inhibitors advances in transition state inhibitor design indicated that
that correspond to the glycosidic O atoms was addressedmembers of the C2-substituted gluco-configured tetrahy-
through quantum mechanical modeling using the high- droimidazopyridines could be very powerful inhibitors for
resolution enzymePheGlcim and enzymeAmGlcim in- p-retaining glycoside hydrolase$, (10). Notenboom et al.
hibitor structures (Table 3). The distances between the N1 (8), following earlier discussions on the development and
atom of each of the inhibitors and theDatom of Glu491 formation of transition states in glycoside hydrolaggarfd
showed excellent agreement with the distances obtained fromreferences therein), concluded that five main factors could
the X-ray crystallographic analyses for both modeland contribute to it. These factors are charge distribution, a
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trigonal anomeric center, a half-chair (or close to) conforma- and X-ray diffraction data were collected at 1-7080 A
tion, an appropriate relative configuration of OH groups, and resolution. The apparenKpa constants of the N1 atoms of
an ability of the glycosidic oxygen to be directionally PheGlcim and AmGlcim are 4.99 and 5.62, respectively (
protonated. It has also been suggested that in glycosidel3), indicating that under the conditions of the X-ray data
hydrolases all these phenomena occur predominantly at thecollection the N1 atoms of the imidazole moieties of the
—1 subsite of the catalytic site, where the two catalytic amino inhibitors might be nonprotonated or neutral. TKevalues
acid residues are spatially allocated during the hydrolytic for PheGlclm and AmGlcim were 1.% 10°° and 0.6 x
event, and where hydrogen bonding is consistent with the 10°° M, respectively, and represent relatively low values
theory that distortions into the transition state geometry along compared with those so far observed for retaintiglu-
the reaction sequence occur at thd subsite 84, 35). cosidases and othgrglucoside hydrolase®(10). The low
However, it is possible that interactions from the residues nanomolar; constants confirm that the enzyme follows an
positioned at the neighboring2 subsite or alternatively at  antiprotonation trajectory during hydrolysi)( The binding
the +1 subsite could participate in transition state develop- of AmGlcIim to the enzyme is approximately>5 10° times
ment and formation?, 8, 35). In the work presented here, tighter than that of laminarin, which is the most efficient
we investigated binding interactions of a bargp-glucan ground state nonsynthetic substrate so far found for this
glucohydrolase in complex with the AmGlIclm inhibitor, in  enzyme 8), and is 5x 107 times tighter than glucose, which
which its anilinomethyl substituent could protrude into the represents the hydrolytic product that is always found in the
+1 subsite of the active site region. active site of the enzyme purified from barley seedlings at
In our previous crystallographic work, a hydrolytic reaction an occupancy of 1 in the enzyme crysta| 4).
pathway for thes-p-glucan glucohydrolase was proposed  The key message that emerges from the crystallographic
(4). The first stage of the hydrolytic pathway along the analyses of thg-p-glucan glucohydrolasePheGlclm and
reaction trajectory represents formation of the Michaelis S-p-glucan glucohydrolaseAmGIicim complexes is that
complex, which is preceded by the release of a noncovalentlythere is an intricate network in which seven vital hydrogen
bound glucose molecule from the stable enzympeduct bonds between the enzyme’s catalytic pocket residues
complex. It is almost certain that this glucose is displaced Lys206, His207, Tyr253, Asp285, and Glu491 and the
from the —1 subsite by the incoming substrate molecule corresponding atoms of the glucoimidazoles are shorter by
before the next hydrolytic event takes place. The second stage).15-0.53 A, compared with distances of hydrogen bonds
of the hydrolytic pathway involves G40 glycosidic bond in the enzyme-S-cellobioside moiety or the Michaelis
cleavage, which proceeds through a double-displacementcomplexes (Figure 3B4). Some of the residues such as
mechanism and the formation of a relatively stable covalent Asp285 and Glu491 in both complexes make very short
glycosy-enzyme intermediatal). The chemical identity of ~ hydrogen bonding interactions of around 2.53 A directly with
glucose in the enzyme active site pocket and its occupancythe inhibitors or through water-mediated hydrogen bonds and
of one in the crystal have recently been determined by could correspond to low-barrier hydrogen bond38)(
evaporative light scattering, gas chromatography, and massComparison of the two enzymé>heGlcim and enzyme
spectrometry analyses after the release of glucose fromAmGIicim complexes indicates first that in the enzyme
enzyme crystals (M. Hrmova and G. B. Fincher, unpublished AmGlcim complex an additional residue (Tyr253) makes a
data). It has thus been confirmed by this combined quantita-hydrogen bond interaction with the NH group of the
tive analytical approach that the glucose molecule indeed anilinomethyl moiety of AmGlcim, which might mimic the
has an occupancy of 1 in the crystal of the enzyme, and thisposition of the GOH group of theS-cellobiosyl moiety at
finding now directly parallels our earlier crystallographic the+1 subsite 4). This observation suggests that the aniline
observationsy 4). moiety of AmGlcim could mimic the aglycone portion of
We have previously shown for thgp-glucan glucohy- the substrate, and the presence of a hydrophilic, hydrogen
drolase with bound PheGlcim inhibitor that this enzyme  bond-accepting component in the aglycone portion of the
inhibitor complex resembles a hypothetical transition state inhibitor is likely to be important for transition state
during the hydrolytic cycle of the enzyme)( In this development. Second, an extra water molecule is involved
complex, the inhibitor forms a well-defined electron density in binding of AmGlcim. The two additional binding partners
in the active site and the “sugar” moiety of the inhibitor are positioned at the interface between subsitésand+1,
adopts the’E conformation %). It was also shown that the and are not present in the enzyrfeheGlclm complexs).
PheGIclm inhibitor satisfies the definition of a transition state The new contributing water molecule (Figures 2 and 3) fills
mimic (35—37), because there is a strong correlation between an otherwise vacant space in the active site pocket of the
binding of an inhibitor and apparenKpa constants of the = enzyme-PheGlcim complex, and thus this water molecule
catalytic machinery of the enzyme. Finally, it was suggested could be linked directly to the overall binding affinity of
that the enzyme might derive substrate binding energy from AmGIcim. The calculatedG value for AmGlcim is 2.4 kJ/
the aglycone portion of the PheGlclm inhibit&) (However, mol lower than it is for PheGlcim. This value can be
the resolution of 2.62 A with a coordination error of 0.30 A compared to the value of 4.6 kJ/mol that corresponds to a
did not allow us to specify precisely the fine structural details typical loss of a single nonionic hydrogen bor&9)
of the enzyme-PheGlcim complex. Finally, significant differences in distances among the
Against this background, and to obtain more precise “ancillary” catalytic residues Glu220, Arg291, and Glu287
insights into the 3D structure of putative substrate transition have been observed in the two enzynmghibitor complexes
states during hydrolysis catalyzed by the bayey-glucan that could directly affect protonation states of the catalytic
glucohydrolase, PheGlcim and the second-generation transitesidues. The latter residues could influence the overall
tion state mimic AmGlclm were soaked into the crystals, charge distribution during hypothetical transition state de-
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velopment. Thus, there appears to be differences in thethan 0.0+0.33 A in each instance. However, it should also
mobility of amino acid residues involved in binding of be noted that in the earlier guantum mechanical calculations,

PheGlcim and AmGlcim. in which higher-level calculations were reportes), (the

In summary, these comparisons indicate that all the criteria difference in energy between moddlsand 3 was signifi-
suggested for the development of transition ste8e34, 40) cantly smaller than that calculated in this study.
have been fulfilled in the two binarg-p-glucan glucohy- The new interaction partners involved in binding of the

drolase-transition state mimic complexes, and thus, these aglycone portion of AmGIcim at the interface between the
compounds could represent true transition state analogues—1 and+1 subsites suggest potentially novel organosynthetic
It is suggested that th&p-glucan glucohydrolaseAmGlcim avenues for future improvements in transition state analogue
complex is likely to represent an early transition state, or design (0, 12, 40). These considerations could be important
the one that precedes the first transition state with a distortedfor the design of highly efficient tailor-made transition state
4H; conformation, which is close to th# conformation. mimics of the barleys-p-glucan glucohydrolase, where at
According to the current interpretation of the hydrolytic the+1 subsite the enzyme could harness binding energy from
mechanism of retaining-glucosidases and othgglucoside the aglycone portions of improved mimics. It might also be
hydrolases, it is expected that an early transition state wouldsuggested that various classes @fetaining glycoside
be closer to a distorted glucopyranosyl ring conformation. hydrolases perform catalysis via slightly different and distinct
On the other hand, the late transition state or the one thattransition state geometries, and therefore, in each instance,
comes after the second transition state might be closer to anthe design of transition state mimicry could be exclusive for
intermediate that is developed after a deglycosylation stepa given hydrolase, as opposed to generalized transition state
during hydrolysis 12, 34, 35). It is therefore likely that if mimicry (35, 41). This design could ultimately lead to
AmGlIcim binds to the enzyme at both thel and +1 specific transition state mimics as inhibitors of glycoside
subsites and its sugar component adoptéEneonformation, hydrolases that could be used as herbicides, and which could
then a structure similar to this is also adopted by the control vital biological events in life cycles of economically
nonhydrolyzed substrate before the hydrolytic event takes important embryophytes, where barley is classified.
place.
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