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The Molecular Basis of Inhibition of Golgi a-Mannosidase Il

by Mannostatin A

Douglas A. Kuntz,™ Wei Zhong,™ Jun Guo,”™ David R. Rose,** and Geert-Jan Boons*™

Mannostatin A is a potent inhibitor of the mannose-trimming
enzyme, Golgi a-mannosidase Il (GMII), which acts late in the N-
glycan processing pathway. Inhibition of this enzyme provides a
route to blocking the transformation-associated changes in
cancer cell surface oligosaccharide structures. Here, we report on
the synthesis of new Mannostatin derivatives and analyze their
binding in the active site of Drosophila GMII by X-ray crystallog-

Introduction

Cells that have undergone oncogenic transformation often dis-
play abnormal cell surface oligosaccharides. These changes in
glycosylation are important determinants of the stage, direc-
tion and fate of tumor progression. A potential route for block-
ing the changes in cell surface oligosaccharide structures is
through inhibition of the mannose trimming enzyme Golgi o-
mannosidase Il (GMII; mannosyl-oligosaccharide 1,3-1,6-a-man-
nosidase II; E.C. 3.2.1.114), which acts late in the N-glycan proc-
essing pathway.? GMII acts on GlcNAcMan,GIcNAc, to selec-
tively cleave a(1-3) and 0/(1-6) mannosyl residues.®*

Structural details of the substrate cleavage events have re-
cently been elucidated by using the catalytic domain of the
Drosophila melanogaster enzyme (dGMII).*"" GMII, a retaining
family 38 glycoside hydrolase, employs a two-stage mechanism
involving two carboxylic acids positioned within the active site,
which act in concert; one acts as a catalytic nucleophile
(Asp204 in dGMII) and the other as a general acid/base catalyst
(Asp341 in dGMII). Protonation of the exocyclic glycosyl
oxygen of a substrate molecule leads to bond breaking and
simultaneous attack of the catalytic nucleophile to form a gly-
cosyl enzyme intermediate.”’ Subsequent hydrolysis of the co-
valent intermediate by a nucleophilic water molecule gives an
a-mannose product.

Mannostatins A (1) and B (2), which were isolated from the
soil microorganism Streptoverticillus, were the first nonaza-
sugar-type inhibitors to be discovered that possess an amino-
cyclopentitol structure, and are some of the most potent inhib-
itors of class Il a-mannosidases reported (Figure 1).¥! The inhib-
itors are of the reversible, competitive type. Mannostatin A
effectively blocked the processing of influenza viral hemagglu-
tinin in cultured MDCK cells and caused the accumulation of
hybrid-type protein linked oligosaccharides; this is consistent
with blocking the action of Golgi mannosidase I1.”!

We previously reported an X-ray crystal structure of dGMII in
complex with mannostatin A (1).'” The five-membered ring of
1 adopts a °T, twist envelope conformation, which is stacked
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raphy. The results indicate that the interaction with the backbone
carbonyl of Arg876 is crucial to the high potency of the inhibi-
tor—an effect enhanced by the hydrophobic interaction between
the thiomethyl group and an aromatic pocket vicinal to the
cleavage site. The various structures indicate that differences in
the hydration of protein-ligand complexes are also important de-
terminants of plasticity as well as selectivity of inhibitor binding.

NH, 1 R= — SMe Mannostatin A K= 36 nM

: 2 R=— S(O)Me Mannostatin B K;= 150 nM

HO-. ~R 3 R=—H K= 265 uM
4aR=— OH K= 300 nM

HO  OH 4R = OH ICsq = 100 uM

5§ R= < OMe Ki= 76 nM

Figure 1. Mannostatins A (1) and B (2) and analogues. The numbering
scheme follows, as closely as possible, the carbohydrate numbering. Inhi-
bition values for Drosophila Golgi a-mannosidase Il are shown.

against the aromatic ring of Trp95, and acts as a mimic of the
covalently linked mannosyl intermediate. The 2,3-cis-diol (car-
bohydrate base numbering rather than strict IUPAC numbering
is used here for comparative purposes) complexes with a Zn?*
ion in the active site of dGMII; this results in T coordination
geometry. Furthermore, the amine of 1 forms hydrogen bonds
with catalytic acid residues Asp204, Asp341 and Tyr269. Data
from SAR experiments have pointed to the importance of the
amine and cis-diols for inhibitory activity of mannostatin A™"-'®
and the crystal structure illustrated how these groups interact
with the protein.

The thiomethyl moiety of 1, which is structurally similar to
the side chain of a methionine residue, is a feature that is not
observed in any other glycosidase inhibitors. It has been pro-
posed that the sulfur atom and &-CH; (thiomethyl) group of
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methionine residues are involved in several different interac-
tions important for protein stability."*? The methyl carbon of
the thiomethyl moiety of 1 in complex with dGMII appeared to
adopt two different conformations.'” In both conformations,
the sulfur interacts with the backbone oxygen of Arg876
through the m orbital on the carbonyl oxygen and the anti-
bonding o* orbital of the S—C bond. In the cf1 conformation,
the polarizable methyl group is
in a hydrophilic environment
and interacts with three water
molecules and the m system of
the Arg228 side chain. On the

NHAc

RO/,.OA‘\OAM

other hand, the methyl group of N “, b) 91%
. L 9) 0

the cf2 conformation is in a

hydrophobic pocket where it

forms CH-m type interactions

with the phenyl rings of Phe206

and Tyr727. ) 79% E 6R=H
7R=Bn

To probe the interactions of
the thiomethyl function of 1
with dGMII in detail, mannosta-
tin B (2) and analogues 3, 4a,
4b and 5, which contain deoxy,
hydroxy, epi-hydroxy or methoxy

substituents, respectively, in- o) 6]
stead of the thiomethyl of 1,

were prepared. The ability of

the compounds to inhibit dGMII

activity has been examined and 12 R=OH

0,
the results rationalized by exam- f)70% E

ining X-ray cocrystal structures
of dGMIl with the synthetic
compounds. The results indicate
that the previously observed
dual conformations of the thio-
methyl group might in fact have been an artifact of limited
radiation damage, and the primary interaction of the methyl
group is with the hydrophobic region of the cleavage pocket;
this orients the sulfur such that its unpaired electrons make an
interaction with the backbone carbonyl of Arg876, which
seems to be a critical determinant of potency. The degree of
penetrance of the methyl group into the hydrophobic site also
appears to be important for the high potency of mannosta-
tin A. Also, the various structures indicate that differences in
the hydration of protein-ligand complexes are important de-
terminant of plasticity as well as selectivity of inhibitor bind-

ing.

Results and Discussion
Chemical synthesis of mannostatin A analogues

Analogues 1-6 were synthesized to probe in detail the impor-
tance of the thiomethyl of substituents of mannostatin A for
inhibiting GMII. Optically pure mannostatin A (1) and deriva-
tives 6 and 12 were prepared by modified literature proce-
dures.""™ The key steps of this approach were an aldol con-
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densation of nitromethane with a dialdehyde derived from
myo-inositol and a selective protection by an R-(—)-O-acetyl-
mandelyl group. Thus, benzylation of 6 with benzyl bromide in
the presence of silver(l) oxide in THF gave 7, which was treated
with NaOMe in methanol to remove the acetylmandelate (Am)
ester to afford 8 (Scheme 1). Inversion of configuration of the
C-2 hydroxyl of 8 was easily accomplished by triflation with

N HAc

O
[l

NHAG

BnO., +OH

13 R = OC(S)OPH

Scheme 1. Reagents and conditions: a) BnBr, Ag,0, THF; b) NaOMe, MeOH; c) Tf,O, Py, CH,Cl,, 0°C then Bu,NOAc,
toluene; d) CHsl, Ag,0, CH;CN; e) Pd/C, H,, tBuOH, H,0, AcOH then 1m HCl in MeOH; f) phenylchlorothionofor-
mate, DMAP, CH,CN; g) Bu;SnH, AIBN, toluene, 4.

triflic anhydride and pyridine in dichloromethane to give a tri-
flate, which was immediately displaced by tetra-n-butylammo-
nium acetate in toluene by using sonication to give acetate 9.
A small amount of elimination byproduct was also isolated.
The acetyl ester of 9 was cleaved with sodium methoxide in
methanol to afford 10, which was methylated with methyl
iodide in the presence of silver(l) oxide to give 11. Deprotec-
tion of 10 and 11 to give the target compounds 4a and 5 was
accomplished by a two-step procedure involving catalytic hy-
drogenation over Pd/C to remove the benzyl ether followed
by treatment with HCl (1 M) in a mixture of H,0/MeOH to hy-
drolyze the cyclohexylidene acetal and convert the acetamido
moiety into an amine.

Compound 3 could easily be prepared from 12 by treatment
with DMAP and chlorothionoformate in acetonitrile to give
phenylthiocarbonyl ester 13 (70%), which was deoxygenated
by heating under reflux in the presence of the free radical ini-
tiator AIBN and reducing reagent tributyltin hydride in toluene
to afford 14. Deprotection of 14 was easily accomplished by
heating under reflux in HCl (1m) in H,O/MeOH to give 5-
deoxy-aminocyclopetititol 3. Compound 4b could be prepared
by standard deprotection of 8.
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The rate of hydrolysis catalyzed by dGMII of different concen-
trations of 4-methylumbelliferyl o-p-mannopyranoside alone
and in the presence of different concentrations of inhibitor
was measured fluorometrically and K; values were determined
from Dixon plots. As can be seen in Figure 1, mannostatin A
(1) is a more potent inhibitor than mannostatin B (2). 1-Deoxy-
aminocyclopentitetrol (3), which lacks the thiomethyl ether, is
a very poor inhibitor; this indicates that the thiomethyl moiety
of 1 makes important interactions with the binding site of the
enzyme. Addition of the hydroxy group (4a) increases the
potency by almost 1000-fold. The orientation of the hydroxy
group was critical, as a downwardly oriented epi-hydroxyl (4 b)
only led to an approximate threefold increase in potency.
Changing the hydroxyl of 4 to a methoxy group (5) further
enhanced the potency by ~fourfold. However, the K; values for
4a and 5 were eight- and four-times larger than that of man-
nostatin A (1).

The thiomethyl group of mannostatin A interacts with the
hydrophobic pocket

Analysis of X-ray crystal structure of dGMII-1 complexes at var-
ious pH values (3.8, 5.75 and 9.0) by using the A1 line of the
Cornell High Energy Synchrotron Source (CHESS) showed that
the electron density of the ligand was divided into two dis-
creet regions; the five-membered ring was separated from the
thiomethyl group most likely as a result of radiation damage
(Figure 2, top panel).

Because of their unique chemistries, active-site regions of
enzymes are particularly prone to radiation-induced damage. It

Synchrotron

pH 3.8 {3

Rotating anode

pH 3.8 9.

Figure 2. Radiation induced damage of mannostatin A bound in the active
site of dGMII. The top row shows the electron density in the active site of
dGMII-1 crystals soaked at various pH values. The thiomethyl group is in a
region of unusual shaped density and is separated from the ring. Data were
collected by using the CHESS A1 line. Under similar conditions, on a rotating
anode the density is intact and has the expected shape (lower panel). In
each case the methyl group points towards the hydrophobic pocket and a
second conformer is not observed. Fitted mannostatin A is shown in the

pH 5.8 electron density. The active site zinc is shown as a gray sphere.
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has been proposed that damaging species follow the electric
field lines around proteins,” which could be expected to
target the active site. In addition, sulfur and selenium contain-
ing amino acids are also usual targets, and the loss of thio-
methyl groups of methionine®” and methylseleno groups of
selenomethione® have been reported. Furthermore, metallo-
enzymes are particularly sensitive to damaging effects of X-ray
radiation.”” Therefore, it is not surprising that the thiomethyl
containing mannostatin A, which tightly bound in the zinc-
containing active site, is susceptible to radiation-induced
damage. We have previously not observed this damage in
other complexes that contain selenium and sulfur containing
inhibitors,”*?” and it might have been exacerbated by the par-
ticularly high flux rates at the time of data collection. We did
not observe the “split density” phenomenon with either man-
nostatin B (2) or the methyl ether analogue 5 (see below), and
therefore it might be that the thiomethyl group is particularly
prone to radiation damage. In any event, it made it impossible
to assign any pH dependent conformation.

Data recollected with a rotating anode source with freshly
prepared crystals did not show any evidence of radiation
damage (Figure 2, lower panel). At all three pH values, the thi-
omethyl group was found in only one orientation: pointing to-
wards the hydrophobic pocket formed by Phe206, Trp415 and
Tyr727. We conclude that mannostatin A binds with its hydro-
phobic thiomethyl group in this aromatic pocket. Given the ra-
diation damage we observed, it is probable that the previously
observed dual conformation of the thiomethyl group might be
a result of a limited amount of radiation damage. The orienta-
tion of mannostatin A with the thiomethyl pointing towards
the hydrophobic pocket is in agreement with molecular dy-
namics studies."”

Cocrystal structures of dGMII with compounds 2-5

Crystallographic analysis of dGMII was carried out with the five
mannostatin analogues (2-5), either prepared as cocrystals or
by soaking of crystals previously washed with phosphate
buffer (to remove bound Tris arising from the crystallization so-
lution). Data collection was performed on a rotating anode or
with synchrotron radiation. Structural refinement was carried
out to a final resolution ranging from 1.21 to 1.85 A with R val-
ues in the range of 0.13 to 0.19. Details of data collection and
refinement statistics are provided in Table S1 in the Supporting
Information. Simulated annealing F,—F. omit maps are present-
ed in Figure 3. Stereoviews of the electron density for each
compound are provided in the Supporting Information (Fig-
ure S1). The density for the ring apposing the active-site zinc is
exceptionally clear in all complexes, a result reflected in the
low temperature factors (“B factors” 8-15 A?) of this ring. These
low B factors are consistent with the many tight interactions
made between the inhibitor and the active site amino acids
and, especially, the active site zinc.

Details of the binding of one of the analogues (mannosta-
tin B) in the active (—1) site of dGMIl are shown in Figure 4.
Trp95 forms the roof of the active-site pocket and makes a
stacking interaction with the five-membered ring. The thio-
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A)

Figure 3. Bound compounds in the active site of dGMII. Simulated annealing
(3000 K) F,—F. omit maps were generated in CNS.®® The electron density
was contoured at 5¢. In all cases the compound was removed from the final
model before generation of the omit maps. A) Compound 2 (mannostatin
B); B) compound 3; C) compound 4a; D) compound 4b; here the zinc was
also removed; E) compound 5. Stereoviews of all of these complexes are
shown in Figure S1. F) Coordinates for all structures reported here were su-
perimposed, by using the SSM subroutine in Coot.*® The colors match the
density diagrams: mannostatin B is magenta, 3 is gray, 4a is pink, 4b is
green, and 5 is orange.

methyl group resides in a hydrophobic region consisting of
Phe206, Trp415 and Tyr727. Atoms closely interacting (distance
<3.2 A), including through hydrogen bonds and electrostatic
interactions, are detailed in Figure 5B. Predominant tight inter-
actions are formed between the 02 and O3 of the inhibitor
and the zinc ion. These interactions have a similar distance
(2.1-2.2 &) and presumably similar strength, to the interactions
made with the amino acids of dGMII that tightly hold the zinc
in the protein. Other interactions, which have previously been
shown by molecular dynamic simulations to be particularly
important for mannostatin A binding, include those with
Asp472, Asp341 and Tyr269. The distance between the Asp341
082 and the 02 has lengthened to 3.3 A and does not show
up in the interaction diagram. The catalytic nucleophile
Asp204 0062 makes interactions with both 02 and the amino
group. The amino group, in turn, is involved in other interac-
tions including ones with the acid/base catalyst Asp341,
Tyr269-OH and a water molecule. The unique oxygen of the
sulfoxide moiety of mannostatin B makes contacts with two
waters (one which interacts with both Tyr269-OH and the
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amino group, the other interacts with the backbone carbonyl
of Arg876) and the NH, group of Arg228.

A superposition of compounds 1-5 is shown in Figure 3F,
which clearly demonstrates they bind at nearly identical posi-
tions and adopt very similar conformations. Interaction dia-
grams, provided in Figure 5 indicate that there is very little dif-
ference in the interaction distances in the various mannosta-
tin—analogue complexes. The addition of a hydroxyl to com-
pound 3 resulted in new interactions with the protein; Arg228
NH, makes a new hydrogen bond with the OH of both 4a and
4b. Compound 4b also makes new close interactions with
both Asp204 081 and 082, similar to what was seen in the
dGMIl-mannose structure (Figure S2). However, despite these
new interactions, 4b is only slightly (~threefold) more potent
than 3; this indicates that these interactions are not principle
determinants of tight binding. Thus, the configuration of the
substituent at the C-5 is critical for high affinity binding, with
the upward configuration (as in 4a) being the active one. For
the other compounds, the principal changes cluster around
the amino group, and the interactions made with Asp341. The
least potent compounds (3, 4a, 4b) lack a close interaction
between the amino group on the five-membered ring and the
002 of the acid/base catalyst Asp341 (the distances have ex-
tended to 3.4-3.6 A) and instead the closest interaction is
mediated by a water molecule (Figures 5C-E). This is a relative-
ly high Bfactor water molecule, which is not present in the
structures with the other analogues. The presence of this inter-
mediate water and the increase in hydrogen bond lengths pre-
sumably weakens the strength of the interaction between the
compounds and the protein. We have recently shown that in-
teractions between Asp341 and a properly positioned amino
group are important for greatly enhancing the potency of kifu-
nensine-like inhibitors,”® especially if the nitrogen is positively
charged. This, however, does provide an explanation of the
~4000-fold difference in potencies between 1 (Figure 5A) and
3 (Figure 5C). Also, 4a (Figure 5D) is a ~1000-fold better inhib-
itor than 3, but the binding geometry to the amino substituent
is nearly identical, so the difference must be mediated by the
upwardly oriented substituent at C-5.

The role of the C-5 substituent of the mannostatin
analogues for inhibitory activity

The mannostatin analogues, which only differ in the substitu-
ent attached to C-5, are positioned in the same way in the
active site of dGMII (Figure 3F), and with the exception of the
C-5 substituent make nearly identical interactions with the pro-
tein (Figure 5). This indicates that the nearly 7500-fold differ-
ence in inhibitory potency between the unsubstituted 3 and
mannostatin A (1) must arise from differences in interactions of
the C-5 substituents, which result in changes in the active-site
hydration, formation of hydrogen bonds and apolar contacts.
The increasingly complex nature of the substituents added at
C-5 allows us to dissect these various effects.

1) Changes in water structure mediated by analogue binding. As
mentioned above, a nearly three-orders of magnitude in-
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Figure 4. Binding of mannostatin B (2) in the active site of dGMII. Divergent stereoview of mannostatin B (dark gray) showing important interacting dGMII res-
idues (light gray). Close interactions (< 3.2 A) are shown as dotted lines and have lengths as shown in Figure 5B. The simulated annealing (3000 K) F,—F. omit
electron density map was generated in CNS®® and is contoured at 50. The active site zinc is indicated as a large sphere and waters are represented as smaller
spheres. The asterisk indicates the position of the water that is common in all structures, and which forms an additional interaction with either R228-NH, or
Y269-OH.
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crease in inhibitory potency of 3 results from addition of a
properly oriented hydroxyl at C-5 to give 4a. Although 3
and 4a only differ by a single hydroxyl residue there is
nearly three-orders of magnitude difference in inhibitory
potency (Figure 1). A superposition of dGMII-3 and dGMII-
4a is presented in Figure 6 A. The positions of the bound
inhibitors are identical as are the positions of the amino
acids in the active site, with the exception of a small move-
ment in the peptide backbone around Arg876. The major
variation is in the positions of the water molecules. Move-
ment of a single water molecule, which allows a water-
mediated interaction to form between the backbone car-
bonyl of Arg876 (Arg8760) and the novel hydroxyl of 4a
(Figure 5D), appears to cause a cascade of water rearrange-
ment in the active site (Figure 6A). The rearrangement re-
sults in loss of a water molecule seen in the dGMII-3 struc-
ture (indicated by an asterisk in Figure 6 A) which is also
present in the structure with the poor inhibitor 4b. Thus,
the presence of this water seems to correlate with poor
inhibitory potential. This water residue makes hydrogen
bonds to Asp204 001 and Arg228 Ne and could reduce the
strength of the hydrogen bonds made between these two
residues and the inhibitors.

Well-resolved water molecules, which are often observed in
carbohydrate-protein complexes, can contribute to the
specificity as well as to plasticity of ligand recognition. For
example, crystallographic studies of the binding specificities
of the bacterial L-arabinose binding protein (ABP) have
shown that an order of a magnitude higher affinity of L-ara-
binose compared to b-fucose are due to differences in
hydration of the carbohydrate-protein complexes.”” The
higher affinity of binding of L-arabinose was attributed to
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the presence of two water molecules that filled a potential
gap between protein and ligand. Furthermore, the relative
high affinity of p-galactose for ABP was attributed to dis-
placement of a water molecule by the C-6 hydroxymethyl.
Previously, we have shown that water rearrangement can
have a dramatic influence on inhibitor potency. In studies
with swainsonine-type derivatives, the addition of a single
hydroxyl caused a sufficient side-chain movement of
Arg228 to dislodge a conserved water; this leads to disrup-
tion of the water structure and results in a significant loss
(> 130-fold) of inhibitor potency®” against dGMII. However,
in the structures studied here, the waters in question are
not tightly bound (B factors > 25 A% and are located at the
edge of the binding pocket, and the effect might be due
to the Arg8760 interaction (discussed below) and changes
in hydrogen bond strength (discussed above) rather than
the water rearrangement per se, although all components
might contribute.

Interaction with the backbone carbonyl of Arginine 876.
Arg8760 has been implicated in binding a large number of
compounds to dGMII, although many of them are weak in-
hibitors. Arg8760 interacts directly with the C-6 hydroxyl
group of the natural substrate,®” and direct interactions
are also observed with a number of inhibitors including
deoxymannojirimycin,®”  kifunensine,®”  salacinol ana-
logues,?**¥ and manno-noeuromycin.®® Water mediated in-
teractions with Arg8760 have also been observed with pyr-
rolidine-based inhibitors.?*3*

The water-mediated interaction between the C-5 hydroxyl
of 4a, which results in a ~300-fold increase in potency
compared to epi substituted 4b, argues for the importance
of the Arg8760 interaction for binding mannostatin ana-
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Figure 5. Tight interactions (3.2 A or less) of the bound compounds in the active site of dGMII. A) Mannostatin A at pH 5.75; B) mannostatin B; C) compound
3; D) compound 4a; E) compound 4b; F) compound 5. All distances are given in Angstrbm units. Water molecules are shown as gray spheres and the zinc is
shown as a black sphere. Interactions that change significantly from mannostatin A are shown in bold. New interactions not seen in A) are shown as thicker

dotted lines with distances listed in bold.

logues. A comparison of 4a with the strongest inhibitor,
mannostatin A, is shown in Figure 6B. The water forming
the through-water interaction with Arg8760 has been dis-
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placed by 1.9 A and Arg8760 makes a direct interaction
(3.8 &) with the sulfur. The Arg8760-S interaction, which is
unique for the complex of dGMII with 1, could significantly
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Figure 6. Interactions of mannostatin analogues with the backbone carbonyl of Arg876: comparison of the active-
site environment of two inhibitors differing in potency by three orders of magnitude. A) The active site of dGMII-

3 (white, K;=265 pum) and dGMIl-4a (magenta, K;=300 nm). The newly formed through-water interaction be-
tween the hydroxyl group of 4a and the backbone carbonyl of Arg876 of dGMII is shown as a black dotted line.

Comparable waters are shown joined by a blue dotted arc. The asterisk indicates the position of a water molecule

that is present only in dGMII-3. B) The active site of dGMII-4a (magenta, K;=300 nm) and dGMII-1 (cyan, K=
38 nm) collected at pH 5.75. Superpositions were carried out with Coot.*”

contribute to binding. The sulfur of methionine residues
and backbone carbonyl oxygens or side chain carboxylate
oxygen often make S-O type interactions, with the inter-
action occurring between the m orbital on the carbonyl

3)
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oxygen and the antibonding o* orbital of S—C
bond.® At a distance 3.3 A these interactions
could result in stabilization of up to 2.5 kcalmol™
as modeled by ab initio calculations.?? In the
dGMII-1 complex the sulfur atom is located at
3.8 A from Arg8760; this suggests a reasonably
strong interaction. A strong interaction also pro-
vides an explanation for the shape of the electron
density observed in structures that experienced
radiation damage and resulted in cleavage of the
thiomethyl group, which moved towards the
Arg8760 giving an appearance of a second con-
formation.

Interactions with the aromatic pocket of the active
site. Hydrophobic interactions with the aromatic
region of the active site (consisting of conserved
residues Phe206, Trp415 and Tyr727) are also im-
portant in the binding of several inhibitors to
dGMIL. In the case of swainsonine (K;=20 nm),
Arg8760 does not seem to play a role in com-
plexation, but rather there is an interaction with
the hydrophobic region of the active site. Fur-
thermore, it was recently demonstrated that the
addition of a methyl group to a pyrrolidine based
inhibitor, which led to both a loss of the water-
mediated Arg8760 interaction and the formation
of a new hydrophobic interaction with the aro-
matic region, resulted in a K; reduced by over 20-
fold.B¥

D. R. Rose, G.-J. Boons et al.

Interactions between the ar-
omatic region of the dGMII
active site and the methyl
group of the mannostatin
analogues are shown in
Figure 7 and compared with
those formed with swainso-
nine. In the case of swainso-
nine, the interactions are
formed with a six-membered
ring rather than a simple
methyl group and therefore
are expected to be stronger
(Figure 7D). The shortest
range interactions in the
dGMill-swainsonine complex
are between the inhibitor
and Tyr727 and Phe206. The
closest interactions made by
the mannostatin analogues
are with the end of the
Trp415 ring where the
methyl group is positioned
equidistant between the CH,

and CZ3 carbons. Mannostatin A, which is best inhibitor
among the analogues, demonstrates the shortest distances
to Phe206, which could be a key determinant of potency.
The methyl group of mannostatin A is centrally spaced

Figure 7. Hydrophobic interactions between dGMII and bound inhibitors. Interaction dis-
tances between residues of the aromatic cluster of dGMII and hydrophobic regions of
the inhibitors are indicated (in Angstrém units). A) Mannostatin A (pH 5.75 structure),

B) mannostatin B, C) compound 5, D) swainsonine (PDB ID: 3BLB).
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with respect to the centroid of the aromatic rings at distan-
ces from the methyl carbon of 4.4 A for Phe206, 4.6 A for
Trp415, and 4.5 A for Tyr737. In the case of mannostatin B,
interactions of the sulfinyl group with a water molecule (as
shown in Figure 4) appear to have pulled the methyl away
from Phe206 and reduced its interaction. The hydroxy-
methyl group of 5 does not extend as far as the thiomethyl
group of mannostatin A into the hydrophobic pocket,
which could contribute to the somewhat lower inhibitory
activity of this compound.

Mannostatin B (2), the hydroxy containing derivative 4a, and
methyl ether containing derivative 5 make interactions with
the protein that are not observed in the complex with 1, and
might compensate for a loss of some of the interactions ob-
served in the complex with 1. For example, mannostatin B (2),
which has only a fourfold reduction in potency compared to 1,
makes unique interactions through the oxygen of the sulfoxide
moiety with the NH, group of Arg228 and two waters. The hy-
droxyl of 4a also makes a hydrogen bond with Arg228 NH,,
but since a similarly distanced interaction occurs in the 100 um
inhibitor 4b (Figure 5E) this bond is not expected to contrib-
ute significantly. Furthermore, oxygen of the methyl ether of
the 5 makes a hydrogen bond with a water molecule, which in
turn interacts with the main chain carbonyl oxygen of Arg876.

Conclusions

Through a combined use of synthetic chemistry, enzymology
and X-ray crystallography, the catalytic site of dGMII has been
studied in detail. The relatively large number of inhibitors em-
ployed and the high resolution of the crystallographic struc-
tures provided a unique opportunity to dissect the determi-
nants of inhibitor activity at the level of different substituents
introduced at different ring positions. The analysis is not only
at the level of inhibitory potency, but also includes the visuali-
zation of the atomic basis for the effects. Specifically, our previ-
ous studies have pointed to the crucial contribution of zinc in-
teractions, and interactions with Asp341 and Asp472, as well
as the importance of water structure in inhibitor binding. The
data presented here illustrate the importance of the interaction
of the Arg876 backbone carbonyl as well as hydrophobic inter-
actions with Phe206, Trp415 and Tyr727 as additional contribu-
tory factors. Furthermore, analyses of the various structures in-
dicate that differences in the hydration of the protein binding
site, is an important factor for plasticity as well as selectivity of
inhibitor binding. In retrospect, it is not surprising that the
active site of GMII has proven difficult to model accurately,®>3¢
since small differences in inhibitor chemistry result in large dif-
ferences in inhibitor potency.

Experimental Section
Synthesis procedures

General experimental procedures: Chemicals were purchased from
Aldrich or Fluka and used without further purification. DCM was

ChemBioChem 2009, 10, 268 -277
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distilled from calcium hydride; THF from sodium; and MeOH from
magnesium and iodine. Aqueous solutions are saturated unless
otherwise specified. All reactions were performed under anhydrous
conditions under argon unless otherwise specified and monitored
by TLC on Kieselgel 60 F254 (Merck). Detection was carried out by
examination under UV light (254 nm) and by charring with sulfuric
acid (10%) in methanol. Silica gel (Merck, 70-230 mesh) was used
for chromatographies. latrobeads 6RS-8060 was purchased from
Bioscan.

The '"H NMR spectra were recorded either in CDCl; or D,0 by using
a Varian Merc-300 or Varian Inova-500 spectrometers equipped
with Sun workstations at 300 K. TMS (6,,=0.00) or D,O (6,=4.67)
was used as the internal reference. The *C NMR spectra were
recorded either in CDCl; or D,O at 75 MHz on a Varian Merc-300
spectrometer, by using the central resonance of CDCl; (6.=77.0)
as the internal reference. COSY, HSQC and NOSEY experiments
were used to assist assignment of the products. Mass spectra were
obtained by using an Applied Biosystems Voyager DE-Pro MALDI-
TOF.

(15,2S,3R,4R,5R)-5-Acetamido-1-O-[(2R)-2-O-acetylmandelyl]-4-O-
benzyl-1,2,3,4-cyclopentanetetrol  (7): Benzyl bromide (0.16 mL,
1.34 mmol) and silver(l) oxide (1.55 g, 6.68 mmol) were added to a
solution of 6 (0.30g, 0.67 mmol) in THF (10 mL). The flask was
wrapped in aluminium foil to exclude light and the reaction mix-
ture stirred at room temperature for 24 h, after which it was fil-
tered through celite. The filtrate was concentrated to dryness, and
purification of the crude product by column chromatography (tolu-
ene/acetone, 3:1, v/v) on silica gel afforded 7 (0.285 g, 79%) as col-
orless oil; R;=0.46 (toluene/acetone, 3:1, v/v); '"H NMR (300 MHz,
CDCly): 6=7.40-7.09 (m, 10H, Ph), 5.96 (s, 1H, PhCH(OAC)CO), 5.93
(d, Jsny=8.1Hz, TH, NH), 4.70 (dd, J;,=5.4 Hz, J;s=5.4Hz, 1H, H-
1), 464 (ddd, J,s=5.4 Hz, J,s=4.8 Hz, 1H, H-5), 459-4.49 (m, 4H,
H-2, H-3, PhCH,), 3.60 (t, J;,=4.8 Hz, J,s=4.8 Hz, TH, H-4), 2.11 (s,
3H, PhCH(CH,CO)CO), 1.86 (s, 3H, CH,CONH), 1.72-1.32 (m, 10H,
C¢H10) ppm; *C NMR (75 MHz, CDCl,): 6 =170.3, 169.3, 167.7 (C=0),
137.4-127.8 (Corom) 113.4(CeHyo), 79.1 (C-2), 77.2 (C-3), 74.2 (C-4),
74.1 (PhCH(OAC)CO), 72.3 (PhCH,), 71.7 (C-1), 49.9 (C-5), [35.9, 33.2,
25.0, 24.0, 234 (C;H0)], 23.1 (CHsCONH), 20.7 (PhCH(CH;CO)CO);
HRMS: m/z: found [M+Na]™ 560.2257, CiH3sNOg caled for
[M+Na]* 560.2260.

(15,2S,3R,4R,5R)-5-Acetamido-4-O-benzyl-1,2,3,4-cyclopentanetetraol
(8): NaOMe was added to a solution of 7 (0.28 g, 0.52 mmol) in
MeOH/DCM (10 mL, 1:1, v/v) until a pH 9-10 was reached. The re-
action mixture was stirred at room temperature for 18 h, and then
neutralized by the addition of Dowex 650 H*. The suspension was
filtered through celite and the residue washed with MeOH/DCM
(10 mL, 1:1, v/v). The combined filtrates were concentrated to dry-
ness and purification of the residue by column chromatography
(toluene/acetone, 3:1, v/v) on silica gel afforded 8 (0.17 g, 91 %) as
a colorless oil; R=0.17 (toluene/acetone, 2:1, v/v); 'HNMR
(300 MHz, CDCl,): 6 =7.27-7.19 (m, 5H, Ph), 6.29 (d, Jsy,=8.1 Hz,
TH, NH), 462-4.52 (m, 3H, H-2, PhCH,), 4.45 (t, J,;=6.0 Hz, J;,=
5.7 Hz, 1H, H-3), 437 (ddd, J,5=4.8 Hz, J,5=5.4 Hz, 1H, H-5), 3.89
(t, J;4=57Hz, J,s=54Hz, TH, H-4), 3.68 (t, J,,=45Hz, J 5=
4.8Hz, 1H, H-1), 1.96 (s, 3H, CH,CONH), 1.70-1.38 (m, 10H, C¢H,,);
BCNMR (75 MHz, CDCly): 6=1704 (C=0), 137.4-127.9 (Chom)r
113.4(C4Hyo), 794 (C-2), 77.2 (C-3), 75.2 (C-1), 72.6 (PhCH,), 70.7 (C-
4), 52.6 (C-5), [35.8, 33.2, 25.0, 24.0, 23.4 (C4H,0)], 23.3 (CH;CONH);
HRMS: m/z: found [M+Na]® 384.1714, C,H,,NO; calcd for
[M+Na]* 384.1717.
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(1R,2S,3R 4R, 55)-5-Acetamido-1-O-acetyl-4-O-benzyl-1,2,3,4-cyclopen-

tanetetraol (9): Trifluoromethanesulfonic anhydride (0.12 mL,
0.71 mmol) was added drop wise to a solution of 8 (0.17 g,
0.47 mmol) in pyridine (0.19 mL, 2.33 mmol) and DCM (5 mL) at
0°C. The reaction mixture was stirred at 0°C for 1 h, and then di-
luted with DCM (25 mL). The solution was washed with H,O
(10 mL) and saturated NaHCO; (10 mL). The organic layer was
dried (MgSO,), filtered and the filtrate concentrated to dryness. To
a solution of this residue in toluene (20 mL) was added tetra-n-bu-
tylammonium acetate (0.28 g, 0.92 mmol). The reaction mixture
was sonicated at room temperature for 18 h, and then concentrat-
ed under reduced pressure. The residue was dissolved in DCM
(25 mL), and washed with saturated NaHCO; (10 mL) and brine
(10 mL). The organic layer was dried (MgSO,), filtered and the fil-
trate concentrated to dryness. Purification of the crude product by
column chromatography on silica gel (toluene/acetone, 2:1, v/v) af-
forded 9 (0.12 g, 63%) as a colorless oil; R; 0.42 (toluene/acetone,
2:1, v/v); 'H NMR (300 MHz, CDCl,): 6 =7.31-7.24 (m, 5H, Ph), 6.27
(d, Jsnu=8.1Hz, TH, NH), 4.98 (d, J;s=2.4 Hz, 1H, H-1), 4.62-4.53
(m, 3H, H-3, PhCH,), 4.37 (ddd, J,s=2.4 Hz, J,s=5.7 Hz, TH, H-5),
432 (d, J,;=6.0Hz, TH, H-2), 3.93 (t, J;,=54Hz, J,5=5.7 Hz, TH,
H-4), 1.96 (s, 3H, CH;CO), 1.89 (s, 3H, CH,CONH), 1.72-1.30 (m,
10H, CgHy); “CNMR (75 MHz, CDCL): 6=170.4, 169.6 (C=0),
137.4-128.0 (Cpom), 113.3(CeHyo), 81.9 (C-2), 79.3 (C-1), 78.8 (C-3),
76.6 (C-4), 72.5 (PhCH,), 54.3 (C-5), [35.9, 33.1, 25.0, 23.8, 234
(CiHyo)l, 233 (CH,CONH), 209 (CH,CO); HRMS: m/z: found
[M+Na]* 403.1992, C,,H,0NO, calcd for [M+Nal* 403.1995.

2,3-O-Cyclohexylidene derivative 10 of respective (1R,2S,3R,4R,5R)-5-
acetamido-4-O-benzyl-1,2,3,4-cyclopentanetetrol (10): NaOMe was
added to a solution of 9 (0.12 g, 0.30 mmol) in MeOH/DCM (1:1)
until a of pH 9-10 was reached. The reaction mixture was stirred at
room temperature for 18 h, and then neutralized by the addition
of Dowex 650 H*. The solution was filtered through celite, and the
residue washed with MeOH/DCM (6 mL, 1:1, v/v). The combined fil-
trates were concentrated to dryness and purification of the residue
by column chromatography (toluene/acetone, 2:1, v/v) on silica gel
afforded 9 (0.092 g, 86%) as a colorless oil; R=0.30 (toluene/ace-
tone, 2:1, v/v); '"H NMR (300 MHz, CDCl,): 6 =7.28-7.09 (m, 5H, Ph),
6.39 (d, Jsny=6.3 Hz, TH, NH), 4.64 (t, J,;=5.1 Hz, J;,=4.5 Hz, TH,
H-3), 4.56 (dd, 2H, J=12 Hz, PhCH,), 432 (d, J,;=5.1 Hz, TH, H-2),
416 (ddd, J,5=1.5Hz, J,s=45Hz, 1H, H-5), 406 (t, J;,=4.5 Hz,
Jys=45Hz, 1H, H-4), 403 (d, J,5=15Hz, 1H, H-1), 1.89 (5, 3H,
CH;CONH), 1.68-1.28 (m, 10H, C¢H,o); *C NMR (75 MHz, CDCly): 0=
170.4 (C=0), 137.4-128.1 (C,r), 112.5(CcHyo), 84.1 (C-2), 79.1 (C-3),
78.1 (C-1), 76.7 (C-4), 72.3 (PhCH,), 57.6 (C-5), [35.9, 32.9, 25.1, 23.9,
234 (CeHy)l, 23.3 (CH;CONH); HRMS: m/z: found [M+Na]*
384.1714, C,0H,,NO; calcd for [M+Nal™ 384.1717.

(1R,2S,3R 4R, 5R)-5-Acetamido-4-O-benzyl-1-O-methyl-1,2,3,4-cyclopen-
tanetetrol (11): Methyl iodide (52 L, 0.84 mmol) and silver(l) oxide
(0.16 g, 0.69 mmol) were added to a solution of 10 (50 mg,
0.14 mmol) in acetonitrile (2 mL). The flask was wrapped by alumi-
nium foil to exclude light. The reaction mixture was stirred at room
temperature for 48 h, and then filtered through celite. The filtrate
was concentrated to dryness and purification of the residue by
column chromatography (toluene/acetone, 3:1, v/v) on silica gel af-
forded 11 (43 mg, 83%) as a colorless oil; R;=0.45 (toluene/ace-
tone, 2:1, v/v); '"H NMR (300 MHz, CDCl;): 6 =7.28-7.19 (m, 5H, Ph),
6.32 (d, Jsny=5.1 Hz, 1H, NH), 4.60-4.48 (m, 3H, H-3, PhCH,), 430
(m, 2H, H-2, H-5), 3.93 (t, J;,=4.5 Hz, J,5;=4.5 Hz, 1H, H-4), 3.54 (d,
Ji15=15Hz, TH, H-1), 3.34 (s, 3H, OCH;), 1.90 (s, 3H, CH;CONH),
1.69-1.28 (m, 10H, C¢H,o); *CNMR (75 MHz, CDCl,): §=169.5 (C=
0), 137.3-128.0 (C,om), 112.5 (C4H,p), 86.9 (C-2), 82.0 (C-3), 79.1 (C-
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1), 76.6 (C-4), 72.1 (PhCH,), 57.6 (C-5), 53.5 (OCH,), [36.0, 32.8, 25.0,
23.9, 234 (CeHyo)l, 233 (CH,CONH); HRMS: m/z: found [M+Na]*
375.2041, C,,H,NO; calcd for [M+Na] ™ 375.2046.

(15,2S,3R,4R)-4-Acetamido-3-O-[(2R)-2-O-acetylmandelyl]-5-deoxy-
1,2,3-cyclopentanetriol (14): DMAP (98 mg, 0.8 mmol) and phenyl
chlorothionoformate (0.1 mL, 0.72 mmol) were added to a solution
of 12 (60 mg, 0.13 mmol) in acetonitrile (0.6 mL). The mixture was
stirred for 3 h at room temperature. After dilution with ethyl ace-
tate (10 mL), the solution was washed with water (5 mL), dried
(MgS0,), filtered and the filtrate concentrated under reduced pres-
sure. Purification of the residue by column chromatography (tolu-
ene/acetone, 3:1, v/v) on silica gel afforded the desired product 13
(55 mg, 79%) as a colorless oil; R;=0.7 (toluene/acetone, 1:1, v/v).
A solution of 13 (44 mg, 0.08 mmol) in toluene (4 mL) was added
to a solution of AIBN (4 mg, 0.023 mmol) and tributyltin hydride
(60 pL, 0.23 mmol) in toluene (0.55 mL). The mixture was heated
under refluxed for 2 h. After cooling to room temperature, the re-
action mixture was concentrated under reduced pressure and pu-
rification of the residue by column chromatography (toluene/ace-
tone, 5:1, v/v) on silica gel afforded 14 (25 mg, 78%) as a colorless
oil; Ry 0.36 (toluene/acetone, 2:1, v/v); 'HNMR (300 MHz, CDCl,):
8=7.46-7.09 (m, 5H, Ph), 6.18 (d, Jsy=8.7 Hz, TH, NH), 5.92 (s,
1H, PhCH(OAC)CO), 4.80 (t, J,;=5.4 Hz, J;,=4.8 Hz, 1H, H-3), 4.61-
444 (m, 3H, H-1, H-2, H-4), 2.13 (s, 3H, PhCH(CH,CO)CO), 1.93 (m,
1H, H-5), 1.79 (s, 3H, CH;CONH), 1.45-1.19 (m, 10H, CiH,o);
3C NMR (75 MHz, CDCl,): 6=170.5, 169.4, 167.9 (C=0), 133.3-128.1
(Caror)y 112.4 (CH,p), 77.7 (C-2), 77.1 (C-1), 74.6 (PhCH(OAC)CO), 74.4
(C-3), 504 (C-4), 34.5 (C-5), [35.8, 32.8, 24.9, 23.7, 23.3 (C¢Hqp)], 23.0
(CH;CONH), 20.7 (PhCH(CH,CO)CO); HRMS: m/z: found [M+Na]*
454.1858, C,3H,sNO; calcd for [M+Nal™ 454.1862.

(1R,2S,3R,4R,5R)-5-Aminocyclopentane-1,2,3,4-tetraol (4a): A suspen-
sion of 10 (40 mg, 0.11 mmol) and Pd/C (40 mg, 10%) in tert-buta-
nol/H,0/AcOH (5 mL, 40:1:1, v/v/v) was placed under an atmos-
phere of hydrogen. The reaction mixture was stirred at room tem-
perature for 18 h, and then filtered through celite. The filtrate was
concentrated to dryness. A solution of the residue in HCl (1 ™) in
H,0/MeOH (8 mL, 1:1, v/v) was heated under refluxed for 2 h and
then concentrated to dryness. Purification of the residue over latro
beads (acetonitrile/AcOH/H,0, 5:1:1, v/v/v) afforded 4a (15 mg,
quant.) as a white amorphous solid; '"H NMR (300 MHz, D,0): 6=
424 (dd, J3,=45Hz, J,s=6.6Hz, 1H, H-4), 408 (t, J;s=6.6 Hz,
J,,=69Hz, 1H, H-1), 402 (t, J,;=4.8Hz, J;,=45Hz, 1H, H-3),
3.80 (dd, J;,=6.9Hz, J,;=48Hz, TH, H-2), 3.35 (t, J;s=6.6 Hz,
J,s=6.6 Hz, TH, H-5); CNMR (75 MHz, D,0): 6=78.7 (C-3), 75.5
(C-2), 71.7 (C-4), 67.4 (C-1), 56.8 (C-5); HRMS: m/z: found [M+H]™
150.0776, CsH,,NO, calcd for [M+H]* 150.0766.

(1R,2R,3R,4S,5R)-4-Amino-5-methoxycyclopentane-1,2,3-triol ~ (5): A
suspension of 11 (38 mg, 0.10 mmol) in tert-butanol/H,0/AcOH
(5 mL, 40:1:1, v/v/v), Pd/C (35 mg, 10%) was placed under an at-
mosphere of hydrogen. The reaction mixture was stirred at room
temperature for 18 h, and then filtered through celite. The filtrate
was concentrated to dryness. A solution of the residue in HCl (1 m)
in H,0/MeOH (8 mL, 1:1, v/v) was heated under refluxed for 2 h
and then concentrated to dryness. Purification of the residue over
latro beads (acetonitrile/AcOH/H,0, 5:1:1, v/v/v) afforded 5 (17 mg,
quant) as a white amorphous solid; '"H NMR (300 MHz, D,0): 6=
422 (dd, J,;=42Hz, J;,=57Hz, 1H, H-3), 402 (t, J,,=42Hz
J3=42Hz, 1H, H-2), 3.95 (t, J,s=4.8Hz, J,,=42Hz, 1H, H-1),
383 (t, J;s=57Hz, J;s=48Hz, TH, H-5), 345 (m, 1H, H-4);
3C NMR (75 MHz, D,0): 6 =88.8 (C-5), 74.4 (C-1), 72.3 (C-2), 68.4 (C-
3), 58.1 (OCH,), 55.3 (C-4); HRMS: m/z: found [M+H]" 164.0932,
CgHqsNO, calcd for [M+H]" 164.0923.
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(15,2S,3R,4R)-4-Aminocyclopentane-1,2,3-triol (3): A solution of 14
(25 mg, 0.06 mmol) in HCl (1 m) in H,0/MeOH (5 mL, 1:1, v/v) was
heated under refluxed for 2 h and then concentrated to dryness.
Purification of the residue over latro beads (tert-butanol/AcOH/
H,0, 4:1:1, v/v/v) afforded 3 (11 mg, quant.) as a white amorphous
solid; "H NMR (500 MHz, D,0): 6 =4.11-4.06 (m, 2H, H-1, H-3), 3.91
(t, J;,=4.5Hz, J,;=4.0Hz, 1H, H-2), 3.58 (m, 1H, H-4), 2.46 (ddd,
J15=85Hz, J;s=7.5Hz, Jsy=150Hz, TH, H-5), 1.69 (ddd, J,5s=
5.0 Hz, J,5=6.0 Hz, Js5=15.0 Hz, 1H, H-5); >*C NMR (75 MHz, D,0):
0=75.8 (C-2), [72.4, 72.3 (C-1, C-3)], 53.4 (C-4), 37.0 (C-5); HRMS:
m/z: found [M+H]" 134.0826, CH;;NO, caled for [M+H]*
134.0817.

Enzymology: Inhibition constants were determined as detailed by
Li et al.”®

X-ray crystallography: Crystallization, data collection and refine-
ment of the complexes were essentially as outlined in detail previ-
ously.*¥ Graphics were generated with PyMOL.®” The Drosophila
Golgi a-mannosidase Il (dGMII) was prepared as described previ-
ously.’” Complexes of 2, 4b and 5 were prepared as cocrystals,
while complexes with 3 and 4a were prepared by soaking of phos-
phate washed crystals;®" soak times were approximately 3 h.

For assessing the pH effect on mannostatin A binding, crystals
were originally washed in phosphate buffered reservoir solution
(pH 7) to remove the Tris from the active site, transferred briefly to
reservoir buffers of appropriate pH (acetate, pH 3.8, MES pH 5.75
or CHES pH9) followed by 30 min soaks with mannostatin A
(1 mm) in reservoir buffer at the various pH values. Crystals were
cryoprotected with increasing concentrations of MPD (up to 25 %)
at the various pH values and snap-frozen in liquid N,.

Coordinates for protein complexes reported in this manuscript are
deposited in the Protein Data Base with the ID codes: 3D4Y, 3D4Z,
3D50, 3D51 and 3D52.

Abbreviations: GMIl: Golgi a1,3 al,6-mannosidase Il (E.C. 3.2.1.
114); dGMII: catalytic domain of Drosophila melanogaster GMII;
ABP: bacterial L-arabinose binding protein.
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