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Abstract: The inhibition of glycoside hydrolases, through transition-state mimicry, is important both as a
probe of enzyme mechanism and in the continuing quest for new drugs, notably in the treatment of cancer,
HIV, influenza, and diabetes. The high affinity with which these enzymes are known to bind the transition
state provides a framework upon which to design potent inhibitors. Recent work [for example, Bilow, A. et
al. J. Am. Chem. Soc. 2000, 122, 8567—8568; Zechel, D. L. et al. J. Am. Chem. Soc. 2003, 125, 14313—
14323] has revealed quite confusing and counter-intuitive patterns of inhibition for a number of glycosidase
inhibitors. Here we describe a synergistic approach for analysis of inhibitors with a single enzyme ‘model
system’, the Thermotoga maritima family 1 -glucosidase, TmGH1. The pH dependence of enzyme activity
and inhibition has been determined, structures of inhibitor complexes have been solved by X-ray
crystallography, with data up to 1.65 A resolution, and isothermal titration calorimetry was used to establish
the thermodynamic signature. This has allowed the characterization of 18 compounds, all putative transition-
state mimics, in order to build an ‘inhibition profile’ that provides an insight into what governs binding. In
contrast to our preconceptions, there is little correlation of inhibitor chemistry with the calorimetric dissection
of thermodynamics. The ensemble of inhibitors shows strong enthalpy—entropy compensation, and the
random distribution of similar inhibitors across the plot of AH°; vs TAS®, likely reflects the enormous
contribution of solvation and desolvation effects on ligand binding.

Glycosidase inhibition is important not only in the study of state binding potential is harnessed, then highly potent inhibitors
enzyme mechanism, but also in therapies targeted at, forcould result. This has most recently been elegantly demonstrated
example, cancer, viral infections including HIV and influenza, by Schramm and co-workers, who have obtained pico- and
lysosomal storage diseases, and diabetes, with a number of drugéemtomolar inhibitors (among the most potent of any nonco-
in current clinical use. Wolfenden has pointed out that glycoside valently bound inhibitors reported) of enzymes (includirig 5
hydrolases (hereafter glycosidases) are extremely exciting targetsnethylthioadenosin&adenosylhomocysteine nucleosidadés,
for inhibition through transition-state mimicry since their rate ribosyltransferases, and purine nucleoside phosphorylases) using
enhancements, estimated at ovel’1fdold compared to the a combination of X-ray crystallography and computer modeling
uncatalyzed reactioh,implies a binding constant for the driven by transition state insight derived from kinetic isotope
transition state of around 1® M.! Notwithstanding the fact  effects?8
that the transition state involves non-ground-state bond lengths Glycosidases provide a powerful tested system in which to
and partial charges, which may prove difficult to mimic study transition-state mimicry. Currently, they have been

appropriately, current glycosidase inhibitors are rather poor, with
the best binding only in the low nanomolar range. Building on
Pauling’s proposals in the 19483jf compounds are designed

to mimic this transition state, meaning more of the transition
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classified into over 100 families based upon amino-acid
sequence similarities (see http://afmb.cnrs-mrs.frlCA2YFam-
ily GH1 glycosidases, such as tfieglucosidase fronThermo-
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Figure 1. Canonical retaining mechanism feiglycoside hydrolysis. Each !
step of the double displacement mechanism passes through a short-lived !
oxocarbenium ion-like transition state. !
Onuc

hydr0|ySIS,Wlth net retention OT an(.)me“,c configuration using Figure 2. (A) Skew-boat interconversion itinerary for the hydrolysis of

a double displacement mechanism in which a covalent glycosyl- pyranosides. Stereochemical considerations demand distortibi & 3H,

enzyme intermediate is formed and subsequently hydrolyzed half-chair (or their equivalertE and3E envelope forms) of*B or Bzs

via oxocarbenium ion-like transition states (Figure 1). Two key boat conformations (shown boxed) at the transition state. (B) It is widely
. . . . . . . assumed that family GH1 retainirfyglucosidases harnessts transition

catalytic residues are involved: an acid/base, which first gives ¢ ¢a

protonic assistance to leaving-group departure (and subsequently

Bransted base assistance to nucleophilic attack by water), andylycosidase inhibitors is almost always interpreted as reflecting
an enzymatic nucleophile responsible for the formation of the mimicry of the transition state, it is really quite unclear which

covalent glycosyl-enzyme intermediate. In the caséroGH1 inhibitors are true mimics, which are merely adventitious
both of these residues are glutamic acid residues. The transitionyinders, and, equally importantly, which features of these
state(s) for enzymatic glycoside hydrolysis displaysfsfbrid- compounds actually give rise to potency. A number of different

ization with a partial positive charge predominantly located standpoints have been adopted, including an intuitive belief that
across the CO5 bond. Sinnotf was perhaps the first to  opvious similarities between an inhibitor and the transition state
emphaSIZe the stereochemical |mp||Ca.t|0n: that distortion of the must reflect mimicryyersusa mathematica”y more rigorous
glycoside to half-chair*ti; and®H, or their equivalentE and  position, based on the linear free energy work of Wolfenden
°E envelope forms) or boat*{B or B;g) conformations is  and Bartlett (reviewed in ref 16), which suggests that changes
necessary at the transition state. Recent work has indeed nown protein or inhibitor should be reflected in a correlation
shown that different transition state conformations are adopted betweenK; andks/Ky. Wolfenden has also advocated a third
by different enzymes (Figure 2A, reviewed in ref 11), but there criterion for transition-state mimicry inhibitor: binding should

is widespread agreement that family GH1 enzymes, at leastpe associated with a large negative enthalpy of interaction, as
those acting omluco-configured substrates, are likely to per- s true of the real transition statél®

form catalysisvia a*Hs /*E transition state conformation (Fig- At a superficial level, glycosidase inhibitors tend to fall into

ure 2B). , o two classes: those that may mimic the charge at the transition
A large number of glycosidase inhibitors are known. They giate and hence include a basic atom or group, and those which
have been isolated from natural sources or synthesized SiNC&ncorporate sp hybridization in order to try and mimic the
the 1960s when the progenitor inhibitor nojiimycin was geometry of the transition state. Recently, however, it has
discovered (reviewed in refs $25). While tight binding of  hecome clear that the forces governing glycosidase inhibitor
(9) Coutinho, P. M.; Henrissat, B. Carbohydrate-active enzymes: an integrated _bm_dmg are complex, a”?' O_CcaSIO_na”y cou_nter-lr_nultlve. Bols
database approach. Recent adances in carbohydrate bioengineering initially suggested that binding of isofagomine might actually

Gilbert, H. J., Davies, G. J., Henrissat, B., Svensson, B., Eds.; Royal Society : 9 ; ;
of Chemistry: Cambridge, 1999: pp-32. be drlvgn by.erjtropﬂl, a thermoqunamlc signature glearly at
(10) Sinnott, M. L.Chem. Re. 199Q 90, 1171-1202. odds with mimicry of the transition state, and while it has

(11) Davies, G. J.; Ducros, V. M.-A.; Varrot, A.; Zechel, D. Biochem Soc
Trans 2003 31, 523-527.
(12) Heightman, T. D.; Vasella, A. TAngew Chem, Int. Ed. 1999 38, 750— (16) Mader, M. M.; Bartlett, P. AChem Rev. 1997, 97, 1281-1301.
770 7) Snider, M.; Gaunitz, S.; Ridgway, C.; Short, S. A.; Wolfenden, R.

)
) (17)
(13) Legler, G.Adv. Carbohydr Chem Biochem 199Q 48, 319-384. Biochemistry200Q 39, 9746-9753.
)
)

(14) Lillelund, V. H.; Jensen, H. H.; Liang, X.; Bols, MChem Rev. 2002 (18) Wolfenden, R.; Snider, M.; Ridgway, C.; Miller, B. Am Chem Soc
102 515-553. 1999 121, 7419-7420.
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Wiley-VCH: Weinheim, 1999. 8568.
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OH OH OH OH of interaction (by virtue of better transition-state mimicking
AN : A interact
HOZ H%&NH HHﬁNH HO \H |qteract|on geomet_ry) and pgrh_aps also favorable gntropy (_by
OH OH virtue of conformational restriction). What systematic analysis
2 3 4 of these 18 compounds, whoKg values range from 9 nM to

13 uM, actually shows is that there is no correlation between

HO /ﬁé entropy of interaction ankj;, under the conditions used. Nor is
HO NH O HO NH . . . .

there an obvious correlation between transition-state mimicry
and enthalpy of interaction. Instead, inhibitors display a wide
variety of thermodynamic signatures that do not correlate in a

OH OH_oH OH . . . S .
Hoﬂ oH k 5 NH- /ﬁé(’)‘ /ﬁ simple manner with the chemistry of the inhibitor itself, which
HO o HO n-OH =N likely reflects the difference in solvation and desolvation of the

different compounds.

9 10 1 12
Materials and Methods

o)
HNO OH " N0~ X-ray Crystallography. TmGH1 was expressed, purified, and
OE S OS/Y Hoﬂ?N crystallized as described previoudlyThe TmGH1 complexes were
Hoh H,_?C&;N HO OH formed either by adding native crystals to a drop of mother liquor
OH containing a minute amount of solid inhibitor and soaking for between
5 and 30 min, or by adding a minute amount of solid inhibitor to
TmGH1 prior to crystallization, and incubating for between 5 min and
/jo 2 h (see Supporting Information). Compouridsnd6 were purchased
S

13 14 15

from Sigma, and the synthesis of the other compounds is described in

| Q
(@] O OH ©
N0 OH ,
ﬁ( =N Hoﬂ’“ the literature?>—26 Crystals were cryoprotected in a solution containing
OH HO

the mother liquor with 25% ethylene glycol and frozen in liquid

OH .
nitrogen.
17 18 Data for all complexes were collected at the ESRF, Grenoble. Data
Figure 3. Structure of deoxynojirimyciri, isofagomine2, noeuromycin were processed and scaled with DENZO and SCALEPAGRBup-
3, tetrahydrooxazind, azafagominé, castanospermin@, calystegine B porting Information). All other calculations used the CCP4 suite of
7, isofagomine lactan8, gluco-hydroximolactam9, galactohydroximo- programs® Isomorphism between the natifenGH1 structure and the

lactam 10, glucotetrazolell, glucoimidazolel2, phenylethyl-substituted complexes meant refinement could commence following rigid body

glucoimidazole 13, phenylaminomethyl-substituted glucoimidazald, ) - . ;
methoxycarbonyl-substituted glucoimidazaf methoxycarbonylmethyl- ~ "efinementin REFMAG (using the protein atoms only from PDB entry
substituted glucoimidazol6, carboxylate-substituted glucoimidazdl@ 10DO0). Five percent of the observations were set aside for cross
and carboxymethyl-substituted glucoimidaza® validation and were used to monitor refinement stratetfiddanual

corrections of the model using CO@Twere interspersed with cycles
subsequently been demonstrated, by direct calorimetric mea-of least-squares refinement using REFMAC.
surement? that isofagomine binding is enthalpically favorable, Structure coordinates and structure factors have been deposited in
it none-the-less derives a large fraction of its potency from the Protein DataBank with accession codes: 10IM and 20){20IF
entropy. Similarly, the recent analysis of some glucoimidazole- (2), 2375 ), 1W3J @), 2J7H 6), 2CBU (), 2CBV (7), 1UZ1 @),
derived glycosidase inhibitors again suggests quite complex 2378 9), 2379 10), 237B (1), 2CES (2), 2CET (13), 2J7C (4), 237D
binding signatured! In light of these unusual results, here we (19), 2078 0‘6)’_237_': 07, ar_1d 217G 18). I .
have examined the inhibition of a single enzyeGH1) with Isothermal Tltra_tlon Calorlmetr_y. Isothe_rmal titration calorimetry

. . L . . was performed using a VC calorimeter (Microcal, Northampton, MA)

18 different glycosidase inhibitors (Figure 3) (partial data for

. . o at 25°C. TmGH1 was dialyzed into 100 mM sodium citrate buffer,
eight of these have been reported in a preliminary form pH 5.8, and the inhibitors were diluted in the same buffer (Supporting

elsewheréH“)'. The pH dep'en.dence & is examined in light Information). Samples were centrifuged and degassed prior to use.
of the pH profile for catalysis itself for all 18 compounds. The Titrations were performed by injecting 20 aliquots of ligand into
three-dimensional structures ®MGH1 in complex withl—18
(25) Best, W. M.; Macdonald, J. M.; Skelton, B. W.; Stick, R. V.; Tilbrook, D.
have also been determined by X-ray crystallography, at resolu- M W R i S 0, Be Bes,
tions from 2.3 to 1.65 A, and isothermal titration calorimetry (26) Skaanderup, P. R.; Madsen, ROrg. Chem 2003 68, 2115-2122.

(ITC) has been used to give an indication of the binding (273 Macdonald, J. '\éh;e?éig(ésRislgAéjszth's%fﬁgom 57,449-453.
thermodynamics. Binding is characterized, as with many events, (29) Hoos, R.; Naughton, A. B.; Thiel, W.; Vasella, A.; Weber, W.; Rupitz, K.;

Withers, S. GHely. Chim Acta1993 76, 2666-2686.

by SFI’OHg enthalpye_nt_ropy compe_nsatlon. Our II.’IItIa| precon- (30) Papandreou, G.; Tong, M. K.; Ganem, B.Am. Chem. Sod993 115

ception was that inhibitors locked in the appropriate conforma- 11682-11690.

tion would likely have shown both greater favorable enthalpy (1) Yonhoff, 3. Heightman, T. D.; Vasella, Aelv. Chim Acta 1998 81

32) Ermert, P.; Vasella, AHelv. Chim Acta 1991, 74, 2043-2053.

(20) Zechel, D. L.; Boraston, A. B.; Gloster, T.; Boraston, C. M.; Macdonald, (33) Granier, T.; Panday, N.; Vasella, Helv. Chim Acta1997, 80, 979-987.
J. M.; Tilbrook, D. M. G.; Stick, R. V.; Davies, G. J. Am Chem Soc (34) Panday, N.; Canac, Y.; Vasella, Aelv. Chim Acta200Q 83, 58—79.
2003 125 14313-14323. (35) Shanmugasundaram, B.; Vasella,Helv. Chim Acta 2005 88, 2593-

(21) Gloster, T. M.; Roberts, S.; Perugino, G.; Rossi, M.; Moracci, M.; Panday, 2602.

N.; Terinek, M.; Vasella, A.; Davies, G. Biochemistry2006 45, 11879~ (36) Terinek, M.; Vasella, AHelv. Chim Acta 2004 87, 3035-3049.
11884. 37) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326.

(22) Gloster, T. M.; Macdonald, J. M.; Tarling, C. A.; Stick, R. V.; Withers, S.  (38) Collaborative Computational Project NumbeAéta Crystallogr D Biol.
G.; Davies, G. JJ. Biol. Chem 2004 279, 49236-49242. Crystallogr. 1994 50, 760-763.

(23) Gloster, T. M.; Madsen, R.; Davies, G.GhemBiochen2006 7, 738— (39) Murshudov, G. N.; Vagin, A. A.; Dodson, E. Acta Crystallogr D Biol.

2. Crystallogr. 1997, 53, 240-255.

(24) Vincent, F.; Gloster, T. M.; Macdonald, J.; Morland, C.; Stick, R. V.; Dias, (40) Bringer, A. T.Nature1992 355 472-475.

F. M. V,; Prates, J. A. M.; Fontes, C. M. G. A.; Gilbert, H. J.; Davies, G.  (41) Emsley, P.; Cowtan, KActa Crystallogr D Biol. Crystallogr. 2004 60,

J. ChemBiochen2004 5, 1596-1599. 2126-2132.
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Figure 4. Structural, kinetic, and thermodynamic analysisTaiGH1 with 9. (A) Divergent stereo ball-and-stick representatiomofGH1 [the nucleophile
Glu351 (bottom) and acid/base Glul66 (right) are shown] in complex vibbserved electron density for the maximum likelihood weightegh- Fcaic

map is contoured atdl(~0.38 e A-3); the figure was drawn using BOBSCRI#&nd rendered using RASTER3B(B) Interactions made betwedmGH1
and9. (C) pH dependence &fa/Knm for TmGHL (filled circles) and X for 9 (filled squares). Fits to bell-shaped ionization profiles are shown. (D) ITC data

for 9 binding toTmGHL1. The top panel shows the raw titration data of the power supplied to the system to maintain a constant temperature against time;

the area of the peak gives the heat of interaction for each injection. The bottom panel shows the bimolecular fit of the normalized heats ofphitteattion

against the molar concentration.

TmGH1. Data were corrected for the heat of dilution by subtracting
the excess heat at high molar ratio of inhibitor to enzyme. The
stoichiometry (), enthalpy AH), and equilibrium association constant
(K4) were determined from fitting to a bimolecular model using Microcal
Origin software. The Gibbs free energg®) and entropy TAS) were
calculated using the equationss = —RTIn K, = AH — TAS.

Kinetics. Kinetic studies withTmGH1 were conducted by moni-
toring the change in UV/visible absorbance with a Cintra 10 spectro-
photometer, equipped with a Thermocell Peltier power supply at 25
°C. kealKm dependence on pH famGH1 was measured using substrate
depletion methods at a substrate concentration lower tharkKthe
Reactions were carried out at pH values ranging from pH 4 to 8 with
100 mM sodium citrate buffer or 2100 mM sodium phosphate buffer.
Typically assays contained 18V 2,4-dinitrophenyl/-p-glucopyra-
noside as substrate and 1 mg mlbovine serum albumin (except at
pH values below pH 5 where precipitation occurs), in a total volume
of 1 mL. The reaction was initiated by addition of 4Q of TmGH1
to a final concentration of 3.4 nM, and 2,4-dinitrophenolate release
was monitored continuously at 400 nm for a 600 s period. Data were
fitted to a first-order rate equation using GRAET0 give Vima/Ku
and adjusted for the enzyme concentration to obkaifKy. Data at
different pH values were fitted to a bell-shaped ionization cuke.
values for all inhibitors withTmGH1 were determined over the same
pH range by monitoring the rates in the absenggdnd presencey)
of inhibitor under steady-state conditions (except faand 4, which

(42) Leatherbarrow, R. LraFit Version 5 Erithacus Software Ltd.: Horley,
UK, 2001.
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are described in refs 22 and 20, respectively). Assays contained the
same components as described for kh€Ky determination with the
addition of inhibitor (Supporting Information), and reactions were
initiated by addition of 1L of TmGH1 to a final concentration of
between 2.5 and 9.1 nM. Rates were monitored for a 600 s period,
unless slow onset inhibition was observed, in which case reactions were
allowed to run for longer and rates were taken as the slope of the line
following the slow onset. The fractional decreaseugiy for each
inhibitor was calculated (using the equatiofvo = 1 + [IJ/K;), and

the mearK; value was taken. The dependence &f bh pH was fitted

to a bell-shaped ionization curve.

Results

Structural, kinetic, and thermodynamic data were collected
for TMGH1 with the inhibitors1—18. In each case X-ray
crystallography, with data ranging from 1.65 to 2.3 A resolution,
was used to observe interactions between the inhibitors and
active site residues. ITC was used to dissect the thermodynamic
signature of binding, and kinetic methods were used to analyze
the dependence of the inhibition constant on pH; a representative
example of these data is given for glucohydroximo-1,5-lactam
9 (Figure 4). The small quantities of inhibitor available, where
samples were typically about 1 mg, restricted the majority of
analyses to a single temperature, and°25was chosen as
providing good enzyme activityk{s 18 s, Ky (DNP-GIc) 0.17
mM, Figure 5A) and more facile calorimetry; the latter was
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for the hydrolysis of 2,4-dinitropheny$-p-glucopyranoside byfrmGH1.
(B) Arrhenius plot of Inke: vs 1T for the same enzyme.

performed at pH 5.8, which is close to the pH optimum for
catalysis (6.1 0.3; this work and ref 20). The Arrhenius plot
of In keatvs LIT (Figure 5B) reveals that the reaction performed
by TmGH1 has an enthalpy of activation of approximately 8.6
kcal mol%, consistent with values obtained on related syst€ms,
compared to 29.7 kcal mol which was determined for the
uncatalyzed hydrolysis of methyl-p-glucopyranoside$.As

conjugate acid, with clear electron density observed for both
hydrogen atoms on the nitrogen in the crystallographic analysis.
Interestingly, in this form2 most likely interacts with an enzyme
active center in which both the acid/base and nucleophile are
found in their carboxylate form¥.Compound4 is unlikely to

be protonated, with aky of 3.63° but does incorporate an
endocyclic oxygen in the position found in native glycosides,
which is missing in all other inhibitors, and is likely to be
important for binding and catalysis in the natural substrate.
Compound$ and4 both lack a hydroxyl group at C2, but it is
clear that such an interaction is extremely important for
stabilization of the transition state.Castanosperminé and
calystegine B 7 both incorporate a two-carbon bridge, which
causes conformational restrictions. Furthermatesould, in
theory, bind in one of two possible orientations.

Isofagomine lactanB was originally synthesized on the
premise of incorporating, in a tautomeric form, a hydroxyl group
at C2 and a double bond between the nitrogen andé@zit
atomic resolution crystallographic studies on the xylobio-derived
form clearly demonstrated that the energetically favored amide
form, in a*Hs conformation, is adopted.Gluco-derived9 and
galactoderived hydroximo-1,5-lactarhO possess conjugation
between the endocyclic and exocyclic nitrogen atoms, causing
the ‘glycoside’ to take &H3 (half chair) conformatiod? Vasella
and co-workers pioneered the fusion of tetrazole or imidazole
rings to a ‘glycoside’ to introduce 3hybridization along the
bond between the anomeric carbon and nitrogen atom in place
of the endocyclic oxygen atom, to generate compounds such
as glucotetrazolell and glucoimidazolel2.32:33 Functional
groups have been incorporated into the glucoimidazole scaffold,
such as phenylethyl3, phenylaminomethyll4, methoxycar-
bonyl 15, methoxycarbonylmethyll6, carboxylatel7, and
carboxymethyl18 groups. Such groups were incorporated to

comparative rate enhancement through enzymatic catalysisthus increase potency; indeed, these compounds have been

increases sharply as the temperature decrééseat) implica-
tions for transition-state mimicry discussed below.

A Library of 18 Glycosidase Inhibitors. Compoundd—18
fall loosely into two categories: those that are likely to be
protonated and hence may mimic the charge which forms a
the transition state (but which are found in a relaxed chair
conformation in solution1—7), and those which contain %p
hybridization and are “distorted” away from tH¢€; chair
conformation in a manner that may mimic the geometry of the
transition state&—18). Deoxynojirimycinl has served as the
paradigm of glycosidase inhibition since it was first synthesized
in the 1960¢2 and while it is widely assumed to be bound to

the enzyme as its conjugate acid, pH profiles and even atomic (48
resolution crystallographic analyses leave this question unan-
swered®* Bols and colleagues subsequently pioneered the
synthesis of compounds with a nitrogen atom in place of the (51

anomeric carbof?~53 such as isofagomin®, noeuromycin3,
tetrahydrooxazind, and azafagomin®.

The atomic resolution structure & in complex with an
endoglucanase revealed unequivocally tRatbinds as its

(43) Paulsen, H.; Sangster, |.; Heyns, ®hem Ber. 1967, 100, 802-815.

(44) Gloster, T.; Williams, S. J.; Roberts, S.; Tarling, C. A.; Wicki, J.; Withers,
S. G.; Davies, G. JChem Commun 2004 1794-1795.

(45) Andersch, J.; Bols, MChem Eur. J. 2001, 7, 3744-3747.

(46) Bols, M.Acc Chem Res 1998 31, 1-8.

(47) Jespersen, T. M.; Bols, Metrahedron1994 50, 13449-13460.

among the most potent inhibitors ffglucosidases reportéd.

A key feature of the hydroximolactam- and glucoimidazole-
derived compounds, in addition to thékiz/*E conformations,

is that they possess a heteroatom in the ring plane, which should

t Promote strong hydrogen bond interactions with the acid/base

residue, and mimic the “lateral protonation” that occurs during
catalysisl258

The pH Dependence of Inhibition Constant. The pH
dependence of inhibition was measured for compoune$8
(Figure 6). As an internal control, the calorimetiig was also
determined close to the pH optimum for catalysis (described
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Figure 6. pH profiles of inhibition for compound$—18 with TmGH1 (filled squares). Each graph also shows the pH profile.@Ky for TMGH1 (filled
circles) as a reference.

below) and in all cases agrees very well with the kinetic was observed with almost all of the inhibitors studied here; the
determination oK; (Table 1). Slow onset inhibition, where there noticeable exceptions wefle 4, and7. It has been suggested
is an initial high catalytic rate in the presence of an inhibitor that the initial high rate may represent formation of the enzyme
followed by a lower steady-state rate after an amount of time, inhibitor complex, which then undergoes conformational and

2350 J. AM. CHEM. SOC. = VOL. 129, NO. 8, 2007



Glycosidase Inhibition

ARTICLES

Table 1. Binding and Thermodynamic Data for Glycosidase Inhibitors 1—18 Bound to TmGH12

KipH5.8 K; inhibition optimum Ky AH°, TAS°, pKal pKa2 pK; of inhibitor PDB code
13 7.5nM 2.8 nM (pH 6.8) 9.6 nM —4.64 +6.29 6.7 6.9 6.0% 2CET
14 18.4 nM 10.7 nM (pH 6.4) 10.8 nM —8.44 +2.42 6.2 6.7 5.62 2J7C
16 114 nM 114 nM (pH 6.1) 48 nM —8.82 +1.16 5.3 6.5 5.0% 2J7E
2b 23nM 4 nM (pH 7.8) 51 nM —6.27 +3.68 6.6 8.7 8.9 10IF
1 138 nM 74 nM (pH 6.6) 56 nM —8.96 +0.94 6.2 7.1 6.1% 2CES
5 66 NnM 53 nM (pH 6.4) 65 nM —11.00 —-2.02 5.8 6.8 ND 2J7H
15 160 nM 160 nM (pH 5.9) 74 nM —7.49 +2.27 6.1 6.7 ND 2J7D
18 136 nM 136 nM (pH 5.5) 100 nM —-10.71 —-1.16 51 5.8 6.% 2J7G
3 88 nM 37 nM (pH 6.8) 225 nM —9.09 —0.90 6.6 7.0 ND 2J75
11 174 nM 174 nM (pH 5.8) 240 nM —-11.32 —-2.29 5.2 6.8 —4.056 2J7B
8° 513 nM 500 nM (pH 5.7) 290 nM —13.55 —4.63 4.6 6.8 ND 1Uz1
9 277 nM 277 nM (pH 5.9) 384 nM —7.02 +1.73 4.8 7.2 49 2J78
17 485 nM 361 nM (pH 5.9) 445 nM —8.98 -0.32 5.7 6.1 4.9% 2J7F
4¢ 444 nM 444 nM (pH 5.8) 541 nM —10.51 —1.96 5.1 6.7 3® 1W3J
10 640 nM 640 nM (pH 6.0) 1.uM —5.74 +2.40 5.4 6.8 58 2J79
64 2uM 0.95uM (pH 6.6) 2.1uM —6.09 +1.65 6.3 6.8 6.9 2CBU
7d 4 uM 1.25uM (pH 6.8) 3.3uM —2.94 +4.54 6.0 7.4 ND 2CBV
1v 9uM 4 uM (pH 6.9) 12.9uM —4.60 +2.07 6.4 7.2 6.8/6.75 10IM/2J77

aK; values at approximately the pH optimum fBmGH1 catalysis (pH 538—6.1; this work) and at the optimum for inhibitioi(inhibition optimum)
obtained using kinetic methodKy values obtained using ITQ\H®, and TAS’, values (in kcal mol?) obtained using ITC, I, values from fitting to a
bell-shaped curve for pH dependence of inhibitio, pf the inhibitor (ND, not determined), and PDB code from deposition of structural coordinates. The
table is ranked b¥; value at the catalytic pH optimum, with the most potent inhibitor at the t&ublished in ref 20¢ Published in ref 224 Published in

ref 23.¢Published in ref 24f Published in ref 21.

isomerization changes to form a more potent speiéd.We

kealKm (such as tetrahydrooxaziné and both gluco- and

have speculated that these “isomerizations” may simply repre- galactohydroximo-1,5-lactam® and10) as well as a number
sent proton transfer to and from both inhibitor and protein, and of other shifts in profile. Deoxynojirimyciri, isofagomine2,
subsequent remodeling of the water networks, as many of thenoeuromycir8, azafagomind, calystegine B7, glucoimidazole
inhibitors bind as their conjugate acids. Furthermore, many 12, and the phenylethyl- and phenylaminomethyl-substituted
inhibitors are observed bound to a form of the enzyme not glucoimidazolesl3 and14 all show alkaline shifts of the acid
normally present in significant levels in solution, such as those leg relative tok.o/Ky. Of these, all except isofagomieshow

with reversed protonation states for the catalytic appatatus
those requiring both acid/base and nucleophile to be iorfized.

a similar alkaline leg pH profile, in which the fall ¢§; reflects
that ofkea/Km. Compound additionally shows a strong alkaline

Schramm has proposed that slow onset inhibition is actually a shift in its alkaline leg, which in light of atomic resolution

bona fidecriterion for transition-state mimicry, postulating that
since the enzyme is conformationally optimized to bind, initially,

crystallographic analyses has previously been interpreted as
reflecting the conjugate acid &fbinding to an enzyme in which

to the ground-state substrate, the active site thus requires conboth acid/base and nucleophile are in their carboxylate féfms.

formational changes to allow tight binding to a true transition-
state mimic®

A preliminary inspection of the relativi§; values shows that
glucoimidazoled 3and14 are the most potent of the inhibitors
studied, withK; values of 7.5 and 18.4 nM, respectively, at the
pH for optimumTmGH1 catalytic activity. Indeed the panel of

As Knowles®® among others, has stated, interpretation of the
pH dependence onHYis notoriously difficult, reflecting as it
does a composite of the enzyme, inhibitor, and enzyme
inhibitor complex behaviors. However, in light of the atomic
resolution X-ray crystallographic analyses of both cellobio-
derived imidazol& and cellobio-derived isofagomirtéit seems

glucoimidazole-derived compounds are all among the most likely that the alkaline shift of the acid leg simply reflects the

potent of the inhibitors studied, witl; values ranging from
7.5 nM to 485 nM. With the notable exception of isofagomine
2, with a K; value of 23 nM, the majority of the compounds

fact that a protonated inhibitor cannot bind tightly to an enzyme
in which the acid/base is also protonated, for both steric and
charge reasons. The second dominant difference in pH profile

studied here, which favor a relaxed chair conformation in is displayed primarily by the carboxy-substituted imidazdlés
solution, tend to be less potent than those which attempt toand 18, and to a lesser extent by their methoxycarbonyl

mimic the transition-state geometry.

TmGH1 has a pH optimum of approximately 6£10.3 (our
previous analysis gave 58 0.220 with acid and basic limbs
for catalysis with K, values of approximately 5.3 and 7.0,

analoguesl5 and 16. These compounds all show an unusual
acid shift of their alkaline legs toiy values of~6, the reasons
for which are harder to establish with any certainty; this may
reflect either a change in acid/bask,mr the titration of the

respectively). The most likely interpretation of the bell-shaped inhibitor imidazolinium ions, whose freekp values are 5.0,

pH profile for catalysis is that it simply represents titration of

5.0, and 6.4 for compoundk6—18, respectively (the Ig, for

the catalytic acid/base and nucleophile, respectively. Of the 15 has not been determined).

compounds studied, a spectrum of pH profiles for inhibition

Three-Dimensional Structures of TmMGH1 in Complex

is observed ranging from those which correlate perfectly with with the Inhibitor Library. The three-dimensional structures

(59) Morrison, J. FTrends BiochemSci 1982 7, 102-105.

(60) Morrison, J. F.; Walsh, C. TAdv. Enzymal Relat Areas Mol Biol. 1988
61, 201-301.

(61) Schloss, J. VAcc Chem Res 1988 21, 348-353.

(62) Sculley, M. J.; Morrison, J. F.; Cleland, W. \Biochim Biophys Acta
1996 1298 78-86.

of compoundd —18were determined in complex witmGHZ1;
the observed electron density for the complexes that have not

(63) Knowles, J. RCrit. Rev. Biochem 1976 4, 165-173.
(64) Varrot, A.; Schulein, M.; Pipelier, M.; Vasella, A.; Davies, G.JJAmM
Chem. Soc1999 121, 2621-2622.
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Figure 7. Observed electron density for compour@js5, 8—11, and 14—18 bound to theTmGH1 -glucosidase [the nucleophile Glu351 (bottom) and
acid/base Glul66 (right) are shown in each case]. Electron density maps shown are maximum likelihood weightedr2c syntheses contoured at 1
(~0.25 e A3); figures were drawn using BOBSCRIBT Structures offmGH1 in complex with the other inhibitors have been reported previcisk.

been described previously is shown in Figure 7. The majority

with Glu405, with the amine group of GIn20, and in some

of the interactions made with active site residues are invariant inhibitors is also close enough to interact with Trp398. GIn20,
and thus essentially as shown in Figure 4 for the complex of Trp406, and His121 form hydrogen bond interactions with the

TmGH1 with 9. Compound2, 3, 4, 5, and7 bind in a relaxed
4C, chair conformation, whereas deoxynojirimydiis distorted
toward alS; (skew boat) conformation (in three out of four
independent observations; in the other it appears d€;a
conformation). Noeuromyci3, which is capable of numerous
rearrangements in solution, is seen bound ingiteco-form.
Castanosperming is bound in a'“B boat conformation; this
ring distortion, away from that seen in the small molecule crystal
structure$>-67 and which is also observed with reflects the
distortion seen in Michaelis complexes prior to the transition
state, as seen with substrates in complex with other enz§fifies.
Compound8 binds in a*Hs conformation,9 and 10 bind in a

4Hz conformation, and glucotetrazdld and all glucoimidazoles,
12—-18, bind in a*E envelope conformation. The hydroxyl group
at C6 of all inhibitors interacts with Glu405 and in some cases
with a water molecule. The hydroxyl group at C4 also interacts

(65) Hempel, A.; Camerman, N.; Mastropaolo, D.; Camermad, Med Chem
1993 36, 4082-4086.

(66) Hohenschutz, L. D.; Bell, E. A.; Jewess, P. J.; Leworthy, D. P.; Pryce, R.
J.; Arnold, E.; Clardy, JPhytochemistry1981 20, 811-814.

(67) Reymond, J.-L.; Pinkerton, A. A.; Vogel, .0Org. Chem 1991, 56, 2128~
2135

(68) Daviés, G. J.; Mackenzie, L.; Varrot, A.; Dauter, M.; Brzozowski, A. M.;
Schilein, M.; Withers, S. GBiochemistry1l998 37, 1170711713.
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C3-linked hydroxyl group. Inhibitors which possess a hydroxyl
group or a carbonyl group at C2 (i.e., all exc&t4, and5)
interact with Asn165 and the nucleophile, Glu351 (either one
or both oxygen atoms), while some also hydrogen bond with
His121. Inhibitors that possess a heteroatom at the position of
the endocyclic oxygen atom are observed either to hydrogen
bond with a water moleculel(4, and5), or else ring distortion

is observed, which allows interaction with the nucleoph@e (

9, and10) and/or with Tyr295 @ and 10). Compounds with a
heteroatom at the position of the anomeric carliy)3,4, 5, 7,

and 8) are within hydrogen-bonding distance of both the
nucleophile and acid/base residue (one oxygen atom only). The
hydroximolactam, glucotetrazole, and glucoimidazole inhibitors,
which have a nitrogen atom adjacent to the anomeric carbon,
interact with both oxygen atoms of the acid/base residue,
Glul66. The hydoximolactam and tetrazole groups interact with
water molecules, as does the nitrogen atom of the glucoimida-
zole12 and the carboxylate groups 7 and18. It is important

to note here that none of the modified glucoimidazole inhibitors
(13—-18) make any noncovalent interactions with active site

(69) Sulzenbacher, G.; Driguez, H.; Henrissat, B.; $&ihy M.; Davies, G. J.
Biochemistry1996 35, 15280-15287.
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residuesvia their appended functional groups. This is perhaps A 18
one of the most surprising features of the glucoimidazole series
of inhibitors, which were originally synthesized on the premise
of interacting with residues in the1 subsite. Indeed, favorable
hydrophobic interactions of a tryptophan residue in the
subsite of the active site of a family 3 glucohydrolase were

16

observed when in complex with eithi4 or a phenyl-substituted & 14
glucoimidazole compoun®:”* £

Calorimetric Dissection of Binding Thermodynamics.In
an attempt to glean some thermodynamic insight into inhibitor 12
binding, isothermal titration calorimetry was used to measure,
experimentally, theAH°, of ligand binding toTmGH1 for all 10
inhibitors studied (Table 1). Sample availability meant that only
a single temperature and single pH (and buffer) could be ' : : : ' : '
acce_ssed for the vgst _majority of compounds, and, for internal 0.003 0.0031 0.0032 0.0033 0.0034
consistency with kinetics, a temperature of 25 and pH of 1/Temperature (K1)
5.8 were chosen. Citrate buffer was chosen in order to minimize
heat of ionization effects (it has a heat of ionization—4.81 B -2
kcal mol%, which is comparable to phosphate buffer with a
AHion, of 0.86 kcal mot1).72 For the most extreme case, ITC -4
performed in buffers with different heats of ionization with
isofagomine2 has already shown that a single proton is released T -6
with an observed effect of approximately0.7 kcal mof! on 8
the AH°, value obtained with citrate bufféf.For compounds T -8
1,2, 4,6, 8, and12, we were able to perform ITC at arange of X<
different temperatures. The van't Hoff plot of I, vs 1T :5 -10
(Figure 8A) yieldsAH®, values in good agreement (within 20%
in all cases) with those determined directly by calorimetry at a -12
single temperature. 14

Wolfenden has eloquently advanced the idea that true

transition-state mimics would bind with a large negative

enthalpy, as is true of the real transition st&t& All of the 0 2

inhibitors studied here indeed bind with a favorable enthalpy
term. Simplistic examination of the enthalpy values alone would
suggest that, 8, 11, and 18 are good inhibitors and perhaps

TAS (kcal mol)

Figure 8. (A) van't Hoff plot of In K, vs 1T for inhibitors 1 (circles),2
(squares)4 (triangles) 6 (inverted triangles)3 (diamonds), and 2 (stars).
(B) Enthalpy-entropy compensation plot for all inhibitors studied with

the most likely candidates for transition-state mimics. In contrast,
TmGH1 using the data shown in Table 1; compoudds are shown in

however, the binding of and 13 appears to be primarily filled circles and those containing&pybridization 8—18) with open circles.

governed by entropy, and yet these are two of the most potentrhe jine of best fit has a gradient of 0.93 and a correlation coefficient of
compounds studied. The fact that entropy is, apparently, a large0.91.

contributing factor to binding with many of these compounds ) ) ]
leads to questions about whether they are true mimics of the than the average” lie above the line of best fit, .Wherea:.s those
transition state. Unfavorable entropic terms are characteristic that are “better than average” fall below. Consistent with the
of solvent coordination and/or conformational flexibility, and  Kinetically determined; values, those compounds which are
this is reflected in more favorable entropy valuesZ@nd13, conformationally restricted to a transition-state mimicking
when compared tal, 4, and 5, which coordinate water geometry {E and“*Hs conformations) dominate the “better than
molecules, and fof, which unlike6 does not appear to become ~ @verage” inhibitors, but there are clear exceptions, notably
distorted upon binding to the enzyme. (again) the tight binding of isofagomiriz

Enthalpy-entropy compensation plots are a standard way of Discussion
examining related compounds, although such plots do encounter
controversy in the literaturé-7% Plotting the calorimetric data
for the 18 compounds examined in this study produces an
enthalpy-entropy compensation correlation (Figure 8B) with
a slope of 0.93 an&? of 0.91. Those inhibitors that are “worse

The potency of glycosidase inhibitors appears to have been
stuck in the micromolar to nanomolar range since their discovery
in the 1960 or 1970s. Recent developments in synthetic methods,
computer-aided design and techniques such as those used in
the course of this study have allowed inhibitor design and
characterization to progress, but there still remains great
controversy about what constitutes a transition-state mimic.
Wolfenden has observed that the temperature dependence of
enzymatic catalysis implies not only that the rate enhancement
through enzymatic catalysis increases sharply as the temperature
decreases, but also that true transition-state mimics should
behave similarly and show a correspondingly sharp temperature

(70) Hrmova, M.; de Gori, R.; Smith, B. J.; Vasella, A.; Vargese, J. N.; Fincher,
G. B. J. Biol. Chem 2004 279, 4970-4980.

(71) Hrmova, M.; Streltsov, V. A.; Smith, B. J.; Vasella, A.; Vargese, J. N.;
Fincher, G. B.Biochemistry2005 44, 16529-16539.

(72) Goldberg, R.; Kishore, N.; Lennen, R.Phys Chem Ref Data 2002 31,
231-370.

(73) Dunitz, J. D.Chem Biol. 1995 2, 709-712.

(74) Sharp, K.Protein Sci 2001, 10, 661-667.

(75) Cooper, ACurr. Opin. Chem Biol. 1999 3, 557-563.

(76) Cornish-Bowden, AJ. Biosci 2002 27, 121-126.
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dependence oN;, which is of course reflected directly in their  group can change the solutsolute free energy of binding by
AH°, of binding. It is clear that th&\H°, values observed here, ~—30 kcal mof, which viewed in light of the overall range
either by direct calorimetry measurement for compouhe$8, of AH®, values of binding observed here, from—3 to —14
or equally through van't Hoff analysis df 2, 4, 6, 8, and12, kcal moi, puts these enormous factors into perspective.
do not correlate with transition-state mimicry, as chemically Similarly, modeling studies (which have not yet advanced to
similar compounds behave quite differently. That pH depen- the level required for the complex inhibitors studied here) reveal
dence onkq/Ku should mirror that of M; has also been that even a shift in hydroxyl position from equatorial to axial
advanced as a feature of only true transition-state miffibst may have significant effects on local cooperative water networks
few of the compounds investigated here follow that trend; and the energetic cost of desolvatfdrSo while calorimetry
indeed, those that do are often intuitively more representative gives a singleAH°, value, and the complexes &f~18 with
of the ground state, such as tetrahydrooxaZine TmGH1 a fine insight into the complexation of waters associated
Interpretation of any experimental determination of enthalpy With binding, desolvation effects of the compounds involved
(Figure 8) is challenging. Clearly, and in contrast to our initial likely dominate both binding andH’.. As Whitesides has also
preconceptionsy there is no convenient correlation of either recently noted? having observed similar unusual behavior with
or AH°, with the “chemistry” of the inhibitor; both the ligand binding to bovine carbonic anhydrase Il, understanding
conformationally*E-locked imidazoles anéC; isofagomine2 of the ligand binding phenomenon is essential for future rational
are among the most potent inhibitors, yet they are essentially design of high affinity ligands, yet it frequently remains
randomly distributed across the enthatmntropy landscape. ~ paradoxical.

Glucoimidazoles, such &3 and 14, which differ only by the Acknowledgment. We would like to thank the Engineering
replacement of a carbon by a nitrogen atom, are found at and Physical Sciences Research Council for a Ph.D. studentship
opposite ends of the plot. The most likely discrepancy among (T.M.G.) and the Biotechnology and Biochemical Sciences
the observed\H®; values, inhibitor chemistry and the potential Research Council and the Swiss National Science Foundation
transition-state analogy almost certainly results from solvation for funding. Shirley Roberts and Elizabeth Stewart are thanked

and desolvation effects, which are unaccounted for in studiesfor help with crystallization and Harry Gilbert for provision of
such as those described here; these effects have previously beeg working calorimeter and continuing useful advice.

shown to play substantial roles in carbohydrate chemistry and
catalysis (for example refs 78, 79). As Hom&h#) particular,

has advised, both X-ray crystallographic analyses and calorim-
etry of complexes provide only partial insight into the binding
process. Binding, rather like protein folding, results in a small
favorable energy derived from the sum of exceedingly large JA066961G

and conflicting terms. Ligand binding, Homans obser#f&s, (81) Dashnau, J. L.: Sharp, K. A J. M. ¥.Phys Chem B 2005 109 24152

essentially a desolvation event in which even a single hydroxyl 24159.
(82) Krishnamurthy, V. M.; Bohall, B. R.; Semetey, V.; Whitesides, G.JM.
Am Chem Soc 2006 128 5802-5812.

Supporting Information Available: Full ITC, kinetic, and
structural refinement details and observed calorimetric titrations.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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