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Abstract: Transferred nuclear Overhauser effect and rotating-frame Overhauser enhancement NMR
spectroscopies are used to probe the conformation of a bicyclic sulfonium ion, which is an analogue of the
naturally occurring glycosidase inhibitor castanospermine, bound to the enzyme glucoamylase G2. Enzyme
inhibition assays indicate that the bicyclic sulfonium ion is a slightly better inhibitor (Ki = 1.32 mM) of
glucoamylase G2 than the naturally occurring sulfonium-ion glycosidase inhibitor, salacinol, with a K; value
of 1.7 mM. The NMR results are interpreted in terms of the selection by the enzyme of a high-energy
conformation of the ligand that is already represented in the ensemble of free-ligand conformations.

Introduction Chart 1

The selection by a protein receptor of a particular conforma- st st clo.”
tion of a ligand poses an interesting question. Thus, it is not B%Ono Cio, - Hﬁo 4
readily obvious whether a high-energy conformation, detectable OH
on the potential energy surface of the ligand, is selected directly
from an ensemble of ligand conformations present in solution 1
or whether that conformation arises upon distortion by the
receptor after binding of a more-populated, lower-energy ligand

conformation. The former situation may be viewed as the HO HO_ < 7 "OH
thermodynamic equivalent of the Curtilammett/Winsteir- HO& N \I+S\OH 0S0;
O

OH

Holness principle for kinetic schemésAccording to this

principle, a particular conformation present in a ground-state

ensemble reacts preferentially, because of a lower activation

energy, even though it might be present as a minor component 3 4

in an equilibrium mixture. Similarly, a protein receptor may

select a bioactive conformation already existing in such a namely the binding of a trisaccharide corresponding to the cell-
ground-state ensemble. The choice might involve the binding Wall polysaccharide of the Group AStreptococcusby a

of a conformation near the global minimum or a local minimum complementary monoclonal antiboéignd the binding of the

or high-energy conformation that is scarcely populated:; in the glycosidase inhibitorp-gluco-dihydroacarboseby glucoamy-
latter case, the binding energy for complex formation compen- lase G2 In the first case, a local minimum conformation on
sates for the conformational distortion. We have provided one the potential energy surface, identified onymputationallyfAE
example of the former type, namely the binding of two = 2.3 kcal mot?, relative to the global minimum), was found
diheteromaltoside glycosidase inhibitors to the enzyme glu- t0 be bound by the antibody. In the second case, a local
coamylase G2.In each of these cases, the enzyme selected aminimum conformation, identifiecexperimentallyby NMR
conformation near the global minimum from two populated Spectroscopy of the ligand solution, and not the global minimum
conformational families, about the global minimum and a local €nergy conformation, was bound by the protein receptor.
minimum; NMR evidence supported the existence of both these We recently reported, based on analysis of coupling constant
families. We have also reported two examples of the latter type, data, an unusual preference of the bicyclic sulfonium idns
and 2 (Chart 1) for conformatiorB in the conformational

* Author to whom correspondence should be addressed.

T Simon Fraser University. (3) Bock, K.; Meldal, M.; Refn, SCarbohydr. Res1991, 221, 1—16.
* Carlsberg Laboratory. (4) Weimar, T.; Harris, S. L.; Pitner, J. B.; Bock, K.; Pinto, B. Blochemistry
(1) Seeman, J. IChem. Re. 1983 83, 83—134. 1995 34, 13672-13681.
(2) Weimar, T.; Stoffer, B.; Svensson, B.; Pinto, B. Biochemistry200Q (5) Weimar, T.; Petersen, B. O.; Svensson, B.; Pinto, BQdrbohydr. Res.
39, 300-306. 200Q 326, 50-55.
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Scheme 1 Results and Discussion

Enzyme Inhibition Assays.Compound?2 was tested for its
inhibition of three glycosidase enzymes, namely glucoamylase
G2 1213porcine pancreatio-amylase (PPA), and barl@yamy-
lase (AMY1)1* The effects were compared to those of the
known sulfonium-ion glycosidase inhibitor, salacingt).f®
Glucoamylase G2 was inhibited by salacin) \yith aK; value

A B of 1.7 mM 16 whereas compouna inhibited this enzyme with
aK; value of 1.32 mM. Salacino#j inhibited AMY1 and PPA
equilibrium in solution (Scheme $)In addition, compoun@ with K; values of 15+ 1 and 10+ 2 uM, respectively. However,
existed in this conformation in the solid state. We estimated cOmpound2 showed no significant inhibitionkj > 5 mM) of
the energy difference between conformatioAsand B in either AMY1 or PPA.

solution to be>3 kcal mol! and attributed the preference to NMR Analysis. We chose to probe the bioactive conforma-
the dominance of stabilizing electrostatic interactions between tion of 2 when bound to glucoamylase G2 by trNOE NMR
the oxygen atoms and the sulfonium center in conforma@ion ~ spectroscop¥ This effect occurs in rapidly exchanging protein
Compound? is an analogue of the naturally occurring glycosi- ligand complexes and has been proven to be effective in the
dase inhibitor castanospermir® Chart 1) and was desigrfed  determination of bound ligand conformatiods\uclear Over-
based on the principle that its permanent positive charge wouldhauser effect spectroscopy (NOESY) and transferred nuclear
mimic that of castanospermirwhen protonated within the ~ Overhauser effect spectroscopy (trNOESY) spectra iofthe
active sites of glycosidase enzymes. The charge on protonatecabsence and presence of glucoamylase G2, respectively, were
castanospermine and other alkaloid glycosidase inhibitors recorded at 800 MHz. A spectrum was also recorded in the
provides stabilizing electrostatic interactions with active site presence of bovine serum albumin (BSA) to check whether the
carboxylate residuesand might serve to mimic the charge in  altered viscosity of the sample would affect the correlation time
the oxacarbenium ion-like transition state in glycosidase- and, therefore, the signs of the NOEs. In the absence of protein,
catalyzed hydrolysis reactiofidt was of interest to pose the or in the presence of BSA, compou@dlisplayed the positive
following questions: (1) would compourg] although it existed NOE effects, which is characteristic of a small molecule
preponderantly in conformatio® and not conformatior\, be tumbling rapidly. In the presence of glucoamylase, negative
an effective glycosidase inhibitor? and (2) if it were an inhibitor, NOEs were observed, indicating thatwas binding to the
would the bioactive conformation b& or B? It is interesting enzyme; these are trNOE effettand are characteristic of the

to note that, unlike the sulfonium ioB, protonated castano-  bound conformation (Figure 1). Strong trNOEs between H4 and
spermine B) exists predominantly in conformatioh, as does H1/1 (Figure 2a) indicated an unusually close distance between
the neutral forn?:1% Presumably, this difference is due to the these protons on opposite sides of the six-membered ring, and

greater steric effect iB, resulting from the shorter €N* (vs. suggested the population of an unusual bound conformation,
C—S") bonds, the presence of an axially oriented ¥ and such as a boat or skew conformation.

the presence of an additional hydroxyl group on C-6; all three A major concern in the interpretation of trNOE data is
effects would destabilize conformatidh whether the observed effects result from direct cross-relaxation

We report herein that compour2ds a competitive inhibitor or from indirect pathways (spin diffusion). Transferred rotating-
of glucoamylase G2. We report also the determination of the frame Overhauser enhancement spectroscopy (trROESY) ex-
bioactive conformation of the sulfonium icghwhen bound to periments may be used to distinguish between direct and indirect
this enzyme by transferred nuclear Overhauser effect (trNOE) dipolar relaxation pathways>*81°In the present study, tr-
NMR experimentd! We show that compoun® is bound in a ROESY experiments with the complex of glucoamylase G2 and

high-energy boat conformation that resembles neither conforma-
tion A nor B. (11) Balaram, P.; Bothner-By, A. A.; Dadok, J. Am. Chem. Sod 972 94,
4015-4016. Balaram, P.; Bothner-By, A. A.; Breslow, E. Am. Chem.
Soc 1972 94, 4017-4018. Albrand, J. P.; Birdsall, B.; Feeney, J.; Roberts,

(6) Svansson, L.; Johnston, B. D.; Gu, J.-H.; Patrick, B.; Pinto, BJMAM. G. C. K.; Burgen, A. S. Vint. J. Biol. Macromol 1979 1, 37—41. Clore,
Chem. Soc200Q 122, 10769-10775. G. M.; Gronenborn, A. MJ. Magn. Resarl982 48, 402—417. Clore, G.

(7) Withers, S. G.; Namchuk, M.; Mosi, R. llminosugars as Glycosidase M.; Gronenborn, A. MJ. Magn. Resan1983 53, 423-442.
Inhibitors: Nojirimycin and Beyond Stitz, A. E., Ed.; Wiley-VCH: (12) Svensson, B.; Pedersen, T.; Svendsen, |.; Sakai, T.; Ottes&aridberg
Weinheim, Germany and New York, 1999; Chapter 9. Res. Commurnl982 47, 55-609.

(8) For leading references: (a) Elbein, A. D.; Molyneux, R. Ztmprehensie (13) Stoffer, B.; Frandsen, T. P.; Busk, P. K.; Schneider, P.; Svendsen, |;
Natural Products Chemistryvol. 3; Pinto, B. M., Ed.; Barton, D. H. R., Svensson, BBiochem. J1993 292, 197—202.
Nakanishi, K., Meth-Cohn, O., Ser. Eds.; Elsevier: Amsterdam, New York, (14) Juge, N.; Andersen, J. S.; Tull, D.; Roepstorff, P.; SvenssoRr@ein
1999; Chapter 7. (b) Asano, N.; Nash, R. J.; Molyneux, R. J.; Fleet, G. W. Expression Purif1996 8, 204-214.
J. Tetrahedron Asymmetry200Q 11, 1645-1680. (c) McCarter, J. D.; (15) Yoshikawa, M.; Murakami, T.; Shimada, H.; Matsuda, H.; Yamahara, J.;
Withers, S. GCurr. Opin. Struct. Biol.1994 4, 885-892. (d) Ly, H. D.; Tanabe, G.; Muraoka, OTetrahedron Lett.1997 38, 8367-8370.
Withers, S. GAnnu. Re. Biochem.1999 68, 487—522. (e) Sinnott, M. Yoshikawa, M.; Murakami, T.; Yashiro, K.; Matsuda, Bhem. Pharm.
L. Chem. Re. 199Q 90, 1171-1202. Bull. 1998 46, 1339-1340.

(9) Hohenschutz, L. D.; Bell, E. A.; Jewess, P. J.; Leworthy, D. P.; Pryce, R. (16) Ghavami, A.; Johnston, B. D.; Jensen, M. T.; Svensson, B.; Pinto, B. M.
J.; Arnold, E.; Clardy, JPhytochemistryi981 20, 811-814. J. Am. Chem. SoQ001, 123 6268-6271.

(10) A*H NMR spectrum (600 MHz) of castanospermir® (2.0 mg) in DO (17) Scheffler, K.; Brisson, J.-R.; Weisemann, R.; Magnani, J. L.; Wong, W.
(0.2 mL) containing CECO,H (5.0uL) revealed tha8 existed preferentially T.; Ernst, B.; Peters, TJ. Biomol. NMR1997, 9, 423-436. Peters, T.;
in a conformation in which the six-membered ring resembled that of Pinto, B. M. Curr. Opin. Struct. Biol.1996 6, 710-720. Sykes, B. D.
conformationA, as judged by the vicinal coupling constants (see Supporting Curr. Opin. Biotechnal1993 4, 392-396. Campbell, A. P.; Sykes, B. D.
Information). There were, however, changes in some of the coupling Annu. Re. Biophys. Biomol. Structl993 22, 99-122.
constants in the five-membered ring, indicating a change of conformation (18) Perlman, M. E.; Davis, D. G.; Koszalka, G. W.; Tuttle, J. V.; London, R.
in this portion of the molecule. SimilaF values were obtained wheh E. Biochemistry1994 33, 7547-7559.
was treated with DCI or GSO:H; Johnston, B. D.; Pinto, B. M., (19) Arepalli, S. R.; Glaudemans, C. P. J.; Daves, G. D., Jr.; Kovac, P.; Bax,
unpublished data. A. J. Magn. Resan1995 106, 195-198.
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5 3.0 Figure 3. One-dimensional (1D) rows extracted from 2D spectr2 af
the R frequency of H3 (3.70 ppm) ((A) trNOESY spectrum »fin the
presence of glucoamylase G2, with a mixing time of 250 ms; (B) trROESY

‘ ‘/ 1 : spectrum of2 in the presence of glucoamylase G2, with a mixing time of
[3.5 250 ms). In each row, the H3 diagonal resonance is presented with negative
. ; " 4 ' phase; thus, trROE effects appear with positive phase, whereas trNOE effects

appear with negative phase.

'}{4-1{1/1' veo
.1" vy 4.0

ppm

ppM 40 35 3.0 25 2.0
Figure 1. TrNOESY spectrum of in the presence of glucoamylase G2,

recorded at 800 MHz with a mixing time of 250 ms. The key contact
between H4 and H1/1s labeled. Only negative contours are plotted.

H5 H3
H-6proR
HI/' H-7
HéproS Figure 4. Refined B conformation of2 bound to glucoamylase G2,
w—f\\ M_JJVM_M A\ determined by trNOE NMR spectroscopy.
— . Table 1. 1. Values Obtained from Refinement against
ﬁm WO Experimental NOE Buildup Curves
optimal R factor at
conformation 7 (ns) optimal 7,
ppm 42 4 0 38 3‘.6 34 32 30 28 26 24 22
1Cy >290 0.10
4Cy 31.7 0.10
Figure 2. One-dimensional (1D) rows extracted from 2D spectr2 af 15, 11.0 0.09
the F frequency of H4 (4.02 ppm) ((A) trNOESY spectrum »fin the 148 7.8 0.09

presence of glucoamylase G2, with a mixing time of 250 ms; (B) NOESY
spectrum o in the absence of protein, with a mixing time of 600 ms). In

each row, the H4 diagonal resonance is presented with negative phase; thu ion. This refinement r I in
NOE effects appear with positive phase, whereas trNOE effects appear W|thsaS part of the energy functio s refinement resulted a

negative phase. boat conformation{*B) for the six-membered ring (Figure 4).
The result was independent of the conformation used as input

2 indicated effects (Figure S1, Supporting Information; e.g., for the refinement; thus, input of the global minimu@y (B)

Figure 3) similar to those observed in the trNOE experiments, conformation, or other possibléC; (A), boat, and skew

except for the weak H3H6proS cross peak, which was absent conformations, all led to the sam&B conformation after

in the trROESY spectra (Figure 3). One concludes that the refinement. The five-membered ring adoptedf&nconforma-

remaining effects indeed arise from direct relaxation pathways. tion in the final refined structure (Figure 4).

In order to define the bound conformation &f several Refinement against the experimental buildup curves also
possible conformations were subjected to refinement against theallowed the calculation of an optimal value. Thez. value
observed NOE effects, based on a relaxation matrix calculation.may be estimated from the equation= Vy/(kT), assuming
A starting conformation was subjected to simulated annealing isotropic motior?° Using typical values for a protein at 2C,2°
with the experimental trNOEs included as restraints. The the 7. of glucoamylase G2 (MW= 72 000) is estimated to be
restraints did not include the H4H1/1' contact, as the HL and 30 ns, while that of is estimated to be 120 ps. The average
H1' resonances were not resolved, nor did it include the-H3  value, assuming 4% bourl(20:1 ligand:protein ratio), is 1.3
HéproS contact. Rather, a set of eight other contacts (see ns. Input of the’!C; (A) andC,4 (B) chair conformations resulted
Experimental Section) were sufficient to define the conforma- in very largez. values (Table 1), indicating poor agreement
tion. The NOE buildup curves expected for the conformation, with the experimental data, whereas the skew and boat
at each step in the calculation, were calculated, and the
difference between the expected NOE effects and the experi_(ZO) Cantor, C. R.; Schimmel, P. Biophysical Chemistry II: Techniques for

o the Study of Biological Structure and Functjow. H. Freeman and
mentally observed NOE effects (NMR R-factor) was minimized, Company: San Francisco, 1980; p 461.

J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003 5665
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Figure 5. Representative trNOE buildup curves bound to glucoamylase G2. The observed buildup curves are shown as black squares, and the calculated
buildup curves are shown as red diamonds. ((Ay##8', (B) H3—H5, (C) H2-H4, and (D) H4-H6proS.) Error bars in panels (A), (B), and (C) atd.0%,
except for one point in panel (C), which was assigned an errdr2ff%, because of severe baseline distortion. Error bars in panel (D)5¥e

conformations had more reasonablevalues (11.0 and 7.8 ns, In our present system of glucoamylase G2 ahdwith a
respectively). The calculated NOE buildup curves after refine- millimolar K; value), the trNOESY and trROESY spectra also
ment gave good correlations with the experimentally observed do not show significant line broadening.
buildup curves (Figure 5). These correlations are very good, An estimate of the off-rate may be obtained from knowledge
especially for a trNOE study, and compare favorably to those of the apparenk;, the Keq between théC, and*“B conforma-
obtained in state-of-the-art studis. tions in the free ligand conformational equilibrium, and an
In studies of this type, there is a question of whether the assumed diffusion-controlled on-rate (see Supporting Informa-
calculated NOE curves should include the kinetic matrix tion). The presence of the important Ht¥H4 NOE contact
corresponding to the exchange between free and bound states the NOESY spectra df in the absence of the enzyme (Figure
of the ligand. However, if a system is in fast exchange, the S2, Supporting Information; Figure 2b) indicates that 1B
relaxation matrix is equal to the weighted average of the conformation is present at least to some extent, although
relaxation matrices for the free and bound species in thesecoupling constant data suggest that thg, conformation
systemsg®22as assumed in our calculations. We claim that in predominates. Even if the*B conformation were present to
this case, the system is in fast exchange. Thus, we havethe extent of only 1%, one estimates an off-rate for dissociation
performed similar studies with this enzyme and three other of the enzyme? complex of >10® s™%; a 10% population of
ligands, namely-gluco-dihydroacarbos®, and the dihetero-  this conformation would yield an off-rate of10* s (see
maltosides7 and8 (Chart 2). TheK; values for binding to the ~ Supporting Information).
enzyme were 10, 1075, and 103 M, respectively222 In the We conclude, therefore, that the glucoamylase2Ggktem
cases ob and7, as suggested by the greater inhibitory potencies, is in the fast exchange regime, and that calculations of NOE
tighter binding leads to line broadening effects; we concluded curves based on the weighted average of the relaxation matrices
that these systems were in the intermediate exchange régfme. for free and bound ligands (Figure 5), are valid.
In the case 08, however, a millimolakK; value dictates a faster Computational Analysis. The unusual“B bound conforma-
off-rate for the ligand from the complex and a fast exchange tion differs from the'C, conformation observed in solution, and
regime; no significant line broadening effects were observed. is higher in energy by approximately 6 kcal mblaccording
to estimates based on the Tripos force field (Table 2). This value
is clearly an overestimate owing to the approximations of the

(21) Rinnbauer, M.; Mikros, E.; Peters, I..Carbohydr. Cheni998 17, 217—
230

(22) Landy, S. B.; Rao, B. D. NI. Magn. Reson1989 81, 371-377. force field, since a difference in free energy of 6 kcal mol
@9 ﬁr?mc.jrce:\rlwvgénj.'s%d’civs\a/ggmflrfi’o';gsgdf;;dl -P.; Svensson, B.; Pinto, B. M. a4y the global minimum would lead to the presence of only

0.003% of the boat conformation in the conformational ensemble
5666 J. AM. CHEM. SOC. m VOL. 125, NO. 19, 2003
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Table 2. Energy Components for the Different Conformations of Chart 2
2, Based on the Tripos Force Field OH

vdW energy  electrostatic energy  total energy? A (total energy) from
conformation  (kcal mol~) (kcal mol—1) (kcal mol—Y) 1Cy4 (kcal mol—t) HO

ic, ~0.30 —2.57 9.10 0.00 N 0
“C, ~112 6.59 19.09 9.99 Hoﬁcﬁ

OH
1S, —0.60 7.65 19.78 10.68 A 0 o)
148 1.08 —0.68 15.35 6.25 HO OH
B OH
aIncludes terms not shown (angle bending, bond stretching, and torsional (I?l(/)é&'ﬁ
energy terms). c OH 'OH

at 20°C; yet, the important H1/£+H4 NOE contact, indicative 5 D
of this conformation, is observed in NOESY spectr@af the
absence of the enzyme (Figure 2b). Nevertheless, a component OH
analysis of the total energy should give some indication of the HO
relative importance of the steric and electrostatic contributions. OH| HaC
The data in Table 2 indicate that th&, conformation is lowest HN’ﬁoz
in energy, due to stabilizing electrostatic interactions between © OH Og
the trans-1,2-oriented hydroxyl groups and between these groups A S(ﬁﬁ’
OH

- . . . OH
and the positively charged sulfonium-ion center, as predicted B o) o
in our previous work. The unusudl‘B conformation also HO v

derives some stabilization from intramolecular dipetipole C
interactions, between the pseudoaxially oriented 2-OH group 6 D
and the sulfonium-ion center (Figure 4).

The binding of a high-energy conformation »Mmust result
from specific interactions within the enzyme active site. The OH
energy provided by formation of a neutral don@cceptor HO S
hydrogen bond has been estimated to be-Q.%cal mol,2* Hogﬁ' OH
so that the three hydroxyl groups would provide -13%kcal OHX&O
mol~! if each were to form at least one hydrogen bond. HO=—0R
Additional binding energy is likely provided by a strong OCHjs
electrostatic interaction between the &nter and a carboxylate
group in the enzyme active site. 7

Interactions within the Binding Site. The'“B conformation 8
may be required for complementarity with the binding site.
Crystal structures of glucoamylase frolspergillus awamori
with other inhibitors have shown that the base of the site requires OH
a relatively flat molecule. Thus, it may accommodate a six- HOS% NH
membered ring in th¢C; conformation, as seen in crystal HO
structures of the bound inhibitorsgluco-dihydroacarbosé?®
and 1-deoxynojirimycir§?6 (Chart 2). In addition, docking of
the refined boat conformation & to the crystallographically 9
determined structure @f. awamoriglucoamylas® revealed a
possible binding mode within subsite 1 similar to that of is distorted due to the development of double-bond character
1-deoxynojirimycin9. In this binding mode, the ‘Scenter is in the C}-05 bond, probably to a form resembling half-chair,
positioned for a close electrostatic interaction with the carboxy- Poat, or skew conformatiorf$ Evidence for the binding of high-
late group of Glu 400, the catalytic base. In addition, the 3- €nergy conformatlons of substrateslln enzyme-cgtalyzed glycosyl
and 4-OH groups form hydrogen bonds similar to those of the transfer' reactions has been obtained from k|n§t|crystal-
4- and 3-OH groups of 1-deoxynojirimyc® to Asp 55 and lographic?® and, very recently, trNOE NMR studies.

Leu 177, respectively, while hydrophobic contacts are made to  Crystallographic studies of glycosidase enzyfirenibitor
Tyr 48, Trp 52, and Trp 178 (Figure 6). complexes have also shown the binding of distorted six-

membered ring conformations. Thus, for example, minor
distortion of the*C; chair of ringA in p-gluco-dihydroacarbose

6 in complex with glucoamylase has been obserreth
addition, acarbosg (Chart 2), in which ringA exists in a half-
chair conformation, has a binding constar8000 times greater
than that ob-gluco-dihydroacarbos6, corresponding to AAG

A change in the conformation of the pyranose ring at the
nonreducing end of a poly- or oligosaccharide substrate is likely
to occur on binding to the enzyme and may be important in
assisting catalysi&. The putative structure of the transition state

(24) Nikrad, P. V.; Beierbeck, H.; Lemieux, R. &an. J. Chem1992 70,

241—-353.
(25) Aleshin, A. E.; Stoffer, B.; Firsov, L. M.; Svensson, B.; Honzatko, R. B.  (27) Davies, G.; Sinnott, M. L.; Withers, S. G. Bomprehensie Biological
Biochemistry1996 35, 8319-8328. Catalysis Sinnott, M. L., Ed.; Academic Press: New York, 1998; Vol. 1,
(26) Harris, E. M. S.; Aleshin, A. E.; Firsov, L. M.; Honzatko, R.Bochemistry pp 119-209. Zechel, D. L.; Withers, S. Gcc. Chem. Re200Q 33, 11—
1993 32, 1618-1626. 18.
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A)
Tp 5 Glu 179 Trp 52 Glu 179
Arg 54 Leu 177 Arg 54
AN Trp 178 N
N N /\ A
Lo P .
. f
o
13.69
\
Trp 417 Trp 417
Trp 317 Trp 317
Glu 400 Glu 400
B)
Glu 179

i
/
Trp 417
Trp 317
Glu 400

Glu 400

Figure 6. Putative binding modes of inhibito&and9 to glucoamylase G2. Hydrogen bonds and important electrostatic interactions are shown as dashed
black lines. Residues of the binding site are shown in black. (A) Predicted binding madletbe 1B conformation determined by trNOE NMR spectroscopy;
an electrostatic interaction betweeri &nd the catalytic base Glu 400 is predicted. (B) Binding mode of 1-deoxynojirin§,cadetermined by X-ray

crystallography (from ref 26).

of ~5 kcal molL. Thus, inhibitors designed to mimic the half-
chair shape of the transition state may be especially potent for
this enzyme, and the same principle may be applied to other
enzymes in which distortion of the substrate has been shown
to be important in catalys8. However, the question of the
timing of the conformational change is still open. Enzyme
kinetic studies may reveal a rate-limiting step that follows
binding and precedes cataly®idut do not necessarily reveal
the nature of this step (e.g., conformational change).

In the case o, the observation of the important H1#H4
NOE contact in NOESY spectra & in the absence of the
enzyme suggests that théB conformation has a presence, albeit
minor, in the ground-state conformational ensemble. The
conformational itinerary o2 can thus be represented by Scheme

(28) For example: Sidhu, G.; Withers, S. G.; Nguyen, N. T.; Mcintosh, L. P;
Ziser, L.; Brayer, G. DBiochemistryl999 38, 5346-5354. Davies, G. J.;
Mackenzie, L.; Varrot, A.; Dauter, M.; Brzozowski, A. M.; Sdein, M.;
Withers, S. G.Biochemistry1998 37, 11707-11713. Sulzenbacher, G.;
Driguez, H.; Henrissat, B.; Schain, M.; Davies, G. JBiochemistry1996
35, 15280-15287. Tews, |.; Perrakis, A.; Oppenheim, A.; Dauter, Z.;
Wilson, K. S.; Vorgias, C. ENature Struct. Bial 1996 3, 638-648.
Strynadka, N. C. J.; James, M. N. G.Mol. Biol. 1991, 220, 401-424.
Mark, B. L.; James, M. N. GCan. J. Chem2002 80, 1064-1074.

(29) Garca-Herrero, A.; Montero, E.; Mloe, J. L.; Espinosa, J. F.; fiaA.;
Garcia, J. L.; Caada, F. J.; Jirmeez-Barbero, 1. Am. Chem. So2002
124, 4804-4810.
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2, assuming that the on-rates for binding of the different
conformations to the enzyme are diffusion-controlled. The free
ligand conformational equilibrium is given by the interconver-
sion of1C, and“B forms. In the case of glucoamylase binding
of 2, the enzyme could select the high-enetd8 conformation
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that is already present in solution to give the enzyme complex, degree of polymerization 17) was purchased from Hayashibara Chemi-
E-14B (Scheme 2, path a). Alternatively, the enzyme could bind cal Laboratories (Okayama, Japan). Recombinant bareynylase
the lower-energy.C,4 conformation (E'Cy), and then effect a isozyme 1 (AMY1) was produced and purified as descrifedn

conformational change of the ligand to tAdB form in the aliquot of the PPA crystalline suspension (in ammonium sulfate) was
enzyme-bound state to give-'#B (Scheme 2, path b). We dialyzed extensively against the assay buffer without BSA. The enzyme

suqgest that the presence of thig form in the free ligand concentration was determined with the aid of amino acid analysis, as
99 P 9 determined using an LKB model Alpha Plus amino acid analyzer. The

_confor_mational equilibr@um, albeit minor, does nqt require the inhibition of AMY1 (3 x 10° M) and PPA (9x 10-° M) activity
imposition of path b. Binding of thé“B conformation by the  ard DP17 amylose was measured at@7n 20 mM sodium acetate,
enzyme will shift the ground-state equilibrium, accordingto Le pH 5.5 5 mM CaGl, 0.005% BSA (for AMY1) and 20 mM sodium
Chatelier's principle, thereby producing more of this conforma- phosphate, pH 6.9, 10 mM NaCl, 0.1 mM Ca.005% BSA (for
tion. PPA). Six different final inhibitor concentrations were used, in the range
As a final point of interest, we comment on the conforma- of 1 «M to 5 mM. The inhibitors were preincubated with enzyme for
t|ona| preferences Of Castanospernmehe |nsp|rat|0n for the 5 min at 37°C before the addition of .SUbStrate. |n|t|a| rates were
design of 2. Castanospermine provides an example of a d_et_ermlnejd by measurement o_f reducing sugar, using the copper-
compound that exists at the opposite end of the conformational bicinchoninate me_thod,_as_dg_scntiéﬁ‘!The K; values were calculated
itinerary t02, because it exists preponderantly in #@ chair assuming competitive inhibition, as described above for the case of

. . glucoamylase, with, = 0.57 mg/mL andk = 165 s for AMY1,
conformation, both in its unprotonated and protonated fétfs. andKy = 1 mg/mL andke = 1200 s* for PPA, as determined in the

Interestingly,3 exists in a'S; skew conformation when bound g psirate concentration range 0-a® mg/mL using ENZFITTERS
to the exop-(1—3)-glucanase fronCandida albicans® The For theK; determinations, [SE 0.7 mg/mL amylose DP17 for the
energy of this conformation is6 kcal mol? higher than that AMY1 binding and [S]= 2.5 mg/mL amylose DP17 for the PPA
of the “C; conformation, as calculated using the Tripos force binding.
field. The bound conformation & in complex with glucoamy- NMR Spectroscopy.NOESY and trNOESY spectra were recorded
lase is not known, but thi€; value with this enzyme is 1/4M.3! on a Varian 800 MHz spectrometer (Canadian National High Field
Thus, replacement of NHby the cognate Satom has striking NMR Centre (NANUC), Edmonton, Alberta, Canada). NMR samples
effects on the binding affinity to the protein receptor. If of 2in the absence of any protein and in the presence of BSA were
glucoamylase also bind3 in the S; conformation, then the ~ Prepared by lyophilizing solid2 from DO twice, followed by
increased potency o relative to2 is likely due to greater ?Aszcigﬂor;;gec%ﬁg%ég?gﬁi?gnb;?er;‘f%mm l\jcetfﬁgyreng 4&2
L : : , i w , W
complementarity within the active site. concentration of BSA was 21.4 mg/mL, and that of glucoamylase G2
Conclusions (GA) was 21.5 mg/mL (0.3 mM), for &:GA ratio of 20:1. BSA and
GA were also lyophilized from BD twice prior to preparation of the

Transferred nuclear Overhauser effect NMR measurementssamples. One-dimensional (1D) spectra were recorded at 298 K with
of a rapidly exchanging system consisting of the sulfonium- 48K points, followed by zero-filling to 64K points, exponential
ion inhibitor 2 and the glucoamylase G2 enzyme indicate that multiplication, and Fourier transformation. NOESY and trNOESY
the bound, bioactive conformation 2fis one in which the six- spectra were recorded at 298 K in phase-sensitive mode using the States
membered ring exists in'eB conformation. The results suggest  (hypercomplex) method, with 4K points and 51itrements, 16 scans
that this high-energy conformation is selected directly from a Per increment, a sweep width of 15 ppm, a relaxation delay of 1.0 s,

ground-state conformational ensemble, thereby shifting the @nd mixing times of 50, 100, 150, 200, and 250 ms. A spin-lock pulse
equilibrium population of conformers. of 30 ms at 30 dB was applied after the first'qflilse of the NOESY

pulse sequence to reduce the intensity of protein resonances and ensure
Experimental Section a uniform baselin& Data acquired at NANUC were converted to
Bruker format by XWIN-NMR (Bruker), and all further processing was
Enzyme Inhibition Assays. Glucoamylase G2 fromAspergillus performed within XWIN-NMR. TrROESY spectra were recorded with
niger was purified from a commercial enzyme (Novo Nordisk, 5 composite spin-lock pulse at 4 kHz power and mixing times of 125
Bagsvaerd, Denmark) as descriB&& The initial rates of glucoamylase  gq 250 ms. The two-dimensional (2D) NOESY and trNOESY data
G2-catalyzed hydrolysis of maltose were tested with 1 mM maltose as (4K x 512) were processed for maximum resolution to better resolve
the substrate, in 0.1 M sodium acetate, pH 4.5, at@5The enzyme  ¢ross peaks near the diagonal. The data were subjected to linear
concentration was 7.6 1078 M, and five inhibitor concentrations in prediction to 2048 points in{Ffollowed by zero-filling to 4K points
the range from kM to 5 mM were tested. The glucose released was gpg multiplication by a squared sine function; in, Ehe data were
analyzed in aliquots removed at appropriate time intervals, using a mytiplied by a Gaussian function. Fourier transformation was then
glucose oxidase assay adapted to microtiter plate reading, and with 8performed on a section of the spectrum (from 0.8 to 4.5 ppm), with a
total reaction volume for the enzyme reaction mixtures of 150 or 300 fina] data matrix of 4Kx 4K. All 2D spectra were baseline-corrected
uL.%2 TheK; values were calculated assuming competitive inhibition, - atomatically prior to integration of cross-peak volumes. Errors in NOEs
from 1 = (INma) + [(Km)/(Vma{SIK)][I], where v is the rate were estimated to be approximatels% of the signal, except in the
measured in the presence or absence of inhibitor, [I] and [S] are the a5es of cross peaks near the diagonal, where errats10% were
concentratio_ns of inhibitqr and substrate_m = 1.6 mM, andkea: = estimated, and except in the case of one point (Figure 1c), where an
11.3 s (keatis the catalytic constant), using ENZFITTER. error of £20% was assigned, because of severe baseline distortion.

Bgzrcme pancriatm(-jafm ylasse_ (PPA’Z\ anld bO\I;l)r;elseDrgTTalbumm Computational Analysis. Refinement against the observed NOE
( ) were purchased from Sigma. Amylose EX-1 ( » AVerage jntensities was performed within the program XPL&Rysing a

(30) Cutfield, S. M.; Davies, G. J.; Murshudov, G.; Anderson, B. F.; Moody,

P. C. E.; Sullivan, P. A.; Cutfield, J. B. Mol. Biol. 1999 294, 771-783. (33) Leatherbarrow, R. JEnzfitter, a Nonlinear Regression Data Analysis
(31) Iminosugars as Glycosidase Inhibitoidojirimycin and BeyongdStitz, A. Program for IBM PC Elsevier Science Publishers BV: Amsterdam, The
E., Ed.; Wiley-VCH: Weinheim, Germany and New York; 1999. Netherlands, 1987.
(32) Frandsen, T. P.; Dupont, C.; Lehmbeck, J.; Stoffer, B.; Sierks, M. R.; (34) Fox, J. D.; Robyt, J. FAnal. Biochem1991, 195 93—96.
Honzatko, R. B.; Svensson, Biochemistry1994 33, 13808-13816. (35) Scherf, T.; Anglister, Biophys. J1993 64, 754-761.
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protocol described in ref 37. A set of eight NOE contacts was chosen protein, which was assigned Kollman all-atom potentials and charges
for the refinement; thus, the list of trNOE contacts used for the within Sybyl 6.6. Grid maps representing the protein were calculated
calculation was H2H4, H2—H3, H3—H4, H3—H5, H4—H5, H4— with a grid-point spacing of 0.375 A and 70 70 x 70 points. A
H6proS, H5—-H6proS, and H8-H8'. Contacts to the H-1/Iprotons Lamarckian genetic algorithm (LGA)was used to search for potential
were not included, because these resonances were not resolved, andinding modes o, and 500 LGA docking runs were performed. The
contacts to the H8 and M®rotons were not included, because these binding modes were clustered using a rmsd (root-mean-square devia-
resonances had not been stereospecifically assigned. However,the H8 tion) cutoff of 2.0 A, with respect to the starting position, and the
H8 trNOE contact was included, as an important geminal distance. binding mode shown for the boat conformation was found within the
The HfroS signal was assigned on the basis of its NOE contact to best three clusters. The water molecule Wat?50@s removed from

H2 in the spectra of fre2. The mixing time of 50 ms was notincluded, the protein, because it was found to prevent favorable placement of

because of interference by zero-quantum effects. The*C;, 1B, within subsite 1.
and'S; conformations were used as input in the refinement, andcthe
value of 7.8 ns calculated for the’B conformation was adopted. Acknowledgment. We are grateful to B. D. Johnston for the

However, refinement with, values of 1.3 or 3.7 ns also resulted in a  synthesis of compoun® S. Ehlers for technical assistance with
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Energies of the various conformations were measured using the Council of Canada for financial support and for a postgraduate
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Molecular docking simulations were performed with AutoDock 3.0, NMR spectra. Operation of NANUC is funded by the Canadian
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