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ABSTRACT. Acarbose is a naturally occurring pseudo-tetrasaccharide. It has been used in conjunction with
other drugs in the treatment of diabetes where it acts as an inhibitor of intestinal glucosidases. To probe
the interactions of acarbose with other carbohydrate recognition enzymes, the crystal struEtuceliof
maltodextrin phosphorylase (MalP) complexed with acarbose has been determined at 2.95 A resolution
and refined to crystallographiR-values ofR (Riee) = 0.241 (0.293), respectively. Acarbose adopts a
conformation that is close to its major minimum free energy conformation in the-Med&rbose structure.

The acarviosine moiety of acarbose occupies sub-sifieand+2 and the disaccharide sub-site8 and

+4. (The site of phosphorolysis is between sub-sitdsand—+1.) This is the first identification of sub-
sites+3 and+4 of MalP. Interactions of the glucosyl residues in sub-sit@sand+4 are dominated by
carbohydrate stacking interactions with tyrosine residues. These tyrosines (Tyr280 and Tyr613, respectively,
in the rabbit muscle phosphorylase numbering scheme) are conserved in all species of phosphorylase. A
glycerol molecule from the cryoprotectant occupies sub-siteThe identification of four oligosaccharide
sub-sites, that extend from the interior of the phosphorylase close to the catalytic site to the exterior
surface of MalP, provides a structural rationalization of the substrate selectivity of MalP for a
pentasaccharide substrate. Crystallographic binding studies of acarbose with amylases, glucoamylases,
and glycosyltranferases and NMR studies of acarbose in solution have shown that acarbose can adopt
two different conformations. This flexibility allows acarbose to target a number of different enzymes.
The two alternative conformations of acarbose when bound to different carbohydrate enzymes are discussed.

Naturally occurringo-glucan hydrolase inhibitors have HOH,C g
been identified in animal, plant, fungal, and bacterial systems HO/‘\\Ld HC
and are of interest for the development of treatments of Ho—e \OIJI\QI/%HOHZC
diabetes and other carbohydrate metabolism diseases. Ac- el R’ b A\ HoHe
arbose is a member of the trestatin family of pseudo- PO Ho'  OH Y 0
oligosaccharides that act as potent inhibitorscgfmylases, Ho'  OH o
glucoamylasesq-glucosidases, and cyclodextrin glucosyl- Acarbose
transferase (CGTaséd); in the range of 10°—1071% M) FIGURE 1: Acarbose. The acarviosine moiety composed of the
(2). Acarbose has been used by itself and with other agentscyclitol (hydroxymethylconduritol unit) and 4-amino-4,6-dideoxy-
in the treatment of non-insulin-dependent diabeges). It p-glucose is indicated.

has proved effective in contributing to glycemic control by o5 attached to the reducing end of the acarviosine moiety
delaying carbohydrate digestion and subsequent absorptlortFigure 1). In the trestatins, varying numbersoofL,4)o-

of glucose. Members of the acarbose family contain a g,copyranose rings may be attached to the reducing and/or
structural template comprised of an acarviosine group [a nonreducing ends of the acarviosine template.
cyclitol ring (hydroxymethylconduritol unit) linked to a In solution and in the crystalline state-(1,4)-linked

4-amino-4,6-dideoxy-glucopyranose via a-1,4-linkage].  gjycosyl sugars adopt a minimum free energy conformation
Acarbose is a pseudo-tetrasaccharide with two glucosyl i, \which the 2-hydroxyl from one glucopyranose ring forms
an intramolecular hydrogen bond with the 3-hydroxy! of the
* This work has been supported by the MRC and the British Diabetic @djacent glucopyranosel€6). In solution at neutral and
Association. alkali pH, the acarviosine moiety of acarbose also adopts

Bank with accession number 2ECP. '
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! Abbreviations: MalP E. coli maltodextrin phosphorylase; GP, exploited by different hydrolases in recognition of acarbose

rabbit muscle glycogen phosphorylase; CGTase, cyclodextrin glyco- (Figurg 2). The preferred minimum energy Conformat?on is
syltransferase. recognized by thexaamylase, glucoamylase froAspergil-
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r » shown that the planar geometry of the cyclitol ring in
acarbose does make a significant contribution to binding in
Coychinl this enzyme. In addition, a salt link between a carboxylate
e o and the amino linkage between the cyclitol and the 6-deoxy
| i sugar of acarbose is observed in all acarbose/carbohydrate
| r} P enzyme structures to date (amylases, CGTase, and glu-

coamylase). This interaction appears to be an important factor
} explaining the high affinity of acarbose for these enzymes
(20).
.-"'( E. coli maltodextrin phosphorylase (MalP) (EC 2.4.1.1)
’J'\_: / is a 796 amino acid, nonallosteric, enzyme that is 46%
i identical in sequence to rabbit muscle glycogen phosphory-
f“"h — lase (GP). Unlike GP, MalP is not regulated by phosphory-
't‘ Iy lation or by allosteric effectors but is regulated by control
( ; of gene expressior2(). Structural studies have provided an
. explanation for the lack of control properties in MalP at the
protein level 22). The mammalian and bacterial phospho-
rylases exhibit nearly 100% identity in residues at the
- ad catalytic site, and both utilize thé-phosphate of the essential
Ficure 2: Two different conformations of acarbose observed bound cofactor pyridoxal phosphate in catalysis. MalP catalyzes the

:.0 diﬁeregt glucgs.idasesb(a) Tg]e dmaj‘ir mli”im“m ?nergég;)nforwah phosphorolytic cleavage, from the nonreducing end,-af4-
ion as observed in acarbose binding to glucoamylase in which | - :
there is a hydrogen bond between the O2 hydroxyl of the cyclitol linked maltodextrins (Gl¢)to yield o-D-glucose-1-P (Gle-

and the O3 hydroxyl of the 6-deoxy sugar. PDB coordinate 1GAH. 1-P):

¢ = (C7-C1-N4'-C4) = 104.0, v = (CI'—N4'-C4—C5) =

—112.8. (b) The secondary minimum energy conformation as (G|C)n +P e (G|C)n71 + Glc-1-P
observed in acarbose binding to TAKA amylase (15) in which there

is no intramolecular hydrogen bond between the cyclitol and the

1GAH FTAL

6-deoxy sugar. PDB coordinate 7TA&.= (C7—C1—N4'—C4) The enzyme prefers substrate maltodextrins with a minimum

= 32.8, y = (C1-N4—-C4—-C5) = —151.6. length of five glucosyl units for phosphorolysis and four
glucosyl units for the reverse reaction of oligosaccharide

lus awamori,an enzyme that hydrolyzes terminai(1,4)- synthesis Z3).

D-glycosidic bonds from the nonreducing ends of maltooli-  MalP exhibits a higher affinity for oligosaccharide sub-

gosaccharides to produgBep-glucose 9—11). The secondary  strates than GP, and this observation has been exploited in
minimum energy conformation of acarbose is recognized by order to detect binding of oligosaccharides at the catalytic
the endeamylases 12—16) and by cyclodextrin glycosyl-  site of phosphorylase. Following the terminology of Davies
transferase (CGTase){—19). These enzymes hydrolyze the et al. @4), sub-sites for oligosaccharide recognition are
o-(1,4)-p-glycosidic bond within an oligosaccharide, and the numbered-1 to +4 from the nonreducing end to reducing
reaction proceeds with retention of configuration. The end and the site of phosphorolysis (or hydrolysis in glucosi-
flexibility in conformation may contribute to the ability of  dases) is between sub-sited and+1. Co-crystallization
acarbose to inhibit a number of different enzymes, but other studies with maltohexaose and Mal®5) showed a disac-
factors are also important. charide, maltose, bound at sub-sitéed and +2 at the
Early work had shown that the inhibitory properties of catalytic site of MalP. These results identified a tyrosyl/
acarbose with respect w-hydrolases are dependent upon carbohydrate interaction at sub-sit@. Mutagenesis studies
the acarviosine group as a whole, and not the individual showed that this tyrosine was of critical importance for
cyclitol or amino sugar unitslj. The conformation of the  substrate binding and recognition. Analysis of the oligosac-
cyclitol ring of acarbose is constrained by the double bond charide mixture from the co-crystallization experiments
between C5 and C7 (corresponding to the endocyclic O5 of indicated that both catalysis and hydrolysis of the oligosac-
glucose). The double bond promotes?ah half-chair () charide had occurred over the period of crystallization. To
conformation in which atoms C4, C5, C7, and C1 are address these problems with a nonhydrolyzable and non-
coplanar and atoms C2 and C3 are above and below thephosphorylatable substrate, we have carried out binding
plane, respectively. The cyclitol is often referred to as a studies with acarbose . coli MalP. The structural studies
transition state analogue of the oxonium/carbonium ion on the MalP-maltose complex had indicated that the
transition state anticipated for glycoside hydrolysis. However conformation between the sugars in sub-sitels and +1
the?H; conformation is not an ideal mimic either structurally should be close to the secondary minimum energy conforma-
or electronically of such a transition state. In the oxonium/ tion for acarbose (i.e., as in Figure 2b). It was anticipated
carbonium ion intermediate, the partial double bond betweenthat acarbose would bind in sub-sitesl to +3 in this
the O5 and C1 atoms of the glucopyranose ring constrainssecondary conformation. The present studies show that
the atoms C5, O5, C1, and C2 to be coplanar as irflthe acarbose binds at sub-sitéd to +4 in its minimum free
half-chair or sofa conformatior2(). Nevertheless, despite  energy conformation (i.e., the conformation shown in Figure
this lack of precise complementarity with the proposed 2a). A further carbohydrate/aromatic interaction has been
transition state structure, comparative studies with glucoamy-identified at sub-site-4. The weak binding is consistent with
lase on the binding of acarbod€s(= 9 x 10°1* M) and the the poor inhibition constant observed for MalP inhibition
saturated-glucodihydroacarbose&f = 3 x 107 M) have by acarbosel; approximately 5 mM; R. Schinzel prelimi-
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nary unpublished results) that suggests that acarbose is NOf,pe 1: pata Collection and Refinement Statistics for Eneol
a transition state analogue for the MalP-catalyzed reaction. Malp—Acarbose Complex

The results contribute to an analysis of the recognition and

Data Collection

conformation of acarbose by carbohydrate-recognizing en- resolution (highest range) A 202.95 (3.11-2.95)
zymes and explain the substrate specificity of MalP. completeness (highest range) (%) 88.9 (78.2)
m t(ihil%;ct?test range) ) %.068 (0.157)
EXPERIMENTAL PROCEDURES D]/a.Dp Yy Y
Expression, Purification, and CrystallizatioMalP was Refinement
purified fromE. coli AMalA518 cells harboring the expres-  resolution range (A) 152.95
sion plasmid pMAP101 as described previoug§, 27) The Hgél‘);‘g?b“e reflections (no. fdk) 325261 z(iiz()o 203)
purification steps involved ammonium sulfate precipitation, g of atoms ' '
followed by Q-Sepharose anion exchange chromatography  all 12961
and a glycogenglycine affinity column. Two additional acarbose 44
purification steps were added. Protein solution at ap- 3\/';;;;0' 963
proximately 1.8 mg/mL in 20 mM Tris/HCI, pH 6.9, 1 MM 5,015 (A2)
EDTA was applied to a Pharmacia Superdex-200 gel all 53.6
filtration column. The pooled fractions in the above buffer acarbose 60.0
were then passed over a Pharmacia Mono-Q anion exchange ~ 9lycerol 58.7
- - waters 49.1
column and_eluted with a-8150 mM NaC_:I gradl_ent. The rms deviation from ideal geometry
pooled fractions were buffer-exchangedoirit M Tris/HCI, bonds (A) 0.009
pH 8.5. angles (deg& ifls
H H . impropers (ae .
Triangular block-like Cocr.yStals of MalP .Wlth acarbose rmg dgviati(onsg i)rB-factors for covalently linked atoms &R
were grown ovea 3 day period by the hanging-drop vapor all 27
diffusion method from drops containing 10 mg/mL MalP, main chain 2.0
30 mM acarbose, 2528% w/v PEG 3350, 0:10.6 M LiCl, side chain 33
and 0.1 M Tris/HCI, pH 8.5 at 18C. aRy = SuXill(h) — Li(h)I/3hYili(h) whereli(h) andI(h) are the ith

Data Collection and Processinata were collected from and mean intensity values of reflectibmespectively® Crystallographic

. ) - - . R = h|Fo — Fd/YnFo WhereF, andF. are the observed and calculated
asingle crystal, space groé£:2,2;, unit cell dlmensmna structure factor amplitudes of reflectidn respectivelyR;, the freeR
=76.5A,b=1058 A, andc = 217.7 '_&’ and one dimer  factor, is calculated as faR, but using 2.5% of the data set that had
molecule of MalP per asymmetric unit. The crystal was been excluded from the refinement.
soaked for<5 s in a cryoprotectant of 20% glycerol in the
mother liquor and flash-frozen to ;00 K. Data were collected proved to 32.0% and 74.8% after 50 cycles of rigid-body
on an 18 cm MAR Research image plate at the X-ray refinement with AMORE
diffraction beamline in Elettra, Trieste, Italy. Exposures were - o )
60 s for P and 0.5 oscillations, and a total of 9f data The structure was refined as a rigid body with X-PLOR
were collected. The crystal to detector distance was 280 mm(30), émploying tight NCS constraints to give= 0.303,R;
and X-ray wavelength 0.9 A. The slits were set at 0.3 mm, = 0.309. Initially data withF > 20 were used, but in the
and the ring current varied from 153 to 113 mA over the subsequent stages of the refinement, all data were included.
course of the data collection. The 18 cm MAR detector After positional refinement, 2-fold NCS averaging, and
limited the resolution to 2.95 A, although the crystals solventflattening, th&, — Fcand &, — F. electron density
diffracted further. maps showed a glycerol molecule at sub-site and the

Data were processed using MOSFLM 5.40 (Prerelease@carviosine moiety of the acarbose at sub-sitésand+2.
version from Dr. A. G. W. Leslie), that successfully These were included in the structure. Coordinates for the
integrated the closely spaced irregular shaped reflections, andcarbose molecule were obtained from the coordinates of
data were scaled with SCALA. Intensities were reduced to the acarbose-like molecule bound to porcine pancreatic
structure factors with TRUNCATE2§). amylase | {2) (Brookhaven Crystallographic Data Bank

Structure DeterminatiorCo-crystallization of MalP with coordinate set 1PPI) that were in turn derived from those of

acarbose gave a new crystal form that was different from Bock and Pederser). Iterative cycles of refinement, using
the native MalP and the oligosaccharide complex. The aII.data (15-2.95 A) and .tlghtNCS restraints, were continued
structure was solved by molecular replacement with AMORE USing REFMAC 81). Difference density showed the ad-
(29) using a monomer subunit from the native MalP structure ditional two glucosyl units of acarbose at sub-site3 and

(22) as a search object placed in a 130<AL30 A x 130 A +4, and these sugars were included. In amylases, the
unit cell. Waters and noncovalently attached ligands were acarviosine unit of acarbose can be reshuffled by transgly-
removed from the structure. Rotation solutions used a 30 A cosylation reactions. Such processing of the inhibitor can
search-radius and-64 A resolution data. Translation solu- cause problems in interpretation of results. In this case, MalP
tions used 16-2.95 A resolution data. The top solution to is not able to catalyze transglycosylation, and so no reshuf-
the rotation and translation functions gave a crystallographic fling is expected. The presence of acarbose and the chain
R = 44.3% and a correlation coefficient of 43.7%. This direction were confirmed by the lack of density for the O6
solution was fixed and the position of the second subunit hydroxyl of sugar in thet-2 site in both the A and B subunits
determined. The corresponding valuesRoénd correlation and the presence of such density for each of the other
coefficient were 34.3% and 69.1%, and these values im- glucosyl! sites.
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Ficure 3: Stereodiagram of the electron density in the vicinity of the acarbose binding site in MalP (molecule Af,Fhd=2electron

density map calculated with the final coordinates from REFMAC is contoured akQ85rms electron density. The final model coordinates

are superimposed for the A molecule. This figure and Figures 4, 5, and 6 were produced by OGLOBJECTS (M. E. M. Noble, unpublished
work).

Grouped, or individual, isotropid-factor refinement
within REFMAC produced similar refinement statistics.
Thus, individual isotropi®-factor refinement was employed.
An overall anisotropic temperature factor correction was
applied to the original data using SCALEIZS). A total of
93 waters were manually incorporated into the structure at
sites exhibiting anK, — F¢) peak=2.50 and close to which
a water had been observed in the 2.4 A native MalP structure.
The final refinement statistics wefe= 0.241,R; = 0.293
(Table 1). The structure was checked with PROCHECK and
showed close agreement with ideal stereochemistry as
expected in view of the tight restraints used during refine-
ment. Low RMS deviations observed for tBefactors of
covalently linked atoms also reflect the tight restraints applied
during structure refinement (Table 1). A Ramachandran plot
showed 88.4% of non-glycine residues in the most favored
regions, 11.4% in the additionally allowed regions, and 0.6%
in the generously allowed regions. The refined protein
structure had higtB-factors (average value of 53%A but
this value was consistent with that obtained from a Wilson
plot (46 A?). The B values for acarbose were also high
(averageB 60 A?). We attempted to test if the hidhfactors
for the acarbose were correlated with occupancy. Refine-
ments of structures in which the occupancy of acarbose was
set to values of less than 1 resulted in no significant change
in the B-factors. With occupancies below 0.75, there was
residual electron density at the acarbose site in differenceriure 4: Overall view of the MalP dimer viewed approximately
maps, indicating that the occupancy was probably higher thandown the 2-fold axis of symmetry of the dimer with one subunit
this value. Data at a higher resolution than 2.95 A are colored light gray and the other dark gray. Acarbose is shown

required to determine thB-factors and occupancies with binding at the catalytic site with the cyclitol sub-site furthest into
. the catalytic channel.
greater precision.

RESULTS malian enzyme 32), is situated at the end of .the channel,
far removed from the bulk solvent and adjacent to the
A summary of the X-ray data and refinement statistics for essential cofactor pyridoxal phosphate. In MalP, acarbose
the E. coli MalP—acarbose complex is shown in Table 1. binds in sub-sitest1 to +4. These sites extend from the
The electron density illustrating the binding of acarbose at center of the molecule, adjacent to sub-site, toward the
the catalytic site oE. coli MalP is shown in Figure 3. solvent (Figure 4). The two subunits of the functional dimer,
The catalytic site of MalP is situated in the center of the labeled molecules A and B, were refined with strict NCS
large subunit and accessible to the solvent through a 20 Arestraints and are therefore closely identical both for the
long channel. This channel forms the substratkgosac- protein and for the acarbose conformations. However, the
charide binding site. The sub-sitel, that has been observed electron density revealed some differences. Sub-sitds
to bind glucose-1-P, heptulose-2-P, or glucose in the mam-more clearly defined in subunit A, while sub-sité®, +3,
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Table 2: Geometry of Cyclitol (and Other Glucosyl Groups Bound at Sitg) in Different a-(1,4)-Glucosyl Recognition Enzymes

torsion angles (de8)

enzyme complex PDB ID no. site P ¢z b3 o Ps b6

E. coli maltodextrin phosphorylaseacarbose (this work) 2ECP Asitel —-66 44 —10 -1 -22 54
Bsite+tl —60 39 -8 -2 —-19 48

pig pancreatic amylase-lacarbosel2) 1PPI -68 32 8 —-14 -21 61
pig pancreatic amylase-Htrestatin (3) 1PIG -56 34 -4 -1 27 56
pig pancreatic amylase-HacarboseX4) 10SE site—4 —-73 58 24 3 -—14 46
pig pancreatic amylase-Hacarbosel4) 10SE =70 30 4 -2 —32 68
Aspergillus oryzaamylase-acarbose5) TTTAA —-72 48 11 -7 =12 51
barley amylaseacarboseX6) AMY2 -58 21 11 -1 —-41 71
Bacillus subtilis(E208Q) amylasemaltopentaoses() 1BAG Glc —63 50 —40 46 —60 68
Bacillus circulanscyclodextrin glycosyltransferasecarboseX(7) 2CXG —-64 45 14 2 —-20 51
Bacillus circulanscyclodextrin glycosyltransferasenaltononaose  2DIJ —67 55 —24 3 —-14 45

acarboseX8)

Aspergillus awamorglucoamylase-acarbosel0) 1GAH —63 45 —12 -5 -—13 45
Aspergillus awamorglucoamylase glucodihydroacarbosd () 1GAI DHA —-63 60 —49 4 —47 56

aCompound is cyclitol and binding site is sub-sité& unless otherwise indicated. Glc, glucosyl residue; DHA, glucodihydroacarbdeesion
angles: ¢, = C1C2C3C4ip, = C2C3C4C5ip; = C3C4C5C7(05)ips = C4C5C7(05)Clips = C5C7(0O5)C1C2ips = C7(0O5)C1C2C3.

and +4 are better defined in subunit B. In the MalP

acarbose complex, a glycerol molecule from the cryopro- H,f ) S y . 4
tectant (20% glycerol) occupies sub-site Because the 1 L. ‘1:"-“""'
crystals were susceptible to disorder by the cryoprotectant, Mo :-5-:" 3 —F
the soak time was limited t&5 s, but, despite this short I 6 e
. . . LTI
time, cryoprotectant was able to diffuse into the crystal and . g i
bind to the catalytic site. There is no sulfate or phosphate « * & y - |
ion at the catalytic site, in contrast to previous observations Ml /ﬁ: e i i
with the MalP-maltose complex25). The additional dialysis SR
steps in the present work removed any residual sulfate that i ¥ ? : -
had accompanied the fractional precipitation steps. 5, =

The cyclitol ring in sub-site-1 was fitted with?Hs half- I
chair geometry in which the torsion angle for-€&5—C7— _‘_- -, e . rj"l...' {
C1 was restrained close to zero. In Table 2 the values for F T . g
the torsion angles for the cyclitol of acarbose binding to sub- Ty s
site —1 in a number of different amylases, CGTases, and s T ”
glucoamylases are compared. The torsion angles show som o ;;f .IIH.“? F
variation, as expected because of the limited resolution of L [ &3
the crystallographic data, but all show values close to zero £ = 1 F e
for the torsion angle C4C5—C7—C1. There appears to be A k

no significgnt .difference in cpnformatipn of the CYC"t.Ol fing Ficure 5: Contacts between acarbose, glycerol, and MalP. Acar-
betwe_en binding at the Cr_uc'aﬂ sub-site and in bl_ndlng at_ bose carbon atoms are colored magehta and MaIP carbon atoms
sub-sitet+1, as observed in the present work, or in sub-site yellow. The contacts of glycerol to MalP have been omitted for
—4 as observed in the pancreatic amylase structure. clarity. They include hydrogen bonds from O1 hydroxyl to N

MalP/Acarbose InteractionsThe interactions between Ser674; from another hydroxyl to OG Ser674, N Gly675; ND2
acarbose and MalP are summarized in Figure 5. In com- Asn484; and from the third hydroxyl to ND2 Asn484 and ND1

. . O ) His377.

parison with most enzyme carbohydrate binding sites, there
are rather few hydrogen bonds. The cyclitol in sub-site The conformations about the glycosidic bonds of the
makes hydrogen bonds from O3 to Asp339 and from O6 to glucosyl residues in sub-sites2, +3, and+4 differ only
Arg569. The contact from O2 to His341 (02 to NE2 His341 slightly from the preferred conformations. There are hydro-
= 3.5 A) is just outside the allowed hydrogen bonding gen bonds between the O2 and O3 hydroxyls of the adjacent
distance here taken to be 3.3 A. The torsion angles aboutsugar residues, although the contact between sub-sies
the amino glycosidic linkage between the cyclitol and the and+3 is rather long (3.4 A). The glucopyranose in sub-
6-deoxy 4-amino sugar are close to those prefear€il,4) site+3 makes a number of hydrogen bonds to charged side
linkages, and there is a characteristic intramolecular hydrogenchains of the protein. These probably provide the incentive
bond between the O2 hydroxyl of the cyclitol and the O3 for the small alteration in the glycosidic torsion angles
hydroxyl of the 6-deoxy sugar. Sub-site2 is dominated between sub-site$2 and+3. There is a long contact from
by the carbohydrate/aromatic stacking of the glucopyranoseO2 to Asp283 and hydrogen bonds from O3 to Arg292 and
ring with Tyr280 as noted previously in the Matihaltose to Asp283 and from O6 to a water and to Arg 569. The
structure. The 6-deoxy sugar makes hydrogen bonds fromglucopyranose in sub-sit¢4 shows a further example of
02 to Arg292 and from O3 to His341, as observed in the carbohydrate/aromatic stacking. The sugar is stacked against
maltose structure, but there is no possibility for the hydrogen Tyr613 at the entrance to the catalytic site channel. The
bond that is made in the maltose complex between the O6stacking involves the A face of the sugar as does the
hydroxyl and Arg569 and Lys608. interaction of the sugar in sub-site2 with Tyr280. Both
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Ficure 6: Comparison of the structures of the Malcarbose complex (acarbose, magenta; MalP, yellow carbon atoms) with the MalP
maltose complex (25) (maltose, cyan; MalP, green carbon atoms) showing the difference in the positions of the 380s loop and selected
residues at the binding site.

Tyr280 and Tyr613 are conserved in all phosphorylases from Although such a conformation is accessible to acarbose, it

bacteria, yeast, plants, and mammafd)(The carbohydrate/
aromatic interactions appear a critical part of the oligosac-
charide recognition site for phosphorylases.

may require some energy. If the cyclitol of acarbose were
to bind in sub-site—1, then the acarbose molecule would
span sub-sites-1 to +3. This binding mode would lose the

Biochemical data have shown that maltopentaose is theimportant stacking interaction of sub-site with Tyr613.

minimum length oligosaccharide necessary for MalP-

The?Hj; half-chair conformation of the acarbose cyclitol ring

catalyzed phosphorolysis and maltotetraose the minimumis different from the'C,4 chair conformation of an undistorted

length of primer required for MalP-catalyzed oligosaccharide

glucose residue and from thel; half-chair or sofa confor-

synthesis with glucose 1-phosphate. The substrate specificitymation expected for a transition state structure. However,

can be explained by the 5 sub-sites, sub-sitésto +4, in
which sub-sitest+1 to +4 are defined here by acarbose
binding and sub-site-1 has been previously defined with
binding studies in GP. Occupation of sub-sitd appears
important for substrate recognition. This site is close to the
surface of the enzyme at the interface with the bulk solvent.

The lack of binding of acarbose in sub-sitd may arise
from several factors. First, sub-sitel is blocked by a
glycerol molecule from the cryoprotectant. Glycerol makes
six hydrogen bonds at this site and appears well localized.
Competition with glycerol may exclude acarbose binding at
sub-site—1. In crystallographic studies with mammalian
glycogen phosphorylase, glycerol, despite its poor affinity
(K; approximately 4% v/v or 540 mM), was able to compete
successfully with a much higher affinity ligand for sub-site-1
(34). Second, occupation of sub-sited and+1 simulta-
neously appears to require an alteration from the major
minimum free energy conformation to the secondary mini-
mum free energy conformation of the oligosacchariis).(

sub-site —1 in both MalP and GP is fairly open, and
modeling suggests that théls cyclitol could be accom-
modated at sub-site-1 without bad contacts. Thus, the
cyclitol is unlikely to be excluded from sub-sitel for
stereochemical reasons.

Conformational ChangesThe MalP-acarbose complex
more closely resembles the native MalP structure than the
MalP—maltose complex (rmsd for 7960Catoms= 0.37 A
and 0.91 A, respectively). In the previously determined
MalP—maltose structure, there was a dramatic closure of the
catalytic channel caused mostly by a shift in the 380s loop
(residues His37#Trp387) so that residue Glu382 made a
salt link to His571. In the MalPacarbose complex, there is
only a small shift in this loop relative to the native MalP
structure so that some of the interactions made to the maltose
(e.g., Glu382) are not made in the acarbose complex (Figure
6). There is a shift of abaud A in theposition of the cyclitol
ring compared to the position of the maltose glucopyranosyl
in sub-site+1. The presence of the Shybridized carbon
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C7 in the cyclitol ring prevents the interaction that is general acid and protonates the glycosidic oxygen. The other
observed in the MalPmaltose complex between the car- carboxylate acts either as an electrostatic stabilizing group
boxyl side chain of Glu88 and the ether oxygen O5 of or a nucleophile, in those enzymes where the reaction
glucose. The shift of the cyclitol relieves this contact and proceeds with retention of configuration, or as a catalytic
places the cyclitol closer to His341. In the MalRcarbose base that promotes the attack by water in those enzymes
structure, Thr378 is flipped away from sub-sité and forms where the reaction proceeds with inversion of configuration.
a hydrogen bond with Asn376. Thr378 does not participate In each of the glucohydrolasacarbose complexes, there
in a hydrogen bond to the O4 hydroxyl of the cyclitol in is a strong interaction between the acidic carboxyl group and
sub-sitet+1, an interaction that was observed with the MalP  the amino nitrogen. In contrast to the glucohydrolases,
maltose complex. Leu379 is twisted in its hydrophobic pocket phosphorylase does not use carboxyl residues in catalysis
and moves closer to Ala673. From Met 380 onward, the but employs the substrate phosphate both as the general acid
conformation of the 380s loop in the MalAcarbose  and as the electrostatic stabilizing group for the react@n (
complex is very similar to that observed for the native MalP However, to exploit an interaction between the amino group
structure. The more open structure of the Matiearbose  and the phosphate, acarbose would have to bind in sub-sites
complex allows the acarviosine group to be accommodated—1 to +3 and thus would lose the aromatic interaction with
in a different position that avoids the close contact between Tyr613 at sub-site-4. The lack of a charge interaction with
C7 and Glu88. Since the closure of the 380s loop is the amino group and the lack of compensation of hydrogen
associated with the binding of the natural oligosaccharide bonding groups as the acarbose is transferred from the bulk
maltose in the MalPmaltose structure and is inhibited by solvent to the buried catalytic site may partly explain the
the presence of the unnatural cyclitol in the Mabitarbose low affinity of acarbose for MalP.
structure, we co_nsider that closure c_)f the 380s loop is likely  acarbose is also a poor inhibitoK(= 26 mM) of rabbit
to be a feature in substrate recognition. skeletal muscle glycogen phosphorylase-a (GPa) in competi-
tion studies with 30 mM maltopentaose. The competitive
DISCUSSION inhibition suggests that acarbose may also bind to the
The present crystallographic studies show that acarboseCatalytic site of GP. Crystallographic binding studies with
binds to MalP in sub-sitesr1 to +4 and has allowed Crashowed that acarbose bound, in its major minimum free
energy conformation, at the glycogen binding site on the
surface of the less active form (T state) of GPa and not at
the catalytic site 36). In T state GPa, residues 28285
g block the catalytic site. Movement of this loop is a critical
Joart of the activation process, and a conformational change
of Tyr280 is required to provide oligosaccharide recognition.

a key feature of the recognition sites of a large number of 1S explains why no binding of acarbose at the catalytic
carbohydrate recognition enzym@s, Initially the glycogen site was observed with GPa. MalP lacks the glycogen storage
phosphorylase catalytic site appeared to be an exception to>It€ &S & consequence of sequence chai2gshence, there
this rule because sub-sitel, identified in numerous studies ¢aN be no binding in this region on the outside of the
with the mammalian enzyme, involved no aromatic interac- M°lecule in MalP. However, in MalP the oligosaccharide
tions. The present results show that carbohydrate/aromatic’€c0gnition site is present at the catalytic si)(to provide
interactions are important in phosphorylase for direction of [OF @carbose binding at this site.
specificity and conformation of oligosaccharide substrate but  Acarbose binds to MalP in its major minimum free energy
at sub-sites removed from the immediate vicinity of catalysis. conformation that is characterized by intramolecular hydro-
Acarbose is a weak inhibitor of MalP at pH 6.5 [prelimi- 9€n bonds between O2 and O3 hydroxyls of adjacent sugar
nary work suggests K >5 mM (R. Schinzel, unpublished ~ "esidues. The crystallographic results demonstrate that the
results)]. The present structure shows that, in addition to the Catalytic site channel for sub-sitesl to +4 can accom-
contributions of the aromatic residues, there are a numberModate an oligosaccharide in a conformation that is close
of hydrogen bonds to charged residues that contribute to thel® the preferred conformation. The sites occupied and the
binding energy. However, in contrast to high-affinity car- 9lycosidic torsion angles are summarized in Table 3. The
bohydrate binding sites where each of the peripheral hydroxyl t0rsion angles) [05(C7)-C1-04(N4)—C4] andy (C1-
groups on a sugar is involved in at least two hydrogen bonds O% (N4)—C4=C5) are close to the minimum free energy
(35), the hydrogen bonds made by acarbose are relativelyValues fora-(1,4)-linked glucosyl residues.
sparse. Some hydroxyls (e.g., the O4 hydroxyl of the cyclitol)  Bock et al. 8) have shown that acarbose may adopt two
do not participate in hydrogen bonds, and others (e.g., thedifferent conformations in solution characterized by different
02 hydroxyl of the sugar in sub-site3 and the O2 hydroxyl  torsion angles about the amino glycosidic linkage. The major
of sub-site+4) participate only in intramolecular hydrogen conformation at alkali pH corresponds to a conformation
bonds. The sugar in sub-site4 makes no strong hydrogen close to the preferred conformation far-(1,4) linked
bonds to the protein and is partially exposed to the solvent. glucosyl oligosaccharides. At acid pH, a second conformation
In the MalP-acarbose complex, there are no ionic that occupies a secondary energy minima from energy
interactions with the 4-amino group that links the cyclitol diagrams €) becomes populated to a significant degree
to the 6-deoxy sugar. In the-(1,4) glycosidic enzymes  (Figure 2).
(amylases, glucoamylase, CGTase), the catalytic site is Binding of acarbose and its derivatives to a number of
comprised of two carboxyl groups. One carboxyl acts as a amylases, CGTase, and glucoamylase has been reported. The

experimental identification of sub-sites3 and+4 at the
catalytic site of a phosphorylase for the first time. Recogni-
tion at sub-sites-2 and+4 involves carbohydrate/aromatic
stacking interactions with two tyrosine residues, Tyr280 an
Tyr613. These tyrosines are conserved in all phosphorylase
sequenced so faBB8). Carbohydrate/stacking interactions are
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Table 3: Binding Modes and Torsion Angles for Acarbose and Related Compounds Boar(d,#)-Glucosyl Enzymes

(a) Binding Modes

PDB subsites
enzyme complex ID no. -4 -3 -2 -1 +1 +2 +3 +4
E. colimaltodextrin phosphorylaseacarbose (this work) 2ECP C DG G G
pig pancreatic amylase-lacarbose 1PPI G G C DG G
pig pancreatic amylase-ttrestatin 1PIG G G C DG G
pig pancreatic amylase-Hacarbose 10SE C DG G C DG G
Aspergillus oryzaamylase-acarbose TTAA G G C DG G
barley amylaseacarbose 2AMY C DG G
Bacillus subtilis(E208Q) amylasemaltopentaose 1BAG G G G G G
Bacillus circulanscyclodextrin glycosyltransferas@carbose 2CX6 G C DG G
Bacillus circulanscyclodextrin glycosyltransferasenaltononaose 2DIFP G G G C DG G
inhibitor®
Aspergillus awamorglucoamylase-acarbose 1GAH C DG G G
Aspergillus awamorglucoamylase glucodihydroacarbose 1GAI DHA DG G G
(b) Torsion Angle$
sites—2:—1 sites—1:+1 sitest+1:+2 sites+2:+3 sites+3:+4
PDB ID no. ¢ P d ¢ P d ¢ P d ¢ P d ¢ Y d
2ECP 124 —112 2.5 81 —123 3.4 87 —149 31
124 —114 2.5 82 —123 3.5 80 —140 29
1PPI 90 —150 3.9 18 —149 54 114 -100 2.8
1PIG 88 —146 3.8 7 143 5.2 111 —111 2.8 108 —116 2.7
10SE 80 —150 4.2 18 147 5.2 108 —110 2.9
TTAA 120 —102 2.9 33 —152 5.3 109 -—120 2.7 122 -108 2.6
2AMY -2 —122 5.3 90 -—114 3.3
1BAG 87 —152 35 29 148 5.1 109 -—125 2.7
2CXG 110 -—100 3.0 23 —146 5.0 100 -—107 2.9
2DIJ 112 —-102 3.0 19 -—139 5.1 106 —110 2.7
1GAH 104 —113 3.1 91 —180 4.1 111 -—-117 2.8
1GAI 100 —116 3.2 97 174 4.1 106 —112 3.0

a Abbreviations: Gg-p-glucose; C, cyclitol of acarbose; DG, 4,6-dideaxyp-glucose of acarbose; DHA, glucodihydroacarbdgdigh-resolution
data refinement has established the indicated mode of binding to CGI®s&lfe maltononaoseacarbose complex has glucose residues in sites
—7to—2.°¢ = torsion angle O5(CHC1-04(N4')-C4. vy = torsion angle C+04(N4')—C4—C5. d = distance O2...03Torsion angles for
sub-sites—2 to +4 are given: other sites are occupied in some glucosidase complexes.

binding sites are summarized in Table 3a [following the similar to that observed for acarbose binding to MalP (Table
nomenclature of Davies et ak4)], and the torsion angles  3b). There is a hydrogen bond between 02 and(@3 A)
are given in Table 3b. The major minimum free energy between the cyclitol in sub-site1 and the 6-deoxyglucose

conformation is characterized by,(y) values of (110+ in sub-site+1. The observation that acarbose can act as an
12, =113 4+ 1I°) and the secondary minimum energy inhibitor of a number of different glucosidases appears in
conformation by ¢, y) values of (18+ 10°, —143+ 9°). part to be due to the ability of acarbose to adopt two different

In each of the different species of amylase studied and in conformations around the amino glycosidic bond between
the Bacillus circulansCGTase, acarbose binds with the he cyclitol and the 6-deoxy sugar. It is striking that the
cyclitol in the —1 sub-site withPH; geometry (Table 2) and affinity of glucoamylase for acarbosk(= 10-1° M) is very
with the secondary minimum energy conformation between much greater than that of the amylasds & 107°)
the cyclitol and the 6-deoxy sugar (Table 3b). This confor- Glucoamylase binds acarbose in its preferred minimum

mation is characterized by the lack of the hydrogen bond energy conformation, and the amylases bind acarbose in the
between 02 and OJaverage distance 5.2 A). The crystal gy - ' y . )
secondary minimum energy conformation. Estimates of the

structure of an inactive mutant (Glu208GIn) Bf subtilis i b h f . :
amylase co-crystallized with maltopentaose and acarl3dse ( energy diiierence between the two con ormatlops vary in
dhe range of 2.4.5 kcal mof? (8, 38), corresponding to a

indicated a pentasaccharide bound across the catalytic site’’ ) : e
(Table 3a). The density was interpreted as maltopentaose difference ink; of between 30- and 1800-fold, if the binding
although the less likely possibility that the density represented €Nnergy is used to promote the higher energy conformation.
a modified acarbose processed by transglycosylation by thelt iS possible that the lower affinity of acarbose for amylase
inactive mutant could not be excluded. The glucosyl residue reflects, in part, the conformational energy cost to bring
at sub-site—1 in the assumed amylasenaltopentaose acarbose from its major minimum free energy conformation
structure showed no apparent distortion from the usual chairto its secondary minimum free energy conformation. The
geometry (Table 2). Thus, it appears that sub-sitein the low affinity of acarbose for MalP, where acarbose adopts
amylases and other enzymes can accommodate both the halthe major minimum free energy conformation, is due to other
chair geometry of the cyclitol and the chair geometry of a reasons. These include few hydrogen bonds made in the
glucosyl residue. complex, the lack of a charge interaction with the amino

In Aspergillus awamorglucoamylase, aandoglucosidase  linking group between the cyclitol and the 6-deoxy sugar,
with a reaction that proceeds with inversion of configuration, and the restriction of the conformational change that closes
acarbose binds in its major minimum energy conformation, the catalytic site by the cyclitol.
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