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conditions to those described in Figure 4. These magnetic data
are very similar to recent experimental results reported by
other groups on complexes of Cu, dimers.?"! Theoretical fit
using the BB model to the temperature-dependent molar
susceptibility data in this case yields fit parameters J=
—380cm™! and J'=-85cm™L. Clearly, the most striking
feature is that the field-dependent magnetization does not
display a hysteresis loop in this system, the straight line
obtained being representative of a more traditional para-
magnetic behavior.

Our results dramatically underscore the potential afforded
by supramolecular chemistry for the design of molecular
nanostructured assemblies with desirable physical properties,
while emphasizing how the composition of a material is not
the only feature one must consider when designing a phase
that exhibits molecular magnetism. Future work will focus on
the modularity of this system and on chemical modification of
the components: substituting the metal; changing the coordi-
nated ligand; substituting the bdc ligand; incorporation of
different guest molecules. We expect a significant effect on
magnetic properties as it has already been shown that simply
varying the apical coordinated ligand has a measurable effect
on the magnetism exhibited by the SBU used in our study.!
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More than 6000 glycosidase sequences and related open
reading frames are currently known. They have been classi-
fied into some 85 families based upon amino acid sequence
similarities!!! providing a rich context in which to explore
variations in glycosidase mechanism. Experimental demon-
stration of pyranoside ring conformations along the reaction
pathway may assist the design of transition state analogues
both as therapeutic agents and mechanistic probes. Here we
report the three-dimensional structures of the Michaelis
complex and covalent glycosyl—enzyme intermediate for a
family-26 f-mannanase, both of which display conformational
features never previously seen on any glycosidase. When
viewed in light of published work on mannosidase inhibition,
this work suggests that the transition state for mannoside
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hydrolysis by family-26 enzymes adopts a B, 5 boat conforma-
tion.

Catalysis by retaining 3-glycosidases involves the formation
(glycosylation) and subsequent hydrolysis (deglycosylation)
of a covalent intermediate flanked by oxocarbenium-like
transition states.l”! Substrate distortion, first proposed for hen
egg white lysozyme,Pl has been unambiguously observed in
the high-resolution crystal structures of Michaelis complexes
for two structurally unrelated endoglucanases (from glycoside
hydrolase families 5 and 7)1l and a hexosaminidase (fam-
ily 20).1*! For these enzymes, which work on gluco-configured
substrates, the unhydrolyzed ligands adopt S; skew-boat
pyranoside conformations (or a closely related *E envelope)
in the — 1 subsite (Scheme 1a) whilst the subsequent covalent
intermediates have been observed as undistorted *C; chairs
(Scheme 1¢).B!

The corresponding transition state, deduced from kinetic
isotope effects and inhibitor design, features considerable
oxocarbenium character as the anomeric carbon becomes sp?
hybridized. Such hybridization is best supported if C5, OS5, C1,
and C2 form a planar array at or near the transition state. The
resulting conformation for the transition state is believed to
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Scheme 1. Substrate conformations along the glycosylation step of family-5 and -7 retaining cellulases:
a) Michaelis complex (1S;), b) transition state (*H;), ¢) covalent intermediate (*C;). Planes containing four
atoms within the pyranoside ring are indicated with gray solid and dashed lines.

be the “Hj half chair (Scheme 1b), close in conformational
space to the 'S; skew-boat observed crystallographically.”!
This implies a 'S; —*H; —*C, pseudorotational itinerary for
the glycosylation step of the retaining mechanism (Scheme 2).
Other glycoside conformations can, however, also place the
C5, 05, C1, and C2 atoms within a plane, such as the *H, half
chair and both 2°B B, boats.l Indeed, family-11 xylanases
display a covalent xylobiosyl —enzyme intermediate in a >°B
boat conformation,l suggesting that a similar conformation is

Scheme 2. Partial map of pyranoside ring interconversions (adapted from
Stoddart) indicating the proposed cellulase (dashed line) and mannanase
(solid line) glycosylation step pathways.
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also adopted at the transition state for this class of enzymes, as
had previously been suggested for yeast a-glucosidase on the
basis of kinetic isotope effects.[®]

Mannanase 26A (Man26A) from Pseudomonas cellulosa is
a retaining endo-f3-(1,4)-mannanase whose general acid — base
catalyst and nucleophile have been identified as E212 and
E320, respectively.’] The three-dimensional structure of the
native enzyme has also been reported.'”) A mechanism-based
inactivator of mannanases, 2,4-dinitrophenyl 2-deoxy-2-fluo-
ro-B-mannotrioside (1),'"! was used to probe the reaction
coordinate of the enzyme. Incubation of wild-type Man26A
with 1 failed to trap the covalent intermediate, which instead

OH OH O,N
HO ‘O HO -0
HO o vO ﬂo 0o NO
OH
OH
1

slowly hydrolyzed as indicated by a steady-state release of
dinitrophenolate over time. We followed the example of
previous trapping studies® and fur-
ther slowed the deglycosylation step
HO by eliminating base catalysis with the
mutation E212A. Indeed, the inter-
mediate was shown to accumulate on
this mutant by ESI mass spectrometry
(data not shown). Incubation of crys-
tals of the E212A mutant with 1 for
short times, however, resulted in the
formation of a Michaelis complex of
unhydrolyzed substrate,['l analogous
to trapping of such species on other
systems.! The structure of the resultant Michaelis complex
was determined by X-ray crystallography to 1.6 A resolution.
Unhydrolyzed 1 occupied subsites —3 to +1 with the DNP
glycosidic linkage spanning the — 1 and + 1 subsites. While the
—3 and —2 mannopyranoside rings are observed in normal
4C, chair conformations, the —1 mannopyranoside ring was
clearly distorted from a *C; chair to a 'S5 skew boat, a
conformation never before observed in a glycosidase active
site (Figure 1a, b).

As with the 1S; conformations observed previously for
gluco-configured substrates, the 1S5 conformation forces the
scissile glycosidic bond into an axial position, consistent with
stereoelectronic expectations, while simultaneously allowing
unrestricted nucleophilic attack by E320 at the opposite face
of the anomeric carbon. The remarkable feature of the 'S;
conformation, however, is its subtle accommodation of both
the C2 fluoro and C5 hydroxymethyl substituents of the
mannopyranoside ring within favorable pseudo-equatorial
positions (Scheme 3a). The S; conformation achieves the
same stability with gluco-configured substrates, which have
the opposite configuration at C2. Thus in each case the
conformation strikes an ideal balance of reactivity and
conformational stability of the C2 and C5 substituents. It is
noteworthy that isoquinuclidine 2 (Scheme 4), a potent f-
mannosidase inhibitor, adopts a 4B conformation that is
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Glu 320 Glu 320

Figure 1. a) Crystal structure of the Man2A E212A complex with unhydrolyzed 1, Michaelis
complex side profile. The map is a maximum-likelihood-weighted 2 F,,, — F,. map contoured at
0.6 electrons A= and is shown in divergent (wall-eyed) stereo. b) Front profile of the Michaelis
complex. c) Front profile of the covalent 2-fluoromannotriosyl —enzyme intermediate; only the
trapped intermediate is shown (for clarity), although electron density reveals that some

unhydrolyzed substrate remains with partial (~50% ) occupancy.

b 5~
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Scheme 3. Substrate conformations along the glycosylation step of Man26A E212A. a) Michaelis
complex ('Ss), b) transition state (B,s), ¢) covalent intermediate (°S,). Gray lines indicate planes

containing four atoms within the pyranoside ring.
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Scheme 4. Observed conformations of mannosidase inhibitors: polyhy-
droxylated isoquinuclidine (2), p-manno-1,5-lactone (3), p-manno-1,5-
lactam (4).

closely related to the high-energy 1S5 conformation described
here.[’)

Pre-incubation of the acid-base mutant Man26A E212A
with 1 prior to crystallization allowed partiall'¥l accumulation
of a 2-fluoromannotriosyl moiety covalently linked to the
nucleophile E320. Intriguingly, the covalently linked —1
mannopyranoside ring was not observed in the expected *C,
chair but instead adopts a conformation close to the ©S, skew
boat (Figure 1c, Scheme 3¢).I"] Together, the intermediate
08§, and Michaelis 1S5 conformations flank the B, s boat on the

2826 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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pseudorotational itinerary (Scheme 2). This
suggests that the transition state for forma-
tion of the mannotriosyl —enzyme inter-
mediate features the B,; conformation
(Scheme 3b). The B, boat is also observed
for the transition state analogs D-manno-
1,5-lactone (3)'1 and D-manno-1,5-lactam
(4)," both strong inhibitors of S-mannosi-
dases (Scheme 4). In both cases, the con-
formation of these mannosyl oxocarbeni-
um-ion mimics is dictated by the configu-
ration at C2 as well as C5 (gluco-configured
lactones and lactams instead assume “H,
half chairs),['®! analogous to the >°B tran-
sition state proposed for family-11 xylanas-
es.l’

These unique substrate conformations
appear to be favored by His211 and
His143 interacting with the 2- and 3-hy-
droxyl groups, respectively, of the — 1 sugar.
Both residues have been shown to play
significant roles in catalysis['”l and may well
be key determinants in mannanase sub-
strate specificity. As noted above, the S
mannose and 'S; glucose conformations
place the 2-hydroxyl group in similar equa-
torial positions. Indeed, both mannanases
and cellulases from clan GH-A typically
possess an Asn in an equivalent position to
His211 of Man26A, to interact with the
2-hydroxyl group.'”! In contrast, the 3-hy-
droxyl group is pseudoaxial in S5 manno-
sides and pseudoequatorial in 'S5 gluco-
sides. Thus His 143 is observed in a substan-
tially different position relative to
equivalent His residues in cellulases.[¥! The
discrimination of gluco- versus manno-con-
figured substrates appears to be transferred
along the sugar ring from the 2-hydroxyl to
the 3-hydroxyl group as a result of the
differing pyranoside ring conformations. Furthermore, the B, 5
and %S, conformations may actually permit close interaction
between the pseudoequatorial 2-OH and the carbonyl oxygen
of the nucleophile as observed for glucosidases acting on
gluco-configured substrates.[’d 7

The assumption that all glycosidases react through the *H,
half-chair transition state is incorrect. Indeed, for a mannoside
such a conformation results in syn-diaxial orientations for the
2-hydroxyl and the leaving group which may instead be
alleviated through utilization of a transition state that places
the 2-hydroxyl group pseudoequatorial. The 'S5 and 2S,
conformations for the Michaelis complex and intermediate,
respectively, lie adjacent to the B, 5 conformation which is also
observed for known transition state analogs of S-mannosi-
dases. Together these data lead us to suggest that the B,;
conformation may be adopted in the transition state for the
hydrolysis of f-mannosides and that Man26A follows a
reaction coordinate that is distinct from that of glucosidases,
cellulases, and xylanases.
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Experimental Section

The synthesis of 1 has been described previously.'!l Details of the
recombinant plasmid-encoding Man26A mutant E212A have been descri-
bed,'” and the expression of the protein in E. coli and its subsequent
purification were carried out as previously reported.!)

To obtain the Michaelis complex, a small quantity of powered 1 was added
to the mother liquor surrounding a single crystal of Man26A E212Al'% and
left for 5 min. The crystal was then transferred rapidly to a cryoprotectant
stabilizing solution consisting of the crystal growth solution supplemented
with 20 % (v/v) glycerol prior to mounting in rayon fibre loops and freezing
in a boiling nitrogen stream at 100 K. X-ray diffraction data, to 1.6 A
resolution, were collected at the Daresbury Synchrotron Radiation Source
(SRS) on beamline PX14.2 using an ADSC (ADSC, Poway, CA, USA)
Quad-4 charge-coupled device (CCD) as detector. Data were processed
using the HKL suite of programs.?”) The structure was isomorphous with
the native structure described previouslyl'” and was refined using
REFMACP! from the CCP4 suite.??!

Data for the covalent intermediate were obtained by first pre-incubating
Man26A E212A with a stoichiometric quantity of 1 for 30 min at 293 K,
prior to crystallization as described.['”] Data were collected to a resolution
of 1.65 A on beamline ID14-2 of the European Synchrotron Radiation
Facility, again at 100 K with an ADSC CCD as detector. The structure was
refined as described above. Coordinates have been deposited with the
Macromolecular Structures Database with accession codes 1gvy (Michaelis
complex) and 1gwl (covalent intermediate). Figure 1 was prepared using
QUANTA (Accelrys Inc., San Diego, USA).
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