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Abstract: Using ab initio metadynamics we have computed the conformational free energy landscape of
p-b-glucopyranose as a function of the puckering coordinates. We show that the correspondence between
the free energy and the Stoddard’s pseudorotational itinerary for the system is rather poor. The number of
free energy minima (9) is smaller than the number of ideal structures (13). Moreover, only six minima
correspond to a canonical conformation. The structural features, the electronic properties, and the relative
stability of the predicted conformers permit the rationalization of the occurrence of distorted sugar
conformations in all the available X-ray structures of 5-glucoside hydrolase Michaelis complexes. We show
that these enzymes recognize the most stable distorted conformers of the isolated substrate and at the
same time the ones better prepared for catalysis in terms of bond elongation/shrinking and charge
distribution. This suggests that the factors governing the distortions present in these complexes are largely
dictated by the intrinsic properties of a single glucose unit.

1. Introduction similar. They typically operate by means of acid/base catalysis
with retention or inversion of the anomeric configuration,

Carbohydrates play an essential role in fife. Oligo and although a different mechanism has recently been proposed for

polysaccharides, as well as the carbohydrate moieties of N
- . - GH family 4.
glycoproteins, glucolipids and other glycoconjugates have i ) ) )
specific roles in a variety of biological processes including-eell During the past decade there has been increasing evidence
cell interactions, cell adhesion, modulation of growth factor that several GHs are adapted to recognize energetically higher
receptors, inmune defense, inflammation, and viral and parasiticconformations of carbohydrate units before hydrolysis (see
infectionsl Figure 1)1°-12|n particular, for pyranoses, the saccharide unit
Glycoside hydrolases (GHs) or glycosidases are the enzymeéjmdin_g at subsite-1 adopts a distorf[ed (boat or s_kew) cpnform-
responsible for the degradation or hydrolysis of glycosidic bonds ation instead Of_ the relaxetC, chair conform_at_|on. Th'?‘ has_
in carbohydrated. Their structures are understood at the been observed in several complexes of_reta|_n|ng and inverting
molecular level and mechanistic issues are being probed by GHS. @s well as carbohydrate-bound biological recepfors.
means of the specific design and synthesis of oligosaccharidelt has been shown that this kind of saccharide ring distortion
mimics3~6 Despite the large number of known GHs, classified
into more than 100 familie&® their catalytic mechanisms are

(7) Carbohydrate-Actie enZYmes http://afmb.cnrs-mrs.fr/cazy/CAZY/in-
dex.html.
(8) Coutinho, P. M.; Henrissat, B. Carbohydrate-active enzymes: An integrated
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Figure 1. Ring conformations adopted ifirglucose in different glycoside
hydrolases.

has favorable mechanistic consequences in glycoside hydrolysis
In particular, the distortion places the glycosidic oxygen near
the acid/base catalytic residue. It also reduces the steric
interaction between the hydrogen at the anomeric carbon (C1)
and the nucleophile, and places the lg@up (i.e., the leaving
group) in a pseudoaxial position that facilitates nucleophilic
attack on the anomeric carbdrand the subsequent cleavage
of the glycosidic bond. These distortions in the Michaelis
complex are therefore in the pathway to reach the transition
state of the reaction, which is known to have oxocarbenium
ion charactef. Therefore, the internal conformation of a single
carbohydrate unit determines its efficiency in the degradation
of polysaccharides.

To classify the conformation of the substrate along the
reaction pathway in several GHs according to the available
crystallographic data, Davies et'@f*2recently used a diagram
showing all the accessible conformations of a pyranoside ring
(Figure 2). This diagram, proposed by Stoddart a long time
agol® shows schematically all the accessible conformers for a
single S-glucopyranose unit, according to their corresponding
IUPAC nomenclaturé? In the following, we will refer to this
diagram as Stoddart’s diagram (Figure®Apart from the chair
conformation {C,), six boat-type conformers are present as well
as six skew-type conformers. Transient structures frontGhe

(13) Biarnes, X.; Nieto, J.; Planas, A.; Rovira, Q. Biol. Chem.2006 281,
1432-1441 and references therein.

(14) Nerinckx, W.; Desmet, T.; Claeyssens, Mkivoc 2006 13, 90-116 and
references therein.

(15) Kirby, A. J. Stereoelectronic effects on acetal hydrolysis. Chem. Res.
1984 17, 305-311.

(16) Stoddart, J. F. Iistereochemistry of Carbohydrate#iley-Interscience:
Toronto, Canada, 1971.

(17) (a) IUPAC-IUP Joint Commission on Biochemical Nomenclaténeh.

Biochem. Biophysl981, 207, 469-472. (b) The names C, B, S stand for

chair, boat, and skew, respectively. Each ring structure has four atoms that

approximately define a plane. The first numeral (sometimes written as

superscript) indicates the number of the ring carbon atom above the plane,

and the second numeral (subscript) indicates the number of the ring carbon

atom below the plane.

It should be noted that the actual diagram proposed by Stoddart is more

extensive than the one shown in Figure 1, since it covers not only the

conformers aroundC; (projection of the sphere of Figure 2 taken from

the north pole) but also the ones arou@j (projection from the south

pole). In this work we focus on the North pole projection because the

substrate distortions found in all the currently available structures of

Michaelis complexes gf-glucoside hydrolases belong to this projection.

(18)
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Figure 2. Stoddart’s diagram.

chair conformation to the boat/skew region (namely half-chair
and envelope conformers) are also expected.

Stoddart’s diagram is often used as an “itinerary map”, since
it gives an idea of the possible conformational routes that might
be followed by a pyranoside ring as it moves from one
conformation to another. However, it gives no information as
to the relative stability of the different ring conformations, nor
can it be assumed that all conformations contained in the
diagram correspond to stationary points on the free energy
surface with respect to ring distortions. A detailed description
of the free energy pathways between all the conformations of
Stoddart’s diagram would be useful, for instance, to understand
the amount of energy that the substrate needs to acquire to reach
a given distorted conformation and the electronic changes
associated to the distortion. Representing the relative energy of
sugar ring conformations in terms of Stoddart diagram is of
interest given the wide use of this diagram in studies of GH
reaction mechanisni§-12 It is also interesting to investigate
whether the carbohydrate conformations found in X-ray analyses
of E-S complexes of-GHs have any correspondence with the
stationary points of the free energy landscapg-ofglucopy-
ranose.

There have been many attempts to quantify energy differences
among glucopyranose ring conformations using different theo-
retical approache’. Most of these calculations are based on
the use of force fields and thus electronic rearrangements cannot
be analyzed. In recent years, density functional theory (DFT)
has shown itself to be a powerful technique to address this and
related issue¥’ However, because of the complexity of the
potential energy surface gkglucose?l??these analyses have

(19) See for instance: (a) Jeffrey, G.; Taylor, R.Comput. Chem198Q 1,
99-109. (b) Woods, R.; Szarek, W.; Smith, V. A. Chem. Soc., Chem.
Commun1991], 5, 334-337. (c) McNamara, J. P.; Muslim, A.-M.; Abdel-
Aal, H.; Wang, H.; Mohr, M.; Hillier, 1. H.; Bryce, R. AChem. Phys.
Lett. 2004 394, 429-436. (d) Brady, J. WJ. Am. Chem. S0d.986 108
8153-8160. (e) Ha, S.; Gao, J.; Tidor, B.; Brady, J. W.; Karplus, M.
Am. Chem. Sod.991, 113 1553-1557. (f) Barrows, S. E.; Storer, J. W.;
Cramer, C. J.; French, A. D.; Truhlar, D. G. Comput. Cheml998 19,
1111-1129. (g) Barrows, S. E.; Dulles, F. J.; Cramer, C. J.; French, A.
D.; Truhlar, D. G.Carbohydr. Res1995 276, 219-251.

(20) (a) Tvaroska, I.; Andrel.; Carver, J. PJ. Am. Chem. So200Q 122
8762-8776. (b) Molteni, C.; Parrinello, MChem. Phys. Letfl997, 275
409-413. (c) Molteni, C.; Parrinello, MJ. Am. Chem. Sod998 120,
2168-2171. (d) Ferhadez-Alonso, M. C.; Caada, J.; Jirmeez-Barbero,
J.; Cuevas, GChemPhysChen2005 6, 671-680.

(21) Cramer, C. J.; Truhlar, D. G. Am. Chem. S0d.993 115 5745-5753.

(22) Concerning the difficulty of exploring all conformations of the exocyclic
groups for other sugar rings see for instance: (a) Stortz, Cakbohydr.
Res.1999 322 77—-86. (b) Schnupf, U.; Willett, J. L.; Bosma, W. B;
Momany, F. A.Carbohydr. Res2007, 342, 196-216.
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typically been limited to a set of conformations (boats, skews,
and chairs¥2* or to a single itinerary connecting a few
conformers, such as the one leading to chair inverSitiEnergy
changes with respect to hydroxymethyl rotation and the con-
figuration at the anomeric carbon have also been analyzed in
detail1979.20¢.26bd Joshi and Rao presented a potential energy
surface (PES) for- and 3-p-glucopyranose at the rigid-bond
approximation using standard pair-interaction potentfalster

on, Dowd et al. analyzed the PES for several aldopyranosyl
rings?28 including a- and 8-p-glucopyranose, by means of the
MM3 molecular mechanics algorithm. Complementing these
previous studies, we here present a free energy landscape ol
the skeleton of a glucopyranose unit, corresponding to Stoddart’s M
diagram. The free energy with our approach takes into account

(except for sampling errors) the full configurational contribution,
including conformational transitions of the side groups. Our
calculations are based on Cdparrinello molecular dynamics
(CPMD), combined with the recently developed metadynamics
approach, which is aimed at enhancing the sampling of the phas
space and at mapping the free energy landscape as a functio
of a small number of collective variables. We here use, as
collective variables, the puckering coordinates introduced by The latter are the ones that differentiate between all the conformers of
Cremer and Popt and we reconstruct the equivalent free Figure 1. In fact, all the different conformers represented in Figure 1
energy map of Stoddart’s diagram f6m-glucopyranose. We  are located on the external shell of an ellipsoid of radusee Figure
also analyze the structural and electronic rearrangements along). On the polesd = 0 or ) are located the two chair conformers
the conformational itinerary. Finally, the distorted conformations (‘C: and'Ca, respectively); on the equatorial regioh £ /2) the six

observed in the £ complexes g-GHs are analyzed in relation boat and six skew structures are sequentially placed in steps=of
to our results /6. The Cremer and Pople puckering coordinates have been proven

to be a very useful tool to analyze the conformational space of ring
2. Methods structures from a theoretical point of vigf!9:26ab.de30Stoddart’s
pseudorotational itinerary (Figure 2) corresponds to the projection of
the Cremer and Pople sphere (Figure 3) from the north pole. This
projection can be computed in terms of the Cremer and Pople puckering
coordinates &3

e[—'igure 3. Cremer and Pople puckering coordinates of a six-membered ring
éQ, 6 andg) and collective variables used in the metadynamics guard
)-

2.1. Puckering Coordinatesln 1975 Cremer and Pople introduced
a set of puckering coordinates to unequivocally describe the conforma-
tion of any ring of any sizé% The conformation of a six-membered
ring (such ag-glucopyranose) is defined by three coordinates: a radius
Q and two phase anglesand6. The Q coordinate is the sum of the

perpendicular distance of each ring atgint¢ the ring average plane dy = Qsin(0) sin(@)
Q= zjsz,-). The ¢ and 6 coordinates are obtained by solving the )
following system of equations. d, = Qsin(6) cosg)
ino _ 1— o 2_” 26 — 1 The two-dimensional projectiomy o) of the spherical representation
Qsin6 cosp = 3 Z 5 co 6 ( ) of the pyranose ring conformational spad@, @, ¢) facilitates the
=

plotting and visualization of the computed free energy surface in a
) . 18 |27 continuous space. We use the methodology outlined in the next section
Qsinfsing = \/: Z Z sm[— 2( - 1)] to compute the conformational free energypeb-glucopyranose as a
35 6 function of the Cartesian coordinateg and gy, which allows us to
16 A sample Stoddart’s diagram.
Qcod = —Z (_1)]71% 2.2. Metadynamics. Metadynamic¥ is a molecular dynamics
6= technique aimed at enhancing the sampling of the phase space and at

estimating the free energy landscape. The method is based on a
All the possible conformations of a pyranose ring unit show small dimension reduction: a set of collective variables, which enclose the

variations ofQ (see later) in comparison with variations ¢fand 6. essential modes that are associated with the transitions in the analyzed
process, are defined (in our casgandaq,). Small repulsive potential
(23) %ggg’fgf& P.; Luthey-Schulten, Z. 8. Phys. Chem. 2000 104 terms (Gaussian-like potentials) are added in the regions of the space
(24) Appell, M.; Strati, G.; Willett, J. L.; Momany, F. ACarbohydr. Res2004 that have already been explored. These repulsive potentials make the
339, 537-551. ] ) system escape from already visited points to others, as soon as biasing
(25) Momany, F. A.; Appell, M.; Strati, G.; Willett, J. ICarbohydr. Res2004
339 553-567.
(26) (a) lonescu, A. R.; Berces, A.; Zgierski, M. Z.; Whitfield, D. M.; Nukada, (30) (a) Haasnoot, C. A. Gl. Am. Chem. S0d.992 114, 882-887. (b) Rao,
T. J. Phys. Chem. 2005 109 8096-8105. (b) Kurihara, Y.; Ueda, K. V. S.; Chandrasekaran, R.; Qasba, P. K.; Balaji, PCdnformation of
Carbohyd. Res2006 341, 2565-2574. (c) Momany, F. A.; Appell, M.; Carbohydrates Harwood Academic Publishers: Amsterdam, The Neth-
Willett, J. L.; Schnupt, U.; Bosma, W. Earbohydr. Res2006 341, 525— erlands, 1998; p 56. (c) French, A. D.; Brady, J. MCS Symp. Set990Q
537. (d) Karamat, S.; Fabian, W. M. F.Phys. Chem. 2006 110, 7477~ 430, 120-140.
7484. (e) French, A. D.; Dowd, M. KJ. Mol. Struct. (Theochen1997, (31) (a) Ensing, B.; De Vivo, M.; Liu, Z. W.; Moore, P.; Klein, M. lAcc.
395-396, 271-287. Chem. Re2006 39, 73—81. (b) Ensing, B.; Laio, A.; Parrinello, M.; Klein,
(27) Joshi, N.; Rao, V. SBiopolymers1979 18, 2993-3004. M. L. J. Phys. Chem2005 109, 6676-6687. (c) Laio, A.; Rodriguez-
(28) Dowd, M. K.; French, A. D.; Reilly, P. Larbohydr. Resl994 264, 1—-19. Fortea, A.; Gervasio, F. L.; Ceccarelli, M.; Parrinello, 83.Phys. Chem.
(29) Cremer, D.; Pople, J. Al. Am. Chem. Sod.975 97, 1354-1358. B 2005 109, 6714-6721.
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potential counterbalances the underlying free ené&gje method can

be exploited for accelerating rare events, but also for mapping the free
energy surface, which can be estimated as the negative of the sum of
the Gaussian potential terms. This method has recently been applied
to a variety of problems in the areas of biophysics, chemistry, and
material sciencé?

The two coordinates chosen for this study énd qy) fulfill the
requirements for suitable collective variables in the metadynamics
procedurée? (i) they are explicit functions of the atomic positions, and
(i) they are able to distinguish the different states of the system (i.e.,
all conformers in Stoddart’s diagram). Even though no constraint was
imposed on the movement along the sphere (Figure 2), only the northern
hemisphere was sampled, indicating that the energy barriers associated
to the north-south transitions are higher than the ones within the
northern hemisphere.

2.3. Simulation Details.The metadynamics simulations were done
within the Car-Parrinello approach, as described in ref 34. In this : 75
scheme, the CarParrinello Lagrangiaf is extended by extra terms  frigure 4. Trajectory of the metadynamics simulation projected on the
describing the fictitious dynamics of the collective variables. These conformational sphere of Figure 3. The reconstructed free energy landscape
additional fictitious particles are coupled (through a harmonic potential) is shown below the figure.
to the value of the selected collective variables in the real sy&tem.
The mass for this fictitious particle and the force constant of the _ !
coupling potential were tested to ensure that the coupled particle follows fOr 2 s before starting the metadynamics run. )
naturally the value of the associated collective variable in the real  '° test the energy dependence on the exchange-correlation func-
system. Values of 10 amu for the mass of the fictitious particle and tional, additional calculations were performed on a few minima of the
0.2 au for the force constant were found to fulfill these conditions. T€€ €nergy surface (M1, M3, and M8, defined later on) using different
The dynamics of the fictitious particle is biased by the sequential €*change-correlation functionals (Beekerdew and B3LYP). These
addition of repulsive Gaussian-like potentials, which prevent the calculgt!ons were pgrformed using the §-+33* basis set. The ord_er
fictitious system from revisiting previously sampled configurations, and of stability of the minima was found to be independent of the functional

hence forces the system to escape from one minimum to another. Theemp!oyed and_ the relative energies varied 59.6 kcal/mol. The
height of these Gaussian terms was set at 0.3 kcal'mehich ensures relative energies computed for these structures are in reasonable
sufficient accuracy for the reconstruction of the free energy sudface. agreement with the ones reported in previous studies of the potential
The width of the Gaussian terms was set at 0.15 A according to the gnselrgz SLljlrfacle fOf %Lucz(;p;yra;noste. Thebstudytkc]) f DOW(: é*ita;:)ortsh .
oscillations of the selected collective variables observed in a free ~° calimot for the structure, above the most stable chair

R ok ;
dynamics. A new Gaussian-like potential was added every 100 MD conformer. The lowest B3LYP/6-311-G** relative energy of Appell

26 e .
steps. To explore completely the free energy landscape (13 different.et al® for a nonchair f-glucose structure, corresponding fo an

) v ;
conformations) it was necessary to add 3700 Gaussians. In terms of:rtlzr?Zdéi}j/giﬁvz;epgﬁ’nzn&g;” Iosu‘:.z:ill\jlcslf:gl?: Iuﬂ:ti(t)?qr;nsi\%?lz
simulation time this corresponds to 3x7 10° MD steps (44.4 ps). : ' g )

) ) ) kcal/mol (AE) and 3.0 kcal/mol AG), respectively, for the By/’So
The system analyzed consists of a single glucopyranose unit (24 conformer (M3).

atoms) enclosed in an orthorhombic box of size 12 A1 A x 13 A
periodically repeated in space. The Ket®ham orbitals are expanded 3. Results and Discussion
in a plane wave (PW) basis set with a kinetic energy cutoff of 70 Ry.
Ab initio pseudopotentials were employed, generated within the
Troullier—Martins schemé® The calculations were performed using

Relative Frae Energy keal-mal )

to a“*C; chair conformation. This structure was equilibrated at 300 K

The trajectory of the system along the metadynamics simula-
tion, projected on the conformational sphere, is shown in Figure
the Perdew, Burke, and Ernzerhoff generalized gradient-corrected 4. All conformations belonging to the northern hemlspher'e were
approximation (PBEY’ This functional form has been proven to give samplgd, and the recqnstructed frge energy Iandsc_ape '_S shown
a good performance in the description of hydrogen b&haisd was below it. Further details of the trajectory are provided in the
already used in our previous work on the Michaelis complex of-1,3  Supporting Information (Sl). Analysis of the conformation of
1,48-glucanasé? The fictitious mass for the electronic degrees of the exocyclic groups (four OH and one-CH,OH) during the
freedom of the CP Lagrangian was set at 850 au, and the simulationmetadynamics simulation (Figures S1, S2, and Table S1 in the
time step at 0.12 fs. The starting structure for the simulation corresponds S|) shows that the four hydroxyl groups sample several different
conformations, while the hydroxymethyl group is mainly in the
(32) Laio, A.; Parrinello, M.Proc. Nat. Acad. Sci. U.S.R002 99, 12562~ gg orientation during the simulation. Other orientatiotgsand

12566 gt are also explored but are less populated. This indicates that

(33) Recent applications include: (a) Blumberger, J.; Ensing, B.; Klein, M. L.

Angew. Chemlnt. Ed. 2006 45, 2893-2897. (b) Fiorin, G.; Pastore, A, the free energy estimated by metadynamics takes into account
Carloni, P.; Parrinello, MBiophys. J2006 91, 2768-2777. (c) Martdak, . . .
R.; Donadio, D.; Oganov, A. R.; Parrinello, Mat. Mater.2006 5, 623— also the different conformations of the exocyclic groups,

626. (d) Oganov, A. R.; Marfark, R.; Laio, A.; Raiteri, P.; Parrinello, M.~ although statistical errors due to the finite simulation time cannot
Nature 2005 438 1142-1144. (e) Rodriguez-Fortea, A.; lannuzzi, M.;

Parrinello, M.J. Phys. Chem. R006§ 110, 3477-3484. (f) Rodriguez- be excluded.
Fortea, A.; lannuzzi, M.; Parrinello, Ml. Phys. Chem. @007, ASAP. i i Cﬂ*a}
(34) lannuzzi, M.; Laio, A.; Parrinello, MPhys. Re. Lett. 2003 90, 238302- The. prolectlon .Of the free epgrgy_ Iandscape over o
4). plane is shown with more detail in Figure 5. The corresponding
(35) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471-2474. H i H H H
(36) Troullier, M+ Martins, J L Phys. Re. B 1901 43, 1993-2006. reprgsent{atlon in terms of thfeand¢ puckerlng Coordln.ates is
(37) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett. 1996 77, 3865- provided in the Sl (pages-%). Each point in the diagram
3868. Erratum:Phys. Re. Lett. 1997 78 1396. corresponds to a different ring conformation. For the sake of

(38) Ireta, J.; Neugebauer, J.; Sheffler, MPhys. Chem. 2004 108 5692— R 7 - X =
5698. clarity, we have labeled the minima according to their stability

J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007 10689
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Figure 5. (a) Computed free energy landscapgai-glucopyranose with
respect to ring distortion. Energy values are given in kcal/mol and each
contour line of the diagram corresponds to 0.5 kcal/mol. (b) Distribution
of the canonical conformations of the contour of Stoddart's diagram (Figure
2) on the computed free energy surface, according to the values ¢f the
puckering coordinate. The dashed lines, separated Byir3®, indicate
regions corresponding to the different canonical conformations. The
conformations found in experimental structures of glucoside hydrolase
Michaelis complexes (Table 2) are represented by star symbols, following
the numbering defined in Table 2.

Table 1. Relative Energies (E, in kcal mol~t) among the Main
Stationary Points of the Free Energy Landscape (see Figure 5a)

minimum Ox ay conformation Eel
M1 0.00 0.06 4Cy 0.0
M2 —0.45 —0.53 Bo 2.6
M3 —0.18 —0.63 Bo/ 2So 3.0
M4 -0.28 0.67 Bs 55
M5 —-0.54 0.32 15 5.8
M6 —-0.61 —-0.12 L4B/1S, 6.3
M7 0.46 0.61 3.08 7.2
M8 0.72 —0.05 B4 7.9
M9 0.45 —0.49 25B/°S; 9.0

(from M1 to M9). As expected, the most stable conformer is
the 4C; chair (M1 in Figure 5a). There are two local minima
(M2 and M3) at~3 kcal mof! above it and six other local
minima (M4, M5, M6, M7, M8, and M9) which are more than
5 kcal mol™ higher in free energy (see Table 1). It is also

It is interesting to relate the computed free energy landscape
(Figure 5a) with the ideal diagram given by Stoddart representa-
tion (Figure 2). This can be done by dividing the surface in 12
radial regions according to thigpuckering coordinate (Figure
3). Each region corresponds to one of the 12 different canonical
conformations of the contour of Stoddart diagram, as shown in
Figure 5b We assume that a local minimum corresponds to a
canonical conformation when it is enclosed between its two
nearest division lines. Intermediate conformations are assigned
to minima located withing + 7° around a division line. As
expected from previous worké28not all stationary points have
a direct correspondence with the conformations represented in
Stoddart’s diagram. For instance, M3 corresponds to a confor-
mation between Bo and?So and M6 is betweeA“B and!S;.
Moreover, there is at least one canonical conforrR&g)(with
no direct correspondence to a computed local minimum. As a
consequence, there are fewer local minima (eight) than con-
formations in the diagram periphery (twelve).

The fact that the position of the minima deviates from each
of the canonical conformations is mainly due to two factors:
(a) the fact that the ring is not rigid (i.e., not all bonding
distances are the same along the diagram); and (b) the presence
of intramolecular interactions among the OH ring substituents
(either O-H---O hydrogen bonds or ++H repulsive interac-
tions), which ultimately influence the ring conformation. For
instance, in a perfect®B conformer there is close contact
between the H atoms of C2 and C6, so the ring avoids this by
evolving toward a conformation betweéfB and>S; (M9 in
Figure 5a). These deviations from the canonical conformations
are not a peculiarity of an isolated glucose itself but also occur
for the glucose ring of enzyme-bound polysaccharides. In fact,
in our previous study we found that the conformation of the
substrate (a 4-methylumbelliferyl tetrasaccharide) in the Michae-
lis complex of 1,3-1,43-glucanase is located betwekfB and
13; (i.e., a conformation corresponding to M6 in Figure 5a).

To check whether there is a relation between the positions
of the local minima and the occurrence of distorted sugar
conformations in enzyme-bound polysaccharides, we analyzed
the ring distortions occurring in Michaelis complexegeGHs
from all available X-ray structures in which the sugar ring
located at subsite-1 is a$-glucose derivative. They and gy
coordinates of the saccharide at subsiiewere computed and
the corresponding value was located on the computed free
energy landscape (Figure 5b). The position of the experimental
points in the diagram should be viewed with caution, first
because not all structures are solved with high resolution and
second because all structures correspond to modified forms of
either the substrate (i.e., enzymiahibitor complexes) or the
enzyme (i.e., mutants), so that the corresponding nonmodified
forms could exhibit a slightly different distortion. Nevertheless,
it is clear from Figure 5b that the most commonly observed
conformations fall on one-half of the diagram (betwésnand
258, counterclockwise). As was pointed out by Davies et@l.,
these conformations share a common feature of having the

apparent from Figure 5a that the most stable distorted conforma-glycosidic bond (C+0,) in an axial orientation (see Figure

tions (M2—Mb5) fall on one half of the diagram, while the other
half contains the shallowest minima. Interconversion from M1
to any of the other local minima involves energetic barrie@&
kcal mol1.
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1). This is a crucial fact that explains why these conformations
are selected: since they have the leaving group in the axial
position, the hydrolysis of the glycosidic bond is facilitated and

the substrate is preactivated for catalysis. In addition, we have
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Figure 6. (a) Distance between the anomeric carbon and its substituent decreases. In addition, the longer-1 distances and shortest

oxygen (C1O1) plotted against the ring conformation (see text). A running  C1—O5 occur for the conformers located approximately on the
average of each 10 data values is taken. The dotted line represents thétineraries defined by*B—2So—Bso and by 1S;—14B—1Ss.
distance obtained for tH€; conformation using the same procedure. (b) Therefore these conformers are the ones that most resemble an
Same analysis for the distance between the anomeric carbon and the ring . . . .

oxygen (C1-05). oxocarbenium ion. Interestingly, the conformers found i E

complexes of-GHs fall in these two regions (Figure 5c),

found here that the region betwet®s and25B is also where suggesting that the factors governing the distortion are largely
the most stable distorted conformationsfeb-glucopyranose dictated by the intrinsic properties of a single glucose ring.
are located. Therefore, by selecting the conformations having The electronic changes with conformation were analyzed in
the glycosidic bond (C20,) in an axial position, the enzyme  a similar way. The atomic ESP charges on the anomeric carbon
is at the same time recognizing the most stable distorted (qc1), the ring oxygen dos) and the oxygen attached to the
conformers of the substrate. anomeric carborgp;) are shown in Figure 7. The conformations

Analysis of the internal structure of the conformers and their having largergc values than théC, chair (dashed line) are
electronic changes upon distortion can provide further insight >°B—?So—Bs,o and, to a lesser extertgs—1“B—1S5—B,s At
into the relation between these aspects. The two most relevanthe same time, an accumulation of negative charge on O5 and
structural parameters are the-6@5 and C+0O1 distances (see Ol is observed. Once more, these conformations approximately
Figure 1a) because these are the ones that change duringoincide with the most stable distorted conformations in terms

catalysi§ (viz. the C1-O5 acquires partial double bond Of free energy (see Figure 5a). Therefore, we find that the most
character and the G101 distance lengthens in the oxocarbe- Stable distorted conformers are those that fulfill the maximum
nium ion-like transition state). In our previous work on thsE ~ humber of structural/electronic requirements for efficient ca-
complex of 1,3-1,43-glucanase we showed that the €21 talysis: large C+01/C1-05 ratio, largegc: and having 1-OH
distance increases upon distortiord(06 A)13 At the same time, i an axial orientation.
the distance between the anomeric carbon and the sugar oxygen The information obtained from the structural and electronic
(C1-05) decreases by a similar amount. These changes areanalysis (Figures 6 and 7), together with the list of available
reminiscent of the ones occurring during the enzymatic reaction, complexes ofs-glucoside hydrolases, is summarized in Table
thus showing that the distortion preactivates the substrate by2. The first column lists all B and S conformers of Stoddart’s
bringing it to a structure closer to the transition state of the diagram (Figure 2) in a consecutive order. ColumnglZontain
reaction. the change in distances (ED1 and C1+0O5) and charge of
To estimate how the G105 and C+O1 distances change the anomeric carborgés) with respect to the values obtained
in the different conformations, we took a number of snapshots for the“C; chair conformer. The last column gives information
along the metadynamics trajectory (one every 110 fs, i.e., 46 on the different ES complexes that have been characterized
MD steps, 120 structures) and submitted them to geometry experimentally (numbered frorhto 12). As it is not possible
optimization. The C+05 and C+O1 distances of the opti-
mized structure were plotted against the value offtipeickering (39) Papanikolau, Y.; Prag, G.; Tavias, G.; Vorgias, C. E.; Oppenheim, A. B.;

. . . . . Petratos, KBiochemistry2001, 40, 11338-11343.
coordinate (Figure 6), which defines the conformation along (40) van Aalten, D. M. F.: Komander, D.; Synstad, B.; Gseidnes, S.; Peter, M.

he B-S itinerarv i 's di i . G.; Eijsink, V. G. H.Proc. Natl. Acad. Sci. U.S.2001, 98, 8979-8984.
.t e . S itinera yn Stodd.art.§ dlagram (Flgure 2) As shown (41) Markovic-Housley, Z.; Miglierini, G.; Soldatova, L.; Rizkallah, P. J.; Muller,
in Figure 6a,b there are significant changes of the-O1 and U.; Schirmer, T.Struct. Fold. Des200Q 8, 1025-1035.

_ i i i H i (42) Sulzenbacher, G.; Driguez, H.; Henrissat, B.; Schulein, M.; Davies, G. J.
C1-05 distances with ring conformation (€D1 varies from Blochemistryl096 35, 15280- 15267,

1.39 to 1.44 A and C2O5 varies from 1.42 to 1.46 A) Itis (43) Verdoucq, L.; Moriniere, J.; Bevan, D. R.; Esen, A.; Vasella, A.; Henrissat,
; ; B.; Czjzek, M.J. Biol. Chem2004 279 31796-31803.

also c_Iear from Flg_ure 6 that the €01 a“‘_j CTOS distances (44) Davies, G. J.; Mackenzie, L.; Varrot, A.; Dauter, M.; Brzozowski, A. M.;

vary in an opposite way: when €D1 increases, C105 Schulein, M.; Withers, S. GBiochemistryl998 37, 11707-11713.
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Table 2. Main Structural and Electronic Changes (6(0O1—C1) and 6(O1—-C5), in Angstrom, and 6(qgc1) in Electron Units) Associated with a
Perfect Conformation of a Given Type (i.e., the Canonical Conformations of the Contour of Stoddart's Diagram)?

enzyme®
distortion 0(C1-01) 0(C1-05) 0(Gey) no./name/PDB code/resolution/ family /ref

155 +0.027 —0.010 +0.035
+0.031 —0.015 +0.035 1/Chitinase A/leib/1.80 A/GH 6/39
+0.031 —0.015 +0.032 2/Chitinase B/1e6n/2.25 A/GH 18/40
+0.029 —0.015 +0.027 3/hyaluronidase/1fcv/2.65 A/GH 56/41

148 +0.030 —0.015 +0.030
+0.028 —0.014 +0.022 4/endo-1,4-glucanase I/1ovw/2.7 AIGH 7/42
+0.027 —0.013 +0.018 5/cyanogenigs-glucosidase/1v03/2.0 A/GH 1/43
+0.022 —0.009 +0.013 6/endo-1,4-glucanase/ 4a3h/1.65 A/GH 5/44
+0.021 —0.009 +0.013 7IB-glucosidase 1/1e56/2.10 A/GH 1/45
+0.021 —0.009 +0.013 8/endoglucanase/1w2u/1.52 A/IGH 12/46

15, +0.020 —0.008 +0.010

Bso +0.025 —0.011 +0.030
+0.036 —0.016 +0.086 9/cellobiohydrolase 11/1gk2/2.0 A/GH 6/47
+0.037 —0.016 +0.107 10/cellobiohydrolase 11/1gz1/1.90 A/GH 6/47

S +0.036 —0.016 +0.120
+0.035 —0.016 +0.126 11/cellobiohydrolase Il/1ocn/1.31 A/GH 6/48
+0.031 —0.015 +0.128 12/endo-1,4-glucanase A/1kwf/0.94 A/GH 8/49

258 +0.028 —0.010 +0.110

55 +0.019 —0.005 +0.034

Bi4 +0.012 0.000 —0.030

3 +0.004 +0.004 —0.130

30B —0.002 +0.010 —0.088

05, —0.006 +0.015 0.000

B2s +0.010 +0.004 +0.030

aThe values associated with the experimental structures are also included (see text). Positive/negative values refer to their increaséfidespase wi
to the same value for tH€; chair. The fifth column lists the available complexegeGHs in which the saccharide at subsiteadopts a given conformation
(see also Figure 5bY.Search performed in Sept. 2006. OnlySEcomplexes in which the sugar ring of the subsiteis a glucose derivative have been
considered.

to assign a particular canonical conformation to each structure complex located in the regions betwegB—5S; and B s—1Ss
in a strict sense, we have placed every experimental structure(see also Figure 5c), but we cannot exclude the possibility that
in between its closest canonical conformations (&.¢s,below some could be found. The same considerations apply to the
1S5 and above'“B in Table 2). The values a(C1—01), 6- region betweedS; and Bs o. Instead, the conformations falling
(C1-05), andd(gcy) corresponding to the experimental struc- around B o—2So and“B—1S; appear to be particularly favored
tures have been obtained from Figures 6 and 7, taking into as they show the largest valuesdC1-01), 6(C1—-05), and
account the puckering coordinates of eacts Eomplex. As d(qc1). Thus, a substrate adopting any of these conformations
shown in Table 2, all experimental structures-(2) have would be well prepared for the nucleophilic reaction. A similar
positive values 0d(qcs) (i.€., increase of charge at the anomeric conclusion but based on different arguments was reached by
carbon), positive values d{C1—-01) (i.e., the C+0O1 distance Davies et al. in their study of reaction pathwaysfGHs10
increases), and negativEC1—05) values (C+O5 distance As discussed by the authors, those Michaelis complexes showing
decreases) with respect to th@; chair. Thus they fulfill the either 2So or 1S3 types of distortion lead to transition-state
requirements for efficient catalysis. structures (e.g.2®B and “Hs, respectively) that fulfill the
From the results of Table 2 it is possible to predict the most requirement of having C505—C1—C2 planarity, thus showing
suitable conformation/s for substrate preactivation. The con- strong oxocarbenium-ion-like character. Our results give support
formations listed belowS; do not seem to be good candidates, to these considerations. We demonstrate here that, in addition
since they show either small changes of the relevant parametero this, in the conformations falling around B—2So and*“B—
or variations in the wrong direction. For instance, the;B  1S; the glucose ring itself shows the largest degree of oxocar-
conformation results in a decrease of the charge on the anomeridenium-ion-like character, which in turn favors the nucleophilic
carbon and the’S,, 39B, and ©S, conformations show an attack on the anomeric carbon.
increase of the G205 distance. Therefore, it is not expected
that the substrate in the-& complex adopts any of the 4. Summary and Conclusions

conformations listed belows; (i.e.,5S;, By 4, 3S;, 9B and®S,). . ) i
25m 5 1 ( Sl L4 "S1 =) The conformational pseudorotational itinerary proposed by
The 25B, 53, B, 5 and!Ss conformations show only moderate 6 i . . .
. .~ . Stoddart® is commonly used to rationalize the conformation
changes of the relevant parameters, but these are in the direction

i ofs 10-12
that favors substrate recognition. There is no experimental E of the supstr_ate alor_lg the r_eactlon pathwayﬁ_ His: .
However, it gives no information as to the relative stability of

(45) Czjzek, M.; Cicek, M.: Zamboni, V.; Bevan, D. R.: Henrissat, B.: Esen, the different ring conformations nor it can be assumed that all

A. Proc. Natl. Acad. Sci. U.S.£00Q 97, 13555-13560. nformation ntain in th iagram rr n minim
(46) Sandgren, M.; Berglund, G. I.; Shaw, A.; Stahlberg, J.; Kenne, L.; Desmet, conformations contained t .e d agram co .eSpo. d tO. a
T.; Mitchinson, C.J. Mol. Biol. 2004 342, 1505-1517. of the free energy surface with respect to ring distortions, as

) s 4 2a0s by Driauez Hi Davies, &uta Crystallogr., Sect. pointed out in previous studi@$?® In this work, we have

(48) Varrot, A.; Macdonald, J.; Stick, R. V.; Pell, G.; Gilbert, H. J.; Davies, G. Obtained the quantum mechanical free energy landscape associ-
J.Chem. CommurR2003 21, 946—947. ; ) B ; _

(49) Guerin, D. M.; Lascombe, M. B.; Costabel, M.; Souchon, H.; Lamzin, V.; ated with Stoddart's dlagram for the SlmpleSt caseﬂef
Beguin, P.; Alzari, P. MJ. Mol. Biol. 2002 316, 1061—1069. glucopyranose. Our calculations were performed by means of
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Car—Parrinello molecular dynamics, using the recently devel- O5 distance, large charge at the anomeric carbon and having
oped metadynamics approach and adapting the puckeringan axial 1-OH. Therefore, a substrate adopting a conformation
coordinates introduced by Cremer and Pé&bles collective in any of these regions would be preactivated for catalysis and
variables. The free energy with our approach takes into accountit is precisely here where most of the distorted structures of
(except for sampling errors) the full configurational contribution, Michaelis complexes off-GHs are found. Therefore, these
including conformational transitions of the side groups. In enzymes recognize the most stable distorted conformers of the
addition, since a quantum-mechanical methodology is used,isolated substrate and at the same time the ones better prepared
electronic rearrangements and changes in the intramolecularfor catalysis in terms of bond elongation/shrinking and charge
distances upon ring conformation are available at each point of distribution. This suggests that the factors governing the
Stoddart’s diagram. distortion are largely dictated by the intrinsic properties of a

The computed free energy landscape shows eight localsingle glucose unit and that enzymsubstrate interactions have
minima around the contour of the diagram, compared to 12 evolved to fulfill all those criteria for efficient catalysis.
canonical conformations in Stoddart diagram. These minima are
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Analysis of the changes in bond distances and atomic chargesC 3?’3":’;3”2 (Ijnlj?i:n?Egnm'z\ggazl;nigrt'far.];tt'gn 'Orfethrisi);\?[;mon
in the different conformers provides further insight into the yclc group 9 y J y; rep

question of why these conformers are found in GHs. The of the free energy landscape in terms of éhand¢ puckering
conformers located alonts,—2B—2So—Bs o and 1Ss— 148 — coordinates. This material is available free of charge via the

1S, maximize the structural/electronic requirements needed for Internet at http://pubs.acs.org.
efficient catalysis: large anomeric €D distance, short C1 JA0684110

J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007 10693



