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Solution Conformations of a Trimannoside from Nuclear Magnetic
Resonance and Molecular Dynamics Simulations
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ABSTRACT N-linked oligosaccharides often act as ligands for receptor proteins in a variety of cell recognition processes.
Knowledge of the solution conformations, as well as protein-bound conformations, of these oligosaccharides is required to
understand these important interactions. In this paper we present a model for the solution conformations sampled by a simple
trimannoside, methyl 3,6-di-O-(a-D-mannopyranosyl)-a-b-mannopyranoside, which contains two of the most commonly
found glycosidic linkages in N-linked oligosaccharides. This model was derived from simulated annealing protocols incor-
porating distance restraints extracted from NOESY spectra along with torsional restraints computed from three-bond 'H-"3C
coupling constants measured across the glycosidic bonds. The model was refined in light of unrestrained molecular dynamics
simulations conducted in the presence of solvent water. The resulting model depicts a molecule undergoing conformational
averaging in solution, adopting four major and two minor conformations. The four major conformations arise from a pair of
two-state transitions, one each at the «(1—3) and «(1—6) linkages, whereas the minor conformations result from an additional
transition of the a(1—6) linkage. Our data also suggest that the a(1—3) transition is fast and changes the molecular shape
slightly, whereas the «(1—6) is much slower and alters the molecular shape dramatically.

INTRODUCTION

The interactions between proteins and oligosaccharides are To understand how the trimannoside is recognized by
essential to a number of important biological processeseceptor proteins such as MBP-A, we need to understand
including cell-cell adhesion, cell recognition, and host de-not only its three-dimensional (3D) structure in solution but
fense (Drickamer, 1988; Lasky, 1992; Bevilacqua, 1993:also the range of structures it adopts, and the relative pop-
Opdenakker et al., 1993; Gabius, 1997). Understandinglations of the individual structures. Solution NMR has
these interactions must begin with a basic knowledge of th@roven to be a powerful tool in addressing the structures of
energetically allowed conformations of these moleculesoligosaccharides (van Halbeek, 1994), and indeed, this par-
The solution conformations of oligomannoses in particularticular trimannoside has been previously studied by NMR
have been studied for many years (Brisson and CarvefBrisson and Carver, 1983a). These authors reported that the
1983a; Homans et al., 1986, 1987b), principally becausenolecule exists in two major solution conformations that
these structures form the cores of the majority of N-linkeddiffer only in the state of the dihedral angle of the(1—6)
oligosaccharides found in biology (Brisson and Carverlinkage. However, the significant technological advances in
1983b, 1983c). Particularly common are th€l—6) and  recent years, including high-resolution NOESY spectra, the
a(1—3) linkages, which find their most basic representationability to measure residual dipolar couplings in partially
in the trimannoside studied here. We present in this paper ariented liquid samples, and improved molecular dynamics
new and detailed study of the conformational distribution of(MD) force fields for carbohydrates, should well position us
methyl 3,6-di-O-&-pD-mannopyranosyli-p-mannopyrano- to extend our understanding of these important molecules.
side. This molecule not only forms one of the most com-Here we present NOESY data, scalar coupling data, and
monly observed branch points in N-linked oligosaccharidesMD simulations of this trimannoside with the goal of de-
but in some cases it also forms the terminus which isveloping a model of its solution structure in terms of a small
directly recognized by a protein-binding site, such as that irset of interconverting conformations. The resulting set of
the rat mannose-binding protein, MBP-A (Weis et al., 1991 conformations can then be used as the basis for interpreting
1992). new types of data, such as those coming from measurements
of residual dipolar couplings (Tian et al., 1999), and for
elucidating the nature of oligosaccharide-binding to recep-
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this work is shown in Fig. 1 along with the nomenclature for the dihedraleach direct dimension FID was apodized with a Kaiser window and
angles, which were defined according to IUPAC conventions zero-filled to 1024 points. Each indirect FID was apodized with a 90°-
(IUPAC—IUB, 1983):¢p = O5(1) — C1() —On(i — 1) — Cn(i — 1), ¢ = shifted squared sinebell window and zero-filled to 512 points, yielding a
C1{) —On(i —1)—Cn(i —1)—C(n— 1) — 1), w = 06() — C6() — 1024 X 512 matrix.

C5() — C4(), wherei indicates a given residue amda ring position.

Simulation of NMR data
NMR spectroscopy

To analyze properly the intensities generated in NOESY spectra of strongly
NMR experiments described in this work were performed on one of thecoupled spin systems, multiplet simulations were performed. An SGlI
following instruments: a GE Omega spectrometer operating at a protonNDY workstation (Silicon Graphics, Mountain View, CA) equipped with
frequency of 500 MHz equipped with a Bruker triple-resonance, triple-axisa 150-MHz R4400 processor was used along with GAMMA 3.5 software
gradient probe and an S-17 gradient accessory or a Varian UNITY-PlugSmith et al., 1994). The simulated spin system consisted of five spins
spectrometer operating at a proton frequency of 600 MHz equipped with &orresponding to I-H1, ll-H3, 1lI-H4, 11I-H2, and IlI-H5. Coordinates of
triple-resonance HCN probe with gradients. After collection, all data  these spins were taken from the PDB file of a selected minimized structure,
were processed using FELIX software (version 95.0, Biosym Technolo-and chemical shifts and coupling constants were taken from Table 1. The
gies, San Diego, CA). All proton antfC chemical shifts are reported correlation time for all spins was set to 100 ps, and full relaxation matrices
relative to internal DSS as previously outlined (Wishart et al., 1995).  were calculated under the influence of dipolar relaxation &edupling.

All spectra of the free trimannoside were recorded at 25°C on a 20 mMMrhe frequency offset was set at 4.50 ppm, and each resulting FID contained
sample in 0.5 ml of DO. *H-*H DQF-COSY spectra were recorded on the 1024 complex points over a spectral width of 1000 Hz. The simulated
Omega 500 using standard methods (Rance et al., 1983). Natural abuaxperiment consisted of a selective 180° pulse at the offset followed by a
dance'H-*°C heteronuclear single quantum coherence (HSQC) and hetmixing time of 600 ms, followed by a 90° pulse and acquisition. Two such
eronuclear multiple bond correlation (HMBC) spectra were recorded on the=|Ds were produced, one in which the selective pulse was applied and one
Varian 600 using pulsed field gradients to accomplish coherence selectiom which it was not. The two FIDs were subtracted, zero-filled to 4096
(Bax and Summers, 1986; Davis et al., 1992; Tolman et al., 1992; Willkerpoints, and apodized using a Kaiser window before Fourier transformation.
et al.,, 1993). Each FID required~12 h of computing time.

Selective 1D NOESY spectra were recorded on the Omega 500 using
the double-pulsed field gradient sculpted excitation (DPFGSE) NOESY
experiment (Stott et al., 1995). The proton offset was positioned on th%nalysis of NMR data
proton of interest, and selective excitation was achieved by using 19.0-ms
hyperbolic secant pulses. A total of 4096 complex points were acquiredifter Fourier transformation, DPFGSE NOE spectra were first baseline
using a spectral width of 2500 Hz, yielding an acquisition time of 1.64 s.corrected using third-order polynomials, and all peaks were integrated. The
Along with the pre-delay of 2.0 s, this generated a total recycle time ofintegrated intensities of the auto peaks of a given spin were plotted as a
3.64 s. A total of 128 scans was acquired for each mixing time (300—120@unction of the mixing timey, and extrapolated to = O to deriveM,, the
ms), and the data were apodized with a Kaiser window before Fourieequilibrium magnetization for that spin. The integrated intensities of the
transformation. cross-relaxation peaks were also plotted versas fractions ofM,, and

EXSIDE spectra were recorded on the Omega 500 as described in thfiese plots were fitted to Eq. 1 using KaleidaGraph 3.0.2 (Abelbeck
literature for the measurement of transglycosidic coupling constahyis, Software).

(Krishnamurthy, 1996). The spectral width in the direct dimension was

2500 Hz, and 48 scans were acquired for each free induction decay (FID) l(1) = €1 + Com exp(—Cs7) 1)

of 512 complex points. The spectral width in the indirect dimension was ) ) ) )
3750 Hz, and 370 complex points were collected using gradient coherend® this expressione, is an offset parametec, = o, the cross-relaxation
selection. The proton anifC offsets were set at 4.90 and 67.5 ppm, 'até constant, and; = 1/T,. Distance restraints were derived from these
respectively. Selective excitation was achieved using 8.0-ms G3 Gaussidifta using the following expression:

cascades (Emsley and Bodenhausen, 1990). Before Fourier transformation, Fexp = ((‘Qre/czexp)llerref @)

wherer,,, is the unknown distance between a given spin pai,is a
known distance between a separate spin pair, @pgdand C,.,, are the
Ol-(l) ” parameters in Eq. 1 corresponding to the two spin pairs. For restraints
- involving methyl protons,c,.,, was first corrected to account for the
HO degeneracy of these protons (Heatley et al., 1980; Oswood et al., 1997). In
the present work, we used the distances and buildup rates of the intra-ring
HOH.C OH ¢ NOESY peaks between the anomeric proton and H2 of each ring;asd
_0 v O Coren @SSUMING that these distances are fixed and well known. In addition,
/ we converted the error in the buildup rate from the curve fittibgg)to an
@ OH error in the corresponding distanc@ Y using standard formulas for prop-
agation of error.

HOH.G

v i Computational methods

OCHz All minimizations, simulated annealing procedures, and MD simulations
were performed using AMBER 4.1 (Pearlman et al., 1995) supplemented

FIGURE 1 Structure of methyl 3,6-di-Qx{p-mannopyranosyly-p- by the GLYCAM parameter set (Woods et al., 1995) on a Silicon Graphics
mannopyranoside. Rings are labeled by roman numerals, and glycosidi©rigin 200 workstation equipped with two 180-MHz R10000 processors.
dihedral angles are labelell ¢, and . Files for the GLYCAM_93 parameter set were downloaded from http://
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TABLE 1 Chemical shift assignments (ppm) and 3J,,,, values (Hz) of the trimannoside

Ring | Ring Il Ring Il
Position H 3c H 3c H 35c
1 5.09 (1.8) 103.3 4.90 (1.6) 100.0 4.72 (1.8) 101.7
2 4.06 (3.6) 70.6 3.98 (3.3) 70.4 4.08 (3.3) 70.0
3 3.87 (9.5) 71.0 3.83 (8.8) 71.2 3.85 (9.5) 79.2
4 3.65 (8.0) 67.3 3.64 (10.3) 67.3 3.88 (9.8) 66.2
5 3.75 (mm, de) 73.9 3.69 (2.3, 5.4) 73.3 3.79 (4.2,2.2) 71.5
6, 6 3.88, 3.75 nm 61.5 3.88, 3.75 (12.4) 61.5 R0B.735(11.3) 65.8
OCH;,; 3.40 55.4

Values in parentheses atd,,, values measured from DQF-COSY data between protmdi + 1, wherei is the indicated position. For position 5, the
two values correspond to couplings from H5 to H6 and,Héspectively. For position 6, 6the value corresponds to the geminal coupling between H6
and HB. nm, coupling was not measured due to spectral overlap; de, coupling was not observable because spins were degenerate.

www.amber.ucsf.edu/amber/ffo4_glycam.html, whereas files for theof restraints were set to 100 kcal/mol-faé torsion ¢ was considered to
GLYCAM_97a set were generously provided by Robert Woods. Molecularviolate the restraint il < r1 orJ > r4 for restraints based ahcouplings
structures were viewed and manipulated using MidasPlus (Ferrin et alcalculated using Eq. 3, or ib < rl or ¢ > r4 for restraints defined in
1988). For all in vacuo simulations, AMBER was configured for the 1991 angular units ranging from 0° to 360°.
AMBER force field supplemented by the GLYCAM 93 parameter set.  Simulated annealing procedures were performed in vacuo using the
For simulations including TIP3P water, AMBER was configured for the SANDER module of AMBER. The presence of water was simulated by a
1994 AMBER force field supplemented by the GLYCAM  97a parameter distance-dependent dielectric and the temperature was controlled by the
set. temperature coupling algorithm of Berendsen et al. (1984). The SHAKE
Penalty functions for both distance and torsional restraints are implealgorithm was used to constrain bond lengths, and the initial velocities
mented in AMBER as flat-bottomed wells with sides described by a hybridwere computed from a Maxwellian distribution at 10 K. The time step for
harmonic-linear function. The function is flat between two valu@sand all runs was 1 fs, and the nonbonded pair list was updated every 25 fs. All
r3, beyond which the walls are parabolic fra@itorl and fromr3 tor4. runs began with the same initial structure, which was constructed using
The parabolas below2 and above3 are defined by force constants? MacroModel 3.5a (Mohamadi et al., 1990), and then minimized as de-
andrk3, respectively. Belowl and above4 the function is linear. For  scribed below. Beginning at 10 K, the system was heated to 5000 K in 1.0
positive distance restraints derived from NOESY dataandr4 were set s and was maintained at 5000 K for 10 ps. The system was then cooled
to 1.80 A and 3.50 A, respectively, for all target distancgsthereby 1o 500 K in 10 ps, then to 300 K in 4 ps, and then to 10 K in 30 ps. Finally,
causing the slope of the function for> r4 to decrease ag, increases, the system was maintained & K for 1 ps. This resulted in a total
paralleling the reduced precision of the NOE at large internuclear dissjmulation time of 56 ps. Restraints derived from NOESY drabupling
tances. Parameterg andr3 were set, respectively, to(— &) and €, +  data, along with the torsional restraint for II-il, were applied at the end
ar), where dr is the error in the target distance described above. Forgf the heating period and were maintained for the remainder of the
restraints involving methy! protons, the distanceas measured from the  gjmyjation. Dihedral angle restraints for the pyranose ring atoms were
arithmetic average position of the three methyl protons. Force conskants  appied for the entire simulation, including the heating period. Each struc-
andrk3 were set to 10_kca|/mo|e—2AFor_aII positive restraints, a distance e required~90 s of computing time. Each of the resulting structures was
r was considered to violate the restraintif ri orifr > 13 + 05 A then minimized in vacuo without restraints using the conjugate gradient
Restraints corresponding to a failure to observe a NOESY connectivityaithod with a 10-A cutoff for nonbonded interactions. In these minimi-
were used sparingly. For these negative restraints, parameters were SEtzaa?ions, the presence of water was simulated by a distance-dependent

follows: r1 = 3.00 A,r2 = r3 = 4.00 A.r4=500A.The force constant  gjg|ectric. These minimizations proceeded until the RMS deviations were
rk2 was set to 10 kcal/mole#while rk3 was set to zero. A distancavas less than 0.0001 kcal/mol-A, which generally occurred after 10,000—

considered to violate these restraints only ¥ rl.
; . . 20,000 steps.
Torsional restraints derived frofd.,, measurements were parameter-

. ; : . Molecular dynamics simulations were conducted to allow us to assess
ized directly from the Karplus relationship (Tvaroska et al., 1989):

the effects of dynamic averaging on the mean values of restrained distances

J=57 CO§¢) —06 COSd) +05 (3) and torsions. These simulations were performed on a model including a
' H ' H ) single molecule of the trimannoside immersed in a bath of TIP3P water.
In this equationg,, was defined as HiY — C1({) — On(i — 1) — Cn(i — Water molecules were initially placed throughout a region reaching out to

1), so thaty = ¢, + 120°, where¢ is defined according to IUPAC 10 A from trimannoside atoms with no water oxygen or hydrogen atoms
convention as described above. This equation was supplied to AMBERapproaching a trimannoside atom at distances less than 2.8 A and 2.3 A,
which then calculated values continuously during the simulations for respectively. This produced a 35:327.8 X 26.3 A solvent box containing
each specified dihedral anglé,,. Parameters for these restraints were set 676 water molecules solvating the sugar. This model was then minimized
as follows:rl = J — 2(8J),r2=J— 8J,r3=J + 8J, andr4 = J + 2(8J), for 1000 steps in a constant dielectric using the steepest descent method
wheredJ is the error in the measurementb(0.4 Hz). Force constants2 ~ with a 10-A cutoff for nonbonded interactions. The system was then
and rk3 were set to 10 kcal/mol-rdd Two additional types of angular subjected to 1 ns of unrestrained MD at 300 K under constant pressure
restraints were used. First, as discussed below, Wslilas restrained to  conditions of 1 atm using a 1-fs time step. A constant dielectric was used,
values between 60° and 180° based on earlier results (De Bruyn anand scaling factors of 0.2 ps were used in the Berendsen algorithm for the
Anteunis, 1976) as follows1 = 40°,r2 = 50°,r3 = 190°, and4 = 200°. ligand and solvent. The SHAKE algorithm was used to constrain bond
Secondly, the ring restraints used to lock the pyranose rings into chailengths, and initial velocities were calculated from a Maxwellian distribu-
conformations were set as followst = o — 20°,r2 = o — 10°,r3 = « tion at 10 K. The cutoff for nonbonded interactions was set to 8.0 A, and
+ 10° andr4 = a + 20° wherea values were measured from a the nonbonded pair list was updated every 25 fs. During the course of the
minimized pyranose ring. Force constark® andrk3 for these two types  run, coordinates and energy statistics were output every 250 fs.
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Grid searches were used to interpret proton-proton distances about thelative magnitudes of théd couplings between H5 and
-1l glycosidic linkage in terms of I-lll$ and ¢r. These were performed  these two methylene protons along with NOE-derived dis-

using in-house software. Arrays of internuclear distardfesi1, 111-H3), - ; .
d(I-H1, 11I-H4), andd(llI-H2, 1-H5) at various values of I-lkp andys were tance restraints (De Bruyn and Anteunis, 1976; Rao and

obtained from Insight Il (v. 98.0) modeling software (Molecular Simula- Perlin, 1983)' The aSSignmem of all pl‘103t0n ana spins
tions, San Diego, CA). For each distance, a fifth-order two-variable poly-Was completed through the use &H-1°C HSQC and

nomial functiony; = f;;(¢, ), was fit to the corresponding array of points, HMBC spectra. The final assignments are listed in Table 1.
and these functions were then used to compute internuclear distances fqthege assignments agree with those reported for a disac-

arbitrary values ofp and . Normally distributed populations ap and ys - . . . .
(n = 1000) were produced using the Box-Muller method (Press et aI.,Charlde corresponding to the trimannoside in the present

1992). The step sizes for these searches were as follows: for the dihedrgfUdy Without ring I (Spronk et al., 1995). Homonuclear
angle means, 10°; for the standard deviations of the normal distributiongprotonJ,,, couplings obtained from the DQF-COSY spec-
3-5°; and for the fractional populations of each normally distributed settrum are listed in Table 1.

0.05 on a scale of 0.0-1.0.

RESULTS Collection of distance restraints

Chemical shift assignment of the trimannoside Digtance restraints were collected by'quantitat.ing the
buildup of cross-relaxation observed in selective 1D
A DQF-COSY spectrum was able to provide unambiguoudDPFGSE NOE experiments (Fig. 2). Based on their spectral
assignments for all protons except H5, H6, and bifings ~ resolution, we chose to excite the three anomeric protons
I and Il. The stereospecific assignment of the two methylena@long with two pairs of spins that could be selectively

protons attached to 111-C6 was completed by comparing thexcited together: 1lI-H2, 1-H2 and IlI-HB, [I-H2. In all
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FIGURE 2 Buildup curves obtained from DPFGSE NOESY experiments. All intensities are reported as fractional intensities of the auto peak of the

T (8)

000 e . . .
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
T(s)

inverted spin at = 0. (A) Inversion of I-H1; intensities of cross-peaks to I11-H3/I1l-Hd) @nd I-H2 ). (B) Inversion of II-H1; intensities of cross-peaks
to 1I-H2 (&) and IlI-H6S (b). (C) Inversion of IlI-H1; intensities of cross-peaks to OCtd) and 11I-H2 (b). (D) Inversion of IlI-H2; intensities of cross-peaks
to I1I-H3 (a), ll-H1 (b), and I-H5 ¢€).
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cases, dipolar connectivities revealed by these 1D experresults of these simulations along with the experimental data
ments were confirmed by examining a conventional 2Dare shown in Fig. 3. Also shown is a 1D proton spectrum of
NOESY spectrum. The assignment of the cross-relaxatiothe trimannoside for comparison. It is clear from the figure
peaks was straightforward for IlI-H1 (lll-H2 at 4.08, OGH that the simulated multiplets bracket the experimental spec-
at 3.40) and II-H1 (lI-H2 at 3.98, IlI-HB at 3.73). In one  trum with respect to the intensity of the IlI-H4 multiplet.
case the absence of an NOE was deemed significant, in th@ihis suggested that at least a small amount of cross-relax-
no NOE was observed between II-H1 and IIIHRI&\s these  ation was occurring directly between I-H1 and IlI-H4 and
two protons are very close in space in many conformationshat the NOESY intensity distribution between I1I-H3 and
of the a(1—6) glycosidic linkage, the lack of this NOE IlI-H4 lay between 70/30 and 100/0. We therefore con-
imparted significant limits on the allowed conformations. structed distance restraints for 11I-H3 and IlI-H4 in which
The assignment of the cross-peaks resulting from exciting
I1I-H2 was somewhat more complicated due to degeneracy
at the frequency of one of the observed cross-peaks. Three

cross-peaks were observed, and two were readily assigned A \/ﬂ
to lll-H1 and IlI-H3. However, three spins (I-H5, I-HGand
II-H6") resonate at 3.75 ppm, the position of the third

cross-peak, a 9-Hz doublet. Based on model building, only
I-H5 and 1-H6 can approach IlI-H2 within 4.0 A. Of these
two spins, only I-H5 should give the observed 9-Hz doublet
based on thd couplings in Table 1. Therefore, this cross- B
peak was assigned to I-H5.

We encountered similar complications in assigning the
cross-peaks resulting from exciting I-H1. Two cross-peaks
were observed, one of which was readily assigned to I-H2.
The second cross-peak was a complex multiplet stretching C
from 3.83 to 3.88 ppm, an area in which six spins (lI-H3,
I1I-H3, 1-H3, I-H6, 1I-H6, and 1lI-H4) resonate. Based on
model building, only 11I-H3 and 11l-H4 are able to approach
I-H1 within 4.0 A without significant steric strain. However,
neither alone should have produced a complex multiplet, so

we had to consider the possibility of NOE transfer to both 395 390 385 380 375
spins. Modeling suggested that a simultaneous NOE from ppm

I-H1 to both IlI-H3 and 1lI-H4 was possible. The data in

Table 1 show that these two spins differ in chemical shift by D

only 15 Hz (at 500 MHz) and are involved in a coupling of THDO

10 Hz. Thus, we also had to consider transfers to this
complex multiplet due to second-order effects. We at-
tempted to resolve the contributions from these mechanisms
by simulating the 1D NOESY spectrum arising from selec-
tive inversion of I-H1 using GAMMA 3.5 software (Smith

et al.,, 1994). Two simulations were performed: one to .
simulate the amount of cross-relaxation between I-H1 and

IlI-H4 that was expected from a reasonable low-energy

structure of the trimannoside consistent with the other ex- M
perimental restraints and a second to simulate the absence of : T : ‘

cross-relaxation between I-H1 and llI-H4. Both incorpo- 5.0 4.5 4.0 3.5

rated I-H1 to IlI-H3 direct cross-relaxation interactions. The ppm

first s_lmulanon used coordinates from a structure in whichg, o \oe 3 simulated multiplets for the II-H3/I-H4 spin pairAY

the distances from I-H1 to I1l-H3 and I1-H4 were 2.79 A gimylated multiplet for a system corresponding to a minimized structure of
and 3.43 A, respectively, which should have generated e trimannoside in whickl(I-H1/11I-H3) = 2.79 A andd(I-H1/1lI-H4) =
NOESY intensity distribution of~70/30 between IlI-H3 3.43 A. B) Portion of the DPFGSE NOESY spectrum upon inversion of
and III-H4. The second used the same coordinates, exce fvih\?:;i:]hlﬁlmlxggg f;ngoigggomi'gl niiTgT‘:g d(”lnﬂtliz'ﬁtljg; asﬁgm
tha_t thex-coordinate of ”I_H4_ was increased by 10’0(_)0 A, A. (D) One-dimer?sional 50b-MHz proton spectrum of the trimannoside.
which should have resulted in 100% of the NOESY inten-the smail peak marked with an asterisk corresponds to residual methanol
sity at IlI-H4 arising from strong coupling to IlI-H3. The from the commercial preparation.
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the limits of the flat bottom of the energy well were set to TABLE 3 3J¢,, values (Hz) measured from EXSIDE data and
distances that should generate NOESY intensity distribucorresponding dihedral angle states

tions of 90/10 and 70/30. Otherwise, these restraints were*H Bc 3, (b, DU
constructed as described in Materials and Methods. Theg,; 1-C5 6.2 (—169, —156), (156, 169)
final set of distance restraints derived from NOESY data ig-H1 N-C3 2.4 (166, 175)(65, 74) (—122, —114), (6, 2)
listed in Table 2. I-HL  1I-C5 6.1 (—167,—155), (155, 167)
I-H1L  1-C6 1.6 (175, 186),(54, 65) (—132, —122), (2, 12)
N-H1  1I-C5 6.0 (—165, —153), (153, 165)
Collection of torsional restraints -H1  OCH; 25 (165, 174)(66, 75) (—121,-113), (-7, 1)

; : : *Sets of dihedral angle values in degrees consistent with torsional restraint
Torsional restraints for the dihedral angle of the glyco- _ _
é 9 gly arametersr@g = J — 8J, r3 = J + 8J) calculated according to Eq. 3, with

sidic linkages were derived by measuring the three'bon(gJ = 0.4 Hz. Values in bold lie closest to thistates that were sampled
'H1-C1-0On**Cn heteronuclead couplings using the EX-  in simulated annealing and MD simulations. Values in italicsdas@ngles
SIDE experiment (Krishnamurthy, 1996; Rundlof et al., for H1-C1-O5-C5 torsions and are listed for validation purposes only.
1998; Otter et al.,, 1999). This experiment is attractive
because it allows these couplings to be measured in a single
spectrum directly from in-phase multiplets free of contam-nose (De Bruyn and Anteunis, 1976). The values of the
ination from proton homonuclear couplings as encountereg@roton®J,,,, couplings between H5 and the exocyclic meth-
in many other methods. The method achieves this by selegdene protons (HB, H6S) discussed above, along with the
tively inverting a set of proton spins that have similar chemical shifts of these protons, are consistent with previ-
chemical shifts but are not scalar coupled to one another. 1aus work (Rao and Perlin, 1983), and thusvas restrained
the case of the trimannoside, the anomeric spins were exo values between 60° and 180° as described in Materials
cellent candidates (Fig. ®). Measuring couplings that and Methods.
report on theys dihedral angle was much less straightfor-
ward as a similar set of ring protons would have needed t%imulated annealin
be inverted selectively, which was impossible given the 9
overlap in that spectral region. TRecouplings measured Our initial goal was to develop a reliable heating segment at
across the glycosidic linkage are shown in Table 3, alondhe beginning of the simulated annealing protocol, as other
with the *H1-C1-05%3C5 couplings as controls and their authors had reported that a variety of ring deformations,
corresponding angular values according to Eq. 3. Becausacluding boat and skewed chair conformations, were pro-
the H1-C1-O5-C5 dihedral angle is fixed near 180° by theduced during this segment (Rutherford et al., 1993; Ruth-
pyranose ring geometry, the H1-C5 three-bond couplingerford and Homans, 1994; Renouf and Hounsell, 1995). We
should have a value of6 Hz according to Eqg. 3, and this initially used heating segments at the relatively low temper-
is confirmed by the data. ature of 750 K without any restraints, and indeed, we found
The remaining torsion of structural interest is the that approximately half of the resulting structures contained
dihedral angle of thex(1—6) linkage between rings Il and one or more rings in a distorted geometry. We remedied this
lll. Although this torsion normally adopts one of three problem by incorporating strong torsional restraints (force
low-energy states (60°, 180%60°), it has been known for constants of 100 kcal/mol-rddfor the pyranose ring itself
some time that due to steric clashes between OH4 and OH@Renouf and Hounsell, 1995). Restraints based on a mini-
among other factors, the = —60° rotamer is not signifi- mized chair conformation were applied to the four ring
cantly populated in pyranose rings mfglucose om-man-  dihedral angles of each ring in the trimannoside (C1-C2-
C3-C4, C2-C3-C4-C5, C3-C4-C5-05, and C4-C5-05-C1),
giving a total of 12 restraints. Including these restraints

TABLE 2 Results of fitting NOESY buildup data to Eq. 1 completely eliminated all distorted ring conformations,
Proton pair c, 3¢, r (R) o even at 5000 K. In addition, although only two of the six
HL, 1-H2 0.0565 0.00567 Seo glycosidic dihedral angles sampled_ all 360° of tor_S|onaI
I-H1, 11I-H3 0.0848* 0.00737 236 0ds Space at the end of a 750 K heating segment (with the
I-H1, 1l-H4 0.0212* 0.00184 2.97 0.0 remaining four sampling between 50° and 200°), four of
II-H1, 1I-H2 0.0505 0.00572 251 these six dihedral angles sampled all 360° at the end of a
II-H1, NI-HE S 0.0465 0.00596 2.54 0.07 5000 K heating segment (with the remaining two sampling
MI-HL, N-H2 0.0362 0.000273 2.54 between 180° and 300°). We therefore employed a heating

ll-H1, OCH,4 0.0600 0.00226 2.80 0.02 !

I-H2, I-H5 0.0299 0.00319 262 0.05 Segment at 5000 K for all subsequent calculations.
*Corresponds to an 80/20 intensity distribution as described in the text. We fII’Sf[ calculated an ens.embk.a of 10 structures, ensem-
"Well bottom: 12 = 2.26:13 = 2.46. ble A, using the restraints listed in Tables 2 and 3. After
“Well bottom:r2 = 2.71:r3 = 3.40. minimization, the members of this ensemble adopted one of
SCorrected for the degeneracy of the methyl protons. three conformations (A1, A2, or A3), which differed only in
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the ¢ and ¢ torsions of the II-1ll linkage and the OCHp  cluded that conformation A1 was also flawed and therefore
torsion. Tables containing detailed parameter statistics ohtroduced an additional negative distance restraint between
these conformations may be found at http://tesla.ccrcll-H1 and 111-H5 in a second round of simulated annealing.
uga.edu/supplements. None of the structures contained vi- Using the modified restraint set including the negative
olations of either distance or torsional restraints after simd(ll-HZ1, 11I-H5) restraint, we calculated a second ensemble
ulated annealing; however, after minimization during whichof 30 structures, ensemble B. After minimization, the mem-
restraints were not applied, several restraint violations apbers of ensemble B could be grouped into seven conforma-
peared. Structures adopting conformations A2 and A3ions (Table 4). Bl is equivalent to Al except at lI-{l] the
placed II-lll ¢ at 150.60%+ 1.76° and 169.87+ 0.03°, latter of which placed this torsion at 70.25 0.36°. Mod-
respectively, and both of these values violate the torsionatling easily showed that the shift from 70° in A1 to 180° in
restraint on this dihedral angle (Table 3). Conformation A3B1 can be directly attributed to the influence of the negative
placed OCH ¢ at 148.67+ 0.22°, which also violates the d(lI-H1, 1lI-H5) restraint, which is not violated by any
corresponding restraint. In addition, although some individ-structure in ensemble B. B2 differs from B1 only at |1-t|

ual structures proved acceptable, the average values of I-lHnd together these conformations account for 13 of the 30
¢ for the three minimized conformations (55.48°, 54.09°,structures. B3 and B7 are simply reproductions of A2 and
and 57.08° for A1, A2, and A3, respectively) all violated the A3, respectively. This leaves three new conformations pro-
restraint for that torsion. One conformation, A2, also vio-duced in ensemble B: B4, B5, and B6. B4 is equivalent to
lated the negativd(ll-H1, IlI-H6 R) restraint by placing this B1 except at OCK ¢. B5 and B6 both have a II-1lb value
distance at 2.37- 0.00 A. Conformation Al proved the near 60° and thus can be considered to be variations of B2
most acceptable, with the fewest violations on average aftemuch as B3 and B7 are variations of B1 (II-tl = 180°).
minimization, and it was also at least 3 kcal/mol lower in As observed before, none of the structures contained viola-
energy than A2 and A3. However, when we generated a listions after simulated annealing, but several violations ap-
of all proton pairs in A1 whose internuclear distance waspeared when these structures were minimized. Of the sev-
less than 4.00 A, two proton pairs emerged that are nogral conformations, B1 and B2 proved the most acceptable
listed in Table 2: I-H5/11I-H3 and 1I-H1/1lI-H5. A NOESY in terms of low energies and minimal numbers of violations.
cross-peak connecting I-H5 and 1lI-H3 would appear atHowever, with II-11l s at 180°, they did violate the negative
(3.75, 3.85) ppm, which is very close to the intense crossd(ll-H1, llI-H6R) restraint by placing this distance at
peaks at (3.75, 3.88) ppm between I-H6 and I-H&id 2.94 = 0.01 A and 2.88+ 0.05 A, respectively. Taken
between 1I-H6 and II-H& Hence, it may have been ob- together, the results of simulated annealing suggested that a
scured. The absence of the II-H1/IlI-H5 cross-peak at (4.90single state of I-lll¢, -l ¢, and -l ¢y may simply be
3.79) ppm, which would have been well separated from alunable to satisfy all of the restraints simultaneously. To
other cross-peaks, could not be dismissed. We thus cornnvestigate this question further, we next turned to a more

TABLE 4 Glycosidic dihedral angles in conformations generated in ensemble B

Energy -1l ¢ -1 -1 ¢ -1 ¢ -l OCH; ¢
Conformation ~ Min* SA"  Min* SA Min SA Min SA Min SA Min SA Min
B1® 5.150 64.62 59.34 —154.49 —-158.25 53,55 64.01 159.24-172.34 -176.72 -—179.64 6582 63.53
@8) (0.702) (0.25) (6.53)  (1.71) (13.27)  (0.23) (0.20) (1.86)  (0.33)  (3.03) (0.47 (0.19) (0.13)
B2 5.027 6453 59.M -154.65 -159.36 53.78 66.09 140.28—171.30 62.29 60.26 65.92 64.35
(5) (0.809) (0.06) (477)  (1.85)  (9.86)  (0.28) (1.68) (5.65) (2.67)  (2.67) (1.00  (0.12) (0.13)
B3 7.763 76.64 65.39 —156.22 —146.36 179.74 149.18 102.58 —178.91 -175.18 179.94 73.81 63.25
) (0.941) (33.28) (4.25) (16.53)  (8.47)  (1.16)(1.10) (0.87)  (0.42)  (1.15) (027 (2.46) (0.11)
B4 7.918 64.65 55.00 —155.04 -—-167.25 53.40 63.84 159.32—-173.09 —-178.11 —179.86 165.12 149.75
3) (0.234) (0.10) (3.87) (0.86)  (6.77)  (0.44) (0.10) (0.88)  (0.24)  (2.06) (0.59  (0.03)0.13)
B5 10.113  64.48 64.20 —150.87 —141.10 63.22 60.89 9551 80.05 61.20 50.36 165.1(55.65
1) NA NA NA NA NA NA NA NA NA NA NA NA NA
B6 10.407 68.87 61.03 —150.70 —155.48 175.35 145.49 109.25 177.12 49.17 56.93 164.09151.83
1) NA NA NA NA NA NA NA NA NA NA NA NA NA
B7 12.615 64.47 6152 —152.62 —152.37 —178.69 169.80 99.13 110.77 175.10 174.40 165.04149.39
®) (0.672) (0.01) (7.90)  (2.66) (17.29)  (0.56)(0.09) (0.54)  (0.11)  (1.23)  (0.46 (0.05) (1.52)

*Mean energy (kcal/mol) of minimized structures, with standard deviations in parentheses.

"Mean values (and standard deviations) in degrees measured in structures after simulated annealing.

*Mean values (and standard deviations) in degrees measured in structures after minimization. Values in italics are restraint violations.
SNumbers in parentheses indicate the number of structures observed for each conformation.

Conformation contained some structures that violated the given restraint, along with some that did not.
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extensive analysis of the solution behavior of the trimanno4ions. In the case of heteronuclear couplings, instantaneous
side using solvated MD. values of] were calculated from thé dihedral angles using
Eqg. 3, and these values were averaged. In the case of
internuclear distances, an inverse sixth power average was
calculated from the instantaneous values. For slower tran-
We began the solvated MD analysis by selecting a low-sitions this should yield an approximate time average for the
energy structure from the family of structures representinglistances derived from NOESY data. For more rapid tran-
conformation B1. We found that if only minimal initial sitions, a calculation that includes both angular and
minimization was employed, ll-lllv would sometimes un- averaging is more appropriate; however, in our case, the
dergo a transition from 180° to 60°, effectively converting majority of the rapid fluctuations are small and are not
B1 into B2. In all cases, once equilibration was completelikely to demand a more rigorous treatment. These averages
(<100 ps), lI-1ll  remained fixed for the remainder of the are listed in Table 5, along with values for two individual
simulation. This enabled us to conduct simulations for bothstructures that most closely matched the average structures
B1 and B2, and we will hereafter discuss data from two suctof the ensembles representing conformations B1 and B2.
simulations: a 1000-ps simulation with 1I-ltb = 180° (B1)  Also shown are the restraints for these parameters derived
and a 900-ps simulation with II-lllb = 60° (B2). Selected from NMR experiments. These data show that unlike the
trajectories from these simulations are displayed in Figs. 4alues for the static models, the MD average values are
and 5. within 0.05 A or 5° of the experimental ranges for most
In an attempt to compare the results of the MD simula-parameters. The two exceptions are the negative distance
tions with the NMR data, we computed average values forestraints ford(ll-H1, 1I-H6R) and d(lI-H1, IlI-H5) (B1
experimentally restrained internuclear distances and dihesnly), the averages of which are significantly smaller than
dral angles from sets of 4000 and 3600 structures, respethat allowed by the restraints. However, using estimates of
tively, produced over the course of the B1 and B2 simula-noise levels in the DPFGSE NOESY spectra, we calculated

Solvated molecular dynamics
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FIGURE 4 MD trajectories for selected dihedral angles in conformation B1.
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FIGURE 5 MD trajectories for selected dihedral angles in conformation B2.

minimum values for these distances that would allow andistance restraints, corresponded to the ranges limite@ by
NOE to be observed and obtained values of 3.1-3.2 Aandr3 as shown in Table 5. We now shall discuss the results
Therefore, the MD averages fd(lI-H1, 1lI-H6R) are con-  for each of the three glycosidic linkages separately, with the
sistent with the NOESY data. As discussed below, thegoal of producing the smallest set of distinct conformations
discrepancy in the average dfll-H1, 1lI-H5) may result  that are consistent with the data.
from inadequate sampling of II-1l{s during the MD simu-
lation. It thus appeared that as a whole, the MD simulation .

: : ; .. OCH; linkage
produced molecular behavior that is more consistent with 3
the NMR data than either the static B1 or B2 models. ~ We begin by considering whether or not the simplest model
of a single, static conformation for this linkage is supported
by the data. The first indication that such a simple model
may be inappropriate was provided by the simulated anneal-
We now turn to the task of building a physical model of theing calculations. The fact that restraint violations only ap-
structure or structures that the trimannoside samples ipeared after minimization suggests that the structures pro-
solution. We have divided this task into three parts: first, weduced by simulated annealing may not have been local
seek to find a set of distinct structural conformations, eachminima but were perhaps positioned in higher energy con-
of which can be represented by a static structure; second, wiermations by the imposed experimental restraints. From
seek to describe the inherent internal dynamics, or flexibilthe data in Table 4, it is apparent that OC# populated
ity, of each conformation; and third, we seek to describe théwo states after simulated annealing (1651° and 70+
kinetics of interconversion between these conformers. Oub°), both of which satisfy the restraint. After minimization,
goal was to develop a model that placed all of the experithe latter state remained essentially constant, whereas the
mentally restrained parameters at values within the range®rmer decreased te-150°, a value that does violate the
of experimental error, which for all torsional and positive restraint. The question raised is whether a finite population

Preparation of a structural model
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TABLE 5 Summary of restrained structural parameters and their values in selected models

B1 B1 MD B2 B2 MD B1/B2 MD Experimental
Parameter static average Static average average* rangé
d(I-H1, 11I-H3) 2.94 2.51 2.87 2,58 2,58 2.26-2.46
d(I-H1, 11I-H4) 3.29 3.37 3.34 3.33 3.34 2.71-3.40
d(lll-H2, I-H5) 2.74 2.62 2.73 2.56 2.58 2.57-2.67
d(l-H1, 1I-H6 S 2.51 2.67 2.50 2.55 2.58 2.47-2.61
d(l-H1, ll-H6R) 2.94 3.31 2.87 3.14 3.19 >() 4.00
d(l1-H1, 111-H5) 4.29 2.35 4.72 4.12 2.81 =) 4.00
d(lll-H1, OCH,) 2.90 2.82 2.89 2.84 2.83 2.78-2.82
-l ¢ 1.44 2.29 1.66" 2.03 2.11 2.0-2.8
57.6%* 68.0" 60.5% 65.0'" 65.9"" 65-74"
-1 ¢ 1.94 1.95 2.25 2.17 2.10 1.2-2.0
63.9 64.6 67.5 66.6 65.8 54-65
I-OCH, ¢ 1.90 2.48 1.98 2.32 2.37 2.1-2.9
63.5 70.1 64.4 68.3 68.9 66-75

*Averages derived from a population weighted combination of the two MD trajectories as described in the text.

"Values (A for distances, Hz for dihedral angles) indicate the extent of the flat energy well bottom of the penalty fufictior].
*Values in A measured from a static structure.

5r—6~19 in A calculated over the indicated MD trajectory.

1)y values in Hz calculated from Eq. 3.

IArithmetic mean®Jc,, values in Hz calculated over the indicated MD trajectory.

**\/alues in degrees measured from a static structure.

™Values in degrees calculated from Eq. 3 nearest to the sampled MD values.

of the 150° state is supported by other data. We note thaiopulated two states (58 5° and 180*+ 5°), neither of
several brief transitions to this state occurred during the MDwhich violated the restraint for this torsion. After minimi-
simulation, as shown in Figs. 4 and 5. Interestingly, all ofzation, the former state remained essentially the same,
these dynamics proceeded with no significant change invhereas the latter decreased to either 150° or 170°, both of
d(lll-H1/OCH,) (data not shown), rendering the NOESY which violate the restraint. Thé values for the 150° and
experiments relatively insensitive to this motion. However,170° states, which are 4.2 and 2.5 Hz, respectively, are both
we note thatp = 64° corresponds to & coupling of 1.95 large compared with that experimentally observed and
Hz, which does not violate the restraint but nevertheless lietherefore can again be used to place upper limits on the
just outside of the experimental range (see Table 5YpAs  populations of these states. If the 150° and 170° states were
~150° corresponds to &coupling of ~3.8 Hz, we would individually populated, these limits would be 5% and 15%,
expect that the numerous, brief transitions observed wouldespectively. From Table 4, it is clear that both of these
cause the average value dfo increase. Indeed, the static states, seen in B3 and B7, incurred energy penalties of at
value of J is 1.9-2.0 Hz compared with the MD average least 2 kcal/mol in vacuo. In addition, neither of these states
values of 2.3-2.5 Hz, which agree very well with that was populated in either of the MD simulations, in which
measured experimentally. Moreover, we note that the MOI-lll ¢ remained predominantly near 64°. We thus con-
averaged(lll-H1/OCH;) values are slightly lower than cluded that II-lll ¢ occupies primarily one state near 64°.
those of the static models, bringing them into closer agree- We next turn to ll-1ll ¢ and w and begin by noting that
ment with the experimental range (data not shown). It wouldthe simulated annealing structures populated two states for
thus appear that the presence of¢he 150° state improves each of these torsions. When II-ii = 64°, II-lll ¢ andw

the agreement between the simulation and the experimentahch populated states near 180° and 60°. Likewise, in both
data. We can use measured and calculdtamliplings to put  MD trajectories (each corresponding to one of the llell

an upper limit on the population of thi = 150° state, and states), II-1ll s also sampled both the 180° and 60° states.
when we did this, we found that the population of this stateOur task at this point was to find the minimum number of
must be less than 35%. In addition, from Table 4 we notehe four resulting §, ») states that are required by the data.
that the 150° state, as seen in B4, imparts an energy penalBeginning with 1l-1ll o, evidence regarding averagingaat

of ~2 kcal/mol in vacuo (compare B4 with B1), supporting was obtained from the values of the proton homonuclear
only a minor population fogp = 150°. coupling constants between IlI-H5 and the two methylene
protons of IlI-C6, as described by appropriate Karplus
curves (Homans et al., 1986). Fer= 60°, both®J.; and

3J55 should be small, with values of2 Hz, but forw =
Beginning with 1I-11l ¢, we found a pattern of results similar 180°,3J should be large{11 Hz) althoughJss remains

to that of OCH ¢. After simulated annealing, II-lllp ~ at ~2 Hz. Clearly, the observed couplings for the triman-

1I-11l linkage
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noside (Table 1) are inconsistent with either of these value50%. If these two observations are combined with &he
of w being the sole state in solution. Therefore, we con-populations derived above, we would predict that the pop-
cluded that a single model for the II-1ll linkage is untenable ulation of the (180°, 180°) state is near 30%, whereas those
and that averaging must take placevatGiven the observed of the (180°, 60°) and (60°, 60°) states are each between
couplings and the average values from the two MD 20% and 50%. However, the (60°, 60°) state was not sam-
trajectories, a simple two-state calculation based on theled in the simulated annealing, and in vacuo simulations
Karplus curve predicted the population ©f= 180° to be indicated that this state is 6—7 kcal/mol higher in energy
25-35% and that ofv = 60° to be 65-75%. It has been than the other two states. Nevertheless, at least a minor
reported that the rates @ transitions in solution are be- population of theys = 60° state is supported by the MD
tween 103 and 10° s ! for p-mannose and-glucose trajectories. Given all of the data, we therefore concluded
(McCain and Markley, 1987; Hajduk et al., 1993;Mdiaet  that the II-1ll linkage exists in two majord{, s, w) states,
al., 1996) and are likely to be even slower when an addi{64°, 180°, 60°) and (64°, 180°, 180°), while also occasion-
tional pyranose ring is attached to the hydroxymethyl groupally sampling a third, minor state, (64°, 60°, 60°).
(Brisson and Carver, 1983a). To simulate the averaging
caused by thew transition on the time scale of the NMR
experiment, we combined the MD data from the two trajec-
tories according to the populations predicted from the Although the data for the previous two linkages support a
couplings, and the resulting averages are also displayed imodel in which these linkages populate multiple conforma-
Table 5 as the B1/B2 MD average. tions in solution, the I-IIl linkage is unique in that all of the
Given that averaging takes place at IlI-d, we next calculated structures in ensembles A and B populated gen-
sought to determine whether averaging also takes place atally the same states for these torsions. However, as noted
[I-1I 4. Although we have no torsional restraints for lI-1ll above, the standard deviations for I-ii and ¢ were the
i, the restrained distances at the II-1ll linkage are sensitivéhighest of all the glycosidic torsions. In addition, members
to the state of this torsion, as shown in Table 6. The onlyof several conformations, such as B1 and B2, violated the
clear violation of the relevant restraints occurs in the (60° restraints for I-lll ¢ andd(I-H1, I11-H3), suggesting that a
180°) state, which placed(ll-H1, Ill-H5) at 1.87 A. This  single structure may not be consistent with these restraints.
short distance explains the small value of the B1 MDVariability at this linkage was also observed in the MD
average ford(ll-H1, 1lI-H5), as the (60°, 180°) state is simulations. Althoughp remained relatively fixed at-60°,
sampled for nearly 700 ps in the B1 trajectory. Moreover, itys sampled a variety of values, spending significant time
highlights a potential weakness of the MD simulations, inboth near—180° and betweer-90° and—60°. In addition,
that 1I-1ll ¢y underwent very few transitions over the coursethere were a number of smaller transitions, many of which
of the two simulations, indicating that this torsion may haveare correlated with small variations ¢f An explanation for
been sampled insufficiently. This would cause the MDthis behavior would be that the energy surface of this
averages to be unreliable estimates of the behavior of thiknkage is rather flat with few if any deep minima, thereby
linkage on the time scale of the NOESY experiment. Toallowing the torsions to explore a variety of values with
gain insight into whatjs averaging is consistent with the little selectivity. A (¢, §) energy surface calculated using
NMR data, we conducted a simple 3D grid search in thehe same GLYCAM force field confirmed this suspicion. A
populations of three of the states and compyted)*®  broad energy valley extends roughly parallel to thexis,
averages for each set of populations. We then collecteffom near (50°,—190°) to near (80°—50°). Within this
those sets that satisfied all of the restraints. Two principalalley lie two broad minima, minimum A near (502,180°)
observations were gleaned from these calculations. First, thend minimum B near (80°-60°). These minima are sep-
(60°, 180°) state was not populated in any of the collectecarated by a region aroune-60°, —110°), which is only 2-3
sets, most likely because of its severe violation of thekcal/mol higher in energy.
d(ll-H1, 1-H5) restraint. Second, the population of the  We first asked if a single static model for this linkage
(60°, 60°) state was found to be at least 20% but less thavould be found that was consistent with the NMR data.
Beginning with a model in whiclb is near 70°, we exam-
ined the torsional restraint ogp and three internuclear

I-1ll linkage

TABLE 6 Internuclear distances for (s, w) states of the distance restraints that are sensitive to the state of this
-1l linkage torsion. These arel(I-H1, 11I-H3), d(I-H1, 1ll-H4), and
W o d(I-HL, H-H6S)  d(lI-H1, II-H6R)  d(l1-H1, 1II-H5) d(l1-H2, 1-H5). Structural modeling indicated that when
180°  60° 2.44% 3.03 4.72 is fixed at 68°,d(I-H1, I1I-H3) falls within its experimental
60° 60° 3.02 3.64 3.50 range only wheny > —130°. However,d(I-H1, 11I-H4)
180°  180° 2.44 3.03 4.19 does the same only wheh < —160°, andd(llI-H2, I-H5)
60°  180° 3.02 3.64 187 only when—155° < ¢ < —145°, This indicated that it is
*Values in A. impossible to satisfy these three distance restraints simulta-
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neously ath = 68°. If ¢ is increased, the required region for B1 (0 = 180°)
d(1-H1, 11I-H4) changes little, although the limiting value of 30

y for satisfying thed(I-H1, IlI-H3) restraint decreases,
narrowing the gap between the requingdaegions ford(l- :
H1, 11I-H3) andd(I-H1, IlI-H4). However, at the same time 70}
the ¢ values of the required region fai(lll-H2, I-H5) i

increase, further separating them from the required regions -1201

for the other two distances. We therefore concluded that no -170F

single (@, ¥) state is capable of satisfying these restraints

simultaneously and that the structural model for this linkage 220 -

must at least include conformational averagingyatWe 270 R
again note in Table 5 that the MD average valuesi{tiH1, 20 40 60 80 100 120 140 160
I11-H3) agree significantly better with the NMR data than do )

those of the static models, and it is tempting to credit this

improvement to the complex behavior ¢fin the simula- B2 (o = 60°)

tions. Although such behavior may be realistic, our task at
this point was to determine what modes of averaging were
most consistent with the NMR data. 20|

To assist us in evaluating various models in light of the 70!
requirements of the NMR data, we conducted grid searches :
as described in Materials and Methods, collecting all sets 2 -120+-
that satisfied the NMR experimental ranges shown in Table i

5. Examination of the MD trajectories suggested that a 7o

four-state model should be considered in whighand s -220f

each adopt two states. Given the broad, flat valley in the

energy surface and the high frequency of conversions in the '27020 40 60 80 100 120 140 160
MD simulations, we allowed bott andys to sample values ¢

that were normally distributed about two means. We ranked
the sets that were consistent with the NMR data by theifFIGURE 6 Scatter plots of the I-llp and ¢ trajectories from MD
respective energies derived from the energy surface angmulations for conformation Bl(= 180%) and conformation B2u( =

. . 0°). Heavy lines enclose thg and s values of states identified by grid
collected those sets with energies less than 1 kcal/mojeamhes as being consistent with the NOESY data.
greater than that of the lowest energy set. These 41 sets
clustered around a single solution in which primarily two
(¢, ) states were populated: (50 11°, —189 = 8°) and  above (enclosed by heavy lines) onto the population distri-
(82 = 3°, —104 = 9°). The populations of these two states butions observed in the MD, we find that the agreement is
were 0.38* 0.06 and 0.56= 0.09, respectively. The former good, with areas of overlap centered near (60280°) and
state lies within minimum A on the energy surface, whereag80°, —100°). We note that states in an area centered near
the latter lies on the gentle slope just above minimum B. (70°, —140°) as well as those near minimum B (86%0°)

We now turn to a closer analysis of the MD trajectorieswere populated in the MD simulation but were not included
for the I-1ll linkage. To aid in this, I-lll ¢,)) scatter plots in models produced by the grid search. However, our mod-
are presented in Fig. 6 for the two MD trajectories corre-els are consistent with some flexibility (5—10°) férand,
sponding to II-lll o states of 60° and 180°. First, it is so we cannot rule out the occasional population of the (70°,
immediately obvious from these plots that the fluctuations—140°) or (80°,—60°) states. Moreover, given that our data
of I-1ll ¢ andys are correlated with one another. The only indicate that thev = 180° state is both the less populated of
other evidence of correlated motion we could find in thethe twow states and is correlated with the appearance of the
trimannoside can be seen by closely comparing the cloud gB0°, —60°) state, this suggests that this latter state is
(¢, ) states for the two states of II-1th. Whenwo = 180°,  minimally populated. What seems clear is that states near
this cloud accurately mimics the broad valley in the energy(60°, —180°) and (80°, -100°) were populated both in the
surface, extending from minimum A (50%180°) to min-  MD simulations and in the grid search results and also lie
imum B (80°,—60°). However, whem = 60° the cloud of  within the broad energy minimum of thep(y) surface.
populated states extends only to an area near (8807),so  Given that we desire to identify the minimum number of
that minimum B itself is no longer populated. This suggestsconformations required to fit our data, the (66°180°) and

that the range of motion of the I-1ll linkage is correlated (80°, —100°) states seem to be the best candidates for these
with the state of ll-lllw. If we next superimpose theb( ) conformations. We therefore concluded that the behavior of
states of the 41 sets resulting from the grid search describetie I-11l linkage can be described by a model in which both
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¢ andys populate two states in a concerted manner, resultingll-OCH ¢. The data indicate that the two transitions of the

in two major conformations:d, ) = (60°, —180°) and I-Ill linkage are correlated, and thus they are depicted as
(80°, —100°). concerted transitions in our model, resulting in twi ()
states for the I-Ill linkage. In addition, the data indicate that

DISCUSSION a third state for this linkage, near minimum B, is correlated
with the transition of II-1ll w; however, as discussed above,
Description of the structural model the data suggest that the population of this state is small, and

In summary, the data indicate that the trimannoside exists ifr Simplicity itis not included in the model depicted in Fig.
solution as a molecule undergoing extensive conformationaf- We found no other correlated motions, and thus all other
averaging. Such averaging occurs at all three glycosidiéransitions are depicted as being mutually independent.
linkages, as summarized in Fig. 7. The dynamics are govIhese five transitions result in four major solution confor-
erned by five two-state transitions involving the following mations (Bla, Blb, B2a, and B2b) and two minor confor-
dihedral angles: I-lll¢, I-1I 4, H-1Il 4, 1I-Il », and mations (B5a and B5b, both with II-lliy = 60°). The

B5a ’\[% . B5b *\({\{H

< : “L'_\{
1“)13 E
9 ~
T
60°
FIGURE 7 Structural model for 1 1
the trimannoside in solution. The var- 1]’23 ’L[J23
ious transitions are labeled by the di-
hedral angle(s) involved, and for %
each angle the values of its two states 180
are shown in degrees. Arabic nu-
meral subscripts to the dihedral an-
gles correspond to the glycosidic b b
linkage (I-111, 1I-11l). The structures B2a %\; sz %ZS{
are labeled according to the confor- ¢
mation observed in simulated anneal- | 60° 13 80° ;
ing ensemble B (Table 4) having the —— *\Z“‘
equivalent states of the -1l linkage. -180° -100°
The suffixes a and b differentiate the w13 “H
two states of the I-lll linkage. For g
clarity, the transition involving IlI- 5
OCH,; ¢ is simply indicated by an —
arrow. All conformations shown
place I1I-OCH, ¢ at 64°. 60°
l Wog ,l W23
180° N i
Bia B1b I

= el
N
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I1I-OCH; ¢ transition merely controls the placement of the [lI-OCH; linkage, these authors noted a discrepancy in
terminal methyl group, and although it formally produces anmeasured correlation times for the methyl group and pos-
additional set of six conformations, it has a very small effecttulated that this could arise from additional motions of this
on the overall molecular structure and is simply indicated bygroup that were not included in their treatment of the data.
an arrow in Fig. 7. However, the other four transitions alterMore recently, results of optical rotation studies on methyl
the relative orientations of the three mannose rings and thus-o-mannopyranoside found that including a population of
could result in more profound changes in the moleculam ¢ = 180° state of 10—-20% (in addition to thle = 60°
shape. This is most dramatically true for the transition ofstate) for the methoxy linkage was able to bring the calcu-
II-1I w, which interconverts the B1 and B2 conformations. lated values of the molar rotation into agreement with those
As shown, for conformations with Il-llky = 180°, when experimentally observed (Stevens et al., 1989; Stevens,
o = 180° (Bla, B1b) the trimannoside is a roughly linear1994). These results agree well with our model, which
molecule, but whenw = 60° (B2a, B2b), the structure is supports a minor population of¢ga= 150° state of less than
bent by~80° at the II-1ll linkage. In contrast, the transitions 35%.

of the I-Ill linkage have relatively little effect on the mo-  Considerable interest and debate has surrounded the con-
lecular shape. Whereas this is not surprising for I¢ll  formation of thea(1—3) linkage in mannose oligosaccha-
given the modest size of the transition (30°), I{llhas a rides for several years. In their study of the trimannoside,
substantial transition of 80°. Nevertheless, space-fillingBrisson and Carver (1983a) found &, () state of (75°*
models of Bla and Blb show that both of them maintain10°, —135° + 10°) and furthermore concluded that mo-
essentially the same linear shape. The remaining transitiotional averaging was confined to a narrow range around this
that of II-1ll s, takes place only whem = 60° and thus conformation. Moreover, Carver and co-workers found that
modifies this bent structure. As shown, this transition ro-this linkage adopted a similar state in a variety of other
tates ring Il away from ring |, effectively reducing the oligosaccharides (Brisson and Carver, 1983b; Cumming et
severity of the bend. Space-filling models of B5a and B5bal., 1986). In addition, MD simulations of several high-
confirm this and indicate that the bend is reduced-#0°.  mannose oligosaccharides conducted in vacuo (Warin et al.,
Therefore, despite the complexity of the model presented i1979; Rao and Perlin, 1983) also found average states near
Fig. 7, the overall molecular structure of the trimannoside(70°, —140°) for «(1—3) linkages. However, other studies
would appear to populate only three general topologies: aeported that thex(1—3) linkage adopted a slightly differ-
linear shape (Bly, » = 180° 180°), an occasionally ent state near (100%90°) in a number of oligosaccharides
populated, slightly bent shape (Bf; o = 60°, 60°), and a (Homans et al., 1982, 1983, 1987a,b). Later studies using
severely bent shape (B#, » = 180°, 60°). As discussed MD simulations, both in vacuo (Balaji et al., 1994) and
previously, the available evidence further suggests that thimcluding explicit solvent (Homans, 1990), along with other
dynamics of the II-Ill torsions are relatively slow, perhaps studies using proton relaxation measurements in partially
on a microsecond to millisecond time scale. This may welldeuterated samples (Hricowiet al., 1992) all found evi-

be a result of the large displacement of ring Il and consedence of internal motion at this linkage, suggesting that both
quent solvent reorganization required to complete thesef the previously identified states may be sampled in solu-
transitions. On the other hand, the MD simulations wouldtion. More recent studies using optical rotation techniques
suggest that the dynamics of the |-l linkage are very rapid,(Stevens, 1994), molecular mechanics modeling (Dowd et
with the individual conformations having lifetimes on the al., 1995), and circular dichroism (Arndt and Stevens, 1996)
order of 100 ps. This behavior is consistent with the broachave indeed concluded that states near (86260°) and
nature of the valley in the calculated energy surface for thig80°, —80°) are likely to be equally populated in solution.
linkage. Moreover, as these dynamics do not result in &hese studies also predicted a small populatiei%) of
significant change in the molecular shape, only minimala state near (160%-80°). Concurring with these reports,
solvent reorganization should be required, allowing thisour data exclude the possibility of a single statejdor the
portion of the molecule to exhibit rapid mobility. a(1—3) linkage and are much better satisfied by two states
of ¢. Furthermore, the two states predicted by our model,
(60°, —180°) and (80°,—100°), agree well with those
mentioned above (Fig. 7), and our model also predicts that
Although past structural studies have concentrated on these two states are approximately equally populated. As
wide variety of oligosaccharides containing the trimanno-shown in Figs. 4, 5, and 6, we found that this linkage did
side or portions of it, relatively few have focussed on thesample states near (160%80°) as well, although very
trimannoside itself. One of the most thorough studies usetiriefly and only whenw = 180°. Interestingly, the (75°,
steady-state NOE enhancements, proton’d@drelaxation ~ —135°) state originally proposed by Brisson and Carver is
measurements, and potential energy calculations, and prpositioned almost precisely between the two states in our
duced results that generally agree with those of the presemtodel. Indeed, using the parameters resulting from the grid
study (Brisson and Carver, 1983a). Beginning with thesearch, the averageb(y) state is (71°,—135°), whereas

Comparison to similar structures
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that computed from the MD trajectories is (67°137°). We  (Spronk et al., 1995). Our results confirm earlier studies and
also note that a recent study of the oligosaccharidéndicate that an additional mannose residue attached via an
MangGIcNAc,, which contains twoa(1—3) linkages be- «(1—3) linkage shifts the population distribution ef to
tween mannose residues, found that one of these linkages2:1 for the 60° and 180° states.
also populates two conformations, and it was concluded that
thls, was the result of the formation of a transient, Inter-We thank Robert Woods for providing the GLYCAM 97 parameter set
residue hydrogen bond (Woods et al., 1998). It would thuS.md Ranajeet Ghose for assistance with GAMMA software. We thank Rob
appear that the dynamic behavior of tf@d—3) linkage can  Rizzo, Kathleen Howard, and Andrew Fowler for computational support
be complex, and is sensitive to its context in the overalland many helpful discussions.
oligosaccharide. Indeed, our data further suggest that thEhis work was supported by a grant frqm the National Institutes of Health,
dynamics of this linkage in the trimannoside may be Correﬁ'\g\?\f?' and a Howard Hughes Medical Institute Predoctoral Fellowship
lated with that of then(1—6) linkage in the molecule. S
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