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Conformational Study of GPI Anchors: the Common Oligosaccharide GPI
Anchor Backbone
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The solution three-dimensional structure of pseudopentasac-
charide 6, which constitutes the product from the GPI-PLD
cleavage of a GPI anchor, has been studied using a protocol
which involves a systematic search of the conformational
space around the glycosidic linkages, a thorough molecular
dynamics study with explicit water molecules and a full NMR

analysis study of intramolecular hydrogen bonding in solu-
tion. The results indicate that 6 exists in an extended confor-
mation with a considerable flexibility compatible with a
hinge-like conformational motion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The enzymatic cleavage of glycosylphosphatidylinositols
(GPIs) to produce inositolphosphoglycans (IPGs) has been
proposed as a new pathway of intracellular signal transduc-
tion which has been investigated in the case of insulin and
a variety of neurotrophic and growth factors.['l The precise
chemical structures of the IPG mediators or the GPI pre-
cursors and the nature of the specific enzyme involved in
GPI hydrolysis remain to be elucidated. With regard to IPG
structure, two main structural groups of IPGs have been
proposed on the basis of chemical composition and bio-
logical activity data: type A IPGs, which inhibit c-AMP de-
pendent protein kinase (PKA),”! and type P IPGs, which
activate pyruvate dehydrogenase phosphatase (PDHPase).l?!
Immunological evidence has suggested that type A IPGs
present close structural similarity with the GPI anchors
which serve to attach proteins to the outer face of cellular
membranes.™ Concerning the nature of the enzyme in-
volved in GPI cleavage, GPI specific phospholipase C (GPI-
PLC) or D (GPI-PLD)® could be responsible for the re-
lease of IPG second messengers, but a detailed study of the
specific structural requirements involved in the regulation
of GPI cleavage is still lacking.

We have been engaged in a series of synthetic and struc-
tural studies aiming to contribute to the elucidation of the
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molecular basis of this signaling mechanism.[® These stud-
ies have included the design and the synthesis of IPG-like
PKA inhibitors fitting into the ATP binding site of PKA.[!]
To this purpose the three dimensional shape of a variety of
possible IPG-like structures were thoroughly studied. Thus,
the solid-state structure of O-2-ammonio-2-deoxy-o-D-gluc-
opyranosyl-(1-6)-pD-myo-inositol 1,2-cyclic phosphate (1)
and the solution structure of 1, O-2-ammonio-2-deoxy-a-D-
glucopyranosyl-(1-6)-p-myo-inositol-1-phosphate (2) and
O-o-pD-mannopyranosyl-(1-4)-O-2-ammonio-2-deoxy-o-D-
glucopyranosyl-(1-6)-p-myo-inositol-1,2-cyclic  phosphate
(3), which constitute the minimum structural motifs to be
expected for a GPI-PLC-generated type A IPG, were deter-
mined.[®®! Also the solution three dimensional structure of
4, the molecule to be expected from the GPI-PLC cleavage
of a GPI anchor, was studied in detail.[®! The solution
three-dimensional structure of 1 and 2 was determined
using NMR spectroscopy!’! and molecular mechanics calcu-
lations.l°®! In the case of 3[°®! and 4!°! molecular dynamics
simulations in the presence of explicit water were carried
out in addition to the NMR analysis. It was concluded that
the three-dimensional structure around the O-2-ammonio-
2-deoxy-a-D-glucopyranosyl-(1-6)-p-myo-inositol  glyco-
sidic linkage in these zwitterionic species may be described
by a major conformer that undergoes torsional oscillations
around a global minimum in which the charged ammonium
and phosphate groups appear close in space.l® The study
of 4 also confirmed!® the existence of the pseudopentasac-
charide structure in an extended conformation which un-
dergoes large torsional oscillations around the Man-o-(1-
6)-Man linkage and permitted to define the dynamics of
this bond by a fast 60:40 equilibrium of gg/gt rotamers.
With regard to IPG-like structures lacking a phosphate
group, which may be generated by the action of a GPI-
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PLD, we have previously reported the solution conforma-
tion of O-2-amino-2-deoxy-a-D-glucopyranosyl-(1-6)-D-
myo-inositol (5).1°7 In this case the presence of a minor con-
former, in addition to the major one observed in the case
of 1 and 2, could be detected. This could be accounted for
by considering a higher flexibility of this glycosidic linkage
in 5 as a result of the lack of the strong electrostatic interac-
tion present in 1 and 2. As a part of these studies we now
report a complete study of the solution conformation of
pseudopentasaccharide 6, the molecule to be expected from
the GPI-PLD cleavage of a GPI anchor. In this case, the
study has been based on a combination of NMR spec-
troscopy and molecular modeling, using both adiabatic
maps and molecular dynamics simulations in explicit sol-
vent. In addition, an analysis of intramolecular hydrogen
bonding has been performed.

Results and Discussion

The structural study of 6 has been performed using mol-
ecular modelling and NMR spectroscopy. First, a system-
atic conformational analysis of 6 was performed by calcu-
lating the @, adiabatic maps for each glycosidic linkage
using the MM3 force field. These calculations, which have
provided all the favourable structures and their relative sta-
bility, have been completed with molecular dynamics simu-
lations, using the GLYCAM force field to gain information
on the molecular flexibility and the effect of explicit solvent
on the overall structure.

3490 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Molecular Modelling

The systematic search of the conformational space
around the glycosidic linkages has been performed by con-
structing @, ¥ adiabatic maps for each of the four glycosidic
bonds in the linear structure 6 (ManV-o-(1-2)-Man'Y;
Man™-a-(1-6)-Man'"; Man-q-(1-4)-GlcN™ and GlcN"-
a-(1-6)-myo-Ins') as isolated glycosidic linkages in the fol-
lowing disaccharide units: a-D-mannopyranosyl-(1-2)-1-O-
methyl-o-D-mannopyranoside (7), 2-O-methyl-o-D-manno-
pyranosyl-(1-6)-1-O-methyl-a-pD-mannopyranoside (8), 6-
O-methyl-o-D-mannopyranosyl-(1-4)-1-O-methyl-(2-amino-
2-deoxy)-a-D-glucopyranoside (9) and 4-O-methyl-(2-
amino-2-deoxy)-a-D-(1-6)-1-O-methyl-D-myo-inositol (10).
These maps are shown in Figure 1.

The adiabatic map for the Man"-a-(1-2)-Man'V linkage
shows two stable minima at ® = 90°, ¥ = 170° and ® =
80°, W = 100°, connected through a low-energy pathway,
suggesting the coexistence of both wells with fast transi-
tions between them. Similar structures (® = 90°, ¥ = 100-
170°) have been proposed as stable conformations for the
Man-o-(1-2)-Man moiety in complex oligosaccharides or
in isolated disaccharides.”! An additional unstable mini-
mum at ® = 90°, ¥ = 300°, which corresponds to the
stacked conformation found for mannose oligosaccha-
rides,!'” could be also observed (Figure 1).

The adiabatic surface calculated for the Man'Y-a-(1-6)-
Man'™ glycosidic bond corresponds with the large flexibil-
ity characteristic of the 1-6 glycosidic linkages.!® Two wide
minima were detected at ® = 80°, ¥ = 190° and ® = 80°,
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Figure 1. @ and ¥ adiabatic maps for 7, 8, 9 and 10.

Y = 80°, defining a large conformationally accessible space
covering the region defined by ® = 60-100° and ¥ = 50—
310°.

Two stable minima were found for the Man'"-a-(1-4)-
GlcN" glycosidic linkage at ® = 90°, ¥ = 210° and at ® =
100°, ¥ = 70°. The well located around ® = 90°, ¥ = 210°
displayed a complex shape containing two stable submin-
ima differing by only 0.24 kcal/mol of energy corresponding
to the gg and gr rotamers of the hydroxymethyl group of
the D-glucosamine unit. The GleN"-0-(16)-myo-Ins' map
indicated some flexibility for the corresponding glycosidic
linkage as reflected in the wide accessible area observed in
the calculated energy surface. The overall energetic land-
scape for this moiety is comparable to that observed for
compound 57 and not very different for those observed
for compounds 1, 2[°° and 4 using the AMBER force
field. However, minor discrepancies related with the evalu-
ation of the relative population of an anti-¥ minimum
could be observed. As these discrepancies could be due to
the different performance of the force fields used, the influ-
ence of the phosphate group was further investigated by
constructing the maps for 2 and 5 using the MM3 force
field and, in addition, a third model in which the phosphate
in 2 was replaced by a non-polar methyl group (11) was
studied. Not surprisingly, the results indicated (Supporting
information; for supporting information see also the foot-
note on the first page of this article) that the overall shape
of the maps was similar in the three models and that the
relative stability and weight of the low-energy regions vary
as a function of the substituent at position 1 of the myo-
inositol unit. Thus, the fine details of the conformational
preferences of this linkage seem to be modulated by a com-
bination of steric effects and polar interactions.

In summary, the combination of the minimum-energy
torsional angles for the glycosidic linkages obtained in this
study yielded four low-energy stable structures, as depicted
in Figure 2.

The above molecular mechanics study was further com-
pleted by performing molecular dynamics (MD) simula-
tions in order to assess the validity of the structures ob-
tained by molecular mechanics and to improve the analysis
of the conformational behaviour of pseudopentasaccharide
6 by considering its flexibility features. Several independent
starting structures were considered and parallel MD simu-
lations were performed in order to explore a wider confor-
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360
270 1097.5%
> 180 J%*
90 fe; I
. (| K= R
0 90 180270360 0 90 180270350
P @
¥ e

Figure 2. Representation of the four low-energy structures derived
from the analysis of adiabatic surfaces for pseudopentasaccharide
6: in order of stability A (top right), B (top left), C (bottom right),
and D (bottom left).

mational space than with a single long simulation.[''] The
starting structures were constructed considering the main
relative and global minima found in the above adiabatic
surface analysis (Figure 1). The hydroxymethyl group
angles were initially set to the g7 rotamer except for the D-
glucosamine residue for which, according to the previous
molecular mechanics study, the gg rotamer was also in-
cluded. Thus, the structures were constructed from the
adiabatic map data, four of them (A-D, cf. Figure 2) with
the D-glucosamine g7 rotamer and two more with the D-
glucosamine gg rotamer (E based on A and F based on C).
These six structures were subjected to 2.0 ns MD simula-
tions in explicit water, except for structure B which was sub-
jected to a 4.0 ns MD. The values of the @/¥ dihedral
angles along the trajectories showed transitions between se-
veral conformations which were essentially similar to those
found in the molecular mechanics analysis (Figure 1). This
indicates that the inclusion of explicit water in the simula-
tions does not substantially alter the conformation of the
most stable structures. In the course of the simulations
some interconversions between energy wells were observed
indicating that the predicted minima were accessible. Unfor-
tunately, the length of the runs was not long enough as to
reach a steady state; therefore it was not possible to quan-
tify the conformer populations in the equilibrium. However,
the observed patterns of interconversions suggest that the
relative stability of the stable minimum may be different

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3491
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from that estimated from the adiabatic maps. The trajector-
ies of the glycosidic @/¥ dihedral angles indicate that the
ManY-a-(1-2)-Man!V linkage fluctuates predominantly
around the absolute minimum found in the adiabatic map

at @ = 90° and ¥ = 170° with transitions towards another
region at @ = 80° and ¥ = 120°. This conformational equi-
librium among these previously established conforma-
tions,[1%12] is analogous to that described for the L-serine

Figure 3. Instant values for the glycosidic ®/¥ torsional angles, GlcN"-a-(1-6)-mIns', Man'"-0-(1-4)-GIcN", Man'V-0-(1-6)-Man'"!,
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ManV-a-(1-2)-Man'V (left to right), for the MD runs using A-F (top to bottom) starting structures.
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derivative of the disaccharide Man-a-(1-2)-0-D-Man.['*! In
agreement with the energy surface analysis, no evidence of
stacked conformers at @ = 60° and ¥ = 300° were observed
in the simulations.

As for the Man'Y-0-(1-6)-Man'™ moiety the MD trajec-
tories confirm, according to the results derived from the
adiabatic maps, that this linkage is the most flexible of the
pseudopentasaccharide structure. This motif has been ex-
tensively modelled as component of oligosaccharides with
high mannose content and in most of the cases stable struc-
tures around @ = 60° and ¥ = 180° have been pro-
posed.l'®12131" Although, this consensus conformation re-
sulted to be the most stable along the MD runs of 6, an-
other less-visited structure was observed at @ = 70° and ¥
= 90°. Several examples of a similar behaviour have been
reported as a function of the position of the 1-6 glycosidic
linkage in the oligosaccharide chain, this bond being more
flexible when located in outer positions.['%!?l Along the MD
simulations, the w angle of the o-(1-6) linkage showed
stable trajectories corresponding to gt or gg rotamers, as
reported for the external Man-a-(1-6)-Man moiety of the
ManoyGleNAc oligosaccharide.'® However, the simulations
were not long enough as to reach the steady state and the
relative stability of these rotamers could not be accurately
evaluated.['”]

The Man'"-a-(1-4)-GlcN" linkage trajectories also dis-
played a fairly high degree of conformational flexibility
(Figure 3). The two minima predicted from the energy sur-
face analysis were observed; they remained stable along the
duration of the MD simulations. Transitions from the less
stable well (@ = 100° and ¥ = 70°) towards the most stable
minimum (@ = 90° and ¥ = 210°) were clearly observed.

With regard to the GlcN"-q-(1-6)-myo-Ins' linkage, the
most visited structure was also the most stable conforma-
tion predicted by the MM study at (@ = 80° and ¥ = 170°-
240°). Repeated transitions to a similar structure at ¥ =
300° together with less frequent transitions towards the
anti-¥ region, at ¥ = 60°, were detected throughout the
molecular dynamic runs. Although, the quantitative analy-
sis of populations of the potential energy surfaces lead us

to discard the minimum at W = 60°, this region corresponds
to a clear relative minimum on the energy surface. The
minor differences between the MM and MD analysis are
purely quantitative, probably due to small differences on
the force field but the results of both analyses qualitatively
converge.

Figure 4 summarizes these results showing the instan-
taneous structures for 6 along the six MD simulations.
These structures were clustered in six families based on
their glycosidic linkage torsional angles. These clusters can
be related to the minimum energy structures proposed by
energy surface analysis; they depict a gradation of global
shapes for 6 ranking from extended to clearly folded confor-
mations. The degree of folding of the structure could be
easily described by monitoring the distance between the ex-
tremes (O-3 of myo-Ins' and O-4 of ManV). It varies from
20 A for the extended forms to 12 A for the folded ones,
the extension of the intermediate conformations varying
from 15 to 17 A. During the simulations some transitions
between forms belonging to different families were detected
in spite. These results fit to a global hinge-like movement
as already proposed for 4 based mainly on NMR spectro-
scopic data,l°! which in this case is now more adequately
described by the MD simulations.

The probability of intramolecular hydrogen-bond forma-
tion, which may stabilise a particular conformation of these
myo-inositol compounds,'®l have also been analysed along
the molecular dynamics runs. The following hydroxy groups
met the criteria for hydrogen-bond donors: OH3 of Man',
OH6 and OH3 of GleN™, OH5 and OH1 of myo-Ins'. The
respective acceptors were: Ol of Man" for OH3 of Man';
O1 of Man'™ for OH3 of GlcN'"; O1 or O5 of Man' for
OH6 of GIcN™ and O1 of GlcN'™ alternatively for both
OH5 and OHI1 of the myo-Ins'. Only the pair O1 of ManY
and OH3 of Man'Y was classified as persistent hydrogen
bond through all the six MD runs. The drastic reduction
on the gg, gt, tg conformational transitions, from 30 to 9,
observed for the GleN! hydroxymethyl group in compari-
son with the other units may reflect with the engagement
of this group in hydrogen bonding.!'?!13]

Figure 4. Snapshots saved every 20 ps for the MD simulations clustered by &/¥ torsional angles.
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Summarizing, a modelling protocol based on a combina-
tion of independent molecular mechanics calculations and
molecular dynamics simulations enables an exhaustive ex-
ploration of the glycosidic linkages conformational space
and an accurate description of the dynamical features of
pseudopentasaccharide 6 in the presence of water. In spite
of the different force field and conditions, the excellent
agreement of the geometries of the stable structures pre-
dicted by both methods deserves to be remarked. Only very
small quantitative differences related to local details were
observed between the two analyses. The combination of
these two methods provides simultaneously a suitable
graphical description of the global flexibility of the pseudo-
pentasaccharide together with an exhaustive and accurate
local definition of the energies and geometries occurring at
every glycosidic linkage.

NMR Spectroscopy

The results obtained from the molecular modelling stud-
ies were validated using experimental information derived
by NMR spectroscopy. The 500 MHz 'H NMR spectrum
of 6 was fully interpreted using a combination of COSY,
TOCSY, ROESY, NOESY and '*C-HSQC experiments
(Supporting information). The sequential assignment was
based on the observation of the corresponding inter-residue
NOEs and confirmed by the downfield shift of the corre-
sponding carbon resonance. The coupling constant values
(Supporting information) proved the expected *C; confor-
mation of the monosaccharidic residues. The values of the
coupling constants calculated after the stereospecific assign-
ment of the H6 protons were used to calculate the popula-
tions of rotamers of the mannose and glucosamine resi-
dues,!'”! finding a gg/gt/tg ratio of 55:50:0 for ManV and
Man'V; 60:40:0 for Man™" and 74:13:10 for GlcN'. The in-
ter- and intra-residue NOEs were analyzed from the 2D
NOESY spectra using different mixing times ranging from
100 to 1000 ms at 283 K, 298 K and 303 K. The experi-
ments that were recorded at room temperature at 500 MHz
showed simultaneously negative and positive weak NOE
cross-peaks, indicating that, under these conditions, the wz,
value of 6 is close to the NOE null point at 1.22. The effect
of the temperature on the NOESY experiments established
that the origin of this effect is the dependence of the NOE
on the molecular tumbling. Moreover, the ROESY spectra
showed equivalent positive ROE pattern independently of
the temperature thereby confirming the proposed nature of

the effect and excluding other possible causes for the
changes of intensity and sign of the NOE cross-peaks. The
observed dispersion resides on the distribution of effective
correlation times which are themselves a function of the
global and internal motions. As the global motion should
be the same for all the interproton vectors of the same
molecule, the differences on effective correlation times must
arise from specific contributions due to the local flexibility.
The pattern of observed NOEs corresponds to a relatively
rigid central region with negative NOE effect and flexible
extremes with positive NOE. This experimental observation
confirms the MD analysis of the flexibility of 6, where
hinge-like motions around the centre were predicted. Con-
sidering the MD model of motion together with rigid resi-
dues, the effect of the internal motions should be smaller in
the centre of mass of the molecule and it should increase
along the backbone towards the extremes were it should be
a maximum.

Not all the expected NOE cross-peaks were observed at
room temperature; this is due to the low intensity of the
peaks close to the null point. However, a maximum number
of 25 intra-residue and 7 inter-residue NOE cross peaks
were detected under adequate conditions. The significant
NMR experimental distances calculated for 6, and 41°®! and
for the GPI anchor of the VSG glycoprotein!!®! at the equiv-
alent temperature (Table 1) are very similar within experi-
mental error, indicating that all the three oligosaccharides
display a common geometry. The distances observed for
the inositol end (H6-myo-Ins"«>HI-GIcN™ and H4-
GlcN"«H1-Man™) are closest for the non-phosphory-
lated compound 6 than for 4. This observation suggests an
influence of this group on the local structure as it has been
determined for compounds 1, 2 and 3.[°°! The agreement
between the experimental key distances and the calculated
values from the adiabatic maps (MM) for 6 indicates the
adequacy of the molecular mechanics results about the ac-
cessible conformational space of the glycosidic linkages
along with their relative flexibility. The MD simulations
performed on 1 followed a protocol to explore in the most
efficient way the conformational space available by using
several starting structures. Due to that, the distances calcu-
lated as the <7~°> average over the six runs might not rep-
resent a steady state ensemble and, therefore, could not de-
scribe accurately the behaviour of 6.

Finally, the presence of stable intermolecular hydrogen
bonds, pointed out by the MD simulations, was investigated
by NMR spectroscopy.l’l Such an investigation implies the

Table 1. Significant inter-proton distances calculated from NMR spectroscopic data for 4,1°°! VSG GPL!®! and 6, and calculated by MM

for 6.
VSG GPI by NMR  4by NMR at 283 K 6 by NMR at 283 K 6 by NMR at 308 K 6 by MM
myo-Ins'-H6 GlcN'-H1 2.60 2.36 2.62 2.10 2.28
GIcN'"-H4 Man'"-H1 2.40 2.23 2.38 3.10 2.38
Man""-H6R Man'V- H1 n. d. 2.67 2.63 3.05 2.66
Man'""-H6S Man'V- H1 n. d. 2.20 2.59 2.82 2.37
Man-H1 Man"-H3 n. d. 3.03 n. d. 4.50
Man!V-H1 Man"-H5 2.50 2.60 2.50 2.34 2.80
Man!V-H2 ManV-H1 2.30 2.30 2.29 2.21 2.27

3494 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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detection of the hydroxy protons in H>O solution using spe-
cific NMR experiments in acetone/water solvent mixtures,
which requires in general low temperatures and a careful
control of the pH.['”1 Once the hydroxy resonances are de-
tected, the occurrence of stable hydrogen bonds can be de-
duced from the changes in chemical shift upon bonding,
decrease of the solvent exchange rate, by the line width, the
exchange EXSY cross-peaks, or by the temperature coeffi-
cient.?"!

By using firstly the mixture acetone/water (15:85) and
ID-NMR and 2D TOCSY experiments (Supporting infor-
mation), the labile protons of 6 were detected and assigned
at 259 K. Unfortunately, the exchange with the solvent was
still too fast as to detect NOEs or exchange peaks from the
OH signals valid as indicative of hydrogen bonding even
using short mixing times. The temperature coefficients were
not calculated because the range of detection, between 263
and 259 K, was too small to guarantee reliability. A com-
parison of the proton chemical shifts between the monomer
and the pseudopentasaccharide was performed (Table 2).[1!
The protons identified by MD as potential hydrogen-bond
donors, with the exception of OH3 of GIcNY, are among
those that underwent the largest variations: (i) the OH6 of
ManV with a downfield shift of 0.09 ppm; (ii) the OH3 of
Man'V with a downfield shift of 0.29 ppm; (iii) the OH6 of
GlcN" with an upfield shift of 0.74 ppm and OH3 of
GlcN" with an upfield shift of 0.15 ppm.

Table 2. Chemical shift differences and temperature coefficients cal-
culated at 500 MHz for hydroxy protons of pseudopentasaccharide
6 at 259 K in acetone/water (85%/15)% and in DMSO/water [1:3
VIv)].

Hydroxy Acetone/water DMSO/water
group (85%/15%, vIv) (1:3, v/v)
Ad Ad AS/AT

ManV OH2 0.08 0.06 8.13

OH3 0.06 0.32 9.36

OH4 0.08 n. d. n. d.

OH6 0.09 -0.02 11.15

Man!V  OH3 0.29 0.17 7.16

OH4 0.09 n. d. n. d

OH6 0.00 n. d. n. d.

Man"  OH2 0.29 0.06 n. d.

OH3 0.10 0.106 n. d

OH4 0.11 n. d. n. d

GIeN"  OH3 -0.15 n. d. n. d.

OH6 -0.74 -0.95 8.49

myo-Ins'  OHI 0.47 0.108 8.44
OH2 0.21 0.205 8.00

OH3 0.15 0.348 7.66

OH4 0.18 0.158 7.74

OH5 0.04 0.09 7.84

In order to increase the range of temperatures for the
observation of the hydroxy signals, a DMSO/water (25:75,
v/v) solvent mixture was used. Under these conditions, the
chemical shift variation of the hydroxy resonances with re-
spect to the monomers were similar to those obtained in
water/acetone (Table 2). It is known that DMSO as solvent
slows down the chemical exchange among hydroxy protons
and enhances the formation of H bonds,?'1 which could be
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disrupted by a protic solvent such as water.??! In fact, when
this solvent mixture was used, it was possible to detect the
exchangeable protons in a wider range of temperature than
with acetone, from 273 to 253 K, making possible to deter-
mine some temperature coefficients (Table 2). The tempera-
ture coefficients (k), which are known to be dependent on
the solvent used,?!! had intermediate values and did not
allow to detect definitely those hydroxy groups engaged in
a persistent hydrogen bond. However, the lowest & value,
corresponding to the less exchangeable hydroxy proton was
observed for OH3 of Man'V (k = 7.16), while OH6 of
ManV, which is exposed to the solvent and should exchange
quickly with the solvent, has the largest value (k = 11.2).
Finally, even under the most favourable conditions, it was
not possible to detect strongly hydrogen-bonded hydroxy
groups by NOE or exchange peaks.

Thus, the exchangeable protons NMR study did not al-
low us to undoubtedly assess the occurrence of strong hy-
drogen bonds. However, some correlation between the tem-
perature coefficients and the chemical shift variations with
the MD results seems to indicate a relative protection from
the exchange with the solvent for some hydroxy groups lo-
cated in the concave side of the molecule which is the less
hydrophilic region of the molecule.

Conclusions

The present study has been focused on pseudopentasac-
charide 6 which constitutes the IPG-like structure derived
from GPI-PLD hydrolysis of a membrane GPI. Although
GPI and IPG structures have already been studied by NMR
spectroscopy and molecular modelling, the present study of
6 has allowed a higher level of accurate characterization, in
particular by using a protocol which involved a systematic
search of the conformational space around the glycosidic
linkages, a thorough molecular dynamics study with explicit
water molecules and a full NMR analysis including a study
of intramolecular hydrogen bonds in aqueous solution.

The low-energy structures have been determined by me-
ans of a systematic conformational search of all glycosidic
linkages using molecular mechanics. The most stable struc-
tures were obtained by relaxing the energy of models as
constructed by combining the low-energy conformers at
each glycosidic linkage. The most stable of these conformers
corresponds to the extended structure imposed by the syn-
¥ arrangement of all glycosidic linkages, but other relative
minima corresponding to bent structures are also predicted.
Subsequent extensive exploration of the conformational
space by parallel molecular dynamics simulations yielded
families of clustered structures related by conformational
transitions. The global shape of these families corresponds
to the low-energy structures and varies from extended to
markedly folded geometries, the global flexibility arising
from the combination of the limited oscillations of all gly-
cosidic linkages. Both, the molecular mechanics calcula-
tions (MM3 force field) and the molecular dynamics simu-
lations (GLYCAM-AMBER force field) gave consistent re-
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sults that were experimentally validated using NMR spec-
troscopy. The existence of intramolecular hydrogen bonds,
predicted by the calculations, has also been substantiated
using NMR spectroscopy by detecting the hydroxy reso-
nances in aqueous solution and observing changes in the
chemical shifts and temperature coefficients. The NMR
spectroscopic data were not conclusive of the existence of
any persistent hydrogen bond; only one of the candidates,
OH6 of GlcN", showed experimental data indicative of its
implication on a hydrogen bond.

In summary, the analysis of 6 indicates an extended
structure with a considerable flexibility compatible with a
hinge-like overall motion. As this compound represents the
GPI basic carbohydrate moiety, and considering the me-
chanical role of the GPI anchor as linker between mem-
brane and proteins, this flexibility could be connected to
their function as it will control the orientation and free
space of the attached protein with respect to the membrane.

Experimental Section

Material: Pseudopentasaccharide 6 was synthesised according to
methods which have been essentially described in the literature. A
detailed description of this synthesis will be reported elsewhere.[?3]

Molecular Modelling: The dihedral angles ®, ¥ and o are defined
according to TUPAC definition, as O5-C1-O1-C,,, C1-O1-C,—
C,+1- and O5-C5-C6-06, respectively, where C,. and C,. - are the
aglyconic atoms. For a-p-Manp-(1-6)-0-D-Manp, @ is defined as
05-C1-01-C6’, ¥ as CI-0O1-C6'-C5" and w as O1-C6'-C5'—
OR’, where OR’ is the endocyclic ring oxygen group.

Adiabatic and Probability Maps: The adiabatic maps (@,%) for all
constituting disaccharides were constructed from the correspond-
ing relaxed energy surfaces calculated by molecular mechanics
using MM3(92) force field.[>*2] These adiabatic maps are the two-
dimensional projections of a multidimensional hyperspace, where
each (@,P) point represents all the different orientations of the hy-
droxy and hydroxymethyl exocyclic groups considered in the re-
laxed maps. The starting structures where constructed using only
the most favourable conformation for each monosaccharide (*C,
chair for a-p-2-deoxy-2-aminoglucopyranose and ¢-D-mannopyr-
anose). For each monosaccharide the three staggered orientations
for the exocyclic hydroxymethyl groups were considered: gauche-
gauche (gg), gauche-trans (gt), trans-gauche (tg) in addition to the
two orientations of secondary hydroxy groups, namely clockwise
(c) and reverse clockwise (r).?°l These considerations lead to the
construction of 36 structures for each disaccharide and 12 for the
D-myo-inositol containing a pseudodisaccharide. From these start-
ing conformers the corresponding relaxed surfaces were obtained
by energetic minimization of the 1369 points obtained by the varia-
tion of @ and ¥ angles from 0° to 360° using a 10° grid step.
Finally, the adiabatic surfaces were constructed by selecting, for a
given (@,%) pair, the lowest energy structure among the relaxed
maps. Thus, each adiabatic map is composed of 36 relaxed maps
involving 49284 energy points with the exception of the ones in-
cluding D-myo-inositol pseudodisaccharides, where 12 maps and
16428 points where used. The Boltzmann probability maps were
calculated from all the relaxed maps for each disaccharide. The
points with energies larger than 2 kcal/mol from the global energy
minimum were disregarded in this calculation. Assuming that the
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entropy difference among the different conformers in negligible, the
probability P of a given (@,%) point was calculated by:

exp(—£E, /RT)
Pd),‘P = Z
I @

Z exp(E, ;o | RT)

¥

The inter-protonic distances were calculated as the sixth power
averaged distances weighted by its Boltzmann probability along the
whole @,¥ space according to:

-1/6
i=n

i -6
<F - 2o9= Z(P ot (D,‘i’,i)
®,F,i=1

Molecular Dynamics: Molecular dynamic simulations of 6, both in
vacuo and with explicit water, were performed using the AMBER
5 suit of programs?’l and GLYCAM specific force field for carbo-
hydrates.?®! Partial charges have been calculated using the HF/6-31
G* basis set with Gaussian98/>! and RESP method according to
the Cornell et al. 1994 force field. The 2.0 ns molecular dynamic
runs in explicit water were performed using 2100 TIP3P type water
moleculesP?! solvating the pseudopentasaccharide using periodic
boundary conditions in a rectangular box, of approximately
45 Ax39 Ax35 A. The virtual concentration of the pseudopenta-
saccharide was 25 mu, in order to compare with an NMR sample
concentration. All simulations were carried out in the NPT ensem-
ble, performed at 300 K as described in the literature®!! and at a
pressure of 1 bar. The temperature was kept constant using the Be-
rendsen coupling algorithm.? The SHAKER3 algorithm was ap-
plied to all bonds involving hydrogen atoms with a tolerance of
0.0005 A and an integration time step of 2.0 fs was used. Particle
Mesh Ewald (PME) method was used to account for long-range
electrostatic interactions, and van der Waals interactions were sub-
jected to a 9 A cut off. A multistep equilibration protocol was used.
First, a minimization of the solvent, followed by a short MD run
(25 ps) holding on both the pseudopentasaccharide coordinates
fixed using a constraint of 500 kcal/mol, an additional minimiz-
ation was performed allowing only the water molecules to move.
The procedure was continued with 5 equilibration cycles composed
by a minimization and a sort MD (10 ps) decreasing the constraint
applied on the solute (25, 20, 25, 10 and 5 kcal/mol). Finally, an
unconstrained MD run of 20 ps was performed in order to reach
and stabilize the temperature at 300 K. During this procedure, the
cut off for van der Waals interaction was 9 A, the integration time
step 2.0 fs and SHAKE was performed during all MD runs. The
analysis of the molecular dynamics simulations data was performed
using CARNAL and ANAL modules of the AMBER package.[*¥
The coordinates of the whole system, density and temperature were
calculated and saved every picosecond. The stability of the simula-
tions was checked by a stable behaviour of the Root Mean Square
Deviation of the atoms along the trajectories; for density and tem-
perature of the system, see Supporting information. The geometri-
cal criteria for the occurrence of hydrogen bonds were: a distance
between hydrogen-bond acceptor and donor shorter than 3.3 A,
and an angle comprised between 120 and 180°. Only pairs fulfilling
these geometrical conditions during more than the 20% of the
length of each MD run were considered hydrogen-bonded. Molecu-
lar surfaces were calculated using SYBYL 6.8.351 The Connolly
solvent accessible surfaces were generated using a radius probe of
1.4 A, and Poisson—Boltzmann electrostatic potential surfaces were
calculated using RESP partial charges for a solvent dielectric con-
stant of 80. Other types of surfaces were obtained according to the
software.
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NMR: NMR experiments were recorded with a Bruker Avance
DRX-500 spectrometer at 283, 298, and 308 K. The pseudopenta-
saccharide 6 was dissolved in D,O (500 pL) after several cycles of
deuterium exchange, the pH* was adjusted to 6.9 to yield a 7.3 mm
sample. 2D spectra were acquired in the phase-sensitive mode using
the time-proportional phase incrementation mode:[*% COSY,3”]
DQF-COSY,?® TOCSY,*”] NOESY,# ROESY™! or echo anti-
echo HSQC.*?! The size of the acquisition data matrix was typi-
cally of 2k and 512 points in the f2 and f1 dimensions for the
homonuclear experiments and 1k X256 for the heteronuclear ones.
Processing of the spectra was done with standard Bruker software.
A shifted squared sinebell window function was applied to the 2D
data matrix before Fourier transformation, and baseline correction
was applied. The NOESY spectra were acquired using nine mixing
times: 150, 200, 250, 300, 400, 450, 500, 700, and 1000 ms. Coup-
ling constants 3J(H,H) were calculated from the 2D-DQF-COSY
cross peaks using DECO software.*3l NOE-derived inter-proton
distances were estimated from the cross-correlation relaxation rates
(onog) considering the isolated pair of spin approximation, and
an isotropic tumbling of the pseudopentasaccharide, and using as
reference distances HI1-H2 of glucosamine 2.45 A and H1-H2 of
mannose 2.53 A. The dipolar relaxation rates were calculated as
the initial slope of the NOE growing rate, which were estimated as
the first order derivative and at time ¢ = 0, f(0) = P1P2 of the
curve: normalized NOE volume f{(r) = P1X[1 — exp(—P2x1)] deter-
mined by fitting the normalized NOE vs. the mixing time.*4 The
assignment of H6,,,.x and H6,,,.s has been based on the values of
the 3J5¢ coupling constants and on the chemical shifts for the H6
protons. According to the observations and the results reported
previously,!'!17) a large value is expected for 3J5s g,z and a smaller
one for 3J5¢,,,.s, and the H6,,, x signal suffers an upfield shift for
the non-reducing residue and a downfield shift for the reducing
one. The NMR experiments for the detection of the hydroxy groups
were performed with Bruker DRX-600 and DRX-500 spectrome-
ters using a 10.4 mm sample of pseudopentasaccharide dissolved
in mixtures of 85% H»O and 15% [Dglacetone for the detection
experiments and in water and [Dg]DMSO (3:1, v/v) for the mea-
surement of the temperature coefficients. The pH was carefully ad-
justed to 6.9 prior to the addition of the cosolvent. A 3 mm NMR
tube (300 uL) was previously soaked in a 50 mm solution of phos-
phate buffer (pH = 7) to minimize adsorption of impurities from
glassware.[??l Temperature coefficient experiments were recorded at
298, 293, 273, 268, 263, 258, and 253 K. Water suppression was
performed by inserting a watergate modulel*”! previous to the ac-
quisition. Gradient-enhanced or selected versions of TOCSY,
ROESY, NOESY experiments were used. ROESY and NOESY
spectra were recorded with mixing times of 50, 100, and 200 ms
with 1k spectra of 2k data points. TOCSY spectra were recorded
using 5, 10, 20, 60, and 100 ms of mixing time with 1k spectra of
2k data points. The composing monosaccharides (¢-D-methylman-
nopyranoside, D-glucosamine and myo-inositol) were also studied
at the same temperature (259 K) using '"H 1D- and 2D-COSY ex-
periments for the assignment.
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