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Understanding Sterol-Membrane Interactions Part I: Hartree—Fock versus
DFT Calculations of “C and '"H NMR Isotropic Chemical Shifts of Sterols in

Solution and Analysis of Hydrogen-Bonding Effects

Franck Jolibois,™ Olivier Soubias,'” Valérie Réat,'”! and Alain Milon**!

Abstract: 'H and “C NMR chemical
shifts are exquisitely sensitive probes
of the local environment of the corre-
sponding nuclei. Ultimately, direct de-
termination of the chemical shifts of
sterols in their membrane environment
has the potential to reveal their molec-

chemical shielding. Herein the validity
of Hartree-Fock and DFT calculations
of the *C and '"H NMR chemical shifts
of cholesterol and ergosterol are com-
pared with one another and with exper-
imental chemical shifts measured in so-
lution at 500 MHz. A computational

strategy (definition of basis set, simpler
molecular models for the sterols them-
selves and their molecular complexes)
is proposed and compared with experi-
mental data in solution. It is shown in
particular that the effects of hydrogen
bonding with various functional groups

ular interactions and dynamics, in par-
ticular concerning the hydrogen-bond-
ing partners of their OH groups. How-
ever, this strategy requires an accurate
and efficient means to quantify the in-

; 1 . copy - steroids
fluence of the various interactions on

Introduction

Cholesterol is an essential component of cellular plasma
membranes in higher organisms. It interacts with membrane
phospholipids and influences their physicochemical proper-
ties. The important membrane properties that are directly or
indirectly influenced by membrane levels of cholesterol in-
clude solute permeability in bilayer membranes,!! phospho-
lipid acyl chain mobility and orientational order in bilayer
membranes,'* and lateral packing density of phospholipids
in monolayer membranes.™*! Cholesterol also has a marked
influence on lateral phase separations,’® and on the effective
free volume of membranes,” two parameters which are di-
rectly related to the flexibility of membrane proteins (e.g.,
ion channels, enzymes) and hence to their function in mem-
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(water as a hydrogen-bond donor and
acceptor, acetone) on NMR chemical
shifts in CDCI; solution can be accu-
rately reproduced with this computa-
tional approach.

calculations

branes (for recent reviews on physical studies of cholester-
ol-phospholipid interactions, see McMullen and McElha-
ney® and Ohvo-Rekili et al.”’)). Besides affecting properties
of the host membrane, cholesterol itself is subject to restric-
tions on its motion. In fact, the lipid bilayer provides a
highly anisotropic medium that determines the preferred lo-
cation of cholesterol and governs the extent of motional
fluctuations of thermally excited cholesterol.'*!

In a membrane bilayer cholesterol inserts normal to the
plane of the bilayer, with its hydroxy group in close vicinity
to the ester carbonyl group of glycerophospholipids and the
amide bond of sphingolipids, and its alkyl side chain extend-
ing towards the center of the bilayer.>®! The largest contri-
bution to cholesterol-phospholipid interactions appears to
be from van der Waals forces and hydrophobic forces.'’:¥l
Furthermore, it has been suggested that the interactions of
cholesterol with sphingolipids and glycerophospholipids can
further be strengthened by hydrogen bonding of the choles-
terol hydroxy group to the polar head group and interfacial
regions in the lipids.®'**! There have been many sugges-
tions of hydrogen bonding between cholesterol and certain
atoms of phosphatidylcholine,'>?'?! but so far there are
limited direct experimental data supporting these propos-
alS.[12'28]

To analyze the interactions between membrane lipids and
cholesterol, it is necessary to perform data acquisition di-
rectly on the membrane—cholesterol system. Among the dif-
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ferent experimental methods available to study sterol-mem-
brane molecular systems, solid-state NMR spectroscopy is a
powerful tool that allows the investigation of amorphous
and partly mobile biological entities directly in the liquid-
crystalline lipid bilayers. Comparing the isotropic chemical
shift 0 of cholesterol in its membrane environment with
those obtained in organic solvents such as CCl, or CHCl;
would potentially reveal the nature of lipid—cholesterol in-
teractions. Unfortunately, it remains almost impossible to
extract specific microscopic information directly from these
experimental values, and the help of theoretical models is
necessary to perform this particular task.

Recent developments and implementations in quantum
chemistry allow nowadays the accurate treatment of theoret-
ical chemical shielding.™? Theoretical investigation of
sterol-type molecules is a task that can be accomplished
with standard quantum-chemical methods.®>*! Geometry
optimization, determination of theoretical spectroscopic
data such as NMR chemical shift and analysis of intermolec-
ular interactions can be treated with a good level of accura-
cy for this kind of medium-sized molecular systems. Thus,
combining quantum-chemical treatment and NMR experi-
ments should result in a better interpretation of experimen-
tal isotropic chemical shifts J,. Clearly, the complete quan-
tum mechanical treatment of cholesterol-membrane system
is unachievable. However, one can approach the simulation
of these kinds of complexes by choosing adequate molecular
models. Before this, it is necessary to calibrate a method
that permits an accurate theoretical treatment with a low
computational cost.

The first part of the present work concerns the determina-
tion of a computational strategy that allows the calculation
of theoretical isotropic chemical shifts of sterols. To this
end, we performed two types of calculations using either
Hartree-Fock (HF) or hybrid DFT (B3LYP)® with
medium-size basis sets on single cholesterol and ergosterol
molecules. The conclusion that emerged is that HF is suffi-
cient to reproduce the 'H and “C isotropic NMR spectra of
these two molecules in chloroform solution with good accu-
racy and with a small computational effort. This first study
revealed a conformational property that is necessary to re-
produce liquid-phase NMR spectra of cholesterol and ergo-
sterol. The 33-OH hydroxy hydrogen atom (see Scheme 1
for atom numbering) can adopt three rotational conforma-
tions (i.e., gauche(+), gauche(—), and anti) that are almost
isoenergetic (within 1 kcalmol™'). These three conforma-
tions exhibit different theoretical NMR spectra, especially
for C2 to C4 and the hydrogen atoms to which they are con-
nected. We show that each rotamer taken separately cannot
reproduce the experimental NMR spectrum and that one
must take into account the average value of isotropic chemi-
cal shifts to reproduce '"H and *C NMR spectra of sterols in
chloroform solution.

The second part of this work is related to the influence of
different hydrogen-bonding partners on chemical shifts of
cholesterol. Experimental *C chemical shift variations were
obtained by titration of cholesterol with acetone and water
in chloroform solution. Comparison of J;,, obtained for such
samples with chemical shifts of pure cholesterol demonstrat-
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Scheme 1. Carbon atom numbering of cholesterol (a) and ergosterol (b).
Rings A and B are defined by atoms 1 to 10.

ed that the differences are mainly located on rings A and B
(C1-C6). These experimental variations have been simulat-
ed by means of theoretical models involving simple interac-
tions between one acetone (or water) molecule and the hy-
droxy group of cholesterol. An HF quantum-chemical calcu-
lation revealed its ability to correctly reproduce experimen-
tal ®C chemical shift variations. From this theoretical inves-
tigation, we have also extracted information about the
specific influence of hydrogen bonds on NMR spectra. We
were able to separate two types of interaction—either with
the hydrogen or the oxygen atom of the hydroxy sterol
group—that result in inverse modifications of C NMR
spectra.

Results and Discussion

Chemical shifts of pure cholesterol and ergosterol: The ge-
ometry of the cholesterol molecule was optimized according
to the two different computational schemes described in the
Experimental Section. The starting geometry for HF geome-
try optimization was the crystal structure,”” from which side
chain atoms C23-C27 were deleted, with a gauche(—) con-
formation for the hydroxy hydrogen atom (C2-C3-O-H=
—60°; see Scheme 1 for atom numbering and Figure 1 for
definition of angle).

-60°
C, C, C CyC5 C,
+60° u

H 4 H +180°

gauche (+) gauche (-) anti

Figure 1. Newman representation of the three rotational isomers around
the C3—O bond. These isomers are discriminated according to C2-C3-O-
H dihedral angle.
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The HF-optimized geometry was used as the starting
point for the DFT optimization. As is well known, DFT and
HF structures are not identical, but we will not discuss this
point in the present article. We focus our attention on the
quality of NMR isotropic chemical shifts calculated with our
different computational schemes in comparison with experi-
mental data (our work and ref. [38]). To evaluate the apti-
tude of each strategy for reproducing liquid isotropic chemi-
cal shifts of pure cholesterol, Pearson correlation coeffi-
cients R of the least-squares regression line (theory versus
experiment) were calculated. One observes that DFT (R=
0.9993) gives a better fit to experiment than HF (R=0.9980)
when "C isotropic chemical shifts are considered (Table 1).

Table 1. Cholesterol *C and 'H theoretical chemical shift variations compared with experiment, d,o—Oexpu (in

ppm), calculated for atoms in positions 2—4.1%!

density of the hydroxy hydrogen atom. On the other hand,
equatorial hydrogen atoms attached to these two carbon
atoms do not interact directly with the hydroxy hydrogen
atom and are more deshielded. Considering that the main
effect is due to the orientation of the hydroxy hydrogen
atom, one can assume that other orientations might induce
different chemical shifts. Consequently, two other rotamers,
gauche(+) (C2-C3-O-H ca. +60°) and anti (C2-C3-O-H ca.
180°) were optimized. The structures of these three isomers
are almost isoenergetic (maximum energy difference ca.
1 kcalmol ™! at the HF or DFT level). In the case of the
gauche(+) conformation, the major effect is observed for
the hydrogen atom attached to C2, and especially for the
equatorial hydrogen atom that
exhibits a large shielding com-
pared with experimental value

(difference of 0.4-0.5 ppm). On

Position Hartree-Fock i the other hand, for the anti con-
gauche(+) gauche(—) anti Mean " . h in diff
BC H BC H B H BC H ormation, the main difference
2 (a) 137 0.29 131 028 144 0.27 0.42 009 compared with the experimen-
2 (e) _037 021 017 0.01 tal value is observed for the
3 -3.13 0.07 —-3.03 0.20 -3.10 0.07 —3.09 0.11 equatorial  hydrogen  atom
4 (a) 237 0.10 0.38 —0.42 0.60 0.15 —0.46 ~0.06 H4(e) attached to C4 (differ-
4(e) 0.16 0.21 —0.38 000 " ence of 0.4-0.5ppm). In both
R 0.9979 0.9887 0.9980 0.9869 0.9980 0.9882 0.9981 0.9936 . .
cases, the interaction of the hy-
Position Density functional theory droxy hydrogen atom is essen-
h he(— ti M . . . C .
- gauc e(l-g ae gauc e(lH) oe antt H e eaan tially localized in the vicinity of
2 (a) 3.37 0.11 3.31 0.36 0.41 0.08 2.09 0.05 the equatorial hydrOgen atom
a . . . —U. —U. . 3 —U.
2 (e) —0.47 0.02 ~0.05 ~0.17 (H? for S“”Chf"("‘) and H4 for
3 -025 0.17 —0.14 —0.01 —0.14 0.16 -0.18 011  ant)), which induces a large
4 (a) -0.32 0.09 3.56 -0.33 3.85 0.15 2.36 -0.03 shielding compared with experi-
4(e) -0.12 —0.03 —0.53 =023 ment. Consequently, none of
R 0.9992 0.9834 0.9993 0.9832 0.9990 0.9823 0.9994 0.9873

these structures is able to cor-

[a] Chemical shifts were calculated by HF and DFT strategies (see text for details) for the three rotamers of
cholesterol. The Pearson correlation coefficient R of the least-squares regression line (theory versus experi-
ment) was calculated for all carbon or hydrogen atoms. Experimental chemical shifts were determined in
chloroform solution as indicated in the Experimental Section. Better R values are obtained by using mean
values, both in the case of C and 'H. (a) and (e) denote axial and equatorial protons, respectively.

On the other hand, the HF strategy is slightly better than
DFT for 'H isotropic chemical shifts, with R(HF)=0.9869
and R(DFT)=0.9832. However, while R values shows that
the average description of NMR spectrum is theoretically
appropriate, several important differences between theory
and experiment can be noted if one examines the details of
BC and 'H isotropic chemical shifts of the gauche(—) confor-
mation (see Table 1). These differences essentially concern
the region of cholesterol that is close to the hydroxy group
[C2, C3, C4, H2, H3, and H4]. More specifically, the chem-
ical shift calculated for axial hydrogen attached to C2 and
C4 is too small compared with experimental values. The the-
oretical chemical shift of equatorial H2 and H4 is too large
with the HF calculation and almost identical to the experi-
mental value with the DFT method. This can be interpreted
in term of interactions between hydrogen atoms. For the
gauche(—) conformation, the hydroxy hydrogen atom
adopts an axial type of configuration. Consequently, axial
hydrogen atoms attached to C2 and C4 exhibit a more pro-
nounced shielding due to interaction with the electronic
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rectly reproduce isotropic NMR
chemical shifts obtained in so-
lution. Nevertheless, one must
not forget that NMR experi-
ments are generally performed
at room temperature and thus
observed chemical shifts correspond to average values over
many conformations. Accordingly, we calculated '"H and C
isotropic chemical shifts as average values over the three ro-
tamers. First, by considering part of the molecule close to
the hydroxy group, HF 'H isotropic chemical shifts of H2
and H4 are in good agreement with experiment (maximum
difference 0.1 ppm), whereas DFT still gives a poorer de-
scription (maximum difference 0.23 ppm). With regard to
carbon atoms HF always underestimates the C3 chemical
shift (error ca. 3 ppm), whereas it correctly describes C2 and
C4. On the other hand, DFT is precise for C3 and overesti-
mates C2 and C4 isotropic chemical shifts (error ca. 2 ppm).
However, the correlation coefficient R calculated for the
whole molecule is better for hydrogen atoms when one cal-
culates average values of chemical shifts (R(HF)=0.994 and
R(DFT)=0.987), whereas this coefficient remains un-
changed compared with separate rotamers for >C chemical
shifts (see Table 1). In every case, the slope calculated by
linear regression (theory versus experiment) is close to the
ideal value of 1 and the intercept is close to zero. However,

www.chemeurj.org Chem. Eur. J. 2004, 10, 5996 — 6004
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the DFT intercept calculated for C chemical shifts exhibits
a large value (4 ppm) that can be interpreted as a systematic
error due to the method. In order to make a final choice be-
tween the two computational strategies, root mean square
difference (RMSD) and maximum errors were calculated.
The results presented in Table 2 indicate that both theoret-

Table 2. Root mean square difference (RMSD, in ppm), maximum theo-
retical error (max error, in ppm) compared with experiment, Pearson cor-
relation coefficient R, slope and intercept (in ppm) of the least-squares
regression line (theory versus experiment) for cholesterol and ergosterol
with the two computational schemes (see text for details). All carbon or
hydrogen atoms were used for the regression determination. Values in
parenthesis correspond to the atom number for which the maximum
error is observed.

HF DFT

cholesterol 'H e 'H BC

R 0.9936 0.9981 0.9873 0.9994
slope 1.05 0.96 0.98 0.96
intercept —0.05 0.86 0.08 4.08
RMSD 0.13 2.36 0.16 2.68
max error 0.37 (6) 5.02 (14) 0.48 (15a) 5.48 (10)
ergosterol 'H e 'H BC

R 0.9952 0.9985 0.9932 0.9995
slope 1.04 0.97 0.99 0.95
intercept —0.04 1.24 0.06 4.56
RMSD 0.14 2.47 0.15 2.95
max error 0.29 (18) 5.02 (17) 0.29 (15a) 5.55 (10)

ical strategies reproduce experimental isotropic chemical
shifts with almost the same degree of accuracy (RMSD of
less than 0.2 and 3 ppm for 'H and *C, respectively). These
deviations are essentially identical to those obtained for dif-
ferent molecular systems using different theoretical ap-
proach.P2¥11 Consequently, we are confident about our cal-
culations and we can conclude
that HF calculation of isotropic
chemical shifts with the 6-
31G(d,p) basis set on HF/

ieved with both computational strategies. Moreover, we
were able to reproduce the similar behavior of 'H chemical
shifts of the hydrogen atom close to the hydroxy group as a
function of OH rotamer. This analogous behavior confirms
the necessity of taking into account the average value of iso-
tropic chemical shifts among the anti, gauche(—) and
gauche(+) conformational isomers to simulate experimental
NMR spectra of sterols in solution. Second, calculations on
ergosterol confirm our previous conclusion that HF calcula-
tions with a medium-size basis set for spectroscopic calcula-
tions are sufficient to reach a good level of accuracy.

In calculations on both sterol molecules, statistical corre-
lation (R value) is worse for "H chemical shifts than for *C
chemical shifts with both theoretical approaches. This may
be interpreted by the fact that the 'H shielding constant is
more sensitive than the "*C shielding constant to the varia-
tion of C—H bond length.[*¥ The fact that geometry optimi-
zation with a minimal basis set (STO-3G) is adequate for
this type of theoretical work is certainly related to the ring
structure of sterols, which is a basic hydrocarbon skeleton
without lone pairs and significant ionicity variations. Fur-
thermore, molecular conformations are averaged in solution
at room temperature, and thus, for comparison with experi-
mental NMR data, low-level theoretical geometries ap-
peared to be a good compromise between precision and
computational time.

Despite the fact that we were able to find a reasonable
computational strategy to calculate isotropic chemical shifts
of two sterols, this study has revealed a peculiar behavior
that is connected to the conformational rotameric states of
the hydroxy-hydrogen atom. To elucidate this behavior, the-
oretical isotropic chemical shift differences between sepa-
rate isomers and values calculated by averaging the contri-
bution of each isomer were calculated. Results are reported
in Figure 2 for both sterols at the HF level. Changes in the

Table 3. Ergosterol *C and 'H theoretical chemical shift variations compared with experiment, Otheo—Oexp (IN
ppm), calculated for atoms in positions 2—4.1

STO3-G-optimized geometry is Fosition Hartree-Fock _
| ve f gauche(+) gauche(—) anti Mean

.a good a ternatlv.e or reproduc- B3C H B H 13 'H B3 H
ing the experimental NMR -7 124 0.30 111 —026 157 0.26 0.26 0.10
spectrum of cholesterol with () —036 0.22 0.19 0.02
sufficient accuracy. 3 —2.42 0.08 —2.34 0.20 —-2.39 0.07 -2.38 0.12

To confirm this strategy, the 4(a) —2.15 0.19 0.68 —0.36 0.80 0.22 —-0.22 0.02
same analysis was performed 4(e) 0.10 0.16 —0.42 —0.05

R 0.9984 0.9913 0.9985 0.9919 0.9984 0.9907 0.9985 0.9952
on ergosterol. Its geometry was — : _
optimized and its 'H and B¢ Position () hD(enjlty functional theory - "
. . . . aucne! aucne(— antt can
1sc?troplc chepncal shifts f:leter- e 8 ' B3C & Hq e 'H 1BC 'H
mined by using the previously
. 2 (a) 3.57 0.08 3.43 —0.38 —0.19 0.04 227 —0.09
proposed computational @ 043 0.05 0.00 012
schemes. ~ Calculations ~were 3 —0.15 0.18 ~0.10 0.01 —0.19 017 -0.15 0.12
compared with the experimen- 4 (a) 0.02 0.10 4.00 —0.31 415 0.16 2.72 —0.01
tal NMR spectrum of pure er- 4 (©) —0.14 —0.04 —0.55 —0.24
R 0.9994 0.9909 0.9995 0.9908 0.9993 0.9896 0.9995 0.9932

gosterol in chloroform solution

(this work and ref. [38]). The
results presented in Tables?2
and 3 clearly indicate that the
same degree of accuracy is ach-

Chem. Eur. J. 2004, 10, 5996 — 6004 www.chemeurj.org
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[a] Chemical shifts were calculated with HF and DFT strategies (see text for details) for the three rotamers of
ergosterol. The Pearson correlation coefficient R of the least-squares regression line (theory versus experi-
ment) was calculated for all carbon or hydrogen atoms. Experimental chemical shifts were determined in
chloroform solution as indicated in the Experimental Sction. Better R values are obtained by using mean
values, both in the case of >C and 'H. (a) and (e) denote axial and equatorial protons respectively.
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Figure 2. Theoretical isotropic chemical shift differences (in ppm) between separate isomers and values calculated by averaging the contribution of each
isomer. a) '"H chemical shifts of cholesterol. b) 'H chemical shifts of ergosterol. ¢) *C chemical shifts of cholesterol. d) *C chemical shifts of ergosterol.
Black, gray, and white bars correspond to anti, gauche(—) and gauche(+) isomers, respectively. Positions 9-19 show no significant differences and are not

presented in the graphs. a: axial proton, e: equatorial proton.

conformation of the hydroxy-hydrogen atom leads to impor-
tant modification of 'H and *C NMR spectral patterns as
compared with conformationally averaged spectra. For cho-
lesterol, these variations affect atoms 1 to 6 both for 'H and
BBC chemical shifts. For ergosterol, these deviations extend
to atom 8. It is noteworthy that the largest varistions always
involve atoms 2 and 4, as already mentioned above. Finally,
while the details of the modifications are different, chemical
shift variations still remain located on the same atoms at the
DFT level (data not shown).

Hydrogen-bond effects on *C isotropic chemical shifts of
cholesterol: To obtain more insight into variations in chemi-
cal shift induced by specific intermolecular interactions be-
tween cholesterol and different chemical groups that are
present in the membrane environment, we performed sever-
al experimental and theoretical studies on two model sys-
tems. The first concerns modification of *C NMR spectra of
cholesterol induced by the presence of acetone molecules
that mimic carbonyl groups of membrane phospholipids.
The second deals with the influence of water molecules that
are present in the bulk membrane. A preliminary require-
ment is to demonstrate that our theoretical strategy is able
to correctly describe specific intermolecular interactions and
to reproduce "C isotropic chemical shift variations between
pure cholesterol and cholesterol in the presence of acetone
or water molecules, and possible other molecular partners.

Acetone—cholesterol interactions: We recorded NMR spectra
of cholesterol in the presence of acetone (see Experimental
Section). Chemical shift changes in cholesterol as a function
of acetone/cholesterol molar ratio were determined for each
atom and are presented in Figure 3 for C1 to C6. The first

6000
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Figure 3. *C chemical shift variation (in ppm) between cholesterol associ-
ated with one acetone molecule and cholesterol in vacuum (theory) and
in chloroform solution (experiment). Black bars: experiment; gray bars:
theoretical cholesterol; white bars: theoretical two-ring model of choles-
terol. The experimental data have been multiplied by the slope of the
mean-squares regression line to conserve the same magnitude for chemi-
cal shift changes (see text for slope value).

observation is that the addition of acetone significantly af-
fects only carbon atoms of rings A and B (atoms 1-6). The
localization of these variations in a region close to the hy-
droxy group could be related to that observed for the etha-
nol—cholesterol interaction.®! In this work, such modifica-
tion has been interpreted in terms of hydrogen bonds be-
tween the cholesterol head group and ethanol molecules.
Our experimental results can be interpreted in the same
way, and theoretical quantum calculations of *C isotropic
chemical shifts in the presence of acetone were performed
to confirm this interpretation. Interaction between cholester-
ol and acetone must only be considered through the hydro-
gen atom of the cholesterol hydroxy group ((CH;),C=
O,cetone” " H=Oro1)- Consequently, three structures were opti-
mized corresponding to the three OH rotamers, each hydro-

www.chemeurj.org Chem. Eur. J. 2004, 10, 5996 — 6004
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gen-bonded to one acetone molecule. *C isotropic chemical
shifts were calculated at the HF/6-31G(d,p) level on geome-
tries fully optimized at the HF/STO-3G level according to
our first computational strategy. The *C NMR spectrum of
cholesterol in the presence of acetone was calculated by
taking the average over the three rotamers, as already per-
formed for pure cholesterol. Finally, the theoretical differ-
ence between cholesterol-acetone and pure cholesterol *C
isotropic chemical shifts was calculated. It clearly appears
that significant chemical shift variations are located on C1-6
(ring A), as already observed experimentally (values not
shown). If one considers only chemical shift variations that
occur on ring A, theoretical values qualitatively reproduce
the experimental results (see Figure 3). For C1 and C5, the
chemical shift difference is positive, whereas for the other
four carbon atoms this difference is negative. The linear fit
between theoretical and experimental values gives a Pearson
coefficient of 0.9911 (e =247.300.4,y—0.004), and the
RMSD is 0.15 ppm. This implies that our theoretical treat-
ment of acetone—cholesterol interactions compared with
pure cholesterol in solution reproduces with a good degree
of accuracy the experimentally observed chemical shift mod-
ifications. The experimental data presented in Figure 3 have
been multiplied by the slope of the mean square regression
line in order to conserve the same magnitude for chemical
shift changes. If one considers the theoretical treatment of
the hydrogen bond, more accurate calculations can be envis-
aged by employing more flexible basis sets. However, it has
been recently shown that STO-3G basis set is able to cap-
ture the solvent effects in the determination of NMR chemi-
cal shifts.*’)

A smaller molecular system was also used to demonstrate
that one can reduce the computational effort for such study.
Rings A and B were conserved in our molecular model of
cholesterol, and C11 and C14 replaced by methyl groups.
With this model, chemical shift differences between pure
cholesterol and cholesterol interacting with acetone were
determined with the above-mentioned procedure, and the
results are displayed in Figure 3 together with the experi-
mental data and calculations performed with the entire cho-
lesterol molecule. The variations obtained with the small
model of the cholesterol molecule are almost identical to
those calculated by using the whole molecule. The Pearson
coefficient of the linear fit between theoretical and experi-
mental data is 0.9912 (Oypeo=244.39 6.,,1—0.0005), and the
RMSD is 0.14 ppm. Therefore, the simulation of the whole
molecular system (cholesterol +interacting molecule) is not
necessary to reproduce physical effects that are located in
the vicinity of the sterol hydroxy group. Consequently, the
smaller molecular model will be used for further theoretical
analysis of intermolecular interactions with cholesterol.

Water—cholesterol interactions: Among the different mole-
cules and chemical groups that can interact with the polar
region of cholesterol, water molecules constitute a highly
probable candidate. Consequently, the influence of water—
cholesterol interactions on *C chemical shifts of cholesterol
was investigated in the same manner as for acetone. a so-
lution of cholesterol in chloroform was titrated with water,

Chem. Eur. J. 2004, 10, 5996 — 6004 www.chemeurj.org
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and variation of *C chemical shifts was monitored as a func-
tion of water/cholesterol molar ratio. Again, the slope of the
regression line (chemical shift variation as a function of
water/cholesterol molar ratio) was determined for each
carbon atom. Chemical shift variations compared with pure
cholesterol are reported in Figure 4.

=
=

-

|

04

(arbitrary unit)

Chemical shift differences
&
o

-0.8
1 2 3 4 5 6
Carbon numbers
Figure 4. *C chemical shift variation (in ppm) between cholesterol associ-
ated with water molecules and cholesterol in vacuum (theory) and in
chloroform solution (experiment). Black bars: experiment; gray bars:
theoretical results with two-ring model. The experimental data have been
multiplied by the slope of the mean-squares regression line to conserve
the same magnitude for chemical shift changes (see text for slope value).

These variations are all negative except for C6 and have
large amplitude for C2 and C4. This is different from those
obtained with acetone and indicates that the nature of the
hydrogen-bonding interactions must be different. Water can
form hydrogen bonds to the cholesterol hydroxy group
through its oxygen atom [H,O--HO,,, denoted H,O(H)] or
through one of the two hydrogen atoms [HOH--OH,,,,, de-
noted H,0(O)]. The two types of interaction were taken
into account in the theoretical *C chemical shift calcula-
tions, and two situations were considered for H,0(O) hydro-
gen bonds, corresponding to interactions between water
molecules and the two oxygen lone pairs. Variations relative
to pure cholesterol were calculated by considering, for both
cases, the average among the three rotamers. Results are
displayed in Figure 5 for H,O(H) and H,O(O) hydrogen
bonds together with results previously obtained with ace-
tone for comparison. Chemical shift variations of cholesterol

Chemical shift differences
(ppm)
=

1 2 3 4 5 6
Carbon numbers
Figure 5. *C theoretical isotropic chemical shifts differences (in ppm) be-
tween cholesterol associated with one acetone molecule (black bars), one

hydrogen-bond acceptor such as H,0O (gray bars), one hydrogen-bond
donor such as H,O (white bars) and cholesterol in vacuum.
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are similar for hydrogen-bonding interaction to the hydroxy
group through its hydrogen atom [either acetone or
H,0(H)].

In both cases, the variation is positive for C1 and CS,
whereas it is negative for the four other carbon atoms. For
H,0(O) hydrogen bonding, chemical shift variations are
completely different. C1 and C5 exhibit a negative chemical
shift difference, C3 and C6 a positive difference and C2 and
C4 a larger negative difference. These results indicate that
the variations in cholesterol chemical shifts depend on the
nature of the hydrogen bond to the hydroxy group. The in-
fluence of a specific partner differs according to the site of
attack, either the hydrogen or the oxygen atom of the hy-
droxy group. However, the chemical shift variations do not
seem to be qualitatively affected by the nature of the part-
ner that forms a hydrogen bond to a particular site. To re-
produce the experimental chemical shift variations, one
cannot consider only one specific hydrogen bond interac-
tion. On the one hand, H,O(H) hydrogen bonding results in
positive changes for C1 and C5. On the other hand, whereas
H,0(O) hydrogen bonding leads to negative changes, the
magnitude associated with C5 is too large compared to ex-
perimental data. Consequently, one must take into account
both types of hydrogen bond to fit theoretical values to ex-
perimental one. Such a fit was obtained by adjusting the rel-
ative amounts of water involved in hydrogen bonding to the
hydroxy H [H,O(H)] and hydroxy O atoms [H,O(O)] of
cholesterol and averaging the chemical shifts of cholesterol
over these different species. The best Pearson coefficient of
the linear fit between theoretical and experimental data of
0.9981 (Opeo =130.79 .5, +-0.052) was obtained by using the
following proportions: 30% of water in H,O(H) and 70 %
in H,0(O) hydrogen bonds. The best fit is shown in
Figure 4, in which experimental data have been multiplied
by the slope of the mean-squares regression line to conserve
the same magnitude for chemical shift changes. These values
reflect the possible hydrogen-bonding sites of the cholester-
ol hydroxy group. A maximum of one water molecule can
form a hydrogen bond to the hydroxy hydrogen atom of
cholesterol (H,), whereas the oxygen atom (O,) can be
involved in hydrogen bonds with two water molecules inter-
acting with the two oxygen lone pairs. Accordingly, the ratio
between these two types of hydrogen bond is 1/3 for water
hydrogen-bonded to Hg, and 2/3 for water hydrogen-
bonded to O, as approximately found by our best fit.

Conclusion

The aim of the work presented here was first to establish a
quantum-chemical computational strategy that allows the
accurate calculation of NMR isotropic chemical shifts of
sterol-like molecular systems. We have shown that the HF
level of theory with a minimal basis set (STO-3G) for geom-
etry optimization and a medium-size basis set [6-31G(d,p)]
for determination of chemical shifts is sufficient to achieve,
with a low computational effort, accuracy as good as with
the hybrid DFT approach. The comparison of theoretical
chemical shifts with those experimentally obtained in

6002

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

chloroform unambiguously revealed that one must take the
theoretical average values among three isoenergetic rotam-
ers to reproduce 'H and *C NMR spectra of cholesterol and
ergosterol.

The second part of our work focused on the influence on
cholesterol "*C chemical shifts of specific molecules that
may interact with cholesterol in a membrane. Titration ex-
periments with acetone or water revealed variations in “C
chemical shifts essentially located on the two first rings of
cholesterol (C1-C6). To clarify the nature of specific inter-
actions with cholesterol, quantum-chemical calculations
were performed on the acetone— and water—cholesterol sys-
tems by only considering hydrogen bonds to the cholesterol
hydroxy group 33-OH. These calculations revealed the apti-
tude of our computational strategy to correctly take into ac-
count the effect of these specific interactions. We were able
to reproduce the experimental variations in chemical shifts
by using average values among the three rotamers and by
using specific hydrogen-bond populations that are consistent
with chemical intuition. This theoretical approach has also
demonstrated the specific influence of hydrogen-bond
type—either with the hydrogen or the oxygen atom of the
sterol hydroxy group—on “C NMR spectra.

Thus, we have established a quantum-chemical computa-
tional strategy that allows both the accurate calculation of
isotropic chemical shifts and of specific hydrogen-bond ef-
fects. This theoretical tool will be further used to understand
the nature of specific molecular interactions in cholesterol-
phospholipid systems highlighted by solid-state NMR ex-
periments.

Experimental Section

NMR experiments: Cholesterol (>99%, Aldrich) and ergosterol
(>90%, Aldrich) were desiccated overnight to eliminate residual water
and dissolved in anhydrous CDCl; (HDO + D,0 <0.01 %, Euriso-top) to
10mM concentration. Dry acetone (HDO+D,0<0.01%) and deuteri-
um-depleted water used in titration experiments were purchased from
Euriso-top and Aldrich, respectively.

The NMR experiments were performed on a Bruker DMX narrow-bore
spectrometer operating at a 'H Larmor frequency of 500.13 MHz equip-
ped with a pulsed-field gradient double-resonance probe (7=295K). 'H
and "°C assignments were obtained by recording 1D spectra (*C spectra
recorded with single 7/2 pulse or INEPT polarization transfer) and 2D
homonuclear or heteronuclear spectra (DQF-COSY, HMQC, HMBC)
with typical Bruker pulse programs. All spectra were calibrated by using
CDCl; resonances at 7.27 and 77 ppm for 'H and "C, respectively. Typi-
cal 7t/2 pulses were 5 ps and 10 ps for 'H and "C nuclei, respectively.

For titration experiments, ’C 1D spectra were recorded for different ace-
tone (or water)/cholesterol molar ratios in CDCIl; solutions. The molar
ratio was varied between 0 and 17 for acetone/cholesterol and 0 and 3
for water/cholesterol. Chemical shift changes of cholesterol were then
monitored as a function of the molar ratio. For each cholesterol carbon
atom, saturation effect was never observed, and slopes corresponding to
the linear variation of chemical shifts with molar ratio were calculated.
The slopes for C7-C16 were almost identical, and the average of these
slopes was subtracted from all carbon data to obtain the specific variation
due to hydrogen bonding.

Computational methods: The principal aim of this work was to calibrate
a computational method that allows efficient and accurate calculations of
NMR isotropic chemical shifts of sterols. To this end, theoretical *C and
"H NMR isotropic chemical shifts d,, were compared with data obtained
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experimentally on sterols in solution. Thus, we are meeting the crucial
issue of molecular modeling, that is, obtaining the best theoretical values
with the least computational effort. Consequently, two problems of differ-
ent nature must be resolved. First, one must determine the optimum
method for geometry optimizations. Second, the electronic-structure
problem associated with NMR computations must be resolved with suffi-
cient accuracy. For the latter, it is well known that theoretical chemical
shieldings o are highly sensitive to the choice of basis set.™” The basis set
must be sufficiently flexible to correctly describe the electron density of
the molecular system but not too large in order to reduce the computa-
tional cost. Thus, we chose a double-zeta basis set augmented by polari-
zation functions on all atoms, namely, the 6-31G(d,p) basis set,!*! for all
NMR calculations. This basis set has been used in several theoretical
works and has proven its suitability for reproducing NMR chemical shifts
for large molecular systems.”**! We also investigated the choice of the
quantum-chemical method by performing NMR calculations using the
Hartree-Fock method and the hybrid DFT method B3LYP, which in-
cludes part of the electronic correlation.”>* In all cases, among the vari-
ous theories available to calculate chemical shielding tensors, the Gauge
Including Atomic Orbital (GIAO) method was adopted for the numerous
advantages it offers."*>!l

For geometry optimization, two strategies were tested: a computationally
inexpensive one that combines the HF method with a minimal STO-3G
basis set*! and a more costly one that involves the B3LYP method and
the 6-31G(d,p) basis set. If one then combines the structure and NMR
problems, one obtains four computational schemes. However, we decided
to investigate only two alternatives. First, NMR calculations were per-
formed at the HF level on structures optimized at the HF level with the
minimal STO-3G basis set (denoted HF/6-31G(d,p)//HF/STO-3G).
Second, NMR calculations were performed with the B3LYP method and
6-31G(d,p) basis set on geometries optimised at the same level (denoted
B3LYP6-31G(d,p)//B3LYP6-31G(d,p)). For the sake of simplicity, we will
use HF and DFT to denote the two methods. All calculations were per-
formed with the Gaussian98 package.™!

In the liquid state, the observable quantity is the isotropic chemical shift

Os0 =00y, where 0y, and 0% are the isotropic chemical shieldings of
the compound of interest and of the standard reference compound (tetra-
methylsilane, TMS), respectively. *C and "H NMR chemical shieldings of
TMS were calculated with both computational strategies. Theoretical iso-
tropic chemical shifts d;, of sterols were obtained by using values of iso-
tropic chemical shieldings calculated at the same level of theory so that
the same errors due to the method were introduced for both values of
Oy Theoretical *C and 'H isotropic chemical shieldings of TMS used in

this work are given in Table 4.

Table 4. Theoretical TMS *C and 'H chemical shielding (in ppm) ob-
tained by the two computational strategies. Computational details are
given in the Experimental Section.

Atom HF/6-31G(d,p)// B3LYP6-31G(d,p)//
HF-STO-3G B3LYP6-31G(d,p)

i 204.66 191.89

'H 32.56 31.75

Concerning interactions of cholesterol with acetone or water, we used
the supermolecule model to simulate specific hydrogen bonding to the
hydroxy group of cholesterol (see below for more details of calculations).
Note that this work aims to reproduce isotropic chemical shifts on sys-
tems in liquid phase. Ideally, one would do molecular dynamics averaging
at finite temperature on sterol n-mers or on the sterol-acetone or sterol—
water molecular system to obtain a reasonable representation of solution
isotropic shifts. Moreover, this procedure would have the advantage of
including a large number of possible molecular configurations in solution,
whereby the shieldings are calculated for each configuration, weighted by
a factor that depends on appropriate partition functions.*** However,
since the number of configurations in solution is huge, this type of theo-
retical approach remains computationally very expensive, and this goal is
almost unachievable in an affordable time. Thus, optimization of geome-
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tries in vacuum, which is a standard procedure in quantum chemistry, is
still reasonable. If one only uses the agreement between experimental
and calculated NMR chemical shieldings as a criterion of success, it is
conceivable that good agreement can be reached by the use of optimized
geometries that underestimate the interatomic bond lengths in conjunc-
tion with a method of calculating chemical shifts that underestimates the
shielding or vice versa.l’

Finally, in the supermolecule approach using either small or medium-size
basis sets, it is well known that calculations can be subject to basis set su-
perposition errors (BSSE). Consequently, the counterpoise method?”
using ghost orbitals for the GIAO calculations was employed for the ace-
tone—cholesterol and water—cholesterol molecular systems to estimate the
error in the calculation of chemical shifts when BSSE is neglected (data
not shown). For both molecular systems, the root mean square difference
of BC chemical shifts with and without counterpoise ghost orbitals is
about 0.07 ppm, which is a relatively small error compared with the
chemical shifts variations that we intend to reproduce. These results are
in agreement with previous theoretical works. 26!l
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