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The disaccharide trehalose (TRH) strongly affects the physical properties of lipid bilayers. We investigate
interactions between lipid membranes formed by 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and TRH using NMR spectroscopy and molecular dynamics (MD) computer simulations. We compare
dipolar couplings derived from DMPC/TRH trajectories with those determined (i) experimentally in TRH
using conventional high-resolution NMR in a weakly ordered solvent (bicelles), and (ii) by solid-state
NMR in multilamellar vesicles (MLV) formed by DMPC. Analysis of the experimental and MD-derived
couplings in DMPC indicated that the force field used in the simulations reasonably well describes the
experimental results with the exception for the glycerol fragment that exhibits significant deviations. The
signs of dipolar couplings, not available from the experiments on highly ordered systems, were
determined from the trajectory analysis. The crucial step in the analysis of residual dipolar couplings
(RDCs) in TRH determined in a bicelle-environment was access to the conformational distributions

Received 28th April 2015,
Accepted 21st July 2015

DOI: 10.1039/c5cp02472b derived from the MD trajectory. Furthermore, the conformational behavior of TRH, investigated by

J-couplings, in the ordered and isotropic phases is essentially identical, indicating that the general
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Introduction

The bioprotective properties of saccharides in general and trehalose
(TRH) in particular have motivated significant attention in the
scientific literature.'™ These properties have stabilizing effects on
biological membranes under extreme thermal and mechanical
conditions, which are particularly important during the process of
dehydration.® Although the detailed mechanism of trehalose-
membrane stabilization is not yet clarified, the effect of preserving
the cell structure and biological function is well known.

Several approaches for the molecular description of membrane-
sugar interactions have been suggested: (a) a preferential exclusion
model, where sugars are excluded from the vicinity of the lipid
membrane, thus preserving the natural hydration shell of the
bilayer,"*"® (b) the water-entrapment hypothesis, resting on the
assumption that the sugars interact strongly with both lipids and

water, which increases favorable hydration near the membrane,'*™"*
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assumptions in the analyses of RDCs are well founded.

and the vitrification hypothesis, where a glassy sugar-water matrix
that protects the membrane from mechanical stress is formed."®°
There are, however, clear indications that the explanation may
consist of a combination of several hypotheses. Two key concepts
relevant for these studies are the hydration process®*>* and the
conformational behavior of trehalose.>™”

Many experimental and theoretical approaches have been
employed to study membrane-sugar interactions. In particular,
computer simulation is a powerful tool for investigations of the
detailed picture of complex biological systems, and several studies
of lipid bilayer-trehalose interactions have been reported using
different degrees of sophistication for the interaction model.**%3°

Recently,” we carried out molecular dynamics (MD) computer
simulations for analysis of interactions between a 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) bilayer and trehalose (see
Fig. 1). Using MD simulations and a simple two-state interaction
model we were able to confirm the hypotheses indicated above,
suggested for the explanation of the membrane-sugar inter-
actions. We showed, by calculating the net affinity of TRH for the
DMPC bilayer, that the concept of attraction (low TRH content)
and exclusion (high TRH content) of sugars from the membrane
can be used in fully hydrated as well as in dehydrated membranes.
Furthermore, the replacement of water by trehalose molecules was
observed at the bilayer interface. The compressibility modulus and
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Fig. 1 Schematic structures of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid and trehalose (TRH) molecules with the relevant coordinate

system and dihedral angles.

increased order, manifested by a drastic reduction in the lateral
diffusion were attributed to the formation of a glassy state upon
increased TRH content.

In the present work we have carried out measurements of NMR
spin-spin interactions on trehalose in isotropic and ordered
systems. In the isotropic liquid only the J-couplings are observable,
whereas the direct dipolar interactions are averaged (by the rapid
molecular tumbling) to zero. In the anisotropic systems, on the
other hand, direct dipole-dipole interactions can be observed and
provide valuable information on the molecular structure and the
orientational order. In principle, there are two NMR spectroscopy
techniques to study anisotropic dipolar interactions: (a) conven-
tional high-resolution NMR where a weakly ordered solvent®”>°
is used, and (b) solid-state NMR.**"*?

Weakly ordered anisotropic media, used for measurements of
dipolar interactions (frequently referred to as residual dipolar
couplings or RDCs), consist of dilute bilayer-like assemblies
(bicelles) formed by various lipids, e.g. DMPC and DHPC. For
carbohydrates, RDCs provide important information about the
complex conformational processes taking place in solution.**™*

We have used trajectories generated in the MD simulations
carried out in the previous study® for interpretation of experi-
mental herein acquired NMR parameters and analyses of the
membrane-TRH interactions. A combination of MD computer
simulations and NMR spectroscopy is a powerful tool for inves-
tigations of the detailed molecular picture of complex chemical
systems, since all possible dipolar interactions can readily be
calculated from an MD trajectory.

Methods

Molecular dynamics simulations

The trajectories used in the analyses were generated in our
previous investigation, focused on the interactions of trehalose
and the DMPC bilayer.”

The MD computer simulation study was carried out with a lipid
bilayer consisting of 128 DMPC molecules with ten different
trehalose concentrations: 0-260 TRH molecules (labelled as TRHN,
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where N is the total number of TRH molecules), corresponding
to a maximum trehalose content of wyry = 0.20 (wt/wt). The
water content in all the simulations ranged between 10 000 and
14 000 molecules. Only the most essential details of the method-
ological aspects are repeated here. The lipid interactions were
modeled using the CHARMM-based and AMBER-compatible
force field SLIPIDS (Stockholm Lipids).>> The TRH interaction
parameters were GLYCAMO6-based®® and AMBER-compatible.
The water interactions were described using the TIP3P model.”*
Both AMBER and SLIPIDS force fields were parameterized
employing the TIP3P water model. Whereas the dynamics of
TIP3P water is known to be too fast, the equilibrium properties
are in good agreement with experimental results.>>>® In parti-
cular, the O-O radial distribution function (go_o) and the heat
of vaporization are correctly predicted indicating that hydrogen
bonds formed by water are reasonably well described, even
though the kinetics is not. The simulations were carried out in
the GROMACS v4.5.5 program suite®” in the NPT ensemble at a
temperature of 310 K and a pressure of 100 kPa. All electro-
statics were treated with the Particle Mesh Ewald (PME) sum-
mation method.’® The simulations were subject to 100 ns of
equilibration, after which 100-140 ns were used for analysis.
The MD simulations of trehalose in the isotropic aqueous
solutions were carried out in three different samples with 10,
50 and 100 TRH dissolved in 5000 water molecules, corresponding
to 0.1, 0.5 and 1.0 M solutions.

Experimental
NMR spectroscopy

The disaccharide a,a-trehalose (a-p-Glucopyranosyl o-p-Gluco-
pyranoside) was obtained from Nutritional Biochemicals
Corporation (Cleveland, Ohio, USA) and the lipids 1,2-dihexanoyl-
sn-glycero-3-phosphocholine (DHPC) and 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) were purchased from Avanti Lipids
(Alabaster, Alabama, USA). The lipid bicelle sample was pre-
pared by dissolving DHPC (33 mM) and DMPC (94 mM) in D,O
(lipid ratio 1:2.8; lipid concentration 8% w/v). The preparation
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was vibro-mixed for 5 min, heated to 38 °C for 30 min and then
cooled to 5 °C for 30 min. The procedure was repeated three
times. The cooled mixture (0.55 mL) was added to an NMR tube
containing 9.4 mg of TRH that had been freeze-dried from D,0,
resulting in a ~50 mM solution. Measurements in the isotropic
phase were performed on a TRH sample (106 mM) in D,O with
trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (TSP, 1 mM)
as the chemical shift reference (dy = 0.0). Resonance assign-
ments were facilitated by chemical shift data available from the
literature.”® NMR experiments were recorded on a 600 MHz
Bruker AVANCE III spectrometer equipped with a 5 mm inverse
Z-gradient TXI (*H/**C/*'P) probe at 38 °C, calibrated with a
methanol-d, sample.®® The anisotropy of the system was moni-
tored by measurements of the *H quadrupolar coupling of D,O,
ranging between 13.7 Hz and 14.0 Hz as determined prior to
and after the experiments had been performed on the sample.

The J-HMBC experiments® were acquired with 32 scans and
with scaling factors x varying between 21 and 27. The number of
points in the F, and F; dimensions were 8k and 512, respectively;
carrier frequencies were set at 3.0 ppm and 55 ppm, respectively,
and the spectral widths were set to 6 ppm and 100 ppm,
respectively. The free induction decays (FIDs) were zero-filled
to 16k in the indirect dimension and linear prediction using 64
coefficients and 512 points were applied to the indirect dimen-
sion prior Fourier transformation with magnitude processing in the
direct dimension. Two- and three-bond heteronuclear couplings
were extracted from projections in the indirect dimension at
different 'H chemical shifts. The measured couplings were
divided by the corresponding scaling factor and averages from
four different experiments were calculated.

The "H,"*C-HSQC-HECADE experiments®*®* were recorded with
16k and 512 data points in the F, and F; dimensions, respectively,
and the carrier frequencies were set at 3.0 ppm and 60 ppm,
respectively, using 16 scans. The duration of the TOCSY mixing
time was 80 ms and the scaling factor of the 'Jcy splitting in the
indirect dimension was set to 0.8. The FIDs were zero-filled once in
each dimension and an exponential window function of 0.3 Hz and
a cosine window function were applied to the F, and F; dimen-
sions, respectively, prior to Fourier transformation. One-, two- and
three-bond heteronuclear couplings were extracted from the differ-
ences in the peak-position along the F, dimension of the doublet
components (F; dimension, E.COSY-type cross-peak) and the sign
of the couplings was determined from the cross-peak tilt relative to
the one-bond couplings that were assumed to be positive.

The 'H,"*C-CT-CE-HSQC experiments®* were performed with
64 scans and the number of points in the F, and F; dimensions
were 1k and 512, respectively; carrier frequencies were set at
3.2 ppm and 77 ppm employing spectral widths of 7 ppm and
165 ppm. The FIDs were zero-filled to 16k in the indirect dimen-
sion and linear predictions using 36 coefficients and 512 points
were applied to the indirect dimension prior Fourier transforma-
tion. One-bond heteronuclear couplings, scaled by a factor of 2.0,
were extracted from projections of the indirect dimension at
different 'H chemical shifts.

The phase-sensitive "H,"H-DQF-COSY®> experiments were
performed using 8 scans. The carrier was set to 4.65 ppm and
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the spectral widths were 4 ppm in both dimensions. The number
of recorded data points in the F, and F; dimensions was 32k
and 128, respectively; zero-filling was carried out to 256k and
512 points prior Fourier transformation. Resolution enhance-
ment was achieved in the direct dimension by applying a
Lorentzian-to-Gaussian window function (Ib = —0.5 Hz and
gb = 0.2) to the FIDs. Vicinal 'H,"H couplings were extracted
by the analysis of multiplet patterns of cross-peak slices taken
in the direct dimension using the J-doubling methodology®®
employing an in-house written Matlab script.

Results and discussion
NMR dipole-dipole interactions

Dipolar couplings in DMPC. We start the analysis by consider-
ing the "H-"*C dipolar couplings in DMPC that were determined
in our previous solid-state experimental study®” of lipid bilayers.
The information contained in these couplings is identical (in the
fast limit of the NMR time scale) to the quadrupolar interac-
tion determined from deuterium NMR spectra. The "H-'3C
dipolar coupling (in Hz) can be calculated from the MD trajectory
using

dyj = 7”08%/7&@(3 cos*0; — 1)’:'1'_3>0 1)
where 0;; is the angle between the spin-spin vector and the
bilayer normal, r; is the spin-spin distance, and the other
symbols have their usual meaning. In our MD simulations the
bond lengths were constrained using the LINCS®**® algorithm,
therefore the C-H bonds had an ¢y = 109 pm (as in the force field),
which corresponds to the vibrationally averaged C-H distance in
methylene groups.”® The angular bracket denotes an average over
all molecular orientations and corresponds to Scyy7* >, where Scy is
the standard order parameter used for characterization of the
local order in membranes. We assume that the bilayer normal
and the z-axis of the simulation box coincide. In analogy with
deuterium quadrupolar splittings, the experimental dipolar
couplings provide information on the magnitude, but not on
the sign of the interaction. In contrast, both the magnitude and
sign are obtained for the dipolar couplings calculated from the
MD trajectory. Thus, the sign of the experimental couplings
can be derived for all the interactions by a combination of
information contained in experimental and calculated dipolar
couplings. In Fig. 2 the experimental and the trajectory calcu-
lated (using eqn (1)) dipolar couplings are displayed for the
different fragments of DMPC in the TRHO sample, which does
not contain any trehalose. Clearly, the signs of all the couplings
can be predicted using the values calculated from the trajectory.
The only exceptions are the dipolar couplings of the g2 and g3
carbons where the simulated values significantly deviate from
the experiments and prevent the determination of the sign(s).
This deviation can be ascribed to an imperfection of the force
field used in the present MD simulation, which has in fact
recently been pointed out.”" In addition, the motion of these
fragments is considerably slower than other conformational
transitions, which limits a proper averaging, resulting in large
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Fig. 2 NMR dipolar couplings in DMPC: the negative and positive values
of the experimental dipolar couplings correspond to black and blue circles,
respectively. The values derived from the trajectory are represented by red
crosses with associated error bars (corresponding to 1 SD). In principle, the
different fragments of the alkyl chains can correspond to four different
dipolar interactions. In the experimental study,*? we were at most able to
determine three couplings in one fragment (C2gl and C2g2). Thus, the
individual couplings (A and B) in the methylene group were assigned based
on the best agreement between calculated and experimental values.

error bars. This dynamics can be evaluated by considering the
orientational time correlation functions (TCFs) of C-H vectors
corresponding to the NMR dipolar interactions. The TCF is
defined as” C(t) = (Doo’(22(0))-Doo’(2(2))), where Dyo*(Q2) is a
second rank Wigner rotation matrix element, and £ represents
time dependent Euler angles relating the orientation of the
bilayer normal to a vector fixed in the lipid. In Fig. 3 the TCFs of
C-H vectors are shown for methylene/methine groups, which
are denoted o, B, g1, 2» and g; (¢f. Fig. 1). The dynamics of the
C-H vectors in the choline residue (o and B methylene groups)
is significantly faster compared to those in the glycerol residue
(21, g2 and g3), which is also reflected in the larger error bars
related to the dipolar couplings (Fig. 2) of the latter. It can also
be noted that all the TCFs decay nearly to zero at longer times.
In fact, the long time limit of these TCFs is r131016 C(t) = 82,

where S> is the orientational order parameter of the vector.
Clearly, the order parameters of the C-H vectors in the g, and
g; groups are too low, which is also reflected in a too small
magnitude of the simulated dipolar couplings.

B—

93 ——
g2 ——

c(t)

- T ———

e e —

15 20 25 30
t/ns

Fig. 3 Normalized time correlation functions (TCFs) calculated for various
C—H vectors in DMPC: B (red), o (green), gz (blue), g, (magenta), and g; (cyan).
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Dipolar couplings in TRH. Experimental RDCs can be obtained
from NMR spectroscopy experiments designed to extract J couplings.
By performing experiments on two samples, one containing the
analyte in a weakly ordered medium (viz. a lyotropic liquid
crystalline phase consisting of DMPC/DHPC bicelles) and one
isotropic sample (the analyte in buffer solution only), RDCs can
be calculated as d;; = (4;; — J;)/2, where Jj; is the isotopic scalar
coupling and 4; is the corresponding apparent peak-splitting
in the spectrum” in the anisotropic phase. When J; » |dj| the
sign of the dipolar coupling can be determined readily.

Homonuclear 'H,'H couplings can be measured from the
cross-peak patterns in a phase-sensitive DQF-COSY spectrum’*
where the active coupling appears as an anti-phase doublet and
passive couplings appear in-phase. Small couplings are difficult
to extract accurately due to the spectral overlap of the multiplet
components; however, these J values can be extracted by utiliz-
ing the J-doubling methodology,*® which is based on multiplet
deconvolution. One-bond heteronuclear couplings can readily
be measured in a 'H,"*C-CT-CE-HSQC spectrum,® as half of
the cross-peak splitting in the indirect dimension (Fig. 4). The
scaling of the coupling by a factor of two increases the accuracy of
the measurement. Two- and three-bond heteronuclear couplings
can be accessed from a set of JHMBC®" experiments. The couplings
are measured in the indirect dimension and the problem with
spectral overlap can be limited by varying the scaling factor, which
also improves the accuracy of the measurements. An advantage of
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[ o
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Fig. 4 'HYC-CT-CE-HSQC NMR spectrum for measuring one-bond
heteronuclear couplings of TRH in anisotropic DMPC/DHPC bicelle medium.
The J + 2d values are determined from the peak separation in the F;
dimension (**C dimension).
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Tablel NMR couplings for spin-pairs measured in the anisotropic (4) and
isotropic (J) phases that were used to calculate the RDCs (d)

Spin-pairs A J a*

H1-H2 2.93 3.89 —0.48
H2-H3 10.65 9.90 0.37
H3-H4 8.87 9.11 —0.12
H4-H5 8.87 9.96 —0.55
H6pro-R-H5 4.78 5.25 —0.24
H6pro-S-H6pro-R -9.09 —12.08 1.50
C1-H1 175.85 172.65 1.60
C2-H2 142.50 143.82 —0.66
C4-H4 142.70 144.36 —0.83
C6-H6pro-S 144.78 144.53 0.13
C1-H1’ 3.18 3.31 —0.06
C1-H2 —-1.32 —0.82 —0.25
C1-H3 1.26 0.74 0.26
C2-H1 —1.25 —1.42 0.09
C2-H4 1.34 1.30 —0.02
C3-H1 5.44 5.51 —0.03
C3-H2 —4.19 —4.80 0.30
C3-H4 —4.43 —4.48 0.03
C4-H2 1.38 1.30 0.04
C4-H3 —4.55 —4.63 0.04
C4-Hé6pro-R 1.36 1.37 0.00
C5-H4 —4.52 —3.99 —0.26
C5-Hé6pro-R —-1.93 —1.83 —0.05
C6-H4 3.72 3.70 0.01

“ Estimated errors are +0.2 Hz.

the J-HMBC experiment is that one can determine J couplings
across the glycosidic linkage. Single- and multiple-bond hetero-
nuclear couplings can also be accessed by the 'H,”C-HSQC-
HECADE®>*® experiment, in which the coupling is measured from
a splitting in the direct dimension. The experiment additionally
yields information about the relative sign of the coupling.

These NMR experiments were used to generate a data-set of
experimentally determined RDCs for trehalose dissolved in the
lyotropic liquid crystalline phase consisting of DMPC/DHPC
bicelles (Table 1). The different experiments complement each
other not only because different types of specific information
can be extracted from them (e.g. J couplings of one-, two- and
three-bond interactions, relative sign, transglycosidic J couplings)
but also due to the fact that the same coupling can be measured
in different dimensions thus increasing the reliability of the
measurements using two methods. The number of linearly
independent dipolar vectors in TRH is reduced, compared to
other disaccharides, due to the C, symmetry of TRH which
makes the disaccharide appear as a monosaccharide in the NMR
spectrum. The spatial arrangement of atoms in the adopted *C;
chair conformation of the glucose residues results in several
parallel dipolar vectors, which also limits the number of inde-
pendent RDCs in comparison to other hexose epimers. The
magnitude of the experimental RDCs seems to be low relative
to similar systems.*>” In earlier studies of oligosaccharides
based on RDC analysis we successfully used DMPC/DHPC lipid
concentrations of 8-10% (w/v)’*”” and the study of sucrose®’
utilized an even higher concentration, viz., 22%. Herein we used
a lipid concentration of 8% and efforts were made to increase
the order of the system, thus raising the magnitude of the RDCs,
by increasing the lipid concentration (to 12%). These attempts,
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however, were fruitless as an appearance, in the deuterium NMR
spectrum, of an isotropic (central) peak in addition to the
quadrupolar coupling of D,O indicated decreased stability of
the sample. The physicochemical properties of sucrose and
TRH are undeniably different,”®”® even though they are both
nonreducing hexose-containing disaccharides, and thus, what
appears to be small changes in the molecular structure, are
indeed responsible for the experimental difficulties in studying
TRH, as compared to sucrose.

In order to derive the information about molecular structure
from the experimental and simulated dipolar couplings eqn (1)
is transformed into the following relationship®

di — — Ho “/i“/jh
Y 16T52 rl»,-3

% [SZZ (3 Coszl)ff - 1) + (Sxx - Syy) (Cosz();— — C0520?}>

+ 48y, cos 0 cos (9; + 48, cos 0 cos 05, + 48, cos 01‘, cos 0;]
(2)

where 07 (a = x, y, 2) are angles between the spin-spin vector
and the molecular-fixed axes indicated in Fig. 1. The elements
of the Saupe matrix S, given by S, (a, b = x, y, z), are called
the order parameters. If the dipolar coupling (eqn (2)) occurs
between spins in different molecular fragments, 4, S,5, and 67,
become dependent on the molecular structure. The directional
cosines were taken as averages derived from the trajectory
generated in the MD computer simulations and the order
parameters were used as fitting parameters. The TRH molecule
possesses C, symmetry; therefore, only three order parameters
Sz Sxx—Syy and Sy, are required for the full description of the
orientational order. The molecular coordinate system was
chosen (see Fig. 1) so that the C,-axis of the trehalose molecule
coincides with the z-axis, the x-axis is parallel to the vector
between the C1 and C1’ atoms and the y direction is orthogonal
to the z- and x-axes.

The experimental couplings, dji®", are displayed in Fig. 5A.
In the quantitative analysis, we employed a numerical fitting
procedure of all the couplings using eqn (2) with the three
relevant elements of the order tensor (S, Syx—Sy,, Sxy) as the
fitting parameters. The fitting was performed using a computer
code (Octave, version 3.0, http://www.gnu.org),®" which minimizes
the error sum, Q

0= %2’]: <d;_XPl _ dfja]c)Z (3)

where n is the number of dipolar couplings used in the
analysis, whereas di™ and d§ are the experimental and
calculated couplings, respectively. The indicated experimental
errors are +0.2 Hz, which are based on repeated as well as
different experiments.

In order to include the uncertainties of conformations an
error analysis of the back-calculated dipolar couplings, d',
was carried out by calculating normal distributions of d§®".
In practice, 10000 random sets of dipolar couplings were
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Fig. 5 Experimental NMR dipolar couplings in TRH (red symbols) from the
dilute lyotropic (DMPC + DHPC) liquid crystal (A) and derived from the
trajectory generated in an MD simulation of the TRH20 (blue symbols)
sample (B). For the calculated values, represented by black symbols with
associated error bars, the order parameters S,, = (—1.84 + 0.26) x 104,
Sxx—Syy =1(0.88 £0.20) x 1074 and Sy =(-26+£31) x 1075 were used (A),
andS,, = 0.03+ 0.4, S,,~S,, =0.31£0.32and S,, = 0.01 £ 0.31 (B). These
order parameters are averages obtained from the fitting procedure con-
taining 10 000 cycles, which is described in the text.

generated by using averaged values of di®* and the corre-
sponding errors. To ensure the generation of realistic dipolar
couplings, the normal distribution was truncated at +3o.
The five relevant cosines in eqn (2) were determined from the

trajectory together with their standard deviations, azi(‘::g”

o\ 172
ngxslﬁif - < <<COS 0?}“’ >r_ <COS 0?;m>N-’) > ’ W
N

where N is the number of TRH molecules and ¢ is the time
(length of the trajectory).
Again, 10 000 normally distributed cosine-values were generated

sim

in the interval +303" 0,

. Finally, the data set of d™" was used

together with the cosine-values to fit the order tensors. This
procedure resulted in a distribution of back-calculated dipolar
couplings that were used to calculate an average and a standard
deviation for each coupling, di’', corresponding to d*™".
The agreement between the experimental and back-calculated
dipolar couplings (Fig. 5A) is very good. The analysis is however
clearly limited by the very small magnitude of experimental
dipolar couplings: in fact many couplings are smaller than the
experimental errors.

We have also calculated dipolar couplings using eqn (1) and
the TRH20 MD trajectory. These couplings, d§f'¢, were analyzed
employing the same procedure as for the experimental couplings
above, and the results are collected in Fig. 5B. We note that the
simulated couplings are three orders of magnitude larger
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compared with the experimentally determined counterparts.
The reason is that in the MD simulations the TRH molecules
spend most of the time attached to the surface rather than
as free molecules in the bulk water phase. The composition
of the experimental sample is approximately 1:2.5:1100
(50:127:55000 mM) for trehalose, lipids and water, whereas
the corresponding ratio in the MD simulation box in the TRH20
system is 1:6.4:500 (20:128:10000 given as the number of
molecules). Clearly, the real sample contains a larger water bulk
and smaller membrane surface per TRH molecule, which may
partly explain a weaker association. Other possible sources of
the dramatic difference between the experimental and simu-
lated dipolar couplings are associated with a short simulation
time (140 ns) that prevents efficient averaging of the couplings,
and in addition, a too attractive interaction potential.®*

Molecular conformations

In Fig. 6 the conformational distribution functions are dis-
played for TRH with different lipid concentrations calculated
from the MD trajectories for the three relevant torsion angles ¢,
o and 0 in the molecule, corresponding to H1-C1-01-C1/,
05-C5-C6-06 and C5-C6-06-HO6, respectively (cf Fig. 1).
Clearly, there is no significant TRH concentration dependence for
any of the torsion angles under the different conditions employed.

0.04 A T T T T T
S n _
= 0.02
0 ! ! ! ! !
-180 -120 -60 0 60 120 180
ol°
0.02 S T T T T T
S 001
o
0 1 | | | |
-180 -120 -60 0 60 120 180
wl°
0.01
= T T T T T
s
o
0 1 y 1
-180 -120 -60 0 60 120 180
0/°

Fig. 6 Probability distribution functions, derived from the MD trajectory,
for the torsion angles ¢ (A), w (B) and 0 (C) in trehalose, see Fig. 1 for three
different samples: TRH50-ISO (green) in the isotropic solution, TRH20 (red),
and TRH230 (blue) in the ordered phase.
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The distribution functions determined for different concentra-
tions of TRH in the isotropic phase are essentially identical
(not shown). The ¢ torsion angle distribution exhibits, as
expected, only one state with (¢) = —47.2°. Using a Karplus-type
relationship® an average J coupling for H1-C1’ of 3.54 + 0.17 Hz
was calculated from the TRH20 distribution in Fig. 6A, and 3.62 +
0.06 Hz in the isotropic phase. The corresponding experimental
value was determined to be 3.31 & 0.25 Hz, in good agreement
with literature data of 3.0 + 0.3%° and 3.3 + 0.5Hz.** Thus, the
heteronuclear j value from the MD simulation agrees well with
that of the experiment, for which the error has been estimated by
the developers of the NMR experiment.®' Furthermore, the inter-
residue conformationally averaged effective proton-proton dis-
tances can be compared with experimentally determined *H,'H-
NOE data. Using an (r °)-relationship the effective distances
derived from the MD trajectory of an isotropic solution resulted

-1/6 —1/6
in (riguy ) =266%002 and (1) =3.0040.02A

for H1-H1' and H1-H5/, respectively. The effective distances in the

~1/6
ordered TRH20 sample were essentially identical: <1‘;,61‘H|,> =

~1/6
HI,H5,> =2.9640.02 A. In a study of tre-

2.68 +0.02 and <r—°

halose based on molecular mechanics and NOE data® the
corresponding distances were 2.8 and 2.5 A. Thus, the effective
H1-H1' inter-residue distance agrees reasonably well with the
corresponding one derived from the present MD simulation,
whereas for the H1-H5' distance in experiment and simulations
disagree significantly. It can, however, be noted that the esti-
mated error in the experimental H1-H5’ distance is very large
(#2.0 A).*® The o distributions displayed in Fig. 6B consist of
three conformational states: +g (w = +65°), —g (v = —65°), and
t (w = 180°), where g and ¢ denote the gauche and trans relation-
ships for O5 and O6. Populations of the three conformational
states related to the  torsion angle were determined by integrat-
ing the MD probability distribution functions in Fig. 6B. The
populations derived from the different MD trajectories are
collected in Table 2, being similar in both the ordered and
isotropic phases (distributions not shown here). The popula-
tions derived from the experimental spin-spin couplings in the
isotropic phase were obtained by fitting 3]H5,H6pro—R = 5.25 Hz
and *Jus yepro-s = 2.38 Hz using the +g, —g and ¢ populations

Table 2 Population distributions of the  torsion angle in TRH deter-
mined from NMR and predicted from different MD simulations based on
sJHS,HGprO_R and 3JH5,H6pro_5 values. The distribution for w in a-p-Glcp-OMe
is also included

Method g(,eo‘?) g(6on) t(lsoc) 3JHS,HéprofR 3JHS,I—[6pmnS‘
NMR 0.47 0.43 0.10 5.25 2.38
TRH10-I1SO* 0.44 0.53 0.03 5.54 & 0.62 1.962 + 0.052
TRH50-ISO 0.46 0.51 0.03 5.46 £ 1.62 1.98 & 0.42
TRH100-ISO 0.44 0.52 0.04 5.36 £ 1.89 2.04 £ 0.43
TRH20-128DMPC”  0.50 0.45 0.05 4.87 £ 1.17 2.03 £ 0.41
TRH80-128DMPC 0.45 0.51 0.04 5.40 £ 1.67 2.02 £ 0.50
NMR (a-0-Glcp-OMe) 0.49  0.42 0.09 5.58 2.28

4 TRH10-ISO: MD simulation of an isotropic phase —10 TRH molecules.
’ TRH20-128DMPC: MD simulation of a lipid bilayer —20 TRH
molecules.
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as fitting parameters. We have also determined the corres-
ponding J couplings in a-p-Glcp-OMe, 3]H5,H6pm_R = 5.58 Hz
and 3]H5,H6pm_5 = 2.28 Hz, thus being closely similar and con-
sequently so are the w torsion angle distributions (Table 2). The
relationship between the J coupling and the conformational
state (torsion angle) was established employing a Karplus-type
equation.®® The corresponding couplings derived from the
TRH20 MD trajectory were 3JH5,H6prO_R =49 + 1.2 Hz and
*J s Hepro-s = 2.03 £ 0.41 Hz.

We also consider the conformational transitions related to
the 0 torsion angle. The probability distributions are displayed
in Fig. 6C. Here all three conformational states are significantly
populated, the ¢rans conformation being the major one and the
two gauche conformations are approximately equally populated.
Given that the agreement between the experiment and simula-
tion is very good for the w torsion angle in TRH, we set out to
evaluate a relationship, which also includes the 6 torsion angle.
The ZJHGPm_RYHeprO_S coupling constant is dependent on the
conformational distributions at the w and 6 torsion angles and
was calculated from the MD trajectories based on two different
Karplus-type relationships

*Jepro-rHepro-s = —11.26 + 0.76 cos(2w) + 2.02cos(26)  (5)

2 tepro-repros = —11.23 + 0.13 cos(w) + 0.74 cos(2e)

— 0.82 cos(0) + 2.02 cos(20) (6)

where the former®® having three terms subsequently was
extended to a five term version.*® The experimental value in
the isotropic solution is given by ZjHGPm_R,HGPm_S = —12.08 Hz,
and the values calculated from the MD simulation of an iso-
tropic phase using eqn (5) and (6), were —10.924 + 0.030 and
—11.373 £ 0.043 Hz, respectively. Using the TRH20 trajectory
the corresponding values of ZJHGPrO_R,HsprO_S obtained employing
eqn (5) and (6) were —10.96 + 0.26 and —11.41 + 0.35 Hz,
respectively. The difference between experimental and calcu-
lated couplings is within ~1 Hz and the higher magnitude of
the experimentally determined value suggests that gauche con-
formations are present to a larger extent than what is observed
from the MD simulations. Furthermore, the calculated J couplings
in the ordered phase and the isotropic solution are essentially
identical.

Bilayer-trehalose interactions

Solvation and hydrogen bonding. Radial distribution func-
tions (RDFs) for hydroxyl hydrogens in trehalose and phosphate
oxygens in DMPC are displayed in Fig. 7A-C for TRH20, TRH80
and TRH230. The high intensity of all (except HO6) the RDFs
indicate a solid-like hydrogen bond structure with a low degree
of motion or exchange. The intensity decreases with increased
concentration of TRH reflecting the fact that for a larger number
of TRHs a smaller fraction is involved in hydrogen bonds with
DMPC. The HO3 hydrogen atom in TRH is the most effective
participant in the formation of hydrogen bonds with DMPC
followed by HO2, HO4 and HO6. In principle, it can be expected
that HO3 and HO4 are equally exposed to interactions with
lipids. The phosphate group of the lipids OP;,. and OP,. are

This journal is © the Owner Societies 2015
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Fig. 7 Radial distribution functions (RDFs) calculated for hydrogen atoms in TRH and phosphate oxygens in DMPC: TRH20 (A), TRH80 (B) and TRH230
(C). The average number of hydrogen bonds at every time step for DMPC with TRH (D) and water (E).

accessible for hydrogen bond formation with TRH and water
(Fig. 7D and E). These two sites are the only hydrogen bond
acceptors for TRH, whereas Oy, and Oy, readily interact with water.
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#

Fig. 8 The orientational distribution functions P(B) for the C4-C4’ vector
in TRH relative to the bilayer normal.
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An increased number of trehalose molecules leads to an increased
total number of DMPC-TRH hydrogen bonds, whereas a decreased
number of DMPC-water interactions are observed. This finding
is clearly consistent with one of the hypotheses for trehalose-
membrane interaction where water expulsion from the inter-
face is assumed.

In Fig. 8 the orientational probability distributions, P(f),
are displayed for the C4-C4’ vector in trehalose relative to the
bilayer normal. The TRH20 distribution exhibits one major
relatively narrow maximum at f = 35°, which may reflect a
single hydrogen bond of the hydroxyl group at the C3 or C4
atoms of TRH to a phosphate oxygen atom. It can be speculated
that the high population of large angles, >60°, is related to
TRH molecules that form hydrogen bonds with two different
lipids, for which the C4-C4’ vector has a perpendicular orienta-
tion relative to the bilayer normal, i.e. f &~ 90°. Upon increased
TRH content, the maximum of P(f}) shifts to larger angles. At an
even higher concentration, in the TRH230 sample, several distinct
orientations are present where the TRH molecules interact with
both DMPC lipids and associate with each other.

Conclusions

By NMR spectroscopy and molecular dynamics computer simu-
lations the lipid membrane-trehalose interactions and confor-
mations of the TRH molecule have been investigated. Both the
previously reported MD simulations® and the NMR experiments
were carried out in the isotropic solution and in the ordered
phase. NMR studies in weakly ordered media facilitate the
acquisition of both hetero- and homonuclear residual dipolar
couplings (RDCs), which provide important information about
the molecular conformations and the orientational order.
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One of the major assumptions in the interpretations of RDC,
collected in weakly ordered liquid crystals, is that the molecular
conformations in the isotropic liquid and in the ordered phase
are similar. Combination of the NMR experiments and MD
simulations is a powerful tool to test the validity of this
assumption. The RDCs in trehalose calculated from the MD
trajectory were three orders of magnitude larger compared with
the experimentally determined counterparts. The reason for this
dramatic discrepancy has been attributed to: (a) a relatively short
simulation time, (b) slow exchange of TRH molecules between
the membrane surface and the water bulk, and (c) slightly smaller
water bulk and larger membrane surface per TRH molecule
in the MD simulation. There was, however, good agreement
between the experimental and the MD trajectory calculated scalar
J couplings, which indicates a correct description of molecular
conformations in the MD simulation. Thus, although the
orientational order in the MD simulation was not adequately
described, the conformations were, and these were subse-
quently used in the interpretation of the experimental RDCs.
It should, however, be noted that the error of the orientational
order is given by a(S) ~ 1/v/N, where N is the number of
molecules in the MD simulation. Thus, for TRH20 the error is
~0.2, significantly larger than the experimental order para-
meter. The molecular conformations in the isotropic and
ordered phases were highly similar which, as mentioned above,
is the major assumption in all the analyses of RDCs.

Finally, from the MD trajectory we have calculated one-bond
C-H NMR dipolar couplings in the DMPC lipids, and compared
these with experimental values previously determined** by solid-
state NMR spectroscopy. The agreement between calculated and
experimental couplings is very good, except for the glycerol
fragment, which depends on the poor description of the torsional
potential of this fragment. The dipolar couplings calculated from
the MD trajectory also include the sign of the interaction, which
is not available from the solid-state NMR experiments.
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