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The Solvent-Dependent Shift of the Amide | Band of a
Fully Solvated Peptide as a Local Probe for the Solvent
Composition in the Peptide/Solvent Interface

Dietmar Paschek,*™ ® Matthias Puhse,”? Arnold Perez-Goicochea,™ S. Gnanakaran,
Angel E. Garcia,” Roland Winter,” and Alfons Geiger®

We determine the shift and line shape of the amide | band of a
model AK peptide from molecular dynamics (MD) simulations of
the peptide dissolved in methanol/water mixtures with varying
composition. The IR spectra are determined from a transition
dipole coupling exciton model. A simplified empirical model
Hamiltonian is employed, which takes into account both the
effect of hydrogen bonding and the intramolecular vibrational
coupling. We consider a single isolated AK peptide in a mostly
helical conformation, while the solvent is represented by 2600
methanol or water molecules, simulated for a pressure of 1 bar
and a temperature of 300 K. Over the course of the simulations,
minor reversible conformational changes at the termini are ob-
served, which are found to only slightly affect the calculated
spectral properties. Over the entire composition range, which
varies from pure water to the pure methanol solvent, a monoto-
nous shift towards higher frequency of the IR amide | band of
about 8 wavenumbers is observed. This shift towards higher fre-
quency is comparable to the shift found in preliminary experi-
mental data also presented here on the amide I' band. The shift

1. Introduction

Alanine-rich peptides have been shown to form stable helices
in an aqueous environment."” Numerous IR spectroscopic stud-
ies have focused on the thermodynamics and kinetics of helix
formation by probing the temperature-induced unfolding tran-
sition."® Recent advances in computer simulation methodolo-
gy have provided the opportunity to study the nature and
structural inhomogeneity of helix formation in great detail.”™
Simulation data have delivered insights by predicting the shift
and line shape of the amide | band, while taking into account
both the effect of hydrogen bonding and intramolecular vibra-
tional coupling.”® Moreover, the pressure dependence of the
amide | band revealed the importance of the solvent contribu-
tion to the pressure-induced red shift. The observed solvent-in-
duced shift is found to be about three to four times larger
than the contribution due to conformational changes of the
peptide®'? or the “elastic compression” of the helix. The sol-
vent effect on the IR spectrum has also been observed in pres-
sure studies of poly(N-isopropylacrylamide) in aqueous solu-
tion,"" where intramolecular hydrogen bonds play no role.
Herein, we utilize this solvent contribution to the amide
band to study the interaction of the peptide with co-solvents.
The effect of co-solvents on the stability of proteins has been
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is found to be caused by two counter-compensating effects. An
intramolecular red shift of about 1.2 wavenumbers occurs, due to
stronger intramolecular hydrogen bonding in a methanol-rich en-
vironment. Dominating, however, is the intermolecular solvent-
dependent shift towards higher frequency of about 10 wavenum-
bers, which is attributed to the less effective hydrogen-bond-
donor capabilities of methanol compared to water. The impor-
tance of the solvent contribution to the IR shift, as well as the
significantly different hydrogen formation capabilities of water
and methanol, makes the amide | band sensitive to composition
changes in the local environment close to the peptide/solvent in-
terface. This allows, in principle, an experimental determination
of the composition of the solvent in close proximity to the pep-
tide surface. For the AK peptide case, we observe at low metha-
nol concentrations a significantly enhanced methanol concentra-
tion at the peptide/solvent interface, supposedly promoted by the
partially hydrophobic character of the AK peptide’s solvent-acces-
sible surface.

attributed to the specific solvent-mediated attractive or repul-
sive interaction of the co-solvent with the protein, which leads
to a specific excess concentration of the co-solvent in the vi-
cinity of the protein.">"® Most of those studies are based on
the measurement of excess thermodynamic quantities, which
are analyzed in the framework of Kirkwood-Buff theory, by as-
suming concentration changes localized at the protein sur-
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face." Herein, we focus on the effect of the changing solvent
composition on the shift of the amide | band of a 20 amino
acid alpha-helical AK peptide with sequence Ac-AA-
(AAKAA);AAY-NMe. In contrast to our previous studies,”* we
investigate solvation changes of the mostly homogeneously
folded state of the peptide found at low temperatures. Given
that the conformational state of the peptide is only little affect-
ed, we suggest that the solvent-dependent shift of the amide |
band may be employed to determine the local composition of
the solvent in the vicinity of the peptide. Based on computer
simulations of a realistic model system and from theoretically
predicted IR spectra, we show that the water excess concentra-
tion in the vicinity of the peptide in a methanol/water mixture
can be recovered from the location of the IR band with a rea-
sonable degree of accuracy. We would like to emphasize that
complementary experimental techniques, such as circular di-
chroism (CD) spectroscopy, have to be employed to make sure
that the experimentally observed IR shifts are dominated by
the changing solvent and only affected to a minor degree by
alterations of the conformational ensemble of the peptide
itself.

2. Methods
2.1. Details of the Molecular Simulations

We performed molecular dynamics (MD) simulations of a
single AK peptide molecule in methanol/water mixtures with
the compositions indicated in Table 1. Each simulated system

Table 1. Parameters characterizing the performed MD simulation runs.?

Xieon Run length 7 [ns] Density (o) [kgm~]
0.0 40 992.39+0.04
0.02 40 985.24+0.03
0.05 40 974.91+0.03
0.1 40 958.95+0.03
0.2 40 930.37 +0.04
0.5 40 864.15+0.03
1.0 40 787.61+0.05

[a] All simulations were carried out at T=300 K and P=1 bar. Each simu-
lation contained exactly 2600 solvent molecules plus one helical 20-resi-
due AK peptide with sequence Ac-AA(AAKAA);AAY-NMe.

contained 2600 solvent molecules in a cubic box with periodic
boundary conditions. Water was represented by the three-
center TIP3P model,"® whereas methanol was described using
the TraPPE united-atom force field."”"'® For the AK peptide we
employed the AMBER-94 force field"® as modified by Garcia
and Sanbonmatsu.?*??

We performed MD simulations in the NPT ensemble using
the Nosé-Hoover thermostat at T=300K*?! and the
Rahman-Parrinello barostat®?® with coupling times 7;=1.5
and 7,=2.5 ps, assuming the isothermal compressibility to be
¥1=4.5%107° bar™". The electrostatic interactions were treated
in the “full potential” approach by the smooth particle mesh
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Ewald summation®’ with a real-space cutoff of 0.9 nm and a
mesh spacing of approximately 0.12 nm and fourth-order inter-
polation. The Ewald convergence factor a was set to 3.38 nm™'
(corresponding to a relative accuracy of the Ewald sum of
107°). A 2.0 fs time step was used for all simulations and the
water constraints were solved using the SETTLE procedure,®
while the SHAKE method was used to constrain the bond
lengths®® in methanol and the AK peptide. All bond lengths
were kept fixed. All simulations reported here were carried out
using the GROMACS 3.2 program.B®3" The MOSCITO suite of
programs®? was employed to generate appropriate start con-
figurations and topology files, and was used for the entire data
analysis presented herein. The AK peptide was inserted into
the mixture in its full helical state, and it was verified that it
stayed in this state during the initial equilibration period. Pro-
duction runs of length 40 ns were analyzed for each composi-
tion. Statistical errors in the analysis were computed with the
method of Flyvbjerg and Petersen.®® For all reported systems
initial equilibration runs of length 1 ns were performed using
the Berendsen weak coupling scheme for pressure and tem-
perature control (t;=7,=0.5 ps).?"

[27'

2.2, Calculation of the IR Spectra

The sensitivity of the amide | band in alpha-helical proteins to
hydration by water has been demonstrated experimentally.®>3¢
In addition, the structural disorder of helical peptides has been
investigated by the amount of inhomogeneous broadening in
1D and 2D IR spectroscopy.*”*¥ Here, we used an empirical
transition dipole coupling model®**" to simulate the trends
associated with the amide | band that occur due to both solva-
tion changes and structural relaxation of the AK peptide. It
was assumed that the amide | manifold states can be separat-
ed from all other vibrational modes. The transition dipole cou-
pling modified the nearly degenerate amide | modes and con-
tributed to the off-diagonal terms of an exciton Hamiltonian
matrix in the basis of these modes. These matrix elements can
be approximated by the transition dipole-transition dipole
term [Eq. (1)]:

. - i -3 n I n 7
ﬁkm:/’tk Um (nkm ‘uk)(nkm ;um) (1)

3
Tkm

where i, is the effective transition dipole of the k-th amide |
mode, 7, is the unit vector connecting the dipoles k and m,
and r,, is the distance between the dipoles.*” The empirical
transition dipole moment has a magnitude of 0.305D and is
located 0.868 A from the carbonyl carbon atom along the C=0
bond, directed 20° from the C=0 bond toward O—N."*? The
application of this empirical model must be cautioned, since
the nearest-neighbor interaction may not be properly repre-
sented.™

The diagonal matrix elements of the Hamiltonian are sensi-
tive to the amidel frequency shifts caused by coupling to
other modes and to the solvent. The contribution to the
amide | frequency fluctuations from hydrogen-bonding interac-
tions between the peptide C=0 bond and hydrogen-bond
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donors was considered explicitly. Additional amide | frequency
shifts dictated by fluctuations in geometry were neglected in
our calculations. Frequency shifts due to hydrogen-bonding in-
teractions were described in terms of geometrical considera-
tions of the solvent molecules or internal atoms, which are
suitably located to form a hydrogen bond to the C=O
group.*** We define a hydrogen bond as existing when the
distance between the hydrogen atom of a donor and the
oxygen atom of the peptide unit is less than the hydrogen-
bond cutoff distance of 2.6 A and makes favorable angles (C=
O--H and O--H—X >90°). When these constraints are satisfied,
the diagonal shift in frequency Jv, due to hydrogen bonding
(in units of cm™) is given as [Eq. (2)]:

Oy = Dy(ron — 154) (2)

where r5, =2.6 A and D,=30 cm™"A™", and ryy is the C=0--H—
X distance given in A7%*1 When more than one hydrogen
atom satisfied the above criteria, the shift was considered to
be additive. For specific hydrogen bonding to carbonyl
groups, the amide | shifts and the additive property are in
quantitative agreement with ab initio calculations for struc-
tures near the equilibrium hydrogen-bond distances.**>% This
empirical model works reasonably well for helical secondary
structures. With this simple model we have been consistently
able to capture the trends of the amide | band of helical pep-
tides with respect to solvation, temperature, and pressure for
the helix—coil transition.” Predictions based on this model
have also been confirmed by measurements.”'” However, we
are not sure how well this simple empirical model would trans-
late into reproducing amide | bands of other secondary struc-
tures.

For each configuration, the Hamiltonian was constructed
and diagonalized to obtain the excitonic frequencies and in-
tensities. In the calculation of the amide | spectrum, a separa-
tion of timescales between homogeneous and inhomogene-
ous contributions is assumed. A typical*® homogeneous de-
phasing time (T,) of 0.8 ps was employed for all the investigat-
ed solvent compositions, thus leading to an intrinsic Lorentzian
line shape with 13.2cm™" FWHM for each of the excitonic fre-
quencies. The ensemble averaging of the frequency spectrum
over all configurations obtained from the simulation naturally
models the static inhomogeneous contribution to the spec-
trum, and the dephasing describes the motional narrowing in
an ad hoc manner. The analysis was carried out for all seven
simulations with different solvent compositions. The unpertur-
bed frequency of an amide | oscillator was chosen to be v,=
1659 cm™'. The specific choice of v, is not critical for our study
because the interest is in the change of relative band shift and
shape with respect to the changing solvation conditions.

3. Discussion

The simulated TIP3P/TraPPE methanol-water model solutions
are found to satisfactorily reproduce the thermodynamic and
structural properties that are experimentally observed at 300 K
and atmospheric pressure. The calculated density variation fol-
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lows nearly quantitatively the experimental data according to
Coquelet et al.”" (see Figure 1). The simulations do not show
any phase separation tendency, as the calculated radial pair
distribution functions (Figure 2) clearly suggest. Slight system-
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Figure 1. Experimental densities for binary methanol/water mixtures at
T=303 K" compared with data from our MD simulations.
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Figure 2. Comparison of radial distribution functions g(r). a) Water-water
oxygen correlations in pure water and at Xyeon=0.2. b) Methanol-methanol
carbon correlations in pure methanol and at xy.oy=0.2. ¢) Correlations be-
tween methanol carbon and the Cg atom of the alanine residues of the AK
peptide in pure methanol and at Xyeon=0.2.

atic deviations of the density are observed at lower concentra-
tions, which lead to a somewhat larger slope of the density
versus concentration curve, perhaps indicating a slightly larger
partial molar volume of methanol at low concentrations. This
observation could hint at a slight overestimation of the ten-
dency of methanol to associate, compared to the real mixture.
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The first peak features of the calculated radial pair distribu-
tion functions shown in Figure 2 are in good agreement with
the data obtained from the neutron scattering experiments of
Dougan et al.”® and Dixit.® A first peak height of the water-
water OW-OW pair distribution function increasing from 2.5 at
Xyeon = 0.0 to about 3.5 at Xy.on=0.2 matches almost exactly
the data obtained from empirical potential structure refine-
ment (EPSR) calculations reported in ref. [53], and determined
from neutron scattering data. The observed water-water radial
distribution functions, however, are a little less structured com-
pared to what has been reported for methanol-water solutions
in ref. [53], and for the structure of pure water.”>>® This has
been typically attributed to an underrepresented orientational
(tetrahedral) order of neighboring water molecules, which is
related to the TIP3P model’s inability to reproduce water’s
anomalous thermodynamical features.*®*”’ The almost concen-
tration independence of height of the methanol-methanol
carbon peak at a value of about 2 is an additional feature re-
ported by Dougan et al.*® However, the EPSR analysis®® sug-
gests a slightly decreasing first peak for the mixture, whereas
in our simulation the peak height is almost unchanged. Never-
theless, we conclude the simulated mixtures behave, on a
structural level, quite similarly to what has been characterized
as a bipercolating mixture by Dougan et al.®™

The snapshot of an Xy.oq=0.2 mixture shown in Figure 3 il-
lustrates the 3D structural nature of the mixture beyond
simple pair correlations. An analysis based on cluster-size distri-
butions of hydrophobic methanol-methanol contacts in the
water-rich region (not shown) indicates that for small cluster
sizes, the distribution of cluster sizes approaches P(s) s~ with
an exponent of 7=2.18, where s represents the number of
molecules forming a cluster. The same value is observed for
the case of random bond percolation on a 3D lattice close to
the percolation transition, and supports the view of methanol
and water as a bipercolating mixture, as proposed by Dougan
et al.”® The observation of percolation is a feature apparently
not untypical for aqueous solutions and was first observed for

Figure 3. Pictorial representation®? of snapshots taken from the simulation
with Xyeon =0.2. Left: Interdigitating networks of methanol and water in the
bulk phase (methanol: green; water: red). Right: the peptide’s solvent-acces-
sible surface, as well as water and methanol molecules in the solvation layer.
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the water network in THF/water mixtures by Oleinikova
et al.,® and was also found later for the hydrophobic cluster-
ing of tertiary butanol (TBA) in TBA/water mixtures.”” Quite in-
terestingly, the broad cluster-size distribution also has implica-
tions for the structure of the solvent at the peptide/solvent in-
terface. As the picture of the solvation shell of the AK peptide
in Figure 3 suggests, the nanoheterogeneous nature is also re-
flected on the peptide surface and reveals a patchy structure
of methanol and water clusters. One may envision a subtle in-
terplay between the size and distribution of solvent composi-
tion fluctuations at protein surfaces and the possible confor-
mational response of the protein, which seems worth explor-
ing further in the future.®

Figure 2c shows the pair correlation functions between
methanol carbon atoms and the methyl side chains of the ala-
nine residues. The increase of the first peak at a concentration
Xweon = 0.2 compared to the pure methanol solutions indicates
an increasing aggregation of methanol at low concentration,
supposedly due to the partial hydrophobic character of the
folded alanine helix. To elucidate the effect of partial aggrega-
tion, we inspected the water and methanol densities in close
proximity to the peptide. We used a procedure of calculating
the peptide-water proximal pair correlation functions g,.(R),
similar to that used by Ashbaugh and Paulaitis,*"*? as suggest-
ed earlier by others®*% As reference sites we used heavy
atoms of the peptide (C, N, O) and the center of mass of the
solvent molecules. The normalization volume s(r)dr is defined
by volume elements with a shortest distance to any atom be-
longing to the set of peptide heavy atoms.

Figures 4a and 4b show the proximal radial distribution
function between the peptide and methanol or water. The
given p,.,(R) values for water exhibit a typical two-peak fea-
ture, which has been reported to be characteristic of the hy-
dration of polar and nonpolar atoms.*** Note that the pro-
portion between the two peaks is strongly concentration de-
pendent and is markedly different for the pure liquid than for
proteins reported hitherto,®® with the nonpolar peak being
more dominant for the AK peptide. This result suggests that
the surfaces of larger-size proteins are, on average, significantly
more polar than the surface of the AK peptide. For the case of
methanol shown in Figure 4b, the two peaks are largely fused
into one. From the densities of the individual components we
calculate the local composition as a function of distance to the
peptide according to Equation (3)

Owmeon (R)
XMQOH (R) N pMeOH(R) +pWater(R) (3)
and shown in Figure 4c. The composition at the peak distance
with R~0.4 nm indicates a more than twofold enhanced con-
centration of methanol at the solvation layer in the water-rich
region. For large distances R—0c0, Xyeon(R) converges to the
composition of the bulk phase. The quantified “local” composi-
tion of the mixture at the interface (at R~0.4 nm) is given in
Figure 4c and Table 2. The observed decrease of the Xyeon(R)
for short distances shown in Figure 4c is an artifact based on
the fact that we employed the center of mass of the molecules
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Figure 4. Solvent densities as obtained by proximal radial distribution functions of a) water and b) methanol as a function of the distance R normal to the
peptide/solvent interface. c) Composition of the solvent as a function of the distance from the peptide/solvent interface. d) Composition of the solvent in the
vicinity (R~ 0.4 nm) of the peptide/solvent interface as a function of the bulk solvent composition.

Table 2. Parameters characterizing the location of the amide | band, as well as properties characterizing the
solvation of the AK peptide in different methanol/water mixtures Xyeon.”

XmeoH Xweon(local) (nco(OH)) (nco (OW)) Vpeak [em™] (OVintra) [em™] (OVinter) [em™]
0.0 0.0 - 1.108 1630.2 —12.93 —15.00

0.02 0.053 0.017 1.020 1631.0 —13.24 —14.07

0.05 0.127 0.040 0.933 1631.7 —13.46 —13.35

0.1 0.234 0.076 0.804 1632.7 —13.31 —12.50

0.2 0.387 0.113 0.630 1633.8 —13.58 -10.76

0.5 0.669 0.197 0.357 1635.7 —13.88 —8.45

1.0 1.0 0.294 - 1638.4 —14.19 —4.92

here, as the decreased coordina-
tion number of the carbonyl
groups of lysine (at position j)
and the neighboring alanine res-
idue (at positioni—4) indicate.
Moreover, in line with the obser-
vations reported in ref. [7], the
residues close to the C terminus
also show strongly enhanced co-

to the effect of hydrogen bonding.

[a] Here, xyeon(local) characterizes the composition of the solvent in the vicinity of the peptide; (n.o(OW)) and
(nco(OH)) specify the carbonyl solvent oxygen coordination numbers for water (OW) and methanol (OH) as ob-
tained from the corresponding radial distribution functions; v, indicates the peak position of the calculated
amide | band; and (0V;y;) and (Ov;,.) represent the relative inter- and intramolecular shift contributions due

ordination numbers. As Figure 6
reveals, the methanol solvent ex-
hibits the same coordination
pattern as water, however, on a
smaller scale. We would like to

as reference, and that the water molecule has a smaller size
compared to methanol.

The analysis of the composition of the solvation layer is
complemented with a detailed description of the solvation of
the carbonyl groups of the peptide by calculating the carbonyl
oxygen coordination numbers (see Figure 5 and Table 2). The
coordination number of about 1.1 in pure water is contrasted
by an average coordination number of about 0.3 methanol
molecules in the pure methanol liquid. Note that the obtained
average coordination numbers are found to scale linearly with
the “local” composition (compare values given in Table 2) of
the solvent x}, ., according to Equation (4)

|
X XMeOH

Nco =nZ,(MeOH)

+nZ,(Water) x [1 = Xy.00] )
The asterisk indicates the coordination number found in the
pure solvent.

In previous studies it has been shown that side-chain shield-
ing leads to a stabilization of solvated alpha-helical pep-
tide.”"2%% For the AK peptide a residue-position-dependent al-
teration of the carbonyl hydration has been reported.” For
low methanol concentrations a similar behavior is observed
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emphasize that this kind of alter-
nating pattern is only observed
in the water-rich region and is fully absent in the pure metha-
nol solvent. It is apparently critically related to the hydration
pattern of the backbone.” The large coordination number of
the C-terminal residues is related to enhanced structural fluctu-

pure MeOH .
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Figure 5. a) Oxygen-oxygen radial pair distribution function between the
oxygen of the amide groups and the water oxygen in a pure water solvent,
as well as the methanol oxygen in a pure methanol solvent. b) Water and
methanol coordination numbers obtained from the first peak of the O(CO)-
OH and O(CO)-OW radial pair distribution functions for all simulated mix-
tures.
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Figure 6. Water and methanol coordination numbers obtained from the first
peak of the O(CO)-OH and O(CO)-OW radial pair distribution functions for
Xweon = 0.05. The given coordination numbers are obtained for each residue
individually.

ations observed at the termini and has been reported previ-
ously.”

Figure 7 describes the structural homogeneity of the simu-
lated peptides in terms of its helical character. The helical con-
tent of the AK peptide is calculated according to the Lifson-

IIIIIIIIIIIIIIIIIIII I T I T I T
— inWater
— — inMeOH

Probability

0 5 10 15 20 04 06 08 1
Residue 7 Helical Content

Figure 7. a) Probability of finding the ith residue in the alpha-helical state
(h;). b) Fluctuation of the helicity of the individual residues. c) Distribution of
the helical content of the entire AK peptide.

Roig definition, which requires three consecutive residues to
be helical.®” Similarly to Refs. [7,8], the helical state of residue i
is characterized when the (¢,3) angle lies in the alpha-helical
region of the Ramachandran map (¢,3)=(—65435,—37 £30).
The helicity h;=1 in the case (¢,y); are in the helical region,
and h;=0 otherwise. The averages (h;) characterize the frac-
tion in a helical state, and the (h7) — (h;)” indicate fluctuations
of the helicity. Figures 7a and 7b indicate that the molecule in
water and in methanol is predominantly helical, with small
conformational alterations restricted to the terminal residues.
The methanol solvent seems to stabilize the helical state for
the terminal residues. Moreover, it not only suppresses the
fluctuations at the termini, but also seems also to affect the
conformational fluctuations of the middle residues around
their alpha-helical equilibrium, as indicated by Figure 7b. The
distribution of the helical content of the AK peptide (Figure 7 c)
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is accordingly found to be shifted to slightly larger values. The
average helical content increases from 0.92 (in water) to 0.96
(in methanol). Although the observed values reveal a strongly
homogeneous helical structure of the peptide, they are com-
patible with data from REMD simulations of the AK peptide,
for which a value of about 0.9 was reported for the lowest
temperatures.”” However, we cannot fully rule out a small bias
towards the helical state due to the limited time window of
our simulations. In addition, we would like to emphasize that
the experimental data of Decatur®® suggest that the simulated
peptide is structurally too homogeneously helical.

Lastly, we would like to discuss the calculated spectral prop-
erties with changing solvent conditions predicted for the
amide | band. Figure 8 shows the calculated amide | bands for
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Figure 8. Calculated IR spectra for the AK peptide in methanol/water mix-
tures with the compositions xy.ony =0.0, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0. The
amide | band is found to shift monotonously from 1630.2 cm™' (pure water)
to 1638.4 cm™' (pure methanol). The vertical lines indicate the peak posi-
tions.

all solvent compositions; the peak frequencies are given in
Table 2. We observe a shift of the peak of the amide | band of
about 8 wavenumbers to larger frequencies, which is quite
similar to the shift associated with the helix—coil transition®
and the 14 wavenumbers found in our preliminary experimen-
tal work discussed later (see Figure 12). In the present case,
however, the observed simulated shift is apparently mostly
due to the changing environment. In contrast to the behavior
related the helix-coil transition, the peak intensity increases
significantly and the line shape narrows slightly. Both features
are apparently related to the increasing (helical) structural ho-
mogeneity observed for the peptide in a methanol environ-
ment.

To separate intramolecular from solvent contributions, we
calculated the averages of the solvent shift contributions (dv,,)
before employing excitonic mixing. The individual shift compo-
nents are shown in Figure 9 and also given in Table 2. The dif-
ferent contributions are found to have a counter-compensat-
ing tendency. The intramolecular contribution leads to a red
shift of about 1.2 wavenumbers, apparently due to the more
homogeneous helical structure and more stable intramolecular
hydrogen bonding. The solvent contribution, however, leads to
a significant shift towards higher frequency of about 10 wave-
numbers, about one order of magnitude larger than the intra-
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Figure 9. Inter- and intramolecular hydrogen-bond contributions to the shift
of the amide | band as a function of the mixture composition. Interaction
with the solvent leads to a shift towards higher frequency of about 10 wave-
numbers, which is compensated by a red shift due to intramolecular hydro-
gen bonding of about 1.2 wavenumbers.

molecular contribution. We conclude that for a case where the
conformational equilibrium of a peptide is mostly unaffected,
the solvent can be the dominating contribution to the shift of
the amide | band. This finding is qualitatively in line with the
study of Starzyk et al.,'*” who observed a shift towards higher
frequency of the amide I’ band of the helical peptide in tri-
fluoroethanol/water mixtures, while CD spectroscopy indicated
and enhanced helical order. Note that the frequency shift does
not change linearly with the composition of the solvent.

A significantly increased slope of (0v) versus Xyeon is 0Ob-
served in the water-rich region, which runs parallel with a non-
linearly changing coordination number of the carboxyl group
(Figure 5), as well as the enhanced aggregation of methanol in
the solvation layer of the AK peptide described in Figure 4d.
Figure 10 suggests that the solvent contribution to the shift of
the amide | band is linearly related to the average total coordi-
nation number of the carbonyl groups. This linear dependence
and the relation between the coordination number n.y and
the local solvent composition X;,.,, given in Equation (4) sug-
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Figure 10. Correlation between the total coordination number (methanol
plus water) and the calculated shift of the amide | band due to intermolecu-
lar hydrogen bonding.
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gest that the solvent contribution to the shift is linearly related
to the local solvent composition [Eq. (5)]:

<6Vinter>0( Nco
o [ng,(MeOH) — nZ,(Water)| x Xyeoy -+ N, (Water)
(5)
The location of the peak position of the amide | as a func-

tion of the solvent composition shown in Figure 11 indicates
that this feature is rather well preserved when including intra-
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Figure 11. Location of the peak position of the amide | band as a function
of the mixture composition. Here, xy.on(global) indicates the composition of
the entire solvent, whereas xy.on(local) specifies the composition of the sol-
vent in the vicinity of the peptide.

molecular contributions and even after excitonic mixing. The
observed peak frequencies are a strongly nonlinear function of
the mixture composition xy.on. However, they fall almost com-
pletely on the line connecting the peak positions of the pure
liquids when the local compositions Xy, are used instead.
Finally, the experimental data shown in Figure 12 indicate
that essential simulated features of the effect of changing sol-
vent composition on the amide | band are also found in exper-
imental IR spectra. On changing from a pure D,O solvent to a
pure MeOD, solvent, a shift towards higher frequency of about

0.1 L LI L L
/ .
PN — inCDOD
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/ \ —_—— In. mol%
"? I' ) \ \ mixture
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Figure 12. Experimental spectra of the amide I’ band for different methanol/
water compositions obtained at 298 K.
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14 wavenumbers is observed. This shift is found in combina-
tion with an increasing intensity and an apparent narrowing of
the peak. However, the peak in pure methanol appears to be
less homogeneous than predicted by the MD simulations. The
spectrum of the 50:50 mixture is found to be shifted halfway
and exhibits an increased intensity compared to the spectrum
obtained in pure D,O, which is qualitatively in agreement with
our predictions. Differences in the details between experimen-
tal and simulated spectra might be attributed to differences in
the helical homogeneity observed in theory and experiment.
To discuss these differences in detail would require knowledge
of the full helix-coil transition of the simulated peptide with
varying solvent composition. Hence, the contributions from
differently folded (different helical propensity) ensembles
could be analyzed in detail, as we have shown previously for
the case of pure water by employing extensive replica ex-
change MD simulations.”” Moreover, we can not rule out that
the significant asymmetry observed for the spectra in MeOD is
promoted by aggregation of the helices.

To summarize, although the shift of the peak is in the same
range as that observed for the temperature-induced helix-coil
transition, the peak features, such as peak height and width,
might be used to distinguish it from the helix-coil transition.
For the case of a very homogeneous, solvent-insensitive con-
formational distribution of the peptide, the peak shift is largely
dominated by solvent contributions and is sensitive to the
local composition of the solvent. A detailed analysis of the
peak shift might be used to determine the local composition
of the solvent in the vicinity of the peptide. We would like to
emphasize that this procedure, used in combination with
BCisotope labeling, seems to be suited to investigating the
solvent composition close to partially solvated helices in larger
proteins. For this case, the effect on the conformational equi-
librium, largely suppressed by structural constraints, would
also play a minor role.

4. Conclusions

We have determined the shift and line shape of the amide |
band of a model AK peptide from MD simulations of the pep-
tide dissolved in methanol/water mixtures with varying com-
position. The structural features of the simulated methanol/
water mixtures are found to be in reasonable agreement with
neutron scattering data, and show a patchy “bipercolating”
clustering structure with a broad cluster-size distribution. For
the AK peptide case, we observe at low methanol concentra-
tion a significantly enhanced (more than twofold) methanol
concentration at the interface, supposedly due to the partially
hydrophobic character of the AK peptide’s solvent-accessible
surface. The patchy structure of the liquid is also observed at
the peptide surface. IR spectroscopic properties are deter-
mined from a transition dipole coupling exciton model. A sim-
plified empirical model Hamiltonian is employed, which takes
into account both the effect of hydrogen bonding and intra-
molecular vibrational coupling. We consider a single isolated
AK peptide in the mostly folded state, while the solvent is rep-
resented by 2600 methanol or water molecules, simulated for
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a pressure of 1bar and a temperature of 300 K. Over the
course of the simulations minor reversible conformational
changes at the termini are observed, which are found to not
significantly affect the calculated properties. Over the entire
composition range, from pure water to the pure methanol sol-
vent, a monotonous nonlinear shift towards higher frequency
of the IR amide | band of about 8 wavenumbers is observed.
The shift of the peak is in the same range as that observed for
the temperature-induced helix-coil transition; however, the
peak features, such as increasing peak height and narrowing
peak width, might be used to distinguish it from the helix—coil
transition. The observed shift is found to be caused by two
counter-compensating effects. An intramolecular red shift of
about 1.2 wavenumbers occurs, due to stronger intramolecular
hydrogen bonding in a methanol-rich environment. Dominat-
ing, however, is the intermolecular solvent-dependent shift to-
wards higher frequency of about 10 wavenumbers, which is at-
tributed to the less effective hydrogen-bond donor capabilities
of methanol compared to water. The importance of the solvent
contribution to the IR shift, as well as the significantly different
hydrogen formation capabilities of water and methanol, makes
the amide | band sensitive to composition changes in the local
environment. Moreover, the calculated solvent shift is found to
be linearly related to the (water/methanol) oxygen coordina-
tion number of the carboxyl groups and to the local methanol
concentration. Hence, the composition of the solvent can be
determined nearly quantitatively by the measuring the sol-
vent-induced shift of the amide | band. A strongly nonlinear
shift of the amide | band with respect to the composition is
apparently a good indicator for significant methanol aggrega-
tion at the peptide/solvent interface. This feature could also
allow the direct experimental determination of the composi-
tion of the solvent in close proximity to the peptide surface.
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