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ABSTRACT: The peptide amide-I vibration of a proline
turn encodes information on the turn structure. In this
study, FTIR, two-dimensional IR spectroscopy and
molecular dynamics simulations were employed to
characterize the varying turn conformations that exist in
the GVGXLPGVG family of disordered peptides. This
analysis revealed that changing the size of the side chain at
the X amino acid site from Gly to Ala to Val substantially
alters the conformation of the peptide. To quantify this
effect, proline peak shifts and intensity changes were
compared to a structure-based spectroscopic model. These
simulated spectra were used to assign the population of
type-II β turns, bulged turns, and irregular β turns for each
peptide. Of particular interest was the Val variant
commonly found in the protein elastin, which contained
a 25% population of irregular β turns containing two
peptide hydrogen bonds to the proline CO.

Extensive study of small peptides has revealed the local
forces that contribute to protein secondary structure.1−10

In contrast, far less is known about the forces that contribute to
the structure of disordered proteins, where local effects
dominate.11−17 This dearth of molecular-level information on
disordered systems results from the lack of detailed structural
tools. Disordered proteins cannot be crystallized, and X-ray
diffraction or scattering studies provide limited structural
information. Although NMR spectroscopy is selective for
long-lived conformational states, since conformational exchange
typically occurs on picosecond to microsecond time scales,
NMR analysis cannot be used to resolve conformational
heterogeneity fully.15,18 Two-dimensional IR spectroscopy (2D
IR), with its subpicosecond time resolution, can be used to
characterize distinct conformers and structural variations in
intrinsically disordered systems.10,19−21

In the present study, we investigated the role played by the
amino acid preceding a Pro-Gly (PG) turn in determining the
turn structure of an intrinsically disordered peptide. The XPG
sequence is commonly found in fibrous and elastomeric
proteins, in which X influences the structural and mechanical
properties. Examples include collagen (X = Pro),22 elastin (X =

Val),23 mussel byssus (X = Gly),24 dragline spider silk (X =
Gly),25 and wheat glutenin (X = Gln).26 To provide a better
understanding of the structure and folding of an XPG peptide
turn, we investigated how the side-chain size of the N-terminal
amino acid of Pro modulates the structure of the PG turn in the
disordered peptides GVGXLPGVG (X = Gly, Ala, Val). These
peptides were characterized with amide-I 2D IR in combination
with structural modeling of the spectra.27−29

While protein secondary structure assignments from amide-I
spectra have been used for years, it is only recently that
structure-based spectral calculations have become available for
detailed interpretation.28,30 The amide-I vibration is primarily a
CO stretching motion of a peptide unit; however, the normal
modes of vibration are delocalized and can involve all of the
backbone amide units of a peptide. The frequency and line
shape of the amide-I vibration depend on conformation-
dependent vibrational couplings between neighboring amide
units as well as the interactions of peptide groups with the local
electrostatic environment, such as hydrogen bonding to the
amide’s CO or N−H moiety. As a result, the amide-I
spectrum encodes information about protein secondary
structure.
Unlike other proteinogenic amino acids, the tertiary amide

structure of proline changes the amide-I vibration of the
peptide linkage preceding proline in sequence. The three heavy
atoms bound to its nitrogen give the proline amide-I vibration a
larger reduced mass, shifting it to a lower frequency. This
frequency shift largely decouples the proline amide-I vibration
from those of its neighbors, moving its resonance to a
predominantly background-free region on the red side of the
absorption spectrum. As a result, proline amide-I spectroscopy
can also be used as a local probe of protein structure. Because
the proline amide-I vibration has almost all CO stretch
character, a frequency shift of the proline amide-I vibration is
either predominantly the result of a change in hydrogen
bonding to the amide oxygen or other changes in the electric
field experienced by the amide CO. (For spectroscopic
reasons, we refer to the main-chain amide or carbonyl
preceding proline as the proline CO, although it derives
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from the preceding amino acid). With the help of a recently
parametrized structural model for proline IR spectroscopy,29 we
were able to use this intrinsically local vibration as a sensitive
probe of proline turn structure.
The series of model peptides studied here differ in the

volume of the side chain on the N-terminal side of proline. The
peptide in the series with the smallest volume is Gly, with
volume increases ΔV(X − Gly) of 25.1 and 75.3 Å3 for X = Ala
and Val, respectively.31 The resulting changes in turn
conformation were detected in the experimental IR spectra as
red shifts of the low-frequency proline amide-I vibration with
increasing side-chain size, from 1625 cm−1 for Gly to 1614
cm−1 for Val (Figure 1). The features in β-turn peptides at 1670

and 1640 cm−1 are commonly assigned to the parallel and
perpendicular bands of an antiparallel β sheet.9 Since the
proline amide-I vibration is only weakly coupled to the
remaining amide vibrations of the peptide, the observed
frequency shift primarily reflects variations in the configuration
of the hydrogen bond to the oxygen of the CO moiety
preceding proline.
As a rule of thumb for a time-averaged observation, the

amide frequency is red-shifted by roughly 16 cm−1 for each
hydrogen bond accepted, and on average, the oxygen can
accept up to two hydrogen bonds.10 Therefore, these shifts
encode considerable changes in the turn hydrogen-bond
configuration and possible changes in solvent exposure. We
note that although these spectra were acquired at pH 1.0 in
order to shift the C-terminal COO− asymmetric stretch at 1590
cm−1 out of the spectral window, our findings are consistent
with spectra measured at neutral pH [see the Supporting
Information (SI)].
To extract information on the peptide structure from the IR

data, FTIR and 2D IR spectra were calculated from molecular
dynamics (MD) simulations of the three peptides using a mixed
quantum−classical model in which classical structures are
mapped onto elements of a local-mode Hamiltonian for the
coupled amide-I vibrations. Our model assigns frequencies to

the individual amide-I oscillators on the basis of the electric
fields experienced by individual amide units and allows for
through-bond and through-space coupling effects.27−29 This
model is accurate enough that general features such as peak
splitting and relative amplitudes can be used for structure
interpretation, but exact frequencies are less reliable metrics.
Eleven structurally distinct initial configurations were

selected from a 200 ns MD trajectory of the Val peptide
carried out previously.13−16 These initial configurations were
representative of the main structural and dynamical motifs
observed, including extended and collapsed states, and a variety
of PG turn configurations. This judicious choice of initial
conformations enabled us to carry out rather short simulations
to compute 2D IR spectra of local structural motifs, since the
picosecond time scale of the experiments is far shorter than the
(multi)nanosecond relaxation times of the peptide. These 11
configurations were then mutated to obtain the initial
configurations of the Ala and Gly variants. New MD trajectories
were generated starting from these initial configurations (for
the protocol, see the SI) and subsequently used to simulate 2D
IR spectra. The simulations of these disordered peptides
sampled a variety of configurations, including variations in turn
structures, fraying or extension, and side-chain packing.
Although these simulations may not have provided a complete
sampling of all configurations, the sampling was extensive
enough to provide a diversity of trial structures from which
structure/spectrum correlations could be created.
We distinguished turn conformers on the basis of their

hydrogen-bonding patterns to the X carbonyl preceding the
proline. Six hydrogen-bond bins were investigated: 0/0, 1/0, 0/
1, 1/1, 2/0 and 0/2, where the first digit corresponds to the
number of hydrogen bonds the CO accepts from other amide
groups in the peptide and the second digit to the number of
hydrogen bonds the CO accepts from water. Dynamic FTIR
and 2D IR spectra were then calculated for each hydrogen-
bond bin by ensemble-averaging only the parts of the
trajectories belonging to a particular bin (see the SI for a
detailed description). As expected, the calculated FTIR spectra
showed that the lowest-frequency amide-I peak red-shifted with
increasing number of hydrogen bonds to the proline. From the
simulated FTIR spectra of Gly in Figure 2 we see that (1) the
proline resonance is not resolved for the 0/0 bin (Figure 2 -
Left), which consists of disordered turns or condensed states
that do not accommodate hydrogen bonds; (2) the proline
resonance has a weakly red-shifted tail and a small increase in
intensity for the 1/0 bin (Figure 2 - Center), which

Figure 1. (top) FTIR and (bottom) 2D IR spectra of GVGXLPGVG
at T = 10 °C in pH 1.0 DCl in D2O. The proline resonance
frequencies are 1625 cm−1 for Gly, 1619 cm−1 for Ala, and 1614 cm−1

for Val. The maximum optical densities were 0.23−0.25. Contours for
all of the 2D IR surfaces presented in this paper are plotted from −1.0
to 1.0 in equally spaced steps of 0.08.

Figure 2. (top) Visualization of representative turn structures in the 0/
0, 1/0, and 2/0 bins. (bottom) Simulated FTIR spectra for the Gly
peptide in the 0/0, 1/0, and 2/0 bins.
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predominantly consists of type-II β turns (i → i + 3 hydrogen
bonds) or bulged turns (i → i + 4 hydrogen bonds); and (3)
the proline resonance has both a large red shift and an increase
in intensity for the 2/0 bin (Figure 2 - Right), which
predominantly consists of an irregular β turn with dual
hydrogen bonds (i → i + 3 and i → i + 4) corresponding to
ϕ/ψ angles for the VPGV sequence of (i) −79°/151°, (i + 1)
−59°/127°, (i + 2) 118°/−29°, and (i + 3) −128°/−30°.
These simulated proline peak shifts were also observed for the
lowest-frequency amide-I peak in the experimental spectra. For
example, a high population of the irregular β turn was observed
in the experimental spectra for the Val peptide, which has a
proline peak with a red shift relative to the band maximum of
ωmax − ωp = 31 cm−1. This model reproduced the features in
the experimental spectra except for the parallel mode of the
antiparallel β sheet, which was found to be more intense in the
experimental data, where it was observed as a subtle shoulder
on the blue side of the amide-I band (Figure 1). Since the
proline red shift was the primary observable used to predict the
structure in this study, a small difference in intensity on the
blue side of the spectra did not diminish the value of the model.
To assign the hydrogen-bond population for each peptide,

2D IR spectra were simulated for the six hydrogen-bond bins.
The nonlinear intensity dependence in conjunction with the
additional frequency dimension of a 2D IR spectrum reveals
information on hydrogen-bond composition not seen in FTIR
spectra. Complete simulations for the three peptides are
provided in the SI, and the salient features common to all of the
peptides simulated are summarized in Figure 3. Now better

resolved, the red shift of the proline resonance provides a count
of the number of hydrogen bonds to proline (Figure 3a).
Fitting the simulated lowest mode peak frequency as a function
of the total number of hydrogen bonds to proline (nTHB) for all
six states gave the equation ωp(cm

−1) ≈ −12.6nTHB + 1642.
In addition, spectral modeling of the six bins showed that for

these peptides, the proline peak is more intense when proline is
hydrogen-bonded to a peptide amide unit than when proline is
hydrogen-bonded to water. This effect is amplified by the
nonlinear intensity dependence of a 2D IR spectrum, thereby
providing a method of distinguishing whether the proline
hydrogen bonds are donated by peptide groups or water.
Although it remains a challenge to simulate precise line shapes,
features such as the relative intensity or frequency splitting of

the proline and main amide bands are characteristic enough to
distinguish uniquely those states with varying peptide-to-
proline hydrogen-bonded configurations. These conformers
can be grouped as irregular i → i + 3 and i → i + 4 turns [2/0
or two-hydrogen-bond (2HB) turns]; i→ i + 3 β turns or i→ i
+ 4 bulged turns (1/0 and 1/1 or 1HB turns); compact
disordered states (0/0 and 0/1); and the 0/2 states, which
consist primarily of extended conformers.
To assign an approximate hydrogen-bond composition for

each peptide, the experimental 2D IR surfaces were fit for
frequencies <1650 cm−1 with the simulated 2D IR spectra for
all of the peptide bins using a genetic algorithm containing a
least-squares fitness function and no additional constraints (see
the fitted spectra in the SI). The Gly peptide was found to
contain ∼15% 1HB turns and <1% 2HB turns, with the
remainder consisting of highly disordered peptide config-
urations. The Ala peptide was found to contain ∼70% 1HB
turns and <10% 2HB turns, with the remainder in disordered
condensed or extended states. This is consistent with a high
population of type-II β turns and bulged turns for the folded
state of the Ala peptide. Finally, the Val peptide was found to
contain ∼60% 1HB turns and ∼25% 2HB turns, which is
consistent with a high population of type-II β turns, bulged
turns, and irregular β turns.
From the 2D IR data, we observed a systematic change in the

turn conformational preference as a function of point mutation.
We found that as the size of the side chain of the X amino acid
decreases, the number of proline hydrogen bonds to the
peptide decreases and the number of proline hydrogen bonds
to water increases. This indicates that the preference for the X-
Pro-Gly sequence to form a β turn increases in the order Gly <
Ala < Val. The observed stabilization of the X-Pro-Gly turn may
arise from a number of factors, including steric clashes between
the side chain of the point mutation and the proline pyrrolidine
ring and hydrophobic clustering of the X and Val side chains.
The Val peptide’s irregular 2/0 β turn was found to result

from the formation of dual hydrogen bonds between proline
and the N−H moieties of two sequential amino acids following
the PG loop. A search of 75 587 Protein Data Bank entries
using the φ/ψ values for the Val peptide VPGV segment in a 2/
0 turn and a search tolerance of 30° found 158 protein
segments containing a four amino acid sequence with these φ/
ψ angles.32 Of these sequences, 21% have a proline in the i
position, 21% have a proline in the i + 1 position, and 87% have
a glycine in the i + 2 position. Clearly, the Gly residue plays a
crucial role in accommodating the tight 2/0 turn conformation
in this sequence. Interestingly, a similar conformation was
previously observed by X-ray diffraction in the cyclic peptide
(APGVGV)2, where the cyclic constraint generates a closed
turn.33

To summarize, we have presented three findings that should
prove useful in future studies of structure in proline-containing
systems. First, the X point mutation provides a robust means of
tuning the compactness or stability of turns in engineered
proteins and biopolymers. Second, the frequency shift of the
lowest-frequency amide-I vibration in the FTIR spectrum can
be employed as a measure of the number of hydrogen bonds to
proline. This finding is particularly interesting because it
provides a simple method for interrogating the protein
structure in proline-rich tissue samples such as elastin and
collagen matrices that are not readily addressed by other
methods. Third, through the use of 2D IR, it is possible to
assign the hydrogen-bond composition of these turns. With

Figure 3. (a) Simulated 2D IR spectra of the Val peptide as a function
of number of peptide−peptide hydrogen bonds. (b) Simulated 2D IR
spectra of the Val peptide as a function of the number of peptide−
peptide vs peptide−water hydrogen bonds.
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further refinement of the modeling methods, it will be possible
to obtain a quantitative assignment of the populations of the
different conformations in the equilibrium structural ensemble
of each peptide from the 2D IR spectrum. This analysis will
thereby provide a new approach for characterizing conforma-
tional states in intrinsically disordered proteins. In addition, it
can be used in the future to benchmark the accuracy of force
fields commonly used to describe structural and dynamical
properties of small peptides.
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