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Chapter 7

Resolving the turn structures
in intrinsically disordered

peptides

The peptide amide I vibration of a proline turn encodes information on the turn
structure. For this study FTIR, two-dimensional infrared spectroscopy (2D IR),
and molecular dynamics simulations were employed to characterize the varying
turn conformations that exist in the GVGXPGVG family of disordered peptides.
This analysis has revealed that changing the size of the side-chain at the X
amino acid site from Gly < Ala < 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 is the Val variant
commonly found in the protein elastin, which contained a 24% population of
irregular β- turns containing two peptide hydrogen bonds to the proline CO.

This work has been published in : J. Am. Chem. Soc 134, 5032 (2012)



140
Chapter 7: Resolving the turn structures in intrinsically disordered

peptides

7.1 Introduction

Extensive study of small peptides has revealed the local forces that con-
tribute to protein secondary structure [43, 44, 50, 225–231]. In contrast,
far less is known about the forces that contribute to the structure of dis-
ordered proteins where local effects dominate [32, 232–237]. 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 is selective to long lived conformational states, since con-
formational exchange typically occurs on picosecond to microsecond time
scales, NMR cannot be used to fully resolve conformational heterogeneity
[32, 238] . 2D-IR, with its sub-picosecond time resolution, provides a man-
ner in which to characterize distinct conformers and structural variation in
intrinsically disordered systems [50, 74, 239, 240].

In the present study we investigate the role that the amino acid preced-
ing a PG turn plays 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 their structural and mechani-
cal properties. Examples include collagen (X=Pro) [241], elastin (X=Val)
[242], mussel byssus (X=Gly)[243], dragline spider silk (X=Gly) [244], and
wheat glutenin (X=Gln) [245]. To better understand the structure and
folding of a XPG peptide turn, we investigated how the side chain size of
proline’s N-terminal amino acid modulates the structure of the Pro-Gly
turn in the disordered peptide GVGXPGVG, where X = Gly, Ala, or Val.
These peptides were characterized with amide I 2D-IR in combination with
structural modeling of spectra [86, 87, 98].

While protein secondary structure assignments from amide I spectra have
been used for years, it is only recently that structure-based spectral cal-
culations have become available for detailed interpretation [87, 246]. 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 lineshape
of the amide I vibration depends on conformation dependent vibrational
couplings between neighboring amide units, and 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.
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Unlike other proteinogenic amino acids, proline’s tertiary amide structure
changes the amide I vibration of the peptide linkage preceding proline in
sequence. The three heavy atoms bound to its nitrogen give proline’s amide
I vibration a larger reduced mass, shifting it to a lower frequency. This fre-
quency shift largely decouples proline’s amide I vibration from the amide I
vibrations of its neighbors, moving its resonance to a predominantly back-
ground 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 pre-
dominantly 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 pre-
ceding proline as the proline C=O, although it derives from the proceeding
amino acid). With the help of a recently parameterized structural model
for proline IR spectroscopy [98] we are now able to exploit this intrinsically
local vibration and use it 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 with the smallest
volume in the series is Gly with a volume increase of ∆(X-Gly) = 25.1 and
75.3 Å3 for X = Ala and Val respectively [247]. The resulting change in turn
conformation is detected in the experimental infrared spectra as a red shift
of the low frequency proline amide I vibration with increasing side-chain
size, from Gly = 1625 cm−1 to Val = 1614 cm−1 (Fig. 7.1). The features
in β-turn peptides at 1670 cm−1 and 1640 cm−1 are commonly assigned to
the parallel and perpendicular bands of an antiparallel β-sheet [43]. Since
proline’s amideI vibration is only weakly coupled to the remaining amide
units of the peptide, the observed frequency shift primarily reflects vari-
ation in hydrogen bond configurations to the oxygen of the C=O moiety
preceding proline.

As a rule of thumb for a time-averaged observation, the amide frequency red
shifts by roughly 16 cm−1 for each hydrogen bond accepted, and on average
the oxygen can accept up to two [50]. Therefore these shifts encode consid-
erable changes in turn hydrogen bond configuration and possible changes
in solvent exposure. We note that 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, but that our findings are consistent with spectra
measured at neutral pH (see Appendix).

To extract information on peptide structure from the infrared data, FTIR
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Figure 7.1: (Top) FTIR and (Bottom) 2D IR spectrum of GVGXPGVG
at T = 10◦ C in pH = 1.0 DCl in D2O. The proline resonance frequencies
are Gly: 1625 cm−1, Ala: 1619 cm−1, and Val: 1614 cm−1. Contours are
plotted between -100% to 100% with 8% spacing between two neighboring
contours.

and 2D IR spectra are calculated from molecular dynamics (MD) simula-
tions of the three peptides using a mixed quantum-classical model in which
classical structures map onto elements of a local-mode Hamiltonian for the
coupled amide I vibrations. Our model assigns frequencies to the individ-
ual amide I oscillators based on the electric field experienced by individual
amide units and allows for through bond and through-space coupling ef-
fects [86, 87, 98]. 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.

7.2 Configuration Space and Spectra of GVGXPGVG

Eleven structurally distinct initial configurations (Fig. 7.2) were selected
from a 200 ns MD trajectory of the Val peptide carried out previously
[32, 234–236]. These initial configurations were representative of the main
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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 relax-
ation times of the peptide. These 11 configurations were then mutated to
obtain the initial configurations of the Ala and Gly variants. New MD tra-
jectories were generated starting from these initial configurations (for the
protocol, see Appendix) and subsequently used to simulate 2D IR spectra.
The simulations of these disordered peptides sampled a variety of config-
urations, 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 cor-
relations 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 Appendix 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 Fig. 7.3 we see that (1) the proline resonance is not resolved for
the 0/0 bin 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, which
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,
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
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Figure 7.2: The initial configurations for the MD simulations in this study
extracted from an existing 200 ns trajectory of the GVGVPGVG peptide.
These configurations are mutated to obtain the initial configurations for
GVGAPGVG and GVGGPGVG.

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 (Fig. 7.1). 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
Appendix, and the salient features common to all of the peptides simulated
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Figure 7.3: (Top) Visualization of representative turn structure 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.

are summarized in Fig. 7.4. Now better resolved, the red shift of the
proline resonance provides a count of the number of hydrogen bonds to
proline (Fig. 7.4a). Fitting the simulated lowest mode peak frequency as a
function of the total number of hydrogen bonds to proline (nHB) for all six
states gave the equation ωp(cm−1) ' -12.6nHB + 1642.

In addition, spectral modeling of the six bins showed that for these pep-
tides, 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 pro-
line hydrogen bonds are donated by peptide groups or water. It happens
because of the fact that (details are in Appendix) when the amide unit is
solvent exposed it interacts with the fast fluctuating solvent resulting in
fast fluctuations in its frequency, but when it is involved in stable hydrogen
bonding with the peptide the frequency fluctuation is slower, although in
both cases same frequency distribution is observed. The faster dynamics
in the former case leads to the spreading of intensity in the anti-dagonal
direction of the 2D peak, whereas, in the later case we observe a sharp
peak.

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
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Figure 7.4: (a) Simulated 2D IR spectra of the Val peptide as a function
of peptide-peptide hydrogen bond number. (b) Simulated 2D IR spectra of
the Val peptide as a function of peptide-peptide vs. peptide-water hydrogen
bonds. Contours are the same as in Fig. 7.1.

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 conform-
ers.

7.3 Populations of Hydrogen-Bonded Bins

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 al-
gorithm containing a least-squares fitness function and no additional con-
straints (Fig. 7.5). The Gly peptide was found to contain 15% 1HB turns
and <1% 2HB turns, with the remainder consisting of highly disordered
peptide configurations. 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,
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which is consistent with a high population of type-II β-turns, bulged turns,
and irregular β-turns.

Figure 7.5: (Top row) Experimental 2DIR data, (Bottom row) Fitted spec-
tra, generated by fitting the experimental data over the frequency range
1575 to 1650 cm−1 with the simulated spectra for all six peptide bins using
a generic algorithm containing a least squares fitness function and no ad-
ditional constraints. Since the amide I band maximum is located at ∼1645
cm−1, this fit is range allowed for fitting both the proline peak shift and
its intensity relative to the main band. Listed to the right of each surface
is the population of individual HB bin’s predicted from the fitting routine.
Contours are same as in Fig. 7.1.

7.4 Discussion and Conclusion

From the 2D IR data, we observed a systematic change in the turn con-
formational 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.
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The Val peptide’s irregular 2/0 β-turn was found to result from the forma-
tion of dual hydrogen bonds between proline and the N-H moieties of two
sequential amino acids following the PG loop. A search of 75587 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 con-
taining a four amino acid sequence with these φ/ψ angles [248]. 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 conforma-
tion 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 [249].

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 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 conformational states
in intrinsically disordered proteins. In addition, it can be used in the fu-
ture to benchmark the accuracy of force fields commonly used to describe
structural and dynamical properties of small peptides.
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7.5 Appendix

MD simulations: details

The MD simulations for the configurations shown in Fig. 7.2 and their mu-
tants (GVGAPGVG and GVGGPGVG) were performed in NVT ensembles
at 300 K using Gromacs-4.0.7 [149]. An all atoms OPLS force field [150]
was used to describe the peptide solvated in a box of TIP3P water [132].
D2O was used to reproduce the experimental conditions and all acidic pro-
tons of the peptides were deuterated. These simulations were carried out
with 2 fs time steps and the LINCS algorithm was used to constrain all
bond lengths [152]. For temperature coupling the Nose-Hoover thermo-
stat was used [153, 154]. The reaction field method was used to treat the
long range electrostatic interactions with a cutoff of 1.4 nm. The length of
each trajectory was 2.5 ns, where snapshots were saved every 10 fs yielding
2750000 conformations for each peptide studied.

Hydrogen bond criteria

A peptide-peptide hydrogen bond was defined as having an Opeptide.....Npeptide-
Dpeptide angle ≤ 30◦ and a Opeptide.....Npeptide distance ≤ 3.5 Å and a
peptide-water hydrogen bond was defined as having an Opeptide.....Owater-
Dwater angle ≤ 30◦ and a Opeptide.....Owater distance ≤ 3.5 Å.

Binning of peptide structures

The hydrogen bonding criteria were used to define the structural bins for
all peptides. The structural bins are categorized based on whether the
carbonyl oxygen of the proline amide unit forms hydrogen bonds with the
amide hydrogen (HBpeptide) or with the hydrogen of the solvent (HBsolvent).
This definition created six structural bins (2/0, 1/0, 0/0, 0/1, 0/2 and 1/1)
where the first and the second index represent the number of HBpeptide

and HBsolvent, respectively. The description of the spectral calculations for
these bins is given below.
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Spectral modeling

A vibrational Hamiltonian was constructed for every snapshot by employing
a Hamiltonian of the form [25]:

H(t) =
N∑
i=1

[
ωi(t)b

†
ibi−

∆i(t)

2
b†ib
†
ibibi

]
+

N∑
i,j

Jij(t)b
†
ibj+

N∑
i=1

µi(t)·E(t)

[
b†i+bi

]
(7.1)

Here the summations run over the amide I sites in the peptide where for any
amide site i, b†i and bi are the Bosonic creation and annihilation operators
for the amide I vibration, ωi(t) is the frequency, ∆i(t) is the anharmonicity,
Jij(t) is the coupling between the ith and jth site, E(t) is the applied laser
field and µ(i) is the transition dipole.

Amide I site frequencies ωi for secondary amide groups were calculated with
a Stark effect based approach using the electric field and its gradient on the
C, O, N and D atoms [86]. For the proline amide unit the field components
were considered on the C, O, N and Cδ atoms [98]. Next, frequency shifts
and couplings due to through bond effects with neighboring amide units
were determined using Ramachandran angle based maps [87, 98]. The non-
nearest-neighbor couplings were then calculated using a transition charge
coupling scheme [87, 98]. Finally the anharmonicity needed for describing
doubly excited states was set to a value of 16 cm−1 for all amide units
[25]. We made a 14 cm−1 systematic red-shift of the frequencies of all
amide units except proline, because the frequency maps developed for the
secondary amide units overestimate their frequency by the same amount
[98].

The FTIR and 2D IR spectra were calculated by solving the time dependent
Schrödinger equation. This was accomplished using a numerical integration
of the Schrödinger equation scheme [101]. For this scheme the Hamiltonian
was considered to be constant for the 10 fs time intervals between successive
saved structures of a MD trajectory. This approximation reduces the prob-
lem to solving the time independent Schrödinger equation for each time
step in a trajectory and then using these time ordered matrices to obtain
the linear and nonlinear response functions from which the FTIR and 2D
IR spectra are calculated. An ad hoc vibrational life time (1 ps) was used
in the spectral simulations [105]. The total time interval for calculating a
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sample for an FTIR spectrum was 2.5 ps and for a 2D IR spectrum it was
5 ps (τ1 = 2.5 ps, τ2 = 0 ps, τ3 = 2.5 ps, where τ1, τ2, and τ3 are the time
delays between the pulses). For obtaining a spectrum of a particular bin
we checked for every sample whether the bin was found in the middle of
next 5 ps used for the spectral simulations. If it was found the spectrum
was calculated.

Figure 7.6: Val peptide 2D IR collected in ZZYY polarization at T =
10◦C in a (Left) pH = 1.0, DCl in D2O solution using τ2 = 150 fs, and
in a (Right) pH = 7.0, 50 mmol phosphate buffer solution using τ2 = 0
fs. Changing the solvent conditions produces the appearance of on-diagonal
broadening for the proline peak, a blue-shift of the main amide I band, and
a reduction in the off-diagonal line width. The change in the appearance
of the proline peak results from the generation of the COO moiety upon
changing the pH, creating a peak at 1590 cm−1 from the COO asymmetric
stretch. The blue shift of the main amide I band and the reduction in the
off-diagonal line width observed at pH = 7 are likely due to the addition of
buffer salts which produces a similar effect in pH = 1.0 samples. Contours
are same as in Fig. 7.1.
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Figure 7.7: Average frequency of the simulated proline peak maximum for
all six bins plotted as a function of the total number of peptide and water
hydrogen bonds to proline. The linear fit to this data produced an equation
relating the frequency of the proline peak and the total number of hydrogen
bonds to proline: ωp(cm−1) ' −12.6nHB + 1642.
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Figure 7.8: Comparison of the experimental data (Top row) to the six
simulated surfaces generated for each peptide. Contours are same as in
Fig. 7.1.
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Figure 7.9: Comparison of experimental and simulated FTIR spectra for
the Gly, Ala and Val peptides in the six hydrogen bond bins. Note the non-
zero offset of the blue side of the spectrum is the result of a broad -COOD
stretching vibration centered at 1722 cm−1.
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Population (%)

BIN 200 ns 25.7 ns Fit

2/0 5.9 4.9 23.7
1/1 3.2 1.3 < 1.0
1/0 12.7 11.5 58.4
0/0 19.6 19.1 < 1.0
0/1 47.1 49.9 < 1.0
0/2 11.1 12.9 17.9

Table 7.1: Comparison between MD populations of hydrogen bonded bins
and their fit populations.

Figure 7.10: Comparison of the experimental spectrum for the Val peptide
to simulated spectra using the bin populations generated for the fitting of the
experimental data and populations calculated from a 200 ns MD trajectory.
Contours are same as in Fig. 7.1.

Origin of the more intense proline peak in the 2D IR spectra when
the carbonyl unit is hydrogen bonded to the peptide than to the
solvent

To investigate this, we choose two trajectories (traj1 and traj2) of length
100 ps which have following decomposition (Table 5.2) into the hydrogen
bonded bins. traj1 is dominated by the HBpeptide cinfigurations (65%),
whereas, traj2 is dominated by the HBsolvent configurations (86%). The full
width at half maximum of the frequency distribution (Fig. 7.11a) for the
amide I unit preceding proline is 33.4 cm−1 in traj1 and 33.8 cm−1 in traj2,
i.e. they have almost identical distributions. A bi-exponential fittings of
the corresponding correlation functions (Fig. 7.11b) reveal the correlation
times 50 fs (46%) and 3 ps (54%) for traj1 and 26 fs (38%) and 419 fs
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Population (%)

BIN traj1 traj2
2/0 21 0
1/1 0 0
1/0 44 0
0/0 35 12
0/1 0 64
0/2 0 22

Table 7.2: Hydrogen bonding decomposition of the two 100 ps trajectories.

(62%) for traj2. Therefore, the fast frequency fluctuations for the HBsolvent

configurations are responsible for spreading of the 2D-peak intensity in
the anti -diagonal direction resulting in lower visibility, while, the slower
fluctuations in the HBpeptide configurations give a sharp peak for the amide
I unit preceding proline which is clearly observed in their spectra. For
better comparison, the diagonal slices are extracted from the 2D spectra
of the HBpeptide and HBsolvent configurations for the GVGVPGVG peptide
and presented in Fig. 7.12.

Figure 7.11: (a) Frequency distribution of the amide I unit preceding
proline in traj1 (green) and traj2 (blue). (b) Frequency auto-correlation
functions for the amide I unit preceding proline in traj1 (green) and traj2
(blue).
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Figure 7.12: The slices through the diagonal of the 2D peaks for 2/0, 1/0,
0/2, and 0/1 bins of the GVGVPGVG peptide.
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