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We herein review our studies on simulating the thermal unfolding Fourier transform infrared and two-dimensional
infrared spectra of peptides. The peptide-water configuration ensembles, required forspectrum modeling, aregenerated
at a series of temperatures using the GBOBC implicit solvent model and the integrated tempering sampling technique.
The fluctuating vibrational Hamiltonians of the amide I vibrational band are constructed using the Frenkel exciton model.
The signals are calculated using nonlinear exciton propagation. The simulated spectral features such as the intensity and
ellipticity are consistent with the experimental observations. Comparing the signals for two beta-hairpin polypeptides with
similar structures suggests that this technique is sensitive to peptide folding landscapes.
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1. Introduction

Vibrational spectroscopy is a commonly used tool for
studying protein conformation dynamics.!'"'!] The amide I
vibrational band, which mainly originates from the backbone
C=O0 stretch vibrations, has different features for different sec-
ondary structure motifs of proteins, and is extensively used for

12-18] The two-dimensional

protein configuration detection.|
infrared (2DIR) spectra of peptide further improve the reso-
lution of the local conformational changes in the peptides; in
2DIR, the fundamental transitions are revealed by the diagonal
peaks and the off-diagonal peaks probe the fluctuations of the
correlations in the system.[!8-27]

Thermal unfolding experiment, in which the peptide spec-
tra are obtained at a series of temperatures, is employed to
study the thermal stability of a given peptide structure.!?’-3?!
Gursky ez al.'®¥ monitored protein aggregation during thermal
folding/unfolding by circular dichroism (CD) spectroscopy.
Gai et al.®¥ carried out the thermal unfolding IR and CD
spectroscopic studies on polypeptides, and found that the turn
structure plays a key role in peptide folding. Tokmakoff
distinguished a folded state and a misfolded state for Tr-
pzip2 peptide by combining 2DIR spectroscopy with thermal
unfolding.[®!

Theoretical spectroscopy modeling, based on explicit sol-
vent molecular dynamics (MD) simulations, has been exten-
sively used to simulate and interpret complex and congested

[23-28

protein vibrational spectra. I Further, our recent studies
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suggested that comprehensive sampling of the peptide or pro-
tein configuration distribution helps improve the modeling of
protein vibrational spectra.l36-3% Tt is, however, too expen-
sive to carry out configuration sampling for proteins based
on a converged explicit solvent model, even at a specific
temperature.“**3] Tt leads to multiplied computational cost
for the thermal unfolding spectra because the sampling is
needed for a series of temperatures. 383!

We modeled the thermal unfolding IR and 2DIR spec-
tra of the peptides based on configuration distributions gen-
erated using implicit solvent MD simulation combined with
the integrated tempering sampling (ITS) method. [33-3944:43]
Our method reproduces various experimental observables
such as melting temperatures,*~*7 lineshapes of both lin-
ear and 2DIR spectral®® and temperature dependences of
the peak intensities and ellipticities of the isotope-labeled

(48] Tmplicit-solvent-based simulation thus provides a

peaks.
cost-effective means to model temperature-dependent vibra-
tional spectra of peptides.*’! In this paper, we first present the
techniques we use, and then discuss the quality of simulation
based on the comparison with the experimental IR and 2DIR

signals of Trpzip2 and Trpzip4 peptides.

2. Methods

In the simulation, implicit-solvent MD simulation com-
bined with ITS is used to generate the peptide configuration
ensemble at a specific temperature 7. A subgroup of thus-
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generated peptide configurations is then selected and soaked
into the simulation box with explicit water molecules. Short
simulations are then carried out to generate the trajectories
needed for modeling the spectra. Herein, we briefly describe
the techniques used in our simulation.

2.1. Implicit solvent model

Unlike explicit-solvent models that are particularly time-
consuming for large molecules, the implicit-solvent models
represent the real solvent as a continuous medium whose
properties can be described by different analytical functions.
These treatments significantly improve computational effi-
ciency and reduce errors in statistical averaging due to incom-
plete sampling of solvent conformations.!**! The generalized
born (GB) implicit-solvent model approaches an approximate
numerical solution of the Poisson—Boltzmann equation to de-
1301 The effective Born radius of
each solute atom, which is the important parameter to calcu-

scribe the electrostatic energy.

late the solvation free energy, is given by the Coulomb field

approximation>!!

R '=p; '~ ()

where p; represents the intrinsic radius of atom i, and I rep-
resents the integral over the solute volume of atom i. The
different approaches of integral calculation lead to differ-
ent versions of the GB model. The GB?BC implicit-solvent
model®!! applied in our simulations (ighb=2 or 5) yields
a geometry-independent effective Born radius given by a
well-tested three-parameter scaling function (¢, 8, and 7),
with the integral first derived from the HCT approach.P!l A
carefully chosen implicit-solvent model, such as the GBOBC
implicit-solvent model,°! which has been extensively used
in polypeptide configurational simulations, can significantly
reduce computing effects while giving thermodynamic prop-
erties reasonably consistent with those obtained in explicit-
solvent simulations.*!! The GBOB€ solvent model can be used
to describe the temperature dependence of the peptide con-
figuration; the relative thermal stabilities of backbone hydro-
gen bonds in polypeptides were consistent with the interpreta-
tion based on the 2DIR experimental observations. [*>*8] These
consistencies encourage us to model the thermal unfolding
spectra based on the GBOBC implicit-solvent simulations.

2.2. Integrated tempering sampling (ITS)

The ITS method,** developed by Gao er al., is effec-
tive in improving the efficiency of sampling over a large en-
ergy range in MD simulations. The approach uses Boltzmann
distribution functions at multiple temperatures to allow sam-
pling of the configurations of the system over a wide energy
range. [#4]

Details of this technique have been extensively discussed
elsewhere.[*~472.33] Here we briefly introduce the main con-

cept: a generalized distribution function p (U) can be applied

as a function of the potential energy of the system U as inte-
gration over ﬁ:(kBT)_l, where kg is the Boltzmann constant
and T is the temperature of the system 4]

pwy= [ 1(8) e P ap @

As running simulations on a modified potential U’ (U) in an
MD simulation, we can obtain the distribution function of
Eq. (2), which is defined as a function of U, at the desired
temperature 7. The potential U’ can be further defined as!**!

P = pw) = [ 7 (B) e ap 3)
where By=(kg To)~', and U’ can be simply defined as!*4!
1 /
U’:——ln/ Ve PUap'. 4
B ! (B) B @

As demonstrated in Eq. (4), the function f (') can be quickly
calculated iteratively during the MD simulation. Furthermore,

Newtonian equations with the biased potential U’ can be used

to calculate the biased forces F, as!*¥!

U B f(BYePVdp U
dr — Pofpf(B)eFUAp Ir

_ BB Pap

~ Bofp f(B)ePUAB

In Eq. (5), the force vector F' can be obtained by calculating

k =

&)

the original potential function of the system in MD simula-
tions. Thus, the thermodynamic properties of the system can
be calculated by reweighting the parameters with a weight-
ing factor e P (N-U() = =PV /p(U), with p(U) being
well defined by Eq. (2).[44

2.3. Constructing the fluctuating Hamiltonian

Amide I unit (O=C-N-H) vibrations are localized on
each residue along the backbone polypeptide bonds with no
overlapping transition charge densities.!'”) The Frenkel ex-
citon model is therefore used to construct the amide-I fluc-
tuating vibrational Hamiltonians for each snapshot along the

trajectories: 9+
A=H+H, (©)
where
A AL A m#n AL A
HS = ngBy'an'i‘ Z JmnBy'an
m mn
1 At AL o
-3 Y AuB}B} BB, )
m
and
Ar=—E0)Y tn(B)+B,). 8)
m
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In these equations, Hs is the system Hamiltonian and g
represents the interaction with the optical field, E(r). B
(I§m) is the creation (annihilation) operator for the m™ amide
I mode, localized within the amide unit, with vibrational
frequency &,, anharmonicity 4,,, and transition dipole mo-
ment U, Starting with the Hamiltonian in Cartesian coordi-
nates, the creation and annihilation operators can be defined
as: Bl = %(qm—ipm) and B,, = %(qm—i—ipm), satisfy-
ing the Bose commutation relations [B,,, B}] = 8, and J,,
is the harmonic inter-mode couplings. The conformational
changes of the backbone, side-chain, and solvent dynamics
cause fluctuation of the parameters of Hs. The CHO, elec-
trostatic map!>®! was used to parametrize the fundamental vi-
brational frequency &,. Furthermore, Cho’s dihedral angles
map!®®! provides the nearest-neighbor couplings J,,. Torii
and Tasumi’s model!'® was used to calculate the amide-I tran-
sition dipole U, and the non-nearest neighbor couplings J,,,,.
The anharmonicity A,, of the amide-I mode was fixed to the

I 1181 The isotope effect was con-

measured value of —16 cm™
sidered by simply performing a —43 cm~! redshift of the fun-
damental frequencies,m’s” which allows us to observe the
spectra of each vibrational mode changes more clearly at dif-

ferent temperatures.

2.4. Calculating the vibrational spectrum using the non-
linear exciton propagation (NEP) approach

The third-order response function is calculated as

follows: [23-58-60]

S\(/?\@vzvl (14,73, 72, 71)
= (D) (1@ @ @] m @), ©

where v; are Cartesian polarization indices. The three nested
commutators in the response functions can be expanded into
eight Liouville space pathways. A subgroup of theses path-
ways contribute to each nonlinear technique. The photon-echo

signal contributed by the three pathways is given by![?3-%60]

SIVZV3V2V1 (7’-47,53712;71)
i 3
= % Z Hanyivy (Tl)unz;vz(72)“n3;vs(73)“114;V4(T4)
ninpn3ng
% ((g|Buyu(t1, 72)BY, u(Ty, Ta) By, (T4, 73)B], |g)
+ (g|Bn, u(t1,73) B, u(T3,74) By u(t4, 2B}, |g)
- <g‘Bn1 M(T] ) T4)Bn4M(T4, 73)31;3”(137 TZ)BZZ ‘g>>7 (10)

the evolution operator of the vibrations can be denoted by
U (1, 7;), which is given as

U(m,T)) =exp, <—;,Z/TT2H(T)dT> , (11)

where exp, represents the time-ordered exponential. The
three terms in Eq. (10) correspond to the contributions of the

ground-state bleaching, excited state emission, and excited
state absorption, respectively. In Eq. (10), the integration over
the initial time (Eq. (9)) has been omitted to simplify our no-
tation. By introducing the one-exciton Green’s function

Guymy (12,71) = (g|Buyu(T2,71)B] |g), (12)

and two-exciton Green’s function

anmz,nlml (72; Tl)
= (8|Bu,Buyu(72,71)B}, By |3), (13)

equation (10) can be finally simplified as

K
SV4V3V2V1 (1’-47 T37 TZa Tl)

2<;)4 Y Y taw(m

N1 NoN3Ng MMyM3m4py

X Hnyivy (72)“713;% (73)“714:\’4 (74)
T4
X /L' dSGn4m4 (7475‘) Um4mlm3m2 (S)
3
X Gmymy nspy (s,73) Gpany (73, 12) G:;l],nl (s,71). (14)

A time integral over the interval s between interactions
with the k3 and k4 pulses can be used to describe the nonlin-
ear response. Equation (14) accounts for the exact cancellation
of the harmonic part in Eq. (10), and these equations are now
explicitly influenced by the anharmonicity Ujj to the first or-
der, but the higher orders enter through G (s, 73).

To save computational resources, Green’s function in
Eq. (14) was not calculated, but the time-dependent one- and
two-exciton wave functions, denoted as

Wr<nll);vl (Sa Tl ) = ZGm] sy (S, Tl ) IJ“}’LI ;V| (Tl )7 (15)

ni

2
lVf<n1)mz;v1;vz (5:72:71)

= Zszml,nznl (S,Tz) Hnyvy (12)1//,511;)01 (72;Tl)~ (16)

ny

InEq. (15), the 111,5111);1,1 (s;T1) demonstrates the propagation of a
single exciton created at time 7; by the interaction of the tran-
sition dipole Wy, .y, (71), and the two-exciton propagation was
described by V/,(,,Z])mz;vl v, (83725 71). Attime 7y, the first exciton
is created, and it propagates until time 7, when a second exci-
ton is created and propagates until time s. At the initial time
s = Tp, a symmetrized product generated by the one-exciton
wave function 1,/,(,};2)1 (s371) and the transition dipole v, (72)
gives the two-exciton wave function

(2) e
Wmlmz;m ) (TZ’ TZ? Tl)

= 1//,5111);1)1 (725T1) Wimysvy (72)
+ W,Ellz);vl (725T1) Uy, (T2) - (17)

Equation (14) can be reframed as follows, using these defini-
tions:

Ky
SV4V3V2V1 (7’-47 73, T2, Tl)
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2\ 4
1
=2 (h) Zun4;V4(T4)R§A{;V3V2V1 (1’-43 13,12, Tl)a (18)

ny

with
K|
Ryl vavov, (4,73, T2, T1)
7 .
- Z/ A5Gy, (T0,5) XL vmvr (5173, 22,71), (19)
my /T3
and

Ky .
Xm4;V3V2V1 (S’ 7’-37 TZ? Tl)

= Z Unnymymymy (s)

miymoms3

X Yhosw, (55T 0) Yo (s571). (20)

The one- and two-exciton wave functions are computed by di-
rect integration of the Schrodinger equation. The one-exciton
wave function is denoted as

.. d
iy (m)) = HOlyay (1)), @1

in which |l[/‘(,}) (t;00)) = Z\y/,(“lgl (t;t0) Bl |g). A similar equa-
n
tion holds for the two-exciton wave function,
.0
ihowy (nmim)) = HOl (5im)), (22)
where

1
W m) =5 ¥

nyny

;512;)12;1)1 v, (t:125m1 )BLBZZ lg)-
Since the features of the IR spectra of the amide I vibra-
tion, such as band position and line-shape, are strongly depen-
dent on protein secondary structure, a variety of computational
methods for numerically simulating amide-I vibrational spec-
tra have been developed to simulate IR, VCD, and 2DIR spec-
tra for a variety of polypeptideand protein secondary struc-
tures over the past decades.[17:20:33:61-681 Myshakina et al.[®)
estimated the vibrational coupling strengths of amide-I modes
of trialanines in right-handed ¢-helix and polyproline-II con-
formations using the isotopolog technology to isotope label
13c=180 and ND or ND; in trialanines. Torii and Tasumi
performed ab initio molecular orbital calculations for model
glycine di- and tri-peptides with various ¢ and y angles to
obtain the map of amide I vibrational coupling constants be-
tween the nearest peptide groups and those of the second-
nearest peptide groups.!'®! Furthermore, density functional
theory (DFT) calculations for glycine dipeptide were per-
formed by Hayashi and Mukamel to estimate the coupling
constants between the neighboring polypeptide units for amide
I, I1, 11, and vibrational modes.[7! The amide-I local modes
for peptides are fully characterized using the eigenvectors of
the four atoms (O=C-N-H) forming the peptide bond. Based
on the full anharmonic vibrational Hamiltonian of the glycine

di-peptide, they determined the inter-mode coupling constants,
and used them to calculate the IR and VCD spectra of the
a-helix model. These computational strategies considering
the transition dipole—dipole interactions for calculating the
amide-I mode coupling constants developed by Mukamel ef al.
are more accurate than the simple transition dipole coupling
model. %79 Hamm, Woutersen,!”!! and Jansen et al.’¥ pro-
posed an improved method to calculate the amide-I vibrational
mode coupling between two local amide-I modes consider-
ing the transition charge—charge interactions. The transition-
charge or dipole coupling models can successfully predict the
long-range vibrational coupling between a pair of local amide-
I modes; however, since transition charge coupling theory
is strictly based on electrostatic interactions, it cannot fully
demonstrate the through-bond coupling between neighboring
polypeptides. Therefore, based on quantum chemistry cal-
culations of model dipeptides by varying the dihedral angles
¢ and v, a series of amide-I vibrational-mode coupling con-
stant maps were constructed, 1643672731 and were used to de-
scribe the amide-I vibrational-mode couplings between pairs
of nearest-neighboring local amide-I modes in polypeptides.

The frequencies of the amide-I local vibrational modes
are required to construct the Frenkel vibrational exciton mod-
els. The local backbone conformation and electrostatic envi-
ronment strongly influence the amide-I local mode frequen-
cies. Mendelsohn et al. subtracted an ad hoc value associated
with the strengths of hydrogen bonding interactions (calcu-
lated by ab initio methods) to estimate the amide-I local vibra-
tional mode frequencies.!”*73 The amide I, II, III, and A local
vibrational-mode frequencies were calculated from an electro-
static DFT map of NMA developed by Hayashi e al.[’®! The
Hessian matrix reconstruction method developed by Cho et
al."7-7% was used to calculate the fundamental-mode frequen-
cies and the inter-mode coupling constants of polypeptides and
nucleic acids, based on the results of ab initio vibrational anal-
ysis. The coupling constants and local-mode frequencies cal-
culated by this method have been successfully applied to sim-
ulate the IR and 2D IR spectra.

To calculate the spectral signals, we randomly selected
a tiny subset ST of configurations for each polypeptide from
the set Sy of configurations generated by implicit-solvent MD
simulation combined with ITS, together with their weight dis-

B8] The main

tributions WlT at a series of temperatures 7.
structural characteristics of subset S, such as the stability of
the backbone hydrogen bonding and potential energy distribu-
tions, resemble those of set Sy at different temperatures, en-
suring that our sampling is reasonable.*8) As mentioned in

138391 3 hydrogen bond was formed be-

our previous reports,
tween two residues as the distance between carbonyl oxygen
and the amide hydrogen is shorter than 3.5 A and the N-H—
O angle is larger than 120°. At a specific temperature T, the
explicit-solvent peptide conformation ensemble is generated

by soaking the generated peptide conformation ensemble S
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into water boxes, with all the water molecules replaced by an
explicit solvent, using the TIP3P water model. One Cl~ ion
was added to the system of Trpzip2 to keep the system neutral,
so in all our MD simulations the pH is maintained at 7.0.[33-3%]

After the explicit-solvent solvation is done, the mini-
mization, heating, and cooling were done, with all the atoms
in the polypeptide fixed.*®3° Finally, a short-time (10 ps)
NPT ensemble equilibrium MD simulation, with no con-
straint on polypeptides was carried out for the whole system
to generate a group of short trajectories, which were later
used for further Hamiltonian construction and wave-function
propagation.[383°1 We assume that during this short time the
configuration of the polypeptide only changes slightly com-
pared with the initial conformation. Considering the size and
flexibility of the beta-hairpin peptides, this is a reasonable as-
sumption. To simulate temperature-dependent infrared spec-
troscopy, this procedure was carried out for a series of temper-
atures from 285 to 350 K. 1383

The SPECTRON package!®®! and the nonlinear exciton
propagation (NEP) method!!*-%%! were used to calculate the
spectra of polypeptides. The fluctuating vibrational Hamil-
tonians for the amide-I bond were constructed for each tra-
jectory that were generated in previous NPT MD simulations,
and then used to integrate the NEE equations.>*! The weight
distribution WlT generated by the implicit-solvent model was
superimposed to obtain the final spectra signals without any
reweighting. [38-3%]

To further explore the capabilities of the isotopic Fourier
transform IR (FTIR) and 2DIR melting spectra, we adapted
this simulation protocol to identify the differences in peptide
folding behaviors. Two hairpin polypeptides, Trpzip2 and
Trpzip4, ! with similar structures were compared (schematic
structures for these two peptides are shown in Fig. 4). The
previous simulation performed by Gao et al.[* suggested
that these two peptides have different folding mechanisms
(“hydrogen-bond centric” for Trpzip2 and “hydrophobic core
centric” for Trpzip4). Different folding landscapes of these
two peptides were also suggested by some other simulation
studies. [3048:32-841 These comparisons demonstrate that cer-
tain spectroscopic features can be used to detect the differ-
ence in folding landscapes for these two peptides, but not to
determine which folding landscapes are more realistic. In
our simulated spectra,*”) different temperature dependences
of intensities and ellipticities were observed for each isotope-
labeled peak between the two peptides. Further analysis was
performed to relate these spectroscopic observations to the dif-
ferent local structure stability patterns and thus to the different
folding landscapes.**! Our comparison suggested that the dif-
ferences in folding behaviors of these two peptides are sensi-
tively reflected by the ellipticity of the isotope peaks.*”) This
is consistent with the conclusion that anti-diagonal width is a
useful lineshape character to distinguish between the solvent
exposed and the internal site, as suggested by Jansen et al.!'3]

To the best of our knowledge, this is the first example of this
kind of theoretical spectroscopic analysis and the prediction is
done based on the comprehensive peptide conformation sam-

plings at a series of temperatures. (333

3. Simulating the thermal unfolding IR and 2D
IR spectra of Trpzip2 peptide

Simulated thermal unfolding FTIR and 2DIR spectra of
Trpzip2 peptide, with the temperature range of 285-350 K,
are presented in Fig. 2(a). Different C'3 isotope labeling
schemes in our simulation, as demonstrated in Fig. 1, were
constructed to model the thermal unfolding spectra and to di-
rectly compare with experimental results. As demonstrated in
Fig. 2(a), at 285 K, the simulated linear absorption spectra of
each isotopolog, an apparent peak v, appears at 1635 cm™!,
a shoulder v at 1662 cm™!, and a small peak or shoulder Vg
were induced by the isotope labeling over the frequency range
of 1580-1620 cm™'.
spectra reasonably resemble the experimental observations in
Ref. [48].

As temperature rises, each isotopolog has a significant

The line shapes of linear absorption

blue shift for the domain peak v, while the shoulder Y|
The simulated 2DIR spectra for
each isotopologue are demonstrated in Fig. 2(b). The signal

shows no frequency shift.

of the unlabeled Trpzip2 shows a “Z”-shaped feature, consis-

[48]

tent with the experiments,'** which has been assigned as the

Trpzip2 Middle-strand ~ Turn-region
SER-1  TRP-2 THR-3  TRP-4 GL%S ASN-6
H o T (0]
| \)1\
+H3N H | i
row Y wo |
HB2 | HB3; HB4 HBS;
H \g b H VEV
0. | 3 | H
‘ T\ﬁo( JI ‘ le) H (¢] G
K T K
LY$-12 TRP-11 THR-10 TRP-9  L¥S-8  GLY-7
Trpzip4 Middle-strand Turn-region
ALA-8

GLY-1 GLU-2 TRP-3 THR4 TRP-5 AS]IS6 ASP-7
E

G_ | E\ WNV i i1 ,A
Ws”&gﬁ }Lw/ﬂ;]?/lﬂ(f 0

MWO )
o T TTr

T
GLU-16 THR-15 TRP-14 THR-13 TRP-12 THR-11 LYS-10 THR-9

}Q
O:(
"////

Fig. 1. Structure of Trpzip2 (top row) with the isotope-edited sites TER-
1 (green), Mid-3 (blue), Mid-D (magenta), K-8 (yellow), and Turn-6
(red) highlighted, and Trpzip4 (bottom row), just the isotopologs Mid-3
(blue), Mid-D (magenta), and Turn-6 (red) in peptide were highlighted.
The amide-I mode for these three isotope-edited sites in each polypep-
tides are also highlighted: M3, M4, and M6. The backbone hydrogen
bonds HB2-HB6 are also labeled.
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feature of the B-hairpin. The 1635 cm™! peak at 285 K blue-
shifts to 1642 cm ™! at 350 K. The shoulder at 1660 cm™! does
not change as temperature increases, while the signal con-
tour becomes more homogeneously broadened. Overall, the
simulated temperature dependence of isotope-labeled FTIR
and 2DIR spectroscopic features resembles the experimental
observations. 38481

The temperature-dependent intensities of the isotope-
labeled peaks are presented in Figs. 2(c) and 2(d). The
temperature-dependent intensity of each isotopolog in the lin-
ear absorption spectra presents significant and site-specific

changes below 315 K, while above that a fairly concerted

change is observed. This trend is more clearly observed for the
intensity of isotope-shifted peaks in 2DIR spectra.!38] A simi-
lar phenomenon is also experimentally observed with the con-
certed change starting at 326 K;[“3] the temperature difference
between experiment and simulation should be consistent with
the deviation between melting points observed in the other.
The change of local environments can be considered as an in-
centive to the changes of peak intensity. A collective confor-
mational change at higher temperatures, similar to the stabil-
ity analysis of the backbone hydrogen bond, was concluded by
the concerted intensity variations for all isotope-labeled peaks
after 315 K.[%8!

7
(a) (c) o.84f —s— Mid-3
" 5 sl ——MidD  —0.2
£ = 0.80} —— K8 —0.063
g g i< —+—Turn-5 +0.153
et ) =
g 3| 2
R = g 0.76f
g
=
. . . 1k . . ) 0.72}
1550 1600 1650 1700 1550 1600 1650 1700
Frequency/cm~! Frequency/cm™~! 0.68F ) ) )
280 300 320 340 360
(b) 1700 1700 Temperature/K
_ none K8
L 1660 | 1660 7
< ' @ o7 Mid-3
= 1620 ; 1620 b = —=— Mid-
& [~ 4 o6l —e—Mid-D —0.4
E 1580 1580 > ’ . 7‘*?8 5 ig}gg
= D=1 —vY— lurn- .
1540 1540 2] L
1540 1620 1700 1540 1620 1700 285 K 8 0-5
1700 1700 = =
: = 350 K ol
£ 1660 ﬂ 1660 f
~
> 3 F 0.3}
? 1580 1580 285 300 315 330 345
1540 1540 Temperature/K
1540 1620 1700 1540 1620 1700
(w1/2mc)/cm! (w1/2mc)/cm~1

Fig. 2. (a) Temperature-dependent simulated equilibrium FTIR spectra of isotope-unlabeled and isotopolog K8 in Trpzip2 taken from 285 to
350 K. Line color shows progression from blue to red. (b) The simulational 2DIR spectra of isotope-unlabeled and isotopolog K8 in Trpzip2 at
285 and 350 K. (c) Temperature-dependent intensities of the isotope-shifted peaks in the FTIR of different isotopologs. The curves of Mid-3,
K8, and Turn-5 are shifted for better comparison. (d) Temperature-dependent intensities of the isotope-shifted peaks in the 2DIR spectra of
different isotopologs. The curves of Mid-3, K8, and Turn-5 are shifted for better comparison.

Value of ellipticity reflects the environment fluctuation
around the amide-I mode. Ellipticity of a peak in the 2DIR
spectra can be calculated as E = (62 — FZ) / (62 + 1—~2) 185861
in which the diagonal line-width o reflects inhomogeneous
broadening, and the antidiagonal width I" reflects the homo-
geneous broadening. Temperature-dependent ellipticities of
the isotope-shifted peaks in the 2DIR spectra of different iso-
topologs were demonstrated in Fig. 3. A clear drop in elliptic-
ity is observed for the isotopologs of mid-strand mode related
peaks Mid-D and Mid-3, which indicates that the mid-strand
mode becomes more homogeneously broadened as tempera-
ture increases. The peaks related to the ellipticities of the

turn modes such as K8 and Turn-5, however, do not show

significant changes with increasing temperature. To further
analyze the molecular origins of ellipticity differences, we an-
alyze the static frequency distributions and time correlation
functions of isotope-shifted frequencies for Mid-3 and Turn-
5. The time correlation function of Mid-3 decays faster with
increasing temperature (118 fs vs 130 fs), while the time cor-
relation function of Turn-5 decays at the same rate as the tem-
perature rises; these should lead to the ellipticity drop. The
static frequency distributions for both Mid-3 and Turn-5, how-
ever, show a small change as temperature increases. Similar
to experimental observations, the intensities and ellipticities
of the isotope-shifted peaks related to the mid-strand modes
(Mid-3, Mid-D) show stronger temperature dependence com-
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pared with the turn modes, K8 and Turn-5; this suggests that
Trpzip2 follows the “hydrogen-bonded centric” folding mech-
anism.

0.8
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v ~.. e
- >o
0.7 RN
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e 7= m— Mid3
0.6 | "h——-m” —e—)[dD*
N~ A- K8
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Ellipticity
=)
o
T
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285 300 315 330 345 360
Temperature/K

Fig. 3. Temperature-dependent ellipticities of the isotope-shifted peaks
Viso in the 2DIR spectra of different isotopologs.

Using the techniques developed, we further demonstrated
that the different folding landscapes of two beta hairpin
polypeptides with similar structures, Trpzip2 and Trpzip4, can
be discriminated by the thermal unfolding vibrational spectra.
Three C!3 isotope labeling schemes, as presented in Fig. 1,
were performed for both peptides to observe the temperature-
related variations of difference spectral features. The first
scheme Mid-3 (blue) labels the residue THR-10 in Trpzip2
and residue THR-13 in Trpzip4 (related to HB3), and the
related local vibrational mode was named M3. The second
scheme Mid-D (magenta) double labels the residues (THR-3
and THR-10) in the middle of Trpzip2 and THR-4 plus THR-
13 in Trpzip4 (related to HB3 and HB4), and the related lo-
cal vibrational mode (THR-3 in Trpzip2 and THR-4 in Tr-
pzip4) was named M4. The last scheme Turn-6 (red) labels
the residues in the turn-region: GLU-5 in Trpzip2 and ASP-6
in Trpzip4 (related to HB6); the mode located on GLU-5 in
Trpzip2 and ASP-6 in Trpzip4 was named M6.

The time correlation function of the local amide-I modes
M3 and M6 are demonstrated in Fig. 4. As temperature in-
creases from 285 to 350 K, for Trpzip2, the mid-strand mode
M3 has a large decrease in relaxation time, from 130 to 118 fs,
while the relaxation time of the turn mode M6 hardly changes.
This indicates that the turn region has a lower thermal depen-
dence compared with the mid-strand. For Trpzip4, however,
the relaxation time of M3’s TCF decreases from 406 to 220 fs,
while that of M6’s TCF decreases from 440 to 189 fs with tem-
perature rising from 285 to 350 K. The relaxation time of M6’s
TCF shows greater change compared with that of the M3’s,
which suggests a lower thermal stability. The relaxation times
of the TCFs for M3 and M6, apparently, are more sensitive to
structural changes and thus to the local thermal stability. Af-
ter a local region is unfolded, its structure experiences a larger
extent of fluctuation and more exposure to the solvent, which
induces a faster relaxation of frequency fluctuation.

a M3
ost] @
< <5
O 04 Q
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e sl @
<= =
Q O 04
= 0.4 =
0 0
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Fig. 4. Frequency-time correlation functions of the localized amide-I
modes ((a), (c) M3 and (b), (d) M6) for Trpzip2 (top row) and Trpzip4
(bottom row) at 285 and 350 K, respectively.

The temperature-dependent intensities of the isotope-
labeled peak or shoulder in the linear absorptions of all the
three isotopologs are presented in Fig. 5(a) for each peptide.
For Trpzip2, both the isotope-shifted intensities of Mid-3 and
Mid-D decrease while the intensity of Turn-6 has a much
stronger temperature independence as temperature increases
from 285 to 350 K. For Trpzip4, conversely, the isotope-
shifted peak intensity of Turn-6 has the most significant and
non-monotonic temperature dependence, while the intensities
of both Mid-3 and Mid-D are highly stable.

The 2DIR spectra of the unlabeled (none) and each iso-
topologue for both Trpzip2 and Trpzip4 polypeptides at 285
K are presented in Fig. 6(a). The unlabeled 2D spectrum for
Trpzip2 shows a growing cross peak in the off-diagonal region
with increasing temperature. As in the linear absorption spec-
tra, the isotope-shifted intensity of Turn-6 in Trpzip4 shows
a large fluctuation with increasing temperature, while the in-
tensities in Mid-3 and Mid-D are rather invariant with temper-
ature. The temperature-dependent intensities of the isotope-
labeled peaks in the 2DIR signals are demonstrated for all the
isotopologs in Fig. 5(b). For Trpzip2, on the other hand, the
intensity of the isotope-labeled peak in Turn-6 presents higher
temperature stability than Mid-3 and Mid-D.

The isotope-labeled peak intensities of both FTIR and
2DIR demonstrate that different regions in Trpzip2 and Tr-
pzip4 have different temperature dependencies. The isotope-
shifted M6 peak in Turn-6 has the minimum intensity change
in Trpzip2, and the maximum in Trpzip4. Other character-
istics like the frequency distribution of vibrational modes,
isotope-labeled peak shift, and full-width and half-maximum
(FWHM), are not very sensitive to the local thermal stabil-
ity. Furthermore, the intensity change of Turn-6 in Trpzip4 is
non-monotonic. The intensity, therefore, is not aninformative
marker for changesin local structure.

Temperature-dependent ellipticities of the isotope-labeled
peaks of the 2DIR signals are presented in Fig. 6(b) for both
peptides. The ellipticity of the isotope-labeled peak in Turn-6
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in Trpzip2 shows much higher temperature stability than other
isotopologs (Mid-3 and Mid-D). For Trpzip4, however, the

Intensity

Intensity

ellipticity of isotope-shifted peak in Turn-6 decreases more
significantly than that in Mid-3 and Mid-D as temperature
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Fig. 5. (al), (a2) Temperature-dependent intensities of the isotope-shifted peaks ;s in the linear absorption spectrum of different isotopologs.
Both the curves of Mid-D and Turn-6 are shifted for better comparison. Temperature-dependent intensities of the isotope-shifted peaks Vi, in
the 2DIR spectra for Trpzip2 (bl) and Trpzip4 (b2). The curves of Mid-D and Turn-6 are shifted for better comparison.
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increases.

The frequency distribution FWHM of the M3 and M6
modes are mostly constant as temperature increases. There-
fore, the inhomogeneous broadenings of the isotope-labeled
peaks are rather temperature-independent. The ellipticity is
strongly correlated tovariations of the homogeneous broaden-
ings, which are largely decided by the relaxation times of the
frequency TCFs. The mid-strand segments in Trpzip2 pep-
tide unfold first and thus the local environments around the
M3 and M4 modes present much larger fluctuations compared
to those around M6 in the turn-region. This difference in lo-
cal structure stability induces a larger change in the frequency
TCF relaxation time for the vibrational mode M3 than that
for M6, and consequently a larger decrease in ellipticity. For
Trpzip4, conversely, the local stability around M6 at the turn
segment decreases more sharply than those around M3 and M4
at the mid-strand with increasing temperature, and eventually
ellipticity presents a larger decrease for the Turn-6 isotopo-
logue. Due to the sensitivity to homogeneous broadenings,
the ellipticities of the isotope peaks in the 2DIR signals are
more sensitive to these local stability differences than other
spectral features like peak intensities; this suggests that the
different folding landscapes for Trpzip2 and Trpzip4 polypep-
tides, the “hydrogen-bonded centric” and “hydrophobic-core
centric” folding mechanisms, respectively.

4. Summary and future perspectives

We propose a cost-effective protocol to simulate FTIR
and 2DIR spectra for polypeptides at a series of tempera-
tures, based on comprehensive configuration samplings gen-
erated using implicit-solvent MD simulation combined with
the ITS method, which provide an accurate thermal spectro-
scopic description consistent with experimental observables.
Furthermore, to distinguish the differences inmelting spectra
descriptions of peptide-folding behaviors, this protocol was
adapted to simulate the thermal unfolding spectra for two f3-
hairpin peptides, Trpzip2 and Trpzip4, which were suggested
to have different folding mechanisms. Comparison of the
temperature-dependent signals for these two peptides, and the
ellipticities of the isotope-labeled peaks were suggested to be
more informative about the folding landscape differences, due
to their sensitivity to homogeneous broadenings. Combined
with the relevant experimental measurements, these modeling
techniques can provide a better understanding of the peptide
folding landscapes.

The amide-I vibrational band, although achieving great
success in revealing secondary structure motifs of proteins,
appears less sensitive to finer structural differences. For these
“beats” differences, the amide III band, which mainly com-
prises backbone C—N stretching and N-H bending and is more
delocalized than the amide I band, could be a potential so-
lution. Moreover, the NEP method proposed here can work

for any nonlinear optic process, including the surface-specified
spectroscopy of sum frequency generation. Our next step will
be to focus on using the NEP method together with the amide
IIT band to investigate protein configuration dynamics in var-
ious chemical environments, which may help obtain a deeper
understanding of fundamental life processes, like ion channels
and photosynthesis. To further improve the current protocol,
more close collaborations between the experimentalists and
theorists are required.
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