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Abstract: Near-UV circular dichroism (CD) spectroscopy is a widely used method that
provides, among others, information about the tertiary structure of biomolecular systems
such as proteins, RNA, or DNA. Experimental near-UV CD spectra of proteins reflect
the CD signals averaged over the many conformations that these systems can adopt.
Theoretical approaches have been developed to predict such spectroscopic properties
and link modeled conformations of complex biosystems to easily accessible experimental
data, without having the resort to costly structural biology techniques. However, these
predictions are mostly generated on the basis of a single experimental structure, missing the
dynamic information reflecting the protein conformational variability. Here, we describe a
complete reformulation of the theoretical foundations behind the prediction of CD spectra.
We propose a QM/MM-based automated pipeline that generates an average near-UV
CD spectrum from a given MD ensemble in a fast manner based on these theoretical
considerations and further test it on protein systems. This pipeline has been implemented
in an open-source program called DichroProt.

Keywords: electronic circular dichroism; multi-scale excited state calculations; matrix
method; first-order perturbation theory

1. Introduction

Proteins are optically active chiral molecules, meaning that their light absorption de-
pends on polarization. One manifestation of optical activity is electronic circular dichroism
(CD). Proteins are structured at different levels—secondary, tertiary and quaternary—each
of which has an effect on the CD spectrum. In other words, protein structural change
alters the CD spectrum. Depending on the spectral region, we have access to different
structural information [1]. The ultraviolet (UV) CD spectrum is divided into three regions.
In far-UV, i.e., below 250 nm, peptide bonds are active. This provides information about
the arrangement of the backbone and thus about the secondary structure (i.e., proportion
of a-helix, B-sheet, etc.). The aromatic side chains and the disulfide bridge appear in the
near-UV (250-300 nm) range. Side chain absorption bands are strongly influenced by the
tertiary and quaternary structure. The last region is the UV-visible (300-700 nm) range,
where non-protein chromophores contribute, such as porphyrins for example.
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The circular dichroism measures the difference of extinction coefficient between left
and right circularly polarized light at a given wavelength A. This quantity, noted Ae(A),
expressed in L-mol~1-em™1, reads

Ae(A) :=eL(A) — €er(A). )

In contrast to the UV absorption spectrum, the CD spectrum can exhibit both positive and
negative peaks. The CD is positive when the left polarized light is more absorbed and
negative otherwise. Other physical quantites can be used, such as the molar ellipticity
B(A) := 3298Ae(A) [2]. The mean residue ellipticity is obtained by dividing the molar
ellipticity by the number of residues in a protein. The integration of a CD spectrum band
gives the rotational strength expressed in the CGS system of units (erg-esu-cm-G™1).

he Az Ae(A)
R g fyy a @

where .4} is the Avogadro number,  is the reduced Planck constant, and c is the velocity of
light in vacuum. The rotational strength in CD spectroscopy is equivalent to the oscillator
strength in UV spectroscopy. The first quantum theory of rotational strength was developed
by Rosenfeld [3]. If ¥1 and ¥, are two real-valued wavefunctions, the Rosenfeld formula
gives the rotational strength of a transition from state |¥1) to state [¥7) as

Rima = Im((¥1| f[¥2) - (Yol it [¥1)), (3)

where 1 is the magnetic dipole moment operator and fi is the electric dipole moment
operator. This equation can be rewritten in two gauge formulations. If the electric moment
is expressed with the position operator, a change in coordinate origin induces a change
in rotational strength. This formulation, called the length gauge, is not origin gauge-
invariant. Otherwise, expressing the electric moment with the gradient operator leads
to an independence of the origin choice [4]. This velocity gauge is a simpler alternative
to the use of magnetic-field-dependent “gauge-including atomic orbitals” (GIAOs) [5-7].
Pedersen et al. have shown that when using finite basis sets, the velocity gauge retains the
origin-invariance but this leads to somewhat large values of the gyration tensor G’ at zero
frequency and modifies the velocity gauge by subtracting G’ (w = 0) from the calculations
at other frequencies [8].

The large number of nuclei and electrons in proteins makes conventional wavefunction-
based or electron-density-based methods impractical for accurately approximating |¥7)
and |¥7). Some approximations have been made to push back the limits to around thou-
sands of atoms [9,10], but this is not enough for huge proteins. Several groups have
extended Rosenfeld’s approach over the years [11-21]. The Frenkel exciton model has
been developed to obtain optical properties of aggregates and solids [22-24]. It is largely
used for J-aggregates, H-aggregates, or for molecular crystals [25-27]. In the context of the
exciton model, different authors use different underlying assumptions, for example the use
of energies of states or excitation energies, or the use of coupling between point electric
transition dipoles or between generalized molecular charge densities [28-36]. The Frenkel
exciton model was also adapted by Tinoco to polymer systems [37]; this method is known
as the first-order perturbation theory. This approach was quickly extended to all orders
by considering an eigenvalue problem, also called the matrix method [38,39]. The matrix
method offers computational efficiency and ease of implementation but lacks the physical
interpretability of the perturbation method. The state of the art presents a variety of formu-
las to compute rotational strength. One purpose of the present work is to reformulate the
problem on a rigorous mathematical basis.
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There are software programs that calculate protein CD spectra, such as DichroCalc [40],
PDB2CD [41], and SESCA [42]; however, these methods use a certain degree of parametriza-
tion of their systems. PDMD2CD [43], an extension of PDB2CD, averages CD spectra
over a molecular dynamic (MD) trajectory researching the closest similarity with struc-
tures of a bank of precalculated CD spectra. Such parametric methods have recently been
reviewed [44]. Beyond such approaches and avoiding any parametrization, this study
proposes to develop an automated pipeline that, from MD trajectories, computes a near-UV
CD spectrum prediction from both methods (matrix method and first-order perturbation
theory). As depicted in Figure 1, our pipeline automatically extracts conformations from an
input MD trajectory, identifies the chromophores present in the structure, performs time-
dependent density-functional theory/molecular mechanics (TD-DFT/MM) calculations
separately on each chromophore, and generates an average near-UV CD prediction taking
into account the coupling between the photoactive residues.
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Figure 1. Workflow of the near-UV spectrum prediction pipeline. Conformations are extracted
from a given MD ensemble, chromophores are identified in the structure and submitted to TD-DFT
calculations separately taking into account their MM environment, and an average CD spectrum is
generated using the coupling method as chosen by the user.

We will divide our work into two parts. First, we derive the matrix method and the
first-order perturbation method for a general system of M optically active subsystems.
Then, in the case of near-UV, we show how to obtain the rotational strength of a protein
using both methods and compare a dynamically resolved use of these two methods with
experimental CD results.

2. Theoretical Methods for Constructing the CD Spectrum

This section is a summary of the theoretical part of this paper related to the generation
of the CD spectrum from electronic excited states’” quantum-chemical calculations.

A fully detailed, self-contained reformulation of these methods and of the prerequi-
sites that are necessary for building them is given in Supplementary Information SI, so that
the present section is only a brief textual summary of the content of Supplementary Infor-
mation SI. The reader who is more interested in the concrete and computational aspects of
this article may completely ignore it.
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2.1. General Considerations and Zero-Order Quantum States

In this contribution, we deal with N-electron complex systems containing M optically
active groups of atoms. A first important thing to notice is that in both methods none of the
groups share or exchange electrons or nuclei with another one.

Each group of atoms is represented by a clamped-nuclei Hamiltonian including
an electronic kinetic energy term, a nucleus—electron potential energy term, a nucleus—
nucleus potential energy term, and an electron—electron potential energy term. For every
such group Hamiltonian, we consider (A + 1) mutually orthogonal, normalized quan-
tum electronic states (¢iz)se[o,4], @and the corresponding (A + 1) real-valued energies
(€ig = hvyy) ac]o,A]» Where ia refers to the ath quantum electronic state of the ith group,
and £ is the Planck constant.

A very fundamental step in the construction of the two methods is the construction
of a reference ground state for the total system, |‘I’(()O)>. For both methods, this reference
state is the tensor product of all the ground states of the individual groups—any possible
interaction between the groups is neglected for the reference ground state. By extension,
zero-order excited states of the system—involving one or more groups being in an excited
state—is also a tensor product of the states of the individual groups.

2.2. Coupling Between the Quantum States

The coupling between the groups is then introduced with the form of a <T§O) |\7|‘I’§0)>
quantity, where V is the potential energy operator of Coulomb nature, and |‘I’§O)> and
|‘I’§0)> are any two reference states of the total system. In particular, couplings implying
two distinct zero-order singly excited states of the total system—i.e., two states of the
total system in which distinct groups are in an excited states, with one excited group per
state—are of particular interest in this paper. They can be approximately evaluated using
the so-called “dipole-dipole” approximation [45], where the coupling value between the
0 — a transition of the ith group and the 0 — b transition of the jth group, i.e.,

[t n) (Xm0

J;:(a0, b0) = -
il ) 4reg X | X |°

(4)

solely depends on dot products implying two-group inter-centroid position vectors (X;;),

0—a

electric transition dipole moment vectors (y;

distances (|Xj;]).

and ﬂ?ﬁb), and two-group inter-centroid

2.3. The Matrix Method

In the matrix method, an effective Hamiltonian matrix is built with, in its diagonal,
the excitation energies of the individual groups and, out of the diagonal, the couplings
implying two distinct singly excited states of the total system, evaluated using the dipole—
dipole approximation. Eigenvectors of this matrix in the basis of singly excited states of the
total system, i.e.,

M A
Vg € [LMx AL [¥) = 3 ) Uing [¥3,)), ©)
i=la=1
are then interpreted as approximations to the excited states of the fully interacting total
system, with corresponding (v ) energies, i.e., the eigenvalues of the effective Hamiltonian
matrix. They are introduced in the Rosenfeld equation, which establishes the rotatory
strength of CD as the imaginary part of the dot product of electric and magnetic transition
dipole moments.
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Electric transition dipole moments are origin gauge-invariant, while in general, mag-
netic transition dipole moments are not. This means that if the origin of the reference
frame is shifted, magnetic transition dipole moments may not remain invariant. We show,
using the hypervirial theorem, that we can circumvent this problem regarding the rotatory
strength, and provide an origin gauge-invariant expression of the rotatory strength for the
matrix method:

144 0 b0 , T 0 0—b
Rs = vg “21 bzl {U"”@Ufh,g'/iaﬂi Themp 5 UiagUijb,gViavjpXij - ("l T )] ©)
i,j=1ab=

In (6), the m}’_’o vectors are the groups’ intrinsic magnetic transition dipole moments.

2.4. First-Order Non-Degenerate Perturbation Theory

In Tinoco’s first-order perturbation theory [37], first-order correction to the reference
(zero-order) ground and singly excited states of the total system are computed using V and
reference ground, singly excited, and doubly excited states of the total system, together
with the corresponding total energies. Once these first-order corrections are added to the
reference ground and singly excited states of the total system, the obtained first-order
states are introduced in Rosenfeld’s equation, leading to an expression for the rotatory
strength that is readily origin gauge-invariant. Coupling terms are evaluated using the
dipole-dipole approximation, giving, for every k in [1, M] and for every cin [1, A],

Ji (0, a0)
Rie = Im [yl(g—w S Z Z (11/ - (chy}(g—w a—>0 + Vmﬂo_m mi—>0)
ieMy a=1 ia ke

Iki(CO/ 00) (”c%c O—)O) CHO}

Hi k
€M hvie
ik Z]k’ (60, 0) 5 s (X = X) - (" 1) 7)
i€My a= (v —v2)

where
(c0,a0) = (T 17199y and J,:(c0,00 145 3% v 8
Jxi(c0,a0) = (¥, |V|¥;,") and Ji;(c0,00) = < |\ > <kc|| ). (8
In (7) above, M is equal to [1, M] \ {k}.

3. Materials and Methods
3.1. Molecular Dynamics Simulations

All MD simulations were performed using the Amber suite of programs. Two systems
for which we produced the experimental near-UV CD data were used to test our protocol
for the prediction of spectra from MD simulations conformational ensembles: the Lysozyme
and the Trp-Cage Miniprotein Construct TC5b. The choice of the systems was based on
the fact that the Lysozyme and the Trp-Cage exhibit different levels of complexity: the first
one is a 129 amino acid protein harboring 16 chromophores including CYS-CYS bridges,
and the second one is a 20-residue-long peptide featuring 3 aromatic rings.

The starting structures were downloaded from the PDB (ID 2YVB [46] and 1L2Y [47],
for the Lysozyme and the Trp-Cage respectively), and protonation states of the amino acids
were assigned with respect to their pKa as predicted by propka3 [48]. Parameters were
taken from the Amber ff14SB force field [49] for the protein residues and the system was
soaked into a TIP3P [50] water box shaped in a truncated octahedron and using a 15 A
buffer, resulting in systems of 30,879 and 11,363 atoms for the Lysozyme and Trp-Cage,
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respectively. The total charge of the system was neutralized by adding Cl counterions.
Each system was subjected to a 10,000-step minimization, followed by a 400 ps NVT
thermalization run to increase the temperature to 300 K and to equilibrate the solvent, and a
100 ns NPT equilibration to relax the entire system. Production runs were then carried out,
with the total sampling for each system amounting to 3 us. The Langevin thermostat was
used to keep the temperature at 300 K along the simulations, and the Particle Mesh Ewald
approach [51] was applied for long-range electrostatics. A 4 fs time step was used for
the production runs, which was allowed by the use of the Hydrogen Mass Repartitioning
algorithm [52].

A cluster analysis was performed with the cpptraj module of Amber for each system
based on the RMSD of the protein residues, in order to characterize the main conformations
sampled and determine if we could predict the near-UV CD spectrum directly from a
representative frame of the main clusters.

3.2. Automated Pipeline from MD Data to Circular Dichroism Spectrum

The pipeline has been implemented in a Fortran90 program called DichroProt [53]—
see Figure 1. The principle of this program is to run in parallel electrostatic embedding
QM/MM calculations on each separate chromophore for each frame, and to generate from
this divided information an average theoretical CD spectrum, which can be computed
taking into account (or not) the coupling between the chromophore. The user can decide
to include the coupling using either the matrix method or the perturbation method. It
provides an easy, fast, and automated way to generate a CD spectrum from an MD ensemble
of configurations. This program works with the Amber/Gaussian interface and is built in
three steps:

(i) First, the protein conformations are extracted from the MD ensemble of config-
urations, with a user-defined increment. This step is performed by the cpptraj module
of Amber, and simply requires compatible topology and MD trajectory files. During the
first step, a working directory is created with the input files necessary for the QM/MM
calculations. The coordinates of photoactive residues (phenylalanine, tyrosine, trypto-
phan, and disulfide bridge) are individually extracted from each snapshot and a QM /MM
Gaussian09/ Amber16 input is generated for each, including only the side chain of the
residue in the QM region. The QM and MM frontier is set between the Ca and Cp of the
residue and treated by the link atom approach [54]. In the present work, snapshots were
taken every 20 ns, amounting for a total of 150 frames for each system that were used
for QM/MM input preparation. The coordinates of 12 aromatic residues and 4 disulfide
bridges were extracted for the Lysozyme, and these of 2 aromatic residues were taken for
Trp-Cage system.

(ii) In the second step, the QM /MM calculations are launched in parallel through the
Amberl6/Gaussian09 interface, to calculate transition energies and dipole moments of
each individual chromophore. According to the residue, the QM region contains between
8 (disulfide bridge) and 18 atoms (tryptophan). The user can define the level of theory of
the excited states calculation, and can modify the submission script (SLURM by default).
In the present work, TD-DFT was employed as a compromise between computational cost
and accuracy. Three broadly used functionals were tested: B3LYP [55], a hybrid functional;
CAM-B3LYP [56], which incorporates long-range corrections; and wB97X-D [57], which
combines long-range corrections and empirical dispersion. The 6-311 + G** basis was used
for each functional. By default, only the first five transitions were calculated to recover those
present in the spectral band from 250 nm to 300 nm. To obtain the permanent electric dipole
moments, needed for the perturbation method, one QM /MM calculation per targeted
state is launched. Terms containing permanent moments contribute little to the rotational
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strength. In this work, these contributions are computed; the user can disable this option
and divide the computing cost by the number of transitions.

(iii) The last step merges Gaussian outputs into Formula (6) or (7). Aromatic
residues and disulfide bridges contribute with the same weight to the circular dichro-
ism. DichroProt generates a stick spectrum for each snapshot, then convolves Lorentzian
functions with a width of 0.2 eV [58] with it. Both the matrix and perturbation formu-
las were implemented in the code for the coupling, and the user can choose to use one,
the other, or both. All quantities are manipulated in atomic units; the rotatory strength is
converted to Gaussian units (CGS) at the end.

It is worth noting that the transition magnetic moments in the Gaussian output are
given in electron magnetic moment and not in atomic units. A factor —2g, = 2.0023193043
is therefore applied, where g, is the g-factor of the electron, to bring it back to atomic units.
This can be directly checked by applying the Rosenfeld equation using the electric and
magnetic transition dipole moments given by the Gaussian. It is customary to express the
rotational strength in the CGS system of units, as in the output of Gaussian 09 (Revision

0% erg-esu-cm-G . The CGS system of units

D.01) software. It is then expressed in 1
differs from the international one regarding the dimensions of certain quantities. In the CGS
system, the electric and magnetic dipole moments have the same dimension, and they are
expressed in two different units to distinguish them. Since the calculations are carried out
in the atomic unit system, the coefficient 471.44 was used to switch the rotational strength

to the CGS system.

3.3. Near-UV Circular Dichroism Spectroscopy

In order to increase the number of reference points in the near-UV spectra to test our
approach, we performed experimental measurements on two additional systems. The near-
UV (250-320 nm range) CD spectra of the hen-egg-white Lysozyme (purchased from Merck,
Darmstadt, Germany) and the Trp-Cage mini-protein (purchased from Eurogentec, Seraing,
Belgium) were recorded with an MOS-500 spectropolarimeter at 20 °C in 20 mM Tris-
HCl pH 8.0, using a 1 mm optical pathlength quartz Suprasil cell (Hellma), with protein
concentrations of 1 mg/mL. Four scans were averaged, buffer baselines were subtracted,
and corrected spectra were smoothed. The following parameters were used: 15 nm/min
scanning rate, 2 nm bandwidth, 0.5 nm data pitch, and 2 s digital integration time.

4. Results and Discussion
4.1. Comparison of the Theoretical and Experimental CD Spectra

Near-UV CD spectra of the Lysozyme and Trp-Cage proteins were predicted from the
generated MD ensembles, using the automated pipeline described above. Conformations
were extracted with a 20 ns increment and each photoactive moiety (tyrosines, tryptophans,
phenylalanines, and disulfide bridges) was individually subjected to a TDDFT calculation
taking into account the MM electrostatic embedding. The two coupling methods (matrix
and perturbation) were tested and compared to the CD prediction without coupling (called
“uncoupled” below) and to the experimental data.

For the three functionals that were tested (B3LYP, CAM-B3LYP, and wB97X-D), we
observed important deviations of the predicted CD signal—see Figures S1 and S2. Of note,
we applied the same protocol to two other systems for which near-UV CD spectra were
available in the literature (the bovine basic pancreatic trypsin inhibitor and the photoactive
yellow protein), that resulted in the same trends—see Figures S3-5S5. The CD spectrum
of a protein is highly sensitive to geometric variations [45], while the UV spectrum is less
affected by small changes in protein geometry. In order to first confirm the robustness of
each functional in predicting spectroscopic data, we ran UV spectra predictions revealing
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that the B3LYP functional was failing at producing consistent trends from one MD frame to
the other, while CAM-B3LYP and wB97X-D showed much better results exhibiting similar
curve shapes with a narrower and more refined global envelope—see Figure 2.

Given that the B3LYP functional showed poor performance in predicting robust trends
for the UV spectrum of a protein, only the results obtained with the CAM-B3LYP and
wB97X-D functionals for the prediction of CD spectra are discussed below.

The superposition of the predicted average near-UV CD spectra with the experimental
ones reveals strong differences in the shape of the CD signal—see Figure 3. For the
Lysozyme protein, the experimental data exhibit negative values under 270 nm and a
positive peak around 290 nm.

B3LYP UV spectra cam-B3LYP UV spectra wb97xd UV spectra

Oscillator strength (arbitrary unit)
Oscillator strength (arbitrary unit)

Oscillator strength (arbitrary unit)

0 0 0
250 260 270 280 290 300 310 320 250 260 270 280 290 300 310 320 250 260 270 280 290 300 310 320
wavelength (nm) wavelength (nm) wavelength (nm)

Figure 2. Influence of the functional on the UV spectrum of Lysozyme along the trajectory: superim-
posed predicted spectra of MD frames using (a) B3LYP, (b) CAM-B3LYP, and (c¢) wB97X-D.

Theoretical predictions with both the CAM-B3LYP and wB97X-D functionals fail to
reproduce the positive peak. Concerning the Trp-Cage system, the experimental spectrum
shows positive values with peaks at 250 and 280 nm. Here, the theoretical spectra show
negative values below 270 nm, followed by a plateau around 0.

In order to understand why the theoretical predictions are inconsistent with the
experimental data despite the in-depth review of the underlying theory described above,
we further scrutinized the influence of the functional, the coupling method, and the protein
geometry on the CD predictions.

15 15
@ Lysozyme / CAM-B3LYP ®) Lysozyme / wB97XD © ™~ Trp-cage / CAM-B3LYP {1, () \VTTP'Cage/ CAM-B3LYP 1.2

c
I3
&
€D (m°)

®
o
CD (arbitrary unit)

8
o
°
: 5 <
&
CD (m°)
CD (arbitrary unit)

(arbitrary unit)

A
5
(arbitrary unit)

Experimental
Matrix —
Perturbation ——

Experimental
Matrix — -2
-16 Perturbation ——
Uncoupled —— Uncoupled —— 16

Experimental ——
Matrix

Perturbation or
Uncoupled  ——

Experimental
Matrix
Perturbation
Uncoupled

cD
cp
1]

76% 0 270 290 310 250 270 290 310 250 270 290 310 7‘% 0 270 290 310
wavelength (nm) wavelength (nm) wavelength (nm) wavelength (nm)

Figure 3. Comparison of the average theoretical and experimental spectra for the Lysozyme with
CAM-B3LYP (a) or wB97X-D (b), and for the Trp-Cage with CAM-B3LYP (c) or wB97X-D (d). Left axis:
theoretical CD values obtained using the matrix coupling method (red), the perturbation coupling
method (green), and using the Gaussian output without coupling (blue). Right axis: experimental
spectrum values.

4.2. The Functional and the Coupling Method Do Not Have a Critical Influence on the Predictions

The theoretical spectra obtained for the Lysozyme system show that, while deviating
from the experimental spectrum, the theoretical CD signals exhibit the same global trend
with both CAM-B3LYP or wB97X-D functionals, with only a few local differences—see
Figure 3a,b. Looking at the uncoupled spectra, the wB97X-D results exhibit a clear mini-
mum at 272 nm, unlike CAM-B3LYP, which exhibits a shoulder in the curve at the same
wavelength. With CAM-B3LYD, the matrix and perturbation methods provide similar
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trends that solely diverge from the uncoupled spectrum by being a bit more intense be-
tween 260 and 270 nm. With wB97X-D, a more pronounced difference between the coupled
and uncoupled spectra is noted, showing a stronger correlation between residues with
this functional than with CAM-B3LYP, but this is not a tendency observed for all systems.
The matrix and perturbation coupling methods give a similar intensity band and shape
spectrum, but the minima disappear into a shoulder.

The Trp-Cage theoretical spectra are all extremely similar for both functionals. They
all have a plateau from 300 nm to 270 nm and a small maximum around 280 nm, with
the maximum being more pronounced in positive values with wB97X-D. For this system,
the coupled and uncoupled spectra are much more alike. Again, theoretical spectra diverge
from the experimental spectrum. No feature from the experimental spectrum can be
found in the theoretical ones, except for the final plateau at null CD values found above
295 nm wavelengths.

In the matrix method, the transition energies are computed as eigenvalues of the
effective Hamiltonian. For a small coupling between residues, the off-diagonal elements of
the matrix are very small compared to the diagonal element; this means that the eigenvalues
are close to the isolated transition energy. For a stronger coupling, the eigenvalues will shift
away from the isolated system. Unlike the matrix method, the perturbation method does
not add correction to the energy and uses the transition energy from the Gaussian directly.
For all proteins studied, the wavelength shift between matrix and perturbation methods
is less that 1 nm. We can expect the shift to be larger for non-protein systems. Even weak
coupling can lead to significant spectral changes, despite minor variations in transition
energy—see Figure 4d.

| 660 ns

/1 80 ns
X

(¢) 1 (d)

G

(a) 2

7

CP (abiteary unit
€D (arbirary unit
CD (arbirary unit
CD (arbigary unit

paragon 660 ns

350 310 350 310 350

g o Hengn o Sl i S
Figure 4. Paragon near-UV CD spectra for the major cluster identified for the Trp-Cage conforma-
tions (a); spectra of three snapshots at 660 (b), 880 (c), and 1980 ns (d); and geometry comparisons
of TYR3 (residue on the left) and TRP6 (residue on the right) for the corresponding snapshots (e).
For each snapshot, a superposition of spectra obtained with the matrix coupling method (red),
the perturbation coupling method (green), and from the Gaussian output without coupling (blue)

are showed.

Overall, the choice of functional and coupling method does not drastically influence
the shape average spectra for the two considered systems. The same results are found for
the BPTI and PYP additional systems tested—see Supplementary Information. However,
a closer look at the evolution of the theoretical spectra generated along the MD trajectory
reveals that the average results hide a huge diversity of CD signals and can show strong
divergences depending on the coupling method used, as described in the following section.

4.3. Slight Conformational Deviations Drastically Re-Shape the CD Signal Prediction

In order have a better understanding of the effect of geometry on the predicted CD
spectrum, we more closely assessed the presence of deviations among the different ge-
ometries sampled along the MD simulations. We discuss below what we observed for
the CAM-B3LYP functional on the Trp-Cage system, which harbors only two photoactive
residues: a tyrosine (T'YR3) and a tryptophan (TRP6). We scrutinized the major conforma-
tion identified by clustering of the MD ensemble based on the RMSD of the protein, and the
CD spectra of its representative structure (called below “paragon”). Due to their spatial
proximity, a strong coupling between TYR3 and TRP6 was expected.
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The identified major cluster accounts for 91% of all conformations in the MD ensemble.
The CD spectrum corresponding to its representative structure (or paragon) was generated
with and without coupling. Surprisingly, all theoretical spectra exhibit the same shape with
an intense negative peak at 270 nm—see Figure 4a. Both coupled methods give the same
spectra, with almost no correction to the intensity. Nevertheless, this paragon spectrum
poorly represents the diversity of spectra in its cluster. Analyzing three randomly picked
snapshots belonging to the major cluster reveals significant variability in produced CD
signals within the same cluster—see Figure 4b—d .

In order to show the diversity of the CD signals computed for conformations belonging
to the same cluster, we discuss in the following the results obtained for three different
snapshots. The first one, corresponding to the geometry sampled after 660 ns of production,
matches very well the experimental spectra, exhibiting positive values, and a minima at
260 nm followed by a peak at 270 nm—see Figure 4b. This conformation is relatively close
to the crystallographic conformation, with an RMSD of 1.48 A for the entire protein and
of 0.39 for the aromatic residues (without the hydrogen atoms). However, for the second
selected snapshot, corresponding to the geometry sampled at 880 ns, the spectra diverge
hugely from the experimental reference, featuring strictly negative values with a peak
at 256 nm. This conformation is slightly more different from the experimental structure
with an RMSD of 1.75 A for the protein and of 1.16 A for the aromatic residues—see
Figure 4c. Another interesting case is observed for the geometry sampled at 1980 ns
snapshot. For this conformation, which exhibits an RMSD of 1.57 A for the protein and
1.0 A for the aromatic residues, the influence of the coupling is dramatic—see Figure 4d.
Indeed, for this particular snapshot, the matrix and perturbation methods add a drastic
correction to the uncoupled spectrum. Corrections change the sign and intensity of two
transitions. The positive peak at 261 nm becomes negative and more intense, while the
negative peak at 254 nm becomes positive and less intense. Despite the fact that the matrix
and perturbation approaches are built with different objects, their results are similar, even
with stronger coupling between residues. This drastic change comes from two nearly
degenerate transitions, which exacerbate the intensity in the final formula of matrix and
perturbation methods.

Although we expected some variability in the CD signals calculated from one frame
to the other, such dramatic changes of the spectrum trend was surprising, especially when
the RMSD values remain rather low. The spatial position of TRP6 and TYR3 do not change
much between the selected snapshots discussed—see Figure 4e. Our results show that
minor changes in the geometry result in substantial spectral variations, without any clear
correlation between the tertiary structure and the spectrum. This behavior is also observed
for the Lysozyme system and the BPTI and PYP proteins.

The near-UV spectra reflects the tertiary structure of a protein. Here, we show that
although the Trp-Cage protein conformation stays rather stable along the MD trajectory,
the CD signal changes drastically from one snapshot to the next, which results in a huge
diversity of calculated spectra. Even though some individual conformations can lead
to a theoretical CD spectrum that matches the experimental trends, the final average
spectrum diverges a lot from the experimental reference. The failure may be due to the
non-respect of one of the hypotheses made in the theoretical development. In particular,
we can suppose that the proximity of the photoactive residues induces an exchange of
electron density between them. If this is true, the framework used in this paper is no longer
adequate. Overall, and despite being based on a solid theoretical framework, the proposed
pipeline fails to recover the experimental near-UV spectrum of the studied systems as
the CD signal calculation is too sensitive to the slightest conformational change in the
protein. This important first observation is a crucial step towards future improvements that
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could rely on the use of short runs of QM/MM-MD to further improve the chromophore
structural description of each snapshot, on the use of a polarizable force field, or even
on a parametrization refinement of the force field. While these options will necessitate
further time-consuming efforts, and remain out of the scope of this contribution, this may
constitute a major perspective of work in a second iteration.

5. Conclusions

In this work, we describe a complete reformulation of the theoretical framework for
the prediction of CD spectra and we propose an automated pipeline for the QM/MM-based
prediction of proteins’ near-UV CD spectra from classical MD ensembles, based on these
theoretical considerations.

To obtain an accurate theoretical near-UV CD spectrum of a molecular system, two
approaches have been completely re-derived: the matrix method and the first-order pertur-
bation method. The development has been carried out in order to be as general as possible,
in other words to be practical with any system composed of optically active groups.

In the case of proteins, these methods have been implemented in an automated
pipeline. This pipeline extracts a series of snapshots from a molecular dynamics trajectory,
starts a batch of QM /MM calculations on isolated photoactive amino acids, and then
introduces residue-residue coupling using one of the two methods. Each snapshot gives a
near-UV theoretical spectrum, and averaging over all spectra would allow one to recover
the dynamical effect in the spectrum. Probing the performances of this approaches revealed
that, even though for a few individual snapshots the experimental spectrum could be
reproduced, the variation in the computed CD signals is dramatic even for two very close
conformations. The CD values are extremely sensitive to the slightest geometric variation,
which prevents us from producing any accurate averaged spectrum. Investigations of the
classical force field limitations for the prediction of correct near-UV spectra will constitute
the next steps of this work, for example exploring how to integrate QM /MM-MD runs in
the protocol.

The automated code we developed to compute and average near-UV spectra from MD
simulations works without any need for parametrization. It takes into account all quantum
effects within each photoactive residue, and the conformational variability information
provided by MD data for any protein system. While the performances of near-UV CD
predictions for proteins remain poor with this approach, this code can be used as a building
block for further work to extend the spectral band for CD spectrum calculation outside the
near-UV or to be used on other systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry7020063/s1, Supporting Information SI—Reformulation
of the theory; Supporting Information SII—MD simulations of the BPTI and PYP systems: Table S1:
Details of the MD simulations for the BPTI and PYP proteins; Figure S1: Trp-cage theoretical spec-
tra for BBLYP, CAM-B3LYP and wB97X-D; Theoretical CD values obtained using the matrix cou-
pling method, the perturbation coupling method, and using the Gaussian output without coupling;
Figure S2: Lysozyme theoretical spectra for B3LYP, CAM-B3LYP and wB97X-D; Theoretical CD val-
ues obtained using the matrix coupling method, the perturbation coupling method, and using the
Gaussian output without coupling; Figure S3: PYP theoretical spectra for BBLYP, CAM-B3LYP and
wB97X-D; Theoretical CD values obtained using the matrix coupling method, the perturbation cou-
pling method, and using the Gaussian output without coupling; Figure S4: BPTI theoretical spectra
from the 1pit NMR structure, for BALYP, CAM-B3LYP and wB97X-D; Theoretical CD values obtained
using the matrix coupling method, the perturbation coupling method, and using the Gaussian out-
put without coupling; Figure S5: BPTI theoretical spectra from the 5pti NMR structure, for B3LYP,
CAM-B3LYP and wB97X-D; Theoretical CD values obtained using the matrix coupling method, the
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perturbation coupling method, and using the Gaussian output without coupling. References [59-64]
are cited in the supplementary materials.
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