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Vibronic structure in the far-UV electronic
circular dichroism spectra of proteins

Zhuo Li, David Robinson and Jonathan D. Hirst*
DOI: 10.1039/b000000x [DO NOT ALTER/DELETE THIS TEXT]

The Franck-Condon effect is considered and the vibrational structure of the
m.p* transition of the peptide backbone is incorporated into matrix method
calculations of the electronic circular dichroism (CD) spectra of proteins in
the far-ultraviolet. We employ the state-averaged CASPT2 method to
calculate the ground and m,,n* excited state geometries and frequencies of
N-methylacetamide (NMA), which represents the peptide chromophore.
The results of these calculations are used to incorporate vibronic levels of
the excited states into the matrix method calculation. The CD spectra of a
set of 49 proteins, comprising a range of structural types, are calculated to
assess the influence of the vibrational structure. The calculated spectra of
a-helical proteins are better resolved using the vibronic parameters and
correlation between the experimental and the calculated intensity of less
regular g structure proteins improves over most wavelengths in the far-UV.
No obvious improvement is observed in the calculated spectra of g-sheet
proteins. Our high-level ab initio calculations of the vibronic structure of
the mpmt* transition in NMA have provided some further insight into the
physical origins of the nature of protein CD spectra in the far-UV.

1 Introduction

Electronic circular dichroism (CD) spectroscopy in the far-UV is a widely used
technique for studying chiral molecules. Since almost all biological systems and
many non-living systems are chiral, CD spectroscopy has become an important tool
for structure determination in several research areas. Applications include
establishing that a chiral molecule has indeed been synthesized®, determining the
absolute configuration of a molecule?, studying molecular interactions by comparing
the calculated spectra of different models with the experimental spectrum®, and
probing the structures of biological macromolecules, such as proteins* or DNA?, as
well as their folding® 7 and binding® processes. These studies can benefit from an
accurate calculation from first principles of the CD spectrum.

Much effort has been made to improve the accuracy of calculations of CD spectra,
in part to understand better the relationship between molecular structure and the
associated spectra. For small molecules such calculations have become fairly routine
and can be performed with density functional theory (DFT)? °, Hartree-Fock'® or
coupled cluster theory'. High-level calculations have been performed on simple
amides and dipeptides'®**. However, calculation of the CD spectra of proteins
remains a challenge, due to their size and flexibility. There are several approximate

School of Chemistry, University of Nottingham, Nottingham NG7 2RD, UK. Fax: 44 115
9513562; Tel: 44 115 9513478; E-mail: jonathan.hirst@nottingham.ac.uk

[journal], [year], [vol], 00-00 | 1

This journal is © The Royal Society of Chemistry [year]



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS

Faraday Discussions Page 2 of 15

ﬁ —— antibonding = orbital
n->mn*

ﬁ _H___ oxygen lone pair
ﬁ _H_ nonbonding = orbital

Fig.1 Molecular orbitals relevant to electronic transitions in the far-UV region. The ball and stick
model represents N-methylacetamide (blue-nitrogen, grey-carbon, red-oxygen).

s methods for polymeric systems like proteins, such as the dipole interaction model**
1% and the matrix method®*2%, The calculations in this study are based on the matrix
method, an exciton approach?*, which has proven to be quite successful® %, The
calculations are almost, but not fully, quantitative for proteins with a high amount of
a-helical structure; the spectra for proteins with other secondary types are less well

10 reproduced. Additional aspects may need to be considered to obtain more accurate
calculated spectra.

The parameterization in the matrix method is from ab initio calculation of trans
N-methylacetamide (NMA), which represents the chromophoric group of the protein
backbone?’. Fig. 1 shows the two electronic transitions of NMA located in the far-

15 UV region, which are from the amide non-bonding = orbital () to the anti-bonding
n orbital (n*) and from the oxygen lone pair orbital n to the =n* orbital. The
parameters used in the CD calculation describe the charge distributions of the
different electronic states. Deviation from planarity of the peptide bond will have
some influence on the electronic structure?®, but this is not the focus of the current

20 study. Hydrogen bonding may also be important, but previous work on the explicit
consideration of this did not find any significant improvement for protein
calculations®® %,

Vibrational fine structure is common in high-resolution gas phase spectra. These
fine features may be not obvious in solution, but can contribute to the broadening of

2s bands. The application of a (uniform) bandwidth to calculated line spectra to model
the broadening is an approximation. To explore this aspect further, we have
examined explicit incorporation of vibronic effects of the m,,n* transition of the
peptide chromophore.

The Franck-Condon effect has been considered in previous calculations of the CD

30 spectra of various molecules. The CD spectrum of dimethyloxirane in the gas phase
was calculated using time-dependent DFT (TD-DFT) including the envelopes of
several states®'. Some narrower bands arise from excitations to the 1B, 2A and 3B
states, while other broader bands were assigned to transitions to the 4A and 5A
states. The CD spectrum was reproduced well once the vibrational structure for the

s various transitions was considered. The disappearance of a negative band in the
experimental spectrum was rationalised by the calculation: the band was cancelled
by other positive bands because of a strong vibrational progression. Vibronic
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contributions were taken into account in calculations of the CD spectra of
naphthalenediimide (NDI) dimers® and oligomers®®. The CD spectra of NDI helical
nanotubes were calculated with the matrix method considering several vibronic
transitions associated with two electronic transitions. Inclusion of the Franck-
Condon effect was essential in reproducing the key features of the CD spectra.

An early study considering vibronic coupling in proteins investigated absorption
in the far-UV of an idealized a-helix® and poly-L-lysine as g-sheet®® and calculated
the spectrum, focusing on the C-N stretch mode in the m,,n* band. The predominant
role of the C-N stretch in this transition has been confirmed by resonance Raman
10 experiments®®. No combination transition along the amide I’ overtones was

observed in D,0. Although the role of protic solvent is not clear yet, the band of the

carbonyl stretch, which is the primary mode in gas phase and in acetonitrile, was not
apparent in aqueous solution.
In this study, we calculate the vibronic structure of the m,,n* transition of the
15 backbone chromophore and incorporate this into the calculations of protein CD
spectra. There are various approaches to exciton-vibrational coupling®. Yang®®
described a reduced density—matrix theory for the case where a single vibration
mode is predominant in the coupling, with a spectral density used to represent a bath
of nuclear degrees of freedom. We take advantage of this model in constructing the
system Hamiltonian, which will be described in detail in the next section.

o

n
S

2 Methods

We have considered the trans form of NMA, which is much more common in
proteins than the cis form®® (0.34% peptides are cis in our dataset). The electronic
ground and mt,,m* excited state geometries and vibrational frequencies of NMA were
25 computed using multireference perturbation theory*® (CASPT2) based on a complete
active space self-consistent field (CASSCF) reference and the 6-31G* basis set with
the MOLPRO package (Version 2010.1)**. A multi-configurational method is
necessary for a proper description of the electronic structure of amides, because of a
significant interaction between the ground and w,,n* states. The active space we
30 used is four electrons in five active orbitals (two occupied and three virtual), which,
although minimal, suffices for our purposes. The excited state optimization used
state-averaged CASPT2, averaged over the ground, nn* and m,,n* states, which
should give molecular orbitals that are not biased toward any particular electronic
state. Although the ground state of NMA is planar®?, we calculated both the ground
s and excited states with no symmetry imposed.

The Franck-Condon overlap integral, f,, characterizes the vibronic transitions,
which govern the intensity distribution along the progression in the absorption
spectrum. The intensity is proportional to the Franck-Condon factor, which is the
square of the overlap integral of the vibrational wave function between the ground

wand the excited states. ezSpectrum*® was used to calculate the Franck-Condon
overlap integrals within the double-harmonic approximation. The calculations
require the equilibrium geometries of the ground and the excited states as well as the
frequencies and vibrational mode vectors, which are obtained from the ab initio
calculations. The Duschinsky rotation is not included in the calculation because
45 there is no severe distortion of the C-N stretch mode between the ground and excited
vibrational states. It means the structure of the excited state can align well with the
ground state geometry after rotation and translation. The temperature is set to 0 K so
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that the system populates the lowest vibrational level of the ground electronic state.
No combinations of normal modes were considered, since the C-N stretch is the
predominant vibration in the absorption spectrum of NMA in aqueous solution.
In the matrix method, the protein is considered as being composed of M
s chromophores. The wave function y* is expressed as a linear combination of the
wave function @;,, which is a product of M chromophoric wave functions ¢. Each
chromophoric group i is considered separately and, in the simplest form of the
approach, can only be excited to higher electronic states, ¢;,, of itself, while others
stay in the ground state, ¢ ;.

10 Dy = ¢10"'¢ia"'¢j0"'¢M0 1)
Y =Tl T claPia )

where c{‘a are expansion coefficients, which reflect the interactions of the states, to
be determined.
The ground state of the protein is

15 ¢0 :¢10"'¢i0“'¢jo'"¢Mo (3)

With the above approximation, the wave function y* of the electronic excited
state k of the protein associated with the energy can be calculated by solving the
Schradinger equation

I’_I\I/)k — Ekl/)k (4)

2 The Hamiltonian of the system H is constructed as the sum of the local
Hamiltonian H; of the independent group i and the interactions between two groups
which is denoted as intergroup potential I7u

A=3M A+ XM s, 7 ®)

The interaction energy between transitions a<—0 on group i and transition b«—0 on group
25 | is expressed as:

Vioasjoo = | | $i0PiaVi; Pjodjp dT; dT; (6)

The interactions between chromophores are assumed to be purely electrostatic in
nature, involving charge densities p of separation r.

)i (1

Vioa;job = ff%ﬁﬁf(j)dﬁ dr; (7

3 where p;oq(r;) and p]-Ob(rj) are the transition electron densities of chromophores i
and j, &y is the vacuum permittivity and r;; is the separation of the chromophores.

The monopole-monopole approximation is used to make the calculation of Vjgq; ;0

tractable, whereby monopole charges are fitted to the atoms of the group to

reproduce the permanent and transition densities. The Coulomb interactions between

3 these monopoles account for the interaction between groups.

N Nt qsqt
ViOa;jOb = 2521 t=t1 :st (8)
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where g and g, are the monopole charges on chromophores, and Ny and N; are the
number of charges fitted on the chromophore. The inter-chromophore interaction
depends only on the magnitudes and locations of these point charges and their
distance and orientation with respect to each other will reflect the secondary and
tertiary structure of the protein.

The incorporation of vibrational structure is within the harmonic approximation.
The corresponding illustrative Hamiltonian matrix for a dipeptide in equation 9
considers the nz* transition and two vibrational states, vl and v2, in the my,n*
transition. In our protein calculations, we consider five vibrational states. The
10 energy spacing between these vibrational states is derived from the vibrational

frequencies of the relevant mode obtained from the ab initio calculation.

o

Elm[v Vlm‘[”;lnn”_vl Vlnn”;lm['_vz Vlnn*;Znn' Vlnn*;ZmI*_vI Vlnn*;zrm*_vz
( Vlnn*;lrm*_vl Ellm"_vl 0 Vlnn'_vl;Znn' Vlm‘[*_vl;zrm*_vl Vlnn*_vl;zun*_vz
g _| Vlnn*;mn*,vz 0 Elrm*;uz V1nn*_v1;2nn* an*_vz;Znn*_m V1nn*_v2;2mr*_u2 | (9)
Vlnﬂ";Znn’* Vlnn*,ﬂl;an[" Vlrtﬂ*,ﬂl;anr* EZnTt" VZnTt*;Zrm*,vl VZnn‘;Znn‘,vZ
VlnT[";ZT[T[*JIl Vlnn*,ﬂl;zrm*,vl an*,uz;mn*,m VZnTt";ZTtTt*JJl Ezrm‘,vl 0
Vlnﬂ";zrm*,vz Vlnn*,ﬂl;zrm*,vz Vlrm*,vz;zrtrt*,vz V2nn*;2nn*_v2 0 EZTm*_vz

where the nz* transition energy is E,,-; the m,,n* transition has two associated
elements, E.;- ,; and Eq;« ,,, representing the different vibrational levels in the
15 excited state.

The interactions between transitions are modified by multiplying the monopole
charges by the Franck-Condon overlap integral, f,. It is assumed that there is no
interaction between the vibrational levels of the same chromophore. The Franck-
Condon overlap integral of the nn* transition was taken as unity.

_ vNs Nt asqcfafp
20 ViOa;jOb _ZS=1 t=1 Tot (10)

Diagonalization of the Hamiltonian matrix by a unitary matrix U can be used to
calculate the energies and the coefficients ck,. The eigenvalues are the transition
energies of the system because the ground state energy is set to be zero and the
eigenvectors form the unitary matrix.

2 U™ H-U = Hyjqg (11)

The electric and magnetic transition dipole moments from ground state to k"
excited state of the interacting system are calculated from the transition dipole
moments of individual chromophore using the unitary matrix:

ﬁ; = YaUqgi .L_ig. (12)
30 m, = X Uy Mg (13)

With the electric and magnetic transition dipole moments and wave functions of
the excited state of the protein, the CD spectrum (rotational strengths in the
interacting system) is readily calculated using Rosenfeld equation. The rotational
strength (R%) of an excitation from the ground state 0 to the excited state k is the

s product of the electric transition dipole moment, [, and the magnetic transition
dipole moment, 7, given by Rosenfeld equation:
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Table 1 Proteins considered in this study.

class protein (PDB code)
lysozyme (193l), myoglobin whale (1a6m), leptin (1ax8), c-phycocyanin (1ha7)*?,
a-helix hemoglobin (1hda), cytochrome C (1hrc),

calmodulin (1lin), insulin (1trz), phospholipase A2 (lune), myoglobin horse (1ymb)
aldolase (1ado)*, haloalkane dehydrogenase (1bn6), carbonic anhydrase | (1hcb),
PNMT (1hnn)*, NmrA (1k6j)*, monellin (1mol), papain (1ppn),
dehydroquinase type 1 (1qfe), rhodanese (1rhs), ubiquitin (1ubi),
dehydroquinase type 2 (2dhq),
deoxyribonuclease-1 (3dni), ribonuclease A (3rn3), carboxypeptidase A (5cpa),
triosephosphate isomerase (7tim)
pectate lyase C (1air), B-bactoglobulin (1b8e), y-D-crystallin (1elp),
y-S-crystallin (C-term) (1ha4), y-D-crystallin (human) (1hk0), Jacalin (1ku8)*,
-1 lentil lectin (1les), y-E-crystallin (1m8u), concanavalin A (1nls), pea lectin (10fs),
avidin (Irav), thaumatin (1thw), B-B2-crystallin (2bb2), pepsinogen (2psg),
y-B crystallin (4gcr)
Cu,Zn Superoxide dismutase (1cbj), a-bungarotoxin (1hc9), rubredoxin (1r0i),
Al streptavidin (1stp), a-chymotrypsinogen (2cga), ferredoxin (2fdn), elastase (3est),
a-chymotrypsin (5cha), aprotinin (5pti)

mixed-of

2 For computational tractability, only the unique chains of multi-meric proteins (denoted by asterisk)
containing more than 500 residues were considered. The validity of this approximation has been
established elsewhere®.

R = Im((Y°| Al Wy Imily°)) (14)

where 1° and ¥ represent the wave functions of different states. Im represents the
imaginary part of the product.
Calculations using the matrix method generate line spectra, in which the lines
10 represent the calculated rotational strength at the specific wavelength. A Gaussian
function is applied to the line spectra, broadening bands, to mimic the spectra in
solution. This permits a direct comparison between the calculations and the
experimental spectra. The calculated CD spectra are sensitive to the bandwidth?®,
which is effectively an empirical parameter. A single bandwidth is used for all peaks
15 in all proteins in this study. A bandwidth of 10 nm was used for spectra considering
vibronic coupling, while 12.5 nm was used for the calculations without vibrational
structure. Our study, thus, in part, investigates one of the contributing factors to line
broadening.
CD spectra were calculated for a set of 49 proteins (Table 1) with the above
20 approach. The crystal structures of these proteins are in the Protein Data Bank
(PDB). These proteins are taken from the database SP175 of the Protein Circular
Dichroism Data Bank“® (PCDDB) in which the experimental spectra are available.
To assess our calculations, the CD spectra of these proteins were calculated and
compared with the experimental data in the far-UV region.

» 3 Results and Discussion

The active space employed in the CASPT2 calculation comprises two occupied and

three virtual orbitals. The first transition is the nn* transition, followed by the m,n*

transition. The lowest energy conformers of ground and m.,m* excited states of

NMA are shown in Fig. 2 and the optimized geometric parameters are summarized
w0 in Table 2. The structure of NMA has been previously studied experimentally*’-
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Fig.2 Calculated geometries and C-N stretching mode of NMA in the ground state (left) and the
1> excited state (right).

Table 2 Ground and excited state geometries of NMA, optimized at the CASPT2 level, along with
the frequencies of C-N stretch in both states. Experimental results® 2 are listed as a reference.

Exp. CASPT2

g.s.> gs. TippT™ €.5.
C-N/A 1.386 1.368 1.326
C=0/A 1.224 1.231 1.587
N-H/A 1.106 1.010 1.021
c-Ci/A 1.520 1517 1.485
N-C,/ A 1.469 1.450 1.457
0=C-N/° 121.8 123.2 108.4
C-N-H/° 110.0 118.9 120.2
N-C-C,/° 114.1 115.2 117.1
C-N-C,/° 119.6 122.2 121.3
H-N-C=0/° -179.9 138.6
C-N stretch® / cm™ 1581 1610 1696

and theoretically®**°. Our calculation suggests a planar symmetry for the ground
state which is consistent with X-ray crystallography®* and gas electron diffraction
experiments®. The m,,n* excited state has been less well studied, due to the
challenges of characterising the geometries of electronically excited states. The
geometry distortion and the displacements involved in the excited states are known
mainly from Raman experiments®® *°. Chen et al.* concluded that C-N elongation is
the largest displacement of NMA in the aqueous phase, which agrees with Mayne
and Hudson’s analysis® of the resonance Raman spectrum that the C-N stretch is the
predominant mode in water. They estimated the vibrational frequency of the C-N
stretch to be 1400 cm™, with which they obtained a good fit to the absorption
spectrum of NMA. Li et al.*® calculated, using the configuration interaction between
all singly excited configurations (CIS) approach, that the excited state of NMA
possesses a pyramidal carbonyl and a planar amine conformation. Our CASPT2
calculation suggests a similar amide geometry. However, our calculation indicated a
shorter C-N bond in the excited state structure compared to the ground state
geometry, while this bond appeared to be elongated in the Raman experiments. This
discrepancy may have arisen from the neglect of solvent effects in our calculation.
Nevertheless, the absorption spectrum of NMA in water (Fig. 3) can be reproduced
quite well by the Franck-Condon factors generated with these ab initio data. We
incorporate the vibronic coupling into the CD calculations with the Franck-Condon
overlap integrals calculated from the geometries and frequencies of the current
results. The calculated vibrational frequencies of the C-N stretch in the ground and
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Table 3 Franck-Condon overlap integrals of the nr* transition in NMA, considering only the C-N
stretching mode.

Transition 00 10 20 30 40
FC integral 0.62 0.60 0.42 0.25 0.13
800 - ‘ , . . 05

Q
600 - -
3 3
wv
=
c o
g T
| .
s S
2 400 1025 5
© Q.
et (o]
8 >3
: g
£ o
5 200 1 .4
I
Q0
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0 : i3 . 3 : : : ~< o
160 170 180 190 200 210 220

wavelength A/ nm

Fig.3 Absorption spectra. The black solid line is experimental spectrum, the dashed line is the
s calculated spectrum and the dotted vertical lines are proportional to the Franck-Condon factors.

excited states are 1610 cm™ and 1696 cm™, respectively. Compared to the
experimental frequency of the ground state, which is 1581 cm™, the calculated
ground state frequency is within the known systematic errors®’.

10 The parallel approximation in ezSpectrum was used to calculate the Franck-
Condon overlap integral of NMA. Only the C-N displacement was considered in this
study and the Franck-Condon overlap integrals of C-N stretch mode are summarized
in Table 3. The transitions are denoted as [excited vibronic state «— ground state].
Fig. 3 compares the experimental absorption spectrum®® with the simulated

15 absorption intensity from our ab initio calculation. The origin of the transition (0«<0)
was placed at 190 nm (52632 cm™) and the energy gap between different vibrational
levels is set to 1696 cm™, taken from the excited state frequency calculation. The
intensities, which are represented by the vertical lines, are proportional to the
Franck-Condon factors. A Gaussian function with a bandwidth of 15 nm was applied

20 to simulate other broadening effects.

In order to assess the CD calculations, we used the Spearman rank correlation
coefficient and mean absolute error (MAE). The Spearman rank correlation
coefficient measures how the calculated intensities correlated with the experimental
ranks at a specific wavelength (1 corresponds to a perfect correlation, zero to no

25 correlation, and -1 to a perfect inverse correlation). The CD calculations are

8 | [journal], [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS

Page 9 of 15 Faraday Discussions
80000
40000
0
5
'g ~-40000 | (b)
NE X X .
:D 50000
[
©
~
D, 25000
25000
() (d)
50000

1!

2

3}

a

S

180 190 200 210 220 230 240 180 190 200 210 220 230 240
wavelength A/ nm

Fig.4 Experimental and calculated CD spectra for (a) myoglobin, a-helical protein, (b)
deoxyribonuclease-1, mixed-a, S protein, (c) concanavalin A, S-1 protein, (d) elastase, g-11 protein:
solid line, experiment; dashed line, non-vibronic calculation with a bandwidth, A4 = 12.5 nm; dotted

line, non-vibronic calculation with 4 = 10 nm; dash-dotted line, vibronic calculation with 4 =10
nm.

discussed below based on various secondary structure types. The proteins are
grouped (Table 1) based on assignments by DSSP*°. Proteins containing more than
40% a-helical or g structures are classified as the a-helix and g-sheet groups,
respectively. The g type is further divided into g-1 and g-11 subtype based on the
nature of the g structure. The S-I type proteins have regular sheets while the g-11
type contains more g-bulges and irregular strands. The rest of the proteins in the
dataset are categorized as mixed-o.f.

Fig. 4(a) compares the experimental and calculated spectra of myoglobin (PDB
code: 1YMB), which with 73% helix is a representative of the a-helix subset. The
main features of the CD spectra of a-helical proteins are an intense positive band at
around 190 nm and two negative bands at 208 nm and 222 nm. The bands at 190 nm
and 208 nm arise from the n,,n* transition, while the band at 222 nm is due to the
nr* transition. For myoglobin, the intensity of peaks at 190 nm and 208 nm are
reproduced equally well by the calculations with and without the vibronic structure
considered with bandwidths of 10 nm and 12.5 nm, respectively. The double
negative bands are better reproduced when the vibronic structure is included. CD
spectra calculated with a 10 nm bandwidth for the non-vibronic-parameter are also

[journal], [year], [vol], 00-00 | 9
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Fig.5 Mean absolute errors of calculations without (blue line) and with vibronic structure (red line).
(8) a-helix; (b) mixed-a.5; (c) A-1; (d) S-11.

s shown in Fig. 4 to examine the influence of the bandwidth in the calculations. The
208 and 222 nm peaks are distinct with a narrower bandwidth without considering
vibrational structure. However, both peaks arising from the m.,,n* transition are
overestimated. This is because a narrower bandwidth is balanced by the vibronic
coupling, which broadens the peak. Calculating a spectrum simply using a narrower

10 bandwidth without incorporating any other broadening effect in the absorption
process is, thus, less satisfactory. However, the MAE between 210 nm and 240 nm is
a little higher for the vibronic calculation and the correlation is a little lower
between the calculated and experimental intensity (Fig. 5(a)) around 215 nm and
235 nm.

15 Although the spectra are reproduced well for the intense positive peak, there is
poor correlation around 200 nm, which is the descending edge of the most intense
peak in the spectrum of a-helical proteins. This is the point that the intensity
changes from positive to negative with a large gradient, which means a small error
in the wavelength calculation will lead to a large difference in intensity. In the o-

2 helical proteins subset, six out of ten calculated spectra are blue-shifted for both
non-vibronic and vibronic calculations. This zero-crossing issue may also explain
the difference in the MAEs (Fig. 5(a)). Compared to the non-vibronic calculations,
those with vibronic structure are slightly shifted to higher energy due to the position
of the origin transition. This deviation causes a larger difference when the CD

25 intensity changes sign.

The features of the mixed-o5 type (Fig. 4(b)) are quite similar to the spectra of

10 | [journal], [year], [vol], 00—00
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Fig.6 The Spearman rank correlation coefficient between the experimental and calculated intensities
for the non-vibronic (blue line) and vibronic parameters (red line) of different structural types of
proteins: (a) a-helix; (b) mix-a,; (c) £-1I; (d) S-1I.

the a-helical proteins in most cases. However, the positive peak positions and the
intensities, the zero crossing points and the ratio of the double negative bands at 208
and 220 nm all fluctuate, due to the variation in secondary structure content. The
Spearman rank correlation coefficient for the mixed-o/ proteins is similar to that of
the a-helical group between 175 and 240 nm. The MAE also seems comparable.
However, for 10 out of 15 mixed-o,f proteins the peaks at 190 nm are overestimated,
while these peaks in the a-helical proteins are either reproduced well or
underestimated. The differences between calculated and experimental spectra for
mixed-of proteins with greater 4 content are much larger than the other proteins in
this subset. There are also double negative bands in this subtype between 205 nm
and 225 nm. The vibronic calculation tends to capture this feature in the mixed-of
group, although the ratio of these negative peaks is not well-reproduced, as is the
case with the a-helical subset.

Fig. 4(c) and 4(d) compare the spectra for -1 and fS-11 type proteins, respectively.
The general features of p-1 spectra are a negative band at about 216 nm and a
positive band with comparable magnitude near 195 nm. When there are irregular g
structures, the main features are a minimum at about 200 nm and a positive band in
the range of 185 to 190 nm. However, the band positions vary dramatically for
different g-sheet proteins. For concanavalin A (Fig. 4(c), 1INLS), the intensity of the
negative peak was reproduced better with the vibronic structure consider, though
both calculations (with and without vibronic structure) show a red shift. The
vibronic parameters tend to give more intense bands around 195 nm for S-I subtype

[journal], [year], [vol], 00-00 | 11
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Table 4 Spearman rank correlation coefficients between the calculated and experimental intensity at
the peaks close to 187 and 201 nm, for S-1I proteins calculated by with and without vibronic
structure.

parameter correlation coefficient
187+2 nm 201+2nm
non-vibronic 0.30 0.69
vibronic 0.36 0.81

pSpearman

15000

12000

9000

6000

[6] / deg cm? dmol *

3000

0 1 1 |
175 185 195 205 215 225 235
wavelength A/ nm

5 Fig.7 The Spearman rank correlation coefficient (upper) and MAE (lower) of all 49 proteins in the
dataset. The blue lines correspond to the non-vibronic-parameters and the red lines to the vibronic-
parameters.

proteins. This causes a larger error (Fig. 5(c)) between 185 nm and 200 nm; both
10 calculations overestimate the positive bands at 195 nm in most cases in this protein
group. For 10 out of 15 -1 proteins, the calculated intensity of the negative peak at
216 nm is too low.
The p-11 type proteins have less regular structure and possibly greater
conformational dynamics®® than $-1 proteins and their CD spectra are usually poorly
15 reproduced. The MAE is up to 15,000 deg cm? dmol™ greater in the region 185 to
210 nm, compared to other secondary structure types (Fig. 5). There is an
improvement in the Spearman rank correlation (Fig. 6(d)) at most wavelengths for

12 | [journal], [year], [vol], 00—00
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the S-11 proteins using the vibronic parameters; the correlations at the two peak
positions, 187 and 201 nm, are summarized in Table 4. The coefficients are averaged
over a range of +2 nm to cover the appropriate peak locations. Both peaks listed in
Table 4 arise from the m,,n* transitions. Calculations considering vibronic coupling
of the my,,m* transition have a positive effect for g-11 proteins. Although the
correlation coefficient is over 0.75 between 200 and 205 nm, six out of nine proteins
in this type, have calculated spectra with a band of the opposite sign to experiment
in this region. Both parameter sets overestimate the positive peaks and
underestimate the negative ones.

A comparison of the Spearman rank correlation coefficient and MAEs of the
entire protein data set for the two sets of calculations (Fig. 7) reveals no obvious
improvement for most regions in the calculated CD spectra with vibronic
parameters. However, there is a smaller error around 208 nm for a-helix, g-1 and g-
I groups. Including the vibronic structure of the m,,n* transition may enhance the
coupling between the n,,n* transition and the nr* transition. The MAE difference
between 185 and 200 nm is mainly from the wavelength where the origin was set.
The large error between 190 and 210 nm comes predominantly from the g-11 group.

4 Conclusions

To incorporate the vibronic coupling in the matrix method, Franck-Condon overlap
integrals have been calculated using the ground and excited state geometries and
frequencies of NMA. CASPT2 calculations gave a planar geometry of the ground
state; in the m,,n* excited state the carbonyl is pyramidal and the amine is planar.
The conformations are consistent with the previous experimental and theoretical
results. Five vibronic transitions in the w,,n* excited state were taken into account in
the matrix method calculation.

A set of 49 proteins, whose experimental spectra is available, allows us to assess
the influence of incorporation of vibrational structure in the CD calculations. The
negative peaks between 205 and 225 nm are reproduced with better resolution in a-
helical proteins using vibronic parameters. No obvious improvement is observed for
mixed-of and g-1 proteins. For g-11 proteins, whose structures are less regular and
whose spectra are difficult to reproduce, the Spearman correlation coefficients
between the experimental and the calculated intensities show improvement over
most wavelengths in the far UV region when taking the vibrational structure into
account. It is possible that the calculation may be further improved by considering
the conformational dynamics and flexibility of g-11 proteins. Incorporation of the
vibrational structure of NMA in the matrix method calculations provides us with a
template to consider Franck-Condon effects in the near-UVZ, and will be the subject
of future work.
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