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Circular dichroism (CD) is widely used in the structural characterization and secondary structure determination
of proteins. The vacuum UV region (below 190 nm), where charge-transfer transitions have an influence on
the CD spectra, can be accessed using synchrotron radiation circular dichroism (SRCD) spectroscopy. Recently,
charge-transfer transitions in a conformationally diverse set of dipeptides have been characterized ab initio
using complete active space self-consistent field calculations, and the relevant charge distributions have been
parametrized for use in the matrix method for calculations of protein CD. Here, we present calculations of
the vacuum UV CD spectra of 71 proteins, for which experimental SRCD spectra and X-ray crystal structures
are available. The theoretical spectra are calculated considering charge-transfer and side chain transitions.
This significantly improves the agreement with experiment, raising the Spearman correlation coefficient between
the calculated and the experimental intensity at 175 nm from 0.12 to 0.79. The influence of the conformation
on charge-transfer transitions is analyzed in detail, showing that ther* charge-transfer transitions are

most important ino-helical proteins, whereas ifi strand proteins ther — z* charge-transfer transition

along the chain in the amino- to carboxy-end direction is most dominant.

1. Introduction tions occur at the same time, and the combination of linear and
| ad h ibuted h circular displacement leads to a helical movement of electrons
Several advantages have contributed to the success Ofyin which left and right circularly polarized light interact
chiroptical methods for the study of biological Systems. iterently, leading to the phenomenon of CD. Hence, for the
Althoug_h Iack_lng the rema_rkat_)le spatla_LI resplunon of N_MR and calculation of the theoretical spectrum, the electrostatic field
X-ray diffraction, electronic circular dichroism (CD), in par- .. sed by the chromophoric groups is required

t!cular, is popular, since i.t Is neither reliqnt on high concentra- Conventional CD spectrometers can record spectra down to
tions nor limited by the size of the protein. The measurements approximately 190 nm and provide information on excitation
are straightforward to perform and subsequent analysis of thebands in the near- and far-UvBelow 190 nm, a low signal-

CfD spet_ctra, u;]ually bazed O? e;np'r'le_?: relat:jopshlp;s, y'?.lds to-noise ratio makes measurements more challenging, because
information on the secondary Structure. the need for information ¢ 4, ¢ absorption by the solvent and the low intensity of light.

on protgin folding motivatgs the improvement of the theoreticql However, using short path-length cells at high concentrations,
calculation of CD spectra, in order to understand the relat|onsh|pit is sometimes possible to measure down to 178 Snm.

b(_etween c_onformation and_ CI_D_spectrum more quantitatively, Synchrotron radiation CD (SRCPEY¥ can reach into the vacuum
without reliance on the availability of reference spectra data on UV (VUV) and reveal spectral features down to 170 nm and
closely re!aFed prOte'nls,' . . below. SRCD spectra provide a better signal-to-noise ¥atio

The origin of protein CD is the chiral nature of the ,hq contain information about more electronic transifidtisan
polypeptide backbone, whose electronic transitions give rise t0 yata collected by conventional spectromeféfst® The ad-
distinctive bands in the far UV. The most important structure gjsional data in the deep-UV in combination with calculations
type is the helix, to which evefi strands belong, in the sense a3y provide new insights into protein folding. Recently, SRCD
that they are very narrow helices. *MOff'tt showed that the maasurements in combination with ab initio calculations were
coupling of electric dipole allowed — 77* electronic transitions ;s to study the influence of solvent molecules on dialahine.
in a helix leads to one in-phase combination with & net the cp spectra of the anionic, cationic, and zwitterionic forms
polarization parallel to the helix axis and two out-of-phase gy substantial differences around 210 and 170 nm, the latter
combinations with a net polarization perpendicular to the axis. information only made accessible by SRCD experiments. Ab
The electric field of circularly polarized light causes a linear jnitig calculations indicated that the backbone conformation was
displacement of charge when promoting electrons into an excited 5t the only factor influencing CD spectra but that solvent
state of a molecule. In the case of the— =* transition, for effects have to be considered.
example, th.'s oceurs al_ong th_e bond. The magnetic _f|eld on the In the near-UV (256-350 nm), the transitions of aromatic
other hand induces a circulation of chafgEhese two interac- side chains show an influenééwhereas in the far-UV (190
: 250 nm), then — 7* and 7 — #* transitions of the amide
SS;ZCOéreSP?”q'”gtﬁ“thﬁf- '?honet”t.““ ﬁ15 951 3k478- Faxt44115951  groups are dominant The origin of the bands in the VUV has

leniv'g‘;‘;t'y ‘c,‘)f”,ﬁot;‘{,‘éh';in@”" nonam.ac.t. not pgen fully elucidated. The_ _propositio_n of an— o*

* University of London. transitiod® was refuted by ab initio calculations showing that
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the o* orbital lies at a much higher energy.A possible TABLE 1. PDB Codes and Names of the 71 Proteins
transition between the bonding and the antibondingrbitals Comprising the SP175 Set

has been suggested, but this occurs around 1487 nrow- PDB protein PDB protein
lying Rydberg states are important in this region for gas-phase g3, lysozyme 1m8uy-E-crystallin
spectra but are destabilized in a condensed pHabeday it is 1a49 pyruvate kinase 1mol monellin
believed that charge-transfer transitions between adjacent peptideeaém myoglobin whale 1n5u serum albumin
groups have without doubt an important influence in this lado aldolase lnls  concanavalin A
region!819Calculations on a dipeptid& 21 showed that charge- ~ 1air ~ pectate lyase C lofs  pealectin
o . . latj peroxidase lova ovalbumin

transfer transitions from either the oxygen lone pair or the 7., Sserine protease inhibitor  1ppn  papain
nonbondingr orbital on one peptide group to tke orbital on 1ax8 leptin 1gfe  dehydroquinase type 1
the next group occur between 120 and 175 nm. The effects 1b8e p-lactoglobulin 1r0i  rubredoxin
might, therefore, be visible in the SRCD spectra. To exploit 1bgl p-galactosidase lrav  avidin
the higher information content of the experimental SRCD 1PIf lactoferrin lrhs rhodanese

o . .. 1bn6 haloalkane dehydrogenase 1sca subtilisin A
spectra, it is necessary to take charge-transfer transitions into] ..o carbonic anhydrase Il istp  streptavidin
account. 1cbj superoxide dismutase 1thw thaumatin

Goldmann et a#? have calculated the optical spectra of 1cf3  glucose oxidase ltrz  insulin

polyalanines using the time-dependent HartrEeck technique 128; ZYE;T{T‘%“T{{,? hatase 1Lﬁ'ne “b"ﬂ]l(‘)'g”holi e AD
and the INDO/S Hamiltonian. The transition density matrices ;g y-D-crystF;IIin P 1vjs alpﬁa_ar%ylafe
suggested that charge-transfer has a considerable influence oRs4j catalase 1ymb myoglobin horse
the NV; band (arising from a locat — &* transition) and that 1fa2 B-amylase 2bb2 B-B2-crystallin

the Frenkel model (which is the basis of matrix method 1gpb glycogen phosphorylase-b 2cga-chymotrypsinogen
calculations of protein CD) in its original form, therefore, does 1ha4 y-S-crystallin (C-term)  2cts  citrate synthase

not adequately describe the electronic excitations in this band. ﬂ}g ofé’m el 22fdd:11q fgrergé’g;?r?umase'typez
Woody and KoslowsK? have noted, however, that INDO/S  1hcp Carbo?,ic anhydrase | 2psg  pepsinogen
calculations may exaggerate the extent of mixing between local 1hda hemoglobin 3dni  deoxyribonuclease-I
and charge-transfer transitions as the energy gap between thenithk0 y-D-crystallin (human) ~ 3est elastase

is underestimated by the semiempirical method. To incorporate 1hnn PNMT 3pgk  phosphoglycerate kinase
the charge-transfer transitions directly into the Hamiltonian 7/° g?ﬁfggg?g;hy drogenase S%Tngg pr:i(gsomoc?é‘;‘;%%tase
matrix, we have extended our ab initio characterization of jj5t  immunoglobulin 4ger y-B-crystallin

peptide backbortéand aromatic side chain chromophdfes 1k6j NmrA 5cha a-chymotrypsin

include the charge-transfer transitions between neighboring 1kcw ceruloplasmin 5cpa carboxypeptidase A
peptide group$®25The use of these transitions in matrix method 1ku8 jacalin Spti aprotinin

calculations has been assessed by comparison with the experi-l:ﬁ]S éi?ﬁq"olgﬁﬁ'ﬁ 7tim  triose phosphate isomerase

mental spectra recorded between 190 and 230 nm for a set 0
47 proteind! and another set of 31 proteins, whose spectra were 3, and 35%o,3 mixtures. The rest contain multiple classes or
recorded between 161 and 230 Ams’ using SRCD. The  only few secondary structuré®Since this set is considerably
charge-transfer chromophores span two peptide groups with tenarger than the previous set which provided VUV datand
different geometries, distributed over the accessible regions of has been specially selected for structural diversity, we use it to
the Ramachandran plot. This will be discussed later in more assess the accuracy of CD calculation and the relative impor-
detail. tance of different charge-transfer transitions in the VUV.

All matrix method parameters used in this paper are freely
available for download and use in calculations. DichroCalc, a 2. Theoretical Methods

web interface for online CD calculation, provides the possibility  The most important chromophore in proteins is the peptide
to upload one or more Protein Data Bank (PDB) files or 10 g, whose transitions cause the intense bands around 190 nm
retrieve files from the RCSB repositdfyvia their PDB code. (7 — 7%, the NV; band) and 222 nmn(— z*, the W band).
The user can choose between several options, for example;to calculate the electronic transitions in a polypetide, the
whether to include aromatic side chain and/or charge-transfer gjectrostatic field which is caused by the peptide chromophores
transitions, the curve type for the bandshapes, and the band-yng interacts with the incident light has to be determined. This
width. If an experimental spectrum is provided for the respective 55 peen done using ab initio techniques by parametrizing the
PDB file, a comparison plot is automatically generated. The gmide chromophore with-methylacetamide (NMA) as a model
DichroCalc  web interface can be accessed at compounc using the complete-active space self-consistent-
http://comp.chem.nottingham.ac.tik. field method implemented within a self-consistent reaction field
Recently, 71 SRCD spectra recorded from 175 to 240 nm (CASSCF/SCRF§?-32 combined with multi-configurational
have been described (Table 1) and used as a reference datasetcond-order perturbation theory (CASPT2-F&3:Monopoles
for CD analysist® Atomic coordinates for these precise proteins for each transition between electronic states were determined
are available via the PDB. In order to be included in the by fitting their electrostatic potential to reproduce the ab initio
reference dataset, the protein data had to meet certain standardslectrostatic potential for that transition so that the least-squares
of purity, crystallographic quality, structural characteristics, and difference is minimized (typically within 5%). The parameter
spectral quality’® Most importantly for these studies, the spectral se®4 consists of 32 monopoles for the amide- 7* transition
magnitudes were very accurately determined by careful calibra-all at a distance of 0.1 A from the C, N, O, and H atoms
tion of cell path length and accurate determination of concentra- (forming a cube around each atom), and 20 monopoles for the
tion. To function as a reference set, the proteins cover a rangesr — s* transition, with one charge situated at each atom center
of secondary structure characteristics and fold architectures.and four around each center at a distance of 0.05 A (all in the
About 18% of the proteins are mainty+helical, 39% mainly peptide plane).
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Figure 1. Spearman rank correlation coefficients between the experi-
mental and the calculated intensities of the SP175 CD spectra, calculate

with different types of transitions: backbone only (solid line), with

aromatic side chains (dotted), with charge transfer (dashed), with side

chains and charge transfer (dashed line with crosses).

To calculate the electric and magnetic transition dipole
moments of electronic transitions in proteins, the matrix
method3~36 is commonly used. It is an improved formulation
of the Tinoco method and is derived from the Frenkel exciton
model2® In the matrix method, the protein is regardedMs
independent chromophores, with a monomer wave funetion
for each chromophoric groupand electronic state To a first
approximation, thek" excited-state wavefunctiony, of the
protein is described as a linear combination of electronic
configurations®j,, in which only one chromophoric groups
in an excited stata, and the others are in the ground stafe 0.
Hence,

D, =g Pa---Bo- - - Puo Q)
where ¢iy is the wave function of chromophoreafter the
excitation 0— a, andyk is the sum of all; transitions on the
M groups:

M N

wk = Z Zcil;q)ia

1 a

@)

To determine the expansion coefficienf;and thus the wave
functionsyk, the Schidinger equation is solved for the protein
with M independent chromophores. The Hamiltonfanis taken
to be the sum of the local Hamiltoniarts;, plus the sum of all
intergroup potentialsy;;, between adjacent groupsindj:

A=Y Ay ST, ®3)
= ;f

If eq 3 is recast in matrix form, the energy (the eigenvalues)

Bulheller et al.

N Ellocal Vi, @)
- local
V1;2 E2
Elocal Vlocal
local _ ing* ingex;iror*
where E (Vlocal Elocal (5)
INTT; 1T 1T+
Vinm;jnn* Vi:m*;jnm
and Vi:i - Vinn*;j:m* i7z77%; T+ (6)

The diagonal elements represent the transition energies for
each transition of each chromophore. The off-diagonal elements,
Vj, are the interaction energies between different transitions in
the protein. These interactions are the origin of the dependency
of protein CD spectra on secondary (and tertiary) structure. If
the interaction between the transitions is regarded as an

Oleectrostatlc interaction between charge densitiesseparation

that is,Vj = (1/4reorij), thenV; have the form

|OajOb .[;, f

where piao(r;) and pjon(r;) are the transition electron densities
on chromophoresandj, o is the vacuum permittivity, and

is the distance between the chromophores. If the permanent and
transition densities are approximated by point charges and the
integrals in eq 7 are re-cast as a sum of the Coulomb interactions
of these monopoles (the monopsel@onopole approximation),
then eq 7 becomés

pIaO(r )pJOb( )

arey, dz; dr;

()

N Mg

|Oa]0b 40'[60 Z Z —

wheregs andg; are the point charges on chromophoresidj,
andNs andN; are the number of these charges on the respective
chromophore. From the diagonalization of the Hamiltonian
matrix, the wavelength of each transition and the electric and
magnetic transition dipole moments are derived, from which
the rotational strength at the respective wavelength can be
calculated. Since in a real spectrum, the transitions are broad-
ened, and each transition in the line spectrum needs to be
superimposed with a band shape. Gaussian shapes with a fixed
bandwidth of 12.5 nm were used to produce the presented
results.

To account for charge-transfer between adjacent groups,
chromophores spanning two peptide bonds had to be param-
etrized. The calculations were carried out ab initio Np
actetylglycineN'-methylamide in 10 different conformations
(Table 2)?° These geometries include a planar dimge= 180,

1 = 18C°) and several conformations in the main regions of
the Ramachandran plot (corresponding dohelical and
[-sheet structures). Mirror images of all structures were gener-
ated to describe, for example, left-handed helices and also
cover less-favored but occurring conformations. This gives a
total of 19 conformations (the planar dimer is its own mirror
image).

For each chromophore, four transitions have to be taken into

(8)

and the wave functions (eigenvectors, that is, the coefficients account.n; — x; and wnm — 77, describe a charge-transfer

c!‘a) can be calculated by solving an eigenvalue problem from peptide group 1 (at the amino end) to group 2, whereas
through matrix diagonalization. From the unitary matrix which n, — 77 andz. — 77 account for transitions in the opposite
effects the diagonalization, the electric and magnetic transition direction. Every charge-transfer transition is described by 64
dipole moments can be derived. The Hamiltonian of eq 3 monopoles, which are located around the positions of the C, N,
for a dipeptide considering two transitions per group has the O, and H atoms of the peptide bond. Around each atom, there
form are 8 charges arranged at the corners of a cube with a distance
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TABLE 2: Wavelengths and Oscillator Strengths €) of the Charge-Transfer Chromophore$

n — 75 Ny — 7, T — 7Ty Tnbg — 7T,
d/° y/e Alnm f Alnm f Alnm f Alnm f structure
180 180 155.0 0.000 132.6 0.042 171.0 0.040 131.8 0.042 strand
—135 135 154.0 0.001 133.5 0.045 174.4 0.168 122.9 0.006 strand
—120 120 155.7 0.009 135.2 0.111 173.6 0.202 126.4 0.008 strand
—120 180 153.2 0.029 142.1 0.056 167.0 0.015 138.5 0.047 hybrid
—-120 60 166.7 0.215 134.9 0.021 159.9 0.056 135.2 0.005 hybrid
—60 180 156.1 0.004 135.9 0.023 170.9 0.051 136.4 0.058 hybrid
74 —4 138.2 0.022 162.9 0.091 153.1 0.002 145.9 0.010 helical
—62 —41 163.5 0.121 159.2 0.068 155.3 0.011 156.1 0.042 helical
—48 —-57 156.9 0.123 162.1 0.013 164.4 0.014 152.7 0.015 helical
—60 —60 170.7 0.162 154.5 0.051 163.1 0.020 145.1 0.013 helical

a A mirror image of each geometry was created additionally to construct parameters, e.g., for the left-handed helical and sheet regions of the
Ramachandran plot.

: ; TABLE 3: Spearman Rank Correlation Coefficients
of 0.1 A to the atom center. For the assignment of the suitable between the Calculated and Experimental Intensity at

chromophore, the and ¥ angles of two neighboring groups  several Important Wavelengths for Calculations Considering
are calculated, and the closest conformation (Table 2) is Different Electronic Transitions

deterrfr_}ined. Bec_:atljse of missinghresiguesﬁ f_or exlil_mhple, many correlation coefficient

PDB files Con_taln arge gaps within t e chains which are not chromophores considered 175nm  190nm 222 nm

detected by simply calculating the dihedral angles. Therefore, :

the distance between the groups needs to be checked beforegegg‘éecggicr']‘gone 00-4162 00-7749 003991

assigning the charge-transfer groups. + charge-transfer 0.73 0.78 0.89
The geometries in Table 2 may be divided into strand- and + side chainst charge-transfer 0.79 0.75 0.88

helix-forming groups. The type hybrid refers to structures that
look like wound strands or stretched helices and could therefore 3. Results and Discussion
not be classified unambiguously. The set with the angl66° . . . .
and 180 is listed as hybrid, because, although it forms a helix . 3.1.hComgar|son W'.th dExpenment.fI]vlatnx meth.od calcula- f
when using only these angles, it lacks hydrogen bonds to tlr(])nsspi“?/g deen carrie %Ut _usw:jgﬁt el prott)(_em _structufreﬁ 0
stabilize the structure. This type also appears much more oftent € . ataset, considering different combinations of chro-
in B-type proteins than in helical ones. m.ophores. all backbone-t.ransnm.ns only gnd in comblngt.lon
s i ) with charge-transfer and side chain transitions. The transitions
There are four trar_lsmons involving chgrge-trgnsfer between of the aromatic groups of tyrosine, tryptophan, and phenylala-
adjacent groups, which have been considered in the parametepine comprised the side chain transitions and were modeled by
sets. These are the excitation of an electron from a lone pair in parameters derived from CASSCF/CASPT2 calculatins.
one group to ther* orbital in the other group (Table 2) and  Comparisons of the experimental and calculated spectra are
excitation from a nonbonding orbital to the other group’s* provided as supporting material. The experimental spectra have
orbital, respectively. The Hamiltonian for a tripeptide, showing peen described and discussed in earlier Wo bt they have
only one charge-transfer transition per peptide group for clarity, not previously been published in their entirety. The agreement
has the form between calculation and experiment is clearly not fully quantita-
tive. For example, in the far-UV, the balance between the
calculated intensities of the bands at 208 nm and those at 222

EIocal1 VEl;E2 \/El;E3 VEl;CT12 VEl;CT23 ' : > : ’
nm in helical proteins is not correct with the parameters leading

Ve E Ve. Ve . Ve .
N VEI’EZ V'Oca'2 EEZ’Ea VEZ’CT” VEZ‘CT” to an underestimation of the intensity at 222 nm. Nevertheless,
H=[VEE, EyEs local, EyCT, "EgCTy ) many trends across different proteins in relative intensities are
Veger, Vecr, Veger, CTi, 0 captured, and this can be quantified by the Spearman rank
Vecr. Veor. Vecr. 0 CT. correlation coefficierff between the calculated and the experi-
T e s 2 mental intensity at each wavelength. In the backbone-only

calculations at 222 nm, the coefficient reaches 0.91, an almost
The blocks involving solely local excitations are as defined quantitative correlation at the crucial wavelength for the

in eq 5. In eq 9, the first charge-transfer chromophore consists determination of helical content, whereas at 175 nm (Figure
of peptide groups one and two, whereas the latter spans groups), the Spearman rank correlation coefficient is 0.12, indicating
two and three. The zeros in eq 9 reflect that charge-transfer virtually no agreement. The inclusion of side chain transitions
chromophores sharing a common peptide group are not allowedimproves the correlation coefficient at 175 nm to 0.46.
to interact. Neglect of this interaction is a necessary practicabil- Consideration of charge-transfer transitions on the other hand
ity, as overlapping sets of monopoles would lead to catastrophicleads to an increase to 0.73, and in combination with the side
Coulomb interactions. The constitution of the off-diagonal chain transitions, the correlation coefficient at 175 nm is 0.79
elements for the charge-transfer transitions is more complicated(Table 3).
than for the case of local transitions only (eq 7), because, in  The Spearman rank correlation coefficient of 0.79 at 175 nm
addition to the interactions between ground states and localshows that inclusion of the charge-transfer and side chain
excited states, charge-transfer transitions may be localized ontransitions qualitatively reproduces the features of the experi-
a single or on different dimers. For completeness, expressionsmental spectra. However, the agreement at 200 nm, the point
for the various off-diagonal elements involving charge-transfer where the CD intensity changes sign, is a challenge. In this
transitions are given in the Appendix. region, the gradient of CD spectra is often greatest, causing a
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TABLE 4: Proteins Showing a Minimum at 200 nm,

Indicating a f-lI-Type Protein
gap yp 40000

PDB code protein

lavu serine protease inhibitor
1r0i rubredoxin

2cga o-chymotrypsinogen
2fdn ferredoxin

3est elastase

5cha a-chymotrypsin

S5pti aprotinin

-1

20000

large difference in intensity for even small errors in the
calculated wavelength. Although the absolute error in the
wavelength where the intensity is calculated to be zero is less <
than 3 nm, the calculated intensities may differ from experiment :
by up to 10 000 deg ctdmol. The calculations tend to
overestimate the intensity; that is, the calculated wavelength of ~ ~40000
the zero point is too large, and the spectrum is slightly red L
shifted. The correlation steadily increases after the zero-crossing 180 190 200 210 220 230 240
and reaches almost constant values between 0.8 and 0.9 above

210 nm. wavelength A/ nm

3.2. Influence of Secondary Structure The proteins have b) 5000
been divided intay, 3, o3, and unstructured proteins, on the
basis of assignments by DS8Rsee Supporting Information,
Table S1). Proteins with greater than 4@@4helical or more
than 40%p content were assigned and 3, respectively. The
remainder was assignegb in the case of more than 24.5% of
both structure types or unstructured if below that. This clas-
sification was consistent with the CATH datab43é?

When charge-transfer was considered, in 69% of the cases,
the difference at 175 nm between the calculated and the
experimental intensity was reduced f+helical proteins. On
the other hand, only 39% of thé-type proteins showed an
improvement, and none of the3 proteins did. This was due to
an overestimation of the intensity of3 proteins in the VUV,
because the main consequence of the charge-transfer transitions
is a more intense band in this region. The experimental spectra  _5p000
of all a-helical proteins show a positive intensity at 175 nm,
whereas the spectra gfsheet proteins are all negative. The L . L L 5 L
of cases, however, lie between these extremes, either with zero 80 190 200 210 220 230 240
or with small negative intensities. For these proteins, the wavelength A / nm
experimental Sp?Ctra agree qite well With the bgckb_one-o_nly Figure 2. Experimental and calculated CD spectra of hemoglobin (a
Calcu.latlons, which also possess a quy intensity in this reglpn 1lhda) and lentil lectin (b, 1les), which show a considerable improvemeﬁt
and including charge-transfer transitions for these proteins with included charge-transfer transitions. Experimental (solid), backbone
worsens the level of agreement. only (dashed), and backbone plus charge transfer (dotted).

While the calculated intensity at 175 nm upon inclusion of
charge-transfer transitions becomes more negative without
exception for all3, o5, and unstructured proteins, it increases
in nine of the 13a-helical cases. The four-helical proteins

[6]/ deg cm? dmol

-20000

20000
-10000

-15000

-~

10000

-20000

2 dmol

-10000

[6] / deg cm

TABLE 5: Most Frequent Conformations of
Charge-Transfer Chromophores

showing a decrease were aldolase (1ado), cytochrome c (1hrc), geometry o pr°

insulin (1trz), and citrate synthase (2cts), whaseelix contents a-helical —62 -41
are comparatively low, ranging between 0.41 (1hrc) and 0.61 3io-helical —74 —4
(2cts). In all of those spectra, the influence of the charge-transfer f-strand —120 120
chromophores is much smaller than for proteins with more _13(5) 133

o-helices. Of the other helical proteins, only calmodulin (1lin),
peroxidase (1atj), and phospholipase-A2 (1une) are less than
60% helical, and they show the same weak influence of the proteins. It may be that conformational dynamics contribute to
charge-transfer transitions. the unusual shape of the spectrim.

Among the 71 proteins, there are seven experimental spectra

with a minimum at 200 nm, indicatingll-type protein (Table A noticeable improvement was obtained for avidin (1rav), a

4)4445 The agreement between calculation and experiment is pB-sheet protein, which shows an intense negative band at 180
worse than for other proteins in these cases, especially betweer!M: With a mean residue ellipticity 6f21 000 deg crhdmol™.
190 and 210 nm. I-1l proteins#45the strands are rather short The backbone-only calculation gives a band intensity of

or not aligned in a parallel manner but often twisted and bent. —12 000 deg crh dmol™!, but the calculated intensity is
The resulting spectra are similar to unfolded, random coil —18 000 deg crh dmol?, if charge-transfer is taken into
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Figure 3. Spectra of serum albumin (1n5u, maimly. Experimental Figure 4. Spectra of lentil lectin (1les, mainfy). Experimental (solid),
(solid), backbone-only (dashed), full charge-transfer calculation (all backbone-only (dashed), full charge-transfer calculation all chro-
chromophores, dot-dashed). (a) The thin, dotted curves show calcula-mophores, dot-dashed. (a) The thin, dotted curves show calculations
tions using only one charge-transfer conformation. The crossed curvesusing only one charge-transfer conformation. The crossed curves show
show the calculation only with thep(= —62°, = —41°) set. If a the calculation only with theg( = —120°, v = 120C°) set. If a
conformation was included then all four charge-transfer transitions conformation was included then all four charge-transfer transitions
(M — 75, N, — @i}, m — 7, andw, — ;) were considered for that ~ (my — a5, Nz — 7}, w1 — 713, andz, — 777) were considered for that
chromophore. (b) The thin, dotted curves show calculations leaving chromophore. (b) The thin, dotted curves show calculations leaving
out one charge-transfer conformation and using all others. The crossedout one charge-transfer conformation and using all others. The crossed
curves show the calculation without the¢ £ —62°, v = —41°) set, curves show the calculation without thg € —12(°, y = 120°) set

but with all other sets. but with all other sets.

the hybrid chromophores have mg#eharacter, as suggested
by the location of their dihedral angles in the Ramachandran

account. Similar trends are shown in Figure 2 foroahelical
protein (hemoglobin, 1hda) andsasheet protein (lentil lectin,
1les). plot.

3.3. Individual Contributions of Transitions. In order to Although the amount of helical conformations was usually
investigate the influence of specific charge-transfer chro- well above 70% foro. proteins, the amount of strand-like
mophores on the computed CD spectra, the distribution of the conformations in thgs set was about 45%. In thes group,
conformations of the charge-transfer chromophores has beerhelical conformations account for approximately 55% of all
analyzed, dividing the conformations into helix- and strand- charge-transfer chromophores. For the unstructured proteins,
forming geometries and some hybrid types (Table 2). The sum there was a fairly even distribution of strand, hybrid, and helical
of all hybrid conformations makes up about 15% of the charge-transfer chromophores, with a slight preponderance of
conformations in ar-helical protein, about 30% fgf-sheet the latter. The most important (that is, the most frequent)
proteins, and approximately 20% for ag protein. That is, conformations are given in Table 5. Among the helical chro-
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Figure 6. Spectra of pea lectin (1ofs) showing the effect of single
charge-transfer transitions in a typigalprotein. Most significant is
the sy — 7 transition, which considerably diminishes the band at 180

wavelength A / nm

Figure 5. Spectra of whale myoglobin (1aém) showing the effect of
single charge-transfer transitions in a typicahelical protein.

TABLE 6: Large Proteins Which Required Splitting into nm in 8 and unstructured proteins and increases intensity at 190 nm.
Single Chains to Calculate the CD
~ PDB  number number residues The inclusion of charge-transfer chromophores usually pre-

name of the protein _ code of chains of residues per chain dicts a minimum around 160 nm and causes the intensity in the
pyruvate kinase la49 8 4152 519 deep UV to be more negative (by between 5000 and 15 000
aldolase lado 4 1452 363 deg cn? dmolt at 175 nm), except in highly helical proteins.
peroxidase 1ay 6 1836 306 This large effect is mainly due to interactions between the
pB-galactosidase 1bgl 8 8168 1021 .. .
catalase 1f4] 4 1928 479/481 charge-transfer transitions themselves, rather than being caused
c-phycocyanin 1ha7 24 3996 162/171 by a particular transition. Consideration of a single charge-
glutamate dehydrogenase 1hwx 6 3006 501 transfer transition indicates only a weak influence at 175 nm
immunoglobulin ligt 4 1316  214/444 (Figure 5). The largest effect at this wavelength results from
gsgftl)%%aixﬁmm 11(2‘5;" i 11gllg 3%327373 then, —*> T tra}r?sition. At higher engrgies around 160 nm, .the
phosphoglucomutase 3pmg 2 1122 561 n, — mr; transition becomes more intense. Almost all notice-

able effects of single transitions are caused by dheelical
mophores, theg = —62°, y = —41°) group is, as expected, conformation, § = —62°, y = —41°), even in thos¢ proteins

the most important conformation, representing a typicdle- where it is contained, while the hybrid chromophores showed
lix.46 It is also the most frequent helical type i3 and no influence at all. The charge-transfer transitions of strand-
unstructured proteins. |fi proteins, the @-helical conformation  like conformations only show an effect fhproteins and only

(¢ = =74, v = —4°) occurs more frequently tham-helical the 1, — a5 transition changes the intensity, while the other
conformations. three transitions have no influence whatsoever. The sole

To assess the individual contribution of a specific conforma- inclusion of thes; — x5 transition in 8 and unstructured
tion, two sets of calculations have been carried out: one using proteins causes a considerable increase of intensity between 170
every charge-transfer chromophore on its own and the otherand 200 nm. In many cases, the negative band around 175 nm
omitting each group in turn. A particular peptide group was (which is also produced in backbone-only calculations) disap-
always assigned the same charge-transfer chromophore throughpears completely (Figure 6).
out the calculations or was ignored in the case of this specific  3.4. Computational Tractability. Inclusion of charge-transfer
conformation being left out. This showed that the most transitions roughly doubles the size of the Hamiltonian matrix.
significant contributions are made by the two most frequent Side chain chromophores also enlarge the calculation but by a
helical (Figure 3) and strand (Figure 4) chromophores but that smaller extent, which depends on the content of aromatic side
there is, with a comparable magnitude, a combined contribution chains (typical values are between 5 and 15%). Considering
from all other groups. Including one of the most frequent groups two backbone transitions, our current algorithm and compiler
with dihedral anglesf = —62°, y = —41°) or (p = —120, allow the calculation of the CD spectrum of a protein comprising
1y = 120°) has a large influence on the calculated spectrum. about 2000 residues for backbone-only calculations and 1000
Conversely, leaving one of these out (with all of the other residues if charge-transfer is taken into account. In cases where
chromophores included) shows a contribution to the same extentthe limit is reached, the proteins are split into single chains,
Chromophores with less frequently occurring geometries have and their individual spectra are calculated. If all single chain
little influence on their own but should not be ignored, because spectra are similar, it is most likely that the overall spectrum
of their combined contribution. Notably, the full charge-transfer will be similar to them. There are some variations of the
spectra are not a linear combination of contributions from single intensity, but these differences are relatively small. Sometimes
chromophores, because of the interaction terms in the Hamil- proteins are a combination of identical or almost identical chains.
tonian matrix. These all yield the same spectrum, because of the orientation
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independence of CD, if there is negligible interchain interaction. transfer transitions.k{) refers to a single chromophore made
In the SP175 set, there were 11 proteins which were too largeup of the monomerk andl.

to be calculated as a whole, that is, all chains in the oligomer  The interaction between the ground state and a single charge-
(Table 6). The single chains have usually the same sequencetransfer transition involves a sum of the ground state charge
some of them have slightly different chain termini, but this has distributions of every chromophore (except the charge-transfer
almost no effect on the CD spectrum. An exception, however, chromophore itself) interacting with the transition density of
was immunoglobin (ligt), which consists of four chains, of the charge-transfer transition:

which the chains A and C are equivalent, as are chains B and

D. Rather than calculating each separate chain, the file was split - fq) D, dr

in half, thus creating two equal fractions of the protein. For the %)t 0% (ke

proteinss-galactosidase (1bgl) and ceruloplasmin (1kcw), which
contain chains with more than 1000 residues (Table 6),
calculations are feasible for the backbone-only calculations but
not if charge-transfer is also considered.

<

S [ b10- Do PuoVi 10 Py
P dr; dr;

M
1=1 J>
4, Conclusion

of the charge-transfer transitions in the vacuum UV, a region

which cannot be reached by conventional spectrometers. At 175

nm, there is almost no correlation (the Spearman rank correlation M

coefficient,r, is 0.12) between the calculated and the experi- — Vi00:0108 (10)
mental intensity if only local excitations are considered. iz%) 0

However,r rises to 0.73 if charge-transfer transitions are taken

into account and rises to 0.79 if the side chain chromophores Similarly, the interaction between an excited-state and a

are considered in addition. In most of the calculated spectra, charge-transfer transition where both transitions are localized
the inclusion of charge-transfer transitions increases the negativey, 4 single dimerrg = k or ) is

band around 170 nm considerably, improving the agreement,

while the effects in the far UV region are mostly marginal and A

slightly worsen the correlation. The positions of the bands at Vma;(kl)é = fq)mavq)(lk)é dr
190 and 208 nm are usually not affected: the intensity changes
are minute in the far-Uv.

The major contributions come from just 2 of 19 charge-
transfer conformations, namely, the maithelical and3-strand
types (Figures 3 and 4). However, the combination of all other
chromophores contributes just as much and, therefore, cannot
be neglected. The change of intensity in the deep-UV could M
not be attributed to a specific charge-transfer transition but, — _ v dr.
rather, is caused by interactions among all four types. These ii%)f f PiaaVigoPioP e I I o
results show that the inclusion of charge-transfer transitions
enhances the theoretical CD calculations in the vacuum UV M
region. Ultimately, we anticipate that CD measurements in = %ViOO'(kI)a& (11)

i=(Kl)

M
The SP175 protein set has allowed us to assess the influence — % ff¢'O¢(kl)0v'(kl)¢'0¢(kl)“ dr. dr(kl)
I | I C I
=)

<

M
Z f f P10 Pya: - PumoViiPro- P -+

=1 |>1

Py dr; dr

combination with molecular simulations and the calculations

of CD spectra from the conformations sampled in the simula-

tions will provide new insights into protein folding. The interaction between two different charge-transfer transi-
tions localized on a single dimer has an analogous form. The
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transfer transitions not localized on a single dimer (hez k,
Appendix [; n =k, ) take the form:
The off-diagonal matrix elements are two-electron integrals .
involving electronic configurationsp;,, in which groupi is in Vimnawe = fcb(mn)aV‘I)ak)a dr
an excited state, as described previously in eq 1. Consideration M M
of the products comprising the configuratiohg and recogniz- — . V. A
ing that only terms involving the two electrons indexed in the IZ JZ,ff¢1°'"¢(m“)d"'¢M0 P10 P
Coulomb operator persist, leads to the following expressions. B dr; dr
Here, we give explicit expressions for the off-diagonal .
elements of the Hamiltonian matrix involving charge-transfer = f f DmnaPaoV i) PP dr - dr «)

transitions. Lower case letters, likeandb, refer to localized
transitions, whereas letters with a caret, li@ndd, are charge- = V(mn)oa,(m)oe (12)
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