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We report an approach for the calculation of the electronic density of states of the dried two-dimensional
crystalline surface protein layer �S layer� of the bacterium Bacillus sphaericus NCTC 9602. The proposed
model is based on the consideration of individual amino acids in the corresponding conformation of the peptide
chain which additively contribute to the electronic structure of the entire protein complex. The derived results
agree well with the experimental data obtained by means of photoemission �PE�, resonant PE, and near-edge
x-ray absorption spectroscopy.
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I. INTRODUCTION

The electronic properties of biomolecules are receiving
increasing attention, motivated by both biological and tech-
nological concerns. The electronic states play an important
role in determining the interatomic forces and, thus, both the
conformations and particular functions of proteins and DNA.
More recently, there has been great interest in the nature of
the electronic structure of biomolecules because of their po-
tential applications to nanotechnology and molecular elec-
tronics. However, with a few exceptions, this information is
lacking. For example, whether DNA is a good conductor or
not remains unsettled and the crucial experimental informa-
tion about its electronic structure is still missing.1 Standard
solid-state spectroscopic techniques such as photoemission
�PE�2,3 and near-edge x-ray absorption fine structure
�NEXAFS�3,4 are difficult to apply since biological samples
are extremely sensitive to photon irradiation and often expe-
rience structural changes when dried. Moreover, the interpre-
tation of the spectroscopic data is not straightforward with-
out electronic structure calculations. Theoretical studies,
however, are computationally demanding because of the
large size of the unit cells of biological systems. Concerning
proteins, to the best of our knowledge, there are only a few
calculations performed within density functional theory
�DFT� for rather small peptides.5

Here, we present an extended building-block approach
that allows us to calculate the electronic structure of large
proteins in the dried state. Within the model, the protein is
considered as an assembly of primary constituents which
contribute additively to the total density of states �DOS�. The
constituents are the individual amino acids in the corre-
sponding conformation of the peptide chain. The model is
applied to calculate the DOS of the two-dimensional regular
surface protein layer �S layer� of Bacillus sphaericus NCTC
9602 which was recently studied by PE and NEXAFS

spectroscopy3 and has the specific property that the two-
dimensional crystal structure is preserved under dry
conditions.6 The crystallographic unit cell of the S-layer lat-
tice is composed of four identical monomers of known pri-
mary structure.7 Each monomer consists of 1050 amino acids
which corresponds to a total of 62 864 atoms per unit cell
clearly excluding a first-principles electronic structure calcu-
lation. The results of the proposed building-block model for
the approximated DOS are in good agreement with the re-
ported PE and NEXAFS data,3 and those of resonant PE
�RPE� spectroscopy at the C 1s→�* excitation threshold
which provides specific bond-type information about the
carbon-derived occupied DOS.

II. METHODS

RPE is performed in combination with NEXAFS experi-
ments at the Berliner Elektronenspeicherring für Synchro-
tronstrahlung �BESSY� using radiation from the Russian-
German beamline. Valence-band RPE spectra are acquired
with a VG-CLAM4 electron-energy analyzer. The overall-
system energy resolution accounting for the thermal broad-
ening is set to 150 meV full width at half maximum
�FWHM�. The C 1s absorption spectrum is recorded in a
total electron yield mode and normalized to the incident pho-
ton flux. The NEXAFS resolution is determined solely by the
performance of the beamline and is set to 80 meV FWHM.
The procedure of the ex situ S-layer deposition onto Si wa-
fers is described elsewhere.3

Proteins have markedly large conformational degrees of
freedom because of both their large size and chemical com-
plexity. Figure 1 shows schematically the structure of the
peptide chain of a protein. The chain consists of a backbone
�BB� with �-carbons to which the amino acid residues are
bound as side chains �SCs� in a sequence-specific manner.
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The three dihedral angles �, �, and � define the conforma-
tion of the backbone and are responsible for its helicity. The
electronic structure of the S layer is calculated in two steps.
First, the DOS of the building blocks, which are the amino
acids consisting of backbone units and side chains, is gener-
ated. To this end, we consider the four known conformations
of the peptide-chain backbone ��-sheet, �-, 310-, and
�-helices, usually referred to as secondary structure of pro-
teins� and the 20 amino acid residues present in the S layer.
In the second step, the individual contributions of the build-
ing blocks are superimposed energetically aligned at the
charge-neutrality level �CNL�8 to create the total DOS of the
protein �Fig. 1�. In accordance with the experimental UHV
conditions, all calculations are carried out for dry polypep-
tides.

The electronic structure of the building blocks is calcu-
lated, starting from a polyglycine chain in all four secondary
conformations generated by a supercell. The length of the
corresponding supercells is determined by the helicity of the
conformations. In the following step of calculation, one gly-
cine �GLY� side chain in the polyglycine is replaced by any
of the 19 other amino acid residues. Because of translational
invariance of the supercell, all side chain positions are
equivalent with respect to replacement. Interaction among
the side chains is neglected. A multicode treatment is applied
to calculate the electronic properties of the polypeptide
chains. The semiempirical MSINDO method9 is used to relax
the fractional coordinates of the chain atoms, while the re-
laxation of the lattice constant and the electronic structure is
calculated within the framework of DFT using a linear com-
bination of atomic orbitals �CRYSTAL code10�. For the C, N,
O, H, and S atoms, a 6-311G** basis set11 is used. Electron
exchange and correlation are described by means of the
B3LYP hybrid functional.12 The optimized lattice constants,
bond lengths, and bond angles of all relaxed polyglycine
chain conformations obtained in our B3LYP/MSINDO cal-
culations agree well with other theoretical results based on a
plane-wave method with the Perdew-Becke-Ernzerhof �PBE�
exchange-correlation potential.13,14 Our lattice constant for
poly-GLY in �-helical conformation is 16.42 Å in compari-
son with 16.16 Å in the PBE approximation.13,14 The �-sheet
lattice constant is 7.34 Å, which is very close to 7.21 Å.13,14

The peptide bond length �see Fig. 1, C-N bond�, in our case,
is 1.39 Å for all conformations, which is in good agreement
with 1.34 Å.13,14 The C�–N bond length varies between 1.45

and 1.47 Å depending on the considered side chain and
agrees well with 1.45 Å.13,14 The differences are related to
the use of B3LYP with respect to PBE potentials.

III. RESULTS AND DISCUSSIONS

DFT calculations based on the obtained structural data
show that the electronic structure of the considered peptide
chains depends strongly on their particular backbone confor-
mation. To illustrate this fact, both the band structure and the
DOS of a polyglycine chain with one GLY replaced by cys-
teine �CYS� in the �-helical �10·GLY+CYS�, the 310-helical
�6·GLY+CYS�, and the �-sheet �7·GLY+CYS� conforma-
tion are calculated �Fig. 2�. The numbers indicate the length
of the individual unit cells. The relative positions of the
cysteine-derived electron levels are similar to those in a free
methyl mercaptan molecule �dashed lines� but take charge
transfer between the backbone and the side chain into ac-
count. Note that a sulfur-related energy level of the CYS
radical appears as expected15 in the energy gap of the elec-
tronic structure of the backbone. The highest occupied mo-
lecular orbital �HOMO� of the considered peptide chain al-
most exclusively consists of backbone states forming bonds
between neighboring C atoms. Figure 2 shows that both the
shape and the energy position of the projected backbone
DOS depend on the secondary structure of the considered
peptide chain. For the �-, 310-helical, and �-sheet conforma-
tions, the energy differences between the sulfur state local-
ized in the energy gap and the top of the backbone valence
band are 1.11, 1.62, and 1.58 eV, respectively. These differ-
ences can be understood by the fact that, depending on the
secondary structure, the backbone atoms have different coor-
dinations.

The full electronic structure of the protein complex is
constructed as a weighted sum of the projected DOS �PDOS�
of the building blocks aligned at the CNL. The position of
the CNL for all building blocks is derived in the way pro-

FIG. 1. �Color online� Schematic viewgraphs of the structure of
the peptide chain �left� and of the extended building-block model
�right�.

FIG. 2. �Color online� Band structure of the �-sheet
�7·GLY+CYS� conformation �left� and total DOS �right� of a
cysteine-doped polyglycine chain in three different conformations
�see text� compared with the molecular levels and orbitals of the
free methyl mercaptan �CH3SH� molecule shown in the middle
panel.
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posed in Ref. 8. The DOS of each polyglycine chain with
one side chain exchanged to one particular amino acid resi-
due �10·GLY+R� in the �-helical conformation is convo-
luted with a Gaussian function with a FWHM of 3 eV. Varia-
tion of FWHM �between 2 and 8.5 eV� has only a small
effect on the position of the CNL �smaller or equal 0.13 eV�,
which is determined by integration of the convoluted DOS
up to the energy that corresponds to the number of electrons
in the supercell. The same procedure is applied to find the
CNLs of the other secondary conformations. Thereafter, the
PDOSs of the building blocks—the side chains and the cor-
responding backbone units—are extracted and superimposed
with respect to the CNL by means of the following equations
to derive the total protein DOS:

n�E� = nBB�E� + nSC�E� ,

where nBB�E� and nSC�E� are the PDOSs of the backbone and
the side chain, respectively.

nSC�E� = �
�

side chains

B�n��E� ,

where B� is the number of side chains of the type ��� with
the PDOS n��E�. The influence of the backbone conforma-
tion to the PDOS of the side chains is very weak and was
neglected in this calculation.

nBB�E� = �
i

sequence

�pH
i nH

i �E� + pL
i nL

i �E� + pE
i nE

i �E�� ,

where pk
i is the probability �pH+ pL+ pE=1� that the amino

acid i is a part of one of the three conformations k of the
backbone �pH, pL, and pE—the probabilities of helical
��-helix�, loop �310- and �-helices�, and sheet ��-helix� con-
figurations, respectively�; nk

i �E� is the PDOS of the backbone
unit i in the conformation k. The values for pk

i were taken
from the PredictProtein server.16

The calculated total DOS of the studied S layer and its
projections onto different parts of the polypeptide chain are
shown in Fig. 3. Very good agreement of the theoretical one-
electron levels with the valence-band PE and NEXAFS
spectra3 is obtained. The total and PDOS of the protein are
broadened by a Gaussian function with FWHM �=1.5 eV.
For comparison, the fine structure of the total DOS is also
shown in Fig. 3�a� for FWHM �=0.1 eV. The projections of
the DOS on both the side chains and the backbone show that
the pronounced features of the occupied states are mainly
caused by the backbone, namely, by its parts originating
from the sheet and loop structures which are depicted at the
bottom of Fig. 3�a�. There are certainly considerable contri-
butions to all spectral features from the side chains. The line
shape of the residue-determined valence-band signal is simi-
lar to that of the main chain, pointing in both cases to similar
types of the contributing chemical bonds. The PE response
originating from the amino acid residues is, however, much
smoother as compared with the backbone signal. Due to non-
equivalent chemical environments of different residues, indi-
vidual contributions of even the same bond type are energeti-
cally shifted relative to each other which complicates the

analysis of the experimental data. Therefore, in the follow-
ing, we will solely discuss the backbone PDOS which con-
tains all characteristic features of the occupied valence-band
structure of the S-layer protein. A detailed analysis of the
PDOS related to the C-N and C-O contributions of the back-
bone bonds �Fig. 3�b�� allows to identify the nature of the
valence-band PE features. The HOMO corresponds to sig-
nals stemming from both the C-N and C-O bonds, with
slightly dominating contributions from the charge density
concentrated around the C and O atoms. The peak at
�−13 eV reflects mainly the C-N electron densities. The
broad structure at �−8 eV can be related to the contributions
from the C-N and C-O bonds with their two main peaks
shifted relative to each other by approximately 2 eV.

The calculated data are also in good agreement with the
RPE spectra, taken upon the C 1s electron excitation into
different unoccupied molecular orbitals and indicated by
numbers in the NEXAFS spectrum �Fig. 4�. The RPE phe-

FIG. 3. �Color online� Experimentally determined electronic
structure of the S layer of B. sphaericus NCTC 9602 in comparison
with the calculated total DOS and �a� its projections on different
parts of the protein structure or �b� contributions of the charge den-
sities located around the C and O atoms �“C-O bonds,” solid line in
the inset� as well as around the C and N atoms �“C-N bonds,”
dashed lines� of the backbone.
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nomenon is based on the configuration mixing of two differ-
ent states: a continuum final state representing the outgoing
photoelectron and a hole in the valence band with a discrete
intermediate state, populated by a dipole transition and de-
caying via an Auger process. Since the probability of transi-
tions into the intermediate state varies drastically when tun-
ing the photon energy across a core-level threshold, large
variations of the photoionization cross section of valence-
band states with orbitals overlapping the initial- and
intermediate-state orbitals are obtained known as the Fano-
Beutler resonance.17

In the present study, we use mainly the excitation into the
unoccupied C-O-type orbital �feature 3 in the NEXAFS plot�
in order to emphasize the C-O-derived features in the
valence-band PE spectra. In the inset of Fig. 4, the RPE data
are compared with the valence-band PE spectrum taken at a
lower photon energy. The spectrum taken at the photon en-
ergy indicated with 1 reveals almost no signal since this pho-
ton energy is located in the minimum of the NEXAFS inten-
sity between the lowest unoccupied molecular orbital and the
C-O responses and therefore does not lead to resonance phe-
nomena. Direct PE excitation of the 2p valence electrons of
C, O, and N is characterized by very small cross sections at
these photon energies.18

In resonance �NEXAFS feature 3�, a strong enhancement
of the low-energy side of the broad structure located at
�−8 eV is observed. As follows from our calculations, par-
ticularly this part of the −8 eV feature consists of the C-O
contributions to the PE intensity. The HOMO signal is also
emphasized. The on-resonance growth of the HOMO inten-
sity is, however, not that pronounced as the enhancement of
the broad structure, although the C-O /C-N ratio of the con-
tributions to the HOMO is larger than that in the case of the
−8 eV structure. This finding can be understood taking into
account the lower spatial localization of the HOMO originat-
ing electronic states compared to the deeper states. The
partly non-localized character of the upper electrons reduces

the spatial overlap of the HOMO-derived final states and the
unoccupied C-O intermediate states damping the RPE chan-
nel. The obtained behavior of the HOMO electrons along the
backbone is in agreement with our band-structure calcula-
tions which reveal noticeable dispersion of the electronic
states related to the HOMO �Fig. 2�. The structure at −13 eV
is only slightly emphasized upon on-resonance excitation
with h	=288.1 eV, indicating presumably the non-C-O ori-
gin of this PE signal. The overall enhancement of the distin-
guished C-O contributions decreases on both sides of the
C-O resonance �compare spectra taken at the NEXAFS fea-
tures 2, 4, and 5�. The entire RPE data are in accordance with
the calculated partial C-O densities of the occupied elec-
tronic states presented in Fig. 3�b�.

The partial C-N contributions comprising the −13 eV
structure and the left-side part of the broad −8 eV structure
are not enhanced even upon excitation applying the NEX-
AFS feature 2, which was attributed in our previous studies
either to the C-N or C-H resonances.3 Thus, the presented
data favor any other than a C-N origin of this NEXAFS
feature.

IV. SUMMARY

In the present paper, a theoretical approach to calculate
the electronic structure of proteins is presented. The method
is based on an extended building-block model that allows to
calculate the electronic structure of large proteins in the dried
state. The building blocks are individual amino acids in the
corresponding conformation of the peptide chain. The elec-
tronic structure of the building blocks is calculated by state
of the art ab initio electronic structure calculations. The elec-
tronic structure of the total protein is constructed by super-
position of the individual contributions of the building
blocks aligning them at a common charge-neutrality level.
The capability of the method is demonstrated by calculating
the density of states for the surface protein layer of Bacillus
sphaericus NCTC 9602. The theoretical results are in very
good agreement with the experimental data measured in PE,
resonant PE, and NEXAFS experiments. The calculations al-
low insight into the complex electronic structure down to the
atomic scale. We anticipate that the considered approach may
generally be applied to describe the electronic structure of
large biomolecules.
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FIG. 4. �Color online� Experimental spectra of the S layer of B
sphaericus NCTC 9602. Main panel: C 1s NEXAFS. Inset: reso-
nant PE spectra taken with photon energies labeled in the NEXAFS
plot �Ref. 3�. The C 1s core-level contribution excited with the
second-order light is depicted by light color and marked addition-
ally with a filled triangle.
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