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Chemistry: a quantum-mechanical many-body problem
I At the deepest level, molecules are simple

I charged particles in motion, governed by the laws of quantum mechanics
I In quantum chemistry, we solve the Schrödinger equation for molecular systems

I can such simulations replace experiment?
I the large number of particles makes such calculations difficult: the many-body

problem

“The underlying laws necessary for the mathematical treatment of a large part of
physics and the whole of chemistry are thus completely known and the difficulty is
only that the exact application of these laws leads to equations that are too
complicated to be soluble.” Paul Dirac (1927)
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The computer—the tool of quantum chemistry

I Help came from unexpected quarters. . .
I ENIAC (Electronic Numerical Integrator and Computer) (1946)

I the world’s first general-purpose electronic computer
I designed to calculate artillery firing tables
I 27 metric tons, 17468 vacuum tubes, 385 multiplies per second
I “Giant Brain”: thousand times faster than mechanical computers

I the first four programmers
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Playstation 3

I Since then computers have developed at an amazing speed

I The computer industry is no longer driven by military needs. . .
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Moore’s law (1964)
I Computers improve by a factor of two every 18 months

I Computers are today are one million times more powerful than a generation ago

I This is a development no one could have foreseen in the 1920s

I Quantum-chemical calculations have become routine
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Quantum chemistry
I quantum-mechanical simulations of chemical systems

I we solve the Schrödinger equation for molecules and the condensed phase

I Such simulations are performed in most areas of modern chemical research
I 40% of all articles Journal of American Chemical Society make use of computation
I this is a remarkable development for an experimental science

I In 1998, the Nobel Prize in Chemistry was awarded to Walter Kohn and John Pople
I to Kohn “for his development of the density-functional theory”
I to Pople “for his development of computational methods in quantum chemistry”
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Computation: “the third way”

I Numerical simulation are performed in many areas of science and engineering
I physics, astrophysics, chemistry, geology, climate modeling
I weather forecasting, reservoir simulations, flight simulations, car design
I predictive modeling reduces testing: simulation-based science and engineering

I Simulations are regarded as the ‘third way’, in addition to theory and experiment
I simulations have become an important part of discovery

I Quantum-chemical simulations are used for many purposes
I experiments can be expensive, difficult or dangerous to carry out
I observations can be difficult to understand or interpret
I computation can substitute or complement experiment
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Example: molecular structure

I An important property of molecules is their three-dimensional structure

I many experimental methods have been developed to determine molecular structure

I Today, structures of small molecules are typically determined by computation

I a comparison of calculated (blue) and measured (black) structuresExamples  
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Example: vibrational spectroscopy
I Molecules vibrate at characteristic infrared frequencies

I these frequencies are useful for identifying molecules

I For new compounds, computation can be of great help

I the new compound C2H2Si had been isolated, but what is its structure?
silapropadienylidene (top) or silacyklopropyne (bottom)

Sherrill et al.14 Recently, frozen-core CCSD!T"/cc-pVTZ
calculations of six C2H2Si isomers were reported by Ikuta et
al.15 to determine equilibrium structures, ionization poten-
tials, and electron affinities. The authors also identified an-
other silacyclopropenylidene 4 as a minimum on the poten-
tial energy surface !PES". In case of the isoelectronic CNHSi
family, Maier et al.9 found the bent chain HSiCN !7" to be
the global minimum on the PES followed by the chain mol-
ecule HSiNC !8" and cyclic azasilacyclopropenylidene !9", a
result confirmed by more recent theoretical studies.16,17

The present paper reports results of high-level ab initio
calculations of selected molecular properties of singlet
C2H2Si and CNHSi structural isomers. In detail the study
comprises the determination of molecular equilibrium struc-
tures obtained at the CCSD!T" level of theory18 using Dun-
ning’s hierarchy of correlation consistent basis sets19–22 and
evaluation of harmonic and anharmonic force fields at se-
lected levels of theory to determine centrifugal distortion
constants, vibration-rotation interaction constants, and har-
monic as well as fundamental vibrational frequencies. For
molecules for which sufficient laboratory isotopic data are
available, i.e., c-C2H2Si !1" and H2CCSi !2", the combina-

tion of experimental ground state rotational constants and
rotation-vibration interaction constants !i

A,B,C from theory
has been used to evaluate empirical equilibrium structures
re

emp. Additionally, for energetically higher lying C2H2Si and
CNHSi structural isomers the combination of theoretical
equilibrium rotational and rotation-vibration interaction con-
stants is used to predict accurate ground-state rotational con-
stants. The determination of fundamental vibrational fre-
quencies permitted a qualitative comparison against infrared
data from matrix isolation experiments for more than half a
dozen molecules of the sample. Additionally, spectroscopi-
cally important parameters such as dipole moments and 14N
nitrogen quadrupole coupling constants have been calcu-
lated.

The molecules studied here are promising candidates for
future laboratory spectroscopic studies in particular by
FTMW spectroscopy.

II. THEORETICAL METHODS

Quantum chemical calculations were performed with the
2005 Mainz-Austin-Budapest version of ACESII

23 employing
coupled-cluster !CC" theory24 in its variant CCSD!T".18

Some calculations were performed using the development
version of CFOUR

25 at Mainz with its recent parallel imple-
mentation of CC energy and first- and second-derivative
algorithms26 and calculations at the CCSDT!Q"27,28 level
were performed with the string-based many-body code
MRCC29 which has been interfaced to CFOUR. In the frozen-
core !fc" approximation, Dunning’s d augmented correlation
consistent basis sets cc-pV!X+d"Z19 with X=T and Q were
employed for the silicon atom and standard basis sets
cc-pVXZ20 for hydrogen, carbon, and nitrogen #denoted as
CCSD!T" /cc-pV!X+d"Z in the following$. For calculations
correlating all electrons the basis sets cc-pCVXZ21,22 and
their weighted variants cc-pwCVXZ22 with X=T, Q, and 5
were used, the former type, however, only for the structural
optimization of a subsample of molecules — c-C2H2Si !1",
H2CCSi !2", HSiCN !7", and HSiNC !8" — to study differ-
ences in its performance against the weighted basis sets.

Equilibrium geometries were calculated using analytic
gradient techniques.30 Harmonic and anharmonic force fields
were calculated using analytic second-derivative
techniques31,32 followed by additional numerical differentia-
tion to calculate the third and fourth derivatives needed for
the anharmonic force field.32,33 While the CCSD!T"/cc-
pVQZ level of theory has been found to yield molecular
force fields of very high quality and is hence often used as
the level of choice in these calculations !e.g., Refs. 34–36", it
is computationally !rather" demanding for larger molecules
and/or molecules carrying second row elements such as
those studied here. At the same time it has been shown on a
number of occasions, that accurate empirical equilibrium
structures are obtained also with zero-point vibrational cor-
rections computed using smaller basis sets such as cc-pVTZ
!see, e.g., Refs. 37–41". As a consequence, the force fields in
the present study were calculated at the CCSD!T" /cc-pV!T
+d"Z level of theory in the fc approximation for the total
sample of 12 molecules. For a subsample of those, the two
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FIG. 1. !Color online" C2H2Si !left column" and CNHSi !right column"
structural isomers investigated here. c-C2H2Si !1" and HSiCN !7" are the
global minima on the C2H2Si and CNHSi potential energy surfaces, respec-
tively. The isomers are ordered from bottom to top according to their rela-
tive stability. All molecules are planar except for 5 where the HSiH and
CSiC planes are arranged perpendicularly.

214303-2 S. Thorwirth and M. E. Harding J. Chem. Phys. 130, 214303 !2009"

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Example: simulation of NMR spectra

I Experimental and calculated 200 MHz NMR spectra of vinyllithium (C2H3Li)
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Example: reaction mechanisms

T. Helgaker (CTCC, University of Oslo) Quantum Chemistry for Life Science Dept. Chemistry, UiO, March 5 2012 11 / 22



Example: exhaustion of the Schrödinger equation

Atomization energies (kJ/mol)

RHF SD T Q rel. vib. total experiment error
HF 405.7 178.2 9.1 0.6 −2.5 −24.5 566.7 566.2±0.7 0.5
N2 482.9 426.0 42.4 3.9 −0.6 −14.1 940.6 941.6±0.2 −1.1
F2 −155.3 283.3 31.6 3.3 −3.3 −5.5 154.1 154.6±0.6 −0.5
CO 730.1 322.2 32.1 2.3 −2.0 −12.9 1071.8 1071.8±0.5 −0.0

Bond distances (pm)

RHF SD T Q 5 rel. theory exp. err.
HF 89.70 1.67 0.29 0.02 0.00 0.01 91.69 91.69 0.00
N2 106.54 2.40 0.67 0.14 0.03 0.00 109.78 109.77 0.01
F2 132.64 6.04 2.02 0.44 0.03 0.05 141.22 141.27 −0.05
CO 110.18 1.87 0.75 0.04 0.00 0.00 112.84 112.84 0.00

Harmonic constants (cm−1)

RHF SD T Q 5 rel. theory exp. err.
HF 4473.8 −277.4 −50.2 −4.1 −0.1 −3.5 4138.5 4138.3 0.2
N2 2730.3 −275.8 −72.4 −18.8 −3.9 −1.4 2358.0 2358.6 −0.6
F2 1266.9 −236.1 −95.3 −15.3 −0.8 −0.5 918.9 916.6 2.3
CO 2426.7 −177.4 −71.7 −7.2 0.0 −1.3 2169.1 2169.8 0.7
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Example: chemistry in astrophysics
I Conditions in the universe are typically very different from those on earth

I these conditions cannot be created in laboratories
I molecules under such conditions must be studied on computers

I Molecular clouds are cool dense regions of the interstellar medium
I contain molecular hydrogen, helium and small amounts of other molecules
I low density allow very reactive molecules to exist
I H+

3 , H–C≡C–C≡C–C≡C–C≡C–C≡C–C≡N, C=C=C, C3Si (cyclic)

I Neutron stars are remnants of gravitational collapse of massive stars
I extreme densities and magnetic fields 1012 stronger than on earth
I chemistry is dominated by magnetic rather than electric interactions
I oblong atoms, long chains of hydrogen atoms and helium molecules
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Centre for Theoretical and Computational Chemistry

QSD & CTCC, Department of Chemistry, University of Oslo 

•! Centre for Theoretical and Computational Chemistry (CTCC) 

–! centre of excellence established in 2007 for a period of 5 (10) years 

–! shared equally with the University of Tromsø 

–! 10 (5+5) senior researchers 

–! 30 people connected to CTCC in Oslo 

•! Experimental activities organized around a core of quantum chemistry 
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CTCC Work Packages

I Resarch at the CTCC organized around eight work packages:
I Large periodic and nonperiodic systems (Trygve Helgaker)
I Fragment approach for large systems (Inge Røggen)
I Multiwavelets (Tor Fl̊a)
I Molecular properties (Luca Frediani)
I Dynamics and time development (Einar Uggerud)
I Bioinorganic chemistry (Abhik Ghosh)
I Catalysis and organometallic chemistry (Mats Tilset)
I Atmospheric chemistry (Claus Jørgen Nielsen)

I Publications:
I more than 300 CTCC papers published since July 2007
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Dalton quantum-chemistry program system

I developed since the early 1980s by Scandinavian research groups

I key contributions from our research group since its inception

I wide distribution—1300 research groups and 250 computer centers
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Methods for large molecules
I Single Intel Xeon 2.66 GHz processor

I 392-atom titin fragment BP86/6-31G(*)

I energy in 50 min; gradient in 9 min (1.4 s per atom)

I 642-atom crambin protein BP86/6-31G

I energy in 3 h, gradient in 26 min (2.4 s per atom)
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Computational Life Science
Bioinformatics, Biomedical Computing, Systems Biology,

Computational Medicine, Biomedical Imaging, Computational Neuroscience

42 43

Systems biology

The field of systems biology focuses on interactions among 
 biological systems, and reflects a paradigm shift in  molecular 
and cellular biology (Fig. 21). The aim is the modelling and discov-
ery of emergent properties, properties of a system that arise from 
collective interactions and are understood using e.g.  dynamical 
systems theory. Systems biology obtains and  analyses complex 
data from multiple experimental sources. Accordingly, it splits 
into a large number of subdisciplines with names like  genomics86 

and interferomics87. Wikipedia lists no fewer than eleven of these 
-omics.

The enormous range of temporal and spatial scales  involved 
in systems biology (Fig. 22) requires experimental and 
 computational methods that span those scales competently. 
The  methodology of systems biology includes the use of  robots 
and automated  sensors to aid in experimentation and data 
 acquisition. Mechanistic (in silico) computational models, data 
mining techniques, and very large online databases put stringent 
demands on available eInfrastructure. Examples of new coop-
erative developments include the BioModels Database and the 
Systems Biology Markup Language88. 

Computational medicine

Computational medicine is a new multidisciplinary field 
 employing mathematics, physics, information technology, and 
biomedical engineering to understand disease mechanisms and 
improve diagnosis, prediction, and treatment of disease. Useful 
clinical information for improving health is obtained by collect-
ing and  analysing heterogeneous data from personalised gene-
tics  profiles, bio-signals, advanced imaging and other phenotypic 
 information. The field of computational medicine is a high  priority 
of the French National Institute for Research in  Computer  Science 
and Control90, and several universities and research  institutions 
have established Computational Medicine units91. 

Biomedical imaging

During the last decade, improvements in spatial resolution, 
 temporal resolution, and the ability to acquire multichannel or 
multispectral images from organ or tissue samples, whether  
in vivo or ex vivo, have increased the sophistication of  biomedical 
 imaging. The amount of imaging data from a biological  experiment 
or a medical exam can be tens to hundreds of megabytes, where 
relevant tissue or cellular information is distributed in both time 
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Figure 22. The large span of  spatial and temporal scales in biological systems89.

The life sciences (biology and medicine and related interdis-
ciplinary fields81) involve the study of living organisms from 
 nanobes and viruses to man and even extraterrestrial life. The 
socio-economic relevance is high because these fields involve 
the understanding and treatment of disease, the ageing popula-
tion,  environmental threats, and the cost of health care, for ex-
ample. The field is much broader than physics or chemistry, but 
not as mature in the use of mathematical theory and numerical 
modelling. The recent sprouting of new subfields like bioinfor-
matics, biomedical computing, systems biology, computational 
medicine, biomedical imaging, and computational neuroscience 
illustrates the explosive growth in the usage and need of eInfra-
structure in the Life Sciences. 

Bioinformatics

Bioinformatics is a large, ill-defined field, associated with the 
algorithmic, analytical and computational challenges in  genome 
research. But it also includes computational science related 
to biological macromolecules such as proteins and nucleic 
 acids. The application of computers and quantitative methods 
to generate, explore and confirm biological hypotheses using 
 high-throughput molecular and sequencing data is the core of 
bioinformatics. It is both data intensive and compute intensive, 
with heavy use of statistics to build models, make inferences and 
perform validation. Eventually nearly all biologists will use bio-
informatics methods through well-adapted programs and data-
bases for high-throughput sequencing, but expert support may 
be needed. 

The emergence of high-throughput technologies has vastly 
 increased the amount and range of data obtainable on cells, 
 organisms, and populations. Bioinformatics databases have 
grown rapidly, and represent a vital source of information for 
molecular biology and medicine. This has facilitated studies of 
biological processes but it also requires new ways of organising, 
analysing, and interpreting the data82. Bioinformatics has its own 
terminology and methodology, dedicated publishing  channels and 
conferences, and courses of study at universities. Its  research 
agenda relies heavily on current technology in  molecular  biology 
and biotechnology; in return, biological  research is strongly influ-
enced by advances in bioinformatics. Most  molecular biological 
and genomic research facilities now include divisions or teams 
devoted to bioinformatics; often bioinformatics and molecular 
biology faculties are co-located.

Biomedical computing

Biomedicine, or preclinical medicine, combines medicine 
with the fundamental biosciences and is concerned with the 
theory, knowledge, and research behind clinical medicine. 
 Biomedical research aims at a deeper, molecular understand-
ing of the  mechanisms underlying disease as well as new 
 diagnostic and therapeutic practices. This lays the foundation 
of  modern  medicine and medical practice. Biomedical comput-
ing is  becoming increasingly important for the measurement 
of  bio-signals,  bio-structure, and bio-function; for analysing, 
 storing and  retrieving recorded data; and for modelling and 
 understanding. Recognising the importance of computing, the 
National  Institute of Health83 (USA) has incorporated National 
Centres for  Biomedical Computing in their Roadmap plan84.
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Figure 21. Systems biology as a shift from a reductionist to an integrative approach85.

81 Just a few of the related fields are: molecular biology, ecology, genetics, neuroscience, embryology, oncology, cardiology, computational biology, 
mathematical physiology, biomechanics, biophysics, systems biology, …
82 “Biology in the twenty-first century is being transformed from a purely lab-based science to an information science as well” 
www.ncbi.nlm.nih.gov/About/primer/bioinformatics.html
83 www.nih.gov
84 See www.ncbcs.org. The mission of the NCBCs is to create software and tools to help the biomedical community to analyse, model, and share data on 
human health and disease.
85 Adapted from Palsson, BO, 2006. Systems biology: Properties of reconstructed networks. Cambridge Univ. Press.

86 The study of organismal DNA sequences, including intra-organismal cell-specific variation (Wikipedia).
87 The study of organismal, tissue, or cell level transcript correcting factors (Wikipedia). 
88 www.ebi.ac.uk/biomodels-main/. European Bioinformatics Institute, European Molecular Biology Laboratory. sbml.org. SBML is an international 
effort to develop a format for models of biological processes.
89 Adapted from: C. Dollery and R. Kitney, Systems biology: A vision for engineering and medicine, Technical report, The Academy of Medical Sciences and 
The Royal Academy of Engineering, London, UK, Feb. 2007.
90 INRIA www.inria.fr/inria/strategie/priorites
91 E.g. Johns Hopkins University - www.icm.jhu.edu; University of Oulu - www.computationalmedicine.fi; Chinese Academy of Sciences 
- english.ia.cas.cn; Uppsala University - www.medsci.uu.se/klinfarm/compmed.
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Systems biology

The field of systems biology focuses on interactions among 
 biological systems, and reflects a paradigm shift in  molecular 
and cellular biology (Fig. 21). The aim is the modelling and discov-
ery of emergent properties, properties of a system that arise from 
collective interactions and are understood using e.g.  dynamical 
systems theory. Systems biology obtains and  analyses complex 
data from multiple experimental sources. Accordingly, it splits 
into a large number of subdisciplines with names like  genomics86 

and interferomics87. Wikipedia lists no fewer than eleven of these 
-omics.

The enormous range of temporal and spatial scales  involved 
in systems biology (Fig. 22) requires experimental and 
 computational methods that span those scales competently. 
The  methodology of systems biology includes the use of  robots 
and automated  sensors to aid in experimentation and data 
 acquisition. Mechanistic (in silico) computational models, data 
mining techniques, and very large online databases put stringent 
demands on available eInfrastructure. Examples of new coop-
erative developments include the BioModels Database and the 
Systems Biology Markup Language88. 

Computational medicine

Computational medicine is a new multidisciplinary field 
 employing mathematics, physics, information technology, and 
biomedical engineering to understand disease mechanisms and 
improve diagnosis, prediction, and treatment of disease. Useful 
clinical information for improving health is obtained by collect-
ing and  analysing heterogeneous data from personalised gene-
tics  profiles, bio-signals, advanced imaging and other phenotypic 
 information. The field of computational medicine is a high  priority 
of the French National Institute for Research in  Computer  Science 
and Control90, and several universities and research  institutions 
have established Computational Medicine units91. 

Biomedical imaging

During the last decade, improvements in spatial resolution, 
 temporal resolution, and the ability to acquire multichannel or 
multispectral images from organ or tissue samples, whether  
in vivo or ex vivo, have increased the sophistication of  biomedical 
 imaging. The amount of imaging data from a biological  experiment 
or a medical exam can be tens to hundreds of megabytes, where 
relevant tissue or cellular information is distributed in both time 
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Figure 22. The large span of  spatial and temporal scales in biological systems89.

The life sciences (biology and medicine and related interdis-
ciplinary fields81) involve the study of living organisms from 
 nanobes and viruses to man and even extraterrestrial life. The 
socio-economic relevance is high because these fields involve 
the understanding and treatment of disease, the ageing popula-
tion,  environmental threats, and the cost of health care, for ex-
ample. The field is much broader than physics or chemistry, but 
not as mature in the use of mathematical theory and numerical 
modelling. The recent sprouting of new subfields like bioinfor-
matics, biomedical computing, systems biology, computational 
medicine, biomedical imaging, and computational neuroscience 
illustrates the explosive growth in the usage and need of eInfra-
structure in the Life Sciences. 

Bioinformatics

Bioinformatics is a large, ill-defined field, associated with the 
algorithmic, analytical and computational challenges in  genome 
research. But it also includes computational science related 
to biological macromolecules such as proteins and nucleic 
 acids. The application of computers and quantitative methods 
to generate, explore and confirm biological hypotheses using 
 high-throughput molecular and sequencing data is the core of 
bioinformatics. It is both data intensive and compute intensive, 
with heavy use of statistics to build models, make inferences and 
perform validation. Eventually nearly all biologists will use bio-
informatics methods through well-adapted programs and data-
bases for high-throughput sequencing, but expert support may 
be needed. 

The emergence of high-throughput technologies has vastly 
 increased the amount and range of data obtainable on cells, 
 organisms, and populations. Bioinformatics databases have 
grown rapidly, and represent a vital source of information for 
molecular biology and medicine. This has facilitated studies of 
biological processes but it also requires new ways of organising, 
analysing, and interpreting the data82. Bioinformatics has its own 
terminology and methodology, dedicated publishing  channels and 
conferences, and courses of study at universities. Its  research 
agenda relies heavily on current technology in  molecular  biology 
and biotechnology; in return, biological  research is strongly influ-
enced by advances in bioinformatics. Most  molecular biological 
and genomic research facilities now include divisions or teams 
devoted to bioinformatics; often bioinformatics and molecular 
biology faculties are co-located.

Biomedical computing

Biomedicine, or preclinical medicine, combines medicine 
with the fundamental biosciences and is concerned with the 
theory, knowledge, and research behind clinical medicine. 
 Biomedical research aims at a deeper, molecular understand-
ing of the  mechanisms underlying disease as well as new 
 diagnostic and therapeutic practices. This lays the foundation 
of  modern  medicine and medical practice. Biomedical comput-
ing is  becoming increasingly important for the measurement 
of  bio-signals,  bio-structure, and bio-function; for analysing, 
 storing and  retrieving recorded data; and for modelling and 
 understanding. Recognising the importance of computing, the 
National  Institute of Health83 (USA) has incorporated National 
Centres for  Biomedical Computing in their Roadmap plan84.

Figure 21. Systems biology as a shift from a reductionist to an integrative approach85.

81 Just a few of the related fields are: molecular biology, ecology, genetics, neuroscience, embryology, oncology, cardiology, computational biology, 
mathematical physiology, biomechanics, biophysics, systems biology, …
82 “Biology in the twenty-first century is being transformed from a purely lab-based science to an information science as well” 
www.ncbi.nlm.nih.gov/About/primer/bioinformatics.html
83 www.nih.gov
84 See www.ncbcs.org. The mission of the NCBCs is to create software and tools to help the biomedical community to analyse, model, and share data on 
human health and disease.
85 Adapted from Palsson, BO, 2006. Systems biology: Properties of reconstructed networks. Cambridge Univ. Press.

86 The study of organismal DNA sequences, including intra-organismal cell-specific variation (Wikipedia).
87 The study of organismal, tissue, or cell level transcript correcting factors (Wikipedia). 
88 www.ebi.ac.uk/biomodels-main/. European Bioinformatics Institute, European Molecular Biology Laboratory. sbml.org. SBML is an international 
effort to develop a format for models of biological processes.
89 Adapted from: C. Dollery and R. Kitney, Systems biology: A vision for engineering and medicine, Technical report, The Academy of Medical Sciences and 
The Royal Academy of Engineering, London, UK, Feb. 2007.
90 INRIA www.inria.fr/inria/strategie/priorites
91 E.g. Johns Hopkins University - www.icm.jhu.edu; University of Oulu - www.computationalmedicine.fi; Chinese Academy of Sciences 
- english.ia.cas.cn; Uppsala University - www.medsci.uu.se/klinfarm/compmed.
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Simulations of biochemical and biological systems

I Molecular-Mechanics (MM) Simulations
I molecular atomistic simulations
I molecules viewed as composed of classical atoms
I force fields, parametrization
I thousands of atoms can be treated routinely

I Quantum-Mechanics (QM) Simulations
I based on electronic-structure simulations
I neede to treat purely quantum phenomena
I excitation processes, interaction with radiation, electron transfer
I a few hundred atoms can be treated routinely

I Quantum-Mechanics/Molecular-Mechanics (QM/MM) Simulations
I important regions by treated by quantum mechanics
I environment treated by classical mechanics
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Example: bioenergetics
I ‘Quantum chemistry as a tool in bioenergetics’

I Blomberg and Siegbahn, BBA 1797, 129 (2010)

I Examples: respiration and photosynthesis
I oxygen reduction and proton pumping in cytochrome c oxidase
I water oxidation in photosystem II

taking the fourth electron from the tyrosine. This appeared as an
attractive type of problem for a quantum chemical study since it could
be considered as a normal chemical reaction occurring in a closed
system, with no electrons entering or leaving the active site during
this reaction step. It had furthermore been experimentally established
that no protons are taken up or expelled by the enzyme during this
step. The first models used in the calculations had only 55 atoms [1,2],
still including all the essential parts of the BNC. Using this small
model, it could be shown that the O–O bond cleavage reaction forming
Fe(IV)=O, Cu(II)-OH and a neutral tyrosyl radical is thermodynam-
ically feasible. However, the calculated barrier for the O–O bond
cleavage step was much too high, at least 25 kcal/mol, compared to
the experimental value of 12.5 kcal/mol as obtained from the lifetime
of compound A and transition state theory [3]. It was at that time
suggested that an extra proton might be available in some part of the
BNC, and it was shown that such a proton would lower the barrier
enough to make the reaction kinetically feasible. In parallel to the
calculations, it was shown experimentally that the O–O bond is
indeed cleaved in themixed valence enzyme, andwhat still remains is
to determine the mechanism for the bond cleavage.

A few questions can be raised about the early calculations. First,
the models used can be considered as too small and unrealistic, and
therefore the results might be unreliable. Therefore, several new
calculations have been performed using larger and more realistic
models [4–6]. As will be discussed below, the results of the larger
models point in the same direction as the first small model
calculations, the calculated barrier is significantly higher than the
experimental one. Second, the addition of an extra proton in the BNC
might not be in accordance with the pKa values in the vicinity of the
active site. Clearly, to just add a proton to the active site, as was done
in the first calculations, is a too simplified modeling, and better
models for changing the charge in the active site will be described
below. Finally, the suggested mechanism assumes that the tyrosine
proton moves to the molecular oxygen coordinating to the heme iron
during the bond cleaving reaction, and to make this possible, water
molecules have to be added to the active site. It is not clear what are
the best positions for such water molecules, and if the water
molecules in the BNC are unbound relative to bulk water, the cost of
moving the waters to the BNC has to be included. Fortunately, a new
X-ray structure of the fully reduced cytochrome oxidase was recently
determined, which has several water molecules present in the active
site [7]. This new structure has been used to construct a newmodel of
the BNC, which is used in calculations on the O–O bond cleavage step.
Preliminary results from these calculations will be used below to
furthermore demonstrate the different difficulties encountered in the
description of the O–O bond cleavage step.

The new model of the BNC used to study the O–O bond cleavage
step is shown in Fig. 3. The main amino acids at the BNC are truncated
at the alpha carbons, except for the adjacent His333 and His334where
the backbone between them is kept. The heme group is modeled by an
unsubstituted porphyrin except that the farnesyl hydroxyl and the
formyl groups are kept. The X-ray structure contains four water
molecules at the BNC for the reduced state, one of thewatermolecules
is substituted with the oxygen molecule and the other three are
included in the model. Two amino acids hydrogen bonding to the
water molecules are modeled in a simple way, just to include the
hydrogen bonding. This leads to a model of compound A with 144
atoms. Some atoms are fixed at their positions in the crystal structure
to keep some strain from the protein, see Fig. 3. In compound A, the
oxygenmolecule is reduced to a superoxide by one electron from iron,
giving Fe(III) with low-spin coupling. The unpaired electrons on
dioxygen and iron are anti-ferromagnetically coupled to an open shell
singlet.

The O–O bond cleavage occurs in two steps, in the first step the
tyrosyl proton is transferred the distal oxygen, and at the same time
an electron is transferred to the oxygen to give a FeOOH peroxide. This

electron is taken from CuB or the tyrosine, depending on the model
and the exact structure of the FeOOH moity. In the second step, the
O–O bond is cleaved, and another electron is transferred to the
oxygen, giving the Fe(IV)=O, Cu(II) OH, TyrO product. As mentioned
above, the lifetime of compound A corresponds to a total free energy
of activation of 12.5 kcal/mol. However, the weak temperature
dependence of the rate of PM formation indicates that there is a large
entropy effect on the activation energy of 6.1 kcal/mol, yielding an
enthalpy barrier of only 6.4 kcal/mol [3]. Thus, if the interpretation of
these experiments is correct, the directly calculated activation energy,
which corresponds to the enthalpy of activation, should be compared
to the lower value of 6.3 kcal/mol, and the entropy effect should be
added on top of this. Using the present model already the first step,
the formation of an FeOOH peroxide, is found to be endothermic by
9.8 kcal/mol. The barrier for this step has not been definitely
determined, but an approximate value is 16 kcal/mol relative to
compound A. On top of this endothermicity, the O–O bond cleavage
barrier is found to be 11.2 kcal/mol, resulting in a total enthalpy
barrier of 21 kcal/mol, as compared to the experimental value of
6.3 kcal/mol. The same two steps have been investigated previously
with several models, differing in the number of water molecules
present, the exact modeling of the amino acids and the porphyrin
with substituents, but with the same protonation states of the
included amino acids, and similar results were obtained with all
models. The endothermicity of the first step varies between 8 and
13 kcal/mol, and the barrier for the O–O step varies between 8 and
12 kcal/mol (relative to the peroxide). One of these models include
the heme propionates with their hydrogen bonding units, and this
model therefore has a different total charge than the rest of the
models. Still the results are quite similar. Thus, reasonably large
models, including all aspects of the binuclear center that are expected
to be important, give calculated enthalpy barriers between 16 and
24 kcal/mol compared to the experimental 6.3 kcal/mol.

As mentioned above, the addition of an extra proton to the active
site was found to lower the activation energy for the O–O bond

Fig. 3. Structure of the optimized transition state for the O–O bond cleavage in
cytochrome c oxidase.
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amino acids were described, including the backbone atoms. An
important assumption was made at this stage. It was first concluded
that the most accurate positions determined by the X-ray analysis are
the positions of the backbone atoms. Their positions are, for example,
rather close in the two X-ray structures even though the OEC metal
complexes are quite different [39,40]. The assumption made was
therefore that these positions are sufficiently well described by the
low-resolution X-ray structures, that a further optimization of the
structure is meaningful. To ensure that the optimized models stayed
as closely as possible to the X-ray structures, the backbone atoms
were therefore fixed at the positions given by the X-ray structure
(taken from the London analysis). This meant that 20 atoms, of a total
of about 130, were fixed, while the rest were optimized. With this
approach, a search for a better OEC-cluster was initiated. Still, there
are a very large number of possibilities, so only the chemically most
reasonable ones were fully investigated. Another underlying assump-
tion in this context should be emphasized. Based on experience
during the past decade, it was assumed that the lowest energy
structure obtained in this way, with the backbone constraints, is the
one that is adopted by nature. Against this assumption, it can be
argued that it is in principle possible that a higher energy structure is
used in the enzyme, if the barriers for its decay are high enough, but
this is here considered as very unlikely (see further below).

It turned out that it was relatively easy to make the S4-state,
obtained in the earlier studies, to fit into the backbone structure given
by the X-ray analysis [50]. In fact, this protein fitted structure gives
an even lower barrier than before for O–O bond formation. How-
ever, to obtain a more direct comparison to the measured densities
and suggested X-ray structures, a structure for the resting S1-state is
needed. Electrons and protons were therefore added to the S4
structure until the S1-state was reached. This structure, for the largest
model used so far with about 190 atoms, is shown in Fig. 12,
illustrating the size of the model and the amino acids included in the
model.

The optimized structure for the S1-state is also shown in Fig. 13,
where the X-ray density from the Londonmeasurement is included. As
seen in thisfigure, the structurefits verywell into the density. It should

again be emphasized that the structure was not fitted to the density
but was optimized only with the constraints of fixed backbone atoms.
There are rather clear differences between the optimized metal
positions and those obtained from the X-ray analysis. The deviations
between the calculated positions and those suggested from the
LondonX-ray study are between 0.6 and 1.5 Å. For the Berlin structure,
the corresponding deviations are between 0.1 and 1.8 Å. This illus-
trates the problem with the low resolution, since all three complexes
fitwell into the density.However, it should also be noted that the effect
of X-ray reduction on the density is not noticeable at this resolution
since the DFT optimized structure, which is not reduced, still fits the
density.

An interesting aspect of the DFT structure is that it has clear
similarities to structures suggested by EXAFS studies [51,52], where it
had been emphasized that substantial discrepancies exist between
EXAFS and X-ray structures. One characteristic feature of the
suggested EXAFS structures is that there should be a short Mn–Mn
distance between the outer manganese and the nearest manganese in
the Mn3Ca-cube. These manganese atoms should therefore be
connected by two μ-oxo bonds. This is precisely what is found in
the optimized structure in Fig. 13. In contrast, in the London X-ray
structure, the outer manganese is connected directly to one of the
bridging oxo-ligands in the Mn3Ca-cube, while in the Berlin structure,
it is connected only by a single oxo-bond.

The number of short Mn–Mn distances in the S1-state has been a
controversial issue with different suggestions. The best optimized
structure at present has Mn–Mn distances of 2.73, 2.86, 2.88 and
3.11 Å. This is in as good agreement with EXAFS suggestions as one
can hope for using DFT. In one EXAFS interpretation [51], three
distances of 2.7–2.8 Å and one of 3.3 Å are suggested, while in another
one only two short 2.7 Å distances are suggested [52], illustrating the
remaining EXAFS uncertainties.

With the two assumptions described above, that the backbone
atoms are reasonably well positioned from the X-ray analysis, and that
the lowest energy structure with constrained backbone atoms is the
one that the enzyme adopts, it is thus claimed that the structure in
Fig. 13 should be close to the actual OEC. It is interesting to compare
this structure to other ones that have been suggested based on other
DFT approaches. Two criteria will be used, the lowest energy and the fit
to the protein structure. The first comparison will be to the structure

Fig. 12. The largest model used to study water oxidation. The structure is for the S1-state
and has been fully optimized. Most amino acid protons have been left out.

Fig. 13. The DFT optimized S1 structure placed into the X-ray density from the London
X-ray measurements.
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I left: transition state for O–O bond cleavage in cytochrome c oxidase
I right: 190-atom structure of the S1 state of water oxidation

I Size of models extended from about 30 to 200 atoms over the last decade
I ongoing improvements in methodology and application range
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Example: electron tunneling

I ‘Interheme electron tunneling in cytochrome c oxidase’
I Kaila, Johansson, Sundholm and Wikström, PNAS 107, 21470 (2010)
I quantum-mechanical electron tunneling important for enzymatic oxidoreduction

I CcO active site for respiratory reduction of O2:
I oxygen-binding heme and a copper center + electron donating heme

I CcO heme–heme eT has an exceptionally low reorganization energy
I combined molecular-dynamics and quantum-chemistry study

log!keT" # 13 − !1.2 − 0.8!"!RÅ−1 − 3.6" − 3.1 eV−1 !ΔG$ ""2

"
:

[3]

Here, ! is the effective protein packing density that may vary
between 0 (vacuum) and 1 (full packing). Based on extensive
studies of different electron transfer proteins it was argued that
the value for ! is relatively invariant (ca. 0.76), and especially that
packing does not increase to compensate for the decrease in eT
rate at long distances (23). The explanation is that natural selec-
tion favors robustness of function; thus eT should be relatively
insensitive to variations in structure. On the basis of experiments
where the effect of driving force (ΔG) on the eTrate was studied
in photosynthetic systems, it was further argued that for most
cases the above formula could be further simplified by using a
generic value for λ of about 0.7 eV (23), with a notable exception
of the initial charge separation in photosynthetic reaction centers,
where λ is ∼0.3 eV (24).

Employing the Moser-Dutton formula in Eq. 2 for interheme
electron tunneling in CcO, using the generic values for reorgani-
zation energy and packing density discussed above, and an edge-
to-edge distance of 7 Å, yields a rate of 1∕1.4 ns−1, which is in
remarkable agreement with experiment, and seems to validate
the use of the generic values for ρ and λ also in this case. How-
ever, recent assessments of the reorganization energy based
on measurements of the eTreaction rate and driving force at dif-
ferent temperatures, and on a quantum-mechanically modified
expression of Eq. 1, suggested that λ may be as low as 0.2 eV
(14), which would predict a rate of 1∕40 ps−1 according to the
Moser-Dutton formula. To explain this discrepancy, it was sug-
gested that the packing density might be lower than the used gen-
eric value (15), or that eT follows specifically evolved tunneling
pathways (25, 26). On the other hand, as pointed out by Moser
et al. (27), the temperature range covered in the experimental
study (14) may not have been sufficient to exclude a much higher
value of λ. As a further exploration, we present the results of
two independent methods of calculating the reorganization
energy for the heme a∕heme a3 eT from molecular simulations.
By using the formalism developed by Warshel et al. (28–35), and
later verified from first-principle statistical mechanics (36, 37), we
have used classical molecular dynamics (MD) simulations and

quantum-mechanically derived point charge distributions to esti-
mate the reorganization energy by the energy-gap approach (see
Methods). In a second independent approach, we calculate the
reorganization energy by using high-level quantum-mechanical
(QM) density functional theory on realistically sized models of
the heme groups. By both methods we find that the reorganiza-
tion energy is, indeed, very low. However, it should be empha-
sized that theoretical prediction of biological reorganization
energies is a challenging subject, the drawbacks and strengths
of which have been recently reviewed (38).

To address the apparent discrepancy with the Moser-Dutton
treatment (see above), we present an alternative approach
towards measuring the packing density (ρ) and evaluating the
eTrate by Eq. 3. This approach is based on computing an average
eT rate by summing over all donor-acceptor distances and eval-
uating individual packing densities separately for each donor-
acceptor pair. We find that the average ρ is close to the proposed
generic value, but that the donor-acceptor distance distribution is
relatively broad. By combining the determined reorganization
energy with our alternative treatment of ρ and R in Eq. 3, we ob-
tain an eT rate in excellent agreement with the experimentally
measured values. On this basis, we conclude that the empirical
Moser-Dutton approach to describe the rate of electron tunnel-
ing can be directly extended to the case of CcO, if the definition
of the packing density and the donor/acceptor distance are mod-
ified to be more physically realistic for a case where the donor/
acceptor distance is very short. The result of our approach is
consistent with heme a-a3 electron tunneling in CcO between all
atoms of the donor and acceptor complexes. No specific tunnel-
ing pathway needs to be postulated.

Results and Discussion
Marcus parabolas for the heme a∕heme a3 eT as obtained from
MD simulations are shown in Fig. 2A. The obtained reorganiza-
tion energy for the process is 0.20 eV for both the forward
(heme a ! heme a3) and backward (heme a3 ! heme a) reac-
tions. The reorganization energy obtained from high-level quan-
tum-chemical calculations is 0.13 eV using the model systems
shown in Fig. 3, which agrees surprisingly well with the value
obtained from the MD simulations. The electrostatic effect of the
surroundings omitted from the QM system, modeled as point-

Fig. 1. The structure of cytochrome c oxidase. The route
of electron and proton transfer are shown as red and blue
arrows, respectively. Electrons donated from cytochrome
c at the P-side of the membrane (not shown), are trans-
ferred from CuA via heme a, to heme a3 and CuB. Electron
transfer between heme a and heme a3 couples to proton
transfer from Glu-242 to a transient pump site. After an
electron and a proton are transferred to the binuclear
heme a3∕CuB site, the proton located at the pump site
is repelled to the P-side of the membrane. Inset: the struc-
ture of heme a-heme a3. The molecular surface of amino
acids packed between the heme groups is shown as a
green wire frame using the “Surf”-representation of
VMD (56). The packing density (Eq. 3) comprises the ratio
of empty and filled space within the total interheme
volume, estimated using the united-atom radii.
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charges, was found to have a minute effect of decreasing the com-
puted reorganization energy by ∼0.003 eV. The quantum chemi-
cally-obtained reaction energy for the heme a ! heme a3 eT is
∼ − 0;1 eV, compared to the experimental value of ∼ − 0.05 eV
(13–15). The computed reduction potentials are expected to have
a larger error than the reorganization energies, as isoelectronic
systems are compared in the latter calculations. Therefore, the
experimentally determined driving forces are used for evaluating
the tunneling rate (see below). With a smaller model system,
the reorganization energy is expected to be lower. When the
surrounding protein environment is frozen to an equilibrated
structure of the fully oxidized system in the MD simulations, the
reorganization energy increases to 0.33 and 0.32 eV for the for-
ward and backward eT, respectively (Fig. 2B). When, in addition,
the interactions to the water molecules are switched off, the re-
organization energy increases to 0.52 and 0.50 eV, respectively
(Fig. 2C), emphasizing the important function of the quite large
amount of water in the immediate surrounding of the hemes, as
discussed below. The reorganization energies seem to be well
converged within 1 ns simulations time as indicated in Fig. 2D.
It is of interest to estimate the possible sources for errors in
the calculations. In the current parameterization of the heme
groups, the bond terms are identical for the reduced and oxidized

structures, which might slightly underestimate the computed re-
organization energy. However, employing a nonpolarizable force
field has recently been shown to lead to too high reorganization
energies (38). In a previous computational study, Sigfridsson et
al. (39), while noting similar reorganization energies for low-spin
heme models, found significantly higher values for high-spin
heme models compared to our QM results. A possible reason is
that the protein environment imposes a strain on the redox group,
leading to smaller structural changes relative to a vacuum opti-
mization, a possibility supported by optimization of the metal
centers embedded in their native protein environments (40, 41,
cf. also 42).

Environmental relaxation plays an important role for the low
reorganization energy. In particular, polarization of water mole-
cules during eT is of profound importance (see Fig. S1). The
probability of the water dipole vector pointing towards the iron
atom of heme a is high at close distance in the fully oxidized state,
and it drops nearly as 1∕r towards 0.3, which is obtained at 13 Å.
When heme a is reduced, the distribution of water orientations
changes dramatically; the probability of finding a dipole orien-
tated towards heme a is nearly zero at distances less than 11 Å
from the iron atom of heme a. The difference in water orienta-
tions in the respective states might explain the strong increase in

Fig. 2. A Marcus parabolas of heme a—heme a3 eT.
B The Marcus parabolas of heme a—heme a3 eTwith
the environment frozen to a fully oxidized structure.
C Same as in B, but with interactions to water mole-
cules switched off. The length of the simulation
used in A–C was 5 ns. D The reorganization energy
as a function of the simulation time, showing that
the reorganization energies converge within 1 ns.

Fig. 3. The quantum-chemical model systems of A heme a and B heme a3 used in the calculation of reorganization energies.

21472 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1005889107 Kaila et al.

I left: eT from low-spin heme a to binuclear heme a3/CuB site
I right: 286-atom heme a model and 258-atom heme a3 model
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Example: How does NO−
2 control blood pressure?

I ‘Catalytic generation of N2O3 by the concerted nitrite reductase and anhyndrase activity of hemoglobin’

I Basu et al, Nat. Chem. Biol. 3, 785 (2007)

I NO−
2 plays a key role in blood pressure regulation (vasodilation)

I Puzzle:

I NO−
2 is converted to NO inside the red blood cell

I but NO is inactivatived by hemoglobin it can escape

I Solution:

I NO reacts to form N2O3 which diffuses through blood cell and dissociates

nitrite. If, on the other hand, the HbFe(III)-NO2
– + NO reaction to

form N2O3 is the mechanism (equation (3)), the reaction would yield
a mixture of HbFe(II)-14NO (formed when the bound NO comes from
the 14N nitric oxide that was added to the HbFe(III)-NO2

–) and
HbFe(II)-15NO (formed when the bound NO comes from homolysis
of the N2O3). In this experiment the major product was
HbFe(II)-14NO, which suggests that oxygen transfer does not occur
in the reaction of NO with HbFe(III)-NO2

– (Supplementary
Fig. 4). Based on the data presented here, none of the alternative
reaction mechanisms of SNO formation are as plausible as the
HbFe(III)-NO2

– + NO reaction mechanism (equation (3) above).

DISCUSSION
Accumulating evidence suggests that the ubiquitous circulating anion
nitrite (NO2

–) is a vasodilator and intrinsic signaling molecule1–4.
Though the in vitro incubation of nitrite with deoxygenated red cells,
deoxyhemoglobin and deoxymyoglobin13 results in NO-dependent
signaling, the rapid inactivating reactions of NO with deoxy- and
oxyhemoglobin create a paradox as to how this signaling is physio-
logically possible1,39–42.

However, findings presented in this work identify a novel heme-
nitrite chemistry that provides a possible solution to this paradox.
Nitrite reacts with deoxyhemoglobin to generate MetHb and NO
(equation (1)). Nitrite also binds to MetHb to form HbFe(III)-NO2

–

with a dissociation constant of about 1 mM at neutral pH (ref. 26); we
in fact found the Kd to be much lower at limiting nitrite concentra-
tions and/or lower pH (Kd ! 7 mM at pH 6.5 based on extent of
EPR silencing).

NO"
2 + MetHb #HbFe#III$$! Hb#Fe#III$$-NO"

2 #7$

We have previously shown that HbFe(III)-NO2
– is formed in the nitrite-

deoxyhemoglobin reaction; now we find that this species is the major
intermediate in this reaction6. Both experimental precedence31,32,43

and the DFT calculations indicate that HbFe(III)-NO2
– may have either

an N-bound or O-bound nitrite. Both forms have high electron
affinities and should avidly react with NO via a radical-radical–like
pathway that generates N2O3.

%HbFe#III$-NO"
2 $ Hb#Fe#II$$-NO&

2'+ NO ! HbFe#II$+ N2O3 #8$

Note that according to the final stoichiometry of this reaction pathway
(equation (9)), hemoglobin is catalytic and functions as an allosteri-
cally regulated enzyme that converts two nitrite ions into a molecule
of N2O3:

2NO"
2 + HbFe#II$+ H+ ! HbFe#II$+ N2O3 + OH" #9$

The biggest challenge to our favored HbFe(III)-NO2
– + NO mechan-

ism is that this reaction must compete with the reaction of NO and
ferrous hemes in the red blood cell, which is rate-limited by the
diffusion of NO through the protein into the heme pocket42. Although
our data strongly support the HbFe(III)-NO2

– + NO mechanism, they
do not completely rule out the possibility that, under physiological
conditions in a red blood cell, other mechanisms are involved. Kinetic
analyses suggest that some compartmentalization within the red cell
would be necessary for the HbFe(III)-NO2

– + NO reaction to effec-
tively compete with NO + ferrous heme reactions in the red cell.

The production of N2O3 by nitrite-heme reactions could facilitate
export of NO bioactivity from the erythrocyte via multiple pathways.
First, N2O3 is the primary nitrosating species capable of forming red
cell S-nitrosothiols, which form as a side product of the nitrite-
hemoglobin reaction and may be exportable. Second, N2O3 is a
small and uncharged molecule, which promotes its concentration

and diffusion through the red cell membrane. Finally, N2O3 can
homolyze to NO and NO2

d, allowing for NO export12.
These concerted pathways leading from nitrite-heme chemistry to

export of NO or other related, potentially vasodilatory species out of
the red cell are illustrated in Figure 7. Given the dimensions of the red
blood cell (a biconcave disc), one expects some N2O3 with a lifetime of
1 ms and a diffusion coefficient of 1,000 mm2 s–1 to diffuse out of the
erythrocyte. In addition, it is quite possible that different isomers of
N2O3 have different and perhaps longer lifetimes, thereby further
facilitating potential export44,45. As hemoglobin deoxygenates from
artery to vein, the rate of nitrite reduction by deoxygenating hemo-
globin increases, producing more NO, which can then react rapidly
with MetHb-bound nitrite to form N2O3. The primary nitrite reduc-
tase reaction that generates NO is allosterically regulated, and the rate
is maximal as hemoglobin desaturates to 50% (at the hemoglobin
P50). This results in maximal rates of nitrite reduction to NO as
oxygen and pH decrease7. According the chemistry described here, the
formation of N2O3 is also promoted as pH decreases. As summarized
in our model, once N2O3 has formed it may be exported from the red
blood cell and homolyze to form NO, which explains nitrite-mediated
vasodilation2,10. The likelihood of direct export of N2O3 is diminished
by the presence of millimolar concentrations of thiol in the red cell.
However, some degree of compartmentalization within the red cell
would facilitate NO export. For example, deoxygenation near the
membrane surface would enhance N2O3 formation there (Fig. 7).
Further enhancement of NO release may take the form of a previously
hypothesized nitrite reductase metabolon located within a lipid raft in
the red cell membrane46.

This nitrite-hemoglobin reaction also provides a novel and kineti-
cally appealing mechanism for S-nitrosothiol formation. If N2O3 is
formed in the nitrite-hemoglobin reaction, then in addition to NO
and HbFe(II)-NO, S-nitrosated products should be detected. We
previously reported that during nitrite infusions in humans, both
iron-nitrosyl hemoglobin (HbFe(II)NO) and SNO-Hb form in blood2.
We propose that these reactions involving a nitrite-bound ferric heme
form a general route for NO and S-nitrosative signaling under
physiological hypoxia, with a number of heme globins subserving
this function at different oxygen tensions. Hemoglobin would

Figure 7 Model of nitrite- and Hb-mediated N2O3 export and nitrosation.
Hemoglobin deoxygenation (purple) occurs preferentially at the
submembrane of the red blood cell as it traverses the arteriole. Nitrite reacts
with deoxyHb to make MetHb and NO. Much of this NO binds to hemes of
deoxyHb or undergoes dioxygenation to form nitrate and MetHb from oxyHb.
MetHb binds nitrite to form an adduct with some Fe(II)-NO2 character (Hb-
NO&

2). This species reacts quickly with NO to form N2O3, which can diffuse
out of the red cell, later forming NO and effecting vasodilation and/or
forming nitrosothiols (SNOs). Low-molecular-weight nitrosothiols may
contribute to exportable vasodilatory activity. The figure is not drawn to
scale. Not all reactions are shown (for example, hydrolysis of N2O3).
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The EPR silence of HbFe(III)-NO2
– could occur because of line

broadening resulting from g strain, as considered for other ferric heme
proteins24,25. To explore this possibility and other aspects of the
electronic configuration of HbFe(III)-NO2

–, we have performed density
functional theory (OLYP/STO-TZP) calculations on various six-
coordinate nitrite-bound ferric porphyrins. The proximal ligand in
most of these calculations is imidazole with an acetic acid side chain
that hydrogen bonds to the imidazole NH group, while the N-bound
(‘‘nitro’’) or O-bound (‘‘nitrito’’) nitrite hydrogen bonds to another
imidazole on the distal side (Fig. 3). For all our models, the nitro form
was found to be more stable than the O-nitrito form by about 7 kcal
mol–1. However, the relative orientation of the nitrite and proximal
imidazole planes (coplanar or perpendicular) made little difference
(o1 kcal mol–1) in the energy of these species. For every conformation
of every species examined (whether nitro or O-nitrito), the two

alternative dp
1 states (2A¢ and 2A¢¢ for Cs point group symmetry)

proved to be within 0.5 kcal mol–1 of each other; which suggests
that rapid fluctuation between these states may be responsible for
the lack of an EPR signal for HbFe(III)-NO2

–. These results may
also explain recent reports of an EPR-silent intermediate in
the nitrite-deoxyhemoglobin reaction that is detectable by re-
ductive chemiluminescence11,22.

Unlike nitrate, nitrite may be a noninnocent ligand. A recent DFT
analysis28 emphasizes the p-accepting character of N-bound nitrite
and the high electron affinities of ferric-nitro porphyrins. Here, we
find that both our six-coordinate ferric-nitro and O-nitrito models
have similar electron affinities of about 2.0 eV, which is unusually high
for an electroneutral metalloporphyrin but not so high as to preclude
the existence of these species. The O-nitrito ligand is noninnocent in
certain conformations (Fig. 3), which may be viewed as a certain

2A! 2A! 2A!

2A!       0.0 2A!       6.1

2A!!       5.72A!!       2.0 2A!!       6.2

2A!       6.4

a b c

(0.918)

Figure 3 Electronic configuration of HbFe(III)-NO2
–. (a–c) Selected OLYP/STO-TZP results for an Fe(III)-nitro model (a) and two Fe(III)-O-nitrito models (b and

c). Each of these models was restricted to Cs symmetry, which allowed the separate optimization of both the 2A¢ and 2A¢¢ states, which correspond to the
unpaired electron occupying one or the other of the two dp (dxz or dyz) orbitals. The three diagrams in the top row present selected optimized bond distances
(Å, in black), Mulliken spin populations (in magenta) and charges (in green in parentheses) for the 2A¢ states of the three models. The middle row shows the
corresponding spin density plots, in which the excess spin density is shown in cyan. Shown against the oval insets at the bottom of the figure are the
energies of the various states studied (in kcal mol–1), relative to the 2A¢ state of the model in a. Observe that although the O-nitrito forms in b and c are
higher in energy than the form in a, the 2A¢ and 2A¢¢ states are very similar in energy for all three forms.
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I quantum chemistry used to model ferric–nitrite intermediate, which reacts with NO to form N2O3
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