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We present in this work low-temperature visible absorption spectra for recomfihaninus thermophilus
cytochromecss,. The Q-band presents a remarkable splitting at low temperature. We performed quantum
chemical calculations to evaluate quantitatively the effect of heme conformation, axial ligand, peripheral
substituents and local electric fields on the electronic spectra. In an attempt to find correlation between protein
structure and spectral splitting, we carried out the same calculations on three other cytoclsrohm@rse

heart, tuna heart, and yeast. The quantum chemical calculations were performed at the INDO level with
extensive configuration interaction. The electric field at the heme pocket was included in the calculations
through a set of point charges fitting the actual electric field. The results obtained show clearly that all mentioned
effects contribute to the observed spectral splitting in a complex nonadditive way.

I. Introduction be viewed as an effect of the “symmetry lowering environment”
on the metalloporphyrin complex; a departure from the square

The UV-vis absorption spectra of heme proteins have been gy mmetry p,y) should induce this splitting, but the amount of
object of extensive research for many years. Their spectra are

] - ’ A splitting cannot be predicted with symmetry arguments. Ex-
associated with the metalloporphyrin macrocycle present in all yeimentally, it has been shown that the protein structure, which

these proteins, which plays a central role in their Specific yeotermines the heme pocket environment, has direct effect on
biological function: oxygen transport, one-electron-transfer he 30,0 band splittin§#91315 Various interpretations have
agents and irreversible covalent transformations of substrates. yaap proposed to account for the Q-band splifi#igéin a

The porp_hyrin macroc_ycle_and a>§ial Iigandg ha_ve direct effects qualitative way, based on the concept of low symmetry
on the different possible iron spin and oxidation statésat environment.

make possible the variety of physicochemical processes in which In a series of two papef§7Manas et al. presented the first

the heme group is involved. At the same time, the porphyrin systematic approach to include the effects of environment in
conformation and axial ligand geometry are strongly influenced electronic spectra calculations for cytochrog These works

by the protein environment, making the whole system an ; T
interesting subject for the study of biological functiestructure show the Importance of the electric field effepts on Fhe heme
spectra. In the first of these papers the effect is considered as a

relationship. perturbation on a five-level model (in an extension of Gouter-

. The ab;ofrptlon_spectr?] oflthe hgme group cf:akr]\ provmlle man’s four level modéf). These results showed that macrocycle
:mportﬁnt.m orm?tlon odn.t e electronic s;r‘lu'(iturehoht e meta -I conformation and electrostatic external field combined can
oporphyrin complex and its environment. Although the essental ;4,0 spectral splitting of the order of magnitude that is

features of the spectra are well understéod, complete o, orimentally observed. Moreover, they suggest that the overall
quantitative correlation with all variables affecting the spectra effect will depend strongly on the electrostatic field symmetry,
is still lacking. _ ~giving a clear physical picture of the effects involved in the

Fe(ll)—porphyrin complexes, in the presence of strong axial Q-pand splitting. Because of the approximations involved in
ligands, present spectra with gharacteristics typical of closed this kind of approach, the method is not well suited for exact
shell metalloporphyrin$.The main features of these spectra are gyantitative calculations. In the second paper of this series, the
the Q(0,0) band in the visible region-680 nm), of electronic ejectrostatic field was included in the quantum chemical spectra
origin, the Q(0,1) 520 nm) band, associated with the Q(0.0) ¢a|culation for Zn substituted cytochroreeproteins. Because
band electronic transitions but involving also vibrational excita- of the closed d-electron shell of Zn, the effect of axial ligands
tions, and the B or Soret band, a much more intense band injs of minor importance relative to the iron proteins. The
the UV region ¢-420 nm) of electronic origin. Itis well-known  yropjionic acids attached to the macrocycle were treated as
that the Q(0,0) band in some low-spin heme proteins show external perturbation through their electric field.

L 1
spllttllngd n t?ﬁ rtange Oft 592.0()' crr;eg\?th_becolrg_es more In this paper, we are extending the previous work. We present
resolved as the temperature 1S fowered. This spiitting can experimental results of the visible absorption spectra of cyto-
" chromecss,. The relatively large Q(0,0) splitting that this protein
o V‘(/ha?]rge‘iﬁggr‘r’]‘;ﬂdrﬁggeus2?#]'%5’3 addressed. Phone: 25-898-8783gyhihjts motivates us to look for structural factors that could
t University of penns).,|vani.a_p R determine such splitting. As mentioned above, no previous

* University of California at San Diego. works on spectral splitting calculations for heme-proteins include
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all external effects at the same level of approximation. We the ionic strengthx(F)2 = 8n€el/e(F)ksT. A two dielectric model
performed quantum chemical calculations for this purpose for is used for the proteinsolvent system, with the dielectric
Thermuscytochromecss, and three other cytochromeswith boundary defined by the molecular surface of the protein. A
known 3-D structure, namely the cytochrorts from horse, dielectric constant of 2 was used for the protein and a dielectric
yeast and tuna. This permitted us to study systematically the constant of 80 for the solvent, with an ionic strength of 0.1 M.
effects of axial ligands, ring conformation, peripheral substit- The protein contributions to the electric field in the heme pocket

uents and electrostatic field. can be considered as sum of the electric field of charged groups

) at the experimental pH and that of polar groups (zero net

Il. Materials and Methods charge). A comparison between both contributions is described
Experimental Methods. Recombinant cytochromes, was in detail in a previous work’ The results we present in this

prepared fronEscherichia colicells that had been engineered Work include only the formal charge set, with contributions of
to express the chimericyaA gene of Thermus thermophilus the charged groups. Within this scheme the charge assignment
HB8L® This recombinant material is identical in function and Was—0.5to the OD1, OD2 and OE1, OE2 oxygens of the Asp
structure to nativeThermuscytochromecss, except that it is and G'“_ residues, respectively. In ac_idltlon a charger-6f5
shorter by 2 amino acids at the N-termirf&X The lyophillized was assigned to the NH1 and NH2 nitrogens of Arg &rid0
protein was dissolved in 10 mM phosphate buffer pH 7.0 that © the NZlys nitrogen. In previous works, the heme propionates
was diluted to 50 vol % with glycerol. The iron was reduced Were treated as an external perturbation to the heme group
by addition of dithionite. The sample concentration wasmM. through their electric field, assigning a charge-e.5 to their
A Hitachi U-300 UV-vis spectrophotometer was used to OXygens. In this work we performed different calculations,
measure the spectra. The path length of the sample cell wagncluding them at this same level or explicitly in the quantum
0.05 mm. Details of the cryostat are given by Manas éf al. mechanical calculation. The parameters used for the finite
The spectra were taken from high to low temperature, and the difference calculation were: grid dimensions 65 in each
sample was allowed to equilibrate for about 10 min after the direction, corresponding to a scale of about 1.1 grids/A, Debye
desired temperature was obtained. Huckel type boundary conditions, multigrid method of iteration
Computational Modeling. Quantum chemical calculations ~combined with dielectric smoothing and charge anti-aliasing
on the heme group utilized the ZINDO/s semiempirical method With a final convergence of value of1 10-* kT/e total residue
developed and parametrized for spectroscopy by Zerner and co€rror in the potential.
workerg2-24 as implemented in the Cerius 2 software package  The potential and electric field in each atom of the heme
(Molecular Simulations Inc., Sherrills Ford, NC). Singles group obtained in this way can be fitted by a setngboint
configuration interactions was used in conjunction with the charges of chargeg; and spatial coordinates fequivalent to
INDO1/s method to calculate optical spectra. Excitations from fitting the electrostatic potential and its gradient). Provided the
59 occupied to 59 unoccupied molecular orbitals were included number of point charges is greater than @ith mthe number
in the SCI calculation. The independence of the results on the of atoms in the heme group) no unique solution exists for the
number of orbitals included was checked by performing set (;,fj) and a single value decomposition routine can be used
configuration interaction calculations with different number of to solve the problem. The over-determination of the system is
orbitals. As our calculations are focused on the lowest electronic exploited in this way for numerical convenience, setting the
transitions, involving few orbitals near the highest occupied coordinates of the point charges on a spherical shell of radius
molecular orbital (HOMO) and lowest unoccupied molecular R that encloses the heme group. It should be noted that the
orbital (LUMO), a good description of the transitions is obtained method itself does not guarantee that the electrostatic potential
with a relatively small number of molecular orbitals included and electric field in the surrounding region, where the molecular
in the configuration interaction calculation. orbitals extend, fits the FDPB field. Because part of our
The electric field imposed on the heme group by the protein calculations included explicitly the axial ligands and peripheral
and solvent environment was simulated by a set of fixed point substituents of the porphyrin ring, the electric field had to be
charges included in the ZINDO calculation. As the point charges fitted in a more extended region of space with reduced symmetry
enter in the Fock matrix as a Coulombic potential they do not than used in the Manas et al. work. Dependence of the results
add significant computation time and provide a simple way to on the particular choice of point charge set was observed but
introduce the external electric field in the quantum chemical the general trends in the calculated electric field effects on the
calculations. For the results of this method to be meaningful spectra did not change, so we did not make any attempts to
the electric field in the heme pocket produced by the set of improve the algorithms used for those calculations. An alterna-
point charges must fit precisely the actual electric field in this tjve approach was used to compare these results. Given the
region. To generate the set of point charges, we follow the charged residues in the protein as determined by the formal
method employed by Manas et‘alThe electric field at the  charge set described above, we include them as point charges
heme site is first calculated solving the Poiss@vltzmann  girectly in the quantum chemical calculation and set a constant
equation (eq 1) by finite difference (FDPB) using the software gjglectric screening for those charges as implemented in the
package DelPHi>~28 ZINDO package (we performed tests varying this dielectric
screening between 1 and 4). This is the more elemental

VIe(T) V$(T)] — k(T)? €(T) sinh[p(T)] = —4mp(T)/ksT approximatiof® to the actual electric field in the heme group,
(1) but as it does not involves intermediate steps, it constitutes a
good reference calculation. Despite minor quantitative differ-
whereg(r) is the electrostatic potential in units kfT/e (kg is ences the same general trends were observed with this method.
the Boltzmann constant, is the absolute temperature aads Coordinates for the cytochromeeused in this work where

the elementary charge unig(r) is the dielectric constanp(r) taken from the entries 1HRC.PDB,5CYT.PDB3! 1YC-
is the fixed charge density (in units of ), a(d) is the Debye- C.PDB2? and 1DT1.PDR?® of the Research Collaboratory for
Huckel constant, which is proportional to the square root of Structural Bioinformatics for horse heart (HH), tuna heart (TH),
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Figure 1. Absorption spectra for cytochromess, for different

temperatures. Visible or Q(0,0) region. The spectra was recorded from
higher (290 K) to lower temperature (10 K) in increments of 10 deg.

Rasnik et al.

The lower, least resolved spectra are for the higher temperature. Sample

conditions given in Materials and Methods.

TABLE 1. Fe—N and Fe—S Distances As Obtained from the
pdb Files, Root Mean Square of the Distance of the Atoms
of the Macrocycle from Their Mean Plane, and Root Mean
Square Deviation of the In-Plane Coordinates for the
Macrocycle Atoms from a Reference Macrocycle, As
Explained in the Text

Fe-N (A) Fe—S(A) V=AZA) VA + Ay? (A)

C552 2.07 2.30 0.87 0.14
horse heart 2.04 2.32 1.06 0.26
tuna heart 1.98 2.31 0.76 0.19
yeast 1.99 2.35 0.89 0.25
TABLE 2: Spectral Splitting of the Q(0,0) Band

AQ(cm ™2 AQ(cm™)® AQ(em ) AQ (cm Y
Cb52 153 14.0 111.3 167.2
horse heart 119 91.7 30.9 62.6
tuna heart 104 61.0 99.0 148.6
yeast 80 322.8 280.2 183.2

a Experimental values. Quantum chemical calculation, macrocycle
conformation, and axial ligands orientation as obtained from the pdb
files. The peripheral substituents were replaced by hydroggame
as in footnote b, but including the peripheral substituents. This shows
particullarly the effect of the propionates on the splittif@ame as in
footnotec including also the electrostatic field generated by the charged
residues of the protein.

yeast (Y) cytochrome and Thermuscytochromecss,, respec-
tively. The structure modifications necessary for the different
qguantum mechanical calculatiortgs, (as adding hydrogen,
changing peripheral substituents) were performed with the
Biopolymer module of the Insight Il software package (Biosym
Technologies, San Diego, CA).

I1l. Results and Discussion

Experimental Results. The experimental and theoretical
results shown in this work are on FetHporphyrin. The
experimental spectra for cytochrormg, at different tempera-

Figure 2. X-ray structure of cytochromess; in the region near the
heme pocket. Note the rigid orientation of the axial histidine imposed
by the covalent bonds.

Theoretical Calculations.As mentioned in the Introduction,
the strong axial ligands present in all cytochroncestabilize
the low spin state, under these conditions the Q(0,0) band
involves only purer—z* transitions, although the iron d-orbitals
can affect this transition in an indirect way. In thg, symmetry
metalloporphyrin complex the Q-band is associated with the
highest occupied molecular orbitals, of symmetsy @and a,
(accidentally quasi-degenerate), and the lowest unoccupied
molecular orbitals of symmetryyeAs the Dsy, Symmetry is
broken the orbital degeneracy may break and the Q-band should
split. In cytochromee, the heme group is subject to perturbations
that may produce an effective break of symmetry: structural
constraints, axial ligands, nonsymmetric peripheral substituents
and electrostatic field.

Axial Ligands. The axial ligands for Fe in these proteins
are Histidine and Methionine. This asymmetric coordination can
by itself break the symmetry (eliminating the plane of reflection),
but a more important effect (as shown by our calculations) is
the orientation of the histidine ring. In all our studied structures
(and all cytochrome X-ray structures that we know), the plane
of the histidine ring adopts a conserved orientation, shown in
Figure 2 for the cytochromess, structure. It is also possible to
see in this figure that, because of the covalent bonding of two
different atoms of the histidine ring to the protein, rotation along
the N—Fe bond is highly improbable. To evaluate the effect of
axial ligands on the spectra, we performed quantum chemical
calculations on a planar symmetric porphyrin ring (bond lengths
as in work by Edwards et &f), with no peripheral substituents
(hydrogen). We studied both symmetric substitution (two
imidazole ligands, with their cycles planes parallel to each other
and oriented as His in the studied structures) and asymmetric
substitution (one imidazole ligand and S(g#to model the
methionine ligand). The FeN and Fe-S bond lengths were
taken as the mean value of the experimental bond lengths of

tures are shown in Figure 1. The essential features are thosehe studied structures (Table 1), although the specific values

typical of hypsoporphyrin spectfajndicating a closed d-
electrons subshell for the Fe(ll). At room temperature, the Q(0,0)

were not critical within certain ranges. Excessively large bond
lengths failed in stabilizing the singlet ground state. The

band shows a shoulder that becomes more resolved as temperealculated axial ligand induced splitting for the asymmetric case
ature goes down and the splitting in the spectrum reaches a(the differences with the symmetric one being small) is 56%tm

relatively high value, as compared with other cytochroene
proteins (first column of Table 2), of 157 cth A similar
observation with nativelhermuscytochromecss, was made
earlier by Hon-Nami and Oshin¥d.An overall line width

It is clear from this result that within the present level of

calculation (see discussion below) this effect cannot be ne-
glected. As the axial ligands are essential to stabilize the
calculated ground state, all calculations presented below include

reduction and a small blueshift are also observed as temperaturéhem, so in all cases the Q-band splitting will present an axial

is decreased.

ligand contribution that cannot be separated from other effects.
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100 methods as the one used here, with a minimal basis set for the
9 - atomic orbitals.

Peripheral Substituents.Peripheral substituents can modify
the electronic spectra of the porphyrin macrocycle by affecting
the molecular orbitals involved in the electronic transitions. For
most substituents this effect should be small. In cytochrome
the propionates, with a relatively high charge density, although
separated by four bond lengths from the macrocycle can affect
the polarizable p orbitals. This results in a permanent dipole
moment of the heme group and a break of symmetry. The effect
1 8 T of propionates was accounted for in previous work through
R ruf dom “}a\,(x) wavly) | pro considering their contribution to the electrostatic field. In this
Dc552 0.37 96.2 0.06 0.23 3.1 0.02 work we include all the peripheral substituents explicitly in the
Tuonf:ehZth" ‘2‘-052 ;’;g ggg lg; fgg 32‘1‘ quantum chemical calculation, except the covalent bonds to the
 yeast oa 756 505 55 =08 137 protgm that were substituted with methyl groups. The.results

i — _of this calculation for each of the structures is presented in Table
migsu\:veorsl{ ES;rC“thm“gﬂedsgﬁrens%%iggr;ootfh?leo\t‘v‘zr;ﬁrgnq"’hcergg‘iﬁtﬁep‘fa'ge 2, column 3. The effect on the calculated splitting is of the order
vibration normal mode of one of six irreducible representatiori3.qf of magnitude of the observed ones and is different for each

structure. For yeast cytochrongeand horse heart cytochrome
c the splitting is reduced with respect to the value with no

- . ; : propionates while for the two other structures is increased.
ring is covalently bonded to the protein by two cysteine residues. Electrostatic Field. The influence of electrostatic fields on

As shown by Jentzen et &P the peptide sequence between and . - . .
. ; . . T - heme spectra was discussed in previous works and summarized
including the cysteine residues linking the heme to the protein .

. ; . ! in the Introduction.
is correlated with the macrocycle conformation, suggesting that : . S

. . S - As we include the heme-propionates explicitly in the quantum
the protein exerts strains on the porphyrin ring that are relieved . - ;

. ! . - chemical calculation, we were able to appreciate better the effect
by adopting a nonplanar conformation. This conformation can f th £ h 1 in th ih the ch
be expressed in a quantitative way through a projection of the of the rest of the protein in the spectra. W't. the charge sets
macrocvele structure on the lowest frequency out of plane discussed in the computational modeling section, and the whole
normal ymodes of vibration (a minimal Igasis )s/et of sixp24- structure (axial ligands, propionates, nonplanar conformation)
dimensional vectors). Following the work of Jentzen eal we obtained the splitting that are shown in the last column of

€ slo Iat ?ﬁ ors). OIO 3 € work o te f € th af. Table 2. The external electrostatic field increases the splitting

we calculate the normal modes components for the 1our ¢ ype orse heart, tuna heart cytochromand cytochrome
structures used in this work, and these results are shown in

. L and decrease it for yeast cytochromeWe did not find
Figure 3 expressed as percent contribution to the total structure Ce52 y y

in all th f i ts a high d  rufi 'significant differences in the calculated electrostatic fields
h afl cases the contormation presents a high degree ot ruttiing, patterns for the four structures. This suggests that the different
the main difference betweems, and the other proteins is its

. o effect on the splitting should arise from a combination of all
almost pure ruffled conformation, while in the others some

. Lo - the effects.
appreciable saddled contribution is observed. We show also in
Table 1 the root-mean-square deviations of the macrocycle IV. Conclusions

atoms from the mean plane (a measure of the nonplanarity) and  The results obtained show, that at this level of calculation
the root mean in-plane square deviation of the structures from the contributions to the spectral splitting of the Q-band of the
a reference symmetric macrocycle, as defined in Jentzer?et al. gifferent factors that lower the symmetry of the heme group
To correlate the effect of nonplanar conformation with the (macrocycle conformation, axial ligands, peripheral substituents
Q-band splitting, we have to consider if the experimental and electrostatic field) are of the same order of magnitude. Our
splitting observed is compatible with the degree of nonplanarity calculations (except for the symmetric model reference) use the
of the structures and, as conformation is almost conservedcoordinates as obtained from the X-ray structure files. Because
through the series studied, if the different observed splittings of the limitations of a minimal basis set for quantum chemical
are compatible with differences in conformation. We take the calculations to treat highly distorted structures, relatively small
heme coordinates from the pdb files for the four structures, errors within the precision of the X-ray structure determination
including axial ligands as explained above and substitute can induce nonnegligible differences in our results. More relaxed
peripheral substituents with hydrogen. We calculate electronic structures can be obtained from a previous molecular mechanics
spectra for these structures, the results reflect the conformationminimization. As there is no clear correlation between the
contribution to the spectra (superposed with the axial ligand existing heme force fields and the quantum chemical methods
contribution). The calculated splittings are shown in the second used in this work, the quantitative improvement of this approach
column of Table 2. As can be seen, the quantitative agreementwill be limited. An alternative approach will be the use of heme
with experimental results is poor, but the results suggest thatstructures obtained as result of quantum chemical energy
there is effectively a contribution from macrocycle conformation minimization. For this to improve the results showed in this
to the spectral splitting of the Q-band. The differences obtained paper, those calculations should be done with ab initio methods
for the structures are greater than one might expect from and with extended basis. As the actual conformation adopted
examining the normal mode conformational analyses presentedby the heme depends on all factors discussed above, they should
in Figure 3. This is associated with the fact that the normal be included in the calculation to achieve good results. Besides
mode decomposition, depending on the position of all atoms, the difficult task of including the protein-induced conformation
may not be sensitive to the deviation of a single atom from a of the macrocycle, the use of extensive configuration interaction
more stable position, while the quantum chemical calculation will be lost. This represents a complex problem in its own and
can be strongly influenced by this. This is particularly true in will be the subject of future work.

80
70
60
50
40
30
20

il

Macrocycle Conformation. In cytochromec, the porphyrin
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Despite the limitations mentioned above, our results show
clearly that the Q-band splitting arises from a delicate balancing
between the factors responsible of symmetry reduction. Within
the degree of accuracy of the calculations and the experimental (14) Hagihara, B.; Oshino, R.; lizuka, J. Biochem1974 75, 45-51.
structural data, tr_\e_re is_ no clear correlat!on between structureV (hsgrkhgginajs,MEJ. Sh sW(r“i%gth Véo\é\é;lgreggézfégﬁi Friedrich, J.;
and degr_eg of splitting, in the sense that given a certain structure 3?16) Cowan. 3 A: éréy, oy horg. Chem.1989 28, 4554-4556,
no. p,red'c“‘?” can be made on ,th? expec.te_d EXpe,”mental (17) Manas, E.; Vanderkooi, J. M.; Sharp, K.Phys. Chem. B999
splitting. This reflects not only the limited precision achievable 103 6334-6348.
in the calculations and experimental structural data but also the 88; Souger;naréhMJ- $hede PhyST19F§9 go, 11;:,9[11;31{ L il
imi H i i H H ee J. A.; Chen, Y.; Todaro, T. R.; Bren, K. L.; Patel, K. M.; Hill,
:Irr]nl:ﬁg Svevtoc:lf( S&Zag:gsolgevéhIgh;{éﬁ’g;{;ﬁgt?\'/;;t?)flsai\/;;gm3' M. G, Gomez-.Mo'ran, E.; !_oehr, T. M.; Thony-Meyer, J. Ai. L.; Williams,

P. A. Stura E.; Sridhar V.; McRee D. Protein Sci.,in press.
experimental results, and we believe that this method applied (20) Tinai, K.; Ericsson, H. H.; Hon-nami, K.; Miyaza, Biochem.
to a large set of experimental data will allow one to obtain Biophys. Res. Commuh985 128 781-787. _
correlations between structure and Q-band splitting. (21) Than, M. E.; Hof P.; Huber, R.; Bourenkov, G. P.; Bartunik, H.

(11) Shelnutt, J. AJ. Chem. Phys198Q 72, 3948-3958.

(12) Schweingruber, M. E.; Sherman, F.; Stewart, JJWBiol. Chem.
1977, 252, 6577-6580.

(13) Wilson, D. F.Arch. Biochem. Biophyd.967, 121, 757—768.
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