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Strong vibronic coupling in heme proteins
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Abstract

We report the near infrared absorption spectra of cyanomethemoglobin and cyanometmyoglobin in two
different solvents (deuterated solutions containing 65% v /v glycerol(OD); or 65% v /v ethylene glycol{OD),).
At 25 K the spectra show a clearly resolved fine structure that can be accounted for by considering a strong
coupling of the porphyrin-to-iron charge transfer transitions with a single vibrational mode at 365 cm™'. The
coupling constants depend on both the specific electronic transition and the protein surrounding the
chromophore, indicating once more the specificity of heme globin interactions.
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1. Introduction

The effect of vibrational coupling on the opti-
cal absorption spectra of metal proteins and other
biomolecules has recently received increasing at-
tention [1-9]. The interest of such studies stems
from their contribution to provide information on
the electronic structure of the active site and on
the dynamic properties of the protein, in the
proximity of the chromophore. Recent method-
ological advances in the analysis (transform [10]
and time-correlator [11] techniques) permit to
relate the absorption bands to the resonance Ra-
man excitation profiles and therefore to deter-
mine normal mode frequencies and vibronic cou-
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pling constants and also to investigate various
sources of spectral broadening in biomolecules.
In particular the absorption spectra of S-caro-
tene [3], of cytochrome-c [1] and of deoxy and
carbonmonoxy-myoglobin [2] have been analyzed.

For metal proteins investigated to date, how-
ever, only weak coupling (linear coupling con-
stants § < 1) with several vibrational modes has
been observed, so that the optical spectra remain
deceivingly smooth and without any clearly re-
solved vibronic structure even at cryogenic tem-
peratures [1,2,5-9].

We report here the low temperature (T = 25
K) near infrared absorption (NIR) spectra of the
two low spin ferric heme proteins cyanomethe-
moglobin (Hb-CN) and cyanometmyoglobin (Mb-
CN), in two different solvents. These spectra ex-
hibit a well resolved fine structure; a suitable
analysis, within the framework of (harmonic)
Franck-Condon approximations taking into ac-
count vibronic coupling, shows that they are com-
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patible with four electronic transitions strongly
coupled to a single vibrational mode at 365 cm ™.
To our knowledge this is the first report of strong
vibronic coupling in the spectra of metallo-pro-
teins,

2. Materials and methods

Hemoglobin was prepared from the blood of a
single donor, as already described [12]. Concen-
trated oxyhemoglobin was oxidized by addition of
a 4-fold molar excess of potassium ferrycianide;
excess ferrycianide and ferrocyanides were re-
moved by dialysis. The oxidized protein was
deuterated by prolonged dialysis against 0.1 M
phosphate buffer in D,O. Ferric myoglobin (from
horse skeletal muscle), purchased from Sigma,
was dissolved in 0.1 M phosphate buffer in D,O
and centrifuged to remove any precipitate; the
protein was deuterated as for hemoglobin. The
cyanomet forms were obtained by addition of (.1
M KCN. For optical measurements samples were
deuterium oxide solutions containing 1.5 mM
protein (in heme), 0.1 M phosphate buffer
(KD,PO, + K,DPQ,, pD 7 in D,0 at room tem-
perature) and 65% v/v glycerol (OD); or ethy-
lene glycol (OD), (Lots N 323-K, 97.8 atom %D
and 6148-M, 98.9 atom %D, respectively) pur-
chased from MSD isotopes (Montreal-Canada).
Absorption spectra were measured with a Varian
2300 spectrophotometer interfaced to a IBM PC.
Spectral data acquisition was performed at 2.5
nm steps; the bandwidth was less than 2 nm in
the whole spectral range. The experimental setup
for optical measurements at cryogenic tempera-
tures is described in Ref. [5]; our samples are
homogeneous and transparent also at 25 K with-
out cracking. The absorption spectra, both at 290
K and at 25 K, of the cuvette {methacrylate,
Kartell) plus solvent were measured in separate
experiments and subtracted from sample spectra.

3. Results and discussion

Near infrared absorption spectra (1800-800
nm) of Hb-CN and Mb-CN in D,O solutions at
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Fig. 1. Near infrared spectra of Hb-CN (left) and Mb-CN

(right) in 65% v /v glycerol (OD), /D,0 solutions at 25 K and

at 290 K. The spectra at high temperature have been shifted
along the vertical axis for clarity.

room temperature were already reported by
Eaton and coworkers [13-15], who attribute the
observed bands to charge transfer transitions from
the top four filled porphyrin 7 orbitals to the d,
iron orbitals [15]. This assignment is also sup-
ported from magnetic circular dichroism [13] and
single crystal polarized absorption spectroscopy
[16). It must be noted that other electronic transi-
tions are not expected in this frequency range
since crystal field calculations [15] show that the
lowest frequency for a spin allowed d-d transi-
tion is about 1.7 X 10* cm ™!, i.e. far outside the
(10°-10* cm™") range studied here.

Figures 1 and 2 show the NIR spectra at 25 K
of Hb-CN and Mb-CN, in 65% v/v glycerol
(OD),/D,0 and 65% v/v ethylene glycol
(OD),/D,0 respectively, with the respective
spectra at room temperature for comparison. At
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Fig. 2. Same as in Fig. 1, for samples in 65% v/v ethylene
glycol (OD), /D, 0 solutions.
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low temperature the spectral bands are narrower
and fine structures are clearly resolved. These
structures remain unaltered even if the spectra of
carbonmonoxy derivatives are used as baseline;
this rules out eventual contribution from the
globin’s vibrational spectrum {14]. The whole set
of spectra can be made consistent with the sug-
gested assignment by taking into account a strong
vibronic coupling.

For a single electronic transition coupled to N
vibrational modes of the nearby nuclei the follow-
ing expression for the absorption lineshape, in
the limit of T— 0, is predicted [17,18].

] N
Awy=Mv Y, TS exp(=S;)/m,!

m],mj,mNz()f:l

XF

N
v—v(,—Emj-ﬂj) (1)

where M is a constant proportional to the elec-
tronic transition moment, v, is the frequency of
the 0-0 line, £2;, m; and §; are the frequency, the
occupation number and the linear coupling con-
stant of the jth vibrational mode respectively, F
is the functional form of the absorption lineshape
for which various shapes can be found in the
literature: in particular Lorentzian [3], Gaussian
[3] or Gaussian convolution of Lorentzians (Voig-
tian [18,19]) have been widely used. An expres-
sion similar to eq. (1) has been used to account
for the vibrational structure of the optical absorp-
tion spectrum of B-carotene (that arises from a
single electronic transition) in n-hexane at room
temperature [3]. In that case the frequencies of
the more strongly coupled vibrational modes and
the relative §; values were taken from resonance
Raman excitation profiles and Gaussian line-
shapes were assumed, leaving as optimization pa-
rameters only the intensity, peak position and
halfwidth of the fundamental electronic transi-
tion. In our case the situation is less straightfor-
ward than that described by eq. (1) since four
distinct electronic transitions are present and fre-
quencies and coupling strengths of the vibrational
modes are not known, due to lack of resonance
Raman spectra with exciting frequencies in the
range of 6000—12000 cm "', In order to minimize
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Fig. 3. Fittings of the spectra at 25 K to eq. (2). Left: Hb-CN;

right: Mb-CN. Samples in 65% v/v glycerol (OD), /DO

solutions. The continuous lines represent experimental spec-

tra and the component structures relative to each electronic

transition. Dots represent the lineshape synthesized according

to eq. (2). Rms deviation values are 1.2xX10™* and 1x10~*
for Hb-CN and Mb-CN, respectively.

the number of parameters in fitting the spectra in
Figs. 1 and 2 we made the assumptions that the
four electronic transitions are strongly coupled
with a single vibrational mode and that the func-
tional form F of the absorption lineshape is
Gaussian.

Under these assumptions eq. (1) becomes:
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where [, S, vy, o, and {2, are the parameters
to be optimized. The contributions to the
linewidth arising from homogeneous broadening,
inhomogeneous broadening and weak vibrational
coupling with a bath of low frequency modes are
included in the parameters o, [1].

The fittings of the low temperature spectra
with eq. (2) are reported in Figs. 3 and 4; their
quality validate our assumptions. The values of
the fitting parameters are reported in Table 1
and show that £, is 365 cm™! for both Hb-CN
and Mb-CN, in both solvents. It is also clear that
S, depend on the electronic transition and, quite
interestingly, on the particular protein; in fact
bands 1, III and 1V are strongly coupled (S = 1-3)
whercas for band II the coupling is definitely
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Fig. 4, Same as in Fig. 3, for samples in 65% v/v ethylene
glycol (OD), /D, 0 solutions. Rms deviations values are 3.7 X
10~ and 5% 10~ for Hb-CN and Mb-CN, respectively.

weaker (S < 1); the coupling constant of band I is
larger for myoglobin than for hemoglobin while
those of bands 1I and III are smaller for the
former protein. A further interesting feature evi-
denced from Figs. 3 and 4, and from the o,
values reported in Table 1 is that the main band
Is, in both solvents, broader for Hb than for Mb.
This is indicative of a greater spectral hetero-
geneity of hemoglobin with respect to myoglobin:
differences between « and B8 chains could, in
principle, be responsible for this effect.

Table 1

Since the mode at 365 cm~' is not much

populated even at room temperature (kT =215
em ™! at 300 K), eq. {2) can be safely used to fit
the spectra at 290 K; indeed such fitting has been
successfully performed (rms deviation < 1074).
The solvent and temperature dependence of the
NIR spectra of Hb-CN and Mb-CN will be re-
ported in detail elsewhere.

Resonance Raman spectra (Soret excitation)
of heme(Fe’*)-CN complexes [20] and of
cyanomet insect hemoglobin [21] indicate the Fe-
CN stretching mode (identified by isotope substi-
tution studies) to be at about 450 cm ™!, i.e. at a
frequency value substantially larger than that re-
ported in Table 1. On the other hand, in the
resonance Raman spectra of heme proteins and
of metal porphyrins [22,23] pyrrole tilting and
peripheral substituents out of plane deformation
modes are detected at about 350-380 cm ™ !; these
modes are likely to be the strongly coupled ones
responsible for the behavior of the spectra re-
ported here. It is interesting to note that while
the Soret bands of Hb-CO and Mb-CO (that are
attributed to 7 — 7* electronic transitions) re-
sult to be essentially coupled to the in plane “ring
breathing” mode of the heme at about 1370 cm ™!

Values of the parameters obtained by fitting eq. (2) to the experimental data reported in Fig. 1 (T = 25 K). Here vy, 0; and £2; are
in cm ™", The uncertainties in the parameters values were obtained from the fitting by inversion of the curvature matrix [24].

Parameter Hb-CN Mb-CN Hb-CN Mb-CN

t Glycerol Glycerol Ethylene glycol Ethylene glycol
i 1.12+ 0.02 091+ 0.02 093+ 0.02 1.25+ 0.02
Ve 5845+ 2 5864+ 3 5771+ 2 58744 4
o 134+ 2 131+ 2 16+ 2 122+ 2
S 100+ 0.04 196+ 0.06 100+ 0.04 1.96+ (.00
5L 1.07+ 0.02 083+ 0.02 1.20+ 0.02 0.89+ 0.02
Vi 6395+ 2 6331+ 2 6344+ 2 63441 2
oy 168+ 2 1411+ 2 177+ 2 125+ 2
S, 0.15+ 0.02 0.030+ 0.002 024+ 002 0.025+ 0.002
I 096+ 0.02 0.41+ 0.02 082+ 0.02 050+ 0.02
Vi 7000+ 5 7500+ 5 000+ 5 7500+ 5
oy 281+18 36+ 7 326432 262115
S3 216+ 0.02 100+ 0.02 210+ 0.03 1.14+ 0.03
N 031+ 0.08 023+ 0.02 0.28+ 0.02 0.26+ 0.04
Vg 8838 +28 8784+27 8779+ 60 8770+ 70
74 189 +20 184+1% 187439 191452
S, 1.72+ 008 1.54+ 0.09 188+ 0.18 L66+ 0.20
2, 365+ 5 365+ 5 365+ 5 65+ 5




M. Leone et al. / NIR spectra of ferric hemeproteins 115

(A. Di Pace et al.,, work in progress), the NIR
bands of Hb-CN and Mb-CN (that are attributed
to 7 —d,, charge transfer transitions) result to
be essentially coupled to out-of-plane deforma-
tion modes. It is also worth stressing that the
comparison of hemoglobin and myoglobin shows
that the coupling between the charge transfer
transitions and the out-of-plane vibrational modes
is not a local property of the heme group but is
sensitive to heme—globin interactions.

Acknowledgements

We are indebted to E.E. Di Torio, A. Di Pace,
F.S. Persico, M.U. Palma, M.B. Palma-Vittorelli
and K.H. Winterhalter for useful discussion and
critical reading of the paper. The technical help
of M. Quartararo and G. Lapis is also gratefully
acknowledged. This work has been supported also
by grants from Ministero Pubblica Istruzione and
from Comitato Regionale per le Ricerche Nucle-
ari e di Struttura della Materia.

References

1 K.T. Schomacker and P. Champion, J. Chem. Phys. 84
(1986) 5314-5325.

2 V. Srajer, K.T. Schomacker and P. Champion, Phys. Rev.
Lett. 57 (1986) 1267-1270.

3 A.R. Mantini, M.P. Marzocchi and G. Smulevich, J. Chem.
Phys. 91 (1989) 85-91.

4 T. Kushida, J.S. Ahn, K. Hirata and A. Kurita, Biochem.
Biophys. Res. Commun. 160 (1989) 948—953.

5 L. Cordone, A, Cupane, M, Leone and E. Vitrano, Bio-
phys. Chem. 24 (1986) 259-275.

6 M. Leone, A. Cupane, E. Vitrano and L. Cordone,
Biopolymers 26 (1987) 1769-1780.

7 L. Cordone, A. Cupane, M. Leone, E. Vitrano and D.
Bulone, J. Mol. Biol. 199 (1988) 213-218.

8 A. Cupane, M. Leone, E. Vitrano and L. Cordone,
Biopolymers 27 (1988) 1977-1997.

9 A. Cupane, M. Leone, E. Vitrano and L. Cordone, Biol.
Met. 3 {1990} 77-79.

10 B.R. Stallard, P.M. Champion, P.R. Collis and A.C. Al-
brecht, J. Chem. Phys, 78 (1983) 712-722.

11 CK. Chan and J.B. Page, J. Chem. Phys. 79 (1983} 5234-
5250,

12 L. Cordone, A. Cupane, P.L. San Biagio and E. Vitrano,
Biopolymers 18 {1979) 1975-1988.

13 J.C. Cheng, G.A. Osborne, P.J. Stephens and W.A. Eaton,
Nature 241 (1973) 193-194.

14 A. Schejter and W.A. Eaton, Biochemistry 23 (1984)
1081-1084.

15 W.A. Eaton and J. Hofrichter, Methods Enzymol. 76 (1981)
175-261.

16 M.W. Makinen, A.K. Churg, Y.Y. Slan and S.C. Hill, in:
Electron transport and oxvgen utilization, eds. C. Ho,
R.W. Scheidt, W.A. Eaton, J. Leigh and J.N. Moffat
(Elsevier, New York, NY, 1982) pp. 101-109.

17 D.L. Dexter, in: Solid State Physics Vol. 6, eds. F. Seitz
and D. Turnbull (Acad. Press New York, NY, 1958) pp.
353-411.

18 A. Di Pace, Ph.D. Thesis, University of Palermo, Institute
of Physics, Palermo, 1990.

19 P. Ormos, A. Ansari, D. Braunstein, B.R. Cowen, H.
Frauenfelder, M.K. Hong, LE.T. Iben, T.B. Sauke, P.J.
Steinbach and R.D. Young, Biophys. J. 58 (1990) 429-436.

20 T. Tanaka, N.T. Yu and C.K. Chang, Biophys. J. 52 (1987)
801-805.

21 N.T. Yu, B. Benko, E.A. Kerr and K. Gersonde, Proc.
Natl. Acad. Sci. U.S.A. 81 (1984) 5106-5110.

22 A. Desbois, M. Lutz and R. Banarjee, C.R. Acad. Sc.
Paris, 287 D (1978) 349-352.

23 S. Choi and T.G. Spiro, J. Am. Chem. Soc. 105 (1983)
3683-3692.

24 P.R. Bevington, in: Data reduction and error analysis for
the physical sciences (McGraw-Hill, New York, NY, 1969)
pp. 242-243,





