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Abstract. In this work we report the optical absorption
spectra of three cobalt-substituted derivatives of hemo-
cyanin (Hc) from Carcinus maenas, in the temperature
range 300—20 K. The derivatives studied are the mono-
nuclear (Co?*)-Hc with a single cobalt ion in the *“Cu,”
site, the binuclear (Co?*),~Hc and the binuclear mixed
metal (Co?*-Cu' *)-Hc. At low temperature three main
bands are clearly resolved; the temperature dependence
of their zeroth, first and second moments sheds light on
the stereodynamic properties in the surroundings of the
chromophore. Within the limits of the reported analysis,
in the binuclear derivatives the motions coupled to the
chromophore appear to be “essentially harmonic™ in the
whole temperature range investigated; moreover the data
are consistent with the presence of an exogenous ligand
strongly bound to the two metal ions. For the mono-
nuclear derivative an “essentially harmonic” behavior is
evident only up to 200 K where the data are consistent
with the presence of an exogenous ligand much less
strongly bound, while at higher temperatures the behav-
jor of the spectra indicates the onset of very large anhar-
monic contributions to motions, that plausibly involve
the above exogenous ligand and, quite likely, the entire
active site.

Key words: Hemocyanin ~ Optical spectra — Vibrational
coupling

* Present address. Albert Einstein College of Medicine. Yeshiva
University, Bronx, NY 10461, USA

Correspondence to. L. Cordone

Abbreviations: He, Hemocyanin: M,, zeroth moment; M, first
moment, M,, seccond moment; {Co?7),-He, binuclear bicobalt
hemocyanin dervative; (Co?*)-He, mononuclear monocobalt
hemocyanin derivative; (Co?*-Cu'*)-He, binuclear mixed metals
hemocyanin derivative; LFT, ligand field theory; CT, charge trans-
fer; EPR, electronic paramagnetic resonance; XANES, X-ray ab-
sorption near edge structure

Introduction

Hemocyanins® (Hcs), the oligomeric copper containing
proteins found in the hemolymph of several molluscs and
arthropods, possess a binuclear coupled copper active site
specialized in the reversible binding of molecular dioxy-
gen (Solomon 1981; Solomon et al. 1992).

X-ray diffraction data, up to now available for the
deoxygenated form of Panulirus interruptus Hc at 3.2 A
resolution (Gaykema et al. 1984; Volbeda and Hol 1989;
Hol et al. 1990), give an essentially symmetric picture of
this site; the two copper ions are located in an hydropho-
bic pocket surrounded by non polar aliphatic aminoacid
side chains, deeply imbedded in the protein matrix and
shielded from interaction with the external medium. Each
metal is bound by three imidazole N1 nitrogens, two of
which are at about 2.0 A bonding distance, whilst the
third one is at the longer distance of about 2.7 A. The four
nitrogens at shorter distance, together with the two cop-
per ions, are almost coplanar, whereas the other two ni-
trogens lie on the opposite sides of this plane. The copper-
copper distance is 3.6 A.

This highly symmetric binuclear cuprous site still
maintains its symmetry upon binding molecular dioxy-
gen. Upon oxygenation, the bonding distances of the two
axial histidines are shortened. Data obtained by Raman
spectroscopy indicate that dioxygen is bound symmetri-
cally; its binding involves an electron transfer process
from both metal ions to the dioxygen molecule. The re-
sulting site can actually be depicted as a peroxide adduct
of a binuclear cupric complex (Freedman et al. 1976;
Thamann et al. 1977). The reversibility of the oxygenation
reaction is maintained by the high positive charge on the
two metal centers and by the low dielectric constant of the
surroundings of the metal binding site. Oxy-Hc is dia-
magnetic owing to the strong antiferromagnetic coupling
of the unpaired spins of the two cupric centers. The esti-
mate of coupling constants gives a value of 550-
620 cm ! (Solomon et al. 1975). Bound peroxide can be
responsible for spin coupling in oxy-Hc. However, other
bridging ligands may be involved: the presence of an ex-
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ogenous ligand X (e.g. H,O or OH ™) bridging the two
metal ions in the oxy form has been suggested (see e.g.
Solomon 1981; Salvato and Beltramini 1990 and refer-
ences therein). Actually this bridge is deemed necessary to
account for the diamagnetism of met-Hc (Solomon 1981;
Solomon et al. 1992).

The elucidation of the structure and of the properties
of copper binding sites in proteins is the ultimate goal of
the bioinorganic chemistry of this metal, since the variety
of biological activities of copper proteins depends on a
complex relationship linking the properties of the metal,
the structure and organization of the binding site and the
structure and dynamics of the protein matrix. In the case
of Hcs, in spite of the great interest stimulated by their
uncommon and striking properties, several aspects of the
structure-function relationship remain to be solved.

The isomorphous substitution of the native metal with
Co?* proved to be a powerful tool for the understanding
of the bioinorganic chemistry of copper sites. The similar-
ity of the ionic radii of Cu** and Co**, together with the
ability to give stables complexes with nitrogen ligands via
unoccupied d-orbitals, allows one to obtain Co?* deriva-
tives specifically substituted at the copper sites. The ad-
vantage of such a substitution is that the optical and
magnetic properties of the substituted derivative depend
upon the geometry and immediate environment of the
metal binding site. Among copper proteins, both
mononuclear (carbonic anhydrase, azurin, plastocyanin,
stellacyanin, type 1 laccase) (Coleman and Coleman 1972;
McMillin et al. 1974 a, b; Solomon et al. 1976; Larrabee
and Spiro 1979) and binuclear (tyrosinase and hemocyan-
in) (Ruegg and Lerch 1981; Suzuki et al. 1985; Lorosch
and Haase 1986; Salvato et al. 1986) proteins have been
substituted. In apo-superoxide dismutase, the metal sub-
stitution can be directed specifically to the vacant copper
or zinc site or to both sites (Salvato et al. 1989).

Optical spectroscopy over wide temperature ranges
has proved to be a useful experimental tool in the study
of structural and dynamic properties of the active site of
metalloproteins (Cordone et al. 1986, 1988; Schomacker
and Champion 1986; Srajer et al. 1986; Leone et al. 1987;
Cupane et al. 1988, 1990). In fact, owing to the interaction
of the optical electrons with the nearby nuclei, the optical
absorption bands of a chromophore embedded in a ma-
trix narrow and shift as the temperature is lowered. More-
over, in the case of charge-transfer bands, integrated in-
tensity variations are also expected if, by lowering the
temperature, variations in the overlap between the accep-
tor and donor orbitals occur (Cordone et al. 1986; Cu-
pane et al. 1988). A rather simplified approach to the
analysis of the temperature dependence of the optical
spectra involves the calculation of the zeroth (M), first
(M,) and second (M,) moments of a given absorption
band (for definitions, see “Materials and methods”); with-
in the harmonic Franck-Condon approximation it can be
shown that the M, and M, temperature dependence can
be approximated by the following expressions (Markham
1959; Baldini et al. 1965):

M, =D+F coth(h{v)/2kT) m
M,=Acoth(h{v)/2kT)+C?

where (v} is the mean effective frequency of the nuclear
motions coupled to the electronic transition and D, F, A
and C are parameters linked to the Frank-Condon linear
and quadratic coupling constants.

This approach does not give detailed information on
the coupling constants of various Franck-Condon active
vibrational modes with the electronic transition as well as
on the various temperature independent line broadening
mechanisms; rather it gives average information (mean
effective frequency and coupling constants of the vibra-
tional modes) on the dynamic properties of the matrix in
the neighborhoud of the chromophore.

In the past few years the method described above has
been successfully applied to study the dynamic properties
of the active site of various metalloproteins, mainly fer-
rous derivatives of hemoglobin and myoglobin and the
two blue copper proteins azurin and stellacyanin (Cor-
done et al. 1986; Leone et al. 1987; Cupane et al. 1988,
1990; Di Iorio et al. 1991).

In this work we have applied the above approach to
analyze the temperature dependence of the optical ab-
sorption spectra of various cobalt-substituted derivatives
of hemocyanin from Carcinus maenas. Three metal sub-
stituted protein derivatives have been studied; thesc are
the binuclear (Co2%), bi-substituted derivative, the
mononuclear (Co?*) derivative with only one cobalt ion
in the “Cu,” site and the binuclear mixed metal (Co?*-
Cu!*) derivative (Bubacco et al. 1992). The aim of the
study is to get insights into the stereodynamic properties
of the active site and the eventual stabilizing effect of the
metal ions.

Materials and methods

Hemocyanin from Carcinus maenas was purified as de-
scribed by Beltramini et al. (1984). Substituted derivatives
were prepared according to Bubacco et al. (1992). The
concentration of both native, apo and Co®* substituted
protein was calculated from the absorbance at 278 nm
using ,,=1.24 ml mg~! cm~*. Samples of Co? *-Hc for
spectrophotometric analysis were prepared in 20 mM
potassium phosphate buffer pH 7.5 containing 65% (v/v)
glycerol. In this solvent the sample remains transparent in
the whole temperature range 30020 K. Protein samples
of approximatively 75100 mg ml~?, corresponding to
1.0-1.25 mM, were used. They were prepared by concen-
trating, by ultracentrifugation, the Co®* protein deriva-
tive already dissolved in the glycerol containing buffer. A
Spinco-Beckman Mod. L-2 ultracentrifuge and a 50TI
rotor were used. The Co? *-substituted proteins in buffer
were split into portions and brought to 65% (v/v) glyc-
erol. A first centrifugation was done at 48 000 rpm for 5 h.
The supernatant was then discarded and the concentrat-
ed samples were pooled and centrifuged again at
46 000 rpm for 7 h. Under these conditions, the protein is
sharply concentrated at the bottom of ultracentrifuge
tube and the sample, after discarding the excess solvent, is
stored at —20°C until used. The aggregation state of our
samples has been reported to be mainly hexameric at
room temperature (16 S sedimentation coefficient; Salva-



to and Beltramini 1990). The freezing procedure can be
harmful for He unless the solution contains either sucrose
or glycerol. The latter compound is used in the present
work both to obtain a good quality glass and to prevent
aggregation state variations at low temperatures. In fact,
EPR spectra at 4 K indicate the presence of high spin
Co?* with no indication for damaged sites; moreover,
optical spectra show no variation of light scattering with
temperature, that are expected in the case of extensive
dissociation (see Figs. 1, 4 and 6).

The experimental setup and methods for optical mea-
surements in the temperature range 300—20 K have been
described previously (Cordone et al. 1986). Spectra (650
470 nm) were taken with a Jasco Uvidec 650 spectro-
photometer (bandwidth=0.4 nm; time constant=1s;
scan speed =40 nm/min). The baseline (cuvette + solvent
+ buffer) measured at room temperature was subtracted
from each spectrum, since in the spectral region of interest
the baseline does not depend on temperature. Spectral
data were recorded at 0.8 nm intervals. Deconvolution of
the spectra into Gaussian components was performed
according to

AW)= 3 I, oxp[—(v—v5)*/207]

where A(v) is the absorbance at frequency v, I;, v,;, 0, are
the amplitude, peak position and halfwidth of the i-th
component and N is the number of components. An HP-
1000 computer was used and the mean square deviation
was minimized using a non linear least-squares algorithm
(Marquardt 1963). Errors on fitted parameters were cal-
culated by inversion of the curvature matrix, within the
approximation of parabolic y? surface around the mini-
mum,; they correspond to 67% confidence limits. Within
the so called narrow band approximation (Dexter 1958)
the zeroth (M), first (M ;) and second (M ,) moments of a
band are defined as:

Mo={ A@)dv

e e)

M =Mz'[vA®H)dv

(=)

M,=M;"' [ v2 A(v) dv—M?.
(1)

In the present case of Gaussian bands M=
M, =vy,; My=07.

2nl o

Results and discussion
a) Binuclear bicobalt derivative [(Co** ),—~Hc]

Figure 1 (left panel) shows the optical absorption spectra
of (Co*™),-Hc at various temperatures. In the low tem-
perature spectra three peaks are clearly resolved; no vi-
bronic structure, however, is detected. The presence of
three different bands that partiaily overlap and the ab-
sence of a vibronic structure does not enable us to per-
form the analysis of the spectra in terms of vibrationally
coupled bands (Srajer et al. 1986; Mantini et al. 1989; Di
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Fig. 1. Left panel: optical absorption spectra of (Co?*),-Hc at
T =290, 240, 190, 130, 80 and 20 K. The arrows at about 630 and
660 nm indicate the direction of spectral changes observed on low-
ering the temperature. Right panel. deconvolution of the 20 K ab-
sorption spectrum of (Co?™),~Hc in terms of Gaussian compo-
nents. e: experimental points; continuous lines represent the Gaus-
sian components and the synthesized band profile. For the sake of
clarity, not all the experimental points have been reported. The root
mean square deviation (expressed in A units) is 2 x 1073

Pace et al. 1992; Leone et al. 1992); we have therefore
deconvoluted the measured spectra in terms of Gaussian
components. The deconvolution of the 20 K spectrum is
shown in Fig. 1, right panel. As can be seen, fittings with
three Gaussian bands (denoted A, B and C in order of
increasing peak frequency) are satisfactory; a fourth
Gaussian component centered at 20 000 cm ™ * is added as
an extrapolation to take into account the background
generated by higher frequency transitions and from scat-
tered light.

The temperature dependence of M, M, and M, rela-
tive to the three bands observed is reported in Figs. 2 (left
panel) and 3. The continuous lines in Fig. 3 represent
fittings of M, and M, in terms of Eqs. (1); values of the
relevant parameters obtained from the fittings are report-
ed in Table 1. Data in left panel of Fig. 2 show that by
lowering the temperature bands A and B displays large
intensity variations whereas the intensity of band C re-
mains almost unchanged. Temperature induced intensity
variations can be interpreted, for metal « ligand charge
transfer bands, in terms of alteration in the relative posi-
tions of metal and ligand that, in turn, cause alterations in
the overlap between the orbitals involved in the electronic
transition (Cordone et al. 1986; Cupane et al. 1988, 1990)
or in terms of thermally populated d-orbital electronic
states (Srajer and Champion 1991). Such mechanisms are
clearly not operative for pure n-n* or d-d transitions. In
view of their large intensity variations with temperature,
bands A and B should therefore arise either from charge
transfer transitions or at least from transitions having
partial charge-transfer character; we also tentatively at-
tribute band C, whose intensity is almost temperature
independent, to a cobalt d-d transition.

Concerning the M, and M, temperature dependence
(data shown in Fig. 3 and in Table 1), we note that rather
satisfactory fittings are obtained by using Eq. (1); this in-
dicates that the simplified moment analysis described in
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Fig. 2. AM, relative to the optical absorption bands of the Hc
derivatives studied as a function of temperature. Left panel-
(Co?*),—Hc; middle panel: (Co* ")~ Hc; right panel. (Co** —~Cu'*)—
Hc. a: band A; o: band B; o: band C. Typical error bars are shown.
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AM,, is defined as My(T)/M (290 K} — 1. In view of the non regular
behaviour of bands B and C of (Co?*)-Hc at temperatures higher
than 210 K (see also Fig. 5 and discussion in the text) M, values
relative to these bands have been normalized at 210 K
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Fig. 3. M, (left) and M, (right) relative to the opti-
cal absorption bands of (Co®*),—Hc. Symbols as in
Fig. 2. Continuous lines represent the best fit of eq.
(1) to the experimental points. The M, scale is in
units of 10™2 x cm ~'; the M, scale 15 107° xem ™2,
Error bars at high temperature are shown; due to
the increased spectral resolution, errors decrease as
) the temperature decreases




Table 1. Electron-vibration mean effective coupling parameters of
(Co?*),-He. Values of parameters were obtained by fitting the M,
and M, thermal behavior in terms of Eqg. (1)

Band v A C F D
(cm™Y)  (107% (cm™Y (em™1) (cm™?%)
xcm™2)
A 140+ 20 3.7+02 0410 — 48+ 10 16,674+ 4
B >800 5 +1° 1784+100° —277+100* 17466+127°
C 140+ 20 96+1 391+17 — 64+ 13 18255+ 4

2 The rather large errors in the parameters for band B is due to the
fact that, for this band, M, and M, are almost temperature indepe-
dendent

the introduction can reasonably be applied to our data.
In Fig. 3, systematic misfits with respect to the behavior
predicted by Eq. (1) are evident particularly for the sec-
ond moment of band A. Such misfits suggest the presence
of non-harmonic contributions to the soft modes coupled
with the chromophore (Di Pace et al. 1992; Cupane et al.
1993); however, due to the “heuristic” spectral deconvolu-
tion used in this work that does not enable us to single out
the various contributions to the linewidth, we prefer to
neglect such contributions and therefore consider the bi-
cobalt derivative as “essentially harmonic”.

Band A exhibits a marked M, and M, temperature
dependence that is indicative of its coupling to low fre-
quency vibrational modes whose mean effective frequen-
cy is about 140 cm ™", In the resonance Raman spectra of
blue copper proteins (Ferris et al. 1979; Nestor et al. 1984;
Woodruff et al. 1984) several peaks are found at 140
160 cm ™! and are attributed to ligand-metal-ligand de-
formation modes (Woodruff et al. 1984). In view of this
finding we propose that band A should be assigned to an
electronic transition having substantial admixture with a
Tnmie — A, transition. In contrast, M, and M, relative to
band B are almost temperature independent; this indi-
cates coupling to high frequency modes whose mean ef-
fective frequency is higher than 800 cm™'. We suggest
that band B should be assigned to an electronic transition
having substantial admixture with a ny — d¢, charge
transfer transition, i.e. with a transition from the n or-
bitals of the exogenous bridging ligand into the cobalt d
orbitals. The vibrational modes coupled to this transition
are probably Co—ligand—Co stretching or bending mod-
es and their high frequency suggests that the exogenous
ligand is rather strongly bound to the two metal ions.

M, and M, relative to band C again exhibit a marked
temperature dependence indicative of the coupling of this
band to low frequency ({v) ~ 140 cm ~ !) vibrational mod-
es. Band C has already been assigned to a cobalt d-d
transition; data in Fig. 3 and in Table 1 therefore suggest
that the cobalt d orbitals involved are coupled to the
Npi.—Co—Ny, deformation modes mentioned above.

The above suggested assignments for bands A and B
deserve some comment.

Optical spectra of several Co®*-containing chro-
mophores have been studied previously; these include
cobalt substituted blue copper proteins (McMillin et al.
1974 a,b; Solomon et al. 1976), cobalt substituted carbon-
ic anhydrase (Coleman and Coleman 1972), model sys-
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tems involving Co?* complexes with 2,2'-Bis(2-imida-
zolyl)biphenyl (Knapp et al. 1990), the binuclear centers
in cobalt tyrosinase (Ruegg and Lerch 1981) and in cobalt
hemocyanin (Lorosch and Haase 1986). In all these sys-
tems from two to four bands, more or less resolved, are
observed in the wavelength region 650-500 nm; more-
over the intensity of the bands suggests that, in these
chromophores, the Co** jon is in pseudo-tetrahedral
coordination. For a d” ion in tetrahedral symmetry the
ligand field theory (LFT) predicts three spin allowed
d-d transitions: “4, — *T,, %A, — *T, (F), *4, = *T, (P).
By taking the values of 5000cm™! for tetrahedral
field strength and of 800 cm ™! for the Racah B para-
meter (Griffith 1961), one obtains v, (*4, - *T,)=
5000cm™ L v, (A4, — 4T, (F))x9000 cm™'; v, (*4, »
4T, (P))~ 18 000 cm™?; therefore a single d-d band is ex-
pected in the frequency range relevant to this paper. The
splitting between the observed bands (~1 000 cm™') is
too large to be attributed to spin-orbit coupling effects
(whose strength is =150 cm ™' (Lever 1984)); for this rea-
son the presence of several bands in the visible region is
usually attributed to splitting of the “4, - *T, (P) d-d
transition due to distortions from tetrahedral symmetry.
It has also to be mentioned that, at sufficiently high values
of the crystal field strength, some doublet states may lic at
energies near to that of the *T; (F) level (Weakliem 1962);
the presence of other spin-forbidden d-d transitions in the
visible region cannot therefore be excluded.

As far as the charge transfer (CT) transitions are con-
cerned, the 7y, — dg, transition has been observed at
about 20 000 cm ™! in blue copper proteins (Solomon et
al. 1980). In view of the smaller electron affinity of Co?*
with respect to Cu®*, the myy, — dc, charge transfer
transition is expected at higher frequency in the cobalt
chromophore and, indeed, charge transfer bands (attrib-
uted to myy; — dg, transitions) have been observed at
about 32000 cm™! in cobalt substituted blue copper
proteins (McMillin et al. 1974 a, b; Solomon et al. 1976)
and in tetrahedral Co®* complexes having imidazole lig-
ands (Knapp et al. 1990). These data seem to exclude the
presence of a 7y, — d, transition in the visible region;
since the “intensity stealing” phenomenon is inversely re-
lated to the energy separation between the transitions
concerned, the mechanism proposed above to account for
the temperature dependence of M,, M, and M, relative
to band A could seem unlikely. It must be noted, however,
that in all the above mentioned Co®* containing chro-
mophores, all the N}, ,—Co distances are reported to be
about 1.9 A. The frequency of a CT transition can be
written as hver=1I,—E + 4 where I, is the ionization
potential of the donor, E, is the electron affinity of the
acceptor and A is a term arising from the electrostatic
interaction of the acceptor-donor system (other terms
arising from exchange interactions can be usually neglect-
ed). Since in the excited state N* and Co™ repel each
other the term A contributes a positive teria to hvg, that
is a decreasing function of the N-Co distance. An ap-
proximate calculation of Coulomb repulsion between
unitary electronic point charges at 1.9 A distance leads to
dA/dR= —3.3 eV/A; an increase of the N—Co distance
from 1.9 to 2.2 A should therefore cause a ver redshift of
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about 14 000 cm ™!, The presence of a Ty, — dg, CT
transition in the visible range seems therefore to us, in the
case of cobalt-substituted Hc, not unrealistic.

Further evidence for the involvement of CT transition
in the visible absorption spectra of cobalt-substituted He
comes from the thermal behavior of the 350 nm and
570 nm absorption bands of copper oxyhemocyanin. In
fact, both these bands have been attributed to
032~ — Cu?* CT transitions (Himmelwright et al. 1980;
Loehr et al. 1974; Freedman et al. 1976); recent experi-
ments at our laboratory on the temperature dependence
of these bands (unpublished results) have shown that, for
both bands, large integrated intensity variations occur as
the temperature is lowered.

In conclusion, the data reported do not enable us to
unambiguously assign bands A and B. However, the tem-
perature dependence of their zeroth, first and second mo-
ments does suggest that the electronic transitions respon-
sible for these bands (that could also involve e.g. splitting
components of the 4, — *T; (P) transition or spin for-
bidden d-d transitions to doublet states) are mixed with
charge transfer states and that the n orbitals of the ligands
Ny and X (possibly OH ™) are involved. This fact would
explain both the large temperature induced intensity vari-
ations and the coupling of the bands with the Ny;.—Co—
Ny, (band A) and the X—Co (band B) vibrations.

It should also be mentioned that recent molecular or-
bital calculations (performed on the [(NHj);—Cu]3*
model system) point out that the higher lying frontier
orbitals of this system are mainly made of Cu d orbitals
but have substantial admixture with NH; lone pairs (Ki-
tajima et al. 1992).

From the reported results we derive a description of
the active site of (Co?*),—Hc as a rather homogeneous
and symmetric site in which the two cobalt ions occupy
spectroscopically equivalent positions (as suggested by
the fact that only three bands are observed even at 20 K)
and whose dynamics, within the limits of the analysis

.15
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—

adopted, is characterized up to room temperature by “es-
sentially harmonic” vibrations. Moreover, data relative
to band B provide evidence in favour of the presence, in
the active site, of an exogenous bridging ligand that is
rather strongly bound by the two cobalt ions. The pres-
ence of an exogenous bridging ligand in cobalt Hc deriva-
tives was also recently suggested by EPR studies (Bubac-
co et al. 1992), where an H,O molecule or an OH™ ion
was proposed to be responsible for strong coupling be-
tween the two cobalt ions. Furthermore, XANES investi-
gations on the same derivative (Della Longa et al., private
communication) point out the presence of an exogenous
ligand to account for the experimentally observed nearly
tetrahedral coordination of each metal ion. In our opin-
ion the fact that the X-ray structure of copper deoxy-He
shows no evidence for an exogenous ligand with 7 A from
the copper ions does not contradict the present sugges-
tion, owing to the limited resolution of the X-ray struc-
ture (Volbeda and Hol 1989) and also to the different
charges of the metal ions.

b) Mononuclear monocobalt derivative [ (Co**)—Hc]

Figure 4 shows the spectra of (Co?*)—Hc in the temper-
ature ranges of 20—210 K (left panel) and of 210295 K
(middle panel). As can be seen the thermal behavior of
the raw spectra is almost regular from 20 to 210 K and
changes drastically at higher temperatures. At low tem-
peratures three bands are again clearly identified, al-
though the three peaks are blue shifted with respect to
those of (Co%*),—Hc. The shoulder that appears on the
low frequency side is at exactly the same frequency as
band A relative to (Co®"),—Hc; we therefore attribute
this shoulder to the presence of a small fraction of protein
with two cobalt ions in the active site. In view of its
smallness, however, the shoulder has been neglected in
the spectral analysis. The deconvolution of the 20 K spec-
trum is also shown in Fig. 4 (right panel). Again, fittings

650 600 550 500 650 600 550 500
A/nm A/nm
Fig. 4. Optical absorption spectra of (Co**)—Hc at T=20, 110 and
200 K (left panel) and T=220, 250 and 290K (center panel). The
arrows at about 630 and 600 nm indicate the direction of spectral
changes observed on lowering the temperature. Right panel: decon-

1.70 1.90
v/em™ %4074
volution of the 20 K absorption spectrum of (Co? *)—Hc in terms of

gaussian components. Symbols as in the right panel of Fig. 1. The
root mean square deviation (expressed in A units) is 2x 1073
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with three Gaussian bands (denoted A, B and C in order
of increasing peak frequency) are satisfactory. A fourth
Gaussian component centered at 20 000 cm ™! is added as
an extrapolation to take into account the background
generated by higher frequency transitions and from scat-
tered light. It should be noted that the intensity of this
extrapolation is much higher for (Co?*)-Hc than for
(Co?*),~Hc. We attribute this fact to the increased light
scattering (indeed, higher protein concentrations are
needed to obtain good spectra, in view of the lower ex-
tinction coefficient of the monocobalt derivative); we
stress that the results obtained are independent on the
kind of extrapolation used and that essentially identical
results are obtained by using a tangent straight line or
even a 1/4* type extrapolation.

The M, temperature dependence (reported in the mid-
dle panel of Fig. 2) suggests for bands A, B and C the
same assignment as suggested for the analogous bands
relative to the binuclear bicobalt derivative; indeed, large
M, variations are observed for bands A and B, whereas
the integrated intensity of band C is scarcely influenced
by temperature.

The M, and M, thermal behavior is shown in Fig. 5.
In agreement with what has been noted from the inspec-
tion of the raw spectra, Eq. (1) cannot be fit to the data
in the whole temperature range, particularly for bands B
and C; a fitting of the same quality as for the binuclear
derivative can be performed in the range 20—210 K. The
continuous lines in Fig. 5 represent such fittings; values
of the relevant parameters are reported in Table 2.

In analogy with the binuclear (Co?%), derivative,
bands A and C are coupled to low frequency vibrations
(although the values of the mean effective frequencies are
slightly larger than those for the bi-cobalt derivative). A
marked difference between the two derivatives is evident
for band B; in fact, the mean effective frequency of nucle-
ar vibrations coupled to this band is greater than
800 cm ™! for (Co®*),~Hc and only 270 cm ™! for the
monocobalt derivative. This result, consistent with the
presence of the above mentioned exogeneous ligand X
and with the attribution of band B to an electronic tran-
sition having a substantial admixture with a ny — d,
charge transfer transition, indicates that in the presence
of only one metal ion in the active site the exogenous
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ligand is less tightly bound and that the X—Co stretches
occur at a much lower frequency.

From Fig. 5itis also evident that very large deviations
from the behavior predicted by Eq. (1) occur, both for
M, and M, of bands B and C, at temperatures higher
than 210 K. The same effect also seems to be present,
although to a much lesser extent, for band A.

We attribute these deviations to the onset of disor-
dered motions that invoive the exogenous ligand X and,
quite likely, the entire active site; they are greatly hin-
dered in the binuclear bicobalt derivative since the pres-
ence of the second metal ion stabilizes the bridging ligand
X and the overall structure of the active site.

Three further features of the data in Tables 1 and 2 are
worth noting:

1) parameter C seems to be larger for the monocobalt
than for the bicobalt derivative. This agrees with a
greater conformational heterogeneity at low tempera-
tures of (Co®*)—Hc with respect to (Co?*),—Hc; this
interesting conclusion, however, cannot be unambigu-
ously claimed since the various line broadening mecha-
nisms contributing to the C value are not resolved in the
present kind of spectral analysis;

2) parameter (v) relative to bands A and C seems to be
larger for the monocobalt (220270 cm™ ') than for the
bicobalt derivative (140 cm™!). This could be explained
by suggesting that in the mononuclear derivative, owing
to the absence of the second metal ion, the Co—N dis-
tances are slightly shorter than in the binuclear deriva-
tives making force constants and therefore the frequen-
cies of the N-Co-N deformation modes higher. This
suggestion would be consistent with the diminished reac-
tivity of the Co2* in the “Cu,” site; a direct confirma-
tion, however, could be obtained with X-ray crystal dif-
fraction or, in solution, with resonance Raman spectros-
copy;

3) values of the peak frequencies of the three bands (or,
equivalently, of the parameter D in Tables 1 and 2), ap-
pear to be systematically higher for the monocobalt than
for the bicobalt derivative. This can be explained with a
simple electrostatic argument by considering the stabiliz-
ing effect of the positive charge of the second cobalt ion
on the d orbitals of the first cobalt ion involved in the
electronic transitions, and supports the suggested corre-
spondsnce of bands A, B and C in the mononuclear de-
rivative to the analogous ones in the binuclear derivative.

From the reported results we derive a description of
the active site of (Co?*)—Hc as a rather heterogeneous
site whose dynamics are characterized, in the range 20—
210 K, by essentially harmonic vibrations and at higher
temperatures, by disordered motions. These motions ob-
viously involve the exogenous ligand that, at tempera-
tures higher than 210 K, undergoes highly disordered
motion.

¢) Binuclear mixed metals derivative
[(Co?T—Cul™ )-He]

Figure 6 (left panel) shows the spectra of (Co?* —Cu’*)—
Hc at various temperatures. The low temperature spectra
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Fig. 6. Left panel: optical absorption spectra of (Co** —Cul*)-Hc
at T=290, 240, 190, 130, 80 and 20 K. The arrows at about 630 and
600 nm indicate the direction of spectral changes observed on low-
ering the temperature. Right panel. deconvolution of the 20 K ab-
sorption spectrum of (Co?* —Cu' *)—Hc in terms of gaussian com-
ponents. Symbols as in the right panel of Fig. 1. The root mean
square deviation (expressed in A units) is 5x 1073

Table 2. Electron vibration mean effective coupling parameters of
(Co?*)—Hc. Parameters values were obtained by fitting the M, nd
M, thermal behavior, in the temperature range 20210 K, in terms
of Eq. (1)

Band v A C F D
{em™Y)  (107* (em™ %) {cm™1) (cm™Y)
% cm ™ %)
A 270420 18 +23 3274 33 —271+57 17,508+20
B 270+ 30 5542 1224+ 50 — 78+20 182284+ 7
C 220+50 13445 588+100 — 82420 18,860+50

are more complex than those of (Co?*),—Hc and, besides
three well resolved peaks, a small band appears in the low
frequency wing. The increased complexity of the spectra
is to be expected, in view of the non symmetric active site
of this derivative. We tentatively assign the low frequency
band to a d-d transition of Cu?* traces likely arising from
an oxidative side reaction. The smallness of the band,
however, does not enable us to obtain relevant informa-
tion from its temperature dependence. The deconvolution
of the 20 K spectrum is shown in the right panel of Fig. 6.
As can be seen, fittings with four Gaussian bands (the
three main bands are denoted, as usual, A, B and C in
order of increasing frequency, whereas the small low fre-
quency band is denoted as D) are satisfactory; as usual, a
further Gaussian component centered at 20 000 cm ™! is
added as an extrapolation. The temperature dependence
of My, M, and M, relative to the three main bands are
reported in the right panel of Fig. 2 and in Fig. 7. The
continuous lines in Fig. 7 represent fittings of M, and M,
in terms of Eq. (1); values of the relevant parameters are
reported in Table 3. In analogy with the bicobalt deriva-
tive, the quality of the fittings (particularly for the second
moment of band A) is such that the presence of small non
harmonic contributions to the soft modes coupled with
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the chromophore cannot be excluded. Once more, the
kind of spectral deconvolution adopted does not enable
to discuss such terms and therefore the mixed metal Hc
derivative is considered as “essentially harmonic”.

Data in Figs. 2 and 7 and in Table 3 are fully consis-
tent with the suggestions drawn from analogous data for
bicobalt and monocobalt Hc derivatives and in particu-
lar:

i) bands A and B display large M, variations with tem-
perature while the integrated intensity of band Cis almost
temperature independent.

i) bands A and C are coupled to low frequency modes
and, in analogy with (Co?*),—Hc, mean effective frequen-
cy values of about 140 cm ™! are observed. Band B is
coupled to higher frequency modes, confirming that in
binuclear derivatives the exogenous ligand X is tightly
bound; the mean effective frequency value (410 cm ™) is,
however, lower than for the fully symmetric bicobalt de-
rivative.

iii) values of parameter C are smaller than those for the
monocobalt He derivative; moreover, peak frequency val-
ues for the three bands are very similar to those for

Table 3. Electron-vibration mean coupling parameters of (Co?* —
Cul*)-Hc. Parameters values were obtained by fitting the M, and
M, thermal behaviour in terms of Eq. (1)

Band v A C F D
{em—1) (107* (cm™Y (cm™Y (cm ™)
xcm~ %)
A 190+20 53+0.1 0+10 —164+10 16,739+ 4
B 410+40 6 +1 97450 —140427 17258 +10
C 120+40 53+2 591+20 — 25410 17940+ 8

(Co?*),~Hc, as expected from the simple electrostatic
argument outlined above.

From the reported results we derive a description of
the active site of (Co?* —Cu'! *)-Hc as a rather homoge-
neous but non symmetric site whose dynamics are char-
acterized up to room temperature by “essentially har-
monic” vibrations. The exogenous ligand is rather strong-
ly bound to the two metal ions although less strongly
than in the symmetric bicobalt Hc derivative.



166
Conclusions

The analysis of the thermal behavior of the spectra of the
three Hc derivatives studied has enabled to suggest that
ligand to metal charge transfer transitions contribute to
the intensity of the visible absorption bands. Moreover,
the analysis of the temperature dependence of the first
and second moment of the bands has provided informa-
tion on the stereodynamic properties of the active site of
Hec. In binuclear He derivatives the active site appears to
be characterized by essentially harmonic vibrational mo-
tions (within the limits of our analysis) and the exogenous
ligand X is strongly bound to the two metal ions. In the
mononuclear He derivative the active site appears to be
characterized by harmonic vibrational motion only in the
temperature range 20210 K, although the exogeneous
ligand is much less tightly bound than in binuclear
derivatives. At temperatures higher than 210 K the onset
of disordered motions that involve the exogenous ligand
and, quite likely, the entire active site are evident. This
kind of motions is greatly hindered in the binuclear
derivatives, owing to the marked stabilizing effect of the
second metal ion not only on the exogenous ligand but
also on the overall structure of the active site.
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