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Abstract

We have measured the Soret band of the photoproduct obtained by complete photolysis of sperm whale carbon-
monoxymyoglobin at 10 K. The experimental spectrum has been modeled with an analytical expression that takes into
account the homogeneous bandwidth, the coupling of the electronic transition with both high and low frequency vibrational
modes, and the effects of static conformational heterogeneity. The comparison with deoxymyoglobin at low temperature
reveals three main differences. In the photoproduct, the Soret band is shifted to red. The band is less asymmetric, and an
enhanced coupling to the heme vibrational mode at 674 cm ™' is observed. These differences reflect incomplete relaxation of
the active site after ligand dissociation. The smaller band asymmetry of the photoproduct can be explained by a smaller
displacement of the iron atom from the mean porphyrin plane, in quantitative agreement with the X-ray structure analysis.
The enhanced vibrational coupling is attributed to a subtle heme distortion from the planar geometry that is barely detectable
in the X-ray structure.

Kevwords: Photolysis; Photolyzed carbonmonoxymyoglobin; Low temperature absorption spectroscopy: Vibrational coupling; iron out-of-
plane displacement; Heme doming

1. Introduction recent years, research has focused on the interplay

between protein motions and the ligand binding reac-

The kinetics of CO rebinding after flash photoly-
sis of carbonmonoxymyoglobin (MbCO) have been
extensively studied as a model for the structure-dy-
namics-function relationships in protein reactions,
both at room [1] and cryogenic temperatures [2,3]. In
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tion. Of particular interest and importance for under-
standing the function of proteins in general is the
relaxation from an intermediate structure (Mb”) to-
wards the equilibrium structure of deoxymyoglobin
(Mb) [3-7]. Structural and spectroscopic properties
of the metastable photoproduct (Mb* CO) obtained
after flash photolysis of MbCO are crucial for the
development of quantitative models of the ligand
rebinding process. Because of the fast relaxation,
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Mb * CO can only be probed with transient spectrom-
eters at higher temperatures (200-300 K). At low
temperature (ca. 10 K), however, the properties of
Mb * CO can be conveniently probed with slow spec-
trometers as relaxation is completely inactivated and
recombination of CO with Mb after photodissocia-
tion is very slow. Various spectroscopic techniques
have been employed to elucidate the properties of
the low temperature photoproduct, including visible,
near-infrared and infrared absorption [7-13], reso-
nance Raman [14-16] and extended X-ray absorp-
tion fine structure {17,18] spectroscopies. Recently,
the X-ray structure of Mb ™ CO at ca. 20 K has been
determined [19-21], thus providing a structural
framework for the interpretation of spectroscopic
data.

The Soret absorption is routinely used to monitor
the kinetics of CO rebinding [3], and its line shape in
Mb*CO at liquid helium temperatures has been
investigated [22]. However, a quantitative analysis
relating the Soret line shape to the structural proper-
ties of the photoproduct is lacking. In this work, we
have measured the Soret band of the photoproduct
obtained after complete photolysis of MbCO at 10 K
and analyzed it within the theory of electron-vibra-
tion coupling recently applied to the Soret spectra of
heme proteins [23]. In this theory, the effects of
conformational heterogeneity are also taken into ac-
count [22-24].

We show that the subtle but clear differences
between the spectra of Mb"CO and Mb at low
temperature can provide quantitative information on
the heme geometry in Mb ™ CO.

2. Materials and methods
2.1. Experimental

Lyophilized sperm whale metMb (Sigma Chemi-
cal, Co., St. Louis, MO) was dissolved in distilled
deionized water. The protein solution was cen-
trifuged and filtered through a 1.2 um filter to give
an approximately 8 mM stock solution. Further dilu-
tion in a 75% v /v glycerol-phosphate buffer solu-
tion (pH 7) yielded a final protein concentration of
about 6 uM. The solution was loaded in a gas-tight
metacrylate cuvette. Subsequently, the sample in the

cuvette was saturated with CO and reduced with
sodium dithionite solution, freshly prepared under
anaerobic conditions. Immediately afterwards, the
sample was placed in a liquid He storage cryostat
(Model 8DT, Janis Research Co., Wilmington, MA)
with quartz windows and cooled to 10 K. The tem-
perature was regulated with a digital temperature
controller (Model DRC 82 C, Lake Shore Cryotron-
ics, Westerville, OH). The cryogenic setup was
mounted on a Cary-14 spectrometer interfaced to an
IBM PC /AT (On-line Instrument Systems, Inc., Jef-
ferson, GA). Absorption spectra were measured be-
tween 350 and 500 nm with a resolution of 0.2 nm
and a wavelength accuracy of 0.1 nm. They were
digitized in intervals of 0.5 nm. Photolysis was
achieved with white light from a 250 W tungsten
lamp (Oriel Corp., Stamford, CT) passed through a
10 cm path length water filter to avoid sample
heating.

2.2. Spectral analysis

A detailed description of the theoretical approach
used to obtain an analytical expression for the Soret
band profile has been given in Ref. [23]. Here, we
report only a brief summary.

The absorption line shape is considered to arise
from the convolution of three terms:

A(v) =L(v) ® G(V') ® P(v,) (N

The first term, L(v), is a sum of Lorentzians,
which arises from the coupling of the (intrinsically
Lorentzian) electronic transition with high frequency
vibrational modes (hv, > kzT) of the matrix sur-
rounding the chromophore. Making use of the so
called ‘standard assumptions’ [25] this term can be
expressed as:
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where M is a constant proportional to the square of
the electric dipole moment, and I" is a damping
factor related to the finite lifetime of the electroni-
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Table 1
Values of the parameters obtained by fitting the Soret band of Mb ™ CO and of Mb in terms of Eq. (1)
Protein r S0 S0 Sars

(em™")

(') (") Aem™h) tem™ ")

Mb CO(T=10K) 180+ 10 0.07+0.02 0.31£0.03 0.33 £0.01
185+ 7 0.04 £0.02 0.27+0.02 0.24+0.0!

Mb (7 = 20 K)

0.08 +£0.01 0.146 £ 0.006 0.15+ .01 22520+ 7 86 +6
0.09 £0.01 0.178 £0.005 0.154 .01 22626+ 8 85+

cally excited state. The sum extends over all possible
combinations of m, phonon events in the various
high frequency vibrational modes /. The linear cou-
pling strength is represented by §,. According to Eq.
(2). the spectrum consists of a superposition of a
series of Lorentzians that includes all possible com-
binations of multiphonon excitations of the various
high frequency modes. The displacement of the indi-
vidual Lorentzians from the zero phonon line posi-
tion reflects the energy lost to the phonons.

The second term, G(v'), takes into account the
coupling of the electronic transition with a *bath’ of
low frequency modes of the system. Within the so
called “short times approximation’ [26]. it can be
shown that such a coupling generates a Gaussian
distribution of the fundamental frequency »":

| [0 = p, )
" = B 3
G(v) m(re - (3)

When the effects of coupling with both high and
low frequency modes are taken into account, the
spectral line shape is therefore given by a superposi-
tion of Voigtians (convolutions of Lorentzians and
Gaussians).

The third term, P(v,). takes into account the
inhomogeneous broadening of the Soret line that
arises from conformational heterogeneity. The domi-
nant source of disorder affecting the Soret transition
is most likely associated with the linkage between
the porphyrin. iron, and proximal histidine, and the
most important structural coordinate is believed to be
the displacement of the iron with respect to the mean
heme plane [3,22]. Other relevant coordinates are the
tilt angle 6 and the azimuthal angle ¢ characterizing
the geometry of the imidazole side chain of the
proximal histidine with respect to the porphyrin [27].
We model the structural distribution with a single
generalized coordinate Q. which mainly reflects the

iron displacement from the heme plane '. We take
this coordinate to be distributed according to a
Gaussian:

_(Q* Qn):
287

P(Q) = (4)

2mé

expl -

where (), is the mean position. and & characterizes
the width of the distribution.

A mapping between structural and spectral hetero-
geneity has been obtained [22-24] by assuming a
quadratic dependence of the fundamental transition
frequency (parameter v, in Eq. (3)) upon the coordi-
nate Q.

v Q) = vy + le (5)

The parameter b accounts for the dependence of the
7 — transition energy upon the iron coordi-
nates and reflects the electronic properties of the
iron-porphyrin system (for a more detailed discus-
sion see Refs. [22] and [23]). By inserting Eq. (5)
into Eq. (4). one finally obtains:

(o~ ot 0w )
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"A somewhat different approach has been used recently to
account for the effect of conformational heterogeneity on the line
shape of the v, y;, Raman band and on the near-infrared
absorption band 111 in horse heart deoxymyoglobin [28.29]. In
fact, these bands have been deconvoluted in terms of a discrete
number of subbands attributed to different conformational sub-
states of the Fe—His linkage. This approach does not seem ade-
quate in the present case. also in view of the rather large homoge-
neous width of the Soret band (I" ca. 180 cm ~': see Table 1).
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From Eq. (6), it can be seen that for unliganded
myoglobin a Gaussian distribution of iron atom out
of plane positions produces an asymmetric non-
Gaussian distribution of electronic transition ener-
gies. This effect is mainly due to the position of the
iron atom out of the mean porphyrin plane; it is
responsible for the characteristic marked asymmetry
of the Soret band of deoxy heme proteins.

Fitting parameters are M, I', S;, o, v,, Qg/b and
dyb. The v; values of the high frequency modes are
taken from resonance Raman (RR) spectra [30,31];
we consider the coupling with only four modes,
namely: » =200, 370, 674 and 1357 cm~}'. The
‘mode’ at 200 cm ™' is an effective mode accounting
for the two lines observed in RR spectra at about 150
and 220 cm™!; we recall that a limit to our resolu-
tion of vibronic structure is posed by the intrinsic
(homogeneous) width of the Soret band that, as
shown by the values of parameter I' reported in
Table 1, is about 180 cm™'. An analogous ‘average
mode’ approximation has been used successfully in
Ref. [32] in the analysis of Raman excitation profiles
(REPs) of cytochrome c; on the other hand, it can be
shown that this approximation does not introduce
artificial vibronic progressions in the optical line
shape as long as nAv/2 < I', where Ay is the
frequency difference between the modes and » is the
order of the progression. In the present case, given
the values of coupling constants reported in Table 1
and neglecting vibronic contributions smaller than
0.5%, only vibronic progressions up to n = 2 need to
be considered, so that the above condition is amply
fulfilled. The ‘mode’ at 370 cm ™' is also an average
mode accounting for a spectral region characterized
by several quasi degenerate peaks. 674 and 1357
em~! correspond to the well known v, and ,;
however, in view of the above argument, contribu-
tions to Sg;, coming from the coupling with the
nearby modes at about 750 and 780 ¢cm ™! cannot be
excluded. Equal v; values have been used for de-
oxymyoglobin and for the photoproduct; in fact it
has been shown by RR spectroscopy [14,15] that for
the modes considered any frequency differences are
less than 5 ¢cm™', i.e. undetectable with optical
spectroscopy. A Gaussian curve centered at 26 500
cm~! is added, in order to take into account contri-
butions from the higher frequency N band [33,34].

3. Results and discussion

The Soret band of the 10 K photoproduct is
shown in Fig. 1, together with the fit using the
theoretical expression presented in the preceding sec-
tion. The residuals are shown on an expanded scale.
Excellent agreement between experimental and cal-
culated band profile is obtained.

Fit parameters are compiled in Table 1, together
with data for equilibrium deoxymyoglobin at low
temperature. The values of coupling constants to the
high frequency modes deserve some comments.

(i) We find S, values in the range 0.04-0.07, in
agreement with the room temperature value obtained
from REP measurements [31]. Within the fitting
errors, no differences are observed between equilib-
rium deoxymyoglobin and the photoproduct. The
sensitivity of our method is insufficient to detect
eventual differences between the relative intensities
of the 233 and 240 cm™' lines reported for the low
temperature MbCO photoproduct [15].
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Fig. 1. Spectrum of Mb” CO at 10 K. Open circles represent the
experimental points; the continuous lines represent the fit in terms
of Eq. (1) and contributions from the N band. For the sake of
clarity, not all experimental points have been reported. The residu-
als are given in the upper panel on an expanded scale.
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(ii) For the average mode at 370 cm ™' we obtain

coupling constants of 0.31 and 0.27 for the photo-
product and for static deoxymyoglobin, respectively.
These values are in good agreement with the analo-
gous room temperature ones of 0.21-0.24 obtained
from REPs measurements for the average mode at
390 cm™! of ferrocytochrome ¢ [32]. The small
increase observed for the photoproduct is within the
limits of the fitting uncertainty.

(iii) For the mode at 674 cm ™!, we find S values
of 0.33 (Mb " CO) and of 0.24 (Mb). The latter value
is about 7 times larger than the analogous room
temperature value (0.035) reported in Ref. [31]. We
trace the origin of this discrepancy to the combina-
tion of the following effects: contributions from the
nearby modes at 750 and 780 cm™', increase of
coupling strength at low temperature, contributions
to the low temperature Soret band arising from very
weak underlying charge transfer transitions [22].

(iv) For the 1357 cm ™' mode, we obtain coupling
constant values of 0.08—0.09, in excellent agreement
with the room temperature value of 0.06.

Three main differences between the data sets
relative to Mb™CO and to Mb are observed, the
other parameters being unaffected. In Mb* CO:

1. the v,, value is redshifted by about 140 cm~
from »,, of Mb;

2. the coupling with the vibrational mode at 674
c¢m ' is enhanced:;

3. parameter Qy/b, related to the band asymmetry, is

decreased by about 20%.

The three effects are better seen in Fig. 2a and
Fig. 2b. where the Soret bands of the photoproduct
and of low temperature equilibrium deoxymyoglobin
are plotted after subtracting the contributions from
the higher frequency N band. The redshift is clearly
evident in Fig. 2a. To better inspect the other two
effects we report the two spectra in Fig. 2b after
redshifting the deoxy spectrum so as to overlap the
red edges of bands. In Fig. 2b, enhanced coupling
with the 674 cm ™' mode and lower band asymmetry
in the photoproduct spectrum are clearly evident. We
stress that the above effects cannot be attributed to
incomplete photolysis (i.e. to a small fraction of
MbCO still present in the photoproduct) since: (a)
the Soret band of MbCO in 65% glycerol /water and
at 10 K occurs at 23600 ¢cm ™' [35] (arrow in Fig.
2b). i.e. at a frequency where the photoproduct spec-
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Fig. 2. (a) Soret band of Mb* CO (continuous line) and of Mb
(dotted line) at 10 and 20 K. respectively. The profiles have been
obtained from the experimental spectra by subtraction of the N
band. (b) Same as in panel (a), atter redshifting the profile relative
to Mb by ca. 150 cm™' so as to overlap the red edges of the
bands. The arrow indicates the position of the Soret band of
MbCO.

trum does not show any shoulder and (b) the spec-
trum of the photoproduct was unchanged after sev-
eral subsequent photolysing flashes.

The redshift of the Mb* CO Soret band by about
140 cm~' with respect to Mb has been reported
previously [22.36]. The data in Table | show that
this redshift is mainly due to a variation in parameter
vy, (i.e. in the zero phonon electronic transition
frequency). Our line shape analysis reveals that the
lower band asymmetry in the photoproduct (Fig. 2b)
is caused by the lower value of the parameter Q,/b
(see Table 1), reflecting a smaller displacement of
the iron atom out of the mean porphyrin plane, in
agreement with the recently published X-ray struc-
ture of Mb* CO [19]. The agreement between optical
and X-ray diffraction data is quantitative: both our
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data in Table | and the X-ray data suggest a ca. 20%
decrease of Fe-mean heme plane distance in Mb " CO
with respect to Mb. The enhanced coupling with the
mode at 674 cm™' (v, =8CzC, N+ »C,Cy, at-
tributed to a totally symmetric A, vibration of the
heme macrocycle that likely involves also the pe-
ripheral substituents) indicates that the heme geome-
try in the photoproduct is different from that of the
fully relaxed deoxy derivative. From RR studies of
metallooctaethylporphyrins, Kitagawa and co-
workers [37] have suggested that the 674 c¢cm™'
mode would give rise to an intense Raman line when
the porphyrin ring is planar, while the intensity of
this line would gradually diminish as the ring is
domed. On this basis one could take the stronger
coupling with the 674 cm™' mode as an indication
of a more planar heme structure in Mb* CO. X-ray
crystallography is equivocal on this point. In fact,
data from Ref. [19] suggest that, upon photolysis at
20 K, the movement of the pyrrole nitrogens out of
the heme plane (i.e. heme doming) is complete; on
the other hand, data from Ref. [20] suggest that at 40
K heme doming is not complete. The enhanced
coupling of the Soret band with the v, heme vibra-
tion has therefore to be attributed to a subtle varia-
tion of heme geometry that is barely detected by
X-ray diffraction.

While conformational relaxation from the photo-
product structure Mb™ to equilibrium Mb is ther-
mally arrested at 10 K, it will become activated at
higher temperatures. Srajer and Champion [22] ob-
served a sharp transition in the Soret band position
of the photoproduct Mb™ to the equilibrium Mb
position near 185 K. Detailed studies of the near-in-
frared band III at 760 nm in MbCO under continuous
illumination [4] reveal a similar behavior. From the
temperature dependence of the band area and posi-
tion it was inferred that the protein is able to relax
above about 160 K in glycerol /water mixtures. This
temperature is near the glass transition temperature
of the solvent, which indicates a strong coupling of
protein and solvent motions. Indeed, it has been
shown that protein motions are largely arrested in
polymer or sugar matrices even at room temperature
[2,38]. Frauenfelder and collaborators have coined
the term ‘slaved glass transition’ to describe this

dependence of the protein on the solvent dynamics
[39].

In structural terms, the conformational relaxation
in Mb* CO can be described as follows: after pho-
todissociation of the CO, the iron shifts by a substan-
tial fraction (ca. 80%) towards its equilibrium deoxy
Mb position, and the heme geometry also changes.
These motions are governed by electronic effects as
well as by steric interactions between the proximal
histidine and the heme [40] and do not involve major
conformational changes. They therefore happen even
at 10 K, and at room temperature very quickly
(within a picosecond in HbCO) [41]). After this ‘elas-
tic’ change, additional, slower relaxations occur, as
reflected in the shift of band III in the near infrared
over several decades in time [6]. Even though the
subsequent shift of the iron has a much smaller
amplitude, it may actually involve large changes in
the rebinding barriers [7]. Molecular dynamics calcu-
lations by Karplus and collaborators [5] were also
able to simulate an ultrafast relaxation similar to that
of a heme—histidine—CO complex, plus an additional
slower process that agrees with the time dependence
of the shift of band III. The slower part of the protein
relaxation involves large-scale rearrangements in the
structure, including a tilt of the iron-histidine bond
and a shift of the F helix towards the FG corner.
These motions occur by displacement of solvent and
are therefore arrested below the glass transition.

Band III is inhomogeneously broadened, and a
mapping exists between the activation enthalpy for
ligand rebinding and the wavenumber of a homoge-
neous component; this gives rise to the so called
‘Kinetic hole burning’ effect [8]. A similar situation
should also exist for the Soret band; moreover, one
should expect to observe kinetic hole burning also
for the other spectroscopic parameters that character-
ize the heme geometry (Qu/b and Sg;,). However,
an evaluation of the relative contributions of the
heme geometry variations to the enthalpic barrier to
ligand rebinding from the pocket remains unresolved
by the present study and must await for accurate
time-resolved studies of the Soret band line shape at
various levels of ligand rebinding after photolysis.
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