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ABSTRACT. The CO ligation process in a mutant (H77G) of CooA, the CO-sensing transcriptional regulator

in Rhodospirillum rubrumis studied with femtosecond time-resolved transient absorption spectroscopy

in the mid-infrared region. Following photolyzing excitation, a transient bleach in the vibrational region

of bound CO due to the CO photodissociation is detected. In contrast to the spectra of the wild-type (WT)
Co0A, the transient bleach spectra of H77G CooA show a bimodal shape with peaks shifting to the lower
frequency during spectral evolution. The CO recombination dynamics show single-exponential behavior,
and the CO escaping yield is higher than that of the WT CooA. A reorientation process of CO relative to
the heme plane during recombination is revealed by anisotropy measurements. These phenomena indicate
changes in the protein response to the CO ligation and suggest an alteration to the CO environment caused
by the mutation. On the basis of these results, the role of His77 in the CO-dependent activation of CooA
and a possible activation mechanism involving collaborative movement of the heme and the amino residues
at both sides of the heme plane are discussed.

Heme proteins make up an important category of proteins R. rubrumcan grow on CO as the sole energy sourte (
in biology known for their special feature of ligantieme The utilization of CO depends on the expression ofdbe
interaction. Due to this feature, they perform a wide variety operons, for which CooA works as a transcriptional regulator
of functions in biology, such as oxygen storage and/or (8). CooA is also the sensor protein specific to CORn
transport, electron transfer, and redox catalysis with variousrubrum It is the first known CO-sensing heme protein;
substrates 1). Other than these well-known functions, therefore, its CO sensing and activation mechanisms have
recently, new roles as sensors and/or transcriptional regulatorsattracted serious attention from researchers since its discov-
have been found upon discovery of some new heme proteinsery.

(2—6). Similar to their well-known relatives, these new heme oA is an~50 kDa homodimer with each subunit having
protgms perform their sensor functions depending on 'the ab-type heme as the prosthetic grod 9). It belongs to a
ligation of effectors to the heme group. However, emerging syperfamily of transcriptional activator proteins that includes
with the new functions, these new heme proteins also exhibit the cyclic AMP (CAMP) receptor protein (CRP) and the
new characteristics in the ligation of effectors to the heme fymarate and nitrate reductase activator protein (FNIR). (
group. o _ So far, only the crystal structure of CooA without the effector
One of these heme proteins is CobA, sensor protein  (CO) is available. The crystal structure of the CoeBO

found in a photosynthetic bacteriurhodospirillum rubrum complex has not yet been obtained, so the activation

mechanism of CooA is still not clear. Fortunately, the crystal
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target DNA (1113, 22). It was suggested that the move of
the amino-terminal polypeptide chain induced by releasing
Pro2 from the heme by CO caused the activation of CooA.
However, recent studies showed that the CO-dependent
Co0A activation mechanism is not so simple. The amino
acid residues at the proximal side, including His77, may even
play some unidentified but important role in the CO-
dependent activation of CooA4). To understand the protein
response to the CO ligation comprehensively, the function
of the proximal side heme environment needs to be ad-
dressed. Especially, the obviously important but hitherto
obscure role of His77 in the activation needs to be revealed.
For this purpose, we investigated the CO recombination
dynamics in a CooA His77 mutant, H77G, with femtosecond
time-resolved mid-IR transient absorption spectroscopy. The
e results reveal a conformational alteration by the mutation
FiGuRe 1: Schematic view of the heme environment and the and indicate the function of an amino acid residue at the
locations of several key amino acid residues relative to the heme proximal side that maintains the correct protein conformation
in non-CO binding WT CooA15) (Protein Data Bank entry 1ft9).  for activation. His77 is suggested to work as a tethering
Coo0A is a homodimer protein; the heme and His77 in the graph g5 rter for the heme. A cooperative model for the CooA
belong to a same subunit, while Pro2 is from the other subunit. L . .
activation involving all the parts that make up the CO
in the activation. The heme groups of CooA have a very environment, i.e., the heme and the amino acid residues
unique coordination structure (see Figure 1 for the protein around the heme, was proposed.
structure around the heme). It always has two axial ligands;
i.e., it is always six-coordinate. The first axial ligand MATERIALS AND METHODS
exchange takes place between Cys75 and His77, accompany- i ) ) . .
ing the change in the oxidation state of the heme it ( H77G CooA, in which His77 is replaced with Gly, was
14). Cys75 is the proximal ligand of the ferric heme, which ©btained by site-directed mutagenesi€)( Procedures for
is replaced with His77 upon reduction of the heme iron, and €XPression and purlfl_catlon have been described previously
vice versa. Second, Pro2 is the distal ligand of the ferric (% 12)- After preparation, the mutant was reduced and bound
and ferrous hemes in CooA before CO bindidg-17). It with CO a_naeroblcally in Tris/boric acid buffgr inD at
is the first example of proline being a heme ligand. CO reacts PH 8, a@s in the case of WT CooAL9). The final heme
with the ferrous heme under physiological conditions to form concentration of the sample wasl mM. Under a nitrogen
the CO-bound hemeB( 9, 12). Since the heme already has atmosphere, the sample was a_dded to a sample cell that was
two axial ligands before CO binding, CO must replace one Made of two 1 mm thick CaFwindows separated by a 0.2
of the axial amino ligands. EXAFS and NMR spectroscopies MM Teflon spacer.
reveal that it is Pro2 that is replaced with CO upon CO  The femtosecond time-resolved WU¥isible pump mid-
binding (L6, 17). The ligand exchange processes and the IR probe spectrometer has been described elsewh@r23).
drastic difference between the conformations of the protein Briefly, mid-IR pulses at~5 um were generated at 1 kHz
in on and off states1) reveal a flexible protein matrix, by the difference frequency generation of the signal and idler
different from other heme proteins, including myoglobin. pulses from an OPA. The bandwidth of the mid-IR pulses
These unique features further intrigued researchers. was ~150 cnl. The mid-IR beam was divided into two
Because the crystal structure of the CeaoB0O complex parts, the probe and the reference. The probe beam was
is still lacking, spectroscopy methods have been found to focused onto a sample cell with a Galens with a focal
be especially useful in revealing the dynamics of CO ligation length of 12 cm, yielding a spot size ofL20um. The second
and the protein conformational chang&7{21). In the harmonic (400 nm) of the residual fundamental from the
resonance Raman study, Uchida et 2ll)(found that the OPA was used as the excitation pulse. The excitation pulses
presence of the target DNA slows the recombination of passed a mechanical chopper working at half of the repetition
photodissociated CO in the millisecond time range. Our rate of the laser pulses, a variable delay line, a variable
studies by femtosecond time-resolved Y¥s and IR neutral-density filter, and a half-wave plate before being
spectroscopy revealed that a large proportion of photodis- focused onto the sample cell by a lens with a focal length of
sociated CO%90%) geminately recombined with the heme 17 cm. The spot size of the pump beam on the sample cell
in less than 1 ns in the absence of the target DNI& 19). was~150um. Finally, the probe and the reference mid-IR
Furthermore, in the IR study, we observed a peak shift in beams were focused into a monochromator, in which the
the transient absorption spectra of the bound CO with a time two beams were separated and sent to two mercury cadmium
constant of~160 ps and attributed it to a conformational telluride detectors. The spectral resolution was 3.6'cithe
change of the protein following CO dissociatiatf). instrument response function was estimated to be less than
So far, the function of the distal side heme environment 250 fs (fwhm) by measurement of the electronic response
has been explored well. The ligand exchange between Pro2of a thin silicon plate at the sample position. The anisotropy
and CO was once thought to be the most crucial process formeasurements were made by rotating the polarization of the
the activation of CooA as a gene transcriptional activator pump beam with the half-wave plate. The anisotropy data
because only the CO-bound form of CooA can bind to its were constructed from scans with the polarization of the




9248 Biochemistry, Vol. 45, No. 30, 2006 Zhang et al.

pump beam alternating between parallel to and perpendicular
to the polarization of the probe beam.

The sample cell was kept constantly spinning to provide
fresh sample for each pulse. A flow of cooled nitrogen was
used to keep the sample &b °C during the experiment.
The excitation power was reduced t60.3—0.4 uJ/pulse,
producing ~20% excitation of the sample. No obvious
degradation of the sample was observed after the experiments
from comparison of the steady-state absorption spectra before
and after the experiment.

a)

CooA wildtype

0.0

-0.5

CooA H77G Mutant

Exp Data
—— Fitting Curves

Normalized Delta Absorbance

-1.0 |

RESULTS ' ' : ‘ ' ‘
b)

CO Geminate RecombinatioRhotoexcitation of the heme 0.05 |
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which produces a negative change in the absorption of the 2z -0.10t { 1
bound CO (a bleach signal). The rebinding of the CO £ \Va I
molecule to the heme causes the bleach signal to decay. As § 015} | | ‘ \1 l
in the case of WT CooA19), decay dynamics of the bleach <

signal vary with the wavelength of observation. 020 Exp Data

. . . —— Fitting Curves
Reconstructed time-resolved spectra were fitted well with
two Gaussian components (discussed below). Global fitting
therefore has been utilized to fit spectra and dynamics Time (ps)
simultaneouslyZ4). At the peak position of the bleach signal

1 : : -1 FIGURE 2: (a) Normalized decay dynamics at wavelengths of the
(1972 cnm), the decay dynamics that are associated with maximums of the transient bleach spectra of WT CooA (1977tm

the main Gaussian component are fitted with a single- and H77G CooA (1972 cm). For H77G CooA, the curve shows
exponential function with a time constant of 803 ps and decay at the magic angle reconstructed from data of perpendicular

a persisting component with an amplitude close to 50%. It and parallel measurements. For WT CooA, the data were collected
has been shown that the bimolecular binding of CO from under the perpendicular condition since there is no anisotropy

- . change. Thick lines are fitting curves as described in the text. (b)
solution to the heme of the CooA is a very slow process Anisotropy change over time for H77G CooA obtained from the

with a rate constant of-10 uM~* s7* (21). As a result, if data of perpendicular and parallel measurements as described in
CO escapes from the heme pocket, the rebinding time is onthe text. The error bars at some points show a typical noise level.

the order of milliseconds. This slow process appears as a

constant in our observation time windo®9( 23). Therefore, or Hb. Especially, the drastically increased yield of CO
we attribute the fast 80 ps decaying component to the escaping from the heme pocket indicates an alteration to the
geminate recombination process and the persisting compo-protein structure of CooA by the mutation (see the Discus-
nent to the escape of CO from the heme environment. sion).

The CO rebinding dynamics of the mutant differ from  Anisotropy Dynamics of the Rebound CThe time-
those of WT CooA, Mb, or Hb (Figure 2a). In Figure 2a, resolved anisotropy of the 0 stretching mode at 1972
the normalized decay dynamics at the maximum bleach cmtis shown in Figure 2b. Clearly, there is an increase in
wavelength for both WT CooA (1977 ci¥) and the mutant  the anisotropy value in the first 200 ps. This observation
(1972 cn1?) are shown for comparison. In the case of WT contrasts with our previous experiment on WT CooA for
Co0A, the decay dynamics were nonexponential and fitted which no time-dependent anisotropy change was observed
well with a two-exponential decay function with time (19). This suggests that in the mutant the favorable orienta-
constants of 56 7 ps (55%) and 29&: 40 ps (43%) 19). tion for the rebinding of CO to the heme is different from
A persisting component accounts for only 2% of the total the original orientation during the CO rebinding process (see
bleach. So in our previous study of WT Coo0A, the vast the Discussion).
majority of the photolyzed CO rebinds geminately and only ~ Calculations provide more details about the change in the
a small proportion escape9). A tight heme pocket has  CO rebinding orientation. In our model, the heme is regarded
been inferred from the much faster geminate recombination as a circular absorber for the excitation at 400 nm with the
rate and the much higher geminate recombination yield transition moment in the porphyrin plane, and the transition
compared with those of Mb and HHLY) (for detailed moment of the €O stretch vibration is treated as being
discussions on the WT Coo0A protein, see 1€j. On the along the C-O line (19). Under the conditions described
other hand, the dynamics of Geme recombinationin Mb  above, the relatiom(¢) = 0.1(3 cod ¢ — 2) is deduced,
show just a nondecaying flat line in our experiments due to where is the angle between the porphyrin plane and the
a much slower recombination rate with a much lower CO line and(¢) the corresponding anisotropy value deduced
recombination yield{4%) (see Figure 1 of the Supporting from raw data with considering the photolysis level and the
Information). However, the dynamics in H77G CooA are sample thickness (for procedures for correcting the raw
intermediate between the dynamics of WT CooA and Mb. anisotropy data, see refs 46 and 47 ofi'@ind the footnotes
While there is still fast geminate recombination, the persisting in ref 19). By using this equation, calculation shows that
part increases te-50%. These unique dynamics suggest a the angleg is 86 + 3° just after the photolysis while it
CO environment that differs from those of WT CooA, Mb, gradually changes te-63° after 200 ps. (The reliability of
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Energy (cm”) By comparing those spectra, we find it is clear that the two
FiIGURE 3: () Transient bleach IR absorption spectra in the bound Contributions decay with different rates (see the Discussion
CO stretching region of WT CooA 1.4 ps and H77G CooA 2.7 ps for details). As shown in Figure 2a, the bleach signal at 1972
after photoexcitation. (p) Trar)sient bleach IR absor.ption spectra cm! decays with a time constant of 80 3 ps. The time
s fter photoexcliaion. Soaciia are shited vertoaly for clariy, SOt is 97 ps for the decay of the bleach signal at 1958

. . )
The solid lines are fitting curves generated with a sum of two cm (dgta not shpwn). The Slgnals' at 1972 and 19581cm
Gaussian components that are shown as dotted lines. are assigned to six- and five-coordinate CO-bound species,

respectively (see the Discussion for details).

the results and data processing procedures was proven by In the bleach spectra of the WT Coe&AO complex, a
experiment on CO-bound Mb under the same experimentalbiexponential peak shift to the lower frequency was observed
conditions. See the Supporting Information.) An exponential (19). A characteristic time of-160 ps was obtained from
fitting to the anisotropy change results in a time constant of the weighted average of the two time constants, which is
71+ 6 ps. This time constant is close to the time constant almost equal to the average geminate recombination time
of decay dynamics of the bleach signal, suggesting a close(155 ps). In the transient spectra of the mutant, the red shift
relation between them. of the peaks was observed for both bands, though the

Evolution of Transient Spectrahe transient absorption ~ corresponding characteristic times are different. The peak
difference spectrum of the mutant in® in the region of  shift of the main band at 1972 cthcan be fitted well with
the stretching vibration of the bound CO measured on a 2.7@n exponential function. The characteristic time of the
ps time delay after the photoexcitation of the heme is shown SPectral shift (79 ps) coincides with the time constant of the
in Figure 3a. The corresponding spectrum of the WT CeoA  decay dynamics (80 ps) and is close to the time constant of
CO complex is also shown for comparison. The spectrum the anisotropy change (71 ps), suggesting a close relation
of the mutant is obviously broader than that of WT CooA, among the time constants. The charac?eristic time for the
which exhibits a single peak (for details of the spectrum of Peak shift of the other band at 1958 this 131 ps. Both
WT Co0A, see refl9). The spectral width of the WT CooA time constants are shorter than that of the wild-type protein
CO complex spectrum is14 cnrt (fwhm), similar to that (160 ps).
of the Mb—CO complex (12.5 cmt in ref 19 and 13 cm?
in ref 25). In the case of the H77G mutant, the spectrum is DISCUSSION
much broader (fwhm- 19 cnt?) and an asymmetry of the Assignment of Transient Spectra and Coordination Struc-
two wings of the spectrum suggests the existence of two ture. Studies on heme proteins and heme complexes have
peaks, which becomes more apparent at later delay timesproven a negative linear relation between the-Eeand CG-O

The spectra at different delay times are shown in Figure stretching frequencies as illustrated in Figur@@-32). This
3b. The solid lines are fitting curves generated with a sum phenomenon has been explained with a back-donation model
of two Gaussian functions (showed as dotted lines). At the in which the electron donation between the iron and CO is
beginning, the stronger Gaussian component has a centrabffected by the electrostatic field around the her@®©
frequency of 1972 cmt while the weaker one, which is more  environment 27—30). Thus, the relation of the FeC and
prominent at a later time, has a central frequency 958 C—0 frequencies can be regarded as an indicator of the heme
cm L. The widths of the peaks are botfl5 cnt?® (fwhm), coordination structure3().
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However, the electron donation is also affected by the trans anisotropy are changing with time. Since the time constants
ligand (the other axial ligand of the heme opposite from the of both processes are close to each other and both processes
CO molecule), known as the trans effe26,(30). In Figure are sensitive to the protein conformations, we suggest a
4, the data could clearly be classified into three groups, transient conformational change as the response of the mutant
according to the electron donating strength of the trans to the CO dissociation. In our previous study of WT C00A,
ligands: (1) the middle group of globins and model systems a transient conformational change model has also been
with a neutral imidazole (including histidine) as the trans proposed. For WT Co00A, it is found that the characteristic
ligand, (2) the lower group of proteins or systems with time of the spectral peak shift (160 ps) is very close to the
strongero-donating trans ligands such as thiolate or imida- average recombination time (155 ps, calculated as a weighted
zolate, and (3) the upper group that includes hemes with average of the two decay components). On the basis of that,
weakero-donating trans ligands, and five ligated hemes. The a dynamical conformation change model that associates the
point for WT CooA (white star) is located very close to the decay dynamics with the peak shift in the transient absorption
imidazole line, consistent with the fact that His77 is the spectra has been proposei®) Meanwhile, we also con-
proximal ligand, i.e., the trans ligand§, 20). sidered the possibility that CO recombines from multiple

For H77G CooA, two peaks are observed at 1973 and 1958docking sites in the protein, resulting in nonexponential decay
cm* for the stretching mode of the heme-bound CO in our dynamics. In the second case, the peak shift in the transient
study, as shown in Figure 3b. Two+€O stretching modes  absorption spectra would be independent of recombination
are observed at 491 and 522 chin the resonance Raman dynamics. In the context in which the CO environment is
spectrum of the CO-bound H77G CooA, which are assigned altered by the mutation (as shown by the difference in the
to six- and five-coordinate species, respectiva@$)( From frequencies of bound €0 and Fe-C stretching mode), it
the linearity of the Fe C and C-O frequencies, we associate is interesting to investigate the response of the protein to
the Fe-C and C-O frequencies in the following ways4), the photodissociation of CO under such conditions. In this
i.e., 522 and 1958 cn with point | and 491 and 1973 cmh study of the mutant, the time constant for the CO geminate
with point II (Figure 4). From this assignment, two conclu- recombination (80 ps) perfectly matches the time constant
sions can be drawn. First, point | clearly belongs to the of the spectral evolution of the transient bleach (79 ps) and
pentaligated group, so the band at 1958 tim assigned to  is also very close to the time constant of the anisotropy
the C-0 stretching mode of a five-coordinate (5-c) CoeA  change. The re-occurrence of the coincidence among the time
CO complex. Because the heme of H77G CooA in the constants further supports the transient conformational
reduced form still contains Pro2 as the distal ligand, the change model. Therefore, we suggest a transient conforma-
finding that CO is the only axial ligand in this 5-c species tional change occurs as the CO dissociates from the heme,
suggests that CO still ligates at the distal side, replacing Pro2.changing the electrostatic potential around the heme and
Second, point Il stands for a six-coordinate (6-c) heme affecting the CO rebinding rate and frequency.
species. The closeness of this point to the line of hemes with  Albeit, the multiple-docking site model is still possible.
neutral imidazole as the trans ligand suggests that in this This model was originally proposed for Mb. However, until
species the trans ligand has a donor ability similar to that of now, no unanimous conclusion about whether CO does
neutral imidazole. It has been suggested that Cys75 is thebecome docked somewhere after photolysis in Mb could be
trans ligand in the ferrous-state H77G Codkg). The side reached §5—37). So this model is under debate even for
chain of Cys75 in H77G CooA might be a thiol instead of Mb. Furthermore, it is worth noting that there are indeed
a thiolate because ferrous and CO-bound H77G CooA showlarge differences in many aspects of CooA and Mb,
the Soret peak at ca. 420 nm instead of 450 rr3).(In particularly the CO recombination dynamics and the im-
terms of back-donation ability, thioethers have the same mediate protein structure around the heme (for details on
ligand donor ability as imidazole and neutral cysteines have the difference between Mb and CooA, see the last section
been shown to have the same donating strength as histidinef the Discussion). Even if there are indeed docking sites in
(32). Therefore, Cys75 could be the trans ligand in the 6-c Mb for CO, the complicated situation prevents us from
species. On the other hand, the difference in the donormaking a solid conclusion about the existence of multiple
abilities of Pro2 and neutral imidazoles rules out the docking sites in CooA, but the matching between the time
possibility of Pro2 being the trans ligand. Therefore, it is constants of spectral shift and decay dynamics does not
highly probable that CO also binds the heme at the distal support this model because it contradicts one base assumption
side for the 6-c species, with Cys75 being the trans ligand. of the multiple-docking site model, that the spectral evolution

It is worth noting that in all spectra, including the and the recombination dynamics are independent of each
resonance Raman, UWis absorption, steady-state, and other.
time-resolved IR spectra, the 6-c species has a stronger There is a third explanation for the spectral evolution and
intensity than the 5-c species, though the ratio between thethe CO rebinding dynamics, which involves the re-establish-
contributions varies. On the grounds of the ratios, by ment process of the equilibrium between the different
assuming that the cross sections of the 5-c and 6-c speciegpreexisting CooA conformations (the inhomogeneity of
are similar in all measurements, we estimate that the CooA) and/or the kinetic hole burning effect. However, even
proportion of 6-c species is60—80%. Therefore, in H77G  though we could not completely rule out these possibilities,
Coo0A, the 6-c species is dominant, and we will mainly we think the likelihood of these possibilities is, in practice,
concentrate on it in the following discussions. very small for the following reasons. First, the experiment

Transformation Process following the Photolysis in H77G conditions in our experiments would not produce selective
CooA. The experimental results have shown that the fre- excitation of a (or some) particular conformation(s), which
quency of the maximum of the transient absorption and the is a prerequisite for hole burning. Second, the time scale of
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the dynamics does not match the usual time for a re- Role of His77 in the Actation of CooAUntil recently, it
establishment process of the equilibrium between the dif- had been thought that the replacement of Pro2 by CO is
ferent protein conformations. Third, until now, the effect of controlling the whole activation everitZ, 14, 17). However,
kinetic hole burning has been obvious only at low temper- this event turns out to be not determinate for CooA activation
atures for CO-heme rebinding experiment3§, 39). Forth, (42). In the studies of CooA mutants, so far, complete loss
the frequency gap between substates is usually more tharof CO-dependent activation has been found with all mutants
10 cnt?, while our spectral shift is only a few inverse atHis77 (2). In contrast, CO-dependent activation was not
centimeters. Furthermore, simulations with these models haveaffected when Pro2 was mutated or delet&, @3). This
been carried out but could not reproduce the experimentalsuggests an important role of His77 in the CO-dependent
results. For the possibility of inhomogeneity of CooA, if there activation process of CooA. However, the mechanism of its
is broad distribution of CO orientations in equilibrium and involvement in the CO-dependent activation has not been
the rebinding CO critically depends on the CO orientation, known.
the inhomogeneity would also cause spectral shift and Since CooA is activated by the ligation of CO to the heme,
anisotropy change. However, until now, most X-ray crystal- the heme definitely plays a critical role. One should note
lography studies have not shown a broad distribution of CO that the heme in CooA is &-type heme, which is not
orientations. So this possibility is unlikely. covalently bound to the apoprotein. This means that its
It is worth noting that in the recombination of CO to the position or orientation is more flexible thancatype heme
heme after photolysis, the CO escaping yield drastically that is covalently attached. Lanzilotta et al. have proposed
increases up t6-50% in H77G CooA compared with only  that the heme moves with respect to the protein matrix on
2% in WT CooA (19). It could be due to either a loss of reduction from the ferric to the ferrous stats). A recent
control over photolyzed CO or a hindrance to the rebinding study by Youn et al. has suggested a heme movement toward
of photolyzed CO. As shown in Figure 2a, the biexponential the helix on CO binding44). Therefore, the heme in CooA
recombination dynamics in WT CooA become single- should not be regarded as a fixed entity, and its movement
exponential in H77G CooA, suggesting a loss of one processshould be a key event for the activation. In this context, we
that promotes CO recombination in WT CooA. Therefore, suggest that His77 plays a crucial role for the CooA
we suggest that the transient conformational change initiatedactivation as a supporting tether for the heme (see Figure
by the CO photodissociation in H77G CooA evolves in a 1), like His170 in horseradish peroxidagk). When His77
way different from that in WT CooA. The conformational is mutated, the position and/or the orientation of the heme
change following the CO photodissociation is advantageous changes. The heme would drift and reorient more freely than
for CO escape in H77G CooA, while it is the reverse in WT in WT Coo0A. This perspective is consistent with our
CooA. observation that the recombination dynamics, the spectral
The change in the CO orientation supports this idea. The evolution, and the anisotropy change of the mutant are
anisotropy changes with time in H77G CooA, in contrast to significantly different from those of WT CooA.
being constant in WT CooA1Q). According to the anisot- We suggest that cooperation involving the heme and the
ropy measurements, the favorite orientation of rebinding of amino acids at the two sides of the heme is necessary for
CO in H77G Coo0A is initially almost perpendicular to the the correct conformational change for activation. In the
heme plane, while later it gradually changes-®7° tilted activation process, not only the distal side residues but also
from the normal. The larger tilting angle of the rebinding the heme itself and the residues at the proximal side also
CO with respect to the heme plane results in a reduction of play important roles. When CO binds to the heme of CooA,
the affinity of the iron ion for the rebinding CO and an replacement of Pro2 with CO at the distal side makes the
increase in the yield of CO escap#0(41). Since in both N-terminus released, providing a space for conformational
cases, the wavelength of the anisotropy recorded correspondshanges. Correspondingly, a conformational change with
to the 6-c heme, it rules out the possibility that the change repositioning of the heme group takes place and initiates the
in anisotropy is induced by a change in the coordination activation. During the activation process, His77 acts as a
structure. Thus, the difference in the CO orientation dynamics tether and supporter for the heme that limits and guides the
reflects a dynamical alteration to the conformation of the movement of the heme, guaranteeing the conformational
protein around the binding site in H77G. All observations change proceeds in the correct way.
support the idea that there is a significant conformational When His77 is mutated, the orientation and position of
alteration around the heme in H77G CooA after CO the heme may change as a result of losing the guidance and
photodissociation. In contrast to that in WT Co0A, the restriction of His77. Consequently, cooperation involving the
conformation alteration in H77G Coo0A helps CO escape. heme and the amino acids at the two sides of the heme is
The change in conformation evolution illustrates the effects lost. The conformational change develops in a way different
of the mutation and suggests the function of His77 as an from that in WT CooA. The correct conformation for DNA
important guide for CooA activation (see the next section). binding could not be achieved, resulting in the loss of
As discussed above, there is a 5-c species whos® C  activation for all His77 mutants.
stretching frequency is lower than that of the 6-c form.  Comparison with H93G Myoglobifihe dissociation and
Similar to the case of the 6-c species, the decay dynamicsligation process of CO in myoglobin (Mb) has been
also show a single-exponential decay (measured time con-extensively studied. Therefore, it is interesting to compare
stant of 974 28 ps), and the CO escaping yield (47%) is this study of CooA with those on myoglobin, especially the
also higher than that of WT CooA. Therefore, a conforma- H93G mutant of Mb, the counterpart to H77G CooA. In WT
tional alteration possibly occurs in the CO environment of sperm whale Mb, the geminate C®eme recombination is
the 5-c species like it does in the 6-c species. slow (time constant of-4 us) and the yield is low~4%).
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Replacing the proximal histidine with exogenous ligands SUPPORTING INFORMATION AVAILABLE
[HO93G(L)] results in an increase in the geminate recombina-
tion yield (from 4% in WT Mb to 85-96% in mutants
depending on L) and faster recombination kinetics (a factor
of 4—15 depending on L and solvent viscosity)6{-48).
However, the CO geminate recombination yield in WT CooA
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