Biochemistry

© Copyright 2000 by the American Chemical Society Volume 39, Number 42 October 24, 2000

Accelerated Publications

Identification of Histidine 77 as the Axial Heme Ligand of Carbonmonoxy CooA
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ABSTRACT: The heme proximal ligand of carbonmonoxy CooA, a CO-sensing transcriptional activator, in
the CO-bound form was identified to be His77 by using picosecond time-resolved resonance Raman
spectroscopy. On the basis of the inverse correlation betwee@Beand C-O stretching frequencies,

we proposed previously that His77 is the axial ligand trans to CO [Uchida et al. (19830l. Chem.

273 19988-19992], whereas later a possibility of displacement of His77 by CO with retention of another
unidentified axial ligand was reported [Vogel et al. (198)chemistry 382679-2687]. Although our
previous resonance Raman study failed to detect theHi® stretching §(Fe—His)] mode of CO-
photodissociated CooA of the carbonmonoxy adduct due to the rapid recombination, application of the
picosecond time-resolved resonance Raman technique enabled us to observe a new intense line assignable
to v(Fe—His) at 211 cmt immediately after photolysis, while it became nondiscernible after 100-ps delay.
The low v(Fe—His) frequency of photodissociated CooA indicates the presence of some strain in the
Fe—His bond in CO-bound CooA. This and the rapid recombination of CO characterize the heme pocket
of CooA. The 211 cm! band was completely absent in the spectrum of the CO-photodissociated form of
the His77-substituted mutant but the-Hen stretching band was observed in the presence of exogenous
imidazole (Im). Thus, we conclude that His77 is the axial ligand of CO-bound CooA and CO displaces
the axial ligand trans to His77 with retention of ligated His77 to activate CooA as the transcriptional
activator.

Co0A, a newly discovered CO-sensing hemoprotein, acts
as a transcriptional activator for the expression of a CO
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oxidation system ifRhodospirillum rubrunf1—4) and works strain as a host for the expression of CodA.coli BL21
as a homodimeric protein containing one six-coordinate (6¢) was used to avoid the degradation of the expressed CooA
low-spin heme per subunib{-8). By analogy with one of by proteases. Wild-type and H77Y mutant CooA were
the well-known transcriptional regulators froEscherichia purified according to the methods of Aono et &, 5) or
coli, CRF (9), CooA is supposed to have two functional Shelver et al. Z) with some modification. These two
domains, i.e., the N-terminal heme-binding and C-terminal protocols gave the identical result. All kinds of column
DNA-binding domains 10). Carbon monoxide binds only = chromatography were performed with an FPLC system
to the ferrous heme and is considered to cause some(Amersham Pharmacia). Purified CooA was dissolved in 50
conformational changes that trigger the specific binding of mM Tris-HCI buffer (pH 8.0). The purity of this preparation
Co0A on its target DNAZ, 10). was confirmed by SDSPAGE to be ca. 95%. The CO-
To elucidate the molecular mechanism for the transcrip- bound CooA was prepared by adding sodium dithionite
tional activator activity of CooA, it is essential to explore solution to the purified protein solution with the final
the structural change of the heme moiety upon CO binding. concentration of 4 mM, followed by anaerobic introduction
Previous spectroscopic and mutational studied,(8) have of gaseous CO.
revealed the ferrous heme of CooA in the absence of CO to  Details of the picosecond time-resolved RR measure-
be six-coordinated. One of axial ligands is undoubtedly His77 ment system were described previouslg,(14). The probe
but the other axial ligand (X) has not yet been identified. In beam at 442 nm (4J) was generated as the first Stokes
the presence of CO, the UWisible spectrum of CooA is  line in stimulated Raman scattering from £gbs, and the
changed to that of a typical CO-ligated hemoprotein such pump beam at 559 nm (28)) was generated with a home-
as carbonmonoxy Hb and MI2,(4, 5, 7), indicating that  built optical parametric generator and amplifier. Both
one of the axial ligands of the ferrous heme iron is replaced were produced from the second harmonic of the 784 nm
with CO, while a nitrogenous ligand is retained. output of a Ti-sapphire laser operated at 1 kHz. The
We previously reported the RR spectra of CooA in the scattered light was detected with a liquid nitrogen cooled
presence of CO@), proposing that the axial ligand in the CCD detector (CCD-1100PB, Princeton Instruments), which
CO-bound form is a neutral histidine on the basis of the well- was attached to a single spectrograph (500IM-CM, Chromex).
known inverse correlation between the frequencies of the The sample cell was rotated during data collection so that
Fe—CO [v(Fe—C)] and C-O stretching $(C—O)] modes  each photolyzing laser pulse can illuminate a fresh volume
(11). Combined with the mutational studies, it was concluded of sample. Raman shifts were calibrated with £@&hd
that His77 is the axial ligand for CO-bound Co0B8, ). cyclohexane.
On the other hand, Roberts and co-workers compared the
RR spectra of CooA in the presence and absence of CO andRESULTS
raised a possibility that CO displaces His77, leaving X on . . . .
the hemepiron&). ?'/hey found clgse similarity in the I\E/JICD Figure 1 depicts the time-resolved RR difference spectra

; in the low-frequency region of CO-bound Coo0A ab, 5,
spectra as well as the RR spectra between the wild-type an n . . .
H77Y mutant protein (His77 Tyr), which led them to 0, 100, and 1000 ps after photolysis which were obtained

propose that His77 is displaced by CO with retention of x Y subtracting the probe-only spectrum from the pump

(12). probe spectra. The probe-only spectrum, which is displayed
To identify the axial ligand of CO-bound CooA, we have at the bottom in Figure 1, has no peak at 211 &hut has

tried to detect the FeHis stretching mode{Fe—His)] in a strongy band at 670 cm. In the spectrum for the delay

the photoproduct of CO-bound CooA. However, the geminate tirﬁ? ﬁf__ g_ps, therﬁ arehno bands bgtween 200 andbSOG,crg
rebinding of CO in CooA was quite fast, which prevented WHICh Indicates that the purmyprobe spectrum observe

us from observing the(Fe—His) mode in a photo-steady befotr)e ph((j)tolysis is identical with thatdoflthe ?teadz stalte _of
state under CW irradiatior6). To observe it, in this study, CO-bound CooA. In contrast, at 5-ps delay after photolysis,

we applied picosecond time-resolved RR spectroscofy (& "eW intense band appeared at 211‘%:?nTh|s'band was
Heme-bound CO was photodissociated by a picosecond lasef!SO observed at 50- and 100-ps delays with decreasing
pulse, and vibrations of the transiently formed five-coordinate intensity ano! completely (_j|sappear_ed at 1000 PS after
(5¢) species were monitored by the subsequent picosecondNOtlYSIS. Sllnce the(Fe—His) band is observable in the
probe pulse. RR spectra of the H77Y mutant in the presencezoo—z.50 cm = region only for .50 reduced hemesg], we

and absence of exogenous imidazole (Im) were also exam-€ntatively assigned the transient band at 211"cto the
ined. The results thus obtained revealed unambiguously that™ ¢~ HIS stretching mode. o

CO-bound CooA has His77 as the axial ligand and CO binds 10 confirm that the 211 cnt band is derived from the
to the heme iron with dissociation of another axial ligand Photodissociated Sc CooA, the other marker bandwas
trans to His77, which would induce the conformational €xamined. Thev, band usually appears at 1355 cirfor

changes of the whole protein to trigger the activation of

Coo0A. 2 Previous studies2( 7, 8) have reported that H77Y is difficult to
reduce and that dithionite reduction produces a mixture of the ferric
EXPERIMENTAL PROCEDURES and ferrous forms. However, the electronic absorption and resonance

Overexpression of CooA followed the protocols of Aono Raman spectra of the reduced and CO-bound H77Y mutant produced
in this way indicated that the mutant protein was completely reduced

et al. @). In this work we used th&. coli BL21 or JM109 (data not shown). A relatively higher concentration of dithionite solution

and/or the absence of DTT might contribute to the full conversion of
! Abbreviations: CRP, cyclic AMP receptor protein; Hb, hemoglo- the ferric H77Y mutant into the reduced form.

bin; Mb, myoglobin; RR, resonance Raman; DTT, dithiothreitol; sGC, 3The peak frequencies of the FElis stretching modes were

soluble guanylate cyclase; Im, imidazole. determined by fitting the spectra to a Gaussian function.




Accelerated Publications Biochemistry, Vol. 39, No. 42, 2002749

-5 ps

5 ps

e 25 ps
g 50 ps
oW ) 75 ps
i 100 ps

150 ps
TIPS g VRV PR S N

200 ps
WW

300 ps
o A I M . oy ol
Lo STTSUTUROvR——, 1. 2
At
700 ps
o R.MgHNMWVWWMW‘R'V‘
1000
Pty o

e

T T YT AR IELEEL L L LB UL L L
200 300 400 500 600 700 800 1250 1 3‘00 1 3‘50 1 4IOO 1 4ISO 1500
Raman Shift / Cm_1 Raman Shift / Cm'1
FiIGURE 1: Time-resolved resonance Raman spectra of photodis- FIGURE 2: Time-resolved resonance Raman spectra of photodis-
sociated CooA-CO in the low-frequency region for time delays at Sociated CooA-CO in the high-frequency region for time delays
-5, 5, 50, 100, and 1000 ps and the probe-only spectrum of CooA- from —5 to 1000 ps and the probe-only spectrum of CooA-CO
CO (bottom). The time-resolved spectra were obtained by subtract- (0ottom). The spectra were obtained by subtracting the probe-only
ing the probe-only spectrum from the observed ptipmwbe spectra  Spectrum from the pumpprobe spectra with an appropriate factor.
with an appropriate factor. The protein is in 50 mM Tris-HCI, pH Sample and experimental conditions are the same as those for Figure

8.0 at room temperature. Experimental conditions: enzyme con- 1.
centration, 20Q«M; pump beam, 559 nm and 28); prove beam
442 nm and 4uJ (both 1 kHz). The total accumulation time for
each spectrum was 5 min.
the 5¢ species, such as deoxy Mib), whereas it appears
at 1360-1373 cn! for the 6¢ species1f—19). This
frequency becomes higher when the sixth ligand ig a
acceptor like @and CO. Figure 2 shows the time-resolved
RR difference spectra in the high-frequency region of CO-
bound CooA from—5- to 1000-ps delay after photolysis.
The probe-only spectrum, which is displayed at the bottom,
gives a single/, band at 1372 cnt. The absence of a peak
at 1355 cm? corroborates that no photodissociation takes
place by the probe beam. After the photolysis, however, a
clear RR band was found at 1353 cinThis frequency of
v4 is that of a typical 5¢c species with a nitrogenous axial
ligand (not sulfur anion). The Raman band at 1353 tm
becomes weaker with time and is completely absent at 1000
ps after photolysis, in agreement with the temporal behavior
of intensity of the 211 cm' band (Figure 1). Thus, it can be
unambiguously deduced that the 211¢érband observed
at 5-200-ps delay after the photolysis is derived from the S —
Fe—His stretching mode of the photodissociated 5¢ CooA. 200 300 400 500 600 700 800
Since the photoproducts of hemoproteins in the picosecond Raman Shift / cm’™
time regime are not considered to switch the axial ligand of Fgre 3: Stationary-state resonance Raman spectra of the H77Y
the heme from that before the photolysis3( 20), we mutant of CooA-CO in the absence (A) and presence (B) of
conclude that CO-bound CooA has a histidine residue as theexogenous imidazole (100 mM). Experimental conditions are the
axial ligand trans to CO. same as those for Figure 1 except for the absence of the pump
To further confirm the axial coordination of histidine in ~ °€a™-
CO-bound CooA, we investigated a histidine mutant of Vogel et al. 8). Two CO-isotope-sensitive band3 @re seen
Co0A, H77Y, in which His77 was replaced with Tyr. The at 495 and 527 cmt in Figure 3. The former and latter are
absorption spectrum of the CO-bound form of H77Y CooA assigned to the(Fe—C) modes of the 6¢ and 5¢ adducts,
(not shown) was the same as that report&d &nd its RR respectively, although the trans ligand of CO in the 6¢ species
spectrum in the low-frequency region is delineated by trace cannot be specified. The occurrence of CO photodissociation
A in Figure 3, which resembles the spectrum reported by for both species was confirmed from flash photolysis
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Table 1: Comparison of the FeHis Stretching Frequencies in
Various Heme Proteins
vibrational mode
v(Fe—His)
proteirt (cm™) va(cm?) ref
sGC 204 1358 30
FixL* 209, 212 1355 32,41, 42
CooA 211 1353 this work
o FixLN 212 1354 41,42
= CcO 214 1357 43—-46
5 T-state HbA 215 1357 24,47
€ HO-1 218 1354 48
- Mb 220 1355 16, 29, 49-53
R-state HbA 221 ror 24, 47
HRP 24452414 1357 28,54, 55
CcP 247234 1355¢1360" 25, 26,56, 57
LPO 255 1357 58
a Abbreviations: FixL*, soluble truncated domain of FixL; FixLN,
heme domain of FixL; CcO, cytochrone®xidase; HO-1, hemeheme
! oxygenase complex (isoform 1); HRP, horseradish peroxidase; CcP,
(e) cytochromec peroxidase; LPO, lactoperoxidageNot reported® Al-
kaline form.dAcid form.©Transiently observed just after CO

RSN RN SRS R RN photodissociation.

200 300 400 500 600 700 8060
Raman Shift / cm™

FicUre 4: Time-resolved resonance Raman spectra of the photo- v(Fe—Im) mode in the RR spectra of H77Y CooA with
dissociated H77Y mutant of CooA in the same frequency region excess Im confirmed that exogenous Im resides at the site
as that of Figure 3 for time delays 6f10 ps (a) andr10ps (b)in  \yhich otherwise His77 occupied in the wild-type CooA-CO.
the absence of exogenous imidazole and for time delay<sl6fps
(c), +100 ps (d), and+-1000 ps (e) in the presence of 100 mM
imidazole. Sample and experimental conditions are the same asPISCUSSION
those of Figure 1 except for addition of imidazole.

As clearly shown in the present results, His77 is the axial

experiments (not shown). When a 500-fold molar excess of ligand in CO-bound CooA, and CO displaces X of reduced
imidazole was added to this sample, the band correspondingC00A. The v(Fe—His) frequency of the photodissociated
to the 5¢c species disappeared while the band of the 6¢ specie§00A provides us with structural information for the heme

was shifted to 491 cnt, as displayed by trace B in Figure ~€nvironments of CO-bound CooAg, 20). Thev(Fe—His)
3 bands have been observed for various 5c¢ reduced hemopro-

The time-resolved RR spectra in the same frequency regiont€ins in the region between 200 and 250 ¢nas summarized
of the photodissociated H77Y CooA-CO in the absence of in Table 1. The important determinants of th@-e—His)
imidazole are shown in Figure 4a,b, which were obtained frequency is the hydrogen-bonding statd$)(and steric
for the delay times of-10 and 10 ps, respectively. In contrast ~distortion @4) of the axial His. In cytochrome peroxidase,
with those of wild-type CooA shown in Figure 1, there are the strong hydrogen bond between the axial His and Asp235
no bands in the 200800 cnt region at 10-ps as well as at en_han(_:es the gnio_nic chgracter of the imidazole ring of the
—10-ps delays, indicating that the photoproduct of the H77Yy axial His, resulting in the higher(Fe—His) frequency {245
mutant has no FeHis bond. If the ligand trans to CO in  ¢M™) (25). When this hydrogen bond is disrupted by the
the CO-bound H77Y CooA is a histidine, a band corre- ASP235— Asn mutation, the frequency is shifted to a low
sponding to thev(Fe—His) band should be observed. Its frequency (205 cm) (26, 27). The axial His of HRP has
absence means that the CO-bound H77Y mutant has no axiafhe same anionic charact@g. In contrast, deoxy Mb, which
histidine, supporting the ligation of His77 to the heme iron has a weak hydrogen bond on the axial His, exhibits the
in the wild-type CO-bound CooA. v(Fe—His) mode arpund.220 cm (29). The v(Fe—His)

In contrast, the presence of excess imidazole in the H77Y frequency of photodissociated CooA at 211 ¢ntherefore,
C00A-CO solution resulted in the appearance of a new bandreflects that the axial His is neutra}l and has no or very Wgak
at 222 cmi* at 10 ps after photolysis (Figure 4c). The hydrogep bonds to other amino a}mds, supporting our previous
band is also observed at 670 cinsimilar to that in Figure ~ conclusion 6) from the correlation between thgFe-C)

1. The intensities of the two bands rapidly diminished with andv(C—0) frequencies11).

time, and the 222 cnt band became nondiscernible at 100-  The effect of geometrical distortion of axial His due to
ps delay (Figure 4d). Thus the disappearance of the 222 cm strain from the protein on thg(Fe—His) frequency is most
band was faster than the case of the natiffee—His) band. clearly seen in the difference between the T and R structures
The Im complexes of the mutants of Mb, sGC, and heme- of deoxy Hb @4). It is also seen upon replacement of the
bound heme oxygenase, in which axial His were replaced axial His with glycine in the presence of exogenous imida-
with a Gly or Ala residue, gave the Fém stretching mode  zole, where the strain is relieved to increase itfiee—Im)

at 226, 228, and 221 crh respectively 21—23). The band frequency 21—23). The lower frequency in(Fe—His) of
observed at 222 cm for the Im complex of the H77Y CooA  CooA than the/(Fe—Im) of the H77Y mutant in the presence
mutant, therefore, can be assigned to #ilee—Im) mode of Im indicates that some strain is imposed on the-Hes

of the 5c¢ high-spin imidazole complex. The presence of the bond in CooA. The relatively larger increasegfe—Im)



Accelerated Publications

in H77Y CooA with imidazole Av(His—Im) = v(Fe—Im)

— v(Fe—His) = 11 cn1?] than those of Mb and heme
oxygenase mutantq\p(His—Im) = 6 and 4 cm?, respec-
tively] (21, 23) suggests that the strength of the strain on
the Fe-His bond is larger in CooA.

It should be noted that other gas-sensing hemoproteins
such as sGC and FixL also have le\Fe—His) frequencies.
The v(Fe—His) frequency of sGC is 2063204 cn1?, sug-
gestive of the presence of the severe strain in theHis
linkage B0). When nitric oxide binds to the heme iron, the
Fe—His bond is broken, which triggers the activation of sGC
(31). The weak FeHis bond of sGC is suitable for
intramolecular signal transduction via conformation changes
initiated by dissociation of the axial ligand from the heme
iron. The weak FeHis bond was also reported for FixL,
the v(Fe—His) of which was observed at 209 cin(32).
Although the signal transduction mechanism for CooA is
supposed to be related to the structural alterations around
the CO binding site, but not around the axial histidine site
(2, 4, 6), the presence of strain in the Felis bond of CooA
raises a possibility that a change in the-ffds bond by CO
binding plays some roles in signal transduction of CooA.

The weak Fe-His bond would also be related with the
redox-dependent axial ligand exchange of CooA. The EPR
and electronic absorption spectra of wild-type CooA indicate
that the axial His is replaced with Cys75 upon the oxidation
of heme iron to form Cys/X ligations, 7). Although the

1.

2

3
4.
5
6

8.

functional significance of the ligand exchange has not yet 11.
been clarified, the presence of strain in the-Fés bond 12
would facilitate the axial ligand exchange of CooA, which '
is one of the characteristic features in heme environments 13.
of CooA.

Another characteristic feature in CooA is the rapid 14
recombination of CO to the heme iron. Our preliminary 15

kinetic analysis showed that over 80% of the photoproducts
rebind with CO within 200 ps, and its geminate yield was
quite high (data not shown). Here the geminate rate constant 16.
for the CO rebinding was calculated by fitting the time course
of the intensity ofv, with a single-exponential function. The
obtained rate constant was 1x410'° s (time constant=

~70 ps), which is much larger than those for other hemo-
proteins (3-50 x 10° s71) (33—35). Such a high geminate
yield and the fast rate for the CO rebinding suggest that the
interior volume of heme pocket of CooA is quite small.
Extensive studies of ligand binding to Mb have revealed that 5,
the geminate yield and rate constant are largely affected by
the location of the ligand dissociated from the ird@6)
Inhibition of ligand movement after dissociation by placing

a bulky amino acid residue in the heme pocket leads to a
high geminate yield and a large rate constant, such as V68F
mutants 87—40). This observation allows us to speculate
that the heme pocket structure around CO in CoO0A is so 25.
crowded as to serve as a “cage” to trap CO.

In summary, we successfully detected the-Fis stretch-
ing mode of photodissociated CooA at 211 dnby using
picosecond time-resolved resonance Raman spectroscopy.27.
Since this band is absent in the H77Y mutant, we conclude
that His77 is the axial ligand of CO-bound CooA and that
the axial ligand trans to His77 is replaced with CO to activate
CooA. The weak FeHis bond and rapid geminate recom-
bination of CO characterize the heme environmental structure 3q.
of CO-bound CooA, which would be related to the activation

18.
19.

22.

26.

28.
29.
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of CooA by CO.
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