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ABSTRACT. Resonance Raman spectra of the CO-responsive transcription factor CooRlHiamospirillum

rubrum provides evidence on the nature of heme ligation and its CO activation mechanism. The Fe(lll)
form gives standard low-spin heme spectrum, while the Fe(ll) form is low spin for wild-type (WT) CooA
and mixed spin for a CooA variant, H77Y, with an His77Tyr substitution. The Fe(ll) porphyrin skeletal
modevs; is at a value (1541 cm) indicative of a neutral donor ligand for the H77Y variant but is at an
unusually depressed frequency (1529 énfor the WT protein, indicating a strongly donating ligand.

This ligand is proposed to be His77 imidazolate, formed by proton transfer to a nearby acceptor. The WT
CO adduct has FeCO and CO stretching frequencies that indicate a neutral trans ligand and negative
polarity in the CO binding pocket, while the CO adduct of His77Tyr has both 6- and 5-coordinate signals
and a nonpolar CO environment. Photolysis of the WT CO adduct by the Raman laser produced a low-
spin product at steady state, indicating fast recombination of the displaced ligand. These data suggest a
novel YH- - -His™ charge relay mechanism for CooA activation by CO. In this mechanism, His77 is
reprotonated upon ligand displacement by CO; CO displaces either His77 or the trans ligand, X. The
resulting charge on Y may induce the protein conformation change required for site-selective DNA
binding.

In addition to their multifarious roles in electron transfer ~ The CooA transcription factor frorRhodospirillum ru-
and in oxygen binding and activation, heme proteins have brumresponds to CO by activating two operons that encode
recently emerged as important signal transducers in biology.a CO-oxidizing system1@, 13). It is a dimeric heme-
The heme prosthetic group binds CO, N@nd Q strongly containing protein that binds CO in the Fe(ll) forg).(CO
and is therefore an effective sensor for these ubiquitous smallbinding induces CooA to bind DNA in a site-specific manner
molecules. Heme-containing proteins have evolved ways of (6, 14). By analogy with CRP, a CooA homologu#s, this
coupling these binding events to enzyme activation (e.g., theability to bind DNA probably reflects a conformational
NO receptor, guanylyl cyclase) or gene regulation (e.g., the change in CooA upon CO bindind.§). The heme of WT
O, or CO sensors FixL and CooAl{6). The mechanisms  CooA is 6-coordinate and low spin in the Fe(lll) for)(
of this coupling and the basis of specificity are important and its EPR spectrum shows that one of the ligands is thiolate
themes for current research. Since the heme group has twd6, 17, 18). Site-directed mutagenesis and analysis of CooA
axial sites for ligation, the nature and dynamics of the variants have implicated Cys75 as the thiolate ligat®@).(
endogenous ligands in these proteins are likely to be key The Fe(ll) form is also 6-coordinate, implying that CO must
factors in the mechanisms. It is already known, for example, displace an endogenous ligar {8). Since this displace-
that a proximal ligand is displaced when NO, but not CO, ment may provide the trigger for conformational changes
binds to guanylyl cyclase, and this displacement is likely to leading to high-affinity DNA binding, we sought to inves-
initiate a conformation change that activates the enzymatic tigate the nature of this displacement, using resonance Raman
region of the protein{—11). spectroscopy. This technique provides structural information
from the frequencies and intensities of vibrational modes

' This work was supported by NIH Grants GM33576 (T.G.S.) and jnyolving the heme and its ligands. In combination with
G'\fﬁ%z\?vié%E-olfr-éspondence should be addressed. mutational, functional, and other spectroscopic analysgés (

1 Abbreviations: CooA, CO oxidation activator; WT, wild type; RR,  19), our results strongly suggest a novel charge relay
resonance Raman; CRP, cyclic AMP receptor protein; EPR, electron mechanism for CO-dependent CooA activation.
paramagnetic resonance; P450, cytochrome P450; heme, iron(ll)
protoporphyrin 1X; NO, nitric oxide; LUMO, lowest unoccupied METHODS
molecular orbital; Im, imidazole; cyt, cytochrome; sGC, soluble

guanylyl cyclase; Mb, myoglobin; Hb, hemoglobin; FixRhizobium e CopA variants H77Y and C75S were obtained by site-
meliloti O,-sensing protein; Mops, 4-morpholinepropanesulfonic acid,;

OEP, octaethylporphyrin; TPP, tetraphenylporphyrin; BS, dibutyl directed and random local mutagenesis, respectively. Wild-
sulfide; EPS, ethyl phenyl sulfide; MP8, microperoxidase 8. type CooA and H77Y and C75S CooA were expressed in
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Escherichia colusing the identical expression plasmid/(
19). Recombinant CooA was purified from. coli by a
procedure that is described in detail elsewhé®.(\WT and
H77Y CooA were purified by identical procedures to greater
than 95% purity, as judged by densitometric scanning of
Coomassie-stained SBAGE gels. Due to the extreme
oxygen lability of C75S Co0A, this protein was anoxically
purified to approximately 80% purity under reducing condi-
tions (1 mM dithionite) and maintained under the identical
conditions during analysis. DNase | footprinting was utilized
to test the CO-dependent DNA-binding activity of purified
Coo0A (6, 19).

The purified CooA samples in 25 mM Mops/1 mM DTT
(pH 7.4) were determined to contain varying concentrations
of heme (66-360 uM), as determined by pyridine hemo-
chrome RQ). To prepare the samples for resonance Raman
experiments, 30@L of the protein was placed in a septum-
sealed 0.5 mm o.d. NMR tube. The Fe(ll)CooA was reduced
by purging the protein sample with argon for 20 min,
followed by anaerobic addition of 1.7 mM sodium dithionite
solution. To obtain the CO adducts, separate NMR tubes
containing Fe(ll)CooA were reacted with 1 atm of either
12CO (Matheson) o#3CO gas (Cambridge Isotope Labora-
tories) for several minutes. Absorption spectra of Fe(lll),
Fe(ll), and Fe(I)CO were obtained on a Hewlett-Packard
8452A diode array spectrophotometer to confirm the oxida-
tion state and binding of CO.

Resonance Raman spectra were obtained with excitation 1200 1255 1310 1365 1420 1475 1530

wavelengths of 406.7, 413.1, 530.8, and 568.1 nm from a
Kr* laser (Coherent Innova 100-K3) and 441.7 nm from a
He—Cd (Liconix) laser in a backscattering sample geometry.
Typically, low incident laser power 6f50 mW was focused
with a cylindrical lens onto the sample. Except for the CO-
photolyzed adduct, the protein samples were kept spinning
throughout the laser illumination in order to reduce local
heating and to minimize photodissociation of the bound
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Ficure 1: RR spectra in the porphyrin skeletal mode region for

WT CooA (A) Fe(lll), (B) Fe(ll), and (C) Fe(I)CO, at pH 7.4.
The porphyrin mode labeling is described in refS and 52.

Excitation is at 413.1 nm.

particular interest are variants that are altered at His77 and
Cys75, and a H77Y variant has been studied in some detail.
The high-frequency skeletal modes ared3cnit lower for

ligands. The scattered light was collected and focused onto -
an Spex 1877 triple spectrograph equipped with a cooled, H77Y than for WT Fe(III_) Co0A, but' the positions are all
intensified diode array detector (Princeton Instruments, Inc.) Within the usual low-spin range (Figure 2). It has been

or a Spex 1403 scanning double monochromator equippedestablished via EPR measurements that one of the Fe(lll)
with a photomultiplier tube, under computer control. Spectra
were calibrated with toluene, indene, acetone, acetonitrile,
DMSO-ds, and CCl. For the depolarization measurements,
a polarized scrambler was fixed in the scattering path. The
parallel and perpendicular components of polarized light were
calibrated by measuring CQlinder both conditions. All of
the spectral data were imported to and processed with
Labcalc software (Galactic Industries Corp.).

RESULTS

Fe(lll) Form. The Fe(lll) form of WT CooA has a standard
low-spin absorption spectrum (424, 540, and 570 nm for the
Soret, Q, and @ bands), and the Soret-excited RR spectrum
(Figure 1) is also standar@Y). It is dominated by the/,
oxidation state marker band at 1375 ¢imand the higher
frequency porphyrin skeletal modes are all at positions
expected for low-spin Fe(lll) heme (Table 2. We note
that thev,o andv1; positions are uncertain because of overlap
with vzg and with the vinyl G=C modes 23). In an effort to
better understand the ligand structure of CooA, a variety of
Co0A variants have been constructed and analyx8d Of

ligands is thiolate 17), and site-directed mutagenesis im-
plicates Cys75 as the ligating residug), RR spectroscopy
provides no additional information on the Fe(lll) ligation
since the low-spin marker band positions are insensitive to
the type of ligand in this oxidation state (Table 2}

Fe(ll) Form: A Ligand Switch RR spectra are more
responsive to the nature of low-spin heme axial ligands in
the Fe(ll) than in the Fe(lll) forms, because the Fexbitals
are more extended in the lower oxidation state, and there is
greater back-donation of,@&lectrons into the porphyrin*
orbitals. This results in lowered frequencies for certain
porphyrin skeletal modes as a resultrobond weakening
(25). Whenur acid ligands such as CO (see below) bind to
the Fe(ll) heme, they compete for the electrons, and the
sr-sensitive porphyrin modes shift toward the values observed
for Fe(lll). The most sensitive of these marker bands is
v11, @ rectangular distortion mode of the porphyrin, whose
displacement is well matched to the lowest orbital
(LUMO) coefficients @5). This mode has the largest upshift
upon CO binding or upon oxidation to Fe(lll). It is also
responsive to the donor strength of the axial ligands. A well-
known example is its shift from 1547 to 1533 chmwhen
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Table 1: RR Frequencies of Porphyrin Skeletal Modes for CooA and

Select Heme Model¥?*(cm

protein/compd ligation V4 V3 V11 V2 V1o reference
Fe(ll)

WT CooA ? 1375 1504 1585 1630 this work

H77Y ? 1372 1500 1581 1636 this work
6-coordinate, low spin

PPIX(ImH), His/His 1373 1502 1562 1579 1640 25

cyth, His/His 1374 1505 1579 1640 53

cyt P450(ImH) Cys/His 1372 1500 1558 1585 1636 54

OEP(BS) BS/BS 1374 1493 1561 1582 1628 this work

OEP/(EPS) EPS/EPS 1374 1494 1583 1628 this work
6-coordinate, high spin

Hb(F") His/F~ 1372 1480 1550 1564 1610 25

PPIX(MeSO) (Me;SO) 1370 1480 1545 1559 1610 25

Fe(ll)

WT CooA ? 1361 1492 1529 1580 1616 this work

H77Y ? 1362 1472/1492 1541 1584 1605/1624 this work

C75S ? 1360 1491 1531 1581 1616 this work
6-coordinate, low spin

PPIX(ImH), His/His 1359 1493 1539 1584 1617 25

cyth, His/His 1361 1493 1537 1580 1620 53

PPIX(ImH)(Im™) ImH/Im~ 1359 1493 1526 1584 1614 28

PPIX(Im") Im~/Im~ 1358 1492 1517 1583 1613 28

Met80Cys cytc Cys/His 1360 1494 1537 1592 1625 34

OEP(BS) BS/BS 1364 1462/1491 1550 1582 1621 this work
5-coordinate, high spin

PPIX(2-Melm) 2-Melm 1357 1471 1547 1562 1604 25

deoxy Hb His 1358 1473 1546 1565 1607 22

P45Q w3 Cys 1341 1463 1521 1564 1583 24

a Abbreviations: Im, imidazole; PPIX, protoporphyrin IX; PP, protoporphyrin IX dimethyl ester; cyt, cytochrome; OEP, octaethylporphyrin; Hb,
hemoglobin; Met, methionine; Cys, cysteine; BS, dibutyl sulfide; EPS, ethyl phenyl sulfid&®eimethyl sulfoxide; 2-Melm, 2-methylimidazole;
RLM, rat liver microsomal® Overlapped withvzs. ¢ Overlapped withyc—c).

methionine is replaced by lysine, a stronger donor, as a ligandare sensitive markers of the porphyrin core size, which are
in Fe(ll) cytochromec (v1; is somewhat higher irc-type expanded in high-spin hemes, because an electron occupies

than b-type cytochromes because of the saturation of the
protoporphyrin vinyl groups)26). Likewisev;; shifts from
1539 to 1527 cm* upon deprotonation of the imidazole
complex of microperoxidase or of bisimidazole Fe(ll)
protoporphyrin 1X @7, 28).

Becausevy; is weakly enhanced in Soret-resonant RR
spectra and is overlapped withs (Figure 1), we changed
the excitation wavelength to the Q-band region, where the
nontotally symmetric porphyrin modes are selectively en-
hanced (Figure 3)26). Laser excitation at 530.8 nm, near
resonance with Q especially enhances, symmetry modes,
such aswvig, which have most of their intensity in the
perpendicularly polarized spectrum, while 568.1 nm excita-
tion, near resonance withgQespecially enhances thgy
symmetry modesyio and vy;, which have comparable
intensity in perpendicular and parallel polarization (the
expected ratio is 0.75R0). These results clearly establish
thevy; frequency at 1529 cmi, implying ligation by a strong
donor. The remaining band frequencies for Fe(ll) CooA are
at expected frequencies for low-spin Fe(ll) heme (Table 1).

The H77Y variant is difficult to reducegf; addition of
dithionite produces a mixture of Fe(ll) and Fe(lll) forms.
However, the Fe(lll) contribution to the RR spectrum is
readily subtracted by referencing the known spectrum to the
amplitude of the well-separated, band (Figure 2). The
resulting Fe(ll) spectrum is a superposition of 6-coordinate
low-spin and 5-coordinate high-spin contributions (Table 1).
The high-spin contribution is clearly seen in the greatly
downshiftedv; (1472 cn?) andv, (1605 cnT?) bands; these

the de_y2 antibonding Fe orbital22, 30, 31). The position

of vy is at 1541 cm? (Figure 2C), a value confirmed via
Q-band excitation (data not shown); there ismapband in

the His77Tyr variant near the 1529 chrposition found in
the WT protein. We therefore conclude that replacement of
His77 with tyrosine leads to (1) replacement of the strongly
donating WT ligand with a moderate donor and (2) dissocia-
tion of one of the axial ligands in an appreciable fraction of
the molecules, producing high-spin heme.

What is the nature of the strongly donating ligand in the
WT protein? The Cys75 thiolate is an obvious candidate,
since it is implicated by EPR as a ligand in the Fe(Illy(

19). However, thiolate binding to Fe(ll) is precluded, since
it would produce a Soret absorption band near 450 nm, as is
observed for all low-spin Fe(ll) adducts of cytochrome P450
(Table 2), in which the proximal ligand is thiolate. The Soret
band for of Fe(ll) CooA is at 424 nm, a typical value for
nonthiolate heme complexes. The thiolate effect on the
absorption spectrum is abolished if the thiolate becomes pro-
tonated, as is hypothesized to occur in cytochrome P420 or
H450 (at low pH) 82, 33). However, thiol is a neutral ligand
and is not expected to pertuth;; it does not do so in the
M80C cytochromes mutant, in which cysteine replaces the
Met80 ligand (Table 1)34). Finally, ligation by Cys75 is
ruled out by the observation that its replacement by serine
or alanine has no effect on in vivo CO-dependent transcrip-
tion (19).

Consequently, we infer that reduction of WT CO0OA is
accompanied by a ligand switch from Cys75 to another
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FIGURE 2. As in Figure 1 for the H77Y variant at 413.1 nm  pguee 3: Q-band excited RR spectra of WT and Fe(ll) CooA

excitation. Due to the difficulty in producing a fully reduced pear resonance with the;@530.8 nm, top) and Q(568.1 nm,

Fe(Il) adduct, we obtained the Fe(ll) spectrum by subtracting trace middle) electronic transitions and of the C75S variant with Q

A from trace B. excitation (bottom). The spectra were obtained in parallpland
perpendicular [{l) polarization.

residue with a strongly donating ligand. Because of its

proximity and the dramatic effect of substitutions at this posi- coordination is maintained in Fe(ll) C75S, as it is in WT

tion, His77 is the obvious candidate. Replacement of histidine CooA. While the serine might substitute for cysteine as a
by tyrosine in H77Y CooA, a weak ligand for Fe(ll), would  proton acceptor for His77, a more likely scenario is that the
explain the H77Y RR data. However, His77 cannot be a proton acceptor is another proximal residue, Y, which is
neutral imidazole ligand, because; would then be at a  ynaltered by mutation of Cys75.

position typical for PPIX(Imj as itis i.n the H77Y mutant CO-Bound FormWhen CO is bound to either WT (Figure
The Vi1 frequency, 1529 cmt, is consistent with imidazo- 1) or H77Y (Figure 2) CooA, the expected upshiftsin
late ligation @7, 28). Since the K, of imidazole bound to ’ L :
i o . andv, are observed due to competition of the @Oorbitals
Fe(II_) heme is 13, an imidazolate I|gandl at neutral_pH with the porphyrinz* orbitals for Fe d electrons 25). In
requires requires proton transfer to a protein acceptorinan_ ... . :
environment protected from solvergg). a_ddnwry, a S”.‘_a“’3 _cor_npo_nent is detected at 1464 T}ma_
. - - high-spin position, indicating some steady-state 5-coordinate
There is precedent for imidazolate binding to Fe(ll) heme population due to CO photolysis. The mode is known to

in peroxidase enzymes, for which an aspartate side chain i . .
accepts a proton from the proximal histidine ligaB8)( As be es_peually intense for high-spin heme and can be detected
at quite low populations3y).

a result, the 5-coordinate Fe(HN(His) stretching frequency
is elevated to about the same value as in an imidazolate T0 examine the product of CO photolysis, we increased
model complex §6). The identity of the proton acceptor in  the laser flux substantially (Figure 5), shifting the majority
Co0A is uncertain. Cys75 is an attractive candidate, since it of thev, band intensity from the FeCO position, 1371¢m

is separated from His77 by only one intervening residue. to the Fe(ll) position, 1362 cm. However, the 5-coordinate
Displacement of the thiolate ligand upon reduction of vs intensity did not increase, and the spectrum remained
Fe(lll) would be assisted by H-bond acceptance from His77, characteristic of 6-coordinate low-spin hemejashoulder
which would thereby acquire imidazolate character (Figure reappeared at 1529 ciyy the WT Fe(Il) CooA position. We

4). However, Cys75 is not essential to CooA function, as conclude from this experiment that, although the bound CO
shown by the activity assays for the Cys75Ser and Cys75Alais photolabile, recombination of the endogenous ligand
mutants 19). We examined Cys75Ser and found essentially displaced by the CO is rapid, so that the steady-state
the same RR spectra as the WT protein, including a depressegbopulation under constant illumination is mainly the native
v11 band in the Fe(ll) form (Figure 3). Thus, imidazolate 6-coordinate heme, not the 5-coordinate intermediate.
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Table 2: Comparison of the Electronic Absorption Spectra of Fe(ll) CooA with Heme Proteins and Model Complexes

protein/model ligands o (nm) Soret (nm) £ (nm) o (nm) reference
WT CooA ? 426 529 559 this work
H77Y ? 419 530 557 19
C75S ? 423 527 557 19
cytbs His/His 423 527 555 55
PPIX(ImH)(Im™) ImH/Im~ 433 532.5 563.5 28
MP8(ImH)(Im") ImH/Im~ 422.5 525 553 27
cytc Met/His 416 520 550 32
P450+ THT CysH/THT 422 530 560 32
cyt c (M80C) CysH/His 416 520 550 56
H450, pH 6.0 CysH/His 425 530 560 33
P450+ N-phenyllm Cys/Im 445 538 566 32
H450, pH 8.0 Cys/His 448 540 571 33
P450+ octanethiol Cyslthiol 449 542 570 32
P450+ (CHs)2S Cys /thioether 340/360 446 541 568 32

a Abbreviations: PPIX, protoporphyrin IX; MP8, microperoxidasae 8; THT, tetrahydrothiophene; py, pyridine.

In the low-frequency region (Figure 6), the CO adduct of  The correlation between(Fe—CQO) andv(C—0) (Figure
WT CooA shows a prominent FeCO stretching band at  8) has become a useful tool for analyzing proximal and distal
487 cn?, identifiable by its 4 cm? isotopic'3CO shift. A influences on the bound CO in heme addu@8 @9, 42).
weakod(Fe—CO) band is also detected, at 572 ¢mand is For a given axial ligand, a negative linear correlation is found
quite apparent in the isotope difference spectrum, a frequencybetweeny(Fe—CO) andv(C—0); the data points can range
which has been observed in separate CooA samples. Theswidely along this line due to back-bonding changes associ-
frequencies are normal for hem€O adducts having imi-  ated with electronic effects of porphyrin substituents or of
dazole or other neutral proximal ligands (see belo88, ( the protein environment. The points for WT CooA and for
39). Thev(C—O0O) band is weak and is overlapped by overtone the 6-coordinate adduct in the H77Y mutant fall on the
and combination bands of the porphyrin. The low signal correlation defined by the many heme proteins and models
strength reflects the fact that the—© oscillator is only having neutral imidazole axial ligands, while the 5-coordinate
indirectly coupled to the porphyrim—s* transitions, through H77Y adduct falls on a separate line defined by other
the intervening Fe CO bond 40). Consequently, resonant 5-coordinate Fe(ll) porphyrin adductdlj. Although the
enhancement is low and is somewhat variable among 6-coordinate H77Y and WT adducts fall on the same
different heme proteins. However, the interfering porphyrin correlation, they do so at quite different points, indicative
bands are canceled in the isotope difference spectrum, leavingf different electronic environments.

a clear sigmoidal difference band fe(C—0), from which The position of our CO adduct of WT Coo0A lies low on
the frequency is reliably determined. the back-bonding correlation, indicating a negative polar

This frequency (which has been reproduced in separateinfluence in the CO vicinity, which diminishes back-bonding
CooA samples) is higher than in most heme proteB®& ( to the CO. There is precedent for a negative protein
39), and it differs significantly from the result reported environment in the myoglobin double mutant H64V/V68T,
recently by Uchida et al1@). They foundv(Fe—CO) at the in which the distal histidine residue is replaced by the
same frequency as we do, 487 ¢inbut were unable to  hydrophobic valine, while a nearby valine is replaced by the
detecto(Fe—CO), and theirv(C—0) was 1969 cm'. As polar threonine43). Crystallography reveals that the Thr68
pointed out by the authors, thigC—O) frequency and the = OH group is H-bonded to the backbone carbonyl oxygen of
absence ob(Fe—CO) are characteristic of CO in a hydro- the distal histidine so that its lone pair is oriented toward
phobic environment, but they are not the characteristics thatthe bound CO, providing negative polarit¢4 45). The
we observe for WT CooA. Whether this variability is inherent resulting inhibition of back-bonding produces the anoma-
in native CooA is uncertain. The differing RR spectra may lously highv(C—0), 1984 cm?, and lowv(Fe—-CQO), 476
reflect differences in the nature of the wild-type CooA cm™ (Figure 8).
samples analyzed. Our CooA samples are greater than 95% The H77Y point is at essentially the same position as that
pure and have been shown to be active for CO-dependentof the Ay substrate of CO-myoglobin (Mb), in which the
DNA binding, while the purity and activity of the samples distal histidine side chain has rotated out of the heme binding
used by Uchida et al.lg) are undescribed. pocket, consequent to protonation, leaving the CO in a

Both WT CooA and the H77Y mutant give normal hydrophobic environmen#g—48). The same position is seen
absorption spectra upon CO binding (419, 530, and 557 nmfor Mb mutants in which the distal histidine is replaced by
for the Soret, @ and Q bands, respectively6)) but the residues with hydrophobic side chai#3(49). This is also
RR spectra are distinctly different. For H77Y (Figure tijp the position of the CooA adduct reported by Uchida et al.
Fe—CO stretching bands are seen, 6 and 37'cabove the (16). Our WT Coo0A point falls between this position and
Fe—CO frequency in WT CooA. The higher frequency, 524 the H64V/V68T Mb position. Thus negative polarity is
cm %, is suggestive of a 5-coordinate CO adduct, in which indicated, with about half the strength of the Thr OH lone
the bond to the proximal ligand is brokeB8 39, 41). In pair in the Mb double mutant. A similar position is observed
the C-0 stretching region, a singléCO sensitive band is  for the CO adduct of the M80C cytochroncemutant, for
observed, at 1969 cm. Its intensity is higher than that of  which the lone pairs of the displaced neutral cysteine have
WT Coo0A, and we infer that it contains contributions from been suggested to provide negative polarity to the bound CO
both the 5- and 6-coordinate adducts. (39).
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of the trans ligand can also be investigated via it{iee—
CO)(C—0) frequencies. The back-bonding correlation or un-ionized cysteine, we recorded RR spectra of CO ad-
shifts to a lower position on the(Fe—CO) scale for imi- ducts of Fe(I)OEP (OEP- octaethylporphyrin) and Fe(ll)
dazole complexes versus 5-coordinate CO adducts (FigureTPP (TPP= tetraphenylporphyrin) dissolved in the thioether
8). This lowering results from competition between the solvents dibutyl sulfide (BS) and ethyl phenyl sulfide (EPS)
imidazole and the CO for the Fezd-bonding orbital 88). (Figures 9 and 10). Significantly, the model data all fall on
A still lower correlation is found for the anionic ligands the same back-bonding correlation observed for the imidazole
thiolate and imidazolate, because they are stronger donorsadducts (Figure 8). This means théffe—CO)A/(C—O0) data
than neutral imidazole. These electronic differences havecannot be used to distinguish methionine from histidine
been recently confirmed via density functional theory coordination in proteins. From the point of view of the back-
computations41). bonding correlation, thioethers have the same ligand donor
The effect on the back-bonding correlation of trans ligands strength as imidazole. To examine the effect of a neutral
other than imidazole and imidazolate or thiolate has not beenthiol, we also dissolved Fe(I)OEP in thiophenol and ob-
evaluated. To gauge the likely effects of binding methionine tained av(Fe—CO) RR band at 496 cn (data not shown).
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fortunately, we were unable to detect t(€—0O) band, but

it seems likely that CO adducts with neutral cysteine as FIGURE8: Plot of observed(Fe—CO) versus/(C—O) frequencies
axial ligand would also fall on the imidazole/thioether for the CO adducts of WT CooA, H77Y, and select heme proteins

? and analogues. The solid line indicates the back-bonding correlation
correlation. for proximal imidazole ligation; the dashed line is for 5-coordinate
Thus, the fact that WT CooA and also the H77Y mutant CO adducts; the dotted line is for thiolate and imidazolate ligation.
fall on the neutral ligand correlation means that the ligand Open triangles represent the CO adducts of wild-type and variant
trans to the CO could be histidine or methionine or neutral Fe?r?ghizgegoicr:;gl((essolri?jpggii?ésr;err:p?r(gs(g?w(tﬂgocegg?c:i)ng?g:?Eé?;
Cystglne or another side chain of comparablg donor Str(_ength’ordinate Fe(I)CO data taken from the larger data set reported by
but it cannot be a strong donor such as ionized cysteine orin refs38, 39, and41. Labels: HRP, horseradish peroxidase; CCP,
imidazolate. This observation is consistent with CO displac- cytochrome ¢ peroxidase; TSMP, tetrakjs&ulfonatomesityl)-
ing the imidazolate ligand leaving a neutral ligand, X, trans porphyrin; TPP, tetraphenylporphyrin; Mb, myoglobin; OEP, oc-
to the bound CO. If CO instead displaces X, then the bound t@ethylporphyrin; EPS, ethyl phenyl sulfide; BS, dibutyl sulfide;
- . . cyt ¢, cytochrome; P450, cytochrome P450; cam, camphor; |m
|m|dazolatg must be_ simultaneously _re_protongteq. In e'therimidazolate; TPivP, picket fence porphyrin.
case, the displaced ligand must remain in the binding pocket,
with its lone pair oriented toward the bound CO, to explain tiggers a conformation change that positions the helix
the negative polarity which is evident in the back-bonding trn—helix in the proper orientation for sequence-specific
plot (Figure 4). DNA binding (16). The native protein contains low-spin
Further insight into the negative polarity can be gained heme and therefore must supply two endogenous ligands,
from the thioether model compound data, which are spreadon ejther side of the heme plane, to achieve a large enough
out significantly on the back-bonding correlation (Figure 8). |igand field. Since the CO also binds the heme, it follows
Part of the spread results from the greater electron withdraw-that at least one of the ligands must be displaced. It is
ing tendency of phenyl, relative to ethyl substituents on the reasonable to expect that this displacement provides the
porphyrin. The TPP points are lower on the back-bonding trigger for the required conformational change. Therefore,

correlation, as has previousl){ been obs.erved for imidazolejgentifying the endogenous heme ligands is a prerequisite
complexes 38, 39). But there is also a difference between for understanding the activation mechanism.

BS and EPS; for both OEP and TPP, the BS points fall lower  racent work by Shelver et all§) utilized extensive site-

on the back-bonding line than EPS, implying a different girected mutagenesis, electronic absorption and EPR spec-
polarity of the CO environment. In these thioether solvents, troscopies, and biochemical analysis of Cys75 and His77
the polar influence is mainly associated with the sulfur lone ,5riants in the oxidized. reduced. and CO-bound forms. This
pairs, which are more extended in BS than EPS, since theqrk suggested that Cys75 is a heme ligand in the Fe(lll)
phenyl group is electron W|thdrz_;1wmg. Thus itis r_easonable form and His77 is a ligand in the Fe(ll) form, but the
that the environmental polarity is more negative in BS than agsignment of the latter was indirect. The present work
in EPS solvent, accounting for the diminished back-bonding. gstaplishes that the His77 ligand is deprotonated, implying
DISCUSSION the presence of a proton accgptor_, Y (FlgL_lre 4), analogous
to the proximal aspartate residue in peroxidagss. (

Since Coo0A binds to a specific DNA sequence in a CO-  However, the Fe CO frequencies also establish that when

dependent mannet4), it is likely that the act of CO binding ~ CO binds to CooA, the adduct has a neutral trans ligand,
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OEP in dibutyl sulfide (BS) and ethyl phenyl sulfide (EPS),

2/1.
g:lheifrzg.fymg the(Fe=CO) andv(C~0) modes via™*C isotope to a specific conformational change of the protein via the

displacement of charge from Higo Y.

instead of imidazolate. There are two possibilities to explain  In scenario ii the protein conformational change could still
this observation: (i) CO displaces His77 leaving X bound be induced by the charge relay. Reprotonation of His77 upon
to the iron (in that case X must be a neutral ligand) or (i) CO displacement of X would explain the presence of a
CO displaces X leaving His77 bound to the iron (in that case neutral ligand, trans to the bound CO. In this case, however,
His77 must simultaneously be reprotonated, thereby becom-the trigger for the conformational change would be the
ing a neutral ligand). polypeptide motion associated with the displacement of X.

Let us consider the implications of these two scenarios If we accept that the A~ B conformational change is
for the mechanism of CooA activation. There must be two induced by the HY- - -His— Y - - -HisH charge relay, then
states, A and B, of the protein, having low and high affinity the choice of scenario i or ii depends on which bond, the
for sequence-specific binding of DNA. CO binding induces Fe—His or Fe-X, is displaced by CO once the charge is
the change from A to B. In scenario i displacement of His77 transferred. The charge relay provides a simple electronic
raises the K, of the imidazolate ligand because its charge explanation for Fe-His™ lability, but it cannot be excluded
is no longer stabilized by the Fe(ll). This will induce that the protein forces are arranged to favor-Kedis-
reprotonation from the adjacent YH, producing a charge relay placement. Further experiments are required to determine
YH- - -His™ — Y- - -HisH. This charge relay would have which bond is displaced.
two functions: (a) It would facilitate CO binding, by Likewise, further experiments are required to determine
stabilizing the displaced protein ligand. Ordinarily, CO does the identity of the proton acceptor, YThe thiolate side chain
not compete effectively with endogenous ligands in heme of Cys75 is an appealing candidate since it is a ligand in the
proteins. When the ligand is tethered to the polypeptide chain, Fe(lll) form and probably accepts a H-bond from His77
its displacement from the iron has a high-energy barrier. The (Figure 4). Proton transfer to Cys75 would be a natural
charge relay would lower the barrier by replacing the accompaniment to the Cys75/His77 ligand switch. However,
departing ligand with a proton. (b) The developing negative the mutational evidence is that Cys75 can be replaced by
charge on Y could induce the A~ B conformational change  serine or alanine with no effect on in vivo activity.
by attracting positive charges or dipoles; the polypeptide Consequently, another residue instead of, or in addition to,
motion caused by the His77 displacement could also aid thisCys75 seems to function as a proton acceptor.
transition. Thus scenario i provides a straightforward expla-  In conclusion, the spectroscopic and mutational data on
nation for facilitating CO binding and coupling this event CooA provide strong evidence for a novel redox-induced

Raman Shift (cm™)
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ligation switch between the nearby cysteine and histidine 25. Choi, S., Spiro, T. G., Langry, K. C., Smith, K. M., Budd, D.

residues. The switch to histidine is accompanied by a proton
transfer to a nearby acceptor. CO binding induces a charge

relay resulting in reprotonation of His77 which induces the

L., and Mar, G. N. L. (1982)). Am. Chem. Soc. 104345~

26. Cartlfng, B., and Wilbrandt, R. (198Bjochim. Biophys. Acta
637, 61—68.

proton conformational change which is required for sequence- 27. Othman, S., Lirzin, A. L., and Desbois, A. (19®Bipchemistry

specific DNA binding. The charge relay and conformation

33, 15437 15448.

change are an electronic consequence of ligand displacement,28-3')33%3b°i5’ A., and Lutz, M. (1998ur. Biophys. J. 20321~

either of His77 or of the trans ligand, X, by the CO.
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