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Investigation of the Role of the N-Terminal Proline, the Distal Heme Ligand in the
CO Sensor CooA
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ABSTRACT. A unique feature of CooA, a heme-containing transcription factor, is that the N-terminal proline

is the distal heme ligand in the ferrous state, and this ligand is displaced upon CO binding. To investigate
the importance of PFdn CO-dependent DNA binding, several CooA variants that alter N-terminal ligation
were characterized. Electronic absorption, electron paramagnetic resonance, and magnetic circular dichroism
spectra of these variants provide the most definitive evidence thati®tbe distal ligand in Fe(lll)

CooA. Furthermore, the functional and spectroscopic properties of these proteins depended on whether a
weak ligand occupied the distal heme coordination site: for CooA variants in which distal coordination
is disrupted, the DNA-binding affinities and Fe(HLO spectral properties showed an unexpected
dependence on the order of CO addition and heme reduction. If N-terminal variant samples were incubated
with CO before the heme was reduced, the proteins displayed DNA-binding affinities and-fal)
spectral characteristics similar to those of wild-type (WT) CooA. However, if the same samples were
incubated with CO after the heme was reduced, the extent of functional and spectral similarity to WT
Coo0A negatively correlated with the amount of high-spin heme present in the ferric state. From these
data, it was inferred that the absence of a distal heme ligand in the ferric state prevents WT-like CO
binding to the ferrous state, and it was hypothesized that correct CO binding is inhibited by the collapse
of the distal heme pocket upon reduction. Together with the observation that L116H Co0A, a variant in
which His'16 replaces Prbas the distal heme ligand, binds CO more slowly than WT CooA, these data
indicate that the presence of a weak distal heme ligand, not specifically ligation by the N-terminal proline,
is crucial for proper function. The role of Prin CooA is apparently to direct CO to bind on the distal

side of heme and to help maintain the integrity of the distal heme pocket during the redox-mediated
ligand switch.

Numerous essential physiological functions are regulated transcription factor, allow&. rubrumto grow using CO as
by proteins that have evolved to sense small gas moleculests sole energy sourcd4). A defining characteristic of gas-
(1-6). In mammals, the sensing of nitric oxide by soluble sensing proteins is that a metal cofactor typically serves as
guanylyl cyclase (sGC)7, 8) results in the production of  the effector recognition site; for proteins such as sGC, FixL,
the second messenger cyclic guanosine monophosphat@nd CooA, the specific cofactor utilized is heme.
(cGMP), which is critical in smooth-muscle relaxation and Co0A is the first known CO-specific, gas-sensing heme
vasodilation 9). In plant-associated rhizobia, the expression protein (L3, 15). CooA is a homodimer containing obetype
of genes involved in nitrogen fixation is regulated by FixL heme in each 24.6 kDa monomdr3| and is a member of
histidine kinase, which senses oxygen and shuts down itsthe cyclic adenosine monophosphate (CAMP) receptor protein
kinase activity in responsel@, 11). In Rhodospirillum (CRP) and fumarate and nitrate reductase protein superfamily
rubrum, the recognition of CO by CooAlp, 13), a of transcriptional regulatord 6). Like other members of the
CRP family, CooA is composed of two distinct domains:
T This work was supported in part by NIH Grants GM-53228 (G.P.R.) an eff.eCtor-bmdmg regulatory domain and a DNA-blndlng
and HL-66147 (J.N.B). domain. In the presence of CO and anaerobic growth
* Address correspondence to this author at the Department of conditions, CooA binds to DNA and promotes the transcrip-
Chemistry, University of WisconsinMadison, 1101 University Ave., tion of genes encoding a CO-oxidation systeh®)( The
(';"_?ﬁ;logdr\ggfgﬁigﬁgggi]@os) 262-0328; fax (608) 262-6143; binding of CO to heme in the regulatory domain is proposed
* Department of Chemistry. to trigger a global conformational change that correctly
8 Department of Bacteriology. positions the DNA-recognition F-helices to bind DNA7.
2 (l(:A(l:)IgLee\Qalt;Or‘:‘]]ﬁ’;o)chr()’ ?:gguﬁgﬁi“cozgg_”écg‘ogr‘&slgpzt&g@:nsg A comparison of the crystal structures of the Fe(ll) effector-
cGI\/)IlP, cycIi)(/: guanosiné)mgnophosphate; CI—’|ES, ’2-(cyclohexylamino’)- free form of CooA with the DNA- an,d CAMP effector-bound
ethanesulfonic acid; CRP, cAMP receptor protein; EPR, electron form of CRP suggests that the signal may be propagated
paramagnetic resonance; LMCT, ligand-to-metal charge transfer; Mb, from the heme to the DNA-binding domain by repositioning

myoglobin; MCD, magnetic circular dichroism; MES, R-(morpholi- _heali _hali ; ;
no)ethanesulfonic acid; MOPS, BHmorpholino)propanesulfonic acid; the C-helices, the long-helices that form a leucine zipper

NMR, nuclear magnetic resonance; sGC, soluble guanylyl cyclase; wT, Motif at the dimer interfacel®). Mutagenesis studies, which
wild type. investigated residues participating in the leucine zipper motif,

10.1021/bi0487948 CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/08/2004




14150 Biochemistry, Vol. 43, No. 44, 2004 Clark et al.

SPPPO” a prominent role for the C-helices in signal transmis- Table 1: Properties of CooA Variants with Alterations to the Distal
sion (19). Heme Environment

The heme of Coo0A exists in three distinguishable states:
Fe(ll), Fe(ll), and Fe(ll)-CO (13, 15). In all of these forms,

variant  N-terminal sequence N-terminal lerfgthretains Met

the heme is 6-coordinate and low-spin, implying that CO \IQIZTW \7§§§NN VV\\/TT e
binding leads to the displacement of one heme ligand. In papp MHPRFN +1aa yes
Fe(lll) CooA, several spectroscopic and mutagenesis studiesP2Y MYPRFN +1laa yes
have conclusively shown that the proximal heme ligand is AP3R# PFN —2aa no
Cys’® (17, 20—22). Definitive evidence identifying the distal a Relative number of N-terminal residues compared to WT CooA.

ligand in the ferric state is not available, although available ”Molecular mass determined by electrospray ionization mass spec-
data support a neutral nitrogen donor occupying this coor- "ometry s ;! §9feement with the .Ca'ﬁ“'ateqf_gf’@he N-terminal
dination site. A 2.6 A X-ray crystal structure of Fe(ll) CooA sequence of this variant was previously verifie)
confirmed that Hi&' replaces Cy$ as the proximal ligand o )
upon reduction and also identified the N-terminal residue, demonstrate that Pt important for CooA function because
Pr, as a novel heme ligand on the distal sideB)( of its relatively weak ligation to the heme.
Remarkably, the N-terminal proline from one monomer of
Coo0A is the ligand for the heme of the opposite monomer. EXPERIMENTAL PROCEDURES
Finally, for the Fe(ll)-CO state, nuclear magnetic resonance  Expression and Purification of WT CooA and CooA
(NMR) and mutagenesis studies have indicated that theVariants.WT CooA and CooA variants were constructed in
addition of CO results in the displacement of Pwhereas an Escherichia colioverexpression system as previously
His’” remains coordinated to hem23). described 17). WT CooA and the N-terminal CooA variant
The identification of Pré as the distal heme ligand in  proteins were purified to~90% purity using the protocol
Fe(Il) CooA was unexpected§). CooA is the first protein previously reportedl(7). L116H CooA was purified te-85%
found to utilize proline as a heme ligand and, along with purity in the same manner used to purify L116K Co®4)(
cytochromd, is only the second reported example in which The heme content of CooA preparations was measured using
the N-terminal amino group coordinates the he@®.(The the reduced pyridinehemochromogen metho®3). Elec-
electronic and structural properties of proline, a secondary trospray ionization mass spectrometry was used to verify the
amine, would seem to make it an unlikely heme ligand. The predicted molecular masses of P2V, P2H, afRRBR4 CooA.
pK, for deprotonation of free proline is 10.625); thus, The N-terminal sequence of P2Y CooA was determined
proline is expected to be fully protonated at physiological previously @9).
pH and unable to bind heme. Although the formation of a  Electron Absorption Spectroscodylectronic absorption
strong Fe-N bond coupled with a low local dielectric  spectra were recorded at room temperature on a Varian Cary
environment might be expected to lower the higk, of 4 Bio spectrophotometer set to a spectral bandwidth of 0.5
proline, repulsive steric interactions between the secondarynm. Samples were prepared by diluting CooA stock solutions
amine and the porphyrin ring should significantly weaken into degassed solutions of 25 mM sodium citrate (pH 3.0),
Fe—N bonding interactions. Published crystal structures of 25 mM 3-(N-morpholino)propanesulfonic acid (MOPS) (pH
iron porphyrin model complexes bearing secondary amine 7.5), or 25 mM 3-(cyclohexylamino)-1-propanesulfonic acid
ligands support this explanation by displaying increased Fe (CAPS) (pH 10.0) buffer. All buffers contained 0.1 M NaCl
N—C bond angles or lengthened H& bond distances, except for the 25 mM MOPS solution used for L116H, which
presumably to compensate for an unfavorable steric interac-required 0.5 M NacCl for protein stability. The Fe(lll) samples
tion between the amine and the porphyr26428). The were prepared by diluting the as-isolated proteins into the
presence of the unusual Priiggand in CooA suggests this  appropriate buffer solution to obtain a final concentration
residue may serve an important function in CooA activa- of 5—10 uM heme. The Fe(ll) samples were prepared by
tion. adding a sodium dithionite solution (2 mM final concentra-
Initial studies that investigated the role of the N-terminal tion) to an Ar-purged vial containing degassed Fe(lll) CooA.
proline suggested that Pris not essential for CO-dependent The Fe(ll)-CO CooA samples were prepared either by (1)
DNA binding (29, 30). Mutagenesis of N-terminal residues injecting 806-1000uL of CO gas into the headspace of vials
2—6 revealed that a wide variety of protein variants with containing Fe(ll) CooA and mixing the CO gas by gentle
altered N-terminal sequences displayed CO-responsive activrocking, (2) adding 80861000 uL of CO gas into the
ity in vivo (29). One of these variants, P2Y, displayed CO- headspace of Ar-purged vials containing degassed Fe(lll)
specific in vitro DNA binding similar to that of wild-type = CooA, mixing the CO gas by gentle rocking, and subse-
(WT) CooA, although its spectroscopic properties were quently adding a sodium dithionite solution (2 mM final
modestly different from those of the native protein. Surpris- concentration), or (3) adding CO-saturated buffetQ0uM
ingly, these results seem to imply that Pi® not essential  final concentration) and 5Q@L of CO gas into the headspace
for CO-dependent DNA binding in CooA, despite the of sealed vials containing Fe(ll) CooA and mixing the CO
unprecedented discovery of Pras a heme ligand. In the  solution by gentle rocking (L116H). For Fe(HCO L116H,
current study, we have characterized a series of purified spectra were recorded at multiple time points over the course
Coo0A variants that change the length and identity of the N of ~8 h.
terminus (subsequently referred to as the N-terminal variants) Electronic Paramagnetic Resonance (EPR) Spectroscopy.
in order to further explore the role of Prim the structure EPR spectra were recorded on a Bruker ESP 300E spec-
and function of CooA (Table 1). In this paper, we provide trometer equipped with an Oxford ESR 900 continuous flow
evidence that Pfds the distal ligand in the Fe(lll) state and  cryostat and an Oxford ITC4 temperature system to monitor
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and regulate the temperature. The microwave frequency was 0.8
monitored using a Varian EIP model 625A CW frequency
counter. The field was calibrated with a Bruker 035 M

gaussmeter. Fe(lll) CooA EPR samples were prepared in 100 06
mM sodium acetate (pH 4.0), 100 mM MOPS (pH 7.4), or
100 mM CAPS (pH 10.0) buffer. All buffers contained 0.1 0.4

M NaCl except where noted in the text. Final heme
concentrations are 5@M unless otherwise noted. EPR ,
samples were prepared under an argon atmosphere and were 0.2 k4
frozen and stored in liquid nitrogen. Except where noted, _
the EPR spectra were recorded at X-band and 10 K; each T
reported spectrum is composed of 1024 points. Specific 0'300 400 500 600 700
conditions for the recording of each spectrum are given in Wavelength (nm)
the figure legends. FiGure 1: Alteration of the N terminus of Fe(lll) CooA perturbs
Magnetic Circular Dichroism (MCD) SpectroscopyCD heme coordination. Electronic absorption spectra of the ferric forms
spectra were recorded on a Jasco J-715 circular dichroismPf WT, P2V, P2H, P2Y, andP3R4 CooA are shown. The samples
(CD) spectropolarimeter modified to accommodate an SM- ;V%r)ec:(;ztgilﬁm énohfrpﬂe'\?:glwere prepared in 25 mM MOPS (pH
4000 8 T magnetocryostat (Oxford Instruments). Each ' ’
spectrum represents the average of at least three accumula- Electronic absorption spectra suggest that the Fe(lll) forms
tions taken at a resolution of 1 nm and a scan speed of 2000f P2H, P2Y, and\P3R4 have significantly disrupted heme
nm/min. The instrument bandwidth was 2 nm with a response environments containing mixed populations of two coordina-
time of 0.25 s. All MCD spectra were takeh 2 T and at tion states at physiological pH, whereas Fe(lll) P2V is
multiple temperatures ranging from 4.5 to 100 K as ap- predominantly 6-coordinate, low-spin, and has a heme
propriate. Natural CD was subtracted from the MCD environment similar to that of native CooA (Figure 1).
spectrum for all samples. Samples were prepared by diluting Although the electronic absorption spectrum of Fe(lll) WT
protein stock solutions into 125 mM 2{morpholino)- Coo0A exhibited a unique Soret peak at 424 nm, spectra of
ethanesulfonic acid (MES) (pH 6.5), 125 mM MOPS (pH CooA variants possessing N termini of lengths differing from
7.5), or 125 mM 2-(cyclohexylamino)ethanesulfonic acid that of WT CooA (P2H, P2Y, and\P3R4) displayed two
(CHES) (pH 9.5) buffer. Glycerol [55% (v/v)] was used as distinct Soret bands centered near 385 and 424 nm (Figure
a glassing agent. Reduced and carbonylated samples werg; Table S1, Supporting Information). Spectra of these
prepared analogously to samples prepared for electronicN-terminal variants also contained eximaand 3 features
absorption spectroscopy and were frozen and stored in liquidfrom 500 to 600 nm, unlike WT CooA, which had only two
nitrogen. Final heme concentrations were /@@ unless peaks at 5394) and 573 &) nm. Finally, the intensity of
otherwise noted. the thiolate sulfur-to-Fe(lll) charge-transfer transition at 641
Fluorescence Polarization Assays.vitro DNA-binding nm increased as the N-terminal length of the variants deviated
assays were performed using a fluorescence polarizationfrom that of WT CooA. The positions and intensities of the
method 29). Target duplex DNA, which contained pCooF multiple Soret,a, 8, and ligand-to-metal charge transfer
and was labeled with the fluorescent dye Texas Red on the(LMCT) absorption bands are consistent with a mixture of
5" end of one oligonucleotide, was purchased from Genosys5-coordinate, high-spin, and 6-coordinate, low-spin, cysteine
and used at a concentration of 6.4 nM. Dissociation constantsthiolate-bound heme (Table S1, Supporting Information)
(Kg) were calculated by fitting the binding data to a nonlinear (34—39). In contrast, the absorption spectrum of Fe(lll) P2V,
equation as previously describes3). which has an N terminus the same length as the native
RESULTS protein, was closest to that of Fe(lll) WT CooA among the
N-terminal variants. Specifically, the optical spectrum of
Altering the Length and Identity of the N-Terminal Fe(lll) P2V contained only one distinct set of Soref,and
Residues Results in a Mixture of 5-Coordinate, High-Spin /5 features that occurred at virtually identical positions to
and 6-Coordinate, Low-Spin Heme in the Fe(lll) N-Terminal those of WT CooA (Figure 1; Table S1, Supporting Informa-
CooA Variants.Spectroscopic characterization of the N- tion).
terminal CooA variants indicates that changes to the N-  The relative intensities of the two major Soret features in
terminal sequence significantly alter the heme environment the N-terminal variant spectra vary with pH and N-terminal
in the ferric state. We studied a series of CooA variants, length. Overlaid spectra of the N-terminal variants displayed
denoted P2V, P2H, P2Y, amkxP3R4, with varied N-terminal  isosbestic-like behavior with a crossing point at 408 nm
lengths, different N-terminal residues, and good stability upon (Figure 1). Similar interconversion between the two major
purification (Table 1). The N-terminal residue Meis components was observed in all variants as a function of
proteolytically cleaved in vivo for proteins in which the pH (Figure S1, Supporting Information). Electronic absorp-
second residue is small; therefore, Pim the N terminus  tion spectra of the N-terminal variants at pH 3.0 displayed
for WT CooA, and Val is the N terminus for P2V. In  only one Soret feature near 385 nm, indicative of an
contrast, P2H and P2Y have large amino acid substitutions;exclusively high-spin heme, whereas absorption spectra of
therefore, Métis retained as the N-terminal residue in these the variants at pH 10.0 displayed a major Soret feature near
variants. Finally AP3R4, which lacks Pfand Ard, retains 424 nm, indicative of a greater proportion of 6-coordinate,
Pro” as the N terminus but is two residues shorter than WT low-spin heme. At pH 10.0, P2V and P2H appeared to be
Coo0A. predominately 6-coordinate, whereas P2Y afBR4 still

Absorbance
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220 (36, 40, 45—48). The presence of a major and a minor set

P2V 588 50 LY e of S = %, rhombic signals was previously noted in EPR

A ] studies of Fe(lll) P2Y CooA, although the origin of the
' multiple sets of signals is not clea2q). Consistent with
results obtained by electronic absorption spectroscopy, the
ratio of S= 1/, signals toS = ®/, signals varied with both
pH (data not shown) and N-terminal length (Figure 2).
Variants having N termini that differed most from that of
WT Coo0A showed the greatest pH-dependent changes in
their spectra.

The positions and intensities of tBe= Y/, signals in EPR
spectra of the N-terminal variants suggest that the distal heme
e ligand in these proteins is a weak nitrogen donor (Figure 2;

1000 2000 3000 4000 Table S2, Supporting Information21, 36, 40—43). In
Field (Gauss) particular, theg, feature between 2720 and 2750 & €
FiGURE 2: N-Terminal CooA variants contain a mixture $f= 4/, 2.43-2.46) occurred at a position typical for thiolate-ligated
andS= 5/, heme at physiological pH. EPR samples were prepared complexes bearing O-atom donors or weak N-atom donors,
in 100 mM MOPS (pH 7.4) containing 0.1 M NaCl. All spectra  put fell outside the usual range for complexes bearing a

represent the average of 16 scans and were taken at 10 K with ; et gl
~9.36-GHz microwave frequency, 100-kHz modulation frequency, astrong t;ans Ilgantgj sucth as Q;Stldme' M(?[reovert,h %‘;‘a's
and 8.3-G modulation amplitude. The spectra of P2V, P2H, P2y, WEI€ Sharper and noticeably more intense than the same

and AP3R4 CooA (solid lines), 5aM in heme, were recorded at ~ features observed for heme complexes bearing distal O-atom
1.011 mW of microwave power with a 1.0 10° receiver gain. donor ligands, suggesting that the distal ligand is not oxygen-
The spectrum of WT CooA (dotted line), 108/ in heme, was  pased. Rather, the combined positions and intensities of the
recorded at 0.505 mW of microwave power with a 631 g. signals in the variant spectra are most like those of

receiver gain. The EPR spectrum of WT has been appropriately . .
scaled to accurately compare peak intensities to spectra of theCytochrome P450 complexes bearing weak nitrogen-donor

N-terminal variants. The asterisk denotes a signal present in theligands, implying that the N-terminal variants may have
cavity. similar distal ligands (Table S2, Supporting Information)

(41). A possible donor ligand with these properties in the
contained a significant amount of high-spin heme, evident variant proteins is the N-terminal amino group. The major
by a Soret feature near 385 nm. This isosbestic-like behaviorg, signal observed in the EPR spectrum of Fe(lll) WT CooA
suggests that the deprotonation/protonation of a common (oris similar to that of the N-terminal variants, suggesting that
similar) ligand is responsible for the two heme coordination native CooA and the N-terminal variants all utilize a weak
states observed in the variant proteins. Notably, the relative nitrogen-donor ligand (Figure 2; Table S2, Supporting
intensities of the high- and low-spin features and their pH- Information) @1).
dependent interconversion appear to relate to the length of MCD spectroscopy provides conclusive evidence that the
the N terminus. Fe(lll) P2V, with an N terminus the same high-spin § = 5.) Fe(lll) heme in the N-terminal CooA
length as that of WT CooA, contained the least high-spin variants is 5-coordinate. Both high- and low-spin 6-coordi-
heme, whereas Fe(IIlP3R4, with the shortest N terminus, nate hemes display intense positive and negative temperature-
contained the most high-spin heme. Fe(lll) P2H and Fe(lll) dependen€ terms in the Soret region of the MCD spectrum
P2Y, proteins with N termini that are one amino acid longer (commonly referred to as pseudoterms); 5-coordinate,
than WT CooA, differed from one another, with Fe(lll) P2H  high-spin hemes bearing either nitrogen or sulfur ligands
having a noticeably larger amount of low-spin heme than display only weak negativ€ terms in this region36, 49—
Fe(lll) P2Y. This difference may be attributable to a 52). MCD spectra of the N-terminal CooA variants contained
subpopulation of P2H in which Hiserves as the distal heme  features arising from a mixture of 5- and 6-coordinate hemes
ligand (vide infra). (Figure 3). Spectra of both WT CooA and the N-terminal

EPR spectra of the N-terminal variants reveal a mixture variants exhibited a derivative-shaped psefderm centered
of S= 1/, andS= %, hemes, the composition of which varies near 420 nm; however, spectra of the variant proteins also
with pH and with N-terminal length, confirming spin-state exhibited an additional negative band at 393 nm in the Soret
assignments made using electronic absorption spectroscopyregion. The feature at 393 nm in the variant spectra is
All of the N-terminal variants contained at least one set of indicative of 5-coordinateS = %/,, heme and occurs at a
rhombic signals at high field (20684000 G), similar to those  position typical for 5-coordinate heme proteins bearing a
of WT CooA and indicative of low-spin§ = %,) heme proximal cysteine ligand3g, 49—51). To verify this assign-
(Figure 2). Theg anisotropies of th& = 1/, signals were ment, the MCD spectrum of G117] CooA, a known
characteristic of a cysteine-ligated, 6-coordinate heme (Table5-coordinate cysteine-ligated CooA variant, was also acquired
S2, Supporting InformationP(, 36, 40—43); the rhombicity (Figure S2, Supporting Information). Key features in the
and tetragonality parameters placed these features in the Fre(lll) G1171 MCD spectrum include negative terms at 393
region of a Blumberg Peisach plot44). At low field (500— and 547 nm and a positive term at 636 nm (Figure S2,
2000 G), EPR spectra of the N-terminal variants also Supporting Information), all of which displayed the charac-
contained at least two sets of signals that are indicative of teristic temperature-dependent behavio€dérms (data not
high-spin § = %;) heme. The positions of both sets of shown). Identical bands were observed in the spectra of the
S = °/, signals are most consistent with cysteine-ligated, Fe(lll) forms of P2H, P2Y, andAP3R4; however, these
5-coordinate heme (Table S2, Supporting Information) bands were substantially less intense or absent in spectra of

EPR Intensity
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Ficure 3: MCD spectroscopy reveals that the Fe(lll) N-terminal Wavelength (nm)

variants possess a mixture of 5- and 6-coordinate heme. MCD Ficure 4: Electronic absorption (A) and MCD spectra (B) of the
samples were either 30M (P2V) or 50 uM (WT, P2H, and Fe(ll) N-terminal variants reveal mixed coordination in the reduced
AP3R4) in heme and were prepared in 125 mM MES (pH 6.5) (A) state. (A) The samples used for electronic absorption spectroscopy
or 125 CHES mM pH 9.5 (B) with 55% (v/v) glycerol. Al MCD  were 7.5uM in heme and were prepared in 25 mM MOPS (pH
spectra shown were taken at a temperature of 25.0 K in a field of 7.5) containing 0.1 M NaCl. Electronic absorption spectra were

7 T. The MCD spectra of P2V were scaled ¥#yfor comparison. recorded at room temperature. (B) MCD samples were either 25
The MCD spectra of P2Y displayed mixed heme coordination uM (P2V) or 50uM (P2H, P2Y, andAP3R4) in heme and were
similar to that of P2H and were omitted for clarity. prepared in 125 mM MOPS (pH 7.5) buffer with 55% (v/v)

glycerol. All MCD spectra shown were recorded at a temperature

P y (Fig ) Y by a factor of 2 for comparison. The MCD spectrum of Fe(I)WT

of the high-spin MCD absorptions of Fe(lll) P2H, F?(”') was omitted for clarity, but has been previously reported and
that these CooA variants contain significant amounts of
5-coordinate, cysteine-ligated, high-spin heme. relative to the Soret band of the Fe(lll) state (Figure 1).
The relative intensities of the MCD features of the Fe(lll) However, subtle differences in band shapes and intensities
N-terminal CooA variants confirmed that the proportion of exist when the variant spectra are compared to each other
5- and 6-coordinate hemes present varied with pH and theand to that of Fe(ll) WT CooA (Figure 4A). These spectral
length of the N terminus. Analogous to electronic absorption perturbations are consistent with the presence of some high-
and EPR studies presented above, variants having N terminispin ferrous heme in the N-terminal variants.
that differed from that of WT CooA showed pH-dependent ~ MCD spectroscopy, which readily distinguishes between
changes in their spectra (Figure 3). MCD spectra of variants high- and low-spin Fe(ll) hemes, reveals a mixture of high-
such as P2H and P2Y prepared at pH 3.0 were characteristiand low-spin ferrous hemes in the N-terminal CooA variants.
of an exclusively 5-coordinate, cysteine-ligated, high-spin MCD spectra of the Fe(ll) N-terminal CooA variants contain
heme (data not shown). a mixture of bothA terms andC terms. Because low-spin
Fe(Il) N-Terminal CooA Variants Exhibit Spectral Prop- Fe(ll) hemes have a5 = 0 ground state and exhibit
erties Similar to Those of Fe(ll) WT CooA but with a temperature-independeAtterms, whereas high-spin Fe(ll)
Fraction of High-Spin HemeElectronic absorption spectra hemes have a8 = 2 ground state and exhibit temperature-
of the Fe(ll) states suggest that the N-terminal CooA variants dependenC terms, the presence of both types of signals
contain a significant proportion of 6-coordinate, low-spin implies a mixture of spin states in the variants. Characteristic
heme at physiological pH. Peak positions of key bands in low-spin spectral features, including the Soret- anband
spectra of the N-terminal variants, such as the Soret (425Aterms at 426-423 and~554 nm, respectively, are observed
nm), B (528 nm), ando (559 nm) bands, occur at wave- in spectra of both the Fe(ll) N-terminal variants (Figure 4B)
lengths virtually identical to those of Fe(Il) WT CooA, which and WT CooA 22), implying the low-spin hemes in all of
is fully 6-coordinate and low-spin (Figure 4A). All Fe(ll) these proteins have similar coordination structures. In the
N-terminal variants also behave like Fe(ll) WT CooA (Figure variants, temperature-dependedtterms, observed as a
4A), exhibiting an increased Soret extinction coefficient negative band near 428 nm and a positive band near 443
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Table 2: Electronic Absorption Data and DNA Binding Affinities Observed for the CO-Bound CooA Variants, Which Were Formed by
Adding the CO Effector either before or after Reduction of H&me

heme reduction~ CO addition CO additior> heme reduction
variant Soretd)® AglAE Kai® (NM) Soret €)° AslAE Kazf (NM) Ka1/Kaz
WT 421.0 (203) 1.06 21 421.8 (216) 1.04 21 1.0
P2v 422.2 (202) 1.06 82 422.0 (219) 1.02 65 1.3
P2H 422.3 (180) 1.10 214 422.0 (216) 1.03 89 2.4
P2y 422.6 (189) 1.09 108 422.0 (211) 1.05 40 2.7
AP3R4 422.8 (178) 1.14 242 422.3 (220) 1.01 33 7.3

aSamples were prepared as described under Experimental ProcédAltgseak positions are in nm; molar absorptivities assume a unique
species and are in mMcm. ¢ Ratio of intensities ats = 539 nm,1, = 569 nm.¢ Apparent binding affinity of Fe(ll)-CO CooA protein samples
for DNA as determined by an in vitro fluorescence polarization assay.

nm, were also present, confirming the presence of some high-given variant to the order of CO addition and heme reduction
spin ferrous heme. The MCD spectrum of Fe(@P3R4 (Table 2). The trend in these values suggests that protein
displayedC terms having the greatest intensity among the response correlates with the extent to which the N-terminal
variants, indicatingAP3R4 had the highest proportion of length differs from that of WT Co0A; th&y/Kg, ratio is
high-spin ferrous heme (Figure 4B). Tl terms in the largest for AP3R4 CooA and smallest for P2V CooA. In
variant spectra display a spectral pattern similar to that of both cases 1 and 2, the DNA-binding affinities of P2H were
high-spin Fe(Il) myoglobin (Mb)%2) and the 5-coordinate, = comparatively lower than those of other variants, suggesting
high-spin, CO-photolysis product of Fe(ll) WT Coo23). that the properties of P2H may be modestly different from
The close similarity between the positions of the high-spin those of the other variants (vide infra). The dependence of
MCD features of the N-terminal variants and the Fe(ll) WT N-terminal variant DNA-binding affinities on the order of
CO-photolysis product suggests that the high-spin heme of CO addition and reduction implies that there is a perturbation
the variants may be 5-coordinate; however, both 5- and of the heme environment upon heme reduction that either
6-coordinate high-spin hemes display similar MCD features alters WT-like CO binding or limits transmission of the CO
(52), precluding unambiguous assignment of the coordination signal.
number for the high-spin component. The MCD spectral Improved DNA binding was also observed when exog-
observations confirm the presence of variable amounts of enous imidazole was added to the Fe(lll) N-terminal variants
high-spin ferrous heme in the N-terminal variants, and the prior to heme reduction and CO addition. Imidazole binds
intensity of theC-term MCD signals correlates with the to the heme of Fe(IlIAP3R4, converting the 5-coordinate,
apparent loss of intensity in the low-spin electronic absorp- high-spin heme to fully 6-coordinate, low spin hendb)(
tion features of the variants. When 25 mM imidazole was added to Fe(ll8P3R4,
DNA-Binding Affinity of the N-Terminal Variants Shows followed by sodium dithionite and then CO, theP3R4
an Unexpected Dependence on the Order of CO Addition variant bound to DNA with an affinity similar to that of WT
and Heme Reductioithe N-terminal CooA variants exhibit  CooA (data not shown). However, if 25 mM imidazole was
CO-dependent DNA binding, suggesting that alteration of added toAP3R4 after sodium dithionite was added, subse-
the N terminus does not dramatically disrupt protein function. quent incubation with CO resulted in only a slight enhance-
The in vitro DNA-binding activities of the Fe(lll), Fe(ll),  ment of the DNA-binding affinity over a sample that did
and Fe(Il}-CO states of all the N-terminal variants and WT not contain imidazole. This imidazole effect was also
CooA were measured; only the FetHCO forms bound to  observed for P2H and P2Y, but was modest and negligible
DNA (Table 2). Like WT CooA, the N-terminal variant for P2V and WT CooA, respectively (data not shown). That
CooA proteins failed to bind DNA in either the ferric or imidazole rescues case 1 DNA-binding affinity when added
ferrous state (data not shown). to the Fe(lll) N-terminal variants suggests that there are
Surprisingly, the order of CO addition and heme reduction perturbations in the ferric heme environments that influence
influenced the DNA-binding affinities of the N-terminal the reduction process. It is plausible that the heme center
Coo0A variants. When N-terminal variants were incubated defects are due to the 5-coordinate, high-spin heme present
with CO after the heme was reduced (case 1), the DNA- in the ferric state of the N-terminal variants because addition
binding affinities were weaker than if these same variants of an exogenous ligand restores native-like DNA-binding
were incubated with CO before the heme was reduced (caseproperties.
2) (Table 2). In contrast, the Fe(HICO form of WT CooA The Presence of a Distal Ligand in the Fe(lll) State Is
bound DNA with an affinity that was independent of the Apparently Required for Proper CooA Function: WT-like
order of CO addition and reduction. In case 1, the DNA- CO Binding to the Ferrous State That Enables DNA Binding.
binding affinities of the N-terminal variants were4—10- All N-terminal CooA variants incubated with CO after the
fold weaker than that of WT CooA. Fe(HCO AP3R4 heme is reduced (case 1) possess a different heme environ-
exhibited the poorest DNA-binding affinity among the mentfrom when these same variants are incubated with CO
variants, whereas Fe(H)CO P2V exhibited the highest before the heme is reduced (case 2). These differences are
affinity. In case 2, the DNA-binding affinities of the reflected in the relative intensities of the Soret,andf
N-terminal variants were enhanced compared to case 1 andands of the Fe(ll-CO adducts obtained according to the
were <4-fold weaker than that of WT CooA. The ratio of two methods (Table 2). As judged by molar absorptivities,
the DNA-binding affinities obtained according to the two case 1 CO-adducts displayed a Soret band witl)—20%
methods Kq/Kq2) provides a measure of the sensitivity of a less intensity than case 2 CO-adducts. FA, intensity
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closely resemble WT CooA when CO addition precedes reduction fgre6: EPR spectroscopy strongly suggeststMieplaces Prb
of the heme. Shown are optical spectra of Fe{@)0 AP3R4 in as the distal heme ligand in Fe(lll) L116H CooA. EPR samples
25 mM MOPS (pH 7.5) containing 0.1 M NaCl, which were formed  \yere prepared either in 100 mM MOPS (pH 7.4) with 0.5 M NaCl
by incubating a 7.@M CooA solution with CO either before (solid o jn 100 mM sodium acetate (pH 4.0) with 0.1 M NaCl. All EPR
line) or after (dashed line) the addition of sodium dithionite (2 mM spectra were taken with-29.36-GHz microwave frequency, 100-
final concentration). kHz modulation frequency, and 8.3-G modulation amplitude. The
spectrum of L116H CooA at pH 7.4 was the average of 16 scans
ratio among the N-terminal variants was also substantially and was recorded at 10 K, 0.505 mW of microwave power, and a
greater and more unlike that of WT CooA in case 1 than in 1.0 x 10° receiver gain. The spectrum of L116H Coo0A at pH 4.0

) . - o was the average of 32 scans and was recorded at 10 K, 0.127 mW
case 2. All N-terminal variants exhibited spectral features of microwave power, and a receiver gain of Z8.0P. The spectrum

similar to those of Fe(IyCO WT in case 2. In contrast,  of wT CooA was the average of 8 scans and was recorded at 4 K,
the spectral properties of the case 1 Fe{lDO adducts  0.505 mW of microwave power, and a receiver gain of 5.QCP.
appear to relate to N-terminal length; variants with N termini FerricS= !/, heme was not observed in the EPR spectrum of WT
most similar to that of WT CooA showed the greatest spectral COOA at pH 4.0 over a broad range of temperatures and powers
similarity to Fe(Il)-CO WT, whereas variants with dissimilar (data not shown).

N termini showed the greatest spectral differences. For N_.terminal variants are like those of Fe(HCO WT CooA
example, case 1 Fe(H)CO AP3R4 displayed a spectrum  (Taple 2). Those variants for which the case 1 spectral
least like that of WT CooA (Figure 5; Table 2). Despite the properties are least like those of FedJO WT are the same
differences in intensity, the positions of the Sorgtandf  yariants in which DNA-binding affinity is weakest. Ad-
bands of all the CO-adducts, cases 1 and 2, are essentiallyjiionally, variant CO adducts showing the greatest change
identical. A large excess of CO induces no further spectral ;, spectral properties between cases 1 and 2 also show the
change in either case 1 or case 2, suggesting that the hem@reatest change in DNA-binding affinity. For case 1 CO
is fully CO bound in both cases. There is one distinct but adducts, loss of DNA binding and loss of native spectral
weak feature at-630 nm that appears in case 1 spectra but -haracteristics are most pronounced A?3R4.
not in case 2; the identity of this band is unclear. Replacement of the Weak Ptdgand by a Stronger Donor
MCD spectroscopy confirms that CO binding to Fe(ll) |s Likely Deleterious to CooA FunctioA. plausible explana-
AP3R4 is essentially complete in both cases 1 and 2, buttion for the preferential binding of CO to the distal side of
provides no further insight as to the nature of the differences the CooA heme is that Ptds a substantially weaker heme
in their heme environments. At 100 K, both case 1 and caseligand than Hi&". Although the crystal structure of Fe(ll)
2 Fe(lly-CO AP3R4 adducts yielded MCD spectra that are CooA demonstrated that Pris buried within a hydrophobic
typical of 6-coordinate, low-spin, CO-bound heme (Figure pocket whereas the distal Hidigand is solvent exposed
S3, Supporting Information), displaying principalterms  (18), an NMR study by Aono provided definitive evidence
with crossovers at approximately 422 and 566 nm that occur that CO replaces Ptaipon binding 23). If the weak Pré
near those reported for Fe(HCO WT CooA @2). Only ligand is essential to protein function, the substitution of a
slight differences between spectra of the case 1 and case Ztronger His ligand might prevent CO binding. Mutation of
Fe(Il)—CO AP3R4 samples were observed; a weak shoulder 3 leucine residue located in the distal heme pocket of CooA
feature at~554 nm was present in the MCD spectrum of at position 116 has been shown to generate protein variants
the case 1 sample. This shoulder may indicate the presencen which the 116 residue apparently replaces proline as a
of some unreacted 6-coordinate, low-spin, ferrous heme;heme ligand 31). In this study, we have purified and
however, the population of this species appears to be minimalcharacterized L116H CooA to determine whether substituting
on the basis of its low relative intensity. The similarities His!16 as the distal ligand inhibits CO binding.
between the electronic absorption and MCD spectra of the  Spectroscopic characterization reveals thafHikkely
case 1 and case 2 Fe(HLO adducts ofAP3R4 do not  replaces Prbas the distal heme ligand in L116H CooA. The
necessarily imply that these two forms have identical heme EPR spectrum of Fe(lll) L116H at pH 7.4 is indicative of a
coordination environments. Plausible abnormal structures, thiolate-bound, 6-coordinate, low-spin heme, exhibiting a
indistinguishable by the methods employed, include CO major set of rhombic EPR signals gt= 2.46, 2.25, and
bound to the proximal (Hi¢) side of the heme or CO bound  1.89 and a minor set at= 2.59, 2.25, and 1.84 (Figure 6).
to the distal side of the heme in an altered local environment. The positions of these signa|s are similar to those of Fe(|||)
There is a direct correlation between DNA-binding affinity WT CooA (Table S2, Supporting Informatiorg). At pH
and the extent to which the spectral properties of the 4.0, however, the EPR spectra of L116H and WT Coo0A are
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noted that in this variant the identity of the ligand displaced
by CO is not known; because Hisis solvent exposed in
Fe(ll) WT Coo0A, it is possible that Hi is more readily
displaced by CO than the distal Mi&ligand.

DISCUSSION
0 100 200

: Time (min) WT CooA and the N-Terminal Variants Utilize the N-

osbF | Terminal Amino Group as the Distal Ligand in the Ferric

s State.Our characterization of the N-terminal CooA variants

- ) = l' "\ is consistent with N-terminal amine coordination in the ferric
000 a0 s00  ss0 . 800 state, in which Prbin WT and the N-terminal amino group

Wavelength (nm) in the N-terminal variants serve as the distal ligands. Previous

FiGURE 7: Formation of Fe(Il-CO L116H is much slower than ~ SPectroscopic and mutagenesis studies provided circumstan-

the formation of WT CooA. The optical spectra of Fe(ll) L116H tial evidence that Proserved as the distal ligand in Fe(lll)

(dashed line) and Fe(H)CO L116H CooA (solid line) at = ~4 WT Co00A (17, 20—22, 30, 54). The best argument for Pro

h are shown. Both samples wer® uM in heme and were prepared ligation was articulated by Nakigima and co-workeB6)(

in 25 mM MOPS (pH 7.5) containing 0.5 M NaCl. (Inset) Plot of . . ,
absorbance at 562 nm versus time following CO addition suggests(1) 2 distal ligand other than Frin the Fe(lll) state would

the reaction of CO with Fe(I)L116H approaches equilibrium. require the unlikely displacement of both axial ligands upon
reduction because C¥ds replaced by Hi€ on the proximal

substantially different (Figure 6). The EPR spectrum of side; (2) Fe(lll) WT CooA does not bind exogenous ligands,
L116H at pH 4.0 is similar to that at pH 7.4, revealing that suggesting that the distal heme ligand is an endogenous
the heme in L116H remains 6-coordinate and low-spin at protein residue; and (3) only changes made to the N-terminal
low pH values. In contrast, the EPR spectrum of WT at pH region alter the spectral characteristics of Fe(lll) CooA,
4.0 is characteristic of an exclusively high-spi@ € ) whereas mutagenesis of typical heme-binding residues had
thiolate-ligated heme (Table S2, Supporting Information) no effect. In the N-terminal variant proteins, the amount of
(45). The observation that the heme of L116H is exclusively abnormal 5-coordinate, high-spin heme is related to the
low-spin at pH 4.0 whereas the heme of WT Co0A is high- difference between the length of the N terminus of the variant
spin reveals that WT CooA has a ligand that is more and that of WT CooA. This property is most striking when
susceptible to protonation at pH 4.0, implying that ¥fis  the Fe(lll) P2V variant, with an N terminus the same length
replaces Proas the distal ligand in L116H CooA. Electronic  as that of WT Co0A, is compared to variants with different
absorption spectra of L116H in both the Fe(lll) and Fe(ll) N-terminal lengths, Fe(lll) P2H, P2Y, akP3R4. It is likely
states provide further support that Hfsreplaces Prbas that the longer or shorter N terminus inhibits binding to the
the ligand. In Fe(lll) L116H, the peak maxima of the Soret, heme iron and that the 5-coordinate, high-spin, component
B, anda bands occur at 425, 543, and 575 nm, whereas in in each variant arises from a population in which no distal
the Fe(ll) state the Sorgt, anda bands are present at 428, ligand is bound. In P2V, there appears to be no potential
530, and 562 nm, respectively. The positions of these spectralendogenous sixth ligand other than the N-terminal amino
features are slightly shifted from those of WT CooA and group. In the longer P2H and P2Y variants, plausible
are consistent with Cys/His coordination in the Fe(lll) state alternate ligands include the Méhioether (in either variant),
(34—36) and His/His coordination in the Fe(ll) statg3j of His? (in P2H), and Tyt (in P2Y).
L116H CooA. A plausible alternative to N-terminal coordination in WT
CO binding to Fe(ll) L116H is substantially disrupted, CooA and the N-terminal variants is that the N-terminal
further supporting the conclusion that the L116H heme is region poises a water molecule to bind the heme iron;
bound by the stronger H¥ ligand. CO hinding to Fe(ll) however, this proposal is inconsistent with the observed pH-
L116H occurs more slowly than to Fe(ll) WT CooA. For dependent behavior. All forms of CooA, WT and N-terminal
WT Coo0A, conversion of the Fe(ll) species to the CO-bound variant, exhibited pH-dependent conversion from 6-coordi-
adduct was rapid, with no change in the electronic absorption nate, low-spin to 5-coordinate, high-spin hemes, with the
spectrum after initial mixing (data not shown). The N- 6-coordinate, low-spin species dominating at pH 10.0 and
terminal variants displayed behavior similar to that of WT the 5-coordinate, high-spin species dominating at pH 3.0.
CooA. For L116H, however, formation of the CO adduct The spectral characteristics of the high-spin and low-spin
occurred over an extended period of time and was easilyhemes were essentially the same for all Fe(lll) CooA
followed (Figure 7). Conversion to Fe(H)CO L116H was variants, suggesting that a common coordination structure
incomplete even after hours of reaction time; éhabsorption was present. The conversion from low spin to high spin
band at 562 nm displayed noticeable intensity after 4 h, clearly occurs with loss of a heme ligand; MCD spectra of
indicating that some Fe(Il) L116H was still present. A plot the low pH forms of WT CooA and the N-terminal variants
of the loss of the 562 nm band with time (Figure 7, inset) are characteristic of cysteine-ligated 5-coordinate hemes.
suggested the reaction of CO with Fe(ll) L116H approached MCD spectra of camphor-free cytochrome P-45Q)(and
equilibrium with 16-20% of the L116H protein remaining  Mb (52), in which water molecules serve as sixth ligands,
in the Fe(ll) state (Figure 7). The MCD spectrum of the final are typical of 6-coordinate hemes, and only when the heme
product confirmed the presence of unreacted Fe(ll) heme.pocket becomes solvent inaccessible through substrate bind-
No appreciable differences in the reaction between CO anding (P-450) or chemical modification (Mb) does the heme
Fe(ll) L116H were observed when CO was added before or become 5-coordinate. If water were the sixth ligand in WT
after the heme was reduced (data not shown). It should beCooA and the N-terminal variants, this bound water would
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undergo deprotonation at high pH, and by analogy to P450, (29, 30, 45, 55). In all of these studies, CO-dependent CooA
the heme would be 6-coordinate at both high and low pH, function was retained despite modification of the N-terminal
bearing Cy® and either hydroxide or water as the sixth sequence. Because a variety of N-terminal amino acids
ligand, respectively. This scenario is inconsistent with the support CO-dependent DNA binding by CooA, these results
observed coordination in the N-terminal variants. Because imply that CooA does not require a proline secondary amine
water is not present as a sixth ligand in the low-pH forms of as the distal ligand to function properly. That functional DNA
Co0A, the observed coordination and spin-state changes aréinding and in vivo gene regulation are retained suggests
most likely due to the proton-induced displacement of an that CO-dependent DNA binding by the N-terminal variants
endogenous protein-derived ligand. Loss of the distal ligand occurs by a mechanism similar to that of WT CooA.
at low pH also rules out coordination by the thioether sulfur ~ The studies presented herein suggest that Sgoves as
from Mett in the low-spin forms of Fe(lll) P2H and Fe(lll)  the distal ligand in CooA because it is more weakly bound
P2Y as a thioether will not be protonated. to heme than the proximal histidine ligand and, therefore,
The observed pH dependence and spectral properties otan be more readily displaced by CO. A weak ligand, such
Fe(lll) WT CooA and the N-terminal variants are consistent as an N-terminal amine, is important to enable distal CO
with protonation displacing a weakly bound N-terminal binding to the CooA heme, as evidenced by the fact that
amino group. The pH range over which loss of the distal CO binding is disrupted when the stronger Hidigand
ligand takes place varies with N-terminal length, suggesting replaces Prbas the distal ligand in L116H CooA. Prior
that the distal ligand binding affinity varies in concert. WT studies of CO binding to cytochroni® demonstrated that
Fe(lll) CooA and P2V showed only minimal or modest pH- the strength of the metaligand bond governs the ability
dependent spectral changes between pH 6.5 and 10.0of a low-spin 6-coordinate heme to bind CG6( 57).
respectively; the conversion from 6-coordinate, low-spin to Cytochromebs, which contains a H#&/His® coordinated
5-coordinate, high-spin heme is virtually complete at pH 4.0. heme, does not react appreciably with CO at higher pH
In contrast, Fe(lll) P2H, P2Y29), and AP3R4 displayed  values. At pH 3.5, however, cytochrorbgreacts with CO
substantial spectral changes between pH 10.0 and 6.5, withslowly and completely over40 min 67). Formation of the
nearly complete conversion from 6-coordinate, low spin to Fe(ll)—CO adduct at this low pH correlates with the onset
5-coordinate, high spin occurring over this pH range. The of protein denaturation, which presumably weakens the Fe
more effective binding of protons to the distal ligand in P2H, His bond and facilitates ligand displacement. In contrast, a
P2Y, and AP3R4 suggests a substantial decrease in thecytochromebs H39M variant binds to CO at neutral pH, with
affinity of the distal ligand for the heme iron in these variants. CO coordinating the side of the heme with the Me¢sidue
Because P2V behaves like WT CooA with respect to pH, (56). Together, these cytochronie studies imply that CO
the length of the N terminus appears to be a determinant ofreplaces an endogenous ligand only when that ligand is
distal ligand affinity. Spectral characteristics provide further weakly bound to the heme iron.
evidence for weak, N-terminal ligation. Comparison of the  CO-dependent activation requires that a distal ligand is
low-spin signals in EPR spectra of Fe(lll) WT CooA and present in the ferric state of CooA. For CO-dependent DNA
the N-terminal variants to Fe(lll) cytochrome P-450 com- binding, two processes must occur correctly: proximal ligand
plexes with a range of exogenous ligands suggests that theswitching must occur upon reduction, and distal ligand
distal heme ligand is neither an O-atom donor nor a “normal” displacement must occur upon CO binding. Abnormal DNA-
N-atom donor like histidine but a weak N-atom donor (Table binding activity in the N-terminal variants correlates with
S2, Supporting Information) 4(). The perturbation of  the amount of 5-coordinate, high-spin, ferric heme that is
spectral characteristics upon N-terminal modification of present, suggesting that the absence of a distal ligand in the
Coo0A in conjunction with the pH and length effects provide Fe(lll) state prevents WT-like CO binding to the Fe(ll) state.
strong support for the conclusion that Pimthe distal ligand In this context it is important to consider what the experi-
in WT Fe(lll) CooA and that the N-terminal amino group is mentally determine&, values measure: eaél value may
the distal ligand in the Fe(lll) N-terminal variants. be a weighted average of two variant CooA populations, one
In certain N-terminal variants, a fraction of the protein that binds DNA normally and one that fails to bind DNA.
population may contain heme in which the distal ligand is Alternatively, the measurely value may reflect a poorer
not the N terminus. For example, Rimay be the distal  affinity of the entire variant population. Four key observa-
ligand in a fraction of P2H molecules. Evidence in support tions from our spectroscopic and functional studies imply
of this suggestion includes the higher proportion of low- that the measured values are averages of two populations:
spin heme in Fe(lll) P2H, relative to P2Y, and the poorer (1) In the N-terminal variants, there are two populations of
affinity of Fe(ll)—CO P2H for DNA, which may result from  ferric heme that differ in their coordination, namely, 5-co-
an inability of CO to displace a strong Hikgand. ordinate, high-spin and 6-coordinate, low-spin heme, and the
The Presence of a Weak N-Terminal Ligand in the Fe(lll) amount of each coordination state varied with pH and
State Enables CO-Dependent Aetion of CooA: WT-like N-terminal length. (2) When CO addition followed heme
Reduction and CO Binding to the Ferrous Statke identity reduction, the measurddy values and spectral properties
of the N-terminal amino acid is not critical for CooA of the CO-bound N-terminal variants depended on the length
function. Although the N-terminal variants contain different of the N terminus. (3) When CO addition preceded heme
N-terminal amino acids, all of these variants are capable of reduction, the DNA-binding affinities and absorption spectra
CO-specific DNA binding. These results corroborate earlier of the N-terminal variants were comparable to those of WT
in vivo data obtained by random mutageneg@ @nd agree  CooA. Importantly, those variants with the largest amount
with DNA-binding data reported for CooA variants with  of 5-coordinate, high-spin heme in the Fe(lll) state showed
alterations at or near the N terminus and CooA homologuesthe most substantial improvement in DNA binding (Table
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2) when CO addition preceded reduction. (4) When the
N-terminal variants were incubated with imidazole in the
Fe(lll) state prior to reduction and CO addition, DNA-

binding activity could be rescued, suggesting that the

Clark et al.

Coo0A enables its CO-specific response by (1) protecting the
heme from adventitious ligand binding and (2) employing
the weakly bound N-terminal ligand to ensure distal CO
binding. To resist exogenous ligand binding, the heme in

presence of an exogenous distal ligand in the ferric state wasCooA is 6-coordinate, low-spin in the Fe(lll), Fe(ll), and

sufficient to restore normal DNA binding. Together these
observations suggest thiéitose N-terminabariant protein
molecules without a distal ligand in the Fe(lll) state do not
undergo proper actiation: neither reduction nor CO
binding is like WT CooA, and therefore these protein

Fe(I)—CO states; previous spectroscopic studies have shown
that only the strongest ligands, NO or CO, bind to the WT
CooA heme %8). Moreover, the N-terminal region of CooA
further minimizes adventitious ligand binding by forming a
solvent-inaccessible, hydrophobic pocket on the distal side

molecules do not bind to DNA of heme (8, 59, 60). To enable heme to function as a CO-
We propose that the distal ligand anchors the heme specific sensor, the unique, weakly bound Pligand is
cofactor during reduction, enabling proper CO and DNA placed in this protected distal pocket. By employing a weak
binding. CooA undergoes a Cys$o His’’ ligand switch upon distal ligand on a 6-coordinate, low-spin heme, CooA is able
reduction L7, 20, 22); however, the crystal structure of Fe(ll) to select for a strong exogenous ligand, namely, CO, and
Co0A revealed a 4.8 A separation between the’Cysifur ensure that the distal ligand is replacéd)( Thus, utilization
and the heme iron, implying that there must be substantial of the N-terminal Préas the unique distal ligand in CooA
structural reorganization during ligand switchintg8). We poises the protein for CO specificity.
suggest that there is a significant perturbation of the distal
heme pocket that occurs during the @y His’’ ligand
switch, which, in the absence of a distal heme ligand, leads
to an inactive form of CooA. The key feature of this proposed
mechanism is that the presence of a distal ligand in the Fe(lll)
state ultimately results in an active protein, whereas the
absence of a distal heme ligand in the Fe(lll) state leads to
an inactive protein. We hypothesize that the distal heme
pocket collapses upon heme reduction in the protein popula-
tions when the heme is 5-coordinate, high-spin, and that this
collapse may either prevent CO binding on the distal side SUPPORTING INFORMATION AVAILABLE
or alter CO binding in a way that does not allow for signal
transmission. A mechanism involving a pocket collapse is  Three figures showing (1) electronic absorption spectra
supported by the observation that native-like function is Of the Fe(lll) forms of the N-terminal variants at pH 3.0
restored when CO is added before the heme is reducedand 10.0, (2) the 25.0 K MCD spectrum of Fe(lll) G117l
suggesting that rapid CO binding rescues protein function. Co0A, and (3) MCD spectra of Fe(H)CO AP3R4 formed
That the presence of CO during reduction rescues the proteinPy two methods; two tables containing electronic absorption
suggests that CO binding occurs more rapidly than the and EPR spectral parameters of selected thiolate-ligated heme
inactivating pocket collapse. The pronounced improvement Proteins and model complexes. This material is available free
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of charge via the Internet at http://pubs.acs.org.

state also supports this mechanism because the steric bulk

created by an imidazole ligand would maintain the integrity
of the distal heme pocket during ligand switching.

The spectroscopic and functional properties exhibited by

all of the N-terminal variants (P2V, P2H, P2Y, aA®3R4)

are qualitatively in good agreement with a pocket-collapse
mechanism; however, the properties of P2H are modestly

different. Although P2H and P2Y have the same N-terminal

lengths, P2H has a larger amount of 6-coordinate, low-spin
heme in both the ferric and ferrous states. On this basis, one

might have expected that P2H would exhibit tighter DNA
binding than P2Y; however, the DNA-binding affinity of

P2H is weaker than that of P2Y. We interpret the differences
between the properties of P2H and those of P2Y to arise

because a fraction of P2H has Has the distal ligand. The
presence of a stronger sixth ligand in a fraction of the P2H
protein would result in a low-spin heme that is resistant to
CO activation.

The N-Terminal Proline Ligand Facilitates the CO-Specific
Activation of CooAPr¢ facilitates the CO-specific activation
of CooA by bhinding tightly enough to the heme to prevent
adventitious ligand binding but weakly enough to be
preferentially displaced by CO. Like other heme-sensory
proteins, CooA requires effector-specific recognitic). (
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