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ABSTRACT:. Resonance Raman and infrared spectra and the CO dissociatiorksatesefe measured in
Coprinus cinereuperoxidase (CIP) and several mutants in the heme binding pocket. These mutants included
the Asp245Asn, Arg51Leu, Arg51GIn, Arg51Asn, Arg51Lys, Phe54Trp, and Phe54Val mutants. Binding
of CO to CIP produced different CO adducts at pH 6 and 10. At pH 6, the bound CO is H-bonded to the
protonated distal His55 residue, whereas at alkaline pH, the vibrational signatures and the rate of CO
dissociation indicate a distal side which is more open or flexible than in other plant peroxidases. The
distal Arg51 residue is important in determining the rate of dissociation in the acid form, increasing by
8—17-fold in the Arg51 mutants compared to that for the wild-type protein. Replacement of the distal
Phe with Trp created a new acid form characterized by vibrational frequencidgsaradues very similar

to those of cytochrome peroxidase.

Carbon monoxide is a sensitive probe for investigating containing an imidazole as the fifth ligand, a linear correla-
both proximal ligand properties and distal environmental tion between the frequencies of the.c andvco stretching

effects in the heme cavity of heme proteins. In particular,

modes has been found. The correlation plots have a negative

polar interactions and the formation of H-bonds between the slope and depend on the extentoback-bonding 1—3).
bound CO and the distal residues increase the extent of backThis relationship has a counterpart in the study of the kinetics

donation from the Fe dto the CO x* orbitals. As a
consequence, the F€ bond strengthens while the CO bond
weakens, thereby increasing thed vibrational frequencies
and decreasing the-o frequencies, 2). For a large class

of CO dissociation, which is fairly sensitive to the electronic
environment of the bound CO as well as to the stereochem-
ical situation of the heme surroundings. Uno and co-workers
(4) noted an inverse linear relationship betweenkggand

of CO adducts of heme proteins and of model compounds veec for several heme proteins and concluded that the rate
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of CO dissociation is determined by +€ bond strength,
which is, in turn, modulated by local polarity and H-bonding.
Vibrational spectroscopy can be successfully exploited in the
characterization of CO complexes, since many previous
studies provide a solid framework for correlating the stretch-
ing frequencies of the CO and FeC bonds with structural
properties 2). Moreover, the CO signatures can be readily
assigned upon isotopic substitution by measuring spectra for
both 2CO and**CO adducts.

In previous studies of CO adducts of HRP®} &énd CCP
(6), it was found that in these peroxidases at acidic pH the
oxygen atom of the bound CO experienced stronger H-bond
interactions with the distal residues than in myoglobin. In
particular, HRPC displays two conformers, one H-bonded
with the distal Arg (form 1) and the other with the distal His
(form II), whereas CCP is characterized by only one form
in which the CO molecule is H-bonded to the distal Arg via
a water molecule. Concomitantly, the CO dissociation rate
of these peroxidase complexes was found to be 100-fold
slower than that of myoglobir/( 8). However, it should be
noted that a single rate of CO dissociation was found for
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MATERIALS AND METHODS

The procedure for the production of CIP and its mutants
has been described elsewheté<18). All the CIP mutants
are active. The Asp245 and Phe51 mutants behave in a
manner very similar to that of the wt protein, whereas the
Arg51 mutants required an at least 5-fold excess of hydrogen
peroxide for complete formation of compound | (K. G.
Welinder, personal communication).

The following buffers were used: 0.05 M citric acid-
sodium citrate (pH 45.5), 0.1-0.01 M sodium phosphate
(pH 5.7-7), 0.05 bicine (pH 8.2), 0.25 M borate (pH 9),
0.2 M 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS)
or 0.05 M borate (pH 10), and 0.2 M sodium bicarbonate
(pH 10.7). All experiments were performed at a constant
ionic strength of 0.1 M adjusted using80O,. The pH was

A Asp245 measured directly in the sample for RR, or in a portion of

; P the samples for IR, after the measurements, by means of a
."' microelectrode.

FiGURE 1: Structural diagram of the heme pocket of CIP according 1€ CO complexes were prepared by first flushing the
to the crystal structure of Kunishima et afllj. Dotted lines ferric protein solution with nitrogen, then flushing witCO
represent hydrogen bonds inferred on the basis of distance criteria(Rivoira) or *3CO (FluoroChem), and reducing the protein
Five observed water molecules are also shown (three-digit numbers)yith a 5% volume addition of a fresh sodium dithionite (20
o mg/mL) solution. Deuterated CHCO (complex of CIP and
cantly different for the two conformer§). Similar rates of  gjissolving it in buffered BO (99.8%, Merck) [0.5 M borate

CO dissociation were also observed for recombinant cyto- pyffer (pD 10.2)]. The protein was then flushed with CO
chromec peroxidase (CCPMI) and selected mutants which, ang reduced with sodium dithionite in,D.

however, exhibit very differentrec frequencies 7). The protein concentrations were-360 uM for the RR

In the study presented here, we monitor the CO ligation g5mpjes 76180 M for the electronic absorption spectra,
state of CIP and selected mutants in which residues capable, 4 ~580 uM for the IR samples.

of interacting with the heme group, via its ligands on both
the proximal and distal sides, were replaced. The crystal
structures of CIP and tharthromyces ramosugeroxidase
(which have been shown to be identica$) (have been
determined 10, 11). The environment of the heme is shown
in Figure 1. The iron is coordinated to His183 on the
proximal side which in turn is H-bonded to an Asp side chain
(Asp245) that is invariant in the peroxidase superfamily. On
the distal side, the catalytically important amino acids, His55
and Arg51, are conserved in all peroxidases and form an
extended H-bond network with water molecules. Further-
more, Arg51 is linked to oxygen atoms of the propionate
groups of the heme via a water molecule. On the distal side,
a Phe (Phe54) is also present as in HRPC, while in CCP, ) ,
this position is occupied by a Trp residue. Upon comparison the intense Iow—freque_ncy bands of indene and,delan

of the structure of CIP1(1) with those of HRPC 12) and accurac_y of 1_(?ml for |sola_t(_ad bands.

CCP (@13), it appears that the guanidinium group of the Arg Peak intensities and positions of the IR and RR spectra of
residue is located farther away from the iron atom than in the Arg51Asn-CO adduct (Table 2) and RR spectra of the
HRPC and CCP, whereas the phenyl ring is closer and Phe54Trp-CO adduct were determined by a curve-fitting
approximately 3.33.5 A above the heme plane. Previous Program. For the latter, best fits were obtained using
results obtained for the ferric and ferrous forms of distal Lorentzian line shapes with a bandwidth of 16 ¢m

variants of CIP at the Argl@d) and Phe 15) positions have Electronic absorption spectra were recorded at room
shown that these residues are important not only in maintain-temperature (23+ 1 °C) with a double-beam Cary 5

ing the architecture of the heme cavity but also for the spectrometer. Fourier transform infrared spectra were re-
stabilization of the anionic ligand binding. In this work, we corded at room temperature with a Bruker IFS120 IR
report the results obtained from spectroscopic observationspectrometer. The CO complexes were transferred with a
on the CO-bound forms and those obtained from kinetic and gastight Hamilton syringe flushed with CO into a vacuum-
equilibrium measurements on the CO adducts of wild-type tight CaF, infrared cell with a path length of 0.1 mm that
(wt) CIP and selected mutants. These data are compared witthad been flushed with CO. The spectra were recorded after
those reported for other peroxidases in the context of their evacuation of the sample chamber, and reference spectra of
crystal structures. corresponding buffer solutions without protein were recorded.

% His183

The RR spectra were obtained by excitation with the 413.1
nm line of a Kr" laser (Coherent, Innova 302). The
backscattered light from a slowly rotating NMR tube was
collected and focused into a double monochromator (Jobin-
Yvon HG2S 2000), equipped with a cooled photomultiplier
(RCA C31034A). The power at the sample was-155mW.

The RR spectra in the, mode region were checked to ensure
that the amount of five-coordinated ferrous species due to
laser photolysis was small enough not to appreciably
contribute to the RR spectra in the low-frequency region.
The measurement range was 3&B0 cnr?, although
Figures 2, 4, 6, and 7 display only the 45830 cn1! range

for graphical reasons. The RR spectra were calibrated with
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Table 1: Vibrational Frequencies (cA) and CO Dissociation Rate Constankst( x10~* s™1) of Ferrous-CO Complexes for CIP, HRPC,
CCP, and Selected Mutants at Different pH Values

veo ACO AD,O VEec ACO Kot numbering
(cm™) (cm™) (cm™) (cm™) (cm™) (x10*s™) ref in Figure 11
acidic forms
CIP 1930.5 -1 519 -5 0.45+ 0.3 this work 8
Asp245Asn 1939.5 517 -6 1.2+0.1 this work 10
Arg51Lys 1934.5 514 540.7 this work 13
Arg51GIn 1933 518 7409 this work 12
Arg51Asn 1932 519 -3 0.45+ 0.5 this work
1942 506 -3 78+1.1 this work 18
Arg51Leu 1925 —43 533 -5 0.42+ 0.6 this work 2
1943 519 —6 3.8+05 this work 6
1938.5 —44 521 -6 25+04 this work 7
Phe54Trp 1919 528 0.091 1.8 this work 5
1930 518 0.76 1.2 this work 9
1942 508 0.76: 1.2 this work 9
Phe54Val 1944 508 this work
HRPC (form I) 1906 -2 539 —4 1.1 5,19, 22, 26, 28, 32 1
HRPC (form II) 1933 -1 516 -5 11 5,19, 22, 26, 28, 32 11
HRPC (pH 3) 1967 492 23
Arg38Leu 1941.5 -1 515 -5 5,28
Phe41Val (form a) 1912 -1 526 -5 33
Phe41Val (form b) 1919 -1 519 -5 33
CCP 1922 -2 530 -5 22,24
CCPMI 1922 503 0.7 6,7 21
Arg48Leu 1941 500 -8 13.8 6,7 26
Arg48Lys 1936 510 —6 3.7 6,7 14
Trp51Phe 1932 528 -5 6,7
Asp235Asn 1933 531 -5 0.8 6,7 3
alkaline forms
CIP 1951 503 -3 63+ 0.5 this work 23
Asp245Asn 1959 503 —4 60+ 0.6 this work 24
Arg51Lys 1948 507 18 0.3 this work 17
100+ 0.2 this work
(denatured)
Arg51GIn 1947 502 4.8 0.6 this work
Arg51Asn 1952 495 —4 16+ 0.3 this work 27
1942 506 -3 3.2+ 05 this work 20
Arg51Leu 1956 503 this work
1925 —43 533 -5 0.42+ 0.6 this work 2
Phe54Trp 1956 503 3505 this work 22
HRPC 1933 530 4 5,19, 28 4
CCP 1948 503 24
CCPMI 1948 507 -7 8+0.1 6,7 16
Arg48Leu 1951 500 —4 20+ 0.2 6,7 25
Arg48Lys 1945 507 -5 6.4+ 0.1 6,7 15
Asp235Asn 1951 505 -5 7+0.1 6,7 19

Table 2: Spectral Parameters of the RR and IR Bands of the brated for_ 5 min under ggntle shaking, and the spectra were
Arg51Asn-CO Adducts Obtained by a Band-Fitting Program Using recorded in the Soret region (between 370 and 450 nm). The
Lorentzian Line Shapeés titration curve was performed by several additions of CO,

RR Veec IR veo and it allowed us to determine the equilibrium constant
according to the following relationship (valid at each
wavelength):

v AV I (%) v AV I (%)
pH6 495 16 104
506 16 65.2 1942 17 67 Y = ODX _ ODunI/(ODCO _ ODunI) —

519 16 24.4 1932 17 33
pH 10 495 16 27.3 1952 17 32 K[COJ/(1 + K[CO]) (1)
506 16 55.3 1942 17 52
519 16 17.2 1933 17 16 whereY is the percentage of CO-bound species@lihe
aFrequenciesy) and bandwidthsAv) are given in cm?. The band optical density at a given wavelength after the addition of
intensities () are in arbitrary units expressed as a percentage. CO, 0Dy, is the optical density of the reduced protein in

the absence of CO, Qi3 is the optical density of the CO-

Equilibrium CO binding constants have been determined bound form,K is the equilibrium constant, and [CO] is the
by injecting the desired volume of a CO aqueous solution concentration of free CO (calculated by subtracting the
into a gastight cuvette with a rubber stopper containing a number of moles of CO-bound protein from the number of
solution of degassed protein, in the presence of sodiummoles of CO added). All equilibrium isotherms displayed a
dithionite (20 mg/mL) and in the absence of the gas phasehyperbolic form, as expected for a protein with only one
to avoid redistribution of the gas. The solution was equili- heme site.
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FIGURE 2: Conversion of CO-ferrous Arg51Leu mutant CIP to the av (em™) v (em’)

ferric form in the presence of oxygen at pH 6.0. Traces were Ficure 3: (A) RR spectra of the complexes of wt CIP at pH 10
recorded at O, 3, 20, 30, 40, 50, 60, 90, 130, and 200 min time and 6 with13CO and!2CO. The spectra were measured with an
intervals. The direction of the change in absorbance with time is excitation wavelength at 413.1 nm and a spectral resolution of 5
indicated by arrows. cm2. The integration times (from top to bottom) were 14, 20, 18,
and 6 s/0.5 cm?; (B) IR spectra of wt CIP at pD 9.5, pH 9.6, and
CO dissociation kinetics were measured by injecting a pH 6.1 with 22CO. Experimental conditions: 0.5 crhspectral

concentrated solution of the proteins in the presence of aresolution and 2000 scans accumulated.

slightly substoichiometric amount of CO and of a minimum

amount of sodium dithionite, into a 50-fold volume excess €lectronic absorption spectrum is very similar to those
of an oxygenated buffer solution at the desired pH and at Observed previously for other peroxidaseal)(and is
20°C. The obtained values are the average of at least threecharacterized by a Soret band at 425 nm and Q-bands at
experiments, and the range of variability has always been942 and 572 nm. The spectrum does not change between
below 10%. The absorption spectra were recorded in thePH 4 and 10 (data not shown).

Soret region (between 370 and 450 nm) at varying time  Figure 3A shows the low-frequency region RR spectra of
intervals over a time range corresponding tel® half-lives, the wt CIP-CO complex at pH 6 and 10 in the presence of
as required by the spectral time evolution (see Figure 2 as?CO or 13CO. At pH 6, the strong band observed at 519
an example), following the oxidation of the protein and cm™! for the 2CO complex shifts down by 5 cm in the
checking that the oxidation is rate-limited by the CO 13CO complex. This is accompanied by the shift of a weak
dissociation process19). The control was exerted by band from 585 to 569 cm. The band at 585 cm overlaps
repeating the kinetic measurements under reducing conditionswith a porphyrin mode, resulting in a residual intensity at
and using microperoxidase-8 as a CO trap, Q0); in all this frequency in the spectrum of thF€O complex. Similar
cases, the same kinetic constant was obtained, clearlyresults are observed at pH 10, where the strong band at 503
indicating that the oxidation of the ferrous enzyme was much cm™! shifts to 500 cm?, and the band at 582 crhis
faster than the CO dissociation process and no oxyferrousobserved at 565 cm in the 13CO spectrum. On the basis of
peroxidase intermediate was observed. Moreover, the exist-the isotopic shifts, the bands at 519 and 503 trare
ence of an isosbestic point (Figure 2) indicates that inter- assigned to twagec Stretching modes. The bands at higher
mediates in the oxidation of the ferrous enzyme, such as thefrequencies, showing a large isotopic shift, are assigned to
ligand free ferrous enzyme and the ferreesygen complex, the correspondingrecobending modes. The corresponding
do not accumulate at significant levels during the reaction. IR spectra are shown in Figure 3B. At pH 6, a single band
Therefore, only two populations are present, and the kineticsat 1930.5 cm* is observed. This band decreases in intensity
at one wavelength may be representative of the time courseat pH 9.6 with the concomitant appearance of a new band at
taking place at various wavelengths. The disappearance 0f1951 cm®. These two bands are assigned to twg

the CO complex was monitored following the conversion stretching modes. Moreover, inO (pD 9.5), the frequency

of CO-ferrous to ferric protein at the absorption maximum of the band at 1930.5 crh shifts to 1929.5 cmt. H—D

of the CO-bound form (423425 nm depending on the isotopic shifts have been reported for the & of both
protein and pH), which corresponds to the maximum CCP-CO (2 cnm?) (22) and two forms of HRPECO (2.5
difference between the initial and final spectra (see Figure cm for form | and 1 cnt? for form 1) (23).

2). wt CIP and the mutants behaved in the same way. Rate Figure 4 shows a plot ofec VErsusveo frequencies for

constants were obtained from least-squares fitting of data,ine CcO adducts of CHFPCO compared with those observed
employing one or two exponentials. The measurements haveig, ccp and HRPC, as reported in Table 1. HRPC at pH 6
been carried out using a Jasco V-530 spectrophotometer. oynipited two conformerss}. In form | of HRPC, the O
atom of the bound CO interacts with the positively charged
RESULTS AND DISCUSSION guanidinium group of the distal Arg via a H-bond. In the
CIP—CO. The CO complex of ferrous CIP is readily second HRPECO conformer (i.e., form Il), the O atom of
formed when CO is added. It is stable for several hours. The the bound CO molecule mainly interacts with the distal His
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Ficure 4: Plot of thevgec VS vco frequencies observed at acidic
pH in the CO complexes of CIR)), HRPC (), CCP (x), and the
proximal mutants Asp245Asn-CIPx{, and Asp235Asn-CCP
(triangle pointing to the right). The line was obtained by fitting the
data for HRPC at pH 6 (forms | and 1l) and pH 3 (see the text).
The frequencies are listed in Table 1.

T
1920

via a H-bond. HRPC at pH 3248) exhibited both a five-

Feis et al.

experiences polar interactions as in the alkaline CO complex
of CCP. This feature is in close agreement with the pH
dependence of the rates for CO dissociation in-GU®.

The rate of CO dissociation increases with increasing pH,
and it is coincident with the conversion of the CO complex
from the acidic to the alkaline form. In fact, the occurrence
of a H-bond with the distal His55 at pH 6 is associated with
a decrease in the rate of CO dissociation, which is more than
100-fold slower than at alkaline pH, where the H-bond is
not present (Table 1). It is interesting to note that at pH 6
the wt CIP-CO dissociation rate constant (451075s™1)

is similar to that of HRPECO [7.2x 10°to 1.1 x 104

st (19, 20)] and recombinant CCP(MHCO [7.0 x 107°

s (7)], suggesting only minor differences in the overall
strength of the H-bonds between the CO and distal amino
acids in these proteins. On the other hand, at alkaline pH
the off rate constant displayed by CHEO is significantly
faster (6.3x 1072 s%) than for HRPG-CO (4 x 104 s™?)

and CCP(MI>-CO (8.0x 10*s™), indicating that the distal
side of the heme pocket in CHCO is different from HRPC

coordinate and a six-coordinate complex, this latter showing and appears to be more open or flexible.

almost no interactions with the distal amino acids. The line

Asp245Asn MutanThe substitution of Asp245 with Asn

shown in the plots in Figures 4, 6, 9, and 10 is obtained by causes small changes in the vibrational signature of the CO

fitting the vibrational frequencies of HRP form I, HRP form
Il, and six-coordinated HRPECO at pH 3, which we
consider a reference set for all peroxidases. The -©C®B

adduct compared to that of wt CIP. Thecfrequencies are
almost identical (Table 1), whereas the correspondigg
bands [1939.5 and 1959 crhat acidic (pH 6) and alkaline

adduct at pH 6 exhibited only one conformer characterized pH, respectively] are at higher wavenumbers than those of
by vibrational frequencies corresponding to a weaker interac-wt CIP—CO. A similar effect was previously reported for

tion with CO than in form | of HRPC. Therefore, it was

the corresponding Asp235Asn mutant of CCP(M) These

assigned to a molecule of CO which is H-bonded to the distal small changes are revealed by the slightly positive deviation

Arg via a water moleculeg 25), as observed in the X-ray
structure of the CCPCO complex 26). In CCP at alkaline

from the fitting curve in Figure 4 seen for the Asn235 and

Asn245 mutants. It is well-known that the proximal ligand

pH, the interaction between the bound CO and the distal influences CO binding to the heme as a result of competition

pocket is weakened as suggested by the upshift o ¢ge
frequency and the downshift of ther.c frequency, as
compared to the acid forns,(25). On the contrary, for HRPC

for the empty Fe d orbital and increases the responsiveness

of veec to the back-bonding effect30). Therefore, the
changes observed for the Asp mutants of both ECP and

broad bands in both the IR and RR spectra were observedCIP—CO can be ascribed to a trans-ligand effect deriving
at 1933 and 530 cni, respectively §, 27—29). They were from the weakening of the imidazolate character of the
tentatively assigned to the overlap of two conformers in proximal His, as the H-bond of Asn with His is much weaker
which the CO interacts with Arg or 4 (5). This structural than the H-bond of Aspg 18). The positive deviation from
pH-dependent alteration corresponds to the proton-linkedthe linear correlation, therefore, implies a reduced electron
behavior of the CO dissociation process in both HRPC and density of the proximal imidazole ligand and is consistent
CCP, in which the rate constants increase going from acid with the very low Fe-His frequency, 205 cmnt, seen for
to alkaline pH by 4-fold in the former and by 1 order of the ligand-free & CCP and CIP protein$(18). Such a
magnitude in CCP7, 19). reduced electron density appears to have a small effect on
Binding of CO to CIP produced different conformers, at the rate of CO dissociation, since the Asp245Asn mutant
pH 6 and 10. The conformer at pH 6 shows frequencies (519 displays a slightly faster rate than wt CIP at pH 6 (Table 1),
and 1930.5 cm?) very close to those of form Il of HRPE but the same rate as wt CIP at alkaline pH. This clearly
CO (Figure 4). Therefore, it is assigned to CO H-bonded indicates that the trans-ligand effect of a weaker proximal
directly to the distal His (His55). H-Bonding from His55to H-bond is very limited except when CO is H-bonded to the
CO is geometrically favorable, as judged from the X-ray distal His. A similar behavior is observed in the case of CCP,
structure of ferric CIPX1), since N of the distal His is in since at both pH 6 and 9 the Asp245Asn mutant displays
a nearly axial position-6 A above the Fe atom, very similar  values for the CO dissociation rate constant very similar to
to N, of the distal His in HRPC. Moreover, the deuterium those shown by wt CCF7).

isotopic shift of thevco stretch can be considered as further

Arg51 MutantsThe vibrational spectra of Arg51 mutants

evidence for the existence of a H-bond to the carbonyl group, are markedly different from those of wt CIP when complexed

as previously found for other peroxidas@g,(23). Therefore,
we conclude that in CHPCO at pH 6 the Natom of the

with CO. Moreover, the substitution of Arg51 has some

effect on the rates of CO dissociation, suggesting that this

His55 residue is protonated and the O atom of the boundresidue plays a role in the dynamics of the CO dissociation

CO forms an almost linear H-bond with this N atom.
At pH 10, frequencies of 503 and 1951 chof the other

pathway. In fact, all Arg51 mutants display an approximately
10—15-fold increase of the rate for CO dissociation at pH 6

conformer suggest that CO is not H-bonded but only with respect to wt CIP-CO, the effect being fairly similar
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FiGURE 5. (A) RR spectra of the complexes of the Arg51 CIP Figure 4. The frequencies are listed in Table 1.
mutants at pH 6 with'2CO. The spectra are measured with an ) o )
excitation wavelength at 413.1 nm and a spectral resolution of 5 revealed many peculiar characteristics not observed in the

cm % The integration times (from top to bottom) were 29, 25, 20, wt protein or in any other CIP mutant. First, the electronic
and d.l.o- (B) ((:jorres_gogqlngh ”T Spegt”’} '?_t pH 3(,35'; Experimental ghsorption spectrum is pH-sensitive (data not shown), and
conditions as described In the legend of Figure 3B. the maxima of the bands red shift with increasing pH. In
. articular, the Soret band goes from 423 nm at pH 4, to 424
in Arg51lys, Arg51Asn, Arg51Gn, and Arg5lleu (see b ' oH 5. 10 425 nm o oH 6 10 9. At pH Fio, bl
Table 1). . shift of 1 nm is observed. This latter blue shift, very similar
Panels A and B of Figure 5 compare the RR and IR spectra, that previously observed for CCP and selected mutants,
of the CO complexes of the Arg5S1 mutants at pH 6. It can i cyding the distal Arg, indicates the conversion of the CO

be seen that replacing the distal Arg with either Lys or Gin complex from the acidic to the alkaline forrif)( At pH 4,
does not markedly alter the vibrational signatures of the i, strongest IR band is observed at 1943 trithe band
FeCO, despite the faster CO dissociation rate constantfrequency decreases to 1940 ¢nat pH 5 and to 1938.5
observed at pH 6 in ArgS1Lys<(12-fold) and Arg51GIn -1 4t glkaline pH. It was not possible to obtain RR spectra
(~16-fold) (see Table 1). For both mutants, only one form at 5 pH lower than 5 due to the instability of the protein.
is observed with vibrational signatures similar to those of However, at pH 5, the strongest RR band is observed at 519
the wt CIP-CO complex (Table 1). cm L. This band upshifts by 2 chhat pH 6 and then remains
On the other hand, the spectra of the Asn and Leu mutants,unchanged up to pH 10.0 (data not shown). The other weak
both with shorter side chains, reveal the presence of manypands, at 533 cnt (RR) and 1925 cmt (IR), remain
conformers. Fitting the spectra of the Arg51As@0 adduct  unchanged over the entire pH range. Nevertheless, they are
yields twovrecbands at 519 and 506 ciand twovcobands  assigned to the vibrational frequencies of the bound CO on
at 1932 and 1942 cm (IR). On the basis of their relative  the basis of isotopic sensitivity t&CO (Table 1). For
intensities and frequencies (Table 2), two conformers are Arg51Leu at pH 6, one CO dissociation rate constant (3.8
identified. The less abundant species is similar to that of CIP x 104 s71) that is ~8-fold faster than in wt CIPCO is
at pH 6 and characterized by.c andvco stretches at 519 opserved. This indicates the presence of only one conformer
and 1932 cm', respectively. In the other form, theec corresponding to the most abundant form observed in the
decreases to 506 cthand thevco increases to 1942 crh vibrational spectra. Alternatively, unlike for the case of
The occurrence of two conformers is consistent with the Arg51Asn (see above), such a result might be consistent with
observation that Arg51Asn displays biphasic dissociation the existence of different conformers in an equilibrium

kinetics, indicating that the equilibrium between them is very characterized by a relaxation rate that is faster than the CO
slow. The most abundant (presumably characterizeekhy dissociation rate constant itself.

at 506 cm* andvco at 1942 cmi!) shows an approximately In contrast to these results, the corresponding mutants of
17-fold faster dissociation rate with respect to wt €IPO. CCP (Arg48Leu-CO) (6) and HRPC (Arg38LettCO) (5)
The second conformer (characterized by-a at 519 cn! were very sensitive to this mutation, since the form charac-

and avco at 1932 cm?) shows a slower dissociation rate terized by the CO molecule H-bonded to the distal Arg
with a value similar to that observed for wt CIP at pH 6 disappeared. In particular, for CCP which shows only this
(see Table 1). Therefore, Arg51Asn displays two CO binding conformer, the Arg38Leu mutant is characterized by a CO
modes at pH 6, one presumably H-bonded to His55, as inform with a marked decrease in the extent of back-donation
wt CIP, and the other interacting more weakly with the with respect to the wt protein (Table 1 and Figure 6).
surroundings, although not as weakly as wt CIP at pH 10.0. Moreover, the CO dissociation rate enhancement with respect
At pH 6, the Arg51lLet-CO complex also shows two to the wt (~20-fold at pH 6) is much more marked than that
conformers, characterized byecs at 533 and 521 cm and observed for Arg51Leu CIP with respect to wt CIRg-
vcos at 1925 and 1940 crh respectively. However, a  fold). This most likely results from the interaction between
detailed study of the CO adduct between pH 4 and 10 the charged guanidinium group of the distal Arg with the
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bound CO in CCP, but not in CIP.

Figure 6 shows the plot of thgcversusvco frequencies
for the CO adducts of distal Arg51 mutants of CIP, CCP,
and HRPC at pH 6. The CO adducts of the mutants with
polar side chains such as GIn (which contains aratém
like Arg) and Lys (which is comparable in charge to Arg)
have frequencies very close to those of €E0. The same
result is found for one conformer of the Arg51As@0O
adduct, although the most abundant form of the Arg5XAsn
CO complex shows a decreased degree of back-bonding. This W
weaker polar interaction with CO is possibly a consequence i & g 1933 W' 1982
of the side chain of Asn being shorter than that of Gin. M@“@W

When the distal Arg is replaced with the shorter aliphatic ?g) 1947
residue Leu, three conformers are found that are all posi- L2 o Y933
tioned above the regression line. As concluded for the T Bl
Asp245Asn mutant, a weakening of the proximal ligand can
be inferred. This is again in agreement with a previous study
of the ferric and ferrous Leu51 mutant which revealed a
weakening of the Felm bond (L4). Two of the conformers
have very close/rec frequencies (519 and 521 c#). The
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Ficure 7: (A) RR spectra of the complexes of wt CIP and its
mutants under investigation at pH 10 wttCO. The spectra are

correspondingco frequencies (1938.5 and 1943 cthwere measured with an excitation wavelength of 413.1 nm and a spectral
resolution of 5 cm?. The integration times (from top to bottom)

obtained by fitting IR spectra at various pH values from 4 /015 50 25 50, 35, 8, and 20 s/0.5-én(B) Corresponding
to 10 (data not shown). This data analysis indicated that the|r spectra at pH 10. Experimental conditions were as described in

transition from one conformer to the other occurs wittka p  the legend of Figure 3B.

of approximately 5. Since the frequency separation of the

vco band maxima is small compared to the bandwidth, the acid forms are still clearly observed at pH 10 in all the Arg51
band appears to shift with pH without a change in shape. A mutants, even appearing as the predominant form in the RR
similar behavior was previously observed for the CO adduct and IR spectra of the Arg51Leu variant (Figure 7) and thus
of bovine heart myoglobin31). These two conformers of indicating a higher i, value. It must be underlined that CO
the Arg51Leu CIP mutant show frequencies very similar to is able to displace the Natom of the amino group of Lys
those of the pH 6 form of wt CPCO complex (Table 1),  which is bound to the Fe atom in both the ferric and ferrous
and they possibly have CO H-bonded to the distal His like forms at alkaline pH 14). However, this mutant showed

wt CIP—CO.

The third conformer of the Arg51LeuCO adduct (char-
acterized by IR and RR frequencies of 1925 and 533'cm
respectively), observed in the pH range of 4, is intrigu-

already at pl 9 a noticeable IR band at 1970 chwhich

increases in magnitude at pH 10, probably due to an open
form as a consequence of partial unfolding or denaturation
of the protein. The corresponding RR band is not clearly

ing. This is shifted significantly on the back-bonding observed, being overlapped with a porphyrin mode 480
correlation plot toward the region of the complexes where cm™ (32).

the distal polar interactions are strong (e.g., HRP form 1), At alkaline pH, the kinetics of CO dissociation from the
although the distal Arg is replaced with the apolar side chain Arg51 mutants always display a biphasic character, suggest-
of Leu. The increased level of back-bonding compared to ing the existence of (at least) two conformers, which slowly
that of native CIP suggests a stronger interaction betweeninterconvert, even though one is predominant. Arg51Asn
the bound CO and a distal residue, and is also in agreementisplays two CO binding modes, one being similar to the
with the slower rate of CO dissociation at alkaline pH (4.2 form observed at pH 6 and the other having a higher CO
x 1075 s71). This conformer of the Arg51LetCO adduct, dissociation rate (1.6 103 s™%). This latter form has a rate
which is less populated and whose relative abundance isalmost identical to that observed for the Arg51Lys mutant
unaffected by pH changes between 4 and 10, could result(1.8 x 102 s1). On the other hand, the other species of the
from a conformational change induced by the mutation Arg51Lys mutant has a much greater CO dissociation rate
which, involving helix B, might favor a better interaction (1 x 1072 s%), even higher than that for wt CHRCO at
between the bound CO and the distal His. This change couldalkaline pH (Table 1). Such a high dissociation rate suggests

be related to the weakening of the proximaHtm bond
resulting from the Arg to Leu mutatiorid).

At alkaline pH, all the Arg51 mutants show only one
conformer with vibrational signatures very similar to those
of the wt protein at alkaline pH (see Table 1), with the
exception of the Asn mutant characterized by a RR of
495 cml. This band appears already at pH 6 with lower
intensity (Table 2). At pH>10, all the mutants became

that this species corresponds to the open form observed in
the vibrational spectra.

Arg51Leu displays a biphasic character but with a different
behavior since at pH 10 the predominant conformer has a
CO dissociation rate (2.5 10°*s%) closely similar to that
observed at pH 6. Therefore, we assign this CO dissociation
rate to the acid conformer characterized by the vibrational
bands at 1938.5 and 521 chwhich is the predominant form

unstable and showed the presence of an open form characterat pH 10 (see Figure 7 and Table 1). The second dissociation

ized by aveec of ~490 cnr? (data not shown). However,
the K, of the alkaline transition appears to be changed in
the Arg51 mutants, compared to the wt. The bands of the

rate constant is~17-fold lower (4.2x 10°° s7%) than the
other, with a value very similar to that of wt CHCO at
pH 6 (see Table 1). It is assigned to the Arg51t€0O
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FiGURE 8: (A) RR spectra of the complexes of the Phe54 CIp frequencies are listed in Table 1.

mutants at pH 6 and 10 witRCO. The spectra are measured with ) ) o
an excitation wavelength of 413.1 nm and a spectral resolution of the wt protein. The other dissociation rate (%6L0> s™)

5 cnr™. The integration times (from top to bottom) were 10, 80, is larger than that found for wt CIP. At alkaline pH, one
and 20 s/0.5 crt. (B) Corresponding IR spectra. Experimental  species, corresponding to the alkaline form, has a CO
conditions were as described in the legend of Figure 3B. dissociation rate that is-10-fold greater than at pH 6 (3.5

x 1074 s71) which is more than 1 order of magnitude greater

adduct observed betweer_1 pH 4 and 10 (see above). Thpthan that of the corresponding alkaline form of wt CIP, but
amount of the actual alkaline form of the Arg51Leu mutant very close to the value found for the alkaline form of

;B?)rea;rfrtléegebﬁg?ig\]/ilglg‘/%s?rr:;ll btzngz act)tblsgeSrSe&:jndbioljn%?c QCE(MI) (7). The other CO dissociatjon rate attains a value
measurements S|mllar to that measurgd at pH 6, since the acid forms are
o ) ) still present at a relatively high level as judged from the
In conclusion, in a previous workl1§), it has been  \iprational spectra (Figure 8).
demonstrated that the H-bond capability of the residue in  The plot of theveec versusveo frequencies for the CO
position 51 influences the occupancy of the water molecules gqducts of the Phe54 mutants at pH 6 is shown in Figure 9.
in the distal cavity which orchestrates the H-bond network Replacement of Phe54 with Val weakens the interaction
of the distal cavity and the ability to form stable complexes petween the bound CO and the distal His unlike the
_between anionic ligands and the heme F_e atom. '!'he presencgorresponding mutant of HRPC (Phe41Val) (see Table 1).
in all the Arg51 mutants of a form with CO vibrational |n that case, the mutation weakened the interaction between
signatures similar to that of the CHCO adduct at pH 6 the bound CO and the distal Arg, without markedly affecting
confirms that the positively charged guanidinium group does its interaction with the distal His3@). HRPC and CIP also
not directly interact with the bound CO via a H-bond. give very different results upon substitution of distal Phe
However, the spectroscopic data and the CO dissociationyith Trp. In HRPC, which is characterized by a distal heme
kinetics clearly show that the Arg residue is important for cayity that is smaller than those of other peroxidases, (
CO binding since the charge location, size, and H-bonding the extreme steric hindrance generated by the bulky Trp
capability of the residue at position 51 modulate the back- residue prevents immediate binding of CO, and the CO
bonding and the CO dissociation rate. adduct is formed only after a major rearrangement of the
Phe54 MutantsMutation of the distal Phe54 to Val or distal pocket giving rise to an open forn33). On the
Trp gave very different results (Figure 8A,B). At pH 6, the contrary, in CIP the Phe54T+CO adduct shows three
Phe54Vatl-CO adduct exhibits only one form characterized different conformers. The most abundant form lies signifi-
by veec andvco bands at 508 and 1944 ci respectively, cantly higher on the back-bonding correlation plot than the
whereas the Phe54T+CO adduct exhibits many conform-  corresponding form of CHPCO. We suggest that this form
ers. Its IR spectrum (Figure 8B) is characterized by three is due to the formation of an additional H-bond to the ligand
vco bands at 1919, 1930, and 1942 ¢mOn the basis of a  via the N atom of the indole ring. In fact, this conformer
band-fitting analysis of the RR spectra, the corresponding lies very close to that of wt CCPCO (Figure 9), the X-ray
Vrec bands are identified at 528, 518, and 508 ¢m  structure of which showed a bound CO H-bonded to both
respectively (Figure 8A). At pH 10, a new form appears at the distal Arg and Trp via water moleculeés). Accordingly,
503 and 1956 cni, with the concomitant decrease in this interpretation suggests that the CO dissociation rate of
magnitude of the bands observed at pH 6. The Phe54TrpPhe54Trp CIP at pH 6 is significantly lowerb-fold) for
mutant displays biphasic dissociation kinetics at both acidic the predominant conformer withigec at 528 cm'* than for
and alkaline pH, suggesting that different conformers are in wt CIP (point 5, Table 1).
an equilibrium characterized by a relaxation rate that is faster A second conformer of the Phe54 @O adduct is
than the CO dissociation rate constant itself. However, it is similar to the wt protein, and the third form is similar to the
the only mutant which at pH 6 shows a conformer with a Phe54Val-CO complex. Therefore, it appears that the
significantly smaller dissociation rate (941076 s7%) than mutation of Phe to Trp is also able to induce a change in
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FIGURE 10: Plot of thevrec VS veo frequencies observed at alkaline  FIGURE 11: Experimental values ¢ andveec frequency in CO
pH in the CO complexes of CIP¥) and its mutants under  adducts of ferrous CIP and selected mutaftsGd®), CCP and

investigation: Asp245Asn%), Arg5lLys €), Arg51Gin @), selected mutants(and M), and HRPC and selected mutants (
Arg51Asn (r), Arg51Leu §), and Phe54Trp«). The point of CIP anda). The empty symbols are for acidic pH, and the filled symbols
at acidic pH Q) is reported for comparison. The line is the same are for alkaline pH. The frequencies akg values are reported in
as in Figure 4. The frequencies are listed in Table 1. Table 1: (1) HRPC form |, (2) Arg5lLeu CIP, (3) Asp235Asn
CCP, (4) HRPC, (5) Phe54Trp CIP, (6 and 7) Arg51Leu CIP, (8)

, . , o . CIP and Arg51Asn CIP, (9) Phe54Trp CIP, (10) Asp245Asn CIP,
the distal cavity, probably by varying the position of the distal (11) HRPC form II, (12) Arg51GlIn CIP, (13) Arg51lys CIP, (14)

His and, therefore, weakening the H-bond to CO. These arg48Lys CCP, (15) Arg48Lys CCP, (16) CCPMI, (17) Arg51Lys
forms most likely correspond to the species characterizedCIP, (18) Arg51Asn CIP, (19) Asp235Asn CCP, (20) Arg51Asn
by a dissociation rate constant of 0.36 1074 s It is CIP, (21) CCPMI, (22) Phe54Trp CIP, (23) CIP, (24) Asp245Asn
noteworthy that the reverse mutation in CCP, i.e., replacing &IP: (25) Arg48Leu CCP, (26) Arg48Leu CCP, and (27) Arg51Asn
Trp51 with Phe does not markedly affect the vibrational
signatures of the bound CO in the prote@). (The different

effect can be ascribed to the very different interaction
between the bound CO and the distal residues in CCP an

C_IP, €., \.N'th th.e guan|d|n|um group of Arg in CCP and agreement with the conclusion that the interaction between
with the distal His in CIP. the bound CO and the distal environment is very weak.
Figure 10 shows the plot of the alkaline forms of the CO Moreover, the acid forms of the mutants of CCP that are
adducts of wt CIP and its mutants. It can be seen that all the altered at Arg48M], points 14 and 26) also fall in this region,
proteins have a similar back-bonding, the level of which is sijnce the H-bond interaction between the CO and the
lower than for the pH 6 form of the CHPCO complex.  positively charged guanidinium group is lost in the variants.
Therefore, it can be concluded that at alkaline pH the CO is The alkaline form of HRPCA) contrasts with alkaline forms
not H-bonded but experiences only polar interactions as of the CO complexes as it falls together with the adducts in
previously reported for CCP. which the CO experiences a H-bond interaction. In particular,
CO Dissociation Rateersusvrec FrequenciesWhen log  in the central part of the plot, we found HRPC form I, wt
kot is plotted as a function ofrec for CIP and the mutants  CIP, and some of its variants, all having a H-bond interaction
described here, together with HRPC, CCP, and selectedbetween the oxygen atom of the bound CO and the distal

mutants 7) (Figure 11), the observed trend toward increasing His. The highest values o and accordingly the smaller
veec and decreasindi is consistent with a concomitant CO dissociation rate, are observed for HRPC form I, and

increased influence of local polarity ogec A similar result ~ the Asp235Asn variant of CCP which shows a strong back-
was also obtained previously with the direct and inverse donation due to the CO ligand H-bonded directly or via a
correlation between the CO dissociation constant and thewater molecule with the distal Arg). One of the conformers
values forveeco and vees respectively, for sperm whale of the Phe54Trp CIP and Arg51Leu CIP mutants falls in
myoglobin and pig myoglobin mutants, 3, 8). The stronger this region, suggesting that there is an effect of increased
the bond, the slower the dissociation rate constant. Thepolarity on theveec as a consequence of a stronger H-bond
increase in the rate of CO dissociation with increasing pH interaction as compared to that of wt CIP.

is coincident with the conversion of the CO complex from  We have also measured the CO binding equilibrium
the acidic to the alkaline form defined on the basis of the constant K.,) of wt CIP at pH 6 (6.4x 10®* M~1) and pH
pH-dependent changes in the frequencies oftheandvco 10 (3.0 x 10° M™Y. At alkaline pH, K is 1 order of
stretching modes. Some discrepancies are observed in thenagnitude lower than at pH 6; this effect, which perfectly
plot. This is the case of the CO complexes of CCP(MI) (point mirrors thek,/kos ratio at the two pH values, is related to a
21) and its mutant Asp235Asn (point 3) which have similar decrease by 1 order of magnitude for when the pH is
rates of CO dissociation but very different.c stretching lowered from 10 to 6 (unpublished data) and to a decrease
frequencies?). A different situation is represented by HRPC by 2 orders of magnitude dé,s over the same pH range
at pH 6 for which a single dissociation kinetics is measured (Table 1). Apart from that of the Asp245Asn mutant, the
but two conformers (forms | and 1l) are observed in the equilibrium constants are markedly affected by mutations
vibrational spectra (points 1 and 11). This indicates a fast (data not shown). However, as previously found for myo-
equilibrium between the two conformers. globin (8), we did not find a direct correlation between the

The alkaline forms of the CO complexes of all proteins
nd variants are grouped in the region corresponding to a
oW veec frequency and a fast CO dissociation rate, in
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effects induced by mutation (electrostatic and steric effects) 2.
and the change iKc,. Moreover, for most CIP mutants, the
interpretation of the data is complicated by the existence of
multiple conformers. In addition, a lack of correlation was
found betweenveec (Or vco) and the equilibrium constant
Keo- A similar result was also obtained by Li and co-workers
(3), who presented a correlation between rate and equilibrium
constants for CO binding ando for sperm whale and pig

Mb mutants.
The simplest explanation of these results is that doty

is correlated to the vibrational frequencies, since it is mainly
related to the strength of the F€O bond order, whereas

Keois also influenced by other effects, namely, hydration of
the distal cavity and steric hindrance that block access to

the iron atom.

CONCLUSIONS

The combination of the vibrational and kinetic data at

alkaline pH allows us to conclude that the ferrous €GO

is characterized by a much more open cavity than the other
peroxidases. In fact, thes value for CIP at alkaline pH is

1 order of magnitude larger than for HRPC and CCP. The
acid form of CIP-CO has a H-bond interaction with the
distal His, very similar to form Il in HRPC. However, despite
the distal Arg being unable to interact directly with the CO
ligand, as suggested also by its location in the crystal
structure 84), the residue is important in determining the

rate of dissociation in the acidic form of ferrous GIEO.

When Arg51 is replaced with Leu, Lys, Asn, or GIn, the
rate of CO dissociation for the acidic form is increased by
8-, 12-, 16-, or 17-fold, respectively, whereas in the alkaline
CO complex, the influence of the Arg on the rate of the CO
dissociation is almost negligible. The data presented here
confirm previous results showing that in the case of the
ArgblLeu mutant a more complex change in the cavity
occurs which appears to involve both the distal and proximal
sides of the heme, in agreement with the observed weakening 24.
of the proximal Fe-Im bond (L4). This effect is peculiar to
only CIP since no alteration was observed in the correspond-
ing mutants of HRPC and CCP. Moreover, these results g
highlight the high sensitivity of the CO ligand as a probe

for investigating the environment of the heme cavity.

Finally, the replacement of the distal Phe with Trp is able
to create a new acid form characterized by a stronger H-bond
interaction than in wt CIP. This form, which is similar to
that found in wt CCP, corresponds to the formation of an

extra H-bond between CO and the Btom of the indole

group. This interaction appears to be maintained in the
alkaline form as judged by the rate of CO dissociation of
the Phe54TrpCO adduct, similar to the alkaline form of
CCP, but decreased by6-fold with respect to the alkaline

form of wt CIP.
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