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ABSTRACT: Resonance Raman and electronic absorption spectra obtained at various pH values for the
Fe*™ form of distal F54 mutants o€oprinus cinereugperoxidase are reported, together with thé*Fe

form and fluoride and imidazole adducts at pH 6.0, 5.0, and 10.5, respectively. The distal phenylalanine
residue has been replaced by the small aliphatic residues glycine and valine and the hydrogen-bonding
aromatic residues tyrosine and tryptophan (F54G, -V, -Y, and -W, respectively). These mutations resulted
in transitions between ferric high-spin five-coordinate and six-coordinate forms, and caused a decrease of
the K, of the alkaline transition together with a higher tendency for unfolding. The mutations also alter
the ability of the proteins to bind fluoride in such a way that those that are six-coordinate at pH 5.0 bind
more strongly than both wild-type CIP and F54Y which are five-coordinate at this pH value. The data
provide evidence that the architecture of the distal pocket of CIP is altered by the mutations. Direct evidence
is provided that the distal phenylalanine plays an important role in controlling the conjugation between
the vinyl double bonds and the porphyrin macrocycle, as indicated by the reorientation of the vinyl groups
upon mutation of phenylalanine with the small aliphatic side chains of glycine and valine residues.
Furthermore, it appears that the presence of the hydrogen-bonding tyrosine or tryptophan in the cavity
increases thelq, of the distal histidine for protonation compared with that of wild-type CIP.

The heme-containing peroxidases are divided into three situated in helix B, which also contains the distal arginine
classes depending on their amino acid sequence similarity.(Figure 1). The phenyl aromatic ring is located approximately
The three classes conserve key residues in the heme pocke8.3—-3.5 A above the heme plan@-4). Furthermore, the
which are important for the enzymatic activity. In particular, crystal structures of CCP and the W51F mutant show that
the distal histidine and arginine residues and the proximal the phenyl ring occupies a position very similar to that of
histidine, which is coordinated to the heme iron and the six-membered ring of the original tryptophas).(The
hydrogen-bonded to an oxygen atom of the carboxylate grouprole of the distal arginine and histidine residues has been
of an aspartic acid, are conserved. The three classes alsinvestigated by spectroscopic and kinetic studies of various
have a conserved aromatic side chain on the distal side ofmutants of HRP-C, CCP, and CIP. It has been established
the heme. This is an indole group in class | peroxidases [W51that they play a concerted role in the catalytic activity and
in mitochondrial cytochrome peroxidase (CCPyand W41 in stabilizing the heme pocket architecture of the proteins
in the majority of the intracellular ascorbate peroxidases (6—18). Several studies have also been performed with
(APX)] and a phenyl group in class Il [F54 i@oprinus HRP-C and CCP mutants in an effort to understand the role
cinereusperoxidase (CIP), F46 in lignin peroxidase (LIP), of the distal W51 in CCP and F41 in HRP-C. In CCP,
and F45 in manganese peroxidase (MnP)] and class lll alteration of W51 has significant effects on the coordination
peroxidases [F41 in horseradish peroxidase isozyme C (HRP-properties and function of the enzyng 6, 19—24). In fact,

O)]. Interestingly, two novel types of intracellular ascorbate
peroxidases also gontain a_distal phenylalanine. rathgr than I Abbreviations: APX, ascorbate peroxidase: ARRHhromyces
the tryptophan residudl). This conserved aromatic residue ramosusperoxidaée; CCP. cytochronteperoxidaée; CIPCoprinus

is linked to the distal histidine by a peptide bond and is cinereusperoxidase expressedAspergillus oryzagdentical to ARP;
HRP-C, horseradish peroxidase isoenzyme C; LIP, lignin peroxidase;
MnP, manganese peroxidase; F54Y, Phe5&yr CIP mutant; F54W,

T This project was supported by the Italian Consiglio Nazionale delle Phe54— Trp CIP mutant; F54G, Phe54 Gly CIP mutant; F54V,
Ricerche (CNR), the Ministero Universita’ e Ricerca Scientifica e Phe54— Val CIP mutant; W51F, Trp5% Phe CCP mutant; W51M,
Tecnologica (MURST ex 60% and ex 40%, Cofin MURST 97 CFSIB) Trp51— Met CCP mutant; W51T, Trp5%t Thr CCP mutant; W51A,

(to G.S.), and EU Contract BIO4-97-2031 (to G.S. and K.G.W.). Trp51— Ala CCP mutant; W51G, Trp5% Gly CCP mutant; F41V,
* To whom correspondence should be addressed. E-mail: smulev@ Phe41— Val HRP-C mutant; F41W, Phe4%+ Trp HRP-C mutant;
chim.unifi.it. R51L, Arg51 — Leu CIP mutant; WT, wild-type; RR, resonance
*Universita’ di Firenze. Raman; 5-c and 6-c, five-coordinate and six-coordinate heme iron,
§ University of Copenhagen. respectively; HS and LS, high- and low-spin, respectively; 5-c HS*,
"Novo Nordisk A/S. five-coordinate high-spin heme containing a weak fifth ligand; CT1,
U Aalborg University. long-wavelength ¥ 600 nm) porphyrin-to-metal charge transfer band.

10.1021/bi982811+ CCC: $18.00 © 1999 American Chemical Society
Published on Web 05/20/1999



7820 Biochemistry, Vol. 38, No. 24, 1999 Neri et al.

-Y (F54Y), -V (F54V), and -G (F54G) in both Feand Fé*
states and after complex formation with fluoride and imid-
azole. The effects of these mutations are compared with those
reported for the corresponding HRP-C and CCP mutants.

MATERIALS AND METHODS

CIP mutants were constructed and expresséspergillus
oryzae (32), and the protein samples were purified and
prepared as previously describe®B). Since CIP and the
fungal peroxidasérthromyces ramosugeroxidase (ARP)
are indistinguishable 3@), we will refer to this fungal
peroxidase by name CIP or CIP/ARP when referring to
information taken from the crystal structure of ARB).(
éﬁ 5 The following buffers were used: 10 mM citric acid/
sodium citrate (pH 3.85.3), 10 mM sodium phosphate (pH

Ficure 1: Structural diagram of the distal heme pocket of CIP/ : ; ;
ARP (3). Dashed lines denote inferred hydrogen bonds, on the basis7'0)’ 20 mM boric acid/10 mM sodium phosphate (pH 10.0),

of distance criteria. Solid lines denote the closest distances betweent0 MM sodium bicarbonate (pH 11.0), and 25 mM borate

carbon atoms of F54 and vinyl 2 and 4 4EC,, = 4.09 A, for the reduced form at pH 10.0. All experiments were
C:—Cap= 4.13 A, and G—C,c = 4.26 A). Four water molecules  performed in 1 mM CaGlat a constant ionic strength of
are also shown. 0.1 M adjusted using potassium sulfate. All pH values of

>11.0 were obtained by adding degassed NaOH to degassed
buffered protein solutions.

Fluoride complexes were obtained in 0.1 M NaF (Merck),
citric acid/sodium citrate buffer at pH 5.0 or by adding solid
NaF to buffered enzyme solutions when fluoride binding was
weak as for the mutant F54Y. Imidazole adducts were
obtained by adding solid imidazole (Merck) to the protein
solution to a final pH of 10.5.

this residue forms part of the distal active site near the open
coordination position of the heme iron and forms a hydrogen
bond with one of the water molecules that is displaced on
H,0O, binding @, 25). All the W51 variants examined so far
(W51F, W51M, W51T, W51A, and W51GP( 6, 1924,
26, 27) showed changes in the state of axial heme coordina-
tion. Most of the substitutions resulted in a change of the
ferric high-spin heme from a five-coordinate to a six- " . -
coordinate form and caused an increased tendency for 1€ Fé"formwas prepared by adding a minimum volume
conversion to a low-spin species at neutral pH. The change® frésh sodium dithionite solution to a deoxygenated
of coordination has been explained by the loss of the w51 buffered solution. .
hydrogen bond to the distal,®, which increases the latter's ~ 1he sample concentration was about 6:04 mM for
ability to bind the heme iron6( 26). Moreover, the W51F ~ 'ésonance Raman (RR) spectroscopy and about-@0d5
and W51A have been shown to be more active than the wild- MM for UV —visible absorption measurements.
type (wt) enzyme in catalyzing the oxidation of cytochrome  Absorption spectra were recorded with a Cary 5 spectro-
c, under Steady_state conditions, and it has been proposed)hotometer. AbSOfptiOﬂ spectra were recorded both prior to
that the hyperactivity is due to the enhanced reactivity of and after RR measurements, ensuring that no degradation
the oxy—ferryl heme in electron transfet 9, 23). In contrast had taken place under the experimental conditions. The RR
to the CCP mutants, the rep|acement of the ana|ogousspectra were obtained by excitation with the 406.7 and 413.1
phenylalanine residue by valine (F41V) in HRP-C caused nm lines of a Kt laser (Coherent, Innova 90/K) and the
an 8-fold reduction in the rate of reaction of the enzyme 457.9 nm line of an Ar laser (Coherent, Innova 90/5). The
with H,O, (compound | formation) compared with that of ~backscattered light from a slowly rotating NMR tube was
HRP-C in transient-state experiments, but a small increasecollected and focused into a computer-controlled double
in the rates of oxidation op-aminobenzoic acid by com- monochromator (Jobin-Yvon HG 2S) equipped with a cooled
pounds | and Il was observe®§). The spectroscopic ~ Photomultiplier (RCA C31034 A) and photon-counting
characterization of the F41V HRP-C mutant indicated that €lectronics. The RR spectra were calibrated with indene and
the mutation resulted in a change of the ferric high-spin heme CCls as standards to an accuracy of 1¢nfor intense
from a five-coordinate to a six-coordinate formiOy. isolated bands.
Recently, other F41 HRP-C variants have been reported. Polarized spectra were obtained by inserting a polaroid
Steady-state analysis suggested that the mutation of F41 tcanalyzer between the sample and the entrance slit of the
alanine (1, 29), leucine, or threoninedQ, 31) has only minor spectrometer. The depolarization rajpopf the bands at 314
effects on HRP-C compound | formation or guaiacol oxida- and 460 cm* of CCl, was measured to check the reliability
tion. More significantly, these mutations greatly increased of polarization measurements. The values obtained, 0.73 and
the ability of HRP-C to catalyze peroxygenase reactions, in 0.01, compared favorably with the theoretical values of 0.75
which the ferryl oxygen is transferred to the substrate, and 0.00, respectively.
consistent with the proposal that in the native enzyme the All the electronic absorption spectra were collected at room
ferryl oxygen is partially shielded from direct interaction with temperature, i.e., at about Z2&. The RR spectra were
substrates30, 31). collected at approximately 15C; the rotating NMR tube

In this work, we report the characterization by electronic was cooled by a gentle flow of Nyjas passing through liquid
absorption and resonance Raman spectroscopies of the fouN, to minimize the local heating of the protein induced by
C. cinereugperoxidase (CIP) distal variants F54W (F54W), the laser beam.
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Ficure 2: (A) Electronic absorption spectra of ferric CIP and the distal mutants F54Y, F54W, F54V, and F54G at pH 7.0. The region
between 450 and 700 nm has been expanded 8-fold. (B and C) Resonance Raman spectra of ferric CIP and the distal mutants F54Y, F54W,
F54V, and F54G at pH 7.0. Experimental conditions were as follows: 406.7 nm excitation, 15 mW laser power at the sample;and 5 cm
resolution. (B) For CIP, 5 s/0.5 crhcollection interval; for F54Y, 25 s/0.5 crh collection interval; for F54W, 11 s/0.5 crhcollection

interval; for F54V, 4 s/0.5 cm collection interval; and for F54G, 6 s/0.5 cincollection interval. (C) For CIP, 8 s/0.5 crhcollection

interval; for F54Y, 13 s/0.5 cri collection interval; for F54W, 9 s/0.5 crhcollection interval; for F54V, 10 s/0.5 crhcollection interval;

and for F54G, 10 s/0.5 cm collection interval.

The dissociation constanty, for fluoride—peroxidase their frequency upon mutation. In particular, the tw@=
complexes were determined by spectrophotometric titrations C) bands found to overlap at about 1625 ¢rm CIP (35)

(34). are at 1623 cmt in both F54Y (not shown) and F54W and
give rise to two separated bands at 162622 and 1635
RESULTS cmtin the F54V and F54G mutants. The band at the higher

Figure 2A compares the electronic absorption spectra of Tequency is very weak and, in the F54V mutant, almost
WT CIP and its F54Y, F54W, F54V, and F54G mutants hidden by the band at 1631 cidue to thevi, mode of the
obtained at pH 7.0. Significant changes can be seen for some>-¢ HS species (Figure 3, top). An indirect confirmation of
of the mutants. The sharpening and the intensity increase oft"€ upshift of the vinyl stretch frequency is derived from
the Soret band and the concomitant progressive blue shiftthe frequency of the, mode. In fact, it is known that the,
of the CT1 band in the order F54Y, F54W, F54V, and F54G Mode is coupled to the vinyl(C=C) mode in protohemes,
suggest an increasing proportion of six-coordinate (6-c) high- @nd saturation ?f the vinyl groups raises therequencies
spin (HS) heme with respect to CIP, which is five-coordinate PY about 10 cm* (36). In 6-c HS protoporphyrin IX model
(5-c) HS @5). In fact, a 6-c HS is usually distinguished from compounds, exhibiting thg{C=C) stretching modes at 1621

a 5-c HS by an increase of the Soret extinction coefficient €M *» the v, was found at 1560 cm (36). The frequency
of about 40%, a concomitant intensity decrease of the Of the > mode in both F54V and F54G is at 1565 cin5

shoulder at about 390 nm, that is strongly pronounced in €M * higher than those for the model compounds. A vinyl
the 5-c HS species, and the blue shift of the CT1 bai stre_tch frequency of 1635.crﬁ|s. extremely high, |r_1d|cat|ng
An apparent inconsistency with this interpretation is derived @ fairly low degree of conjugation between the vinyl double
from the overall blue shift of the spectra of both F54V and Pond and the porphyrin macrocycle. A lower degree of
F54G with respect to the WT protein, since usually a 6-c conjugation of the vinyl mode can explain the overall blue
HS heme exhibits a red-shifted Soret band with respect to Shift of the UV—vis spectra observed for the F54V and F54G
the corresponding 5-c HS specieg).(The reason for the =~ Mutants, as previously found for ascorbate peroxidase (APX)
blue shift is discussed below. as compared to CCRY).

Panels B and C of Figure 2 compare the corresponding In the low-frequency region (Figure 2B), the broad band
RR spectra. The high-frequency region (C) indicates that theat 406 cm?! of CIP, assigned to thé(CsC.Cp) bending
F54Y mutant does not markedly differ from WT CIP, modes of the vinyl substituents, shifts up by 3énn the
whereas the other three mutants exhibit an increase in theF54V and F54G mutants in accord with the frequency
level of the 6-c HS heme at the expense of the 5-c HS changes observed in the high-frequency region and in
species, as judged by the intensity ratio of the 1484cm agreement with the previous observation for CCP at alkaline
versus the 1493 cm band assigned to the; mode. The pH (38). The other major changes observed in the low-
F54W mutant also shows the presence of a small amount offrequency region can be predominantly ascribed to the
a 6-c LS heme, as determined by the bands at 1500 cm increase in the level of the 6-c HS at the expense of the 5-c
(v3) and 1636 cm! assigned to the;o mode since it is HS heme. In particular, the band at 334 ¢nof CIP shifts
depolarized in the spectra recorded in polarized light (Figure down and decreases in intensity on passing from F54Y to
3, top). Moreover, the spectra in polarized light show that F54G. This band is assigned to the out-of-plane vibration,
the v(C=C) stretching modes of the vinyl groups change vs, by analogy with CCP. It has been found to be intense in
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Ficure 3: Resonance Raman spectra of the ferric form (top), the fluoride complex (middle), and the imidazole complex (bottom) of CIP
and the F54W, F54V, and F54G mutants in the region of 3850 cntl. Experimental conditions were as follows: 5 thiesolution,

406.7 nm excitation, 25 mW laser power at the sample for the ferric and the fluoride complexes, and 30 mW at the sample for the imidazole
complexes. (Top) For CIP, nonpolarized, np, 15 s/0.5%marallel polarization, par, 12 s/0.5 cfp perpendicular polarization, per, 24

s/0.5 cmt?; for F54W, np, 42 s/0.5 cri, par, 33 s/0.5 cnt, per, 60 s/0.5 cmt; for F54V, np, 22 s/0.5 cnt, par, 23 s/0.5 cmt, per, 36

s/0.5 cnt?; for F54G, np, 15 s/0.5 cm. (Middle) For CIP, np, 12 s/0.5 cmd, par, 8 s/0.5 cmt, per, 24 s/0.5 cmt; for F54W, np, 15 s/0.5

cm1, par, 15 s/0.5 cmt, per, 18 s/0.5 cmt; for F54V, np, 34 s/0.5 cmi, par, 18 s/0.5 cmi, per, 34 s/0.5 cm; for F54G, np, 30 s/0.5

cmL. (Bottom) For CIP, np, 48 s/0.5 cth par, 30 s/0.5 crmt, per, 48 s/0.5 cmt; for F54W, np, 68 s/0.5 cmi, par, 48 s/0.5 cmt, per,

48 s/0.5 cm?; for F54V, np, 78 s/0.5 cmi, par, 48 s/0.5 cmt, per, 36 s/0.5 cmt; for F54G, np, 24 s/0.5 cm; the asterisk denotes the

bands assigned to th€C=C) vinyl stretches.

the 5-c HS heme state, a shoulder in the 6-c HS heme, and Figure 4 (left) shows the electronic absorption spectra of
absent in the 6-c low-spin (LS) heme. Furthermore, its F54Y between pH 4 and 11.0. Two distinctive transitions
frequency also varies considerably with the coordination and are seen, at pH<7 and at pH>10. The first transition is
spin state of the heme Fe and with its oxidation st8&}. ( associated with a red shift of the Soret band, its concomitant
Titration of the mutated proteins shows that the coordina- increase in intensity, and the disappearance of the shoulder
tion and spin state depend on pH. The F54G and F54V at about 380 nm, and the blue shift of the CT1 band by 6
mutants do not appreciably change between pH 5.0 and 7.0nm on passing from pH 4.0 to 7.0. These changes are
(data not shown), being mainly 6-c HS, whereas atpH, consistent with the formation of a 6-c HS heme at the
the proteins become 6-c LS heme with a concomitant loss expense of a 5-c HS species on going from acidic to neutral
of heme, as judged by the broadening of the Soret band withpH. The RR spectra recorded at acidic pH confirmed this
the appearance of an intense shoulder at about 380 nm. Irinterpretation (data not shown), but the sample appeared to
contrast, the F54W and F54Y proteins are extremely sensitivebe extremely unstable, giving rise to irreversible changes
to pH. upon laser illumination. At pH 11.0, the protein shows the
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FiGure 4: Electronic absorption spectra of ferric F54Y (left) and
F54W (right) obtained at various pH values. The region between
450 and 700 nm has been expanded 8-fold.
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Ficure 5: Electronic absorption (left) and resonance Raman (right)
spectra of the fluoride complexes of ferric CIP and the distal mutants
F54Y, F54W, F54V, and F54G at pH 5.0. (Left) The region between
450 and 700 nm has been expanded 8-fold. (Right) The experi-
mental conditions were as follows: 406.7 nm excitation, 15 mW
laser power at the sample, and 5¢mesolution. For CIP, 3 s/0.5
cm! collection interval; for F54Y, 3 s/0.5 cri collection interval;

for F54W, 5 s/0.5 cm! collection interval; for F54V, 9 s/0.5 cth

collection interval; and for F54G, 21 s/0.5 chrollection interval.

The asterisk denotes the band of the 5-c HS unligated proteins at

1493 cnt?! (v3) and 1631 cm?! (v4g).
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F54Y binds fluoride even more poorly than the WT protein,
whereas F54W, F54V, and F54G mutants bind the ligand
completely, as judged by the electronic absorption and RR
spectra (see below). In previous work, it has been found that
the distal aromatic residue in position 54 is particularly
important for stabilizing the fluoride anion37, 40). In
particular in CCP and APX, where a tryptophan residue is
conserved in the position corresponding to F54 of GIB,(

the fluoride is stabilized by a hydrogen bond from the indole
nitrogen B7, 40, 42). Moreover, it is seen that replacement
of the distal F54 with W in CIP not only increases the
fluoride affinity but also causes a red shift of the CT1 band
maximum, making it very similar to that of CCP, suggesting
that the mutated residue is hydrogen bonded to the ligand
(40). These previous results are confirmed in this work as
the F54W mutation increases the stability of the fluoride
complex by about 4500-fold (at pH 4.8B4 = 0.4 + 1.0

uM for the mutant and 1& 6 mM for CIP). Interestingly,

the dissociation constant for the fluoride complex of the
mutant becomes similar to that found for WT CCGR,(44).

The 6-c F54V and F54G mutants also appear to bind fluoride
better than the 5-c CIP, despite the lack of hydrogen bond
stabilization by the valine and glycine side chains, as
indicated by the sharp Soret band and the appearance of the
band at 570 nm, associated with the fluoride complex. Both
the Soret and the CT1 bands are 4 and 3 nm blue-shifted
with respect to those of CIP due to the vinyl reorientation
(see below).

The corresponding RR spectra (Figure 5, right) confirm
the conclusions drawn from the UWis spectra. F54Y binds
fluoride very poorly, whereas for the F54W, F54V, and F54G
mutants, no residual 5-c HS is detected upon fluoride binding.
In addition, the formation of a 6-c HS heme and, therefore,
the shift of thevo from 1631 (5-c HS) to 1608 cm (6-c
HS) allow us to measure the frequency of the vinyl stretching
mode in a more precise way than for the free proteins. Figure
3 (middle) shows the 16081660 cn?! region recorded in

presence of a 6-c LS heme similar to that observed for the polarized light. As previously found for the noncomplexed

WT protein at pH 12.135) and, therefore, is interpreted as
due to a hydroxyl ligand bound to the heme iron.

Figure 4 (right) shows the electronic absorption spectra
of F54W obtained between pH 4.0 and 11.0. On the pH being
raised from 4.0 to 7.0, the blue shift of the Soret band and

forms, the F54V and F54G mutants are characterized by two
v(C=C) stretching modes at 1622 ch(F54V) (1621 cm*

for the F54G mutant) and at 1635 ctn Accordingly, the

v, mode shifts from 1561 cmt in CIP to 1563 cm® in F54V

and 1565 cmt in F54G (Figure 5, right). Therefore, the blue

the red shift of the CT1 band are consistent with the decreaseshift of the Soret and CT1 bands can be ascribed to a vinyl

in the level of a 6-c HS heme and the formation of a 5-c HS

double bond, which is less conjugated with the porphyrin

species. The transition appears to be completed at pH 5.0macrocycle.
since its electronic absorption spectrum (data not shown) is The RR frequency of the(Fe—F) stretching mode in the

identical to the one recorded at pH 4.0. At pH 11.0, a low-

low-frequency region would provide direct evidence for

spin heme is present, though some 5-c and 6-c HS formshydrogen bonding of the fluoride ligand to distal residues
appear to remain, rendering an estimate of the amount ofin CIP and its F54W mutant. The fluoride complexes of

the alkaline form present difficult. Nevertheless, it appears
that, as for F54Y, thelg, of the alkaline transition is lower
than for the wild type, since at pH 11.0 no low-spin heme
was observed in CIP3Q).

To understand the role of F54 in ligand binding, the ability
of the mutants to react with fluoride (pH 5.0) or imidazole
(pH 10.5) was investigated. Figure 5 (left) compares the
electronic absorption spectra of the fluoride complexes
obtained at pH 5.0. Heme proteins bind fluoride giving rise
to 6-c HS hemes. As previously reported, WT CIP does not
bind the anion completel\30, 40), giving rise to a mixture
of 5- and 6-c HS hemes, with the latter being predominant.

metmyoglobin and methemoglobin sha\Fe—F) stretches

at about 466-420 and 476-440 cnt?, respectively, upon
excitation in both the CT1 and 441.6 nm regioA549).
Moreover, the higher-frequency band is pH sensitive, as it
shifts down by about 60 cm upon acidification. This result
was interpreted as being due to protonation of the distal His
and formation of a hydrogen bond to the fluoride ligad#)(

For HRP-C, thev(Fe—F) stretch is observed at 385 cin
upon excitation in the CT1 band. The fact that the frequency
of HRP-C is lower than that of the globins is in agreement
with the presence of stronger hydrogen bonding between the
fluoride and distal residue$@). Therefore, we attempted
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FiGurRe 6: Electronic absorption (left) and resonance Raman (right)
spectra of the imidazole complexes of ferric CIP and the distal
mutants F54Y, F54W, F54V, and F54G at pH 10.5. (Left) The crp

region between 450 and 700 nm has been expanded 8-fold. (Right) 400 500 600 »/nm 1600 1620 1640 AD/cm™!
The experimental conditions were as follows: 406.7 nm excitation, . .
20 mW laser power at the sample, and 5-émesolution. For CIP, F!GURE 7: (Left) Electronic absorption spectra of ferrous CIP ar_1d
18 s/0.5 cmt collection interval; for F54Y, 21 s/0.5 crhcollection distal mutants F54Y, F54W, F54V, and F54G at pH 6.0. The region

interval; for F54W, 30 s/0.5 cm collection interval; for F54y,  between 450 and 700 nm has been expanded 8-fold. (Right)
21 s/0.5 cm? collection interval; and for F54G, 29 s/0.5 cin Resonance Raman spectra of F€IP and the distal mutant F54V

collection interval. at pH 6.0. Experimental conditions were as follows: 457.9 nm
excitation, 15 mW laser power at the sample, and 5amsolution.

. . For CIP, 8 s/0.5 cmt collection int l; and for F54V, 34 s/0.5
to find the v(Fe—F) stretching mode of HRP-C, CCP, and C,%r—l collecfion inﬁervg?_ ection inferval, and for S

CIP fluoride complexes using Soret excitation (from 406.7

to 457.9 nm), which is available to us. However, no band mode frequency shifts up by 2,3,5, and 6—émespective|y
exhibited SenSitiVity to Changes of the eXCiting WaVeIength, (Figure 6, right), indicating a lower degree of vibrational
and therefore, no band could be assigned to the fluoride coupling with ther(C=C) vinyl stretches.
ligand. Thev(Fe—F) stretch in peroxidases, therefore, appears  Figure 7 (left) compares the electronic absorption spectra
to be very weak and possibly overlapped with the propionyl of the reduced form of the mutants and the WT protein
bending modes (observed in the fluoride complexes aroundrecorded at pH 6.0. All the spectra are characteristic of 5-c
380 cn1?), if resonance enhanced with Soret band excita- HS hemes, but whereas CIP, F54Y, and F54W differ only
tions. Interestingly, the OHlIgand, isoelectronic with the S||ght|y in their Wave|ength maxima, the Spectra of F54V
F~, showed a Soret enhanced Rfe-OH) stretch thatwas  and F54G are blue-shifted by about 4 nm with respect to
also much weaker in peroxidasd$(51, 52) than in globins  the WT protein. The RR spectra (data not shown) confirm
(52). The different intensity behavior observed for the that the proteins are all pure 5-c HS. The blue shift of the
v(Fe—F) and »(Fe-OH) stretches might be due to the electronic spectra of F54V (as probably that of F54G) is due
presence of stronger hydrogen bonds between the ligand andp the reduced level of conjugation of one vinyl mode as
the distal residues in peroxidases than in globins. shown in Figure 7 (right), where the RR spectra in the 3600
Figure 6 (left) compares the electronic absorption spectra 1660 cm! region of F&" CIP and F&" F54V are reported.
of the imidazole complexes obtained for CIP and the four It can be seen that whereas in the WT protein the two
mutants at pH 10.5. All the spectra are characteristic of a »(C=C) stretching modes overlap at 1621 dmthe F54V
6-c LS heme with two nitrogen atoms bound to the heme mutant is characterized by two distinct stretches at 1622 and
iron, as suggested by the wavelength maxima in the visible 1635 cn1?, as found for the ferric heme. The spectra of
region at 534 and 560 nn¥). The spectra of F54W and reduced F54W and F54Y are very similar to that of WT CIP
F54V exhibit a Soret band, which is 1 and 2 nm, blue-shifted (data not shown); the spectrum of F54G has not been checked
with respect to CIP; the blue shift is even greater for the because of the lack of a sample.
F54G mutant (4 nm). Figure 6 (right) compares the corre- At pH 10.0, only the F54V mutant (in the Peform)
sponding RR spectra in the high-frequency region. All the remains 5-c HS, as the WT protei5). Both F54Y and
spectra exhibit core-size marker bands typical of a 6-c LS F54W are a mixture of 5-c HS and 6-c LS hemes. The F54G
heme. Differences are observed in the vinyl stretching modeshas not been analyzed because of the lack of a sample. The
as observed in Figure 3 (bottom), which shows the RR low-spin heme might derive from a change in the distal cavity
spectra in the 16001650 cnm* region recorded in polarized  which induces the distal histidine to bind directly to the heme
light. The CIP complex is characterized by the polarized band iron, as previously observed for both¥e&nd Fé" CCP at
at 1620 cm?, due to the vinyl stretches, which is well alkaline pH {). As a consequence of the presence of a low-
separated from the depolarized band at 1639'cdue to spin heme, we undertook the study of the RR low-frequency
thevio mode. On the contrary, the spectra of all the mutants region only for those mutants whose spectra are characteristic
do not exhibit two distinct bands in this region, and on the of a 5-c HS heme. In fact, in the low-frequency region, the
basis of the spectra recorded in polarized light, two vinyl main information is given by the frequency of théFe—
stretches together with they mode can be assigned. One Im) stretching mode, detected only in the 5-Fheme
is at about the same frequency as CIP, and the other isproteins, which in peroxidases is fairly high and pH-
upshifted by about 7, 10, 15, and 15 chin F54Y, F54W, dependent. Both of these features have been attributed to
F54V, and F54G, respectively. Concomitantly, as previously the presence of a hydrogen bond betwegiofNhe imidazole
observed for both the ferric and fluoride complexes, with ligand and the oxygen atom of an aspartic residi®. (In
the increase of the frequency of one vinyl stretch, the  CIP, the Fé'-His RR band has two components with
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Table 1: Absorption Maxima (nm) of Soret and CT1 Bands and RR 9IVES Tise 10 an aquo 6-c HS species. The results suggest

Frequencies (cr) of the v, and»(C=C) Vinyl Stretching Modes also that the heme pocket undergoes a readjustment depend-
Observed for the Various Forms of CIP and Phe54 Mutants ing on the size and hydrogen bonding ability of the residue
Soret CT1 1, ¥(C=C) inserted at position 54 of CIP. When the aromatic ring of
protein spin stafe (nm) (nm) (cm™)  (cmyb the phenyl group is replaced by valine and glycine, both the
Fe* at pH 7.0 vinyl groups of the heme chromophore change thré@=
CIP° 5-c HS 403 649 1566 1625 C) stretching mode frequency, indicating a marked change
Phe54Tyr 5-c HS, 6-c HS 404 644 1566 1623 in their orientations in all the forms under investigation.
ISR SCHS SO e beSiy 941 1598 1903, Recenty, on the basis ofthe RR specta and local densiy
Phe54Gly 5-c HS, 6-c HS 402 629 1565 1621, 1635 functional calculations on mono- and dlvmylhemlns, it has
St Fat PH 5.0 - been proposed that when the protein matrix exerts no
cIpd 5-¢c HS, 6-c HS 405 615 1561 1623 constraints on the vinyl groups, two distingC=C) stretch-
Phe54Tyr 5-c HS, 6-c HS 405 615 1561 1623 ing modes should be observed in their RR spectrGd). (
Phe54Trp 6-c HS 407 618 1562 1624 Moreover, it has been found that the protein matrix plays a

Phes4val 6-c HS 402 612 1563 1622,1635 4a iy directing the orientation of the vinyl groups of the

Phe54Gly 6-c HS 402 612 1565 1621, 1635 . ; : :

eoAEy Bre o — heme chromophore in peroxidases. In particular, in APX and
cip 6 LS Fer—Imat ‘)4'1210'5 1582 1620 all class Ill peroxidases, both vinyl groups, which are largely
PheS4Tyr 6-c LS 412 1584 1620, 1627 unconstrained by the protein matrix, assume the preferred
Phe54Trp 6-cLS 411 1585 1620, 1630 conformation characterized by two distinct RRC=C)
Phe54val 6-cLS 410 1587 1621,1635  stretching modes, at about 1620 and 1630 %mwith only
Phe54Gly 6-cLS 408 1588  1621,1635  na vinyl group (1620 crm) well-conjugated with the double

Fe** atpH 6.0 bonds of the heme grou@?). CIP at pH 7.0 exhibits two
CIP® 5-c HS 438 1559 1621 : _ . - _
PhesaT vinyl v(C=C) stretching modes overlapping at 1625¢ém
yr 5-c HS 437 1561 1622 . .

Phe54Trp 5-c HS 438 1559 1621 (35), in contrast to thg two independent bands at 1621 apd
Phe54Val 5-c Hs 434 1622635 1635 cm! observed in the F54V and F54G mutants. This
Phe54Gly 5-cHs 433 suggests that both the vinyl groups are restrained by the distal
~ @The most abundant species is underlinfeBihe most intense band  phenylalanine in the WT protein, and therefore, the replace-
is underlined* From ref35. ¢ From ref40. ment of the phenyl ring with the smaller aliphatic side chains

of valine and glycine appears to release the constraints on

frequencies at 230 and 211 cinThe 230 cmt component  the vinyl substituents. Analysis of the crystal structure of
is more intense at neutral pH, whereas at alkaline pH, the CIP/ARP @, 55) confirms this hypothesis. As shown in
intensity of the band at 211 crhincreases at the expense Figure 1, the G, C, and G atoms of the aromatic group

of the band at 230 cm. This shift has been interpreted as are about 4.24.2 A from the G atom of the vinyl groups.
being due to changes associated with protonation of thelnterestingly, CIP appears to be different from HRP-C in
proximal His residue. The(Fe—Im) stretching mode at 230  this respect as the corresponding mutation of HRP-C (F41V)
cm ! suggests the presence of a hydrogen-bonded imidazoledid not exhibit important changes in the frequency of the
whereas the 211 cri band suggests the presence of a fairly double bonds of the vinyl groups compared with the WT
weak hydrogen bond interaction betweenHNof the protein (L0). A vinyl mode occurs at high frequencies for
proximal H183 and the oxygen atom of the D245 side chain Poth the mutant and the wild-type protein.

(35). Since no appreciable changes in the frequencies of the A change in size of the distal pocket upon mutation is
v(Fe—Im) stretching modes have been observed in the also clearly indicated by ligand binding. Imidazole binding
mutants (data not shown), it appears that the distal mutationto the F54W and F54Y mutants causes a reorientation of
does not affect the proximal hydrogen bond strength, in the vinyl double bonds, as judged by the appearance of two

agreement with the previous findings for the F41V mutant RRv(C=C) stretching frequencies in the imidazole complex.
of HRP-C (L0) and the W51F mutant of CCR)( This might indicate that the sterically encumbered imidazole

Table 1 summarizes the wavelengths of the Soret and CT1IS @ble to push away the aromatic rings of both Y and W.
bands and the frequencies of theand»(C=C) stretching Since the imidazole binds completely in WT CIP with no

modes together with their coordination and spin states, appreciable changes in the vinyl s.tretch frquencies, it
observed for the various forms of CIP and its F54 mutants. 2PP€ars that the indole and phenol rings of the inserted W
and Y residues are closer to the heme than the phenyl ring

DISCUSSION in the WT protein but must move away from the proximity
of the heme iron to allow the imidazole to bind.

This analysis indicates that substitution of the distal  Furthermore, mutation alters the fluoride binding capabil-
phenylalanine in CIP causes alterations in the distal cavity, ity. Fluoride binds more poorly to the F54Y mutant than to
which were also partly observed for the corresponding WT CIP. It has been widely accepted that distal histidine is
mutations in CCP and HRP-C. The distal F54 in CIP plays the proton acceptor for the transient binding of peroxide
an important role in maintaining the architecture of the distal during compound | formation5g) as well as for fluoride
cavity. Despite the fact that the aromatic phenyl group is binding via HF in peroxidasesA8, 57). The loss of this
not directly involved in the hydrogen bonding network with acceptor by protonation decreases the bimolecular rate of
the water molecules, its substitution with either a hydrogen HF binding and hence the affinity. Moreover, it has been
bond acceptor/donor (tyrosine), a hydrogen bond donor proposed that the distal histidine contributes to the stability
(tryptophan), or small aliphatic residues (glycine and valine) of the fluoride complex in peroxidase by hydrogen bonding,
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through a water molecule to the anioB6f. A tyrosine F54Y

residue can act both as a hydrogen bond acceptor and donor . L— H--- . L_. H----
to water molecules in the distal cavity and, thereby, interfere His S8 (13:17 His 8 %7
with optimal hydrogen bonding stabilization of the fluoride 1'1

complex. The F54W mutant binds fluoride much better than Tyr 54 H\E‘,rﬂ - TyrS4

CIP. This observation can be simply explained by recalling P - eHo_H
that the nitrogen atom of the indole ring acts as a hydrogen w@‘o‘“ - . w@_o“ﬂ H:‘.’:
bond donor with the bound fluoride, stabilizing the ligand. /‘f\ /f"\
Therefore, the mutation not only increases the affinity for g His 183 g Hie 183
the fluoride by 4500-fold but also causes a red shift of the ~H —:l -~ H -—\i
CT1 band of 3 nm with respect to the parent enzyme due to pH4O S<HS pH70  6cHS
the bound fluoride being accepting a hydrogen bond from

the distal arginine, tryptophan, and a water molecule, exactly

as in WT CCP 44). Moreover, the lower affinity for the FS4w

fluoride ligand of WT CIP as compared to that of HRP-C mssst—gj"““ Hkssbj'ﬂ--"
(which also contains a distal phenylalanine) has been Teps4 + Trpsé N
suggested to be a consequence of the different position of o - f

the distal arginine (R51) in the cavityt@). In WT ARP/ O o _H D OJ HyH
CIP, the guanidinium group of R51 is 1.7 A further away E ______ .‘?’ E -7

from the heme ironJ) than in HRP-C 4). Since the distal Sr SES
arginine has been found to be a determinant in controlling A A

the ligand binding via a strong hydrogen bond between the _— Qmslss — i&“"“’
positively charged guanidinium group and the anion in

peroxidasesl(7, 40), the longer distance between the arginine pH50 6cHS pH70 S5cHS

and the Fe_ atom CO,UId be responsible for a weaker interaCtionFlGURE 8: Schematic representation of the acidieutral ligation
upon fluoride binding. The fact that both F54V and F54G equilibrium for F54Y (top) and F54W (bottom) inferred from the
mutants bind fluoride better than WT CIP might be ascribed spectroscopic data. At neutral pH, the 5-c and 6-c HS forms are
to a small displacement of the distal helix B toward the heme, present in both mutants. The 5-c HS form is the most abundant in
as a consequence of the replacement of the phenyl ring with}?&&?ﬁugﬂtﬁg‘éS”Tdag;g %C HS form is the most abundant in the
small aliphatic side chains.

The substitution of F54 by W or Y in CIP gives rise to Moreover, their F& RR spectra do not show appreciable
opposing effects on the coordination state of the heme ironchanges in thev(Fe—Im) stretching mode frequency to
on going from neutral to acidic pH. Hence, at pH 4, the F54Y indicate that the Felm bond is weaker than in the wild-
variant is almost pure 5-c HS heme, whereas acidification type protein. On the other hand, the acid transition observed
drives the F54W to a complete 6-c HS species. For both for both the F54Y and F54W variant at pK6 cannot be
mutants, the transition occurs at p¥b. An acid transition explained by protonation of the inserted new residue. In fact,
at pH 5.0 has been observed in WT CIP for cyanide binding the hydroxyl group of the tyrosine side chain ionizes at
(58) and compound | formations@). Since the distal His  alkaline pH near 10.5, and the nitrogen atom of the indole
(H55) is generally expected to have a very loi,mlue to ring of tryptophan can act only as a hydrogen bond donor
the effect of the nearby positively charged distal R51 and over the entire pH range68). However, the increased
the hydrogen bond between thg;Mf H55 and the @ of polarity of the distal pocket will assist in charge delocaliza-
an asparagine (N92, Figure 1), common to peroxidases, thetion. Therefore, we tentatively assign the acid transition
transition has been associated with protonation of the observed in the two mutants to the protonation of the distal
proximal His (H183) 14). In fact, at pH 3.8 a new five-  H55 of CIP. On this basis, the 5-c HS heme observed for
coordinate high-spin form (5-c HS*) characterized by a blue- the F54Y mutant at pH 4.0 might be derived from the
shifted Soret maximum (394 nm) was identified for WT CIP concomitant donation of a hydrogen bond from the distal
and assigned to a weakened or broken proximal ligand bondH55 to the water molecule and from the water molecule to
to the heme iron, resulting from protonation of the proximal the Y54 (Figure 8, top). In the case of W54, the nitrogen
H183 (33). More recently, the R51L mutant of CIP at pH atom can act only as a hydrogen bond donor, therefore,
7.0 exhibited a blue-shifted Soret band very similar to that competing with the proton donation of the distal H55 and
observed for CIP at acidic pH, and the RR spectrum of the resulting in a 6-c HS form at acidic pH and a 5-¢c HS form
Fe?t form exhibited the presence of a predominant species at neutral pH (Figure 8, bottom).
with a longer Fe-N, bond with respect to CIP_1(7_)._ In Fhese ACKNOWLEDGMENT
cases, we do not have any evidence that acidification causes

a weakening of the proximal FeHis bond. In fact, a marked We thank Ms. Yvonne Berger Larsen for purifying the
blue shift of the Soret band can be expected when the peroxidases, Dr. Christine Bruun Schigdt for measuring the
proximal histidine is replaced by a weaker liga6@-{62), Kgq of the fluoride complexes of CIP and the F54W mutant,

but the electronic absorption spectra of F54Y and F54w at @nd Professor Mario P. Marzocchi for many helpful discus-
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