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Abstract The pH dependence of redox properties, spec-
troscopic features and CO binding kinetics for the che-
lated protohemin-6(7)-L-histidine methyl ester (heme-H)
and the chelated protohemin-6(7)-glycyl-L-histidine
methyl ester (heme-GH) systems has been investigated
between pH 2.0 and 12.0. The two heme systems appear
to be modulated by four protonating groups, tentatively
identified as coordinated H,O, one of heme’s propio-
nates, Ne¢ of the coordinating imidazole, and the car-
boxylate of the histidine residue upon hydrolysis of the
methyl ester group (in acid medium). The pK, values are
different for the two hemes, thus reflecting structural
differences. In particular, the different strain at the
Fe-N, bond, related to the different length of the coor-
dinating arm, results in a dramatic alteration of the
bond strength, which is much smaller in heme-H than in
heme-GH. It leads to a variation in the variation of the
pKa for the protonation of the N, of the axial imidazole
as well as in the proton-linked behavior of the other
protonating groups, envisaging a cross-talk communi-
cation mechanism among different groups of the heme,
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which can be operative and relevant also in the presence
of the protein matrix.
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Introduction

Heme proteins represent a family of proteins and
enzymes displaying a large variety of activities promoted
by their prosthetic group. A better understanding of their
properties may be achieved by the synthesis of iron—
porphyrin model systems and by the characterization of
the factors affecting the electronic, spectroscopic and
structural properties of these smaller molecules. Many
heme proteins (including myoglobin, hemoglobin, gua-
nylate cyclase and several peroxidases) possess the
prosthetic group protoheme IX, which is usually axially
coordinated by a single histidine residue on the side
opposite that involved in binding of exogenous ligands or
assigned to the catalytic activity [1]. The strength of the
axial imidazole coordination contributes to the complex
pattern of factors controlling the activity of these pro-
teins [2, 3]. The axial binding strength can generally be
modulated through three main mechanisms: (1) the
hydrogen-bonding interaction between the imidazole
and a nearby carboxylate group [4]; (2) a change in the
orientation of the imidazole plane [5, 6]; and (3) the
introduction of a conformational strain as a consequence
of the binding of the proximal residue, producing some
tilting of the imidazole group [7].

With the aim of studying these effects, several che-
lated iron—porphyrin model systems have been synthe-
sized, containing an appended imidazole residue which
can intramolecularly bind to the iron center [§8-19].
A different approach involves the use of heme—peptide
complexes (called microperoxidases) obtained from the
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proteolysis of horse heart cytochrome ¢ [20, 21]. How-
ever, while bearing the advantages of good water solu-
bility and reduced tendency to aggregate, which are
helpful for the comparison with the proteins, microper-
oxidases suffer the problem of containing a different type
of heme (heme c¢) in their structure. Furthermore, the
C-terminal peptide sequence containing the iron—imid-
azole axial ligand prevents the possibility of introducing
structural or conformational limitations on the histidine
coordination.

For these reasons, covalently modified protohemin or
deuterohemin complexes, obtained by linking amino
acids or peptides to the propionate side chains of the
porphyrin, represent the most suitable systems to inves-
tigate stereochemical and conformational effects intro-
duced by the chelated axial ligand and, in some cases,
also the modulation of the iron—axial ligand interaction
[8-12, 18, 19]. Complexes of this type have generally been
used to investigate the ligand binding properties of the
iron center, as peroxidase mimics as well as modified
cofactors for reconstituted proteins [22-24]. To show the
effect of strain in the axial ligand on the binding and
catalytic properties of the iron center, a group of deu-
terohemins containing a histidine residue bound in a side
arm with variable length were previously used [18]. As a
matter of fact, the importance of strain on the proximal
axial bond of the heme has been demonstrated in several
papers, clearly indicating that it plays a relevant role not
only in the reactivity of the heme [2, 3, 25], but also in the
modulation of cooperativity in hemoglobin [26, 27]. In
this work we have investigated the pH dependence of the
spectral, redox and the CO binding properties of proto-
hemin-6(7)-L-histidine methyl ester (heme-H) and pro-
tohemin-6(7)- glycyl-L-histidine methyl ester (heme-GH),
where a L-histidine methyl ester or a glycyl-L-histidine
methyl ester residue is bound to one of the propionate
chains, respectively (Scheme 1). On the basis of the
properties of the corresponding deuterohemin deriva-
tives [18], it can be assumed that in heme-H the histidine
coordination is more strained than in heme-GH, allow-
ing us to investigate in greater detail the proximal strain
effect on heme properties.

Scheme 1 Structures of protohemin-6(7)-L-histidine methyl ester
(heme-H) and protohemin-6(7)-glycyl-L-histidine methyl ester
(heme-GH)

Experimental
Sample preparation

Glycyl-L-histidine methyl ester dihydrochloride was pre-
pared by esterification with methanol of glycyl-L-histidine
dihydrochloride (Sigma) following a literature method
[19].

Heme-GH and heme-H were obtained by condensa-
tion of glycyl-L-histidine methyl ester or vr-histidine
methyl ester (Sigma), respectively, to one of the propi-
onate arms of hemin, following a procedure similar
to that reported recently for heme-GH [28]. A solu-
tion of protohemin chloride (300 mg, 0.46 mmol),
I-hydroxybenzotriazole (310 mg, 2.3 mmol), O-(ben-
zotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexaflu-
orophosphate (175 mg, 0.46 mmol) and triethylamine
(255 pl, 1.8 mmol) in freshly distilled dimethylforma-
mide (10 ml) was stirred for 15 min at room tempera-
ture. Then, glycyl-L-histidine methyl ester dihydro
chloride or r-histidine methyl ester dihydrochloride
(0.46 mmol) was added, and the mixture was allowed to
react overnight under stirring at room temperature. The
dropwise addition of a small amount of water (about
5 ml) caused precipitation of the hemin derivative. The
mixture was centrifuged and the solid residue collected.
This residue was carefully dried under vacuum and
subsequently treated several times with diethyl ether and
then filtered to remove the remaining traces of organic
reagents. The residue was finally dried under vacuum,
adsorbed on inert sand and loaded onto a silica gel
column (60x4 cm?). Chromatographic separation of the
modified hemins from unreacted hemin was carried out
using a mixture of n-butanol-water—acetic acid 4:1:1
(v/v/v) as the eluent. Upon removal of the solvent under
vacuum, the samples were further purified by high-per-
formance liquid chromatography (HPLC) using a JAS-
CO MD-1510 instrument with diode array detection and
a Supelco C;g reversed-phase column (10x250 mm?).
HPLC runs were carried out using a mixture of distilled
water—acetonitrile 65:35 (v/v) containing 0.1% trifluo-
roacetic acid as the eluent; the flow rate was 5 ml/min.
Spectrophotometric detection of the eluate was per-
formed in the range 200-600 nm. The retention times of
heme-H and heme-GH were 10.0 and 17.6 min, respec-
tively. The purified products exhibit electrospray ioni-
zation mass spectrometry spectra (LCQ-DECA ion trap
instrument, Thermo-Finnigan) with parent peaks at m/z
767.4 [M]", for heme-H, and m/z 823.3 [M-1]", for
heme-GH, in agreement with formulation.

Cyclic voltammetry

Direct current cyclic voltammetry was carried out at
20 °C employing, as a working electrode, a pyrolytic
graphite electrode (3-mm diameter, Amel) modified as
previously described [29]. Briefly, the heme samples in



phosphate buffer, pH 7.0, were mixed with a tribu-
tylmethyl phosphonium chloride resin previously solu-
bilized in dimethyl sulfoxide (DMSO), to form a final
30% (v/v) DMSO-aqueous solution; alternatively, the
hemes were dissolved in pure DMSO without an aque-
ous solution in order to distinguish the DMSO effect
from that of the aqueous solution. The electrode modi-
fication was achieved by drying 5 pl of the solution
on the electrode surface, at 5 °C. Cyclic voltammo-
grams were run at 20 °C in the potential range + 200 to
—600 mV (vs. the standard calomel electrode), at scan
rates of 0.05-1.00 V/s. Measurements were carried
out in 0.05 M acetate (pH<5.5), 0.05M phosphate
(pH range, 5.5-8.0) and 0.05 M carbonate (pH >9.0)
buffers, all containing 0.1 M KClOy4 as the supporting
electrolyte.

The redox potentials determined at various pH values
were analyzed according to the following equation:

n o i
Z H red Kar [ H+]

Eobs = EO %7 (1)
> [T K [H]

i=0r=0

where E., is the redox potential determined at a gi-
ven pH value, Eq is the redox potential of the form
present at the limit of high pH, ™K, and °*K, are the
proton association constants of an ionizing functional
group in the reduced and oxidized iron porphyrins,
respectively (such as K, = 10X where n is the total
number of such redox-linked functionalities. In Eq. 1 we
define ™YK, ox[H " ]=1.

Spectroscopic and kinetics studies

Ferric heme solutions in 30% DMSO were diluted
with buffer containing 30% DMSO at the appropriate
pH value and the heme iron was reduced in a gas-
tight syringe under anaerobic condition by adding
sodium dithionite (to a final concentration of 1 mg/
ml); alternatively, the heme complexes were dissolved
in pure DMSO without an aqueous solvent in order to
distinguish the effect of DMSO from that of H,O.
Absorption spectra were obtained employing a JASCO
V-530 spectrophotometer; the samples were very stable
in sodium dithionite as long as they were kept in
anaerobic conditions in a tonometer provided with a
I-cm-pathlength cuvette at the bottom. Fast kinetics
was obtained, employing a stopped-flow instrument
(Applied Photophysics, Salisbury, UK) with 1-ms dead
time. Samples for kinetics experiments were prepared
by adding sodium dithionite (to a final concentration
of 1 mg/ml) to the ferric heme solution in a very low
ionic strength buffer at pH 7.0 under anaerobic con-
ditions in an air-tight syringe. The pH dependence of
CO binding kinetics was determined by mixing the
reduced heme sample in a very low ionic strength
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buffer at pH 7.0 with a high ionic strength buffer
(I=0.15 after mixing) at the desired pH and CO
concentration. Desired CO concentrations were
obtained by appropriate dilution of a stock CO-satu-
rated H,O solution (1x107>M CO at 20 °C under
I atm of gaseous CO). The actual pH at which the
reaction occurred was measured after the mixing.

Solvent conditions

The DMSO-H,O ratio was chosen in order to abolish
the aggregation probability; thus, while in pure aqueous
solutions the voltammetry signal was vanishingly small,
clearly indicating the presence of aggregates, the addi-
tion of DMSO led to the appearance of a progressively
increasing signal, indicating the displacement of the
equilibrium in favor of the monomeric species (Fig. 1a).
The increase in signal intensity was maximized at
approximately 20% DMSO-H,O ratio and essentially
no further change of signal quality was observed
between 30% DMSO-H,O and 100% DMSO, clearly
indicating that under our experimental conditions all
molecules were in the monomeric form.

A similar effect is observed for the kinetics of CO
binding, which shows a markedly biphasic behavior in
pure aqueous solutions, with a fast phase followed by a
very slow one. Addition of DMSO brought about the
progressive disappearance of the slow phase, with a
concomitant increase of the amplitude of the fast phase,
leaving the rate constant unaffected (Fig. 1b). The slow
phase disappears for a ratio of 20% DMSO-H,O0, as
observed for the DMSO dependence of the intensity of
the voltammetric signals.

Data analysis

Absorbance spectroscopic data as a function of pH were
analyzed at different wavelengths according to the fol-
lowing equation:

i

n [1 Kur[H"]
ODgbs = OD + »  DOD;————— (2)
=0 > 1 K [HT]
i=0r=0

where OD,y, is the observed optical density at a given
wavelength, ODj is the optical density at the alkaline
edge, DOD; is the optical density change related to the
ith pH-dependent optical transition, K, is the equilib-
rium constants for the rth protonation step, such that
K.x[H"]=1, and n is the total number of protonating
groups.

The pH dependence of the kinetics for CO binding to
Fe(IT) forms of both hemes is described according to the
following equation:
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Fig. 1 a Cyclic voltammograms of protohemin-6(7)-/-histidine
methyl ester (heme-H) at pH 7.0 in 30% dimethyl sulfoxide
(DMSO) (a), in 100% DMSO (b) and in 20 mM phosphate pH
7.0 without DMSO (c). Sweep rate 100 mV/s, 20 °C. b Progress
curves of CO binding to heme-H in the absence of DMSO (circles)
and in the presence of 30% DMSO (crosses) at pH 5.5. CO
concentration 0.5 mM after mixing, 20 °C. For further details, see
text

\ ﬁ Ko [H]
=

i=0

(3)

obs i
Z%) 11 Kol +]

where /., 1s the observed second-order rate constant for
CO binding, /’; (with i=0, ..., n) are the rate constants of
the ith-protonated species and K, are the binding con-
stants for the rth proton, such that K, = 10P%  with
K,oxH']=1.

Global fitting was carried out as described elsewhere
[30], by combining the parameters obtained through the
fitting of the pH dependence of redox potentials (Eq. 1),
absorption spectra (Eq. 2) and CO binding kinetics
(Eq. 3). All these data were merged and a least-squares
fitting procedure of the overall data set was carried out,
employing for each set of data the corresponding equa-
tion, but interconnecting the fitting outcome in order to

find the minimum number of parameters (i.e., pK, val-
ues) required for the global description of their pH
dependence. Therefore, the overall description and the
number of parameters is clearly redundant for each
separate set of data (i.e., redox potentials, absorption
spectra and CO binding kinetics), but it is the minimal
number of protonation events for the whole system.

NMR experiments

The "H-NMR spectra of the cyanide adducts of heme-H
and heme-GH, obtained by addition of a small excess of
KCN in deuterated methanol, were recorded with a
Bruker AVANCE 400 spectrometer, operating at a
proton frequency of 400.13 MHz. For the preparation
of the reduced heme, ferric heme-GH was dissolved in
degassed deuterated DMSO containing 5% (v/v) of
200 mM aqueous phosphate buffer and reduced by
addition of a small excess of dithionite under anaerobic
conditions in a gas-tight NMR tube.

Results
Characteristics of the chelated protoheme derivatives

Chelated heme derivatives obtained by covalent attach-
ment of the axial donor residue to one of the propionic
acid side chains of natural porphyrins consisted of an
equimolar mixture of the two isomers carrying the sub-
stituent in position 6 or 7 of the porphyrin ring, which
could not be separated by thin-layer chromatography or
HPLC. The isomer composition is clearly shown by the
NMR spectrum of the ferric cyanide derivative of the
heme complex, which exhibits sufficiently narrow para-
magnetic signals (see for instance the spectrum of heme—
GH-CN' in the supplementary material) [28, 31, 32].
Coordination of the donor substituent to an axial posi-
tion of the iron center can occur above or below the
porphyrin plane, thus producing a total of four diaste-
reoisomeric chelated heme derivatives. The observation
of only two isomers in the NMR spectra indicates that
the exchange of the donor group on the side chain be-
tween the two axial positions of each isomer is fast on the
NMR time scale. The isomeric composition of the heme-
H and heme-GH complexes is not expected to influence
the spectral or redox properties of the heme chromo-
phore; these properties strictly depend on the nature of
the donor groups and on the coordination state of the
metal ion, therefore they should be similar for the various
isomers under investigation. On the other hand, the
presence of multiple isomeric forms in solution has a
strong influence on the circular dichroism (CD) spectra
of the hemin complexes, resulting in an overlap of the
contributions of the individual isomers, which likely
brings about an extensive cancellation of CD activity.
Therefore, the CD spectra of the present hemin com-
plexes display very weak signals (data not shown).



Redox properties

Figure 2 shows the pH dependence of redox potentials
vs. the normal hydrogen electrode for heme-H and
heme-GH. Over the pH range investigated, both heme
complexes display redox potentials ranging between
—0.15 and +0.15 V. Such values are similar to those
shown by a number of heme proteins, such as some
peroxidases [33]; however, they are more positive than
those of hemin [34-36], the two heme-containing frag-
ments of horse cytochrome ¢ (microperoxidase-8 [37,
38], microperoxidase-11 [39]) and horseradish peroxi-
dase [40]. Furthermore, the redox potentials of heme-H
and heme-GH are significantly lower than those of horse
cytochrome c¢ [41], owing to the nature of one residue
(Met80) axially ligated to the heme iron in the protein.
The methionine is in fact bound to the metal by a sulfur
atom, a good electron acceptor, that favors the reduced
state and increases the redox potential of the protein.
For both heme-H and heme-GH the redox properties
appear to be modulated by the redox-linked protonation
of (at least) two groups displaying different pK, values,
as reported in Table 1. While the group(s) with higher
pK, values is(are) similar for the two heme complexes,
the group(s) displaying lower pK, value(s) differ(s) by
approximately two pH units (Table 1), reflecting struc-
tural differences between the two hemes. In this respect,
it is noteworthy that the iron-histidine axial bond is
more strained in heme-H than in heme-GH, as shown by
thorough molecular mechanics and molecular dynamics
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calculations performed on the deuterohemin analogues
of these complexes [18], owing to the different length of
the arm connecting the propionate to the heme iron.
This feature probably brings about a different bond
energy for the axial coordination, thus affecting the pK,
value for the protonation of the N, of the imidazole
group, which is the event most likely responsible for the
*pK,» and “IpK,, of both hemes. However, the system
may be more complex than it appears from this phe-
nomenological analysis (see the dashed line in Fig. 2,
corresponding to data in Table 1 for n=2), and it
probably requires the presence of a third redox-linked
group (see the continuous line in Fig. 2, corresponding
to data in Table 1 for n=3). This possibility, which is
confirmed by other methods (see later), involves a
third redox-linked group with a lower pK, value
(Table 1), which indeed displays features expected for
the protonation of the N, of the imidazole group (i.e.,
*pK,3>"IpK,;; Table 1), as observed in other heme
model systems [42].

Furthermore, in pure DMSO the two hemes display
fairly positive redox potentials (Fig. 2), very similar to
those observed at acidic pH (approximately 3.5) in
aqueous solutions. This behavior clearly indicates that in
pure DMSO the protonating groups of the two hemes
retain most of their protons, which are then released to
the bulk solution upon water addition at weakly acidic
and alkaline pH values; the consequent destabilization
of the Fe(Il) species leads to the less positive (or even
negative) redox potentials observed in aqueous solution.

Fig. 2 pH dependence of redox
potentials for heme-H (crosses)
and protohemin-6(7)-glycyl-1-
histidine methyl ester (heme-
GH) (circles). Dashed lines are
the nonlinear least-squares
fitting of the data according to
Eq. 1, employing n=2 (see
Table 1); continuous lines are
the nonlinear least-squares
fitting of the data according to
Eq. 1, employing n=3 (see
Table 1). In both cases
Ey=-0.118 V for heme-H and
Ey=-0.075 V for heme GH
(see Eq. 1). Symbols ® and &
refer to redox potentials in pure
DMSO for heme-H and heme-
GH, respectively. For further
details, see text
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Spectroscopic properties

In order to better understand the relationship linking the
structural and redox properties of the two heme com-
plexes, the spectroscopic features of their ferrous forms
were investigated as a function of pH. Figures 3a and 4a
show the Soret absorption spectra as a function of pH
for heme-H and heme-GH, respectively. The proton-
linked behavior of both heme complexes appears to be
complex, displaying multiple proton-linked transitions.
In particular, the A, of the heme-H absorption spec-
trum, centered at 423 nm at alkaline pH, shifts to
417 nm as the pH is lowered (Fig. 3a). The pH-depen-
dent transition (obtained from the absorption values at
417 and at 423 nm) is shown in Fig. 3b. The proton-
linked spectral changes for heme-GH, shown in Fig. 4,
are more complex. As shown in Fig. 4a, the pH-depen-
dent spectroscopic properties of heme-H and heme-GH
look similar down to pH 5; however, a new species (not
observed for heme-H) appears at lower pH, being
characterized by a further blueshift and a weakening of
the Soret band. Such a different behavior is clearly ob-
servable in Figs. 3b and 4b; while at 423 nm the optical
absorption spectrum of heme-GH shows a pattern sim-
ilar to that of heme-H, at 417 nm the trend is signifi-
cantly distinct, displaying an absorbance decrease at
pH <4.0. Spectroscopic data in the visible range suggest
that both hemes are six-coordinated over the whole pH
range investigated (Figs. 3c, 4c¢); in the intermediate pH
range, a water and/or a DMSO molecule are/is likely
bound trans to the axial imidazole, while two of these
molecules seem to be bound to iron(II) at acidic pH.
Both heme-H and heme-GH display similar pK,
values for the spectral variations, even though at dif-
ferent wavelengths a different contribution from the
various protonating groups is detected (Table 2). In
particular, for both hemes the value of ’pK,, for the
optical transitions is very similar to the "™pK,, value
from the redox measurements (Table 1 for =2 and for

Table 1 Values of pK, for oxidized and reduced forms of proto-
hemin-6(7)-L-histidine methyl ester (heme-H) and protohemin-6(7)-
glycyl-L-histidine methyl ester (heme-GH) from direct current cyclic
voltammetry at 20 °C

Heme-H Heme-GH
n=2
oKy 7.08+0.18 7.25+0.15
oKy 42440.17 2.8240.16
rdp K 7.66+0.15 8.19+0.17
Ko 5.31£0.16 3.38+0.17
n=3
XKt 7.16+0.16 7.25+0.16
pKa> 4.01+0.18 3.8240.17
“pKas 4.45+0.16 2.894+0.17
redp Ko 7.78 £0.17 8.19+0.15
redbKos 5.31+0.18 3.38+0.17
b Ks 424+0.17 3.87+0.16

n=13), suggesting that the protonating group, which
modulates redox equilibria, also plays an important role
in the events regulating the optical changes detected for
the reduced hemes.

Besides this group, fitting of spectroscopic data sug-
gests that two additional groups are important, one of
which, identified as *PpK,,, displays very similar pK,
values for heme-H and heme-GH (i.e., 5.31£0.16 and
5.19+0.15, respectively; Table 2). The protonation of
this group upon a pH jump from pH 7.0 to pH<5.0
appears to be associated with a spectroscopic transition,
which is very fast for heme-H (data not shown), taking
place within the dead time of the stopped flow, while it is
slower for heme-GH, being completed in approximately
0.1 s, so in this case the process can be followed both in
the Soret region (Fig. 5a) and in the visible range
(Fig. 5b). This clearly demonstrates that the spectro-
scopic change of the Fe(Il) heme observed in the Soret
region reflects a transition between two six-coordinated
species.

The third group responsible for the pH dependence of
the spectroscopic properties, identified as °PpK,3
(Table 2), displays drastically different values between
heme-H and heme-GH, as for "™pK,, (Table 1 for
n=2), but with values much more similar to those of
rdy K5 (Table 1 for n=3 and Table 2), giving strength
to the idea of the existence of a third redox-linked pro-
tonating group (see before), which is better observed by
absorption spectroscopy.

The NMR spectra of ferrous heme-GH in DMSO
containing a small amount of buffer at pH 7.0 or 2.4
indicate the presence of low-spin, diamagnetic species
with all signals falling in the 0—10-ppm range (see sup-
plementary material). Unfortunately, the spectra are
complicated by the presence of isomers, and it is there-
fore difficult to make a complete assignment of the sig-
nals. However, the marked differences observed in the
0.5-4.5- and 5.5-8.5-ppm ranges can be attributed, with
the help of two-dimensional NMR experiments, to
structural changes induced in both the amino acid and
propionic acid arms by the pH change.

CO binding properties

Figure 6 reports the time-dependent spectral changes at
pH 7.0 induced by the reaction of heme-H (Fig. 6a)
and heme-GH (Fig. 6b) with 20 uM CO. In both cases,
the reaction is characterized by clear isosbestic points,
consistent with the existence of only two species: the
Fe(Il) form (with a Soret A,.x=423 nm) and the CO-
bound form (4,.x=417 nm and a higher extinction
coefficient). Therefore, in this reaction a weakly bound
solvent molecule is replaced by the much stronger li-
gand CO as the axial heme ligand. However, when the
Fe(Il) hemes are reacted with the same amount of CO
after a pH jump from pH 7.0 to pH <5 (i.e., pH values
at which the second group, characterized by *PpK,,,
becomes protonated, see before) a much more complex
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Fig. 3 pH dependence of optical spectra for the unliganded Fe(II)
form of heme-H in the Soret region (a) and in the visible (¢) range.
Spectra at pH <5 were obtained by mixing deoxygenated solutions
of heme-H at pH 7.0 (in low ionic strength buffer) with a buffer of
the desired pH, in the presence of sodium dithionite. The spectrum
shown refers to the final stable species, attained within 1 ms (i.e.,

kinetics behavior is observed. This is not unexpected,
because the spectral changes associated with the pH
change (from pH 7.0 to pH <5.0) occur with different
rates for heme-H and heme-GH. For heme-H the
optical pH-dependent transition of the Fe(Il) heme is
very fast and occurs within the dead time of the
instrument. Thus, in this case the observed reaction
only refers to the CO binding process to the protonated
species with a clear isosbestic point. As shown in
Fig. 6¢ at pH 2.4, the absorbance peak of the Fe(II)
heme-H centered at 417 nm shifts along the reaction
with CO toward the blue to give a complex charac-
terized by a Soret peak at 411 nm and a decreased
extinction coefficient.

On the other hand, for heme-GH the pH-dependent
optical transition of the Fe(Il) heme (Fig. 5a) falls in the
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observation time range and partially interferes with the
CO binding kinetics, thus bringing about a more com-
plex spectroscopic time evolution (Fig. 6d). As a matter
of fact, for heme-GH at pH 2.4 the first observed spe-
cies, characterized by A,.x=423 nm, rapidly evolves
toward a species characterized by Apn.c=417 nm and a
higher extinction coefficient (as previously reported;
Fig. 5a), which further proceeds to a CO-bound form
(Fig. 6d) very similar to that observed for heme-H at the
same pH (Fig. 6¢). Such spectroscopic features, revealed
by the progress curves at different wavelengths (Fig. 6e),
which refer to CO binding to the two hemes at pH 2.4,
clearly indicate that for both hemes the CO-bound form
at pH 7.0 (Fig. 6a, b) is different from the CO-bound
form at acid pH values (Fig. 6¢, d). In the visible range
the CO-bound spectra of the two hemes do not show any
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(circles) and A=423 nm (crosses). The lines were obtained as
described in the legend to Fig. 2. ¢ Absorption spectra of the

appreciable pH dependence (data not shown), thus
confirming that they remain six-coordinated; however, a
different nature for the axial ligands at neutral pH
cannot be ruled out.

In contrast to the fairly large changes observed in the
absorption spectra, CD spectra recorded as a function of
pH are less informative, being essentially flat in the Soret
region (data not shown). The very weak optical activity
exhibited by heme-H and heme-GH depends only in part
on the fact that the two complexes are a mixture of
isomers, because the corresponding ferric forms exhibit
very weak but observable CD spectra (data not shown).
The weaker binding strength of the axial imidazole
group to Fe(Il), as well as the larger kinetic lability of

08 T T T T T T T T T

Opt. Dens.

0.55 1 I 1 L L L ) I

unliganded Fe(II) form of heme-GH in the visible range at pH 9.0
(a), at pH 7.0 (b), at pH 4.2 (¢) and at pH 2.4 (d). d Absorption
spectra of the Fe(Il) “unligated” species for heme-GH in 30%
DMSO (@) and in pure DMSO (b); in the visible region absorption
spectra have been magnified 5 times. For further details, see text

Table 2 Values of pK, for the description of absorption optical
transitions in heme-H and heme-GH at different wavelengths

Heme-H Heme-GH
417 nm
PpK,, 7.78 £0.14 8.19+0.14
PpK,» 5.31+0.16 5.19+0.15
PpKaz - 3.38+0.16
423 nm
PpKa 7.78£0.15 -
PpK,» 5.31+0.15 5.19+0.15
PPKas 424+0.14 _
555 nm
PpKa 7.78+0.16 8.19+0.14
PpK,» 531+0.17 5.19£0.15
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Fig. 5 Transient spectra of the unliganded Fe(II) form of the heme-
GH in the Soret region (a) and in the visible range (b) obtained
after mixing the heme with buffer to a final pH of 4.2; this behavior
is observed also at lower pH values. For further details, see text

Fe(II) with respect to Fe(IlI) bonding, likely results in a
faster exchange of the side arm carrying the axial donor
between the two positions above and below the por-
phyrin plane, resulting in an epimerization process for
the reduced complexes. Support of this view comes from
the observation that the CD spectra of the Fe(II)-CO
forms, where the metal centers carry a strong and trans-
stabilizing axial ligand, are appreciably more intense (see
later) (Fig. 7). At pH 7.0, the CO-bound forms of both
heme complexes exhibit very similar CD spectra, fea-
turing a weak negative peak at 418 nm nearly coincident
with the absorption maximum (417 nm). This indicates
that the dominant isomer of the Fe(Il)-CO complexes
has the same chirality for both heme-H and heme-GH
derivatives. The Soret CD curves of the Fe(I)-CO
complexes become two-signed at pH 4.8, with magnified
optical activity, but curiously the pattern observed for
heme-H (negative peak at 412 nm, positive peak at
432 nm; Fig. 7a) is the mirror image of that exhibited by
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heme-GH (positive peak at 405 nm, negative peak at
430 nm; Fig. 7b). A two-signed CD behavior in the
Soret region is frequently observed for Fe(I)-CO
complexes of heme proteins [43-45] and only reflects the
fact that the Soret band encompasses two nearly
degenerate transitions [46]. In the present case, the
opposite CD pattern displayed by the Fe(II)-CO com-
plexes of heme-H and heme-GH is probably due to the
fact that the isomer with dominant CD activity is dif-
ferent in the two cases.

By following the absorption spectroscopic variations
we have sorted out the CO binding kinetics at several
different pH values and the resulting bimolecular rate
constants are reported for both hemes in Fig. 8 as a
function of pH. It is evident that above pH 7.0 both
hemes display the slowest reacting form (with heme-H
slightly faster than heme-GH). At pH below 7.0 the
bimolecular rate constant progressively increases, clearly
indicating that the group responsible for ™IpK,; (from
the pH dependence of the redox properties; Table 1) and
for *PpK,, (from the pH dependence of the spectroscopic
properties; Table 2) does not affect the CO binding
kinetics. The lines represent the best fitting according to
Eq. 3 with n=3 (Table 3), underlying that the CO
binding process is modulated by the protonation of three
groups in addition to ™pK,,.

It is very important to note that for both hemes
pK,; and “"pK,, (Table 3) correspond to *’pK,, and
PpK,3, respectively (Table 2), which indicates that the
two groups involved are simultaneously affecting to
some extent the CO binding kinetics and conformational
transitions corresponding to the spectroscopic varia-
tions. In addition, the groups responsible for kiny K> and
kinp K3 (Table 3) display fairly low pK, values in both
hemes, with kmpKaz associated with an enhancement of
the CO binding rate constant and “"pK,; slightly
decreasing the rate constant. In addition, for heme-GH
both groups display pK, values very similar to “%pK,,
(Table 1), which might suggest their involvement in the
modulation of redox properties. Therefore, we carried
out a further analysis of the pH dependence of redox
properties of both heme-H and heme-GH, employing
three (n=3, Table 1) redox-linked groups, by imposing
three of the four pK, values resulting from the combined
analysis of redox, spectroscopic and CO binding kinetics
analysis of the pH dependence (Tables 1, 2, 3). This
analysis (see the continuous lines in Fig. 2) gives very
satisfactory results (since the occurrence of three redox-
linked groups allows us to describe the pH dependence
of redox properties with ™pK, values), perfectly com-
patible with those resulting from the pH dependence of
spectroscopic and CO binding kinetics properties. At the
same time, the values of “*pK, and "““pK, obtained for
the protonation of the Fe-N, bond are compatible with
those observed in all other systems. Therefore, at this
stage it is possible to describe the overall pH-dependent
behavior of the two hemes by four protonating groups,
three of which are redox-linked. Each heme shows one
residue, not required for the pH dependence of redox

kin



162

035

03

025

02

Opt. Dens.

0.15

o1

0.08)

) . L 1 S S Sy S
380 390 400 410 420 430 440 450
Wavelength (nm)

o L It - L 1
3 399 400 410 420 20 440 450
Wavelength (nm)
04 T — T T . — T T T

035 r{\ 1

. WS om
"‘M»_]
\\Heme Hat420 nm
Sdadiinl

S
e

Qpt. Dens.

.25

02
Heme GH at 420 nm

.o L -
[} a5 0.1 01§ 02 025 03 035 X ] €45 05
Time (s}

Fig. 6 Transient spectroscopic changes obtained after mixing
heme-H at pH 7.0 (a) and at pH 2.4 (¢), and heme-GH at pH 7.0
(b) and at pH 2.4 (d) with 20 uM CO (final concentration after
mixing). Unliganded Fe(Il) hemes at pH 7.0 in very low ionic
strength buffer were mixed with the high ionic strength buffer

Opt. Dens,

] 1 [ . L

0
380 380 400 410 420 430 440 450
Wavelength (nm)

Opt. Dens,

| 1 \ -
380 390 400 410 420 420 440 450
Waveliength (nm}

(I=0.1 after mixing) at the desired pH and CO concentration. e
Kinetics progress curves at 415 and 420 nm (as indicated),
following the mixing of heme-H and/or heme-GH (as indicated)
with 20 pM CO final concentration at pH 2.4. For further details,
see text



mol CD
N

-10
380

420 440 460

wavelength (nm)

400 480

mol CD

420 440 460

wavelength (nm)

380 400 480

Fig. 7 Circular dichroism spectra of Fe(Il) CO-bound species of
heme-H (a) and heme-GH (b) at pH 7.0 (a) and at pH 4.8 (b). For
further details, see text

properties (thus not redox-linked), but playing a role for
the modulation of spectroscopic properties and CO
binding kinetics; in such a case the pK, value of the
Fe(IIT) species has been considered arbitrarily the same
as for the Fe(Il) form. The overall sketch is reported in
Schemes 2 and 3, where the complex proton-, redox- and
ligand-linked modulations of the structural and func-
tional properties of these two hemes are quantitatively
described with all values of "pK, (for the oxidized form)
and of "pK, (for the reduced form), redox potentials and
kinetics rate constant for the four protonation steps, as
resulting from this global analysis, independently of the
method employed for their determination.

Discussion

The finding that the overall proton-linked modulation of
redox, spectroscopic and CO binding kinetics properties
can be described for heme-H and heme-GH complexes
by the shift of pK, values of four groups may be in
keeping with the consideration that indeed, over the pH
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range between 2 and 10, there are four groups, which
can in principle display changes of pK, upon reduction
and/or CO binding. These can be (1) coordinated H,O,
(2) one of the heme propionates, (3) the N, of the
coordinating imidazole and (4) the carboxylate of the
histidine residue upon hydrolysis of the methyl ester
group (in acid medium).

In particular, "pK,;, which seems important for the
pH dependence of redox properties (Fig. 1, Table 1) and
for the spectroscopic features of the two Fe(II) hemes
(Figs. 3, 4, Table 2), does not appear to affect CO
binding kinetics to an appreciable extent (Schemes 2, 3).
Therefore, 'pK,, can be tentatively attributed to the
deprotonation of the labile coordinated water. This
assignment is not contradicted by the fact that the pro-
tonation equilibria of H,O do not affect the CO binding
rate constant, since it is known that even in deoxy-
myoglobin this water molecule is at approximately 3.0 A
from the iron [47] and it does not affect the ligand
binding rate constant. It is also important to outline that
the values of "pK,, and "pK,, (Schemes 2, 3) are
similar for the two heme complexes; therefore, the
redox-linked behavior of the Fe-H,O complex is only
marginally affected by the length of the coordinating
arm (and thus by the strain exerted at the level of the
axially coordinating arm).

On the other hand, the group responsible for "pK,,
in Schemes 2 and 3 appears to be crucial for control-
ling the structural change responsible for the spectro-
scopic variations (Figs. 3, 4, Table 2); its protonation
in the Fe(Il) species brings about for both hemes an
almost tenfold CO binding rate enhancement (Table 3,
Fig. 8). Furthermore, this group turns out to be redox-
linked in heme-H but not (or onyl very weakly) in
heme-GH. The heme propionate can be tentatively
identified as responsible for pK,,; this group may have
an important structural effect, since it can be involved
in a network of hydrogen bonds with the axially bound
water molecule. Upon protonation, the whole hydro-
gen-bonding network is broken and the binding of CO
becomes easier, accounting for the marked effect of its
protonation on the CO binding rate constant. Al-
though pK,, appears to be higher than expected for a
propionate group, its value is likely affected by the
solvent mixture containing DMSO. This suggests that
the protonation of the H,O molecule (associated with
pK,;) and the protonation of the propionate with the
consequent alteration of the hydrogen-bonding net-
work (associated with pK,,) might facilitate the sub-
stitution of the H,O molecule by DMSO, bringing
about a spectral change (Figs. 3, 4, 5) similar to that
observed in pure DMSO (Fig. 4d). Furthermore, since
the associated spectral change is much faster in heme-H
than in heme-GH (Fig. 5) it turns out that the relaxa-
tion rate corresponding to the proton-linked structural
rearrangement of the hydrogen-bonding network is
indeed affected by the strain exerted at the proximal
level on the Fe-imidazole bond. In addition, this pro-
tonation brings about a marked enhancement of the
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Fig. 8 pH dependence of the second-order kinetics constant for CO
binding to heme-H (crosses) and heme-GH (circles). The lines were
obtained by nonlinear least-squares fitting of data employing Eq. 3
with n=3 and with the parameters reported in Table 3. For further
details, see text

CO binding rate constant, clearly indicating that the
hydrogen-bonding network of the coordinating H,O
represents a main determinant of the activation barrier
for CO binding at pH > 6.0.

The different redox-linked behavior shown by heme-
H and heme-GH for pK,, may be related to the fact that
protonation of the propionate occurs over the same pH
range of the group associated with pK,; in heme-H,
whereas in heme-GH the two processes display pK,
values far apart (Schemes 2, 3), clearly suggesting that
the two events are interconnected.

The behavior observed for the group responsible of
the pK,3 value in Schemes 2 and 3 indicates that this
group plays a relevant role in the modulation of the
redox properties, the spectroscopic features (for heme-
H) as well as the CO binding behavior of the heme
group. In addition, the pK,3 value is drastically different
between heme-H and heme-GH, suggesting that this
group is indeed very sensitive to the structural differ-
ences between the two hemes. Indeed, the major differ-
ence between heme-GH and heme-H is the length of the

Table 3 Kinetics parameters and pK, values from the nonlinear
least-squares fitting of CO binding kinetics to heme-H and heme-
GH at 20 °C

Heme-H Heme-GH
rr M7 sTh 2.35(£0.29)x10* 1.43(£0.17)x10*
I, M~ 1s7h 1.49(+0.17)x10° 1.16(+0.12)x10°
s M~ 's7h 3.11(£0.35)x10° 5.48(+0.63)x10°
Iy (M~ 1s7h 2.34(£0.31)x10° 3.11(£0.37)x10°
KNG Ko 5.31+0.15 5.19+0.16
KNG Ko 424+0.18 3.38+0.17
kinp 5 2.73+0.16 3.83+0.16

coordinating arm, and thus the strain exerted on the
axial bond between the heme iron and the N, of the
imidazole; as a matter of fact, this different strain has
already been proposed to account for the different
properties of the corresponding deuterohemin deriva-
tives [18]. Therefore, the weaker Fe—N, bond in heme-H
is responsible for the higher pK,; observed for this
compound with respect to heme-GH (Schemes 2, 3). The
observation that protonation of the propionate has a
pK, higher than that for the N, of the proximal imid-
azole is not surprising, in view of the fact that this
nitrogen is involved in the bond with Fe(II), which
dramatically lowers its pK, [2, 3]. The value of "pK,; in
heme-GH (Table. 1, 3, Scheme 3) is very similar to that
reported previously for the protonation of the N, of the
proximal imidazole in myoglobin and hemoglobin [2, 3],
in which a marked increase of CO binding was observed
as well upon cleavage (or severe weakening) of this
proximal bond. Protonation of the proximal imidazole
group, and the consequent cleavage of the Fe-N, bond,
induces a large effect on the redox properties, mainly for
heme-H (Fig. 2, Scheme 2), and on the CO binding
properties, mainly for heme-GH (Scheme 3), which be-
come faster than for heme-H (Fig. 7). This feature is
consistent with a bigger role played by the Fe—-imidazole
bond in shaping the activation barrier for CO binding to
heme-GH with respect to heme-H. This is probably to be
correlated with the higher energy of this bond in heme-
GH due to the lesser strain. Furthermore, in the case of
heme-H the cleavage of the Fe-imidazole bond occurs
over the same pH range in which the propionate inter-
acting with the hydrogen-bonding network of the axially
coordinating H,O undergoes protonation (Scheme 2).
This partially hides the spectroscopic changes of heme-
H, which indeed look simpler (Fig. 3). On the other
hand, the much lower value of pK,; in heme-GH
(Scheme 3) renders this event spectroscopically more
evident (Fig. 4). In addition, the partial overlap of the
pH range over which the events correlated to the pro-
tonation of groups responsible for pK,, and pK,; occur
in heme-H may help to explain the different behavior
displayed by the two hemes for these two groups. Thus,
in heme-H Protonation of the propionate in the Fe(Il)
form has a "pK, very similar to that observed in heme-
GH (underlying a similar structural situation for the
hydrogen-bonding network with the axially bound water
molecule for the two hemes; Schemes 2, 3). However, in
the reduced heme-H, the Fe-N, bond is cleaved at a pH
value, corresponding to "pK,;, only slightly lower than
the pK, of the propionate protonation, and at a pH even
higher in the oxidized form, corresponding to "'pK,;
(Scheme 2); thus, it falls in the range of the propionate
protonation. Cleavage of the Fe-N, bond has a strong
effect on the hydrogen bonding of the trans axially
bound H,O molecule (and thus on the protonation
features of the propionate); therefore, the different
protonation properties shown by the two groups in the
two oxidation states render the protonation of the pro-
pionate redox-linked in heme-H (Scheme 2). This inter-



relationship does not take place in heme-GH because
both IIIpK.d3 and IIpK.d3 are much lower ( Scheme 3); in
this case, protonation of the propionate always occurs in
the presence of an intact Fe—N, bond.

The group responsible for pK,4 plays in both hemes a
role in the modulation of CO binding kinetics, being
responsible for the rate decrease at very low pH values
(Fig. 8); furthermore, in heme-GH it affects the spec-
troscopic properties at 417 nm and the redox properties
(Schemes 2, 3). Although the acidic pH range is difficult
to analyze with structural methods, preliminary data by
mass spectroscopy give evidence of a rather rapid
hydrolytic degradation of the amino acid tails of both
heme-H and heme-GH, leading to a mixture of species
(data not shown). On the basis of these data, we tenta-
tively identify the group responsible for pK,4 as the
carboxylate group resulting from hydrolysis of the his-
tidine methyl ester residue at very acidic pH. This car-
boxylate group could easily hydrogen bond to the

Scheme 2 Thermodynamic and
kinetic relationships between
different equilibria in heme-H
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(protonated) Ns of the axial imidazole, thereby
strengthening the interaction of the proximal imidazole
with the iron and affecting the rate of CO binding.

The correlation between the groups responsible for
pK.; and pK,4 may help in accounting for the different
behavior observed in the two hemes for this group.
Thus, in heme-H the carboxylate protonation occurs
over a pH range at which both Fe(II) and Fe(III) species
display a cleaved Fe-N, bond (the swinging arm is no
longer coordinated to the heme); therefore, no redox-
linked difference is expected for the protonation of the
carboxylate under these conditions, as observed
(Scheme 2). On the other hand, in reduced heme-GH the
protonation of the carboxylate (corresponding to "pKu;
Scheme 3) occurs at a pH value at which the Fe-N,
bond is still mostly intact (or slightly weakened); there-
fore, it is affected by the strain induced by the axial
coordination, displaying a much higher value than that
observed in heme-H. In the oxidized heme-GH, the

Heme-H

E=-0.118V > =2.35x10* M5!
Fe(III) > Fed + CO - Fe(ID)-CO
+ +
H' H'

I K, =716

3T oK, =7.78

E =-0.034V P =2.35x10* M's™!
HFe(ll) <> HFe(I) + CO - HFe(I)-CO
+ +
H' H'

T MpKan = 4.01

) "pK.» =5.31

E=+0.143V > =1.48x10° M5!
H,Fe(dll) <> H,Fell) + CO - H,Fe(1)-CO
+ +
H+ H+

7 MpKa: =445

) UpK.; = 4.24

E=+0.114V P =3.11x10° M''s™!
H:Fe(lll) <> HyFedl) + CO - H;Fe(1)-CO
+ +
H' H'

7 MoKae =273

E=+0.114V
<>

H.,Fe(II)

T "pK,4=2.73

P =2.34x10° M's!

HsFedl) + CO - H4Fe(II)-CO
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Scheme 3 Thermodynamic and
kinetic relationships between
different equilibria in heme-GH

Heme-GH
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Fe(IIT) o Fedl) + CO - Fe(I)-CO
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HFe(III)

higher pH at which the Fe-N, bond is cleaved (see
"pK,; in Scheme 3) renders the situation much more
similar to that observed in heme-H, bringing about a
much lower PH for the protonation of the carboxylate
group (see ""pK,4 in Scheme 3).

At this stage, these attributions can only be consid-
ered as realistic ones; however, in the light of this
hypothesis, we can try to account for the different
behavior of the two hemes. As a whole, the picture
emerging from this analysis points to a very relevant role
played by the Fe-N, bond in these chelated heme com-
plexes. It strongly affects the hydrogen-bonding network
of the trans axially coordinated ligand (its cleavage
dramatically alters the protonation properties of this
network, see pK,» for heme-H), underlying a commu-
nication between the two sides of the axial bonding of
the heme. This interrelationship is not clearly observed
in heme-GH simply because the protonation occurring
in the hydrogen-bonding network of the axially coordi-
nated H,O takes place outside the range of the modifi-

) "pK..=3.83

P =3.11x10° M's!

HsFedIl) + CO - HyFe(II)-CO

cation of the Fe-N, bonding in this heme. On the other
hand, a close relationship between the Fe-N, coordi-
nation and the conformation of the coordinating arm is
observed, such that the strain on it brings about a var-
iation in the protonation properties of the carboxylate of
the hydrolyzed histidine methyl ester. Such a feature can
be correlated to the interrelationship in hemoproteins
between the conformation of the axial coordination
bond and the strain applied on the peptide associated
with the coordinating residue. This phenomenon is ob-
served in several hemoproteins, the most striking
example being that of peroxidases, where a functional
interrelationship has been documented between the
proximal histidine and some residues on the proximal
side of the heme pocket [48, 49]. Furthermore, a very
relevant finding of this investigation is indeed repre-
sented by the unraveling of a continuum of energy
communication between the two sides of the heme, such
as the influence of the strain on the proximal side of the
heme is transmitted to the protonation of the H,O



molecule on the distal side of the heme (Schemes 2, 3),
since it is demonstrated that the effect does not require
the assistance of a protein matrix. Therefore, it seems
evident that the modulation of the heme coordination
and reactivity is only marginally altered by the protein
matrix, whose main function appears to be that of
shielding the active center from the bulk solvent rather
than determining the reactive modes of the heme. The
close similarity of the observed pK, values with respect
to those measured in hemoproteins [2, 3] strongly sup-
ports the view that in hemoproteins reactions occur at
the heme almost independently of the protein matrix;
however, the effect is then transmitted to the protein
moiety, which undergoes conformational alteration(s).
In this way, the protein moiety turns out to play a sort of
wave-spread-out function, propagating the structural
effects deriving from the reaction events occurring at the
active site.
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