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ABSTRACT. The peroxidase activity ot-type cytochromes increases substantially by unfolding. This
phenomenon was used to study the equilibrium unfolding of ferricytochimrie peroxidase activity

is already enhanced at low denaturant concentrations. The lowest free energy folding intermediate is
easily detected by this method, while it is invisible using fluorescence or optical spectroscopy. The free
energy difference between this folding intermediate and the native state depends on the strength of the
sixth ligand of the heme-iron and the increase in peroxidase activity upon unfolding is shown to be a
sensitive indicator of the strength of this ligand. Under fully denaturing conditions, the peroxidase activity
is inhibited by protein-based ligands. It is shown that at least three different ligand groups can be responsible
for this inhibition, and that at neutral or alkaline pH, the predominant ligand is not histidine. The use of
peroxidase activity assays as a method to study the unfolding of cytochr@revaluated.

Cytochromec (cytc)* has been used over the past years prompted us to explore the use of peroxidase activity
as a paradigm for understanding protein folding. Meitype measurements to study cytc unfolding. In genecatype
cytochromes are small and highly soluble proteins both in cytochromes catalyze the oxidation of reducing substrates
their folded and unfolded states, and the prosthetic group, ain the presence of ¥D,. Although details are unclear, after
heme, provides a multitude of spectroscopic parameters. Thisbinding to the heme center, hydrogen peroxide is probably
allows for a detailed study of folding, because the various cleaved heterolytically, yielding high-valent protein inter-
(spectroscopic) methods sense different features of the proteirmediates capable of substrate oxidatiéh (n contrast to
structure and hence of its state of folding. Equilibrium- true peroxidase enzymes, cytc-550 requires the deprotonated
unfolding curves monitored by different methods tend to give form of H,O, to react. This is because cytc-550 lacks the
different outcomesl() in terms of the unfolding free energy  His residue near the heme-iron that acts as a generat-acid
AG, and themvalue, which is a measure of the cooperativity base catalyst in peroxidase enzym@s Moreover, peroxi-
of the unfolding. This indicates that although each curve may dase activity requires a free coordination position on the
be fitted to a two-state model of unfolding, there actually heme-iron. Hence cytc-550 displays extremely low peroxi-
are one or more intermediate states between the native andlase activity, compared not only to true heme peroxidases
fully unfolded states?). The presence of some of these (7) but also to nonperoxidase pentacoordinated heme proteins
intermediates may escape detection when techniques suclsuch as hemo- and myoglobi8)(
as fluorescence, UV/vis or CD spectroscopy are used, causing The native, six-coordinate state has no peroxidase activity

confusion in the analysis of the unfolding data, @). and only the small population of (partially) unfolded, five
Moreover, because unfolding intermediates are often socoordinate cytc550 acts as a peroxidaSg The activity
poorly populated, it is difficult to study their properties. increase upon unfolding can be attributed to loss of the native

Recently it was discovered that unfolding the Class | cytc Met ligand, and increased access to the heme-iron. Interest-
(cytc-550) fromParacoccussersutushas a spectacular effect  ingly, intermediates in cytc unfolding are generally perturbed
on the intrinsic peroxidase activity of this proteis).(This in heme-iron coordination and therefore may possess per-

oxidase activity. This makes the approach to study cytc un-
 This work was supported by the Foundation for Chemical Research f0lding using a peroxidase activity assay especially sensitive
(SON) and the Foundation for Technical Sciences (STW) with financial under conditions favoring the folded state and allows for the

aid from The Netherlands Organization for Scientific Research (NWO), study of the lowest free energy unfolding intermediates.

and performed under the auspices of the BIOMAC Graduate Research ; ; o ;
School of Leiden and Delft In this paper, the peroxidase activity of four different
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L Abbreviations: cytc, cytochrome cytc-550, cytochrome-550 to partial unfolding. Analysis of the unfolding curves
from P. versutus M100K cytc-550, the Met100Lys mutant of cytc-  indicates a transition to an unfolding intermediate of similar
550; iso-1-cytc C102T, the Cys102Thr mutant of iso-1-cytochrame  free energy as established earlier using NMR technicgies (

from yeast; cytc-551, cytochronte551 fromPs. aeruginosaUV/vis, 10). The stability of the lowest free energy intermediate is
ultraviolet-visible; NMR, nuclear magnetic resonance; CD, circular . . L
dichroism; MP-8, microperoxidase-8; G¢HCI, guanidinium hydro- assessed as a function of pH and heme-iron ligation. The

chloride; wt, wild type. total increase in peroxidase activity upon unfolding, as related
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to the activity in absence of denaturant, is shown to be a Unfolding curves were assessed by the two-state model
sensitive indicator of the strength of the sixth heme-iron of unfolding assuming linear baselines, according to the
ligand. Thus, the magnitude of the activity increase provides method of Santoro and Boled&). Equation 1 was used to
information on the state of cytc in the absence of denaturant.fit the data:

Characterization of the fully unfolded cytochromes demon-

strates that the unfolded protein matrix is of no influence on observable=

this activity, except under neutral and alkaline conditions, , | yGanHcl + (c + d[Gdn-HCI])exp_AG + m[Gdn-HCl]

where protein-based ligands inhibit the reaction. Inhibition RT
by His residues can be distinguished from inhibition by other, 1+ F(_AG + m[Gdn'HCﬂ)
. . . . ex
protein-based ligands. Finally, the usefulness of applying RT
peroxidase activity studies on equilibrium unfoldingeeti/pe 1)

cytochromes is discussed. ) )
Herein,a andc correspond to the values of native and fully

EXPERIMENTAL PROCEDURES unfolded protein at zero denaturant concentration, respec-
P. versutuscytc-550 was produced iRaracoccus deni-  tVely, andb andd to their respective dependence on [Gdn
trificans strain 2131 and isolated as describ8f Mrs. Ing. HCI] (pre- and posttransitional baselineA)G is the Gibbs
Gertrid C. M. Warmerdam kindly supplied®. versutus  [T€€ energy of unfolding in absence of denaturamt;
M100K cytc-550, which was isolated as describif) (Cytc- represents the dependence of the unfolding free energy on

551 was a kind gift of Drs. Ellen C. de Waal and Dr Erik [Gdn-HCI]. In case of peroxidase activity measurements, the
Vijgenboom. It was produced iRseudomonas aeruginosa following modification was applied. The native state is
strain PAO1, as described2), and was isolated using a assumed fully inactive, because in the native state the heme-
slightly modified protocol used previously to isolaRs. iron is six coordinate and thus cannot react witlokl Since

aeruginosaazurin heterologously expressedEscherichia t_he native state is fuII.y inactive, its activity cannot change
coli (13). Dr Jonathan A. R. Worrall generously provided linearly with increasing [GdfHCI], and thus the pre-
Saccharomyces cerisiaeiso-1-cytc C102T, produced . transitional baseline was set to zero in the fits. Thus the terms
coli and isolated as describet¥( 15). Horse heart cytc (Type & andb in eq 1 were set to zero in the fitting procedure. All

VI, Sigma) was subjected to Sephadex Superose-200 ge|ﬁts (nonlinear least-squares fitting) were generated using the
filtration before use. MP-8 was a kind gift of Ms. Mariel  @lgorithm of Levenberg and Marquardt, and done in Origin

Boersma and Prof. Dr lvonne M. C. M. Rietjens (Wagenin- software, version 6.0 (Microcal Software, Northampton,
gen University), and was prepared as describ&@). ( MA).
Through_out, the cytochromgsrvere used in thelrferr.|c form.  RESULTS AND DISCUSSION

Chemicals were of the highest grade commercially avail-
able, and dissolved in de-ionized water (Milli-Q). Guani- Choice of Cytochromes cThe following c-type cyto-
dinium hydrochloride (GdHCI, Biochemika grade, Fluka) = chromes were studied: horse heart cyBc cereisiae iso-
was dissolvedd 8 M and this stock solution was filtered 1-cytc C102TPs. aeruginosaytc-551, andP. versutuscytc-
over 0.45uM HV Durapore filters (Millipore) before use.  550. All four are Class | cytochromes, which have relatively
The solutions were buffered with 0.1 M sodium phosphate. low sequence homology, but are very similar in structure
The pH of each solution was measured separately with a(19—21). Main differences involve size and the presence or
Corning pH pencil gel combo-electrode calibrated with absence of certain loops in the variable regions of this
IUPAC standard buffers (Radiometer Analytical, France). structural family (see Figure 1p0).
The cytc/GdrHCI mixtures had been equilibrated overnight ~ These proteins were selected because, except for cytc-550,
before the measurements. All experiments were performedtheir folding has been well studied, which facilitates the
at 298 K. interpretation of the unfolding dat®27—24). P. versutus

Peroxidase activity was assayed using hydrogen peroxidecytc-550 was included in this study because its peroxidase
and guaiacol ¢-methoxyphenol, Sigma). The reaction was activity under native and denaturing conditions has been
initiated by mixing a volume of cytc/GdHhICI with an equal characterized §, 6). In addition, M100K cytc-550 was
volume of freshly prepared J@./guaiacol/GdrHCI. The studied, permitting a direct comparison of the effect of the
formation of product, tetraguaiacelfo= 26.6 mMcm™1), axial ligation on the unfolding properties. M100K cytc-550
was followed using a Shimadzu UVPC-2101PC spectropho- is a site-directed mutant d®. versutuscytc-550 in which
tometer fitted with a thermostat. The obtained activity profiles Lys replaces the wild-type axial iron ligand Métlj. Finally,
were analyzed as beforé)( [Guaiacol] was 10 mM, [cytc] microperoxidase-8 (MP-8) was studied. MP-8 is the product
was between 0.5 and @AM, and [HO;] between 0.1 mM of extensive proteolytic digestion of horse heart cy26)(
and 100 mM. In all assays, the reaction rate depended in alt consists of heme-to which a short stretch of amino acids
bimolecular fashion on [cytc] and P@,]. For coherent is covalently bound, including the native His ligand. Its
graphical representation, the activities were normalized to 1 coordination chemistry and peroxidase activity are well
uM cytc and 1 mM HO,, and it was taken into account that  characterized1(7, 26—28).
tetra-guaiacol is the product of four oxidation reactiohg) ( Unfolding Induces Peroxidase Adtly in Horse Heart
Optical spectra were recorded on the same instrumentCytochrome clUnfolding of horse heart cytc by GedCl
mentioned above. Fluorescence spectra were recorded on aan be observed by methods such as fluorescence (Figure
Perkin-Elmer Luminescence Spectrometer LS-50B, with 290 2A), Soret band shift (Figure 2B) and decrease in absorption
and 359 nm as excitation and emission wavelengths, at 695 nm (Figure 2C). Addition of GAHCI also affects
respectively. the peroxidase activity of horse heart cytc (Figure 2D, open
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Ficure 1: Schematic representation of the crystal structures of-tlype cytochromes used in this study. PanetsDArespectively depict
horse heart cytc34), yeast iso-1-cytc C102756), Ps. aeruginosaytc-551 66), andP. denitrificanscytc-550 67). Although no structure
has yet been solved f&. versutuscytc-550, it is thought to be very similar to the highly homologous cytc-550 fromenitrificans(58).

circles). The sigmoidal dependence of the peroxidase activity unfolding transition of even lower free energy. This is
on [GdnHCI] corresponds to an unfolding transition leading surprising because it is expected that the peroxidase activity
to a heme iron that is more accessible to peroxide. The increase is related directly to increased accessibility of the
experimental data in Figure 2 were fitted (solid lines) to the heme-iron, following release of the Met ligand. It may be
two-state model of unfoldingl®). The apparent free energy argued that the transition measured by peroxidase activity
change andmvalue (Table 1) obtained from fitting the is shifted with respect to the transition monitored at 695-
transition measured by peroxidase activity are much lower nm, as peroxide-binding affects the Met-Fe binding equi-
than measured by fluorescence or either of the optical librium. This is unlikely however, because the peroxide
techniques. This indicates that the peroxidase activity assaysoncentrations used in these experiments are far below the
detect a low free energy unfolding intermediate that remains Ky of this substrate, both at zero and high [GdEI]. A
obscure in the optical and fluorescence measurements ( more likely reason is that the 695-nm experiments have low
29). If the unfolding were strictly two-state, then at zero sensitivity to small amounts of (partially) unfolded species.
[Gdn-HCI] the fraction of fully unfolded horse heart cytc is  As a consequence, in the 695-nm measurements, the presence
~2.7 x 10°%, based oM\G,x = 7.6 kcal/mol (the average of unfolding intermediates at low [denaturant] eludes detec-
of the spectroscopic measurements, Table 1). However, goingion, and the two-state fit is biased toward the calculation of
from 0 to 6.0 M GdrHCI, the activity only increases 375 the global unfolding transition. On the other hand, the
times. Thus at zero [GAHCI], a substantial fraction of horse  peroxidase activity is very sensitive to non-native species at
heart cytc is in a form that is peroxidase-active (i.e. low denaturant concentrations, as the native state has zero
nonnative), but that is not the fully unfolded species either. peroxidase activity. The unfolding curve measured by
The contribution of this unfolding intermediate to the peroxidase activity (Figure 2D, Table 1) is thus much more
peroxidase activity at lower GeaHACI concentrations is  representative of the transition to the lowest-lying free energy
obvious when the unfolding curves measured by fluorescenceintermediate. This is substantiated by peroxidase activity
and peroxidase activity are overlaid (Figure 2A). The clear measurements at pH 7.0 and pH 8.0 (vide infra). These
observation of the intermediate is probably due to the large indicate a lowest lying unfolding intermediate of free energy
difference in peroxidase activity between the intermediate comparable to that observed using isotope exchange NMR
and the native state (which has zero peroxidase activity). (9), and in a recent NMR study following heme resonances

The 695-nm band is indicative of Met-ligatio@) and  as @ function of denaturant@).
its loss is known to precede slightly the global unfolding in ~ Whereas the peroxidase activity of horse heart cytc and
c-type cytochromes3(, 31). Kinetic studies indicate that  otherc-type cytochromes (vide infra) increases in a sigmoidal
Met-iron coordination is the final step in cytc folding2). fashion with increasing [GdHRICI], the peroxidase activity
Yet, unfolding measured by peroxidase activity indicates an of MP-8 shows a linear increase (Figure 2D, crosses), in
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Ficure 2: Equilibrium unfolding of horse heart cytc by GHCI at pH 4.5 (298 K) followed by tryptophan fluorescence increasem{}, (
Soret band shift (B), 695-nm absorbance decrease (C), and peroxidase activity increageAXX)). In panel D, the peroxidase activity
of MP-8 as a function of [GAHCI] is also shown k). The protein unfolding data were fit to the two-state model of unfolditf).(See
Experimental Procedures for details. [Cytc] was B\ in the fluorescence and Soret measurements andvbh the 695-nm absorbance
measurements.

Table 1: Parameters Obtained from Fitting Horse Heart Cytc Unfolding Curves Measured by Different ®ethods

method AGuynt (kcal/mol) m (kcal/motM) ab kb c° d
fluorescence 7.60.9 2.9+ 0.3 0.4+ 0.6 0.4+ 0.6 30.3+1.5 5.8+0.3
Soret position 8.6:0.9 3.6+ 0.4 409.3+ 0.1 —0.59+ 0.1 398.5+ 0.2 0.3+ 0.03
695-nm band 6.6 0.6 2.7+0.3 49.4+ 0.4 —2.6+0.8 6.5+ 1.0 —0.144+0.2
peroxidase activity 2401 1.0+ 0.1 n& ne 8.1+ 0.7 0.5+ 0.1

2298 K, pH 4.5.> a andc correspond to the values of native and fully unfolded protein at zero denaturant concentration, respectivesyicand
d to their respective dependence on [@d€l], as discussed in Experimental Procedufdsot applicable, as the native state is assumed to have
zero peroxidase activity.

line with earlier findings 17). As observed, the short peptide and in the same order of magnitude as that displayed by
attached to the heme in MP-8 is not expected to experienceMP-8, despite their different size and composition. The
a cooperative transition by the addition of GHIEI. The unfolded protein matrix clearly neither inhibits nor enhances
accelerating effect of GARICI on the peroxidase activity the peroxidase activity af-type hemes. The curves in Figure
of MP-8 may be related to a lowering of theKp of 3 were fitted according to the two-state model of unfolding,
H,0,. This is relevant, as it is the peroxide anion that is the and the resulting parameters are listed in Table 2. All proteins
reactive specied]. This effect is small{9 times) compared  behave similarly in that their stability as measured by
to the effect that GAiHCI has on the activity of horse heart peroxidase activity increase is lower than that measured by
cytc (~375 times), supporting the notion that it is unfolding alternative (spectroscopic) methods (Table 2). Interestingly,
that causes the large increase in activity with horse heartthe thermodynamic parameters for the unfolding as deter-
cyte. mined by the peroxidase activity assays are significantly
Comparison of Equilibrium Unfolding of c-Type Cyto- lower for the mitochondrial cytochromes than for the
chromesThe dependence of the peroxidase activity on [Gdn bacterial cytochromes (Table 2). This may be related to the
HCI] was compared for several Class | cytochronsesn well-known alkaline transitions of these proteins, which for
all cases, the cytochromes display an increase in peroxidase/east and horse heart cytc take place at lower ik, (9
activity upon unfolding (Figure 3). When fully unfolded, at (32)) than that forP. versutuscytc-550 (K4 ~11.2 @3))
pH 4.5 the peroxidase activity is similar for all cytochromes and that forPs. aeruginosaytc-551 (K, ~11 (32)).
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Ficure 3: Equilibrium unfolding at pH 4.5 (298 K), as monitored by peroxidase activity increase, of horse heart cytc (A), yeast iso-1-cytc
(B), P. versutuscytc-550 (C), andPs. aeruginosaytc-551 (D). The data were fit to the two-state model of unfoldit).(See Experimental
Procedures for details on experiments and curve fitting.

Table 2: Thermodynamic Parameters for the Unfolding of Various c-Type Cytochromes, as Measured by Peroxidase Activity Increase at pH
4.5 and 298 K and Compared to Literature Values of Equilibrium Studies Using Alternative Methods

peroxidase activity increase literature value

protein AGyns (kcal/mol) m (kcal/mokM) AGyns (kcal/mol) m (kcal/mokM)
horse heart cytc 240.1 1.0+ 0.1 10.2 3.»
yeast iso-1 cytc C102T 1£0.1 0.8+0.1 4.p 4.3
P. versutuscytc-550 4.7+ 0.6 1.8+0.2 n.at n.at
Ps. aeruginosaytc-551 3.4:04 1.5+ 0.2 6.6 3.

2 Fluorescence, 283 K, pH 5.62). ° CD spectroscopy, 298 K, pH 4.8@). This value is for iso-1-cytc C102S, which is slightly more stable
than the C102T varian3@, 59). ©Not availabled Fluorescence measurements, 283 K, pH 83).(

Caution is required in those cases where the post- understanding is that the first step in cytochrome unfolding
transitional baseline is very steep. This is illustrated by yeastinvolves local unfolding of the region containing the sixth
iso-1-cytc, where the transitional midpoint measured by ligand and its subsequent release from the heme-8azdj.
peroxidase activity is 1.88 M GaHCI, compared to 0.95  Replacement of the fairly weak Met ligangdg, 34, 35) by
M Gdn-HCI by CD spectroscopyd(), seemingly inconsistent  a stronger ligand may influence the unfolding transition
with detection of an unfolding intermediate by peroxidase responsible for the peroxidase activity. For this reason, the
activity. The relative steepness of the post-transitional unfolding of wt and M100K cytc-550 was compared. In
baseline, which approaches the maximal slope of the M100K cytc-550, the heme-iron is coordinated by a Lys
cooperative transition (Figure 3B), complicates the fitting e-amino (1), which is a stronger ligand than the Met
procedure and may artificially shift the transitional midpoint. thioether sulfur 26).

The posttransitional increase in peroxidase activity may be In Figure 4A, the peroxidase activity as a function of
related to an increase in protein volume, which in turn lowers unfolding at pH 8.0 is shown for wt and M100K cytc-550.
the effective concentration of protein-based heme-ligands thatThe unfolding curves are clearly similar and both can be
inhibit the activity (vide infra). fitted to the two-state model of unfolding yielding similar

Effect of the Axial Ligand on the Unfolding-Induced values ofAG andm (not shown). However, the total activity

Peroxidase Actiity of P. versutus Cytochromes50. Current increase upon unfolding, when related to the activity
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Ficure 4: Equilibrium unfolding (298 K) monitored by peroxidase
activity increase, at pH 8.0 (A) and pH 4.5 (B) of wa) and
M100K (O) cytc-550 fromP. versutus Wt cytc-550 (solid line)

and M100K cytc-550 (dashed line) were fitted to the two-state
model of unfolding 18).

observed in the absence of denaturant, differs significantly
between both proteins+~1800 times for wt cytc-550 versus
~42000 times for M100K cytc-550. This signifies that the
unfolding transitions are similar for both proteins, but that
the peroxidase activity of M100K cytc-550 is much more
inhibited by the axial ligand than wt cytc-550 at zero [Gdn
HCI] (27 and 1.5 nM s! for wt and M100K cytc550
respectively, a0 M GdrrHCI, and as in Figure 4A). This
confirms that Lys is a stronger ligand than Met for ferric
heme-iron. The fact that both proteins display similar
unfolding curves may indicate that the unfolding transition
is not under control of the axial ligand alone, but involves a
more extensive region under these conditions.

In a second experiment, both proteins were unfolded at
pH 4.5 (Figure 4B). Wt cytc-550 displays increased stability
and the total increase in activity is somewhat higher than
for M100K cytc-550 (1000 vs~625 times). This may be
explained by invoking a slightly weaker axial ligation at pH
4.5 for M100K than wt cytc-550. This is in line with earlier
findings (L1) demonstrating a slightly increaseljof ligand
exchange [the so-called state-lll transition 20, 32)],
indicative of a somewhat higher acid-sensitivity for the
M100K mutant. At pH 4.5 this apparently translates into an
altered unfolding midpoint, unlike observed at pH 8.0. Thus,
with comparable inhibitory strength of the axial ligand (at
pH 4.5) a difference in stability is detected, while this is not
the case under conditions where the Lys of M100K cytc-

Diederix et al.

Fractional peroxidase activity

[Gdn.HCI] (M)

Ficure 5: Equilibrium unfolding (298 K) of horse heart cytc, as
monitored by peroxidase activity increase, at pH 4-@(), pH

4.5 (-0O-), pH 5.0 ¢(@-), pH 6.0 O-), pH 7.0 —®—), and pH

8.0 (). The lines through the data points represent best fits to
the two-state model of unfoldind.8). See Experimental Procedures
for details on experiments and curve fitting.

Table 3: pH Dependence of the Thermodynamic Parameters for the
Unfolding of horse heart cytc, as Measured by Peroxidase Activity
Increase (298 K)

AGynt mvalue total increase in
pH (kcal/mol) (kcal/mokM) activity (times)
4.0 2.0+ 0.2 1.0+ 0.1 36
4.5 24+0.1 1.0+ 0.1 266
5.0 2.7+0.2 1.1+ 0.1 378
6.0 3.0+04 1.2+ 0.2 513
7.0 3.84:0.3 1.3+0.1 1062
8.0 6.3+ 0.9 2.0+ 0.3 3341
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FIGURE 6: Total increase in peroxidase activity of horse heart cytc
by GdnHCIl-induced unfolding, as a function of pH (298 K). The
increase was calculated from the two-state fits to the data in Figure
5, taking the post-transitional baseline into account. Inset: the pH
dependence of the peroxidase activity of horse heart cytc at 0 M
Gdr-HCI.

horse heart cytc as a function of GHCI at several pH
values. With increasing pH, th®G of the transition as well
as them-value increases (Table 3). The total activity increase
upon unfolding also becomes larger with increased pH, as
shown in Figure 6. Two protonation events seem to affect
the total increase in peroxidase activity, one above pH 8,

550 is a stronger ligand (pH 8.0). This suggests that the the other below pH 5. It is tempting to reconcile these events

region around the axial ligand is less stable in M100K than
in wt cytc-550. Moreover, it verifies that local unfolding of
this region is not exclusively under control of the axial ligand.
pH Dependence of Equilibrium Unfolding of Horse Heart
Cytochrome cFigure 5 shows the peroxidase activity of

with the well-known acid- and alkaline transitions of horse
heart cytc. The acid transitiong ~ 2.5) involves unfolding
and loss of the axial ligand and the alkaline transitioka(p

~ 9) is the exchange of Met for Ly2(). The acid form is
thus expected to have a relatively high peroxidase activity,
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0.10

and to show little activity increase when GH#CI is added
(in fact no increase is observed at pH 3.0, vide infra). The
alkaline transition on the other hand, involves the introduction
of a strong ligand, and thus unfolding will induce a larger
activity increase. Thus, these unfolding curves reflect the
strength of the axial ligation.

The Effect of GdHCI on the Peroxidase Aclity at pH
3.0. Figure 7 shows the peroxidase activity at pH 3.0 as a
function of [GdnHCI] for the cytochromes from horse heart,
yeast andP. versutus An activating effect of denaturant is 0.0 T . ;

absent except for cytc-550. Apparently, the mitochondrial [Gdn_Hac,] ™

proteins are already (partially) unfolded at this pH in the pgyure7: The peroxidase activity at pH 3.0 (298 K) of horse heart
absence of GARCI. This agrees with earlier reports showing cytc @), yeast iso-1-cytc®), andP. versutuscytc-550 () as a
that at pH 3.0 (and-0.1 M ionic strength) the cytochromes function of [GdnHCI]. The lines through the data points are drawn

from horse heart and yeast are (at least partly) acid-unfoldedfor reasons of clarity only.
and high-spin $6—40). Apparently, at this pHP. versutus

cytc-550 is still mostly folded although only a small amount ! ;
of denaturant suffices for unfolding. P. versutusandPs. aeruginosand for MP-8 are satisfactory,

Above the unfolding transition, increasing [G#CI] has while the fits for the hpr_se h_eart and yeast proteins are not.
a slightly inhibitory effect on the peroxidase activity. This The model used to fit implies that the high- to low-spin
is probably because the concomitant increase in ionic strengtHransition can be described by a single deprotonation event.
has the effect to make the acid-unfolded state more compactiowever, it is known that there are at least three types of
(37, 38). This may decrease the accessibility of the heme- ligand that induce such a transition in unfolded cytochromes.
iron to hydrogen peroxide and thus reduce the activity. Note Extensive studies on yeast iso-1-cytc have shown that His
the trend for MP-8 (Figure 2D), where a molten globule state residues (not including the native state His ligand, His18,
is presumably not possible. As obvious from Figure 7, the horse heart numbering) are in part responsible for the spin-

0.08

0.06 4

Activity (uM/s)

0.04

0.02 4

The fits (Figure 8, dashed lines) for the cytochromes from

inhibitory effect is relatively small, in agreement with our
previous statement that the protein matrix has very little effect
on the peroxidase activity of unfoldexdtype cytochromes.
pH Dependence of the Peroxidase Aityi of Unfolded
CytochromesFigure 8 shows the pH dependence of the
peroxidase activity of the fully unfoldedn(i6 M GdnHCI)
cytochromes from horse heart, yed®s, aeruginosandP.
versutus as well as MP-8. The bell-shaped curves observed
in all cases are related t6)( (1) the heme-iron high to low
spin transition, and (2) thekp of the peroxide substrate
(which is lowered with respect to its value free in solution,
by binding to the heme-iron). Assuming that the only active

state change. Removal of these extra His residues by site-
directed mutagenesis increased tlik g, 0f the spin-state
change by one unié(). Elimination of theN-terminal amino
group resulted in an extra 1.5 units increask,(p= 7.4)
(42). The third ligand group is thought to be composed of
e-amino groups of Lys residued @ 42). The position of
extra His residues on the polypeptide chain also influences
the Kaapp0f the spin-state transition in unfolded horse heart
cytc and yeast iso-1-cyté8—45). No shift in pKg appis dis-
cernible between the unfolded yeast iso-1-cytc mutant
containing zero additional His residues (not counting His18)
and the mutant with a single additional His far away in

species are the high spin heme and the peroxide anion, thesequence44).

pH dependence of the fractions of these is described by eq With this in mind

2 and 3, respectively. The activity is consequently described
by eq 4, wherd is the maximal (hypothetical) activity when
f(HS cytc)= f(HO,") = 1.

f(HS cytc)= L (2)
Kaappt [H]
H,0,
f(HO, ) = . 3)
Kaapst [H']

activity = K[cytCligalH 05l ota f(HS cyct)f(HO, ) (4)

The activity of each variant is identical within error at pH
4.5, i.e., well below the high to low spin change, and thus
pKia2 is equal for all cases. The data in Figure 8 were

H202 \y3s fitted globally and was

fitted to eq 4, whereby .7
fixed. The value ok leading to the best fits was obtained

it is clear why the fits in Figure 8
(dashed lines) are so poor for the horse heart and yeast
proteins. Of the five investigated molecules, only MP-8 and
Ps. aeruginosacytc-551 do not contain endogeneous His
residues other than the native-state His ligadversutus
cytc-550 contains just one, His118, which is located so far
away in sequence from the heme-binding si#) that it is
reasonable to expect no contribution to the spin-state change.
Indeed, the activity profiles d?Ps. aeruginosaytc-551 and

P. versutuscytc-550 are indistinguishable (Figure 8). Horse
heart cytc contains two, His26 and His33, and yeast iso-1-
cytc contains three endogeneous His residues close to the
heme-binding site (His26, His33, and His39, horse heart
numbering) R0). In accordance, the peroxidase activity of
yeast iso-1-cytc is more repressed than horse heart cytc and
both are lower than the activities of tiRseudomonaand
Paracoccugproteins (Figure 8). The peroxidase activity of
MP-8 at neutral pH is even higher, which agrees with the
absence of Lys residues in this molecu®)(

by manual iteration. This value corresponds to a peroxidase The nature of the strong-field axial ligand and its tendency

reaction rate of+2.5 x 10° M~1s™%, which is close to values
found for true heme-containing peroxidase enzynm@s (

to inhibit peroxidase activity can thus be differentiated. To
account for this, a second equation was devised (eq 5). For



13074 Biochemistry, Vol. 41, No. 43, 2002 Diederix et al.
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Ficure 8: pH dependence of the peroxidase activity under denaturing conditions (6.0 MiGIdi298 K), for horse heart cytc (A), yeast
iso-1-cytc (B),Ps. aeruginosaytc-551 (C),P. versutuscytc-550 (D), and MP-8 (E). Dashed and solid lines represent the best fits to eq
4 (using eq 2) and eq 4 (using eq 5), respectively.

simplicity, only two ligand groups are taken in account. One ~ The data in Figure 8 were fitted to eq 4 into which eq 5
of these comprises His residues, and the other includes thevas incorporated. Parametefeq 4) was fixed 2.5 x 10°
supposed ligands of tiéterminal and Lys side chain amino- M~1s7%, as above), andlﬂﬁr'l‘zo2 and the apparent{y’s of the
groups. The propensity of either ligand group is assessed intwo Ilgand groups were fltted globally. The best fits are the
eq 5 by the ratio of effective concentrations aqdor heme- solid lines in Figure 8, and the resulting parameters are shown
iron binding. in Table 4. The use of eq 5 instead of eq 2 leads to
substantially better fits for the horse heart and yeast cyto-

L, Ia.1 chromes (Figure 8A,B), while the other cases show no
f(HS cyte)= |1+ —|—— improvement. The value of§/2>2 is not changed when eq
Kd K +[H ] 5 is used instead of eq 2. The calculated value K)i’ is
[HIS]t{ KHis )1 7.1, identical to that measured 6 M GdnHCI (44). The
5) pK, value for the alternative ligand is 9.3, in the range

Kgls \Kgls +[H] expected for amino group46).
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Table 4: Parameters Obtained from Fitting the pH Dependence of the Peroxidase Activity of Unfolded Cytochromes (298 K)
parameters derived from eq 4 (using eq 2)

protein et PRI
horse heart cytc 8.04 0.02 5.86+ 0.04
yeast iso-1 cytc C102T 8.04 0.02 5.64+ 0.05
P. versutuscytc-550 8.04+ 0.02 6.33+ 0.02
Ps. aeruginosaytc-551 8.04+ 0.02 6.36+ 0.02
microperoxidase-8 8.04 0.02 7.03+ 0.03
parameters derived from eq 4 (using eq 5)
protein ot pK-is pKS [His]/K'S [L] K}
horse heart cytc 8.0& 0.02 7.1+ 0.2 9.3+ 0.2 20+ 8 1594+ 640
yeast iso-1 cytc C102T 8.08 0.02 7.1+£0.2 9.3+ 0.2 41+ 17 2082+ 860
P. versutuscytc-550 8.00t 0.02 n.e 9.3+ 0.2 0 987+ 408
Ps. aeruginosaytc-551 8.00+ 0.02 n.a 9.3+0.2 0 921+ 381
microperoxidase-8 8.0@ 0.02 n.e 9.3+0.2 0 196+ 80

apK;f’;%pis the apparentif, for the heme high-spin to low-spin transitichNot applicable.

200 A haveN-termini that can coordinate the heme-iron, since they
areN-acetylated19) or pyroglutamated?l, 47). This is rele-
2004 vant, because on average th€,p for N-termini are over 2
units lower compared to Lys-amino groups46) and thus
an N-terminus is expected to have a much stronger apparent
affinity for the heme iron than a Lys9NCytc-550 contains
] about twice as many Lys residues as cytc-551 (15 and 7,
50 respectively), while the values of [lK4 obtained from the
fits are identical within error for both proteins (Table 4).
T = — 7 * This signifies the relative importance of the N-terminus as
100 200 300 400 . . . . .
a ligand in unfolded cytochromes, in agreement with earlier
findings @2).
Inhibition of the Peroxidase Aciity of Unfolded P.
250 versutus Cytochrome-850 by Imidazole and GlycineTo
!B corroborate the conclusion that endogeneous His residues
200- as well as amino-groups inhibit peroxidase activity by
binding to the heme iron, the inhibitory effect of exogenous
15.0 imidazole and théN-terminus of glycine on the peroxidase
activity of unfoldedP. versutuscytc-550 was measured.
1004 Cytc-550 was used because the endogeneous extra His does
not seem to participate in inhibiting the peroxidase activity
(vide supra). Figure 9A,B shows the inhibition of cytc-550
peroxidase activity at pH 5.83 by imidazole and glycine,
respectively.
" " [G'W:el M unolded The inhibition by imidazole was fitted to an apparéGt
Ficure 9: Inhibition of the peroxidase activity of unfolded (6.0 M i His _ i
GdnrHCI) P. yersutuscytc-ESO at pH 5.83 (2%)8 K) by imid(azole of 4.9 (£0.1) mM. Using K, ° = 7.1 (from Table 4) this

(A) and glycine (B), respectively. In each case, the data were fitted _amounts tdq = 250 (£5) uM for imidazolate. This value

(solid lines) to a single binding equilibrium, yielding dissociation 1S slightly higher than the apparetd's for exogenous
constants of 4.94 0.1) mM for imidazole and 7164 30) mM imidazole reported for the heme-peptides MP-6 480 pH
for glycine. 8.5 (48)) and MP-11 (12Q«M, pH 9.0, @9)), respectively.
Using Kq = 250 M, and the values of [HigKqHis from
An interesting consequence of eq 5 is that it distinguishes Table 4, the effective concentration of His can be estimated
two types of ligands, and that it provides an impression of in horse heart and yeast cytc. These are £.0.6) and 10.3
the relative binding strength of each ligand type to the heme- (£ 3.8) mM, respectively. The latter value is in good
iron. The calculated values of [Hi#4™s and [L]/K4- (see agreement with an earlier estimat).
Table 4), suggest that the endogeneous His are weaker The inhibition of the peroxidase activity by glycine was
ligands than the “amino group” and are displaced by the latter fitted to an apparenKq of 716 @& 30) mM. Assuming a
at alkaline pH. value of 9.3 for its K, (Table 4), it emerges that the
The relative values of [HigK4™*s of the four cytochromes ~ deprotonated\-terminus of glycine binds the heme-iron with
gualitatively agree with the expected values (Table 4). Only Kq= 243 (£ 10) M. This value is in reasonable agreement
the eukaryotic cytochromes contain His residues competentwith that established earlier for MP-11 (93M, pH 9.0,
for heme binding, and horse heart cytc has one His residue(49)).
less than yeast iso-1-cytc. For the other ligand group, note  Apparently, there is little difference in the binding affinity
that both horse heart cytc afd versutuscytc-550 do not of imidazolate and the deprotonatBeterminus of glycine

15.04

10.0

Activity (uM/s)

0.0

o -
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Activity (uM/s)

5.0+
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to the heme iron of unfolded cytc550. This makes it likely
that with increasing pH, amino-groups replace the endoge-
neous His ligands in unfolded, low-spin horse heart cytc and

discussion of the pH dependence of the peroxidase activity
of unfolded horse heart cytc and yeast iso-1-cytc. Coordina-
tion of amino ligands to the heme-iron ctype cytochromes

is not unprecedented. In cytochrofnthe sixth ligand is the
N-terminal amino %1), and the relatively low K, of the
alkaline transition in mitochondrial cytochrome#dicates
that the native-state Met"$igand can be easily replaced by

a Lys N.

CONCLUDING REMARKS

This study describes a novel way to look at unfolding of
c-type cytochromes. The peroxidase activity method detects
the presence of an unfolding intermediate invisible in optical
and fluorescence measurements but observable in NMR

studies 9, 10). It corroborates that the free energy difference 19.

between this intermediate and the native state depends on
the strength of the axial ligand (as described by Xu et al.
(34)) and that acid-unfolded cytc is sensitive to increasing
ionic strength 87). Finally, it supports the finding4() that

at least two types of ligands may coordinate the heme-iron
under denaturing conditions.

Peroxidase activity measurements prove a useful addition
to the array of techniques currently available for the study
of cytc unfolding. A drawback of this technique is that only
equilibrium unfolding can be studied. In addition, only the
ferric form of c-type cytochromes is open to study, because
that is the form reactive with ¥D,. Obvious advantages are
the ease of experimentation and the need for only small
guantities of protein.

An important conclusion is that the peroxidase activity of
c-type cytochromes is an extremely sensitive parameter to
study intermediates in cytc unfolding. Most techniques detect
mixed signals of the unfolding states energetically available
under particular conditions. Generally, intermediate unfolding
states are poorly populated, and they thus easily escape
detection. The peroxidase activity, however, specifically
relates to non-native, five-coordinate species. Peroxidase
activity assays are thus most informative under conditions
that favor the native state of the protein. This is where future
studies will be directed.
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