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ABSTRACT. Optical absorption spectroscopy was used to characterize the acid-induced conformational
transition of horse heart ferrocytochroroén the presence of urea. By using linear extrapolation to zero
denaturant concentration, an appareltvyalue for denaturation was found to be 0£60.07 at 25°C.

Visible absorption spectra in the presence of high urea concentration indicate that the dominant population
is a high-spin, five-coordinate form under acidic conditions. Ferricytochimmsed as a model reference
system, shows a linear dependence Kialues versus urea concentration in the range from 0 to 4.1 M.

Our data also indicate that even at a pH below 2

It has been known for a long time that there is a striking
difference between ferrocytochrome (ferrocyt c)! and
ferricytochrome ¢ (ferricyt c¢) in the resistance toward
denaturation and external-ligand bindirlg7). In ferrocyt
¢, the bond between the sulfur of Met80 and iron and the

the-tmuifur bond in ferrocytochrome is present.

comes from the zero net charge on ferrocytheme iron,
which is more favorable in the hydrophobic interior of the
protein than the destabilizing positively charged ferricyt
heme @2, 23).

The pH transitions of mitochondrial ferricgtbetween pH

ponpeptidg fold are stable over a wide range of temperatures,2 and pH 11 were determined a long time agd) (However,
concentration of denaturant, and pH. For example, the similar data are missing for ferrocgt With both acidic and

transition temperatureTf,) for the cleavage of the iron
sulfur bond of oxidized cytochrome (cyt c) at neutral pH
is observed at 57.4C and precedes the global unfolding at
85.4°C (8—12). However, for reduced cytthere is aly, of
100.6°C that is thought to correspond to both cleavage of
the Fe-S bond and the overall unfoldind.§). Similarly,
the concentrationdy,) of guanidine hydrochloride (GdnHCI)
that causes 50% unfolding for reduced cyt-5 M) is twice
as high as that for oxidized cgt(~2.5 M) (7, 14—17). The
same is true for the sensitivity of cyt to pH. Earlier
experiments have shown that ferrocythaintains its native
absorption profile at pH values which were found to cause
a rupture of the FeS bond in ferricytt (18—21). Altogether
these results reveal that the free energies of unfoldiigpj
for oxidized and reduced cytdiffer by 30—-40 kJ moi? at
neutral pH ¢, 14—16, 22, 23).

The remarkably high stability of the reduced form

alkaline transitions that are directly related to breaking of
the Fe-S bond, only the K of the alkaline transition has
been determined by indirect electrochemical experim@8s (
29). To our knowledge, thekpvalue of the acidic transition
for ferrocyt ¢ has yet to be established. Most efforts have
failed because of a lack of an efficient reducing agésy,(
precipitation of the samplel8), or a rapid oxidation of the
unfolded ferrocyt (30). In addition, for the very low acidic
transition, a difficulty associated with acid-induced molten
globule state formatior3() may be expected to complicate
measurements. These issues can be overcome by using urea
that shifts the acidic i§ of cyt ¢ to higher values1, 32).

In an effort to provide the missing information, we have
performed acid-induced denaturation of ferrocwt variable
concentrations of urea. The acidiK for horse heart ferrocyt
c was determined by means of linear extrapolation to zero
urea concentration.

originates from two main sources. One is the strengthening

of the Fe-S(Met80) bond as a consequence of metal-to-
ligandr-back-bonding in going from the ferric to the ferrous
state @4, 25). For comparison, at 28C and pH 7.5 the
strength of the FeS bond expressed in terms of free energy
has been estimated to be 14.6 and 8.4 kJ iolr ferrous
and ferric cytc, respectively 26). The second contribution
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MATERIALS AND METHODS

Horse heart cytc (type VI, Sigma) was used without
further purification. Sodium dithionite (N&0O4) was ob-
tained from Sigma and potassium ferricyanidg[f#€(CN)])
was from Aldrich. Urea (Aldrich) solutions were freshly
prepared in 5 mM sodium phosphate (Lachema, Czech
Republic) and used within 1 day. Precise urea concentrations
were determined by refractive index measurements (Abbe
refractometer, CETI, Belgium)3Q).

Absorption Measurement8bsorption measurements were
made with a Shimadzu UV-3000 spectrophotometer. Cu-
vettes were thermostated by water circulation and the
temperature was read using a thermometer immersed in the
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reference cuvette. All titrations were performed at 2%.0 0.8 T 0.1
0.3°C.

pH Measurements and CorrectiorgH was determined
using a HI 9017 pH meter coupled to a HI 1330 pH electrode
(Hanna Instruments Srl, Italy). The pH-correction terms
(opH*) for urea solutions were implemented according to
Acevedo et al. 34).

pH Titrations of Ferricyt ¢ The pH of the cyt solution
was gradually adjusted by addition of small amounts of
concentrated HCI (Lachema). The protein was fully oxidized T T
by addition of 1uL of 10 mM Kz[Fe(CN)] into a 2500uL 0.6 - l b c 192
sample volume. The absorbance at 394 gy was L T
monitored and used to pldisg, versus pH at the various
urea concentrations. Ferrioytoncentration (4.5 0.1uM,
the error was calculated as the standard deviation of multiple -
determinations) was determined spectrophotometrically by 02 -
using an extinction coefficient at 410 niyg o= 106 mM
cm™! (35).

pH Titrations of Ferrocyt cPrior to reduction, the cyt 0 Frrrrrrrrrrrrrrrrrr ] 0
solution (220QuL; pH adjusted with concentrated HCI) was 400 450 500 550 600
deoxygenated with argon (Messer Tatragas, Slovakia) for Wavelength (nm)
10—15 min. The gas was passed through an alkaline FiIGure 1: Absorption spectra of (a) ferricgtin 2.9 M urea at pH
pyrogallol solution 5%) to scavenge oxygen. A total of Gﬁ% 39755' ?5'568;13}'660;1%2.45?1;13‘(55)&2‘]'826”5“%' %-(;9" urea, gb%4_ 5
200-3004L of reduced stock sc_)lutlon.(conS|st|ng of urea PnM sodium p’hosph'ate, 2%, Up and down arrows indicate an
and cytc of the same concentration as in the cuvette, 5 MM jncrease and a decrease in absorbance with decreasing pH,
phosphate, 100 mM N&O,) was then added into the cuvette respectively.
through a needle in the stopper. A brief bubbling with argon
was used to mix the solutions, and the absorbance at 424ferrous cytc by urea, the absorption profiles of the former
nm was recorded within 10 s after addition of the reducing in 2.9 M urea and the latter in 9.0 M urea were performed
solution. The precise pH was determined after each recordingat several pH values (Figure 1). The fundamental difference
of the absorbance, and new protein sample at a different pHbetween these two is in the opposite shifts of the Soret band
value was then prepared. In some experiments, a pH jumpas the acid concentration increases. This makes the Soret
was used to acquire relevant data. A deoxygenated proteinband an unambiguous probe for the detection of unfolded
solution was reduced by solid sodium dithionite, the pH was individual redox forms. Decreasing the pH induces a blue
adjusted to~6.5, and a small amount of concentrated HCI shift of the ferricytc Soret maximum from 409 nm (pH 6.45)
was used to acidify the solution. The precise pH was to 394 nm (pH 2.36), indicating the transition of the heme
measured after recording the absorbance. The concentratiofiron from a low- to a high-spin form (Figure 1a3Z, 36). In
of ferrocyt ¢ (5.2 £ 0.1 uM) was determined using an addition, 8 peak initially centered at 530 nm markedly

Trrrrrrrrrorr

Absorbance
o
Absorbance

0.4 -
0.1

extinction coefficient of 28 mM! cm™! at 550 nm 85). diminishes and a small band develops at about 495 nm in
Analysis of the Titration Cutes Data were analyzed asa 2.9 M urea at acidic pH.
single-step process (Nz U) applying a nonlinear least- It was shown previously that the presence of high urea
squares fit according to the following equation: concentrations do not change the absorption characteristics
of native ferrocytc at neutral pH, specifically the, § and
A, + AU]_()”(pK—PH) Soret maxima at 550, 520.5, and 415 nm, respectively (Figure
bs = — (1) 1b,c) @7). By contrast, under acidic conditions a red shift
1+10° of the Soret band to 419 nm is observed for urea-treated

_ ferrocytc (Figure 1b). The concomitant reductionafband
where Aqs is the observed absorbance at 394 and 424 nMjyiensity and the disappearancesdiand are consistent with
for ferricyt ¢ and ferrocytc, respectively, Ay and Ay are dissociation of the native Met80 ligand leaving the heme

absorbances of native and unfolded forms, respectivé/,  jron, five-coordinate (Figure 1c)L@, 38). Lowering the pH
the number of protons involved in the transition, andip 550 induces a new shoulder @680 nm, similar to that
the midpoint of the transition. appearing in the spectra of GdnHCl-treated ferracgt high

temperatures and neutral pH3j.
RESULTS The acid-induced unfolding of both redox forms in the
Using optical absorption spectroscopy, the acid-induced absence and presence of urea are shown in Figure 2. All
unfolding of ferric and ferrous cyt was monitored in the  transition profiles exhibit the sigmoidal shape expected for
presence of various urea concentrations. The conveniencean apparent two-state process. In the case of oxidized cyt
of this technique is in the direct characterization of denaturant the absorbance at 394 nm as an indicator of a high-spin state
species with respect to axial ligand configuration. The Soret of Fe" was recorded (Figure 2a). Data were analyzed
band absorption was used as a probe sensitive both to hemeapplying the two-state mechanism (eq 1) that yield€dpd
ligation and the spin state of the heme iron. To compare then values presented in Table 1. It should be noted that the
absorption changes accompanying unfolding of ferric and upper part of the transition zones (especially between pH 3
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Ficure 2: Acid titrations of (a) ferricycin 0 M (O), 0.5 M (@),
10M@),1.5M @), 21 M (), 25M(a), 3.1 M (¥), 3.5 M
(v) and 4.1 M &) urea monitored at 394 nm, and (b) ferrocyih
OM(0),5.0M (@), 6.0M @), 7.0 M @), 7.5 M (»), 8.0 M (a),
8.5M (v), and 9.0 M ¥) urea monitored at 424 nm; 5 mM sodium

phosphate, 28C. The solid curves are nonlinear least-squares fits
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Table 2: Parameters from Fit to pH Titrations of Ferrocyh
Different Urea Concentrations at 2&2

urea conc (M) K pK*P n
5.0 3.31+ 0.09 2.16 4810
6.0 3.81+ 0.07 2.50 4.A 0.7
7.0 4.21+ 0.05 2.76 4.H#H 0.5
7.5 4.39+ 0.06 2.86 4504
8.0 4.62+ 0.04 3.03 4.3 0.3
8.5 4.75+ 0.04 3.12 3.A05
9.0 4.92+ 0.05 3.25 3.4 04

aThe errors in K andn were evaluated as standard deviation from
three measurementspK* values take into consideration pH-correction
factors for urea solutionsig = pK + dpH*, wheredpH* is correction
factor for corresponding urea concentrati@d)(
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to eq 1. The symbols represent raw experimental data without pH Ficure 3: Dependence ofkp values on urea concentration. The

correction for urea solutions.

Table 1: Parameters from Fit to pH Titrations of Ferricyin
Different Urea Concentrations at 282

urea conc (M) K pK*® n
0 2.38+0.02 2.38 2.6:0.1
0.5 2.66+ 0.04 2.48 3.5£ 0.3
1.0 2.91+ 0.03 2.57 4.1 0.2
15 3.14+ 0.02 2.66 4.3t 0.2
2.1 3.36+ 0.02 2.74 4.5+ 0.3
2.5 3.53+ 0.02 2.81 4.7 0.2
3.1 3.744+ 0.03 291 4.4 0.2
3.5 3.89+ 0.03 2.99 3.8 0.2
4.1 4.07+ 0.02 3.07 3.4:0.1

aThe errors in  andn were evaluated as standard deviation from
three measurementspK* values take into consideration pH-correction
factors for urea solutions{F = pK + opH*, wheredpH* is correction
factor for corresponding urea concentrati®d)(

symbols denotelp (O, uncorrected) and{r (@, corrected for urea
concentration) for ferricyt, and X (O) and K* (M) for ferrocyt

c. The straight lines are linear least-squares fits to the following
equation: K = a + b[urea], wherea is the K value at zero
denaturant concentration abds the slope of the line. The fitted
values area = 2.39 + 0.01 and 0.86+ 0.07 for ferricytc and
ferrocytc, respectively, antd = 0.17+ 0.01 and 0.2 0.01 M?!

for ferricyt ¢ and ferrocytc, respectively. The errors in the slopes
and intercepts are obtained from the fitting.

of pK upon pH that disappeared after introducing a pH
correction for urea concentration84j. For ferricytc, the
corrected K values (fK*) yield an intercept of 2.3% 0.01

for the linear fit. This is in agreement with experimental value
of 2.38+ 0.02 (Table 1). For ferrocyt, applying a linear
extrapolation to zero urea concentratiok*values yielded

a K of 0.86 £ 0.07. This finding is in accord with our
observation of no transition down to pH of 1.8 in urea-free
medium (Figure 2b). The slopes of these fits were found to

and 4) recorded in urea solutions clearly shows somepe 0,17+ 0.01 and 0.27+ 0.01 M for ferricyt ¢ and
deviation from the simple two-state model. This deviation ferrocytc, respectively.

is more noticeable in higher urea concentrations and most

probably indicates minor conformational process related to p|SCUSSION

heme coordination.
Titration curves for ferrocyt were monitored by following

It has been demonstrated that ferricytindergoes four

the increase in absorbance at 424 nm upon decreasing theonformational transitions as the pH is raised from 0 to 14
pH (Figure 2b). It should be mentioned here that because of(27). The so-called state Il of ferricyt (27) has His18 and
rapid ferrocytc oxidation, especially when unfolded, each Met80 in their positions as fifth and sixth axial ligands to
symbol represents a measurement on the individual proteinthe heme iron39, 40); this is the form that functions as an
sample. The unfolding curves were analyzed assuming theelectron carrier in mitochondria. Upon acidification, the
two-state transition between the folded and unfolded states.protein undergoes conversion from state Il to state Il

Both parameterskp andn are summarized in Table 2. As
can be seen from Figure 2b, no transition of ferrocys
observed in urea-free medium between pH 1.8 and 6.8.

accompanied by a change in heme iron from a low-spin state
to a high-spin state with a water molecule replacing Met80;
the apparentig for the 11l — Il transition is around 2.536,

The unfolding experiments for ferric and ferrous cyt ¢ 41—44). The Ill — IV alkaline transition proceeds with a

yielded two sets of Ii§, which were analyzed in more detail

pK in the range of 811, depending on the source of ferricyt

(Figure 3). The original data showed a nonlinear dependencec (45).
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Until now only a single, alkaline transition has been urea concentration is linear. However, the initial state of
determined for ferrocyt, by an indirect electrochemical ferricyt ¢, at any of the urea concentrations employed, can
procedure. Thelg values were found to be 16.8, 16.3, and be reliably ascribed to the native His18/Met80 species. As
14.4 for horse, yeast, and beef ferrocytespectively 28, published data show, the native state of ferricytan be
29). Low flexibility, high compactness, a different level of guaranteed up te4 M of urea. For example, an NMR study
hydration, and an almost 2-fold increase in the affinity of demonstrated that more than 85% of ferricys in its native
sulfur for iron in ferrocytc relative to ferricytc increase the  state up® 5 M urea at neutral pH40). Similar results were
stability and reduce the unfolding of the former at conven- also obtained using tryptophan fluorescence, absorption
tional pH values. In the present experiments, we show that spectroscopy, and circular dichroismi1( 17). Further
ferrocyt c that has been destabilized by the presence of anincreases in urea concentration ab@/M cause disruption
appropriate denaturant could be conveniently acid-unfolded. of the Fe-S(Met80) bond and substitution of methionine

The most probable model describing the acid-induced for another strong-field ligand, histidin&@ 50). In addition,
transition of ferrocytc seems to be the one representing a small amounts of His18/Lys derivatives of ferrioytwere
transition from the native, low-spin form to a high-spin form. found to be present in low urea concentratiors (M) at
The absorption spectrum of ferroayin 9.0 M urea at low neutral pH 49).
pH strongly suggests that its unfolded form adopts high- On the other hand, for ferrocytat and near neutral pH
spin configuration with His1l8 serving as the only axial there is no urea-inducing conformational change. However,
ligand. This argument is supported by the similarity of the there is a serious limitation associated with acid-induced
visible spectrum with that of five-coordinate reduced species transition of ferrocyt in the presence of urea. It arises from
and modelsZ1, 40, 46, 47). This is in contrast to observa- a dramatic decrease in the reduction potential ofcdyom
tions on the isothermal unfolding of ferrocgtinduced by +286 t0—0.167 mV (versus the normal hydrogen electrode)
GdnHCI at neutral pH and room temperature with bis-His upon unfolding 14). In the unfolded state, reduced heme
heme coordination in the unfolded staié,(38). However, becomes more easily oxidized, and acidification of the
the bis-His configuration of ferrocyt can be readily solution accelerates this process. In addition, one of the most
disrupted by elevated temperatur&8)(or by decreasing the  efficient reduction agents, sodium dithionite, if used in
pH (38). Moreover, the observation of a single-step transition excess, produces turbidity at low pH values. For these
from the native low-spin heme directly to the high-spin heme reasons, a greater extrapolation to zero urea concentration
can be accomplished using the anionic detergent sodiumwas needed to obtain the appareiitfpr the acid-unfolding
dodecyl sulfate (SDS) at room temperature and near neutralferrocyt c than was necessary with ferricgt
pH (22). According to Fink et al. §1), there are 24 protons

The acid-induced transitions of ferricyd show three involved in the acid-induced unfolding of type | proteins
characteristics (Figure 2a). First, an increase of urea con-including ferricytc. Our findings of 2.6 protons (Table 1)
centration shifts the K to higher values as was already are in a good agreement with this classification. The
demonstrated for the denaturant-treated protéihy 48). participation of approximately three protons in the acid-
Second, the absorbance of denatured ferigat 394 nm is induced transition of ferricyt is also confirmed by the results
smaller in the absence of urea than in its presence. In theof other authors using the Soret absorbance as a p#dbe (
absence of urea, the lower pH and associated higher52, 53). This number is increased to 4.7 in the presence of
concentration of HCI is required to complete the transition 2.5 M urea. Comparable values (3.9-4.8) were achieved
compared to the transitions in the presence of urea. Conse-using ferrocytc (Table 2), although only in the presence of
quently, without urea the screening of the positively charged 5.0-9.0 M urea. The dependence of on denaturant
groups of the protein is more effective due to the higher concentration in the ranges studied is not linear. The
chloride ions 81), and the denatured protein is in a more enhancement af by 1—2 units upon urea addition implies
compact state. In the presence of urea, the transition occursa more complex behavior relative to urea-free cyihis
at lower HCI concentration, which in turn brings about less observation is in contrast to single proton-associated transi-
effective screening with the more expanded denatured statdions in the presence of anions. However, anions were shown
of the protein. We suggest that the differences in the to simplify the unfolding reaction$g@). The different mode
expansion of denatured states are the reason for the differ-of action of these two agents is explained by urea stabilization
ences in the intensity absorption at 394 nm below pH 2. of the unfolded state relative to the folded state, and tendency
Third, there is a deviation from the regular sigmoidal of salts to stabilize the intermediate state with retained
transition for the urea-treated ferricgt Transitions in the ~ secondary structure elements.
presence of urea are the most probably the result of two To further follow the classification of Fink et al50),
consecutive processes. The most important is the transitionferrocytc belongs to type Il class with no transition down
from the native form (His18/Met80) directly to the denatured to pH 1. The notable decrease in thHé¢ ppon reduction of
form (His18/HO) as was mentioned above for urea-free cyt c reflects the extra stabilization of the native state by
solutions. However, there is a minor process, occurring at intrinsic forces. It is reasonable to assume that difference in
the presence of urea that we ascribe to the transition frompK values for ferricytc and ferrocytc results from the
the native state to the bis-His intermediate followed by the difference inAGp, of these two oxidation states. To quantify
transition to the final His18/kD species. However, we have this difference through thekpvalues, we have used the
not observed this kind of behavior for ferroaytinfolding. equationAAGreg-ox = 2.30RTMPpK (54), whereR is the

We have exploited varying the urea concentration to shift gas constant] is absolute temperature (298 Kj,is the
the acid-induced transition of ferricgtto higher pH. We number of protons involved in the unfolding of urea-free
found that the dependence dkgdor acid denaturation on  cyt ¢, and ApK is the difference in transition midpoints
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between ferricyt (2.38) and ferrocyt (0.86). As mentioned
above, the acid-induced unfolding of cgtis a process
involving ~3 protons in the absence of urea. If we assume
that the number of titratable sites responsible for the
unfolding transition is independent of the redox state of cyt
¢, then the above equation gives a valueAAGeg-ox Of
26.0 kJ mot?. Earlier equilibrium measurements performed
at neutral pH revealed the difference in unfolding free
energies of ferricyt and ferrocytc ranging from 30 to 40

kJ mol? (at 10-40 °C) (7, 14—16). Our value varies by
about 4-14 kJ mot 1, which implies an involvement of more
than three protons in acid-induced transition of cgind, of
course, this is the case in the presence of urea.

In this study, we have characterized the acid-induced
conformational transition of horse heart ferroayin the
presence of urea. By using a linear extrapolation to zero
denaturant concentration, an appareKtvalue for horse
heart ferrocytc unfolding was found to be 0.8& 0.07 at
25 °C. A particular advantage of this approach is that the
pK values measured in urea solutions are not affected by
the presence of the molten globule state.
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