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ABSTRACT. The heme and its two axial ligands, His18 and Met80, play a central role in the folding/
unfolding mechanism of cytochronte Because of the covalent heme attachment, His18 remains bound
under typical denaturing conditions, while the more labile Met80 ligand is replaced by an alternate histidine
ligand. To distinguish between the two possible non-native histidine ligands in horse cytoctirome
variants with a His26 to GIn or His33 to Asn substitution were prepared using a yeast expression system.
Protonation of the non-native histidine ligand in the GuHCI-denatured state results in a pronounced blue
shift of the Soret heme absorbance band (low-spin to high-spin transition). While substitution of His26
has no effect on the apparen€of this transition (5.7 0.05), the H33N variant exhibits a substantially
higher K, (6.1 £ 0.05), indicating that His33 is the dominant sixth heme ligand in denatured cytochrome

¢ and that His26 (or another nitrogenous group) acts as a ligand in the absence of a histidine at position
33. The kinetics of the pH-induced ligand dissociation shows two phases which were assigned to each
of the two histidine ligands on the basis of their distinct temperature dependence. Despite their nearly
identical equilibrium unfolding transitions, the two histidine mutants show differences in their folding
kinetics. While the kinetic behavior of H26Q cgtis very similar to that of the wild-type, the H33N
mutation leads to loss of a kinetic phase with a rate in thd@ s range that has previously been

attributed to the rate-limiting dissociation of a trapped non-native histidine, which is thus identified as
His33.

A unique feature of cytochrome(cyt c) is the presence
of a covalently bound heme group that plays an essential
role in folding and function. In native horse cgt Met80
and His18 serve as axial ligands to the heme (Figure 1).
However, in GuHCIl-unfolded cyt at neutral pH, Met80 is
replaced by one of two additional histidine residues in cyt
¢, His26, or His33, while His18 remains bound to the heme
(1—4). The presence of non-native histidine-heme iron
ligation in unfolded cytc at pH 7 creates a kinetic barrier
for folding that allows the trapping of a native-like inter-
mediate with interacting N- and C- terminal helic&s-g).
This barrier manifests itself through the presence of a slow
(2—10 s, depending on conditions) folding phase, which
dominates the absorbance- and fluorescence-detected kinetics
at pH 7, but is significantly reduced in amplitude at pH 5,
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(12) studied the folding of a double mutant of yeast iso-2 Protein concentration was determined spectrophotometrically
cyt c where His33 and His39 were mutated to Asn and Lys, using an extinction coefficient for oxidized cgtof 1.06 x
respectively. They were able to show that the folding of 1C° at 409 nm ).
H33N/H39K iso-2 cytc is accelerated by an order of Equilibrium Fluorescence MeasurementBluorescence
magnitude compared to the WT protein, thereby supporting measurements were performed on an Aminco-Bowman
the hypothesis that non-native histidine-heme ligation results Series 2 fluorescence spectrometer (SLM-Aminco, Urbana,
in a kinetic barrier for folding. Furthermore, cgt from IL), using a 1 cmquartz cuvette thermostated at 1G.
photosynthetic bacteria has only a single histidine that servesExcitation and emission wavelengths were 280 and 350 nm,
as the native axial ligand to the heme, and it exhibits simpler respectively, and both slits were set to 4 nm. Solutions of
folding kinetics (2). folded (100 mM sodium acetate, pH 5.0) and unfolded&5
There has been little information regarding the relationship M GuHCI, 100 mM sodium acetate, pH 5.0) cgtwere
between the location of histidine residues in the amino acid prepared at concentrations of-2 uM. The fluorescence
sequence and their ability or preference to serve as a hemeavas measured for the native protein and cyolutions at
iron ligand. Since non-native heme ligation occurs when progressively higher concentrations of GUHCI, achieved by
cyt ¢ is unfolded by GUHCI or urea, it is likely that there repetitive withdrawal of native cyt from the cuvette
are minimal structural constraints, and that binding preferencefollowed by addition of a corresponding volume of unfolded
will be related to the location of the histidine in the amino cyt ¢ solution. The fluorescence signal of cgt was
acid sequence. Using a competition approach, Muthukrish- normalized relative to an equimolar solution of N-acetyl-
nan and Nall 4) determined the effective concentration of tryptophanamiden 6 M GuHCI and 100 mM sodium acetate,
histidine residues in GuHCI-unfolded yeast iso-1 and iso-2, pH 5.0. The free energy of unfolding in the absence of
and tuna cyt by titrating with imidazole, an extrinsic heme denaturantAGy,o, was obtained by nonlinear least-squares
ligand. Their results demonstrated that multiple histidine analysis of the data, based on a two-state model with a linear
residues can share the available heme iron ligation site independence of unfolding free energ¥@, on denaturant
unfolded cytc (His18 remains bound to the heme), suggest- concentrationAG = AGu,0 — mC= m(C,, — C) (15, 18.
ing that the intramolecular effective concentration of the  Ligation Equilibrium in Unfolded Cytochrome ¢The pH-
individual histidine residues determines their ligation prefer- induced deligation of non-native heme iron ligands in
ence. On the basis of preliminary experiments with the unfolded cytc was monitored by measuring the Soret
H26Q variant of cyt ¢, Elee et al. ) suggested that His33  absorbance maximum with a Perkin-ElmedB UV—vis
is the predominant heme ligand in unfolded cyt c, implying spectrophotometer. The pH of an unfolded solution of cyt
that structural constraints play a role in histidine ligation ¢ (50 mM sodium phosphate, 4.5 M GuHCI, pH 8.0) was
preference. To test this hypothesis, we have prepared twogradually decreased by adding a small amourtl(® uL)
horse cytc mutants, H26Q and H33N, designed to clarify of 1 N HCI. A gradual change in Soret maximum to lower
the individual roles of His26 and His33 as non-native heme wavelength indicative of a change in heme ligation state was
iron ligands in GuHCl-unfolded cyt. Complementary  observed. Most experiments were done at room temperature.
equilibrium and stopped-flow kinetic experiments identify No difference was observed between experiments at 10 and
His33 as the dominant heme iron ligand in GuHCI-unfolded 25°C. The maximum in Soret absorbanég{) was plotted
cytc. against pH to obtain curves that were fitted by nonlinear

least- lysi h i
MATERIALS AND METHODS east-squares analysis to the equation

Materials and Sample PreparatiorHorse heart ferricy-  A,(pH) =
tochromec (Type VI from Sigma Chemical Co.) was used H—pK.
without further purification. Cytochrome mutants were [ZmadPH 9) = Zma{ PH 4)]/[10“(" o+ 1+
expressed in yeast®) and purified as previously described AmadPH 4) (1)
(9). The gene CYC1-HORSE, encoding horse cyt ¢, was
previously constructed with synthetic oligonucleotides, and wheren is the number of protons involved in the transition
expressed in the yeaStaccharomyces cerisiae (13). In and K, is the pH at the midpoint of the transition.
contrast to commercial horse heart cytochrowethis Optically Detected Stopped-Flow MeasuremeriK#etic
recombinant protein is only~70% acetylated at the N- experiments were performed on a Bio-Logic SFM-4/QS
terminal glycine, and approximately 80% of lysine 72 is stopped-flow instrument (Molecular Kinetics, Pullman, WA)
trimethylated {3). Preliminary equilibrium experiments equipped with a 0.& 0.8 mn? cuvette. The dead-time was
(described below) showed that the effect of these post- determined to be in the range £3.8 ms (depending on
translational modifications on our results was negligible. the flow rate used). A 150 W Xe/Hg arc lamp and
Therefore, the commercial protein was used for all subse- monochromator (0.5 mm slit widths) were used for excitation
quent experiments on WT cgt The H33N (CYC1-1101) at 280 nm, and a high-pass glass filter with 324 nm cutoff
and H26Q (CYC1-1105) mutant forms were constructed by (No. 51255, Oriel Corp., Stratford, CT) was used for
the method of Kunkel et al.14), and both of the altered measuring the tryptophan fluorescence emission. Heme
genes were integrated in the CYCL1 region of the yeast strainabsorbance changes were monitored using a tungsten lamp
B-6748 as previously described3). A first attempt to (LS-10, Hi-Tech) and a 0.5 nm band width. The signal
construct a double mutant, H26Q/H33N, was unsuccessful;changes from 64s to ~100 s were recorded in a single
we are currently preparing this variant using a PCR-basedkinetic trace, using a previously described logarithmic
mutagenesis approach. The sequences of these CYC1 genesveraging methodl().
were verified by amplifying the appropriate region by PCR,  The kinetics of ligand dissociation under unfolding condi-
and subsequently sequencing the double-stranded DNA.tions were monitored by absorbance at 411 nm, after a rapid
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Ficure 2: Comparison of the pH-induced shift in the Soret
absorbance maximum of WT, H26Q, and H33N cyThe pH was
decreased by adding small volumet D N HCI to unfolded
solutions of the cyt variants (5-10 M) in 4.5 M GuHCI, 50
mM phosphate buffer, pH 7-33.5. All experiments were carried
out at room temperature.

Table 1: Acid Titration of GuHCI-Denatured Cgt

cytc pKa n
WTP 5.714+0.05 1.38+ 0.09
WT® 5.61+ 0.03 1.20+£ 0.1
H26Q 5.60+ 0.05 1.50+ 0.06
H33N 6.11+ 0.05 1.10+ 0.08

2The [Ka and n values were obtained by nonlinear least-squares
analysis of the data using eq "lHorse heart cytc from Sigma.
¢ Recombinant WT horse cytexpressed in yeast.

pH jump. The pH jumps were achieved by mixing 1 part
of unfolded oxidized cyt (100uM, 4.5 M GuHCI, 50 mM
phosphate) at pH 7.8 with 5 parts of acetate buffer (100 mM,
4.5 M GuHCI) at pH 4.6 to obtain a final pH 4:&.0. All
kinetic experiments were performed at 10.

The folding kinetics of cytc were measured at 18C
following a 6-fold dilution of an unfolded solution of cyt
in 4.2 M GuHCI (100 mM acetate, pH 5.0) to various final
GuHCI concentrations within and below the unfolding
transition region. Final protein concentrations were-30
uM. The individual amplitude of the observable kinetic
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Table 2: Activation Parameters for Deligation of Non-Native
Histidine Ligand

fast phase slow phase
cytc  Ea(kcal/mol) logA(s™) Ea(kcal/mol) logA (s
WT 12.3+0.2 115+ 0.2 17.1+ 0.7 14.6+ 0.5
H26Q 16.8+ 1.7 14.6+ 1.3
H33N 121+ 1.3 11.3+1.0 7.8+ 16 7.6+1.2

a Activation energieska, and pre-exponential factoss, describing
the temperature dependence of the kinetics of ligand dissociation in
the GuHCI-denatured state of WT ayand the two histidine variants.

equilibrium between the WT and H26Q (Figure 2, Table 1)
indicates that His26 does not participate significantly in non-
native heme ligation in the presence of histidine at position
33. On the other hand, mutation of His33 to Asn causes a
significant shift in the low-spin to high-spin transition toward
higher pH. The equilibrium data in Figure 2, thus, indicate
that His33 is the predominant sixth ligand in WT and H26Q
cyt ¢ (above pH 5.7), while in the absence of a histidine at
position 33, His26 or another unidentified side chain can
serve as an alternative ligand (above pH 6.1). The observa-
tion of n values greater than 1 in WT (1.38) and H26Q (1.50)
is consistent with an equilibrium involving two or more
partially coupled ionizations. In contrastjs closerto 1 in
H33N (1.10), indicating an equilibrium dominated by one
ionizable group. Thus, the effect of histidine mutations on
the pH-induced ligand dissociation are fully consistent with
His33 being the predominant non-native ligand in GUHCI-
unfolded WT cytc, at least near neutral pH.

Tsong @) previously reported aky, of 5.1 for WT horse
cyt cin 6 M GuHCI, which is significantly lower than that
obtained in this study (Table 1). The higher GuHCI
concentration used in the earlier work is probably not
important, since we measured very similar titration curves
at 4.5 and 6 M GuHCI. However, the discrepancy may be
related to the fact that Tson@)(did his experiments in the

phases was internally normalized with respect to the total ghsence of buffer, whereas we used 50 mM sodium
observable fluorescence change. The amplitude of unre-phosphate, or it may be due to pH electrode artifacts.
solyed processes occurring in the dead-time (burSt'phase)Fortunately, this discrepancy does not affect any of our
both for WT cytc (9) and the two histidine mutants studied g mutant proteins under identical experimental conditions.
here (data not shown), was not included in the analysis. Kinetics of pH-Induced Histidine DeligationThe heme-

histidine deligation rate can be determined by optical methods
following rapid acidification of a solution of unfolded cgt
Previous stopped-flow kinetic experiments with WT ¢yt
absorbance band of cytis very sensitive to ligation and Showed biphasic behavior, suggesting that both His26 and
spin state 18, 19. GuHCI- or urea- unfolded oxidized cyt His33 can serve as ligands to the heme irgn (Further-

¢ has a maximum Soret absorbance at 407 nm and lacks gnore, in a preliminary pH jump experiment, ket al. 7)

620 nm band, which is characteristics of a low-spin iron found that the H26Q variant of horse ayexhibits a single
containing two strong-field axial ligand4) A decreasein  €xponential phase, suggesting that one of the two phases seen
the pH of a GuHCI-unfolded cyt solution induces a shift ~ for the WT may be due to His26.

in the Soret absorbance maximum from 407 to 400 nm, To confirm this tentative assignment, we performed a
consistent with the loss of a strong-field ligand coupled with series of pH jump experiments at several temperatures
the protonation of a side-chain nitrogen. Figure 2 shows ranging from 16-30 °C to determine the activation energy
the result of the pH titration curves for GuHCI-unfolded WT of histidine deligation for the H26Q and H33N variants.
cyt c and the H26Q and H33N variants. WT @/including Figure 3 shows the temperature dependence of the histidine
both commercial preparations and recombinant horse cyt deligation rates and the corresponding amplitudes for WT,
expressed in yeast) and the H26Q variant exhibit similar H26Q, and H33N cytc; Table 2 lists the corresponding
titration curves (s = 5.6-5.7,n = 1.2—-1.5; Table 1), activation energyH;) and pre-exponential factoA) for the
whereas the behavior of H33N is quite distincK{p= 6.1, various deligation processes. Two kinetic phases are ob-
n 1.1). The similarity of the pH-dependent ligand served for the WT protein (Figure 3A); the slower phase

RESULTS AND DISCUSSION

pH-Dependent Histidine Ligation EquilibriumThe Soret
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Ficure 3: Stopped-flow kinetics of the pH-dependent heme absorbance changes at 410 nm of unfotd@d=cid GuHCI and 50 mM
phosphate, pH 7.8). The reaction was induced by a rapid pH jump from 7.8 to 4.6. In the upper par@)stita log of the observed

rate(s) is plotted as a function of the inverse absolute temperature (Arrhenius plot). The lower panels show the relative amplitudes associated
with the observed kinetic phase(s). The corresponding activation energies and pre-exponential factors are listed in Table 2.

accounts for 80% of the amplitude and hassaf 17 kcal/ g 067 '

mol, while the faster phase accounts for the remaining 20% g 057 A L

of the amplitude and has dg, of 12 kcal/mol. Figure 3B 8 g4l TTTEN

shows that the deligation kinetics for H26Q cyis a single- S 1

exponential process with a rate and activation energy closely = 937

matching the slower phase observed for the WT (Table 2). g 02

The disappearance of the faster phase in the H26Q data 5 o1

(Figure 3B) suggests that this minerZ0% amplitude) phase = o ewTRs - . .

is due to His26 deligation, and that the slower and major 0 1 2 3 4 6
phase £80% amplitude) in the WT data (Figure 3A) can [GuHCl]

be attributed to His33 deligation. The faster His26 dissocia- FIGURE 4: Fluorescence-detected (03ul_-|CI denaturation transitions
tionrate and smalle, incicate a lower ffiy for e ron. 1% T, H260, sne HEIN L 1010 DLV sodm seette,
On the basis of this observation, one would expect the slow ormalized relative to an equimolar solution Nfacetyl+-tryp-
kinetic phase observed for WT and H26Q to be absent in tophanamide.

H33N. Although the kinetic behavior seen for H33N cyt

is complicated by the presence of an additional phase not Refolding Kinetics of Cyt ¢ at pH.5Because of its
seen for the other two variants, closer inspection of Figure relatively slow rate of dissociation, a non-native histidine
3C and Table 2 shows that this is indeed the case. Theligand can become trapped during folding and give rise to
slower phase B, = 17 kcal/mol), which dominated the slow rate-limiting steps in refolding experiments 8). While
kinetics of WT cytc (80% of the amplitude), is absent in this effect is greater at pH 7.0 where histidine side chains
the case of H33N, confirming its assignment to His33. are largely deprotonated, it is still observable even at pH 5
Instead, the kinetics of H33N is dominated by a fast phase or below (7, 10, 2Q. To study the individual involvement
that closely matches the minor fast phase of WTccat all of His26 and His33 in folding, we measured the folding
temperaturesH, andA in Table 2 are within error). Thus, kinetics of H26Q and H33N at pH 5.0.

His26 becomes the predominant sixth heme ligand in the For a meaningful comparison of the refolding kinetics of
variant lacking His33. However, the observation of an WT with H26Q and H33N as a function of GuHCI
additional phase in Figure 3C with a lower activation energy concentration, it is important to compare their stabilities to
(8 kcal/mol) than that of the histidine related processes (Table GUHCI denaturation. The reversible GuHCI-induced unfold-
2) suggests the involvement of at least one additional ligand ing transition of cytt (WT, H26Q, and H33N) was monitored
other than His26 and 33. This process is most pronouncedusing tryptophan fluorescence as a probe of conformational
at low temperature, where the two phases of H33Na@yt changes. Figure 4 compares the denaturation transition for
have comparable amplitudes (Figure 3C), but its amplitude the WT, H26Q, and H33N cw variants. The equilibrium
decreases as the temperature is raised, reflecting a changavo-state thermodynamic parameters listed in Table 3 show
in the equilibrium population of heme ligand. At this time, that all three proteins are very similar in stability. The two
the identity of the ligand responsible for the slower phase histidine variants have slightly lowee,, values than WT,

of H33N is unknown. Possible candidates are the N-terminal but the corresponding differencesAto are nearly within
NH, group which is only partially acetylated in these error. While His33 is quite variable among eukaryotic cyt
recombinant proteinsl@), or an NH group from a depro- ¢, His26 is more highly conserve@l). The imidazole group
tonated lysine side chain. of His26 forms two hydrogen bonds in cgt one with the
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Table 3 Stability of Horse CytcochroneMutants case of H33N, there are two major phases at pH 5.0 with
rates of~140 and~40 s}, respectively; however, the slower
phase seen for WT and H26Q is not present. At pH 7.0,

Cm (M) m(kcal Mt mol™Y)  AGp,o (kcal mol?)

LVZTB %%ﬁ 8-81 gﬁ 8-1 %i 8-2 the folding kinetics of H33N is essentially single exponential
H33(N3 2444 0.01 30+01 73102 with a rate of ~11 s accounting for~90% of the

, observable amplitude. The nearly 10-fold decrease in the
a All measurements were performed at 2Q. Cyt c solutions

contained 0.1 M sodium acetate, pH 5.0. Equilibrium transition curves rate of the dominant folding phase for H33N at pH 7.0,

were calculated by nonlinear least-squares analysis as described inco_mpared to pl_'| 5_-0, i_S consist_ent With our e_qUi”briUm
Materials and Methods. The slopes and intercepts of the pre- and post-(Figure 2) and kinetic (Figure 3) ligand dissociation experi-
transition baselines were used as fitting parameters, in additi@nto  ments, which show evidence for non-native ligation in

andm GuHClI-unfolded H33N at pH 7.0. Figure 3 suggests that
His26 serves as the major non-native ligand in the absence
® ! A of His33. In fact, the refolding rate of H33N at pH 7.0 is
B o8- —o— Wild type 4.5 times faster than the slow phase for WT and H26Q
= . e (Figure 5B), consistent with the deligation rate of His26 being
E 067 ~4 times faster than that of His33 (Figure 3).
0.4 Figure 6 depicts the folding rates (on a log scale) and the
2 : corresponding amplitudes as a function of final GuHCI
% -2 concentration for the three cgtvariants studied. The data
] for WT and H26Q cytc are very similar; both exhibit two
. il major refolding phases as described above. At higher GUHCI
° B concentration, the slower phase accounts for most of the
E 0.8 observed amplitude, while at lower GuHCI concentration,
= the faster phase dominates. The negligible effect of His26
E 0€1 suggests that His33 dominates as the non-native ligand,
o 047 making the presence of His26 insignificant when His33 is
= T present, in agreement with all previous data (Figures 2 and
5 02 3). The slower folding phase previously attributed to
o - histidine deligation is not observed for H33N. It is interest-
0001 001 o1 1 1o ing that His26 alone does not result in slow rate-limiting

Time (s) folding steps despite its ability to bind the iron in the
Ficure 5: Representative stopped-flow kinetic traces for the Unfolded state; this is perhaps due to its faster dissociation
refolding of WT, H26Q, and H33N cyt. Refolding was induced  rate, which makes it less likely to be trapped during folding.
by dilution of unfolded cytc from 4.5 M to 1.0 M GuHCI at pH Some heterogeneity of the fast phase is observed in the
T e e e el 1252 O WT and HI3N; an acitional phase with & rate of
The data were noemalized internally Withqrespect tF()) the total 160—_260 st appears.at low GUHC| cgncentratlon, and
observed amplitude. despite the fact that this phase is only8times faster than
the second phase (5@0 s 1), inclusion of an additional
backbone carbonyl of Pro44 that bridges two loops (residuesexponential results in a significantly better fit of the kinetic
26—31 and residues 4147), and one with the backbone data. This heterogeneity of the fast phase is not observed
amide of Asn3122). Therefore, the observation of similar in H26Q, suggesting that it may be related to the presence
stabilities for WT and H26Q suggests that the important of His26. Nevertheless, the observation that the refolding
hydrogen bond with Pro44 has been preserved in the H26Qkinetics of cytc is simplified by the H33N mutation while

variant. This is consistent with the finding of Qin et &3] remaining almost the same in H26Q is further evidence that
that replacement of His26 by Val in rat cgtdestabilized His33 is the predominant non-native heme iron ligand of
the protein by almost 4 kcal/mol. GuHCI-unfolded cytc.

The refolding kinetics of cyt was measured after rapid Comparison of the refolding kinetic data in Figure 6 clearly

dilution of GuHCI-unfolded cytc with buffer. Figure 5 shows that at pH 5.0 the refolding kinetics of ayis still
shows representative refolding kinetic traces of WT, H26Q, coupled with deligation events, consistent with previous
and H33N cytc (in 1.0 M GuHCI) at pH 5.0 (Figure 5A)  observations{, 8, 10. For example, refolding of cytfrom

and pH 7.0 (Figure 5B). The WT protein and the H26Q pH 2.4 to 4.9 still results in-30% of slow folding species
variant exhibit two major phases under both conditions, a (24). Recently, Yeh et al.10) were able to show by using
faster phase with a rate 6f100 s* at pH 5 (~50 s'* at pH resonance Raman scattering in conjunction with sub-mil-
7) and a slower phase with aratee8 statpH 5 (~2 s lisecond kinetics that, even at pH 4.5, 30% of the heme iron
at pH 7). At pH 5.0, the faster and slower phases accountin GuHCI-unfolded cytc exists in the bis(histidine) form.
for ~75 and 25% of the amplitude, respectively, while at When the methionine ligation site is blocked with an extrinsic
pH 7.0 this ratio is inverted. The slower phase has previously ligand such as imidazole, the slow folding phase disappears
been attributed to dissociation of a non-native histidine ligand completely 7, 25 and the refolding kinetics at pH 5 and
in a partially folded state68), which has recently been pH 7 become identical (W. Cahg and H. Roder, manuscript
observed also for yeast iso-2 oyt(11). The decrease in in preparation). Consistent with these observations, H33N
the relative amplitude of the slower phase at pH 5.0 (from shows no evidence of slow rate-limiting steps in folding at
75 to 25%) is consistent with a decrease in the population pH 5, indicating that ligand-related complications are
of misligated protein in the unfolded state at pH 5.0. In the minimized in this cytc variant. Thus, the H33N variant
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Ficure 6: Denaturant dependence of the refolding rates and amplitudes of WT (A), H26Q (B), and H33N (C). Refolding was triggered by
diluting unfolded cytc solutions from 4.5 M GuHCI to various final concentrations at pH 5.0°@R The upper and lower panels show

the GuHCI dependance of the folding rates and amplitudes, respectively, using matching symbols. The amplitudes were internally normalized
relative to the total observable amplitude.

makes it possible to focus on the underlying structural present in cytc. In particular, lysines 5, 7, and 8 at the
process in the folding of cyt without the complications  N-terminal are in close proximity to the heme, even in the
arising from non-native heme ligation. denatured state, and should have a high effective concentra-
General Discussion.We have shown that His33 is the tion. The K, of 6.1 for the deligation of the heme iron
predominant non-native heme iron ligand in GuHCl-unfolded ligand (Figure 2) is significantly lower than that of lysine
cyt ¢, based on three different experiments: (i) the pH- (~10.5), corresponding to an energetic cost of 5.5 kcal/mol,
dependent ligation equilibrium, (ii) the kinetics of ligand which may be more than compensated by the binding of a
dissociation in the denatured state, and (iii) the kinetics of strong ligand to the heme iron. Another potential heme
refolding at pH 5 The reasons for the predominance of ligand is the amino-terminal NHgroup in the fraction of
His33 over His26 as a non-native ligand are not fully recombinant cyt with nonacetylated N-terminus; while cyt
understood, although steric and entropic factors are likely c isolated from horse is 100% N-acetylated, this level drops
to be involved. Since Cys17 and His18 are covalently bound to 70% for the recombinant form expressed in yeas}. (It
to the heme, His26 may not be far enough down the is possible that the 30% population with free amino-terminus
polypeptide chain to access the available heme ligation sitemay form a bond between the deprotonated;gkbup and
opposite to His18 without some unfavorable steric interac- the heme iron. In fact, there is precedent for this type of
tions (for an extended chain, the distance from His18 to ligation in cytochromd from plant chloroplastZ7), where
His26 would be~29 A, but excluded volume effects and the native axial heme ligand is the N-terminal amino group
chain stiffness may oppose loop formation). In contrast, of Tyr 1. Also, Godbole and Bowle2) recently observed
His33 and His18 are 15 residues apart (corresponding to athat in a triple mutant (H26N/H33N/H39Q) of yeast iso-1-
distance of~54 A in an extended chain), providing seven cyt c lacking all the potential non-native histidine ligands,
additional residues to close the loop. Alternatively, there the N-terminal amino group binds to the heme iron in the
could be some stabilizing interactions in GuHCI-unfolded unfolded state. However, our observation that WTadyom
H33N cyt ¢ not present in GuHCl-unfolded H26Q. This horse heart (100% N-acetylated) and recombinant WTE cyt
appears unlikely since one would expect a simifavalue (70% N-acetylated) show, within error, identical pH titration
(which is indicative of the difference in exposed surface area curves (Table 1), suggests that this is not a major contribution
between the native and unfolded state) for the equilibrium in the case of the horse protein. Future experiments with a
denaturation of WT and H26Q, and a differentvalue for double histidine mutant (H26Q/H33N) of horse @ytill
H33N, and this is not the case (Table 3). Pierce and Nall be directed toward elucidating the nature of these potential
(12) recently observed a marked increasarirvalue for a heme ligand(s). His/Lys complexes can potentially be
double mutant (H33N/H39K) of yeast iso-2 @ytcompared identified by electron paramagnetic resonance (EPR) in
to WT, suggesting that elimination of non-native cross-links conjunction with near infrared magnetic circular dichroism
results in a more expanded denatured state. On the othe{NIR-MCD; refs 28 and 29). Hawkins et al3@Q) recently
hand, Godbole and Bowle26) reported a decrease n used this method to describe a His/His complex in a mutant
values for the analogous yeast iso-1-cyvariant lacking of yeast iso-1-cyt.
non-native histidines, indicating that the situation is more  |n summary, we have used aytutants with substitutions
complex. at His26 or His33 to identify the predominant non-native
An interesting question raised by these experiments heme iron ligand of GuHCIl-unfolded oxidized cgt Our
concerns the nature of the additional ligand in the case of results strongly suggest that His33 is the predominant ligand
H33N. Likely candidates are some of the 19 lysine residues accounting for over 80% of the population of non-native
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ligand. Surprisingly, we have also observed that in the
absence of His33, some other intramolecular ligand, which
remains to be identified, is able to bind to the heme iron
and can compete with His26.
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