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ABSTRACT. The hydrogen exchange rates of backbone amides in a minimal (71 amino acid long) monoheme
cytochromec were determined as a function of pH in the absence and in the presence of guanidinium
chloride. These data permitted the identification of units undergoing the opening reaction that precedes
hydrogen exchange through a common mechanism. The opening units broadly correlate with the secondary
structure elements of the protein. It is found that, despite the significant difference in primary sequence,
the distribution of the opening units within the three-dimensional structure of the cytochrome studied
here closely resembles that determined in mitochonchtigbe cytochromes. It is proposed that the observed
distribution represents a fingerprint of the cytochroméold and has a role in directing the folding/
unfolding of the protein.

c-type cytochromes bind one or more heme cofactors the cytochrome fold, which had been identified in a seminal
through the formation of a covalent thioether bond to the work by Chothia and Leskg].

side chains of two cysteines per heme moiety. Given their  Gjyven the observations summarized in the preceding
vast diffusion throughout all kingdoms of Iife, their involve- paragraph' the question arises as to how the fo|ding/unfo|ding
ment in key biological processes (e.g., respiration in eukary- properties of mitochondrial and bacterialype cytochromes
otes), and their relative ease of purificatiantype cyto-  are related, e.g., with respect to the presence and distribution
chromes have been the subject of a huge body of literature.of |ocal opening units and of the corresponding free energies
In the last years, several studies have focused on the detailsf opening events. Indeed, owing to the significant differ-
of their folding/unfolding properties, so thattype cyto-  ences in sequence and in size, the variation of chemical and
chromes have become a paradigm for metalloprotein folding/ physical properties between these two broad groups of
unfolding studies. Most of the work in the field has been cytochromes can be extremely larde 8). Just to give an
performed on monoheme mitochondrial (usually yeast, horseexample, which is linked to folding/unfolding properties, it
heart, or tuna) proteins, which are very similar in sequence is known that the methionine axially bound to the iron ion
to one another]( 2). Bacterialc-type cytochromes, on the under native conditions can be displaced by the side chain
other hand, are widely divergent in sequence, even whenof an alternative amino acid acting as ligand or by a water
only those with His/Met axial coordination are taken into molecule, depending on the environment to which the protein
account L, 3). In addition, while mitochondrialc-type is exposed. This occurs most easily in the oxidized [iron(lIl)]
cytochromes are all about 16010 residue long, bacterial  state. The conditions needed to induce misligation can vary
cytochromes can be much shorter. As an example, the solubledramatically in different-type cytochromes, so that the axial
domain of membrane-anchorBdcillus pasteuricytochrome methionine can detach from the iron(lll) ion at room
Css3 is only 70 residue long4), which makes it one of the  temperature and neutral pH in the absence of denaturant in
monoheme cytochromes with the highest heme to numbersome system&/( 8), at alkaline pH 9, 10), or in the presence
of amino acids ratio%). Even though mitochondrial and of a low concentration of denaturantsl( 12) in others, or
bacterial c-type cytochromes display some fundamental may even require nearly complete unfolding of the poly-
differences, they all share, besides the signature for covalentpeptide chain in some other proteiris3). A model of the
heme attachment, a number of basic features characterizingalkaline form of yeast cytochrome that recently became
available indicates that in this system detachment of the axial
" Financial support by MIUR and by the EC (Contract HPRI-CT- methion-ine- s accompanie_d I-ay structural rea_rrangements
2001-00147) is gratefully acknowledged. mostly limited to the methionine loopld). Detailed data
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the identification of general trends that may constitute a o
fingerprint of the cytochrome fold. e
In this study, we have probed by NMRpectroscopy the . =3
hydrogen exchange behavior of oxidizBdpasteuriicyto- 0.1 g%% /- g e
chromec, a minimal 71 amino acid monoheme cytochrome. %/ - e
pH-dependent studies have been carried out under native 0.01 3/ /* % %Eé
conditions and in the presence of 1.5 M GdmCI, where the .~ g ,,/ff, i
protein is still folded 13). The present data permitted the g /* g/g o
identification of units exhibiting cooperative opening (termed =, '8%3  x § e
opening units). The comparison of the structural distribution =< ° el
of these units with the information available for mitochon- 1E-4 QZ?/Q/ -
drial cytochromec highlighted general “signatures” of the :/ s
unfolding process of the cytochrome fold, as well as 1E-5 11— . . . : e
protein-specific variations thereof. 7.0 75 8.0 8.5 9.0 9.5

pH
MATERIALS AND METHODS Ficure 1: Experimental time constants for exchangg)(plotted
15N-Enriched recombinant oxidizeBipcytc was produced as a function of pH for each backbone amide moiety. Error bars
as previously reportedLB). Note that the soluble domain are not shown for clarity;d standard deviations are always smaller

. . than twice the symbol size.
used here lacks the N-terminal 21-residue membrane anchor, 4

and thus the first amino acid of the construct is Val22 (the (k> k,;). With this assumption, the observed exchange rate
full-length numbering is maintained for consistency with (k.,) of any amide group is
previous works; see also réb).

Hydrogen exchange experiments were performed by Kex = KopKer/ (Ko + Ker) 2
addition of DO buffer to a concentrated stock solution of
15N-enriched protein to obtain samples with a final protein In the present system, at the lower pH values considered
concentration of ca. 1 mM. A 100 mM phosphate/100 mM here the closing rate is also much faster than the intrinsic
NH,CI buffer was used to buffer the pH (which was corrected exchange ratekf; > ke, which defines the so-called “EX2

for the isotope effect as described in 1€). All experiments limit”), and consequently eq 2 reduces to
were carried out at 296 K, using a 500 MHz Bruker _
AVANCE spectrometer equipped with a cryoprobe. Kex = Kopgken 3)

Exchange rate were determined by fitting the deca . _ .
of the pea?k intentftxi)es iHH—15N HSQC gpectrg]m as a y whergKopz km.)/kc. is the equilibrium constant for the amlde
function of time to a monoexponential decay. Peak intensity OPENING reaction. The free energy of exchanyyx) is
decays were measured over a time range between 24 and 416N given by
h at intervals ranging between 2 and 5 min (for the initial _ _ _
phase of the decay) and-360 min. Resonance assignments AGhx RTIn Ko, RTIn(kefker) ()

WeREe t%ken from'f'prfewous wor kl@'f hanke | whereR s the universal gas constant ahi the temperature
esidue-specific free energies of exchan§i@x) values e vin. In the range of pH values used hekg,increases

were obtained through application of the well-known theory with increasing pH due to more efficient basic catalysis.
of native state hydrogen exchange outlined in E8s-21. When the pH is raised enough as to méke< ke, (“EX1

Briefly, amide hydrogen exchange is assumed to take place”mit,,) while maintaining the system fully folded, eq 2 can
when the amide moiety is transiently exposed to solvent in be Sir;1plified to '

a closed-to-open reaction:
. . Kex = Kop 5)
p h
NH(cIosed)T' NH(open)— exchanged (1) RESULTS
Most of the amide moieties for which we could obtain
reliable data at two or more different pH values are in EX2
conditions between pH 7 and pH values up to-89), in
he absence of denaturant, as shown by the fact that the
ogarithm of their observed exchange rates in this range
increases linearly with increasing pH, with a slope of 1.0
(Figure 1). At the lower pH values sampled here, reliable
data could not be obtained for residues 60 and 61, which
are part of the protein hydrophobic core, due to too slow
exchange. Only upper limits can thus be estimated for these
rates. At higher pH values, data for residues-6Q were
— _ _ instead measurable and, together with the data relative to
_*Abbreviations: NMR, nuclear magnetic resonanBeeytc, oxi- residues 6365 (exchange rates for residue 62 could not be
dized fragment 2292 of Bacillus pasteuriicytochromecssz; GdmCl, . o .
guanidinium chloride; HSQC, heteronuclear single-quantum correlation determined), indicate that the stretch-@b deviates from
spectroscopy. the general behavior of the remainder of the polypeptide,

kop is the rate at which a given amide proton is exposed to
solvent, kg is the corresponding closing rate, akgd is the
intrinsic exchange rate constant. In this wdgy,values were
estimated using the approach described by Englander an
co-workers together with their parameters derived from
unfolded peptide models2®), using Excel spreadsheets
kindly provided by S. W. Englander. Under native conditions
for a fully folded system the equilibrium in eq 1 is strongly
shifted toward the left-hand side, and correspondingly the
closing rate is generally much larger than the opening rate
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FiGure 2: Per residue plot of thGyx values calculated from % 8]
the backbone amide proton exchange (assumed to occur in the EX2 o .
limit) rates measured for oxidize®l. pasteuriicytochromec in the o
absence of denaturant. The values for residues 60 and 61, indicated < 44
by an asterisk, are only indicative, as the exchange rates were too @ 24 |
low to obtain a quantitative experimental estimate. Consequently, 3 0 | !| ——
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for these two residues an upper limit for the exchange rate has

40 5 60 70 80 90
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Residue Number

: ; P FIGURE 3: (A) Per residue plot of thAGyx values calculated from
featuring a dependence on pH with a slope significantly lower the backbone amide proton exchange (assumed to occur in the EX2

than 1.0 (Figure 1; see also later). Note tBacytc does limit) rates measured for oxidize®l. pasteuriicytochromec in the

not experience the so-called alkaline transition, featuring an presence of 1.5 M GdmCI. (B) Per residue plot of the difference
axial coordination stable in the pH range +12 (13, 23), between theAGyx values obtained in the presence and in the
which allowed us to safely perform measurements at pH absence of 1.5 M GdmCl.

values as high as 9.5. By application of eq 4, the data at pHthat there is a strong dependence\&Gyx on the presence
7.0 were used to calculateGux values for oxidizedpcytc of GdmCI for residues 6365 and 84-88. A less pronounced
under native conditions (Figure 2). The exchange rates dependence is observed for residues-68 and an even
determined here do not present any significant correlation shallower dependence for the other amide moieties of the
with the & order parameters determined via the relaxation protein.

rates of N nuclei of amide moieties16), which is not It is informative to plotkex againstk., which can be

unexpected given the fact that they depend on very different calculated to a very good approximation using available

protein motions and time scales. parametrizations22, 25). In the EX2 regime, it is expected
The values of Figure 2 are to be compared with@-° that this plot gives a linear relationship with a slope of 1

(free energy difference between the folded and denatured(19). Residues within units opening by the same mechanism
protein under native conditions) obtained from protein to allow exchange to take place will define lines with
denaturation studies of 272 1.4 kJ mof? (13). The AGyx essentially the same intercept (which is determined by the
values suggest that global opening reactions are required toAG,, of that unit) 9, 26). On the other hand, residues
bring residues in the N-terminal part of heli (residues exchanging through local fluctuations are not expected to
60—61) and in the core of heligs (residues 8489) in the follow any particular pattern. Plotting data acquired at
exchange-competent (open) conformation under nondena-different pH values can extend the sparkgfvalues, thus
turing conditions. The two helices,s and as, are located significantly helping to identify units and to single out
respectively before and after the loop containing the axial possible transitions between the EX2 and EX1 exchange
ligand to the iron, Met71. The amide moieties of the residues regime 7, 28). A more commonly used approach to identify
in the remainder of the protein instead exchange via more cooperatively opening units is based on measuring exchange
local conformational fluctuations. Note that some of the rates as a function of [GAmCI], using ranges of concentration
AGpx values in Figure 2 are larger thaxG™:°, which is relatively far from the concentration promoting global
possibly due to the fact that the free energy for global unfolding 21, 29). These experiments provide, besides the
unfolding is higher in RO (i.e., in the present study) than identification of opening units present under native condi-
in H,O [as was the case for our previous wotld)] and/or tions, information on the presence of partially unfolded forms
to the presence of cis/trans equilibria for proline residues in constituting intermediates along the folding and unfolding
the unfolded state2¢). reactions, as well as quantitative values for K& andm

In 1.5 M GdmCI the exchange rates of the amide moieties parameters relative to the opening of each W8t31). The
are significantly higher than in the absence of denaturant, present approach cannot providevalues and, in parallel,
but still in EX2 condition up to pH 8 for all the amide is also not capable of identifying partially unfolded forms.
moieties for which reliable rates could be obtained at different On the other hand, when pH values high enough can be
pH values (not shown). Figure 3A reports th&x values investigated as to observe deviations from the EX2 limit to
obtained under the conditions described in this paragraph,the EX1 limit, it has the advantage of making it possible to
while the difference iMGpx between native conditions and  determine the kinetics of opening and closure of the units
in the presence of 1.5 M GAMCAAGx) is shown on a identified thanks to the known pH dependencekef(28,
per residue basis in Figure 3B. The data of Figure 2 indicate 32, 33). Finally, note that hydrogen exchange experiments
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66, 71-76, and 84-89. The region 66865 appears to feature
! o 7 a somewhat different relationship betwdepandk,, which
0.1 * 9-—/ o A may be indicative of deviation from the EX2 regime. Another
E . aX$’%a hj}'%{ M ,1; possible cause of this behavior could be pH-dependent
] '.}\.,:'f«\_ A i« R structural rearrangements. Figure 5 shows the distribution
0.01 4 R s /’ R of the above-defined opening units onto the three-dimen-
Ea 3 :/ I Re v R __,,9 ;' sional solution structure of oxidizeBpcytc.
£ 1 v ol !15@ O The data at 1.5 M GdmCl indicate an essentially linear
E 1E-3 5 ’ */’ze&,m Yol correlation betweeley andke, up to pH 7.5 (Figure S1 in
_xﬁ 1 ‘r_:-_’_.‘L, Vo B the Supporting Information). Under these conditions, possibly
] = 7 a{' e ® also because of the scatter of the data, it is not possible to
1E4 4" o.” identify different lines for different regions of the protein,
3 o S also when considering residues from regions of the protein
] ’,’ instead belonging to different groups in the absence of
=2 T —— denaturant.
1 10 100 ; 1000 DISCUSSION
k. (min™)
FiGURE4: Experimental time constants for exchank) @t various Opening Units in BpcytcThe present data represent an

pH values and in the absence of denaturant plotted against theextensive characterization of equilibrium protein unfolding
corresponding calculated time constants for intrinsic exchaege ( getected under native conditions. They complement equi-

Key: orange up triangles, residues—2& and 90; green squares, |, : :
residues 66-65; black stars, residue 66; dark cyan down triangles, librium unfolding measurements done, e.g., by chemical

residues 6768 and 81-83; pink hexagons, residues-716; blue denaturation, which are available for the present sysidn (

circles, residues 8489; filled symbols, values at pH 7.0; open and provide information on the energetics of local opening

symbols, values at pH 7.5; dotted symbols, values at pH 9.0; half- reactions, as well as on the presence of units opening via a

filled symbols, values at pH 9.2. Lines are to guide the eye; dashed ;gncerted motion within the protein structu9¢31, 36—

lines are parallel and have a slope of 1.0; the dotted line has a . . ’

slope of 0.4. 38). The system stu.d|ed here is a small mqnohemtrﬁoe
cytochrome, which is structurally and functionally related

only provide indirect evidence for the existence of units 0 the heavily investigated mitochondrial cytochrorae
opening cooperatively and involving more than one residue These two systems feature quite striking differences in terms
(34, 35). However, a close analysis of the residue-specific ©f protein flexibility (15) and of fold stability (3). Itis thus
AGyx values and of the distribution of residues with the same Of interest to undertake detailed comparisons between the
thermodynamics of exchange within the structure does permitfolding/unfolding properties dBpcytc, investigated here, and

a (tentative) identification of units exchanging via correlated Of mitochondrial cytochrome, which are available from the
motions @5). literature.

Figure 4 reports théex vs ke plot obtained on the basis OxidizedBpcytc contains fivea-helices, spanning respec-
of the data acquired for oxidizeBpcytc. It is possible to tively residues 2430 (o), 32—34 (a2), 51—54 (o), 57—
identify a few different straight lines on which different 66 (a4), and 86-91 (as) (39) (Figure 5) (L5). These elements
groups of protein residues lie. These are shown in Figure 4, of secondary structure are maintained regardless of the redox
together with the corresponding dashed line with slope 1.0 state 40). Figure 4 permits the identification of a few
(to guide the eye), and are residues-22, 6768, 81-83, different residues with essentially the same equilibrium

Ficure 5: Left: Three-dimensional structure of oxidiz&l pasteuriicytochromec [PDB code 1K3H 15)], highlighting the different

opening units identified on the basis of backbone amide proton exchange data. The heme moiety and the axial ligands are also shown
(cyan). Right: Structure after rotation by 98round they-axis. Color coding is as follows: residues-282 are in orange; residues-665

are in green; residue 66 is in black; residues-68 and 8183 are in yellow; residues 7176 are in pink; residues 8489 are in blue.

Opening units displayed both in this figure and Figure 3 are shown with the same color, except for resich@ssd 8183 which were

dark cyan in Figure 3. All other residues for which hydrogen exchange appears to happen mainly through local fluctuations are in purple.
This figure was prepared with MOLMOLA4Y).
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constant for the opening reaction. The grouping of residuesnot possible to formulate a conclusive statement based on
into different exchanging units correlates quite well with the the present data.
secondary structure elementsByicytc, suggesting that such Residue 66, which is the C-terminal residue of helix
units experience common opening mechanisms. The first unitdisplays a behavior very different from that of the core part
along the primary sequence involves helix and the of the helix, indicating that at this end of the helix local
following loop (Figure 5), which could constitute the first motions start playing an important role. The following
opening unit along the primary sequence. A second unit residues 67 and 68, which may form a single unit together
involves residues in the loop containing the Met serving as with residues 8183, are again behaving differently from
the axial ligand to the iron ion (residues-716). Another residue 66, with a somewhat high&g, An analogous
unit comprises residues 668 and 8183 (which are inthe  variation of the influence of local motions on the exchange
N-terminal part of helixas), which are at the boundaries of  process is observed for the long hetix (Figure 5) where
the above-mentioned loop (Figure 5). It is tempting to the N-terminal (8+83) and the C-terminal (residue 90)
speculate that these residues constitute a single unit whoseegions undergo opening more readily than the core of the
opening may also be linked to the opening reaction of the helix. The higher dispersion of points in Figure 4 for the
Met loop. Residues 6665 (helixays) and 84-89 (helix as) exchanging unit grouping residues-668 and 8183 with
constitute an additional two opening units. The latter unit respect to unit 8489 also points to local motions being more
has a free energy of opening which matches the free energyimportant for the exchange process.
of global unfolding of the protein. At the lower pH values A close inspection of the points of Figure 4 for the two
investigated, also residues 661, which belong to the  units, 66 and 6768/81-83, reveals that at the highest pH
hydrophobic core of the protein, feature high free energies (that is,k.,) values they experience deviations from the EX2
of opening (indeed their exchange rates are so slow that onlylimit. Even though they are far from reaching the EX1 limit
upper limits can be obtained) and presumably exchange(where one could easily obtain the valuekg]), fittings of
through global unfolding. However, when the pH is raised the data of Figure 4 to eq 2 can provide at least an order of
at 8.0 or above, the free energies of opening of residues 60 magnitude foik,, andk for these units. The two units have
61 drop substantially to values similar to those of residues the same (within error) opening rates (ca. 25.0°3 s%)
63—65. and highly different closing rates (ca. 160 and 12,s
For the units grouping the larger number of residues{(27 respectively). These data may suggest a progression for local
32, 60-65, 71-76, and 84-89), there is relatively little  folding, whereby residue 66 is required to reach the closed
spread of the residues in a particular unit around the averagestate prior to closure of the unit 668/81-83. An analogous
position of the line corresponding to each unit in Figure 4, fitting of the data for the 6865 region yields,, ca. 1.3x
which would suggest that strictly local opening reactions are 10°°> s™* and ky ca. 0.17 s%, indicative of a kinetics
less important in controlling the exchange reactions of completely different from that of the following loop and thus,
individual amino acids than larger scale opening reactions possibly, of a substantial independence in the folding/
such as unwinding of helical structure. Indeed, if the reverse unfolding reaction.
were true, residues in the same secondary structure element When 1.5 M GdmCl is added to the system, a concentra-
would appear to be dispersed in the plots of Figure 4. This tion which is well below the concentration required to
is also in agreement with the fairly small difference&\i@yx promote global protein unfolding and detachment of the axial
values between adjacent residues seen in Figure 2. Note thaityon ligand (Met71) 13), the AGux values calculated from
in the unit 72-76, Met71 has the smallest equilibrium the exchange rates (Figure 3A) become close taAtGeor
constant for opening, which may correlate with its binding global unfolding (16.8 kimol™!) extrapolated from the
to the iron ion. known (13) values of AGH:°® (27.2 k3mol™) and m (6.9
The unit 60-65 displays, as already mentioned, a pH- kJ-M~*mol™). In addition, no individual opening units can
dependent behavior, in that residues 60 and 61 join the restbe identified from the exchange rates measured in the
of the unit only at pH values of 8 or higher (Figure 4). With presence of 1.5 M GdmCI. The above data strongly suggest
raising pH, which in the range used here results in increasingthat even though global unfolding of oxidiz&gbcytc at pH
ken in Figure 4 @2, 41), this unit displays a correlation 7.0 occurs only at 4.1 M GdmCILB), the presence of 1.5
betweerk.x andk., which can be fitted to a line with a slope M GdmCl is sufficient to make global exchange at least as
significantly smaller than 1. These data suggest two possibleimportant as local and segmental opening processes for
scenarios: (i) residues 6®5 are not exchanging in the EX2 backbone amide exchange. It is interesting to note that
regime, actually being close to the EX1 limit; (i) structural heteronuclear'fN) relaxation measurements performed in
rearrangements take place in the regior-68 upon increas- 1.5 M GdmCl, at pH 7.0 did not reveal major changes in
ing pH. From TOCSY spectra acquired at different pH values the dynamics of the protein backbone, while the onset of
between 7.0 and 9.0 it is not possible to detect important large-scale conformational exchange processes was detected
chemical shift variations for either backbone or side chain only in the presence of 3.75 M Gdml3). These processes
protons; HSQC spectra under the same conditions also dowere found to affect the large majority of the polypeptide
not display strong backbone nitrogen chemical shift changes.chain (L3), which can substantiate the idea that both amide
In addition, it is to be taken into account that at alkaline pH proton exchange at 1.5 GdmCI and heteronuclear relaxation
the Met-iron(lll) bond is weakened, which should de- measurements at 3.75 M GdmCI are sampling the global
stabilize the native folded conformation &pcytc. This unfolding process. The different threshold for detection by
would lead to enhanced amide exchange, which means ahe two approaches is possibly due to the very low population
slope larger than 1.0. These considerations indicate thatof the globally unfolded state at 1.5 M GdmCI (its molar
scenario ii above is less likely than scenario i; however, it is fraction being around 16, on the basis of the above estimate
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Ficure 6: Comparison of the solution structures of oxidized mitochondrial (from horse heart) [PDB code 4€kand B. pasteurii
cytochromec [DB code 1K3H (L5)]. Top: Superposition of the structures (stereoview) based on structural aligrBnpasteuriicytochrome

c is in blue with the heme moiety and iron axial ligands in cyan; horse heart cytoctodsna red with the heme moiety and iron axial

ligands in orange. Bottom: Ribbon representation of the two structures (Bgpgsteuriicytochromec; left, horse heart cytochront).

Equivalent secondary structure elements have the same color, while nonequivalent structural elements are in yellow. Regions without
secondary structure are in gray. The three helices homologous in the two proteins are as follows: the N-terminal helix in horse heart and
oy in B. pasteuriicytochromec (green); the 60’s helix in horse heart anglin B. pasteuriicytochromec (red); the C-terminal helix in

horse heart ands in B. pasteuriicytochromec (sky blue). This figure was prepared with MOLMOMUéTY). The structure alignment was

done with the program CEQ). A primary sequence comparison based on the structural alignment is given in the Supporting Information.

of the free energy of unfolding). This strong difference in in Figure 6) correspond to two different exchanging units,
the relative populations of the native and unfolded state analogously to the case of the mitochondrial cytochrame
would in fact nullify the contribution of the latter to the Another unit is formed by the loop containing the axial Met
measured®N relaxation rates. At 3.75 M GdmCl the relative ligand, which, again, is also observed for mitochondrial
population of the native and unfolded state is instead close cytochromec. The behavior of the exchanging unit defined
to 1:1, which is the best condition for the detection of by the core of helixs is also very similar in the two systems,
conformational exchange processes throtiphrelaxation although after superposition of the heme moieties for the
rate measurementd?). two proteins, this helix displays a significant difference in
Comparison with Mitochondrial Cytochromelo.the case  orientation with respect to the cofactor (sky blue helix in
of oxidized mitochondrial cytochrome it has been shown  Figure 6). In both systems, in fact, the core of helpopens
that residues in the N-terminal helix undergo opening mainly by the global exchange reaction, whereas residues at the
through local fluctuations, while residues in the core of the periphery of the helix exchange through local fluctuations.
C-terminal helix can access the open state only by means oflndeed, in the present system, at variance with mitochondrial
global unfolding 29, 38, 43). Local fluctuations instead do  cytochromec, the role of segmental unwinding is more
play a role for the two peripheral portions of the C-terminal important than that of local fluctuations for the opening and
helix. Residues in the other sizable helix of mitochondrial exchange reactions. This is also in agreement with the fact
cytochromec, the so-called 60’s helix, exchange mainly that differences ilA\Gux values between adjacent residues
through local fluctuations, but segmental unfolding does play are smaller in the present system by, on average, a factor of
a contribution 29). Folding of the C-terminal and N-terminal 2 or more (not taking into account individual residues in
helices has been shown to happen cooperatively at themitochondrial cytochrome with AGx values exceptionally
beginning of the folding pathwayd{). Note that this is not  larger with respect to neighboring residues). NotaBlycytc
in conflict with the fact that under native conditions the is somewhat more rigid than mitochondrial cytochrome
N-terminal helix exchanges more readily than the C-terminal on the submillisecond time scal&5), which could correlate

helix through local fluctuations. with the less prominent role of local fluctuations.
The three elements of secondary structure of mitochondrial Hydrogen exchange rates have been recently determined
cytochromec mentioned above correspond to helicgsoy, under native conditions for another bacterial ferricytochrome

andas in Bpeyte (Figure 6 and Supporting Information). As ¢, that is, cytochromess; from Pseudomonas aeruginosa
discussed, exchange data indicate thaBpeytc the core (44). Also in this system, residues in the last two helices,
regions of thex; andou helices (respectively green and red corresponding tow andos of Bpeytc, are the most protected.
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A larger dispersion of protection factors than in the present SUPPORTING INFORMATION AVAILABLE

case is observed. Notably, the C-terminal helix Bf ) . . .

aeruginosahas been shown to make nativelike contacts with A figure .W'th experlmen_tal time constants for exchapge

the N-terminal helix in the transition state for protein (ke at various pH values in 1'5. M GdmCl plotted against

unfolding @5). the corresponding qalculated t_lme constants for mtrmsw
exchangel) and a figure showing a sequence comparison

of B. pasteuriiand horse heart cytochroneébased on their
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