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ABSTRACT. Heteronuclear NMR spectroscopy was used to measure the hydrdgaterium exchange

rates of backbone amide hydrogens in both oxidized and redugéeN]iso-1-cytochromec from the
yeastSaccharomyces cerisiae. The exchange data confirm previously reported data [Marmorino et al.
(1993)Protein Sci. 21966-1974], resolve several inconsistencies, and provide more thorough coverage
of exchange rates throughout the cytochromprotein in both oxidation states. Combining the data
previously collected on unlabeled C102T with the current data collectedJ&fiN]JC102T, exchange

rates for 53 protons in the oxidized state and 52 protons in the reduced state can now be reported. Most
significantly, hydrogen exchange measurementslb#®N]iso-1-cytochromec allowed the observation

of exchange behavior of the secondary structures, such as large loops, that are not extensively hydrogen-
bonded. For the helices, the most slowly exchanging protons are found in the middle of the helix, with
more rapidly exchanging protons at the helix ends. The observation f&24oeps in cytochrome is

just the opposite. In the loops, the ends contain the most slowly exchanging protons and the loop middles
allow more rapid exchange. This is found to be true in cytochrotoeps, even though the loop ends are

not attached to any regular secondary structures. Some of the exchange data are strikingly inconsistent
with data collected on the C102S variant at a different pH, which suggests pH-dependent dynamic
differences in the protein structure. This new hydrogen exchange data for loop residues could have
implications for the substructure model of eukaryotic cytochranfi@lding. Isotopic labeling of variant

forms of cytochrome can now be used to answer many questions about the structure and folding of this
model protein.

Cytochromeg are small proteins that function as electron pathways (see, for example, re®-10). High-quality
carriers between the last two complexes in the electron structures for eukaryotic cytochromesrom a number of
transport chains of eukaryotic organismi}. (These proteins  wild-type and variant proteins have been determined by
are globular and contain a heme prosthetic group. The hemeX-ray crystallography and NMR spectroscopy (see, for
group is responsible for accepting a single electron from example, ref41—-21). The sequences of over 100 eukaryotic
complex Il (cytochromec reductase) and carrying that cytochromesc are known and the proteins from these
electron to complex IV (cytochrome oxidase) {). In organisms are quite similar, including similar overall struc-
shuttling the electron between complexes Il and IV, the iron tures and many evolutionarily invariant residues throughout
in the heme group alternates between the reduced, diamagthe sequence?).
netic form, Fe(ll), and the oxidized, paramagnetic form, Fe-
(11M). The heme group is thus responsible for the electron-
transfer function of the cytochromesand the protein itself
is responsible for maintaining the redox state of the iron in
the aqueous cellular environment and for recognizing and
docking to the appropriate redox partners.

Cytochromesc are good models for studying protein
folding and structure/function relationships. These proteins
undergo a reversible, two-state denaturation and many
different techniques have been used to analyze their folding

Hydrogen exchange experiments monitored by NMR
spectroscopy are used, among other things, to study the
dynamics and equilibrium behavior of proteins. These
experiments allow site-specific probes of the backbone
dynamics throughout a protein. Previously, hydrogen ex-
change data had been collected and rate constants calculated
for a subset of residues in the unlabeled C102T variant of
yeast iso-1-cytochrome (23) and for cytochrome from
horse heartq, 24—27). Exchange behavior of amide protons
in the unlabeled C102S variant from yeast was also reported,
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general increase in the free energy for the local unfolding Following the second ion-exchange column and dialysis into
reactions AGyp) that can result in hydrogen exchange. NMR buffer (50 mM deuterated acetate in® pH 4.6),

Up to this time, NMR studies of eukaryotic cytochromes the protein was slowly concentrated through Centricon filters.
¢ have been limited to work on unlabeled proteins. While The protein was not lyophilized. Protein composition was
the heme group in cytochrome provides some peak confirmed by high-performance liquid chromatography
dispersion in the proton spectr®N labeling provides an ~ (HPLC)—electron spray ionization (LC-ESI) mass spectros-
additional dimension of resolution. Use of unlabeled protein copy. The molecular weight of[-**N]C102T was found to
also limits the time scale for hydrogen exchange experiments.be 12 858, as expected for complét labeling of C102T.

An HSQC spectrum onU-!*N]-labeled protein can be NMR Sample Preparation and Exchange intgODPrevi-
collected much more rapidly than a COSY or TOCSY ous experience with cytochrontesamples has shown that
spectrum on an unlabeled, but otherwise identical, protein. dissolution of lyophilized protein into buffer results in minor,
To overcome the limitations of working with an unlabeled but significant, populations of misfolded and poorly behaved
cytochromec, we have developed a method to isotopically protein for NMR studies (J.S.F. and S.M.B., unpublished
label iso-1-cytochrome expressed in yeast. Preliminary oObservations). Consequently, the protein was not lyophilized
results of hydrogen exchange experimentsldN]C102T for these labeled samples but was concentrated to a volume
describing the analysis of the C-helix have been published of about 500uL, as described above, and exchanged into
(28). The accompanying paper describes in detail the methodD20 by use of Sephadex G25 spin columns. G25 resin was
for producing [J-1°NJiso-1-cytochromec, presents théH swelled and equilibrated in 50 mM deuterated acetate, pH
and N assignments for both oxidized and reduced states4.6 (uncorrected), prepared in@. Following overnight

of the protein, and analyzes th® relaxation data for both  equilibration at 4°C, 10 mL of G25 resin was poured into
of these states20). a disposable column and spun in an IEC benchtop clinical

In this paper, we present hydrogen exchange rates forcentrifuge at 150@relative centrifugal field for about 1 min
backbone amide protons in both oxidized and reduced 0 dry the resin. Acetate D buffer (500ulL) was applied
[U-15N]iso-1-cytochromec. For those rates that could be O the top of the column and spun for 30 s at 1§@®check
measured in both labeled and unlabeled protein, these datd©lume recovery and to wash the column. The aqueous
correlate well with the previously published hydrogen Protein sample was then applied to the top of the column
exchange data on unlabeled iso-1-cytochramn@3) and and the column was spun for 40 s at 1§00 recover the
resolve some discrepancies in the previous analysis. Morelabeled protein sample, now exchanged ing®DAbout 5%
significantly, 1°N-labeling of the protein allows us to observe Of the sample was lost during this exchange protocol. For
protons that exchange more quickly than could be observed®XPeriments on reduced protein samples, the exchange buffer
in previous experiments. With greater coverage of the protein, €ontained 12 mM ascorbate to help maintain a reducing
we can study in more detail the hydrogen exchange behaviorénvironment. To reduce the sample immediately prior to
of the non-hydrogen-bonded secondary structures, such a&xchange, a few grains of dithionite were added to the protein
Q-loops, some of which are thought to be important in Solution. .
biological activity, in this eukaryotic cytochrome These Following exchange, 2L of the protein sample was
data provide a more thorough evaluation and understandingremoved to determine the protein concentration using visible

of the backbone dynamics of this model globular protein. absorbance spectroscopy. An extinction coefficient of 106.1
mM~tcmt (37, 39 at 410 nm was used to determine protein

MATERIALS AND METHODS concentrations of 0.22 mM for oxidized C102T and 0.21 mM
for reduced C102T NMR samples. The remaining sample
Yeast Strains and Proteingeast strain C9330) produces  from the exchange column was loaded into an NMR tube
C102T, the iso-1-cytochromevariant in which the cysteine  for immediate analysis. To correlate easily with previous
at position 102 is replaced by threonine. This variant does chemical shifts reported for yeast C10223), dioxane was
not dimerize through intermolecular disulfide bonds and this added to the NMR samples as an internal chemical shift
facilitates in vitro analysis of the protein. Its properties are standard.
virtually identical to those of true wild-type iso-1-cytochrome Nuclear Magnetic Resonance Spectroscopid—°N]
¢ (31, 39 and it has been used as the “wild type” by 88)(  HSQC spectra were recorded at 298 K on a Bruker Avance
and others 23, 34, 39. Iso-1-cytochromec contains five ~ DRX500 spectrometer. Water suppression by WATERGATE
extra residues at the amino terminus when aligned with other pulses 89) was incorporated into the HSQC pulse sequence.
eukaryotic cytochromes; thus, we follow the convention  Frequency jumping was used to shift the transmitter to the
of numbering its residues from5 to 103. center of the amide region of the proton spectrum. States-
Yeast Fermentation and Purification of Isotopically f&N]- TPPI phase cycling was used in the nitrogen dimension.
Labeled C102TFermentation and purification of complete Relaxation time between scans was 1.5 s. Each HSQC
[U-1N]C102T was done as described in the accompanying experiment was acquired in 28.5 min.
paper R9). To produce the data described in this paper, two  For oxidized C102T, the data sets consisted oftf4
7-L batches of C93 were grown it?N-labeled minimal increments, eight scans for each, and 2K points.imhe
medium. The vyield of protein from each batch was about spectral width in the proton dimension was 2155 Hz; the
2—3 mg. Cells were harvested and C102T was purified by spectral width in the nitrogen dimension was 1800 Hz.
a modification 83) of the standard two ion-exchange column Acquisition of the first spectrum was complete at 46.85 min
protocol 86). Protein was oxidized with #e(CN}, and the and the remaining spectra were collected consecutively for
KsFe(CN) was removed by use of a small Sephadex DEAE 1385.8 min (28.5 min/acquisition). For reduced C102T, the
A25 column prior to the second ion-exchange column. data sets consisted of @dincrements, eight scans for each,
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and 1K points int,. The spectral width in the proton
dimension was 2298 Hz; the spectral width in the nitrogen
dimension was 1250 Hz. Acquisition of the first HSQC
spectrum was complete at 48.17 min and the remaining
spectra were collected consecutively for 2756 min (28.5 min/
acquisition). Additional time points were collected at 3127
and 4399 min. Data were processed by exponential line
broadening inw2 and a shifted sine bell function im1.

Proton and nitrogen resonance assignments were used as

reported in the accompanying papey

Analysis of Exchange RateéSross-peak volumes in each
HSQC spectrum were measured by use of Felix 950
(Molecular Simulations, Inc.). These volumes were plotted
against the end time of each experiment. Decay curves,
representing nonlinear least-squares fits of first-order expo-

nentials to the data points, were generated with KaleidaGraph

(Synergy Software) and were used to calculajig Peak

volumes were not normalized because the sample was not

removed from the spectrometer during data acquisition. By
use of previously developed hydrogen exchange thety (
41) and assumption of the EX2 exchange limit, the equilib-
rium constant for the local unfolding reactioK,p, was
calculated askondks. In this equationkyps is the exchange
rate observed in the current experiments kyid the intrinsic
exchange rate for the exposed proton, given the pH, the local
sequence, and temperature. Assumption of the EX2 limit is
reasonable because exchange in another closely relate
eukaryotic cytochrome from horse was shown by mass
spectrometry to be consistent with the EX2 lim26). ks
was calculated with the SPHERE program (HXPREDA4-6,
A. Robertson, P. Laub, Y.-U. Zhang, and H. Roder; http://
dino.fold.fccc.edu:8080), which implements previously de-
scribed methods (re#2 and43 and references therein). Log

P was then calculated as log Kif). Log P is proportional

to the free energy change for the local unfolding reaction,
AGy, = 2.3RT log P.

For more accurate comparison of our data to hydrogen
exchange data previously published on unlabeled iso-1-
cytochromec (23), the logP values reported by Marmorino
et al. were not used directly. Instead, the Pgalues were
recalculated using thke values computed by SPHERE (as
described above) and tlig,s previously reported23). All
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Ficure 1: HSQC spectra of reduced (top) and oxidized (bottom)
U-15N]iso-1-cytochromec (C102T) in DO at the first time point

the exchange experiment. The first time point was at 46.85 min
for the experiment on oxidized protein and 48.17 min for the
experiment on reduced protein. Many of the cross-peaks are labeled
with their confirmed assignments. See accompanying paper for the
complete set of®N assignments for C102T in both oxidation states
(29.

10.0 7.0

of time. First-order exponentials were fit to the data and
observed exchange ratés,s were calculated for all assign-
able and observable residues in both oxidized and reduced
proteins (see Materials and Methods). Examples of the decay
curves and the fits of the exponentials are shown in Figure
2. The actual values d{,,s for the assigned amide protons
of oxidized and reduced C102T are presented in Tables S1
and S2.

Exchange Rates Determined from the Current Dé&iar.

of these data are reported in Tables S1 and S2 (Supporting?Xidized U-**N]C102T, 53 resonances are observed in the

Information).

RESULTS AND DISCUSSION

Determination of the Obseed Exchange Rate€©f the
108 residues in yeast iso-1-cytochromé 04 are nonproline

HSQC spectrum at the first time point. Exchange rates can
be directly calculated for 31 of these. For 18 amide
resonances (marked as S and S2 in Table S1), the volume
decrease was too small to calculate an accurate exchange
rate. For four protons, GIn 42, Tyr 46, Lys 55, and
trimethyllysine 72 (marked as D2 in Table S1), peak volume

residues and have exchangeable backbone amide protongould be observed at the first time point, but not thereafter;
Most of the residues in both the oxidized and the reduced thus, exchange rates could not be calculated for these amides.
proteins were distinguishable and assigned in the-{*N] Thirty-eight amide resonances (marked as D in Table S1)
HSQC spectrum [see accompanying pa@9]( Hydrogen  could not be observed in the first HSQC spectrum at 46.8
exchange rates were calculated for many of these protonsmin. Resonances for His18 and Asn 31 are outside the
by exchangingP-**N]C102T into DO and collectingH— spectral window used in these HSQC experiments. Eleven
15N] HSQC spectra periodically over a time course of 1385.8 amide resonances remain unassigned in oxidite&]-
and 4399.0 min for oxidized and reduced C102T, respec- C102T.
tively. The HSQC spectrum for C102T protein in each of  Remarkably, 66 resonances can be observed in the first
its oxidation states acquired at the first time point of the HSQC spectrum of 48.17 min for reduced-{>N]C102T.
exchange experiments is shown in Figure 1. Exchange rates can be calculated for 25 of these amide
!H—15N cross-peak volumes were measured from the protons. The volume decrease for 20 amide resonances
HSQC spectrum at each time point and plotted as a function(marked as S or S2 in Table S2) is too small to allow accurate
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2100 AS respectively. At this first time point, 53 protons for the
JX" —6—Thr78 | oxidized protein and 66 protons for the reduced protein
15105 Ww e f;‘:ff:_ exchanged slowly enough to be observed in at least one
s 3 X W 3 spectrum at pH 4.6 and 2% (Figure 1). This compares to
5 110 X et the 36 and 47 protons observed at the first time point of
&) ] * x F . . . .
> ] b 6.55 h under essentially identical conditions for unlabeled
¥ 510° s L e y .
§ ] Py . ; oxidized and reduced C102T, respectiveRB)(
] o 2 : ; This rapidity of experiments allowed us to determine rates
07 ) oo T ey i S . .
] 9 © Ol o as fast as 0.02°&. This difference is clearly illustrated for
' Yy
-510° - ; T r T , . Thr 78 in oxidized C102T (Figure 2A) and Phe 36 in reduced
O iy e 10 0 C102T (Figure 2B). These protons could not be observed
during the experiments on the unlabeled prot&ig).(From
1210 the current work on labeled cytochrorsgexchange rates
210 o L 9 ——vals7 | for 17 and 5 protons in the oxidized and reduced proteins,
110° 3¢ 2% %gé%ﬁ%@z&’%%%x X === E::gg E respectively, in this shorter time regime can now be
o 810" MW | X sox %XXAW:X calculated (Tables S1 and S2).
é 610'] \eMed X - However, there is also a longer time range for exchange
>l ¢ E that was more readily observed in previous experiments done
x 410° . PO * - !
§ e 2 w0 §° of on unlabeled iso-1-cytochroneg23). For 15 and 19 protons
210 of in the oxidized and reduced proteins, respectively, exchange
] ® 0% . : _ _ p p y 9
0] © © o c¢* 2 rates in these longer time frames were not observed in the
210°F+—F ‘ . — —F current experiments because the total time of data collection

T T T 7 T T T
0 1000 Tif:g?mmutes)3°°° 4000 was short enough that the decay curves were flat or did not
_ decay completely. Protons with rates in this regime are
Ficure 2: Examples of decay curves (amitf—H cross-peak marked as S in Tables S1 and S2. Examples of Lys 11 and

volumes plotted versus time) for selected protons in oxidized (A) -~ . . .
and reduced (B) iso-1-cytochrone (C102T). The cross-peaks = YS 99, oxidized and reduced, respectively, falling into this

shown are Lys 11%), Phe 36 #), and Thr 78 ©) for oxidized category are shown in Figure 2. For these protons, the rates
C102T (A) and Lys 99%), Val 57 (#), and Phe 360) for reduced determined by Marmorino et al. are used in the subsequent
C102T (B). The curves through the data points represent a nonlineardiscussion on C102T structure.

least-squares fit of the volumes to a first-order exponential (see ; ;

Materials and Methods). The diamond symbols show curves w(here There is also a time range where the hydrogen _exchange
the rates determined for both labeled and unlabeled C102T are'@t€S can be observed in both the current experiments on
comparable; the« symbols show examples of slower rates where [U-**N]JC102T and in previous experiments on unlabeled
the rate is better determined from the experiments on unlabeledC102T, such as Phe 36 in oxidized C102T (Figure 2A) and
protein; the circle symbols show examples of faster rates where \/a| 57 in reduced C102T (Figure 2B). Of these observed

the rate is better determined on labeled protein. For comparison of 0 ; : ; . -
the experimental time scale, the vertical lines represent the first rates, about 50% were essentially identical (within experi

time points observable in previous hydrogen exchange experimentsmemaI error) in both the__current and previously reported
on unlabeled C102T under essentially identical experimental experiments. For an additional 30%, the rates were compa-

conditions @3). rable but not strictly within the experimental error limits.
The remaining exchange rates that were not identical or
calculation of exchange rates. Eleven of the protons in the similar are listed in Table 1, along with the probable reason
reduced protein are marked as D2 because the amidédor the discrepancy. Some of these rates were calculated with
resonance peak could be observed in the first spectrum butdata that were on the edge of the time scale for the particular
was not observed thereafter, so an exchange rate could noexperiment. These include very slowly exchanging protons
be calculated. The resonance for Asn 31 is outside thein the HSQC experiments or more rapidly exchanging
spectral window in the HSQC experiments on reduced protons in the COSY experiments. In some cases, partially
protein. Ten protons (marked as OL or Brin Table S2) could overlapped amide resonances in the HSQC spectra may
not be distinguished in the HSQC spectra because ofaccount for some discrepancies in our data, or the overlap
resonance overlap or broadening, and exchange rates couldf chemical shifts in the fingerprint (&—HN) region of the
not be calculated for these amides. The amide resonance€£OSY spectra in the data reported by Marmorino et2g).(
for Lys 22, Ala 43, Glu 44, and Asp 93 are not well-resolved Furthermore, our use of gradient-based water suppression
in the HSQC spectrum and were difficult to assign, so the could account for further gains in signal. In subsequent
rates for these amides were determined by comparison toanalysis of protein structure and dynamics (see below), we
rates that were previously reporteBf. Only 24 resonances  use thesfrom either the HSQC experiments or the COSY
were not observed in the first spectrum and are marked asexperiments, depending on which rate is expected to be most
D in Tables S1 and S2. accurate, in those cases where there is a discrepancy. In those
Comparison of lgs to Previously Determined Exchange cases where no source of error can be identified, the rate
Rates.Complete isotopic labeling of iso-1-cytochronee calculated from the HSQC experiments is used. For these
allowed us to collect spectra and measure exchange ratesases, the choice of exchange rate is identified in Table 1
for protons that exchange more quickly than those previously by an asterisk.
reported by Marmorino et al2@) for unlabeled C102T. In The exchange rates for a few amide protons, including
the current experiments, the first time points collected for Phe 10 and Asn 92 in both oxidation states, Tyr 74, Lys 87,
oxidized and reduced C102T were 46.85 and 48.17 min, and Tyr 97 in oxidized protein, and Leu 15, His 18, Trp 59,
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Table 1: Observed Rates for Oxidized and Reduced Iso-1-cytochedoreWhich the Exchange Rates Calculated for Labeled and Unlabeled
Protein Are Significantly Differert

Kobs (€01, Mirm?)

residue U-*N]-labeled unlabeled probable reason
Oxidized Iso-1-cytochromec
Lys 11 0.009 £0.0003) *0.003 £0.00003) edge of time resolution (HSQC)
Thr 12 *0.014 ¢-0.0017) 0.00052+40.000017)
Arg 13 D *0.0001 (£-0.00005) OL in HSQC
Cys 17 *0.018 £0.002) D2
Gly 23 *0.00011 £0.0005) D
His 26 *D D2 OL with F82 in H dimension
Arg 38 0.036 £0.01) *0.0011 £0.00005) OL in HSQC spectrum
GIn 42 *D2 0.007 £0.001) edge of time resolution (COSY)
Ser 47 D 0.0002+0.0001) OL in H dimension
Asn 62 *0.002 £0.0002) D
Asn 70 *0.002 £0.0002) D
Lys 73 *0.0046 £0.00032) 0.028+0.0005) edge of time resolution (COSY)
Tyr 74 *0.00046 £0.00026) D
lle 75 *D 0.0002 ¢-0.00002) OL in H dimension
Phe 82 *0.01640.002) D2
Asp 90 *0.01 ¢-0.001) D2
Asn 92 *343E-05 £0.0008) D OL in H dimension
Reduced Iso-1-cytochromes
Lys 27 D *0.0001 ¢-0.000033) weak®N assignment
lle 35 D 0.0000240.00001) OL in HSQC spectrum
Phe 36 0.0054+0.00091) 0.0030+£0.00067) edge of time resolution (COSY)
GIn 42 *D 0.002¢:0.001) OL in H dimension
Ser 47 *D 0.014-0.00017)
Glu 66 *0.0014 £0.00026) D
Asn 70 0.00054+0.00021) *0.00083+£0.000083) edge of time resolution (HSQC)
Asn 92 *0.00081 £0.00064) D OL in H dimension
Lys 100 *0.0042 £0.00059) 0.00204£0.00067) edge of time resolution (COSY)

2 kops ([U-1*N]-labeled) are observed exchange rates &#N]iso-1-cytochromes (C102T) taken from the data reported in Tables S1 and S2.
kobs (Unlabeled) are for unlabeled iso-1-cytochrom@C102T) taken from ref 23. An asterisk indicates the rate was chosen as most reliable from
the known data. B= denatured; amide proton not visible in first time point. 82amide proton visible only in first time point but not thereafter.

OL = overlap in chemical shifts in the NMR spectrum.

Thr 69, and Leu 98 in reduced protein, should still be protein, logP values were plotted versus residue number
considered as estimates. Some of these amide resonancg§&igure 3). For those protons for which the data on unlabeled
decayed very slowly and were also presented as estimategrotein were used, the Idgwas recalculated using thg,s
in the previous work Z3). Since the current time scale is reported by Marmorino et al28) andks was calculated here
shorter, we were not able to calculate exchange rates for theseising the SPHERE program (see Materials and Methods).
protons. For a few, the cross-peak is obscured or overlapped Hydrogen Exchange and Helix Secondary Structures in
with another resonance in either the HSQC experiments C102T. Protection from exchange is due to hydrogen
reported here or the COSY experiments reported previouslybonding, to burial within the protein, to resistance of
(23) and the exchange rate was reported as an estimate irsurrounding structure to deformation, or to some combination
the work in which a rate was reported. The estimated rate is of these factors27). The protons that show protection from
used in the complete analysis presented here. exchange and for which we can calculate protection factors
Exchange rates could not be determined for Met 64 in clearly show the outline of all secondary structures, including
both oxidation states and for Lys 11, His 33, and Leu 94 in the highly hydrogen-bonded helices and the less hydrogen-
the reduced protein by either previous or current experiments.bonded loops, in cytochrome in both oxidation states
Leu 94 exchanges too slowly for decay to be observed by (Figure 3). Overall, the protection factors do not correlate
either method. The others were either obscured or notwith the overall temperature factors observed in the crystal
unambiguously assigned in both experiments. By combining structures (Figure 3), as has been shown previously in horse
the data previously collected on unlabeled C102T with the cytochromec and hen egg white lysozyme¥, 44.
current data collected on labeled C102T, exchange rates can Protection factors can be calculated for all amide protons
now be reported for 53 protons in the oxidized state and 52 in the C-helix (residues 90103) in both oxidized and

protons in the reduced state. reduced states. This would be expected for the residues that
Calculation of K, and Log P.The equilibrium constant  pack against the rest of the protein, but even those residues
for the local unfolding reactiork,p, was calculated alg,,d at the solvent-accessible surface of this helix exhibitRog

ks, whereks is the intrinsic exchange rate for a given amide values greater than 2.5. These solvent-accessible protons
proton (calculated as described in Materials and Methods). could be partially protected from exchange by the N-terminal
The protection factorP, is the inverse oKqp (Kop™3). The extension, which lies across the surface of the C-helix in
free energy for the opening reactiohGop, is thus propor- the crystal structure of C102T2, 3. However, in solution,
tional to logP. To analyze this free energy for hydrogen the N-terminal extension is rather flexible. No protection
exchange on a residue-by-residue basis throughout thefactors could be calculated for any amide protons in this
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protons exchange slowly enough that protection factors can
still be calculated for all residues in the helix, even the
C-terminal residue Glu 103, which is also the C-terminal
residue of the protein.

The amide protons of the N-helix (residues®) are not
as uniformly protected from exchange as those in the C-helix
(Figure 3). LogP values ranging from 3 to 4 can be
calculated for amides at the C-terminal end of the N-helix.
However, the amide resonances at the N-terminus of the
N-helix are either exchanged by the first (oxidized state) or
second (reduced state) time point, suggesting significant
fraying at the N-terminus of this helix. For instance, the Gly
6 resonance is gone by the first or second time point in both
oxidation states. The Gly 6 amide proton is hydrogen-bonded
to Ser 2 in the crystal structurd?); furthermore, NOE
patterns are characteristic of a helical conformatia#).(
Thus, these residues are in a helical conformation, buit the
to i + 4 hydrogen bond, which is expected for a strictly
o-helical conformation, does not provide the amide proton

Temperature Factor

with much protection from exchange by deuterium in
solution. The amides in the middle of the helix are also not
completely protected. For example, the amide proton reso-
nance for Thr 8 is gone by the first (or second) time point,
depending on the oxidation state. Furthermore, Leu 9, with
log P values of 2.91 and 2.68 in the oxidized and reduced
states, respectively, exchanges relatively rapidly (within 4
h) for being in the middle of a helix. These results
demonstrate little or no protection at the N-helix N-terminus
with increasing protection of amide protons toward the
C-terminus of this helix. This is similar to exchange behavior

Ficure 3: Histogram of logP versus residue number for the ; fer] .
oxidized (A) and reduced (B) proteins. The top of each panel shows observed in hor_se Cytoc_hrome (27). ".1 yeast IS0 1
the average temperature factors for each residue taken from thecytochromec, which contains an N-terminal extension of
crystal structures for oxidized C10231) and reduced C102.p). five residues adjacent to the N-helix, these data correlate
Open circles are the average temperature factor for all atoms inwith the recent suggestion that deformability of adjacent
the residue, and the solid diamonds are for the backbone atomsstryctures could cause a faster exchange @ife Because
only. The logP values used in this figure were taken either from of the rapidity of exchange, we cannot calculate exchange

the current data on labeled C102T or from the previous data taken . . . : ;
on unlabeled proteir2@) (see Tables S1 and S2). The white bars ates for any of the assigned amide protons in this extension

at 1.0 are those amide protons that exchange rapidly and we sedTables S1 and S2); furthermore, the first two residues in
peak volume only in the first time point (D2 in Tables S1 and S2). the N-terminal extension have not been assigned in this work
Em‘g g;‘rcshg?gf 63;?: fhinsgogﬁﬁ d%alcrlg?otﬁg tfr?;tﬂl]wz?/i pergﬁgz- Zg%r in previous work on C102T or C102S because interresidue
\lgvy Ithe first time boint of about 47 mig in our experiments and gre NQES mVOI.V'ng these_ res_ldues cannot be Identl_ﬂed' Thus,
thus not visible in the HSCQ spectrum (marked as D in Tables S1 this N-terminal extension is largely unstructured in solution
and S2). The black bars a0.5 are either those for which resonance and the lack of structure in the N-terminal extension could
data were insufficient for calculation of an exchange rate or those cause the rapidity of exchange seen at the N-helix N-
that remained unassigned by us or in previous wag),(so no terminus. In horse cytochronoe exchange rates also cannot
protection factor can be calculated. Black bars-@t2 are prolines. be calculated for the first six residues of the N-heBa)
Horizontal lines in panel A represent log values that were . o
calculated from the lower and upper limits &G4 for oxidized however, the explanation for protection is different because
C102T at 300 K, pH 4.635). In panel B, the lower and upper this protein lacks the N-terminal extension. We would not
limits of log P calculated fromAGq for reduced C102T at 300 K, expect to see large protection factors for the first three
pH 4.6 are 8.02 and 9.04 and are beyond the scale of the graph,aiques of the horse cytochromdl-helix because they are
also the first three amides in the protein and would not be
extension in either the oxidized or reduced states (Figure hydrogen-bonded to any other atom if the residues are in an
3)—most protons are gone by the first time petsuggesting o-helical conformation.
that the N-terminal extension probably does not provide The amide protons in the 60s helix exhibit protection
much protection to the amide protons in the C-helix. Peptide factors between 3 and 4, but again, the amide hydrogens in
studies suggest that the C-helix is relatively staBk;(thus, this helix are not as uniformly protected as those found in
the stability of the helix and its component hydrogen bonds the C-helix (Figure 3). For example, Idg values for the
could account for the observed protection factors. As amide protons of Asn 62 and Asn 63 are 3.67 and 2.92, as
demonstrated for this helix previousl28), the protection calculated from the HSQC experiments on oxidized protein.
factors decrease at both helix N- and C-termini. This suggestsin the HSQC experiments on the reduced protein, thePlog
some fraying of the helix ends, as would be predicted by of Asn 63 was determined to be 3.31, while the amide proton
helix—coil transition theory 46, 47; however, the amide  resonance of Asn 62 is gone by the first time point. Protection

LogP
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factors for these residues could not be calculated from the
COSY experiments on unlabeled protef8)

Hydrogen Exchange and Loop Structures in C102T.
Q-loops are nonregular secondary structures first described
in 1986 @8) and described for iso-1-cytochronsén 1989
(49). As observed for the helices, the protection factors in
loops do not correlate with the temperature factors observed
in the crystal structure (Figure 3). As suggested previously
(23) and now shown in greater detail, a distinctive hydrogen
exchange pattern follows the outline of teeloops (Figure
3). In each case, the protection factors are largest at the loop
ends and decrease as one moves toward the middle, which
is exactly opposite the pattern observed for the helices (Figure
3). Hydrogen bonds observed in the crystal structures do not
always correlate with protection factors in these loop
structures.

In loop A (residues 1832), prolte_ctlon factors for res[dues Ficure 4: Backbone models of the loop structures in C102T show
18, 19, and 32 at the loop termini are all above 3.5 in both poy the loop ends are protected from hydrogen exchange but the
oxidation states. In loop D (residues-784), the protection  loop middles are not. The loop structures shown are loop A, residues
factors for the amide protons of Asn 70 and Phe 82 at the 18—32; loops B and C, residues 384, and loop D, residues 70
loop ends are above 2.0 in the oxidized state. In the reduced®4- The amides whose protons are not visible at the first time point

. . . (46 min) are indicated by small spheres. Data are shown for the
form of the protein, log> for the amide proton of Asn 70'is oxidized protein. As shown, the structures represent the substruc-

3.88, while the Phe 82 amide proton is gone by the first tyres of the RYGB model described by Englander and co-workers
time point. The protection of amides at the N-terminus of (24, 29: substructure Il contains loop A as well as the 60s helix,
loop A and the Cterminus of Joop D can be explained B rtctores were taken from 2yca, the Suucture for
H H H i IS 100 . s
because the His 18 and M_et 80 side _Chalns are ligands tooxidizgd C102T 81). Models were constructed \)//vith Insightll (MSI).
the heme iron. However, this explanation does not account
of the protection of amides at the C-terminus of loop A or
the N-terminus of loop D. Proximity to, and significant cannot be made for cytochroneeas the loop ends are not
interactions with, the heme group could explain the protection found at the termini of regular secondary structures.
of amides at the C-terminus of loop A, but this explanation  Although the correlation between hydrogen bonds and
does not hold for the N-terminus of loop D. Nor does it protection factors is clear in the helices, the protection factors
account for the observation that amides at the ends of loopsdo not clearly correlate with hydrogen bonding in the loop
B and C are protected from exchange. Overlapping loops B regions. Of the 30 backbon#ackbone hydrogen bonds
(residues 3443) and C (residues 4{b4) are at the bottom  observed in the solution structure of reduced C10PB, (
of the heme crevice. As found for the other loops, amide four exchange too quickly for exchange rates to be calcu-
protons at the N- and C-termini of these loops, specifically lated: Gly 24, lle 35, Gly 37, and Phe 82. All of these
Gly 34, Ala 43, and Lys 54, exhibit protection factors above residues are in loop regions. The amide protons of loop
3.0 and 1.8 in the reduced and oxidized forms, respectively residues Gly 34, Ala 43, and Lys 54 exhibit protection factors
(Figure 3, Tables S1 and S2). These residues are farther thaim both oxidation states. In the crystal structures lycc and
the average residue from the heme. 2ycc (12, 31), the Gly 34 amide is hydrogen-bonded to the
Another factor that could account for enhanced protection carbonyl oxygen of Cys102 in both oxidation states. The
of loop ends is the turn of helix found at the N-terminal of amide of Asn 70 is hydrogen-bonded to the Tyr 67 carbonyl
loop D and the C-terminal of loop C. This could account oxygen in the reduced, but not oxidized, crystal structure,
for the protection of Asn 70. However, neither the proximity while the Ala 43 amide is hydrogen-bonded to the Tyr 48
to heme nor the helical turns explains the protection of Gly side-chain hydroxy!l in the oxidized, but not the reduced,
43, Ala 43, or Lys54. protein. Surprisingly, the Lys 54 amide is at the surface and
However, while amide protons at tli&-loop ends clearly is not hydrogen-bonded to any other atom in crystal structures
exhibit relatively large protection factors, the pattern for the of either oxidation state. Thus, the correlation between
overall structures is quite different from that observed in the hydrogen bonding and protection factors is not consistent in
helices. In loops, protection factors cannot be calculated for these loop structures.
a number of residues in the middle of each loop because the Comparison to the Solution Structures of C102S Iso-1-
amide resonance is absent in either the first or second timecytochrome cThe overall solution structure of the unlabeled
point in the HSQC experiments. As an example, Figure 4 C102S variant of iso-1-cytochronweat pH 7.0 was found
identifies those residues for which the amide proton is to be quite similar to the crystal structurg7( 19. These
exchanged by the first time point of 46 min in labeled, researchers also reported hydrogen exchange data by obtain-
oxidized C102T. In every case, protection factors for the ing NOESY spectra 0, 1, 2, and 6 days after exchange into
amide protons in the middle of the loop cannot be observed. D,O. While rates could not be calculated from this limited
In other proteins, it might be argued that the protection data set, those protons still present after 6 days,{D Eould
factors found at the loop ends are due to the fact that loop be observed. Of the 27 amide-proton resonances that were
ends are normally found adjacent to regular secondary still present in oxidized C102S after 6 days ig@ 14 were
structures, helices and strands. However, this argumentfound in loop regions 19). Of the 47 amide-o-proton




4500 Biochemistry, Vol. 38, No. 14, 1999 Baxter and Fetrow

resonances present in reduced C102S after 6 days, 28 wereatalysis $3). However, if the change in pH significantly
in loop regions 17). Thus, these researchers found protected changed the structure of the protein, then the exchange rates
amides in both loops and helices. This general feature of might change. Comparison of the proton chemical shifts used
hydrogen exchange behavior is thus supported by previousin this study to those done on C102T at pH 750)(shows
work on unlabeled C102T at pH 4.6 and C102S at pH 7.0 that the shifts are virtually identical, suggesting little change
and the more detailed data frord{N]JC102T at pH 4.6 in the overall structure of this protein with change in pH.
presented here. Another possibility that might explain the differences in
However, the list of slowly exchanging amide protons exchange rates in the C102T and C102S experiments is that
obtained from the experiments on unlabeled C102S is the protein at pH 4.6 might be starting to show some changes
different from the list obtained from experiments done on in dynamic behavior because the protein is closer to the low
both labeled and unlabeled C102T. Of the 27 amide proton pH unfolding transition. Cohen and Pielak have studied the
resonances in the oxidized protein listed as slowly exchang-pH-dependent behavior of C10235). They show that the
ing by Banci et al. 19), 12 were found to be rapidly thermal denaturation temperature of C102T decreases steadily
exchanging in the current work, including Aftal, Gly 6, from 55.3°C at pH 5.0, to 52.6C at pH 4.6, to 49.7C at
Thr 8, Lys 27, Asn 31, His 33, Ala 43, Glu 44, Ala 51, Lys pH 4.3.AGp also shows a gradual decrease with pH, from
54, Asp 60, and Thr 78. Likewise, in the reduced protein, 5.1 kcal/mol at pH 4.6 to close to O at pH 3.85]. Thus,
11 protons listed by Baistrocchi et al @) as slow exchangers lowering the pH may cause the observed increase in
were gone by the first time point in the current work. This exchange rates for certain protons if certain regions of the
list includes Thr 8, GIn 16, Lys 22, Gly 23, Gly 24, Ser 40, protein were preferentially destabilized.
Tyr 48, Thr 49, Ala 51, Phe 82, and Lys 89. These A final possibility might be the effect of pH on heme
differences are profound because the slowly exchangingligand states. At pH 4.6, the heme in about 5% of the folded,
protons observed in the Banci and Baistrocchi work were oxidized protein will exist in the high-spin form, while 30%
still present after 6 days, while these same protons arewill be high-spin in the unfolded state. At pH 7, essentially
exchanged by 46 or 48 min in the work presented here. all hemes will be in the low-spin state. The differences in
Furthermore, the protons exhibiting differences are scatteredthe heme spin state and the resulting differences in ligands
throughout the protein structure. could affect the hydrogen exchange properties. Only a
What is the explanation for these significant differences? detailed study of the pH dependence of hydrogen exchange
For these resonances, the results reported her&)8pN]- in yeast iso-1-cytochrome& can answer this intriguing
C102T are in very good agreement with the experiments question.
previously reported on unlabeled C10223), providing Differences in Hydrogen Exchange between the Oxidized
confirmation that the calculated rates and protection factorsand Reduced State&lsing the combined results of the
are consistent and correct for this variant and under thesecurrent exchange experiments and those of Marmorino et
conditions. One difference between the two sets of experi- al. (23), we have been able to compare more completely the
ments is that the current data and the previous work weredifferences between the protection factors calculated for
acquired on the C102T variant, while Banci and Baistrocchi amide protons in the oxidized and reduced states of the
and co-workers observed hydrogen exchange on the C102%rotein (Figure 5). As previously observed, the difference,
variant of iso-1-cytochrome. Experiments on the wild-type  log Pox — log Preq is negative for most residues in the protein,
C102 protein and the C102T variant suggest that mutationswhich reflects the greater stability of reduced C102T over
at residue 102 have little effect on the structure or stability oxidized C102T %4). The current data also show that the
of the protein {2, 31, 35, 50, 51 In fact, the crystal difference in stability between oxidized and reduced C102T
structures of C102T and WT iso-1-cytochromere very is not limited to one region of the protein but is spread over
similar (31) and detailed thermal denaturation studies show all secondary structures in the protein (Figure 5). This is in
that the properties of C102T and C102S are essentially agreement with the previous work on unlabeled C102T and
identical 62). The C102T, C102S, and C102A variants are C102S (7, 19, 23.
used as “wild type” by various groups, again working under  However, there are a few notable exceptions to the general
the assumption that mutations at position 102 do not affectrule of larger protection factors in the reduced state. In
the overall structure or stability of the protein. It seems particular, the amides of Gly 23, Gly 29, Gly 37, Leu 58,
unlikely that a change at position 102 would have such a Asn 62, Phe 82, Leu 85, and Lys 87 show significant
wide influence on exchange rates throughout the protein. protection factors only in the oxidized state (Figure 5). In
The second difference between the experiments on C102She reduced state, these residues are exchanged by the first
and those on C102T (both current experiments and those ofor second time point. A small number of residues, including
Marmorino et al.) involves the solution conditions. C102T Arg 13, Phe 36, Phe 38, Leu 68, Asn 92, lle 95, and Thr 96,
data were collected on protein dissolved in 50 mM acetate exhibit rates that can be measured in both states, but
buffer, pH 4.6, at 298 K. The C102S hydrogen exchange protection in the oxidized state is larger than that in the
data were collected on protein dissolved in 50 mM phosphatereduced state (Figure 5). Of these 15 residues, almost half
buffer, pH 7.0. Both buffers and pH are different. Binding (Arg 13, Gly 23, Gly 29, Gly 37, Phe 82, Leu 85, and Lys
of multivalent anions in the phosphate buffer might have 87) are invariant or strictly conserved in 106 eukaryotic
distinct local effects on exchange. The pH difference should cytochromesc (22). The observations that these residues
also have a significant effect on the intrinsic hydrogen exhibit exchange behavior that is opposite of that observed
exchange rates. At higher pH, the concentration of hydroxide for most residues and that they are so very conserved from
ions in solution is increased and thus the exchange ratehuman to fungal cytochromeswould suggest that these
should increase, not decrease, due to an increase in baseesidues might undergo an important conformational change
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are higher (8.029.04) than the lodp values determined for
any of the protons in reduced C102T (Figure 3B). Thus, the
free energy of reduced, denatured C102T is significantly
higher than any of the high-energy native forms that can be
detected by hydrogen exchange. Under oxidizing conditions,
as soon as the Met 80 or His 18 heme ligands are released,
the protein is likely to become oxidized. It is possible that
the higher energy states for the reduced protein are invisible
to detection by NMR simply because the protein molecules
ZYTIALALS L P N R B 9 W AP . S become oxidized by residual,@vhen these conformations
Residue Number are sampled during the experiment. To address these
FiIGURE 5: Histogram of the difference between the Byalues concerns, the reduced sample was reduced with dithionite,
for oxidized and reduced C102T versus residue number. Black barsthe buffers contained fresh ascorbate, and the sample tube
are for those residues where |®V3|U€S could be calculated in was sealed under nitrogen; thUS, a reducing atmosphere was

both oxidation states; the difference (IBgx — log Preg) is plotted. PR
White bars indicate those residues whereRampuld be calculated ~ Mmaintained and the amount of oxygen exposed to the sample

in only one oxidation state because the amide resonance was gond/@s kept to a minimum throughout the experiments. Fur-
by the first time point (D) in the other oxidation state. A gray bar thermore, one would expect that the much longer experi-
at 0.5 only indicates that the resonance peak was gone by the firstmental times reported by Marmorino et al. would accentuate
time point in the reduced state (D) or was gone by the second time the effect of oxidized, unfolded protein populations, resulting

point in the oxidized state (D2). Likewise, a gray bar-&0.5 . . : ;
indicates that the resonance peak was gone by the first time point!” relatively smaller protection factors calculated from their

in the oxidized state (D) or was gone by the second time point in €Xperiments on reduced protein. However, the protection
the reduced state (D2). A gray bar at both 0.5 ard5 indicates factors calculated by Marmorino et al., using long experi-
that that residue was gone by the first time point (D) in both mental times, and those reported here, using shorter experi-
oxidation states. Gray bars at 0.2 are prolines. No bar indicates jentg| times, are comparable (Tables S1 and S2).
lack of data (unassigned resonance peak or overlap of peaks) for C - -
one state or the other. omparison of Log P and the Stability of the Met-88e
Bond.Englander and co-workers have previously suggested
a substructure (RYGB) model for the structure of oxidized
between the oxidized and reduced states. Indeed, mutation%ukaryotic cytochrome (24, 25. In this model, substructure
at Phe 82 have been found to have a significant effect on| contains the N- and C-helices. Substructure Il contains
the protein function in vivog5, 56, despite little change in - _joop A and the 60s helix. Substructure Il contains loops
the reduction potentials with mutations at this positi6i) B and C, while substructure IV consists @loop D. Our
Comparison of Log P and the Free Energy of Denaturation |og P values can be used to delineate these substructures in
of C102T At pH 4.6 and 300 K, th\G4 of oxidized C102T ~ C102T. The outlines of the secondary structures are clearly
has been reported as 510.3 kcal/mol 85). At pH 4.6 and visible in the plots of logP versus residue number (Figure
298 K, AGq of oxidized C102T was determined to be 5.2 3).
6.5 kcal/mol 3). Horizontal lines are drawn in Figure 3A Relative to these substructure studies, the difference in the
representing the loB values calculated fromGq for C102T. binding affinity between methionine and reduced and
Our data show that th&Go, of His 18, Lys 87, Arg 91,  oxidized heme iron was recently measured in a model system
Asn 92, and Tyr 97 are higher than the limit of the overall consisting of blocked methionine and a cytochrome
free energy of denaturation of oxidized C102T. Of these, fragment called microperoxidase 189. The methionine
Lys 87, Arg 91, and Tyr 92 in the C-helix are only slightly  affinity for the reduced iron was found to be more stable by
higher, within or close to the experimental error. Only His 3.2 kcal/mol compared to the affinity for the oxidized heme.
18 and Asn 92 are significantly above thesq limit. The These workers then showed thanG,, between reduced
side chain of His18 is the fifth heme ligand. This side chain and oxidized protein for substructure 1V, loop D, is also 3.2
remains liganded to the heme, even under denaturingkcal/mol. Assuming that the methionine -8Beme ligand
conditions of 4.4 M guanidine hydrochloride, pH 458). would have the same binding affinity in yeast cytochrome
Previous studies did not find Asn 92 to have large Bg ¢, we looked at log® values determined here for lle 75, the
values, which is very different from what we report here. marker proton used by Englander and co-workers for large
As previously discusse®8), the proton chemical shift for  unfolding events in substructure NB9). Interestingly, the
this amide proton overlaps another amide proton in the protonincrease in log® upon reduction for lle 75 in C102T is only
dimension, which likely affects the reported rate. In the 1.22, corresponding to a free energy change of 1.6 kcal/mol
current experiments, the larges,, calculated for this residue  (Figure 5). The free energy change for the neighboring Tyr
should be regarded as approximate because it decayed t0g4 is even less, with a\AG, of 1.0 kcal/mol. This
slowly for us to see the complete exchange during the time observation might suggest that local structural fluctuations
course of our experiments. Thus, the only residue thatin C102T are more prevalent than they are in horse
certainly exhibits a higheAGop than theAGq is His 18, an  cytochrome, thus allowing the protons to exchange without
observation than can be rationalized by the experimentalthe large substructure unfolding event observed for some
evidence described above. protons in the horse protein. Alternatively, it might suggest
By use of circular dichroism spectroscopy and differential that lle 75 does not play the same structural role as a marker
scanning calorimetry, thAGq of reduced C102T at pH 4.6  proton in C102T as it does in horse heart cytochrame
and 300 K has been directly measured as #1.G.7 kcal/ However, the structures of loop D (substructure 1V) in the
mol (54). The logP values calculated from these numbers two proteins are essentially identical with 13 out of 15

LogP(ox) - LogP(red)
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identical residues. Further understanding of the underlying ConclusionsWe have shown here that we can usefN]J-
differences in stability and folding of cytochroraenolecules iso-1-cytochrome to determine amide exchange rates, even
awaits complete analysis of the hydrogen exchange behaviorfor relatively rapidly exchanging protons. By combining
of C102T in low concentrations of denaturant. previous exchange data on unlabeled protein with the current

Implications for the Substructure Model of Cytochrome ¢ data, we can calculate exchan_ge rates for significantly more
Folding. Englander and co-workers have also reported that Protons than could be determined in the unlabeled protein,
the relative order of stability of the substructures in horse Particularly in the oxidized state. These data allow us to
cytochromecis | > 11 > Il > IV; further, they suggest the confirm the previous data and resqlve some amp|gumes.
same order for the folding of cytochroneefrom the most Some of the data on C102T are inconsistent with data
stable to the least stable substructures> Il — IIl — IV. collected on the C102S variant, suggesting pH-dependent
Banci et al. 19) reported that their HX data on C102S dynamic changes in the protein that are reflect_ed in 'ghe
support this model because the loop A and D regions have€Xchange rates. The hydrogen exchange beha_\nor outlines
“greater flexibility.” This statement is based on the assump- € secondary structures of cytochromewith different
tion that rapid hydrogen exchange correlates with structural Patterns of behavior observed for the helices and loops.
quctuatlpns (9). Recently, Milne et al.Z7) have suggested ACKNOWLEDGMENT
that rapid hydrogen exchange also correlates with lack of
resistance to the motion of adjacent structures, an assertion We thank Ms. Lynn McNaughton for assistance during
supported by the hydrogen exchange behavior reported hereéNMR data acquisition and Mr. Terry Boose for protein
(see discussion of N-helix and N-terminal extension above). purification and technical assistance with some of these

While the substructures themselves are clearly delineatedexperiments. We acknowledge the Wadsworth Center for
in the plots of protection factors versus residue number, the Support of the NMR Structural Biology Facility. J.S.F. thanks
interpretation of the relative stability or flexibility of these ~Molecular Simulations, Inc., for hardware support during her
substructures is not so clear-cut. In oxidized C102T, the Sabbatical.
substructure with the largest number of most rapidly
exchanging protons overall is substructure lll, the loop B/C SUPPORTING INFORMATION AVAILABLE
region (Figure 4), in which 10 out of 20 amide protons  Two tables containing the exchange rategyalues, and
exchange out by 46 min. This is followed by the loop A |og P values for both oxidized and reduced yeast iso-1-
region, in which 7 out of 12 amide protons exchange out in cytochromec (C102T) at 25°C, pH 4.6. This material is
46 min (Figure 4). In both cases, about half the amide protonsavailable free of charge via the internet at http://pubs.acs.org.
have exchanged out by the first time point in our experiments.
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