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ABSTRACT. Pulsed hydrogen exchange/mass spectrometry, a new method for studying protein folding,
has been used to investigate folding of cytochramen the 5 ms to 15 s time scale. Cytochrome
unfolded in guanidine hydrochloridefD, was allowed to refold in a high-speed quenched-flow apparatus
and pulse-labeled with protium to identify unfolded regions. Intact, labeled cytochcamas digested

into fragments which were analyzed by HPLC electrospray ionization mass spectrometry to determine
the level of deuterium in each fragment. Bimodal distributions of deuterium were found for most segments,
indicating that regions represented by these segments were either unfolded or completely folded in the
intact polypeptide prior to labeling. This behavior is consistent with cooperative, localized folding which
occurs in less than 10 ms in individual molecules. Deuterium levels found in the fragments were normalized
to levels found in the same fragments derived from folded cytochmmelse-labeled in the same manner,

to indicate the percentage of cytochroméhat was folded. These results show that the N/C-terminal
regions fold cooperatively on a time scale extending from less than the mixing time of the apparatus (5
ms) to as long as 15 s, and that the other regions also fold cooperatively. However, these regions do not
begin to fold until 30 ms after mixing. In addition to providing new information on cytochrofoéling,

these results demonstrate that pulse-hydrogen exchange/mass spectrometry is complementary to NMR in
some respects and advantageous in others. Results of this study form the foundation required to extend
the pulsed hydrogen exchange approach to folding studies of proteins too large to be analyzed by NMR.

Protein folding is of immense theoretical and practical resolution nuclear magnetic resonance (NMRich is used
importance. With the means of overexpressing proteins to determine proton occupancy at peptide amide linkages.
highly developed, there is an increasing need to control Isotope abundances at specific peptide linkages can be
protein folding, which logically starts by identifying the paths determined by this approach, where the abundance is the
and intermediates that are transiently populated as proteins@verage of all molecules comprising the sample.
fold. To meet this need, new analytical methods useful for  Results obtained in the present study demonstrate for the
identifying the steps through which diverse proteins fold will ~first time that the protein fragmentation/MS approa¢hg)
be required. Of particular importance will be analytical is & useful alternative to pulsed spectroscopic and H/D NMR
methods leading to identification of folding paths and methods for io_lent_ifying folding pa_ths and intermediates. 'I_'his
intermediates in large proteins. Intramolecular hydrogen approach, which is based on earlier methods that used tritium

bonding, a characteristic feature of folded proteins but absenti Place of deuteriumg, 7), uses an acid protease to cleave

in unfolded proteins, dramatically decreases the rates at Which?btelr?girﬁ)rgtzlnsdilrntoﬂfragmelntcsj va;?_sce l\cjlesumllrrllutrr? Ie\ﬁels i;e
hydrogens located at peptide amide linkages undergo isotope cte ed by directly-coupie X € prese

exchange. The sensitivity of hydrogen exchange to protein study, the protein fragmentation/MS approach was used to

has led ina hvd h . di fidentify cyt ¢ folding paths and intermediates. Results of
structure has led to using hydrogen exchange in studies ofy,;q study are similar to those obtained by NMR 8) for

protein folding kinetics {T—3). Solutions of small proteins, folding of the N/C-terminal regions of cyt, but differ
unfolded and equilibrated in &D/denaturant, are rapidly  somewnhat for folding of other regions of oyt Relative to
diluted to initiate folding. After various folding times, the  NMR, the protein fragmentation approach is attractive
protein is transferred to rapid-exchange conditions so that because: (]_) the structural heterogeneity of fo|d|ng inter-
unfolded, partially folded, and completely folded forms can mediates can be determined from the isotope patterns in the
be identified by their characteristic hydrogen exchange rates.mass spectra of backbone fragmer@s 10); (2) amide
The isotope labeling process is quenched by allowing the hydrogens along the entire backbone, including the most
protein to fold to a state suitable for analysis by high- rapidly exchanging peptide amide hydrogens, can be used
to sense protectiorl(); (3) much less material is required;
and (4) folding of proteins much too large to be analyzed
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Cyt ¢ Folding by Hydrogen Exchange/MS

Results of this study facilitate a critical comparison of NMR
and mass spectrometry for investigations of protein folding
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of pH at each step. Pulse-labeling experiments were initiated
by denaturing oxidized cyt in 4 M GuDCI/D,O, diluting

via hydrogen exchange and provide the foundation requiredthe solution 10-fold to initiate folding under conditions where

for future use of hydrogen exchange/MS in protein folding
studies.

EXPERIMENTAL PROCEDURES

Folding/Pulsed Hydrogen ExchangeA rapid mixing
apparatus (BioLogic QFM-5) was used to dilute solutions
of unfolded cytc, label unfolded regions of cyt and quench
isotope exchange. The general procedure has been describ
previously (, 2). Unfolded cytc in which all exchangeable

hydrogens had been replaced with deuterium was preparecf]l

by incubating the protein (1 mM) in ® (5 mM phosphate,
pD 7, 4 M GuDCI, 20°C) for at least 48 h. All pD

measurements are given as read from the pH meter with no

adjustment for isotope effectd4). The pH was decreased
to 5.5 just prior to pulse-labeling experiments. For short
folding times, deuterated and unfolded cysyringe 1) was
diluted 10-fold with HO (syringe 2, HO, 5 mM phosphate,
pH 5.0). The pH of the folding solution was 5.0. Following
folding times of 5 ms to 1 s, the pH was increased to 10.1
(syringe 3, HO, 0.1 M phosphate, pH 10.9) for 11 ms to
label unfolded regions with protium. Isotope exchange was
guenched by decreasing the pH to 2.5 (syringeAQH M
HCI). The entire mixing apparatus was cooled 48 The
flow from the rapid mixing system was collected in a dry
ice/acetone bath and stored-a80 °C until analyzed. A
similar procedure was used for folding times of 0.22 - 15 s,
except folding was initiated by dilution with J® (syringe

2, D,O, 5 mM phosphate, pH 5.0), and the labeling time
was increased from 11 to 13 ms.

Isotope Analysis by HPLC ESIM3sotope analyses were
initiated by rapidly thawing and digesting the labeled cyt
with pepsin (substrate:enzyme, 1:1, w/w) &@for 5 min.
The digest was analyzed immediately by HPLC ESIMS, as
described elsewherd%). Deuterium levels found in peptic
fragments derived from cyt, either nonexchanged or

completely exchanged, were used to adjust for small losses.

of deuterium from peptide amide linkages that occurred
during analysis 4). Completely exchanged cyt was
prepared by denaturing the protein in@ refolding, and

decreasing the pH to 2.5 to quench H/D exchange. The

deuterated and nondeuterated standards were digested al

used to analyze samples labeled by the pulsed hydroge
exchange procedures. Another control was used as

reference to indicate the deuterium level representative of

folded cytc labeled under the pulsed hydrogen exchange
conditions described above. Cyt was unfolded and
completely exchanged in © (4 M GuDCI), and then
allowed to refold by incubating fol h under the folding

conditions described above for pulsed hydrogen exchange

(0.4 M GuDCl, 5 mM phosphate, pD 5.0). Deuterium levels
found in each segment following pulsed labeling, quenching,

and isotope analysis were used to indicate deuterium levels

representing folded cyt.

RESULTS

Intermolecular Distribution of Deuterium Directly Impli-
cates Localized Cooperat Folding Successful completion

e

amide H/D exchange was relatively slow (pH 5.07®),

and allowing folding to proceed for 5 ms to 15 s. During
the subsequent labeling step, the pH was increased to 10 to
facilitate complete replacement of deuterium located at
peptide amide linkages in unfolded regions of cyith
protium within the labeling time of 1313 ms. Labeled cyt

¢ was digested with pepsin and analyzed by HPLC MS.
Iauring these steps, H/D exchange at peptide amide linkages
was quenched by maintaining the pH and temperature at 2.5
nd 0°C, respectively. Under these quench conditions, the
alf-life for exchange at most peptide linkages was greater
than 60 min 16), which was far greater than the total time
required for proteolytic fragmentation of cgtand HPLC
analysis (approximately 10 min). Deuterium levels in short
segments of the cyt backbone were determined from the
molecular weights of the corresponding peptic fragments.
Since the HPLC step was performed i,y rapidly
exchanging deuterium located in the side chains was replaced
with protium before the fragments reached the mass spec-
trometer (6). Hence, the deuterium levels measured in these
experiments refer to deuterium located primarily at peptide
amide linkages. The proteolytic conditions used in this study
typically gave approximately 21 fragments from which
folding along nearly all of the cyt backbone could be
sensed.

The ESI mass spectra of the peptic fragment including
amide linkages 421 of cytc allowed to fold for 5, 31, and
506 ms are given in Figure 1. Results for the same
fragment representing unfolded and foldedcgite presented
in Figure 1a,e, respectively. Only results for the region
including the+3 charge state of this fragmentfz 750—

758) are presented. Although the mass spectrometer resolu-
tion used for these measurements was not adequate to
separate individual isotope peaks for many ions, as in Figure
1, it was adequate for determining the intermolecular
distribution of heavy isotopes in the peptides. Thus, the
isotope pattern of the N-terminal peptic fragment of cyt
illustrated in Figure 1, is expected to be an accurate
representation of the intermolecular distribution of deuterium
in this fragment. Isotope patterns are an important source
information because they can be used to identify and

0
né{‘ . .
analyzed by HPLC ESIMS using the same conditions as were antify various structural forms of cgtthat are populated

during folding. However, this use may be limited by
ncomplete resolution of isotope patterns representing the
ariously folded forms of cyt. Several factors contribute
to the intermolecular distribution of deuterium found in these
proteolytic fragments10). Amide linkages with very large
or small H/D exchange rates will be either completely
protiated or completely deuterated. Although these amide
linkages affect the average deuterium level found in a
peptide, they contribute little to the peak broadening. In
contrast, amide linkages that undergo H/D exchange on the
time scale of the experiment are only partially deuterated
and make major contributions to peak broadening. For the
labeling conditions used in this study, H/D exchange was
complete in unfolded regions, but spanned a wide range in
folded regions. Artifactual H/D exchange that occurred
during analysis also contributed to peak broadening. For
the types of measurements described here, broadening of

of these experiments required careful selection and controlmass spectral peaks due to the random distribution of heavy
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Resolution of the two distributions (dashed lines in Figure
1) comprising the bimodal isotope pattern was enhanced by
fitting the reference isotope distributions representing un-
folded and folded cyt (Figure 1a,e) to the isotope patterns
of the partially folded cytc (Figure 1b-d). Fitting was
performed by fixing the centroids and widths of the reference
peaks, and varying only their areas. The low-mass envelope
of isotope peaks represents ythat retained little or no
deuterium, while the high-mass envelope represents cyt
with a deuterium level characteristic of the completely folded
form. Since the labeling step was designed to replace all of
the deuterium in unfolded regions with protium, the area of
the low-mass envelope indicates the fraction of cyhat
was unfolded at the end of the various folding times.
Correspondingly, the area of the high-mass envelope is a
direct measure of the amount of aythat was folded in the
N-terminus at the end of the folding time.

Residuals from curve-fitting were usually small, indicating
that the N-terminal segment of most of the cytopulation
is either unfolded or folded, as assessed by amide hydrogen
exchange. The largest residual was found for the shortest
folding time (Figure 1b), which may be attributed to the
occurrence of significant folding during the labeling time.
Finding little evidence for peptides with deuterium levels
intermediate between those representative of the unfolded
and folded forms suggests that the time required for this
region within any molecule to fold is much shorter than the
labeling time (approximately 10 ms). Although seconds are

Intensity

750 751 752 753 754 755 756 757 758
miz
Ficure 1: ESI mass spectra of the N-terminal segment ofa;yt

including amide linkages-121, following folding for 5, 31, and
506 ms are presented in panelsd The areas of the low- and . - . .
high-mass envelopes of isotope peaks, indicated by dashed ”nesrequwed for the N-terminus of the gntlre (FVPOF’“'a“F’” to .
represent the fraction of the cyt population in which the fold (see below), less than 10 ms is required for this region
N-terminus was unfolded or folded, respectively. Panels a and eto fold in individual molecules of cyt, demonstrating that

indicate isotope patterns of this segment representing unfolded andcooperative folding is the dominant process in the N-terminus

folded cytc, respectively. The average/zfound for this fragment
(MH3*3) derived from unfolded (panel a) or folded (panel e) cyt
was 752.5 and 754.3, respectively. Curve-fitting the bimodal isotope
patterns in panels-bd with reference isotope patterns for unfolded
and folded forms, panels a and e, indicates the extent of folding
that occurred after various folding times.

of cyt c.

A similar strategy was used to determine whether coopera-
tive folding dominates in other regions of the cjtackbone.
Peaks in the mass spectra of all 21 peptic fragments were
broader than expected for a random intermolecular distribu-

isotopes of carbon, nitrogen, oxygen, and sulfur is relatively tion of deuterium throughout the entire cgtpopulation.
unimportant. Likewise, the resolution of the mass spec- Isotope distributions of many fragments were clearly bimodal
trometer did not contribute significantly to the broadening (e.g., linkages +21, Figure 1), and could be resolved into
of the isotope envelopes. Despite these factors, which maytheir constituent envelopes representative ofciftat was
limit detecting cytc forms that differ little in H/D exchange  either unfolded or folded in the region from which the
rates, isotope patterns of peptides detected in this study couldpeptides were derived. As for the segment including amide
often be used to identify and quantify folded and unfolded linkages 121, these results indicate that short segments of
regions of the cyt backbone. cyt ¢ backbone fold cooperatively in less than the labeling
For structurally homogeneous samples, H/D exchangetime (approximately 10 ms). For segments whose isotope
within any segment is the same for all molecules comprising distributions representing unfolded and folded forms were
the sample, yielding a random distribution of deuterium and poorly resolved, the possibility for noncooperative folding
a single envelope of isotope peaks. Structurally heteroge-on the millisecond time scale could not be eliminated.
neous samples in which a particular segment is folded in The areas of the two envelopes of isotope peaks indicate
some molecules and unfolded in others yield bimodal isotope the relative concentrations of the unfolded and folded forms
patterns, consisting of two envelopes of isotope pe8@ks ( of the segments present at the end of the folding time. The
10). The isotope patterns presented in Figure 1 for the fraction of the cytc population that remained unfolded in a
N-terminal fragment of cyt illustrate how they can be used particular region of the backbone decreased with increasing
to detect structural heterogeneity. The peak widths of this folding time, as illustrated in Figure 1 for the N-terminus.
fragment representing unfolded and folded reference samplesPlots of the natural logarithm of the fraction of cgt
of cyt ¢ (Figure 1a,e) are much narrower than those of the population that was unfolded in the N-terminus versus
same fragment when derived from partially folded cyt  folding time for most peptic fragments were linear through
(Figure 1b-d). The isotope pattern found for this fragment, the 5-120 ms range of folding times. Rate constants
when analyzed before cygtfolding was complete, suggests describing folding in the N/C-terminal regions of @Table
a bimodal isotope distribution representing two different 1) determined from the slopes of these plots show that the
structural forms of the N-terminus of cy, each with a N/C-terminal regions of 4050% of cytc folded at similar
different and characteristic hydrogen exchange rate. rates (16-30 s'1). Furthermore, thg-intercepts of these
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Table 1: Rate Constants and Subpopulations for Folding of the evident that the N/C-terminal regions in a subpopulation of

N/C-Terminal Regions of Cyt Determined from the Areas of the cyt ¢ require many seconds to fold.
Low-Mass Envelope of Isotope Peaks, As lllustrated in Figure 1 Folding of much of the cyt backbone joining the N/C-
segmerft % folded k(s terminal regions, indicated by deuterium levels found in four
1-10 50 30 peptides including amide linkages 232, 33-36, 38-46,
1-21 40 10 and 49-64, is illustrated in Figure 2b. Deuterium levels in
32—284 gi ig these four peptic fragments indicate that much of this part

of the cytc backbone has similar folding kinetics, which

2 Amide linkages of the cyt backbone? Population of cyt that is differ markedly from the folding kinetics of the N/C-terminal
folded in a particular region. regions. Folding in this region did not start until-280 ms

after dilution, while the N/C-terminal regions in approxi-

plots indicate that the N/C-terminal regions in-480% of mately half of cytc folded within 5 ms. Like the N/C-
cyt c folded in less than 5 ms. terminal regions, the interior region of part of the ayt

Rates of Localized Folding Determined from Deuterium population required several seconds to fold. Results for eight
Levels in Peptic FragmentsThe approach described above overlapping peptides derived from two regions including
for determining folding rate constants used hydrogen ex- linkages 66-82 (Figure 2c) and linkages 896 (Figure 2d)

change to label unfolded and folded regions, and the areasindicate the internal consistency typical of these measure-
of the ensuing isotope envelopes to quantify the fraction of ments.

cyt ¢ that was unfolded in specific regions of the protein.  nodeling the folding results presented in Figure 2 using
This approach is arguably the most direct of all methods for first-order kinetics has been used to compare folding kinetics
investigating protein folding. However, itis useful only for o gitferent regions of the cyt backbone (Figure 3). For
segments in which the isotope envelopes are resolved. Whensyample, the eight peptic fragments including amide linkages
considerable hydrogen exchange occurred in the folded formy_21 and 81104 of the N/C-terminal regions displayed
(i.e., H replaced D), the onv- and h|gh-mgSS envelopes wWere gimilar folding kinetics. Data for these fragments, when
not resolved, and the relative concentrations of unfolded and compined and fitted to an equation of three exponential
folded forms of cytc could not be determined accurately. terms, were used to draw the solid line in Figure 3. Likewise,
An alternate approach for determining folding rate constants e folding kinetics of the cyt backbone regions represented
from the same mass spectra is based on the deuterium levelgy the four fragments including amide linkages-Z2+ were
found in the peptic fragments. The average molecular weight similar. Results for these four fragments, when combined
of a peptic fragment, determined from the centroid of all of 4n fitted to an equation of two exponential terms, were used
its isotope peaks, glves_the deuterium Ieve_l in this segment.;g graw the dotted line in Figure 3. This presentation
Finding no deuterium in a segment derived from oyt  jjystrates that the folding kinetics for the N/C-terminal
indicates that this segment was unfolded at the end of theiggions are different from those of the interior of ayt
folding time; finding a deuterium level equal to that found packpone. Similar presentation of results for amide linkages
in the same segment when derived from foldedoytlicates  g6-82, represented by the dashed line in Figure 3, suggests

that this segment was folded. The standard for the deuteriumyo|ging kinetics intermediate between those of regions located
level representative of folded cgtwas determined for each o, gither side.

segment from its molecular weight when the segment was
derived from folded cyt labeled under the normal pulsed
hydrogen exchange conditions (label time-1B ms, pH
10). For example, 4.3 deuteriums were found in the
N-terminal segment comprising amide linkageslD. Deu-
terium levels between 0 and 4.3 in this fragment indicate
the fraction of molecules that had folded prior to labeling.
Comparing the deuterium levels found in peptic fragments
at a particular folding time with those found in the same
fragments derived from reference folded and unfoldedccyt
provides a basis for expressing these deuterium levels as th
percentage of cyt that is folded at this time in a particular
region. Results for 16 segments representing nearly all of
the backbone of cyt are presented in Figure 2. Folding
kinetics for the N/C-terminal regions of cgtare illustrated
by deuterium levels found in the four segments including
amide linkages £10, 11-21, 95-96, and 96-104 (Figure
2a). Although peptides specific for segments—21 and
95-96 were not detected, folding in these regions was
determined from differences in deuterium levels found in
overlapping peptides4]. For example, folding of amide  piscussioN
linkages 1121 was determined from the difference in
deuterium levels found in segments 10 and +21. These Much of our understanding of protein folding is based on
results show that the N/C-terminal regions of cyhave structural studies of cyt as it is rapidly transferred from
similar folding kinetics, and that these regions in ap- mildly denaturing conditions to conditions favoring the
proximately 50% of cyt are folded within 5 ms. Itis also folded state. Under mildly denaturing conditions (e.g., 4 M

Modeling of the folding results summarized in Figure 3
also demonstrates that each of these regions may fold at
different rates in different subpopulations of ayt Sub-
populations and their folding rate constants are given in Table
2. This analysis indicates that the N/C-terminal regions in
49% of the cytc population fold within the dead time of the
experimentk > 200 s1), 37% fold with a rate constant of
16 s'%, and 14% fold with a rate constant of 0.28's In
contrast to these regions, folding of the four peptic fragments
derived from the region including amide linkages-831 is
eéldequately fitted using two exponential terms. The compart-
ment folding most rapidly for this region includes 70% of
the cytc population, which folds with a rate constant of 9
s 1. Folding of the remaining 30% of cytin this region is
much slower kK = 0.07 s%). It is significant that localized
folding kinetics based on the deuterium levels found for the
N/C-terminal regions (Table 2) agree with those based on
the intermolecular distribution of deuterium found for
fragments derived from these regions (Table 1).
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Ficure 2: Extent of localized folding, as assessed by amide hydrogen exchange, in 16 segments ot thackione vs folding time.
Segments displaying similar folding kinetics are grouped in panets a

GUuHCI), cytc exists as a nearly random coil in which Cys replaced with water before folding to the native conformation
14/17 are covalently bound to the hen&. (Because of its ~ can continue. Likewise, isomerization of non-native cis
close proximity to Cys 14/17, His 18 is probably ligated to forms of Pro 71/76 to native trans forms must occur before
the heme iron17). Electron-rich ligands, such as His 26, folding is complete. These processes, as well as their
His 33, Met 80, and water, may be transiently ligated to the combinations, appear as kinetic traps that may delay folding
remaining iron binding site. The goal of most folding studies for seconds§, 22, 23).

is to describe events linking the near random coil of the  The rate at which hydrogen bonds form has been used to
unfolded state to the highly compact, folded state. Folding examine folding events that do not directly involve cyt
rates for cytc regions that contain chromophores have been chromophores. The extent of folding determined by hydro-
determined using stopped-flow techniques where the extentgen exchange/NMR is expressed as proton occupancy levels,
of folding was monitored by tryptophan fluorescen8el(g, which indicate the extent to which the folded structure
19), CD (18, 20), and resonance Raman scatterith, 1, decreases the rate of hydrogen exchange. Since the level of
22) spectroscopies. Upon rapid dilution of the solution, the protection against H/D exchange is averaged over the entire
nearly random coil of cyt contracts to a more compact form  sample, a small number of completely folded molecules may
within 0.1 ms (9). This compact form may have His 26/ give the same result as a large number of partially folded
33, Met 80, or water bound to the heme. If Met 80 is bound, molecules. In contrast, hydrogen exchange/MS gives the
folding to native-like states may proceed within a few distribution of deuterium among all molecules, from which
milliseconds. However, if His 26/33 is bound, it must be the structural heterogeneity of the backbone can be detected,
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Ficure 3: Comparison of folding kinetics in different regions of
cyt c. The lines were fitted to data for all segments derived from
the three regions exhibiting similar folding behavior.

Table 2: Rate Constants and Subpopulations for Localized Folding
of Cyt c Determined by Fitting Data Presented in Figure 3 to Three
Exponential Ternts

segmerit % folded k(s % folded k(s % folded k(s™?)

1-21 and 49 >200 37 16 14 0.28
81-104

23—64 - - 70 9 30 0.07

66—82 35 >200 48 8 17 0.22

20p folded = 100 — {A; exp(—kit) + Az exp(—kat) + As exp(—
kat)}. ° Amide linkages of the cyt backbone¢ Population of cytc
that is folded in a particular region.

guantified, and structurally characterized.
study, the rates at which small regions of aytfolded
following rapid dilution of the denaturant were indicated by

the decreased hydrogen exchange rates of peptic fragment
derived from these regions. Mass spectral isotope pattern

for most of the peptic fragments were bimodal, indicating

the presence of two structural forms, one unfolded and one
folded O, 10). The areas of the envelopes of isotope peaks
comprising the bimodal isotope patterns are direct measure
of the relative abundances of the unfolded and folded forms.

Modeling of the rate at which cyt became folded in a

In the present

S

Biochemistry, Vol. 36, No. 48, 19974997

Unlike the N/C-terminal regions of approximately 50% of
the cytc population, this region does not begin to fold for
20—30 ms, as assessed by amide hydrogen exchange. The
fraction of cytc that was folded in the N/C-terminal regions
was always greater than that of the backbone interior, which
may indicate that folding of the N/C-terminal regions
precedes folding of the interior. Likewise, the four peptic
fragments derived from the interior of the backbone displayed
similar folding kinetics, subpopulation sizes, and rate con-
stants, suggesting that the entire region folds cooperatively.
These results imply that cyt folds in two steps, with the
N/C-terminal regions folding first, followed by folding of
the backbone joining the N/C-terminal regions.

The apparent folding behavior of segments including
linkages 66-82 is intermediate between those of the N/C-
terminal regions and the interior regions. Whether this region
forms a separate folding domain, or the transition between
two folding domains, is not evident from the present results.
The accuracy with which the sizes and locations of unfolding
units is determined depends primarily on the sites at which
pepsin cleaves cyt. These cleavage sites are not expected
to coincide with transitions between folding units, so these
transition regions likely fall within specific peptic fragments.
The relative sizes of the folding domains found in this study
and the peptic fragments {25 residue) indicates that the
spatial resolution is sufficient to determine the sizes and
locations of folding domains, but generally not sufficient to
locate specific residues marking the transitions between
folding domains.

Experimental conditions for folding and labeling cytvere
chosen to simulate those used by et al. 8), so results
obtained by NMR and MS could be compared. However,
the pH of the solution used to equilibrate unfolded cjrst
before dilution to initiate folding in the present study was
5.5, but 5.0 in the previous study. The extent of folding of
the N/C-terminal regions, as assessed by hydrogen exchange
using NMR and MS to follow hydrogen exchange, is nearly
identical (Figure 4a). Results from both approaches indicate
gpproximately 50% folding in less than 5 ms, while as long
as 10 s is required for folding of the final #20%. Folding
of amide linkages 2364 of the cytc backbone, sensed by
NMR and MS, is illustrated in Figure 4b. Although results
for both methods indicate that folding requires as long as
10 s for completion, the extent of folding that occurs during

%he shortest periodt (< 10 ms) appears different. NMR

analysis indicates that 310% of the interior region of the
cyt ¢ backbone folds in less than 10 ms, while analysis by

particular region was used to determine the number and size\|s indicates that this region begins to fold only after

of cyt ¢ folding subpopulations (Table 2). Three subpopu-
lations were required to fit folding of the N/C-terminal
regions of cytc (Figure 3). Finding approximately 50% of

approximately 26-30 ms. The cause for this difference is
not evident, but may be related to what is actually measured
by the two methods. The NMR results are based on

the N/C-termini folded within the dead time of these measurements at several specific peptide amide linkages, all
experiments (5 ms) is consistent with approximately half of of \hich have similar kinetics for protection from hydrogen
the cytc population collapsing with Met 80 joined to the  exchange. The MS results are based on the deuterium levels
heme. Modeling shows that up to 10 s is required for the foynd in short segments of the backbone. Isotope measure-
N/C-terminal regions of all cyt molecules to fold. Finding  ments by NMR and MS also differ in the way hydrogen
similar folding rate constants and subpopulation sizes for exchange was quenched after the labeling step. In the NMR
the eight N/C-terminal segments sensed in this study suggestsygies, hydrogen exchange was quenched by decreasing the
that both.termini undergo cooperative folding to form a pH to 5 where folding was completed. Isotope analysis by
folded unit. NMR is limited to those amide hydrogens whose half-lives
Only two subpopulations were required to fit the folding for exchange in the folded state are greater than the several
data of all peptic fragments derived from the cydtackbone hours usually required for analysis by NMR. In the MS
regions including linkages 2364, of cyt ¢ (Figure 3). studies, hydrogen exchange was quenched by decreasing the
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A B B B lowing a multitude of paths along the free energy folding
] surface. Experiments designed to identify subpopulations
defined by intramolecular correlated changes in structure
were at the top of the “Wish list for experimentalists”
described by Dill and Charkp). In the present study, the
folding rates of various segments of the a@ytackbone
required two or three exponential terms, indicating as many
subpopulations. In addition, the well-defined bimodal
isotope patterns found for several segments representing each
of the subpopulations show that folding within these seg-
ments is cooperative. That is, all amide hydrogens within
these segments achieve protection from H/D exchange within
the labeling time (approximately 10 ms). As used here,
“cooperative change” refers to simultaneous H/D exchange
of all peptide amide hydrogens within a defined backbone
region (peptic fragment) and not simultaneous H/D exchange
Y T R T SRR R in the entire cytc backbone. The present results are
10° 10" 10° 10° 10" 10° consistent with a free energy folding surface with barriers
capable of trapping partially folded subpopulations. Some
L — subpopulations are trapped for as long as 10 s. However,
T when the members of the subpopulations escape, less than
10 ms is required for the ensuing folding step. Other
subpopulations are not trapped and fold to the native state
in less than 10 ms.

As the emphasis of protein folding studies shifts to large,
multidomain proteins, new methods for following folding
kinetics will be required. Cyt has been a good model for
folding studies because, with heme and only one tryptophan,
it is especially suited to high-speed spectroscopic measure-
ments. Fluorescence measurements of larger proteins with
multiple tryptophan residues will be less useful because
signals from specific tryptophan residues may be difficut to
identify. Stopped-flow CD will be useful for detecting
secondary and tertiary structural features in large proteins,
but is unlikely to lead to identification of cooperative folding
S units or the order in which these units fold. As for small
10° 10 G 16 10 16 proteir)s, gmide hydroggn exchange_will be useful for studies

of folding in large proteins because it provides a mechanism
Folding Time (ms) for sensing folding of the entire backbone of a protein. While
_ _ ) . the spatial resolution offered by MS is less than that of NMR,

Ficure 4: Folding of N/C-terminal regions, panel a, and interior

backbone regions, panel b, of cgtat pH 5 when hydrogen it will be adequate to identify cooperative folding units in

exchange was determined by NMR and mass spectrometry. This!a"ge proteins. _For.example, regions undergoing thermal-
presentation of the NMR data was adapted frorivElet al. ). induced unfolding in aldoalseM; 157 000, have been

identified by hydrogen exchange/M3(@j. Localized hy-
pH to 2.5 and 0°C following labeling. Under these drogen exchange measured by mass spectrometry opens the
conditions, the half-life for hydrogen exchange at most possibility for new and highly detailed folding studies of
peptide amide linkages is greater than 60 min, a time that islarge proteins
much longer than the digestion/analysis time (approximately
10 min). As a result, amide hydrogen exchange rates canACKNOWLEDGMENT
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