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ABSTRACT: Dissecting temporally the sequence of secondary
structural changes, and determining how these specific changes
modulate conformational heterogeneity, remain major goals of
protein folding studies. In this study, the folding of the SH3 domain
of PI3 kinase has been characterized using pulsed hydrogen
exchange mass spectrometry (HX-MS). The folding could be
described as a four-state process, U < Iyg < Iy < N, where Iy and
Ig are structurally heterogeneous intermediate ensembles. Compared
to U, early intermediate Iz has a marginally increased level of
protection against HX of amides along the entire length of the
polypeptide. Sequential assembly into f-sheet structure has been
resolved temporally. Three of the five f-strands acquire nativelike

structure before the rate-limiting step. S-Strands 2 and S acquire nativelike structure in Iy, while f-strand 4 does so in I. j-
Strand 1 acquires nativelike structure only during the last step of the folding process. Hence, the HX-MS study has resolved the
order of assembly of the f-strands for the formation of the two f-sheets, which previous studies utilizing ®-value analysis of
several different SH3 domains had been unable to accomplish. Moreover, it is shown that structural heterogeneity decreases in a

stepwise manner during the three stages of folding.

he kinetics and thermodynamics of protein folding
reactions have been studied extensively, but the temporal
sequence of the specific structural transitions that lead to the
formation of the native state is not fully understood. An
understanding of the mechanism of protein folding requires not
only a delineation of the chronological order of the structural
arrangements that occur but also a determination of how
structural heterogeneity is reduced at each structural transition.
Some methodologies used to study protein folding can report
on structural heterogeneity,' > but they do not provide detailed
structural information. In contrast, NMR-assisted studies®™’
can describe structural transitions at the resolution of individual
amino acid residues, but they reveal little about how structural
heterogeneity is decreased during folding. A quantitative
determination of the heterogeneity associated with the
structures populated at progressive stages of the folding process
is needed to understand the role of heterogeneity in modulating
the free energy landscape of protein folding. How the decrease
in heterogeneity (entropy change) is linked to intramolecular
contact formation (enthalpy change) remains to be ascertained.
To obtain useful insight into this unresolved question, it is
important that a probe with the requisite structural and
temporal resolution, which can also measure structural
heterogeneity, be used to study the folding of a suitable
model protein.
The hydrogen exchange (HX) methodology used in
conjunction with NMR to characterize protein folding
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pathways not only legitimized the existence of folding™ and
unfolding'® intermediates but also directly provided residue-
level information about their structures. Application of the
pulsed HX-NMR methodology not only revealed the stepwise
assembly and stabilization of secondary structures during
folding®”'' ™" but also enabled determination of local
stabilities of intermediates.'”'*"> Such studies have confirmed
that molten globules are populated on direct folding path-
ways,'® have unveiled the utilization of competing folding™'”"®
and unfolding'”"” pathways and of unproductive dead-end
pathways,'>*° and have also revealed heterogeneity in the early
folding intermediates.” Native-state HX-NMR studies have also
been of great utility. They have revealed the fluctuations that
occur in native functional protein structure'®*'~>* and have
dissected the structures of high-energy intermediates populated
after the rate-limiting step of folding.”"****>* When used in
conjunction with mass spectrometry (MS), the HX method-
ology can distinguish between multiple conformations present
together and can monitor the temporal variation in their
relative populations.” ™’ Application of the HX-MS method-
ology has provided some of the best proof that folding
intermediates are populated on direct folding pathways,”**" has
revealed how the cooperativity of protein folding and unfolding
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reactions can be modulated by stabilization of the folded,
unfolded, and transition states,”” and has revealed that
unfolding can occur via multiple folding routes.”” The pulsed
HX-MS methodology has great potential to characterize the
structures and heterogeneity of intermediates preceding the TS
on protein folding pathways.

SH3 domains have been widely exploited as model proteins
for the study of protein folding. Althou§h they originally
appeared to be classic “two-state” folders,”>” more careful and
detailed studies have revealed the complexity of their folding
mechanisms.****7¢ Hydrogen exchange and NMR studies
have identified partially structured intermediates,”**""~*!
including some with non-native structures*>~** on the
unfolding pathways of SH3 domains. ®-Value analysis of the
transition state (TS) on the folding pathway has revealed that
the hydrophobic core composition*** as well as non-native
hydrophobic contacts"”*® can modulate folding rates, that
native-state topology plays an important role in folding,* and
that the TS is largely hydrated”” and appears to be highly
polarized. A computational study guided by ®-value analysis
has suggested that f-strands 2—4 are structured in the TS,
whereas f3 strands 1 and $ are unstructured.”’ The temporal
order in which the $-strands form and assemble into f-sheets is,
however, not yet known, because structural intermediates
preceding the rate-limiting step have not been characterized
structurally. Other spectroscopic measurements have also
revealed that the transient formation of non-native structure
might modulate subsequent folding,”* but how this might occur
is unknown. Clearly, SH3 domains still have great utility as
model proteins for answering important questions concerning
fundamental mechanistic issues in protein folding.

The folding of the PI3K SH3 domain has been shown to
commence by a gradual, nonspecific collapse of the polypeptide
chain that is complete within 150 us.’* The initially collapsed
ensemble (Uc) is devoid of specific structure, has unfolded-like
fluorescence properties, and is long-lived: specific structure
formation accompanied by further chain compaction occurs on
the 100—1000 ms time scale. It appears that when folding
conditions are made more stabilizing by addition of salt, U¢
converts to an early intermediate ensemble with specific
structure within the first millisecond of folding.”> A second late
intermediate, first identified in both equilibrium and kinetic
unfolding studies,’® forms ephemerally after the rate-limiting
step of folding. This late intermediate appears to possess
nativelike secondary structure, has unfolded-like fluorescence
properties and substantial solvent-exposed surface area, and is
partially stabilized by non-native interactions.”” It appears that
hydrophobic core consolidation accompanied by water
expulsion occurs only when the late intermediate folds to N,
as also suggested by computational studies.”">* The observa-
tion that both U and the late intermediate have unfolded-like
fluorescence suggests the possibility that other folding
intermediates with unfolded-like fluorescence properties
might also be populated on the folding pathway. There has,
however, been little direct characterization of the structural
events that occur progressively on the folding pathways of the
PI3K SH3 domain as well as of other SH3 domains.

In this study, the folding of the PI3K SH3 domain has been
characterized by pulsed HX labeling followed by peptic
digestion coupled to mass spectrometric analysis. Four discrete
conformations, the unfolded (U) state, the native (N) state,
and two partially structured conformations, Iyg and Iy, are
populated and have been individually tracked during the course
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of the folding reaction. The mechanism of folding can be
quantitatively described by a four-state, U < Iy < Iy & N
model, and conformational heterogeneity is shown to decrease
in such a stepwise manner with an increase in the level of
nativelike structure. Structure (protective against HX) for-
mation in different sequence segments of the protein has been
delineated for each of the three folding steps, including those
preceding the rate-limiting step of folding. The temporal order
of f-strand formation into f-sheets in the SH3 domain has
been resolved, thereby providing general insights into the
nature of f-sheet assembly.

B MATERIALS AND METHODS

Guanidine hydrochloride (GdnHCI) was purchased from USB
and was of the highest purity grade. D,O with 99.9% D content
was purchased from BRIT (Board of Radiation and Isotope
Technology, Navi Mumbai, India). GAnHCI was deuterated by
three cycles of HX in D,0O followed by freeze-drying. All other
reagents used were from Sigma and were of the highest purity
grade. All the experiments were performed in 50 mM
phosphate buffer at pH 7.2 or pD 7.2 (corrected for the
isotope effect).

Refolding Kinetics and Pulse Labeling. The pulse
labeling experiments were performed using the SFM-4/Q
quench-flow machine from Biologic at 25 °C. The protein was
unfolded for at least 12 h in unfolding buffer (prepared in D,0)
containing 50 mM phosphate buffer and 2.4 M GdnDCL
Refolding of the protein was initiated at a final concentration of
10—20 uM in the presence of 0.3 M GdnHCI by rapidly mixing
unfolded protein in a 1:7 ratio with native buffer containing 50
mM phosphate buffer (prepared in D,0). It is important to
note that earlier fluorescence monitored folding studies had
shown that the folding kinetics were independent of protein
concentration in the range of 10—200 UM.*>¢ It should also be
noted that in 0.3 M GdnHCl, 99.5% of the protein is folded at
equilibrium.*® After different time periods of refolding (from
200 ms to 20 s), the protein was subjected to a HX labeling
pulse by 10-fold dilution into 50 mM glycine buffer prepared in
H,0, at pH 9 or 10. The HX reaction was quenched following
the 12 ms pulse of exchange by reducing the pH to 2.6 using a
glycine-HCI buffer (prepared in H,0). All the pulse labeling
experiments were performed using an interrupted-flow
technique. The quenched sample was diluted 2-fold into ice-
cold buffer at pH 2.6 and immediately analyzed using an
UPLC-MS system with the HX module from Waters. The mass
spectra were acquired in ESI-MS mode using a Synapt G2 HD
mass spectrometer from Waters. The populations of the +11
charge state and +7 charge state were used for all the analysis
performed on the intact protein.

In a quench-flow experiment with pulsed HX labeling, a
small fraction (7—8%) of labeled protein remains in the flow
system of the mixing module and is carried over into the next
pulse labeling experiment. To determine the extent of
carryover, immediately after the pulse labeling experiment
with protein, a dummy pulse labeling experiment in which the
unfolded protein solution was replaced with buffer was
performed. The mass profile of the dummy run revealed the
extent of carryover of labeled protein.

In a competition refolding experiment aimed to delineate the
early events of structure formation, refolding was initiated by
diluting fully deuterated unfolded protein into native buffer
prepared in H,O. The dilution triggered the refolding and
exchange processes simultaneously. The refolding and exchange
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were performed at pH 8 (50 mM Tris buffer), pH 9 and 10 (50
mM glycine buffer) for 12 ms, and HX was subsequently
quenched by reducing the pH to 2.6.

Data Analysis. Raw MS data were processed and smoothed
using the MassLynx software (Waters). All mass profiles were
determined after applying the 12 ms HX labeling pulses at
different times of folding and corrected by subtracting out the
carryover spectrum (see above). The corrected and smoothed
mass profiles were normalized with respect to the area under
the curve. MS data were analyzed by discrete fitting as well as
by global fitting (Supporting Information), assuming that the
mass distributions of all the species populated during refolding
could be described as Gaussian distributions. Analysis of pulsed
HX-MS data by fitting mass profiles to the sum of Gaussian
distributions, each arising from HX into a distinct protein
conformation, is an effective way to delineate the mechanism of
exchange and structural transitions.”” The mass profiles
obtained from the HX studies for the intact protein and for
the different segments of the protein were analyzed as the sum
of two, three, or four Gaussian distributions using eq 1:

] X e—Z(x—b‘/c,-)Z

n at
- 21 (wm (1)

where a represents the area under each Gaussian distribution
and b and c represent the values of the peak m/z position and
the width, respectively, of each of n Gaussian distributions. n =
2 for a two-state analysis; n = 3 for a three-state analysis, and n
= 4 for a four-state analysis of the mass profile data. For the
four-state analysis, the four Gaussian distributions represented
U (unfolded state), Iy (first intermediate or unfolded-like
intermediate), Iz (second intermediate or nativelike inter-
mediate), and N (native state). In the analysis using
constrained fits, the peak m/z positions and widths of the
Gaussian distributions were constrained such that across time,
the variations of m/z and width were +0.1 and +10%,
respectively. The fractional area under each Gaussian
distribution corresponded to the fractional population of the
species giving rise to the distribution. Fractional population
curves were analyzed using a single-exponential equation to
obtain the kinetic parameters.

Analysis of the Kinetics of Protein Segments. The mass
profiles of the peptides were analyzed using two-, three-, or
four-state models, i.e., as the sum of either two, three, or four
Gaussian distributions. During the analysis of each sequence
segment, the m/z and width values for different Gaussian
distributions were held constant (m/z, +0.1; width, +10%)
during the different durations of folding. The area under each
Gaussian distribution corresponded to the fractional population
of the respective species. The exchange kinetics observed for all
the analyzed protein segments were consistent with the
exchange kinetics observed for the intact protein, irrespective
of the number of Gaussian distributions used for analysis.
Sequence segments whose labeling kinetics during refolding of
the intact protein could be described as a four-state process
were found to have kinetics identical to that of the intact
protein. Many sequence segments were found to follow three-
state labeling kinetics during the refolding of the intact protein,
where one of the three fractional populations corresponded to
the sum of two fractional populations seen for the intact
protein (i.e, either Iy + Iy or Iy + N). Some protein segments
were found to follow labeling kinetics that could be described
by a two-state process, where the fractional population of the
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species with a higher level of protection corresponded to the
sum of the fractional populations of the two intermediates and
the native state (i.e, Iz + I + N).

B RESULTS

HX studies are performed either by subjecting native protein to
continuous HX labeling (native-state HX) or by subjecting
folding protein to pulses of HX labeling (pulse labeling) at
different times during the folding process. Of these two
alternative methodologies, native-state HX studies are easier to
perform but more difficult to interpret. The interpretation of
native-state HX labeling requires that it be known whether HX
occurs in the EX1 regime or in the EX2 regime,56 and it is often
not easy to distinguish between these two mechanisms. In
contrast, in pulse labeling studies, each discrete conformation
becomes labeled to the same fractional extent at every time of
folding, independent of the mechanism of labeling during the
short labeling pulse. Because the duration and pH of the
labeling pulse are not varied during the course of the folding
reaction, each discrete conformation can be easily identified in a
pulse HX-MS study, because it will have the same unique HX-
labeled mass distribution at every time of folding, as reflected
by its m/z and width. Only the extent to which each
conformation is populated will vary with the time of application
of the labeling pulse, which will be reflected in the area under
its mass distribution.

In this study, the refolding kinetics of the PI3K SH3 domain
(Figure 1) was investigated using the HX-MS pulse labeling
methodology to obtain insights into the structural transitions
occurring during the folding of the protein. Refolding of the
deuterated protein was initiated in a buffer containing D,O at
pD 7.2, and the protein was labeled at different times by
applying a 12 ms HX labeling pulse of H,O at pH 9 or 10.
Labeling was performed at pH 9 and 10 to determine the
strength of interactions in the structures of the folding
intermediates. Different conformations of the protein were
labeled to different extents by the HX labeling pulse, depending
on the extent of protective structure present at the time of the
application of the pulse.

In pulse labeling HX-MS studies of protein folding, the mass
distributions corresponding to the different conformations
populated during folding are sometimes well separated, but
they can overlap, leading to complex mass profiles of
overlapping mass distributions. To simplify the deconvolution
of the complex mass profile into individual mass distributions
each corresponding to a distinct conformation, it is necessary to
first determine the mass distributions of the N and U states
populated at the beginning and end of the folding reactions.
Once this is done, it becomes easier to identify the number of
intermediate conformations populated transiently at any time
during the course of folding.

Labeling of N and U. When the native deuterated PI3K
SH3 domain was subjected to a 12 ms HX labeling pulse in 0.3
M GdnDCI at pH 9, the mass profile showed a single peak with
a maximum at m/z 848.9 + 0.1 for the +11 charge state (Figure
2a and Figure Sla). Deuterated native protein that had not
been subjected to the 12 ms HX labeling pulse, but otherwise
had been subjected to the same workup conditions, showed a
single peak centered at m/z 849.4. This indicated that the HX
labeling pulse at pH 9 labeled approximately five amide sites in
the native protein. After a 12 ms HX labeling pulse at pH 10 to
native PI3K SH3, the single peak in the mass profile was
centered at m/z 847.9 (Figure S1b). Because the m/z for the
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Figure 1. Structure of the PI3K SH3 domain and its peptide map. (a)
The tertiary structure was drawn using the UCSF Chimera package
and Protein Data Bank entry 1PNJ. The domain is an 82-residue
protein consisting of two -sheets, two helical turns, and long loops.>”
(b) Primary structure of the PI3K SH3 domain aligned with the
secondary structure map. The horizontal black bars below the primary
structure represent the peptides obtained upon pepsin digestion at pH
2.6 and 4 °C (Supporting Information), which cover 91% of the PI3K
SH3 sequence. These peptide fragments were used for analysis of the
structure formed in the corresponding sequence segments of the intact
protein. , L, and HT denote the f-strand, loop, and helical turn,
respectively.

+11 charge state of fully protonated protein was 844.3, these
results indicated that of 56 protected amide sites, 51 amide sites
in N remained protected against HX by the labeling pulse at pH

9, while 40 amide sites remained protected against HX by the
labeling pulse at pH 10.

When the unfolded deuterated PI3KSH3 domain in 2.4 M
GdnHCI was subjected to a 12 ms HX labeling pulse at pH 9,
the mass profile showed a single peak centered at m/z 844.8 +
0.1 (Figure 2b). HX-labeled U therefore had a mass marginally
(~6 Da) higher than that of the fully protonated PI3K SH3
domain, which was expected because the HX reaction was
performed in buffer containing 90% H and 10% D.

For the mass distributions of both N and U, it was found by
multiple repetition of the experiments shown in Figure 2 that
the variations in m/z and width were +0.1 and +10%,
respectively.

To make sure that the pulse labeling methodology correctly
determines the fractions of protein present as U and N when
both forms are present together, deuterated protein incubated
in different concentrations of GdnDCl was subjected to the 12
ms labeling pulse at pH 9. It is known that the time constants of
interconversion between N and U at GdnHCI concentrations
straddling the unfolding transition zone are more than 100-fold
longer than the 12 ms duration of the labeling pulse."'6 Hence,
only protein molecules that were present as U at the time of
application of the 12 ms labeling pulse were expected to
become labeled. Figure 2¢ shows that the fraction of protein
that was unfolded at each of nine different denaturant
concentrations agreed well with the value obtained from a
fluorescence-monitored equilibrium unfolding curve deter-
mined for deuterated protein in deuterated buffer. At each
GdnDCI concentration, the mass spectrum showed only two
well-resolved peaks (data not shown) corresponding to N (at
m/z 848.9) and U (at m/z 844.8). It should be noted that
although the protein samples at different GdnHCI concen-
trations were pulse-labeled consecutively in the quench-flow
machine, the ~7% carryover (Figure S2) from one mixing event
to the next did not affect the estimation of U (Figure 2c): it was
found that it was not necessary to subtract the carryover mass
spectrum (Figure S2) from the mass spectrum of each labeled
sample. Nevertheless, for all mass profiles obtained after the
application of 12 ms HX labeling pulses at different times of
folding, the ~7% carryover mass spectrum was subtracted out,
to reduce the possibility that conformations labeled to only
small extents might be wrongly estimated.
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Figure 2. HX pulse labeling of N and U. Panel a shows the mass profile of native protein in 0.3 M GdnHCI that had been subjected to a 12 ms HX
labeling pulse at pH 9. Approximately 7% of the protein in the mass profile is seen to be completely labeled, with its mass distribution centered at m/
z 844.8. This 7% labeled protein represents carryover protein from the previous labeling reaction performed in the quench-flow machine, as shown in
control experiments (see Materials and Methods). Panel b shows the mass protein of unfolded protein in 2.4 M GdnDCI that had been subjected to
a 12 ms HX labeling pulse at pH 9. Panel ¢ shows the values of the fraction of protein that is unfolded, which was determined by application of the
12 ms labeling pulse to protein that had been equilibrated at nine different GdnHCI concentrations (green diamonds), overlaid on the fractional
change in the maginitude of the fluorescence signal at 310 nm upon excitation at 280 nm (blue circles). The solid red line is a fit through the data
using a two-state model.
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Figure 3. Refolding kinetics of the PI3K SH3 domain in 0.3 M GdnDCI (pD 7.2) monitored using a HX labeling pulse at pH 9. (a) Mass spectra
(+11 charge state) obtained upon subjecting deuterated refolding protein to a 12 ms HX labeling pulse at refolding times of 0.2, 0.3,0.5, 1,2, S, and
10 s (from bottom to top, respectively, in the right-most peak). The vertical dashed blue and dark red lines represent the centers of the mass
distributions of the U and N states, respectively (see Figure 2). (b) Global fitting of the kinetic data obtained using HX labeling pulses at pH 9 to a
four-state folding model (U < Iyg < Iy <> N). The lines (same color code as for the symbols) represent the kinetics of the changes in the different
populations of molecules, obtained from the global fit (Supporting Information). The values obtained for the kinetic parameters from global fitting
are listed in Table 1. Error bars in the figure represent the standard errors from two or more experiments. Representative four-state fits to the mass
spectra obtained at refolding times of 0.2, 1, 2, and 10 s are shown in panels c—f, respectively. The black line represents the experimentally
determined mass profile data, which were fit to the sum of four Gaussian mass distributions (solid yellow line) according to a four-state folding
model. The blue and dark red distributions represent the populations of the unfolded (least protected) and native (most protected) states,
respectively. The vertical dashed lines mark the position of the m/z maxima of U, Iy, I, and N. The dark green and orange distributions represent
the populations of Iy and I, respectively. All mass spectra (experimental data) were normalized using the areas under their mass profiles. For
analysis, each labeled population was assumed to have a Gaussian mass distribution centered at a fixed m/z value and at a full width at half-maximum
(fwhm), but whose area changed with time of refolding.

Refolding of the PI3K SH3 Domain Monitored by HX- Gaussian in the mass profile were not allowed to change with
MS. Figure 3a shows the mass profiles of the +11 charge state the time of refolding at which the labeling pulse was applied.
upon application of the 12 ms HX labeling pulse at pH 9 at The positions and widths of the mass distributions arising from
different times of refolding in 0.3 M GdnHCI. At each time of the labeling of N and U were kept identical to those shown in
refolding, the mass profile obtained was complex, with some Figure 2. Only the area under each individual Gaussian
molecules labeled at m/z 848.9 as was native protein (Figure distribution, which represented the population of the
2a), some molecules labeled at m/z 844.8 as was unfolded conformation from which it originated, was allowed to change.
protein (Figure 2b), and other protein molecules labeled to an It is seen in Figures S3 and S4 that the data at all times of
intermediate extent. The intermediate extent of labeling application of the labeling pulse could not be adequately
suggested the presence of one or two intermediates, minimally described by the sum of only the U and N distributions, ruling
with a structure intermediate between U and N. Just as in the out a two-state U < N model for refolding. When the data
case of U and N, which have unique conformations and hence were fit to the sum of the N and U distributions plus one
unique HX-labeled mass distributions, any intermediate with a additional intermediate mass distribution whose center and
unique conformation whose structure similarly does not change width were not allowed to vary (three-Gaussian constrained
with time of folding will show up in a mass distribution whose fit), it was seen that the fits were not good, particularly for the
m/z and width will not change with time of folding. mass distributions of the +7 charge state (Figure S4). The root-

To determine the number of intermediate conformations, the mean-square deviations (RMSDs) of the three-Gaussian
mass distributions of both the +11 and +7 charge state were fit constrained fits from the data were significantly worse than
to the sum of the N and U mass distributions, plus either zero, the RMSDs seen for the four-Gaussian constrained fits across
one, or two additional Gaussian mass distributions (Figures S3 all times of application of the labeling pulse. When, however,
and S4). For the mass distributions of the +7 charge state the mass profiles of the +7 charge state were fit to the sum of
(Figure S4), the separation in m/z units between the N and U the N and U mass distributions plus one additional
mass distributions was 1.5-fold larger than for the +11 charge intermediate mass distribution whose center and width were
state (Figure S3); hence, the mass distributions obtained for the allowed to vary (three-Gaussian free fit), the fits were better
+7 charge state are better suited for discriminating among two, than the three-Gaussian constrained fits (Figure S4). The
three, and four Gaussian fits. In the constrained fits shown in RMSD values for the three-Gaussian free fits were, however,
Figure 3 and Figures S3 and S4, the position and width of each not as good as the RMSD values obtained from four-Gaussian

3758 DOI: 10.1021/acs.biochem.7b00374

Biochemistry 2017, 56, 3754—3769


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00374/suppl_file/bi7b00374_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.7b00374

Biochemistry

constrained fits, in which the mass profiles of the +7 charge
state were fit to the sum of the N and U distributions plus two
additional intermediate mass distributions whose center and
width were not allowed to vary (Figure S4).

Although the four-Gaussian constrained fit appeared to be
better than the three-Gaussian free fit in terms of RMSD values
(Figure S4), it was only marginally better, and it was not
straightforward to rule out a three-state U <> I <> N model in
favor of a four-state U « Iy <> Iz <> N model purely on the
basis of the RMSD values of the three-Gaussian and four-
Gaussian fits, respectively, demanded by these models. The
three-state model could, however, be excluded by a simple
experimental observation. Both three-Gaussian fits indicated
that 30% of the protein molecules would have to form N in a
burst phase (Figure SS). If this were true, then a 30% burst
phase change in fluorescence arising from the burst phase
formation of N would have been observed when the refolding
of the protein was monitored by fluorescence under identical
refolding conditions. No burst phase change in fluorescence
was observed,”® ruling out any three-state model for folding. It
should also be noted that the three-Gaussian free fitis to a U <
I & N model in which I is not a discrete conformation but
increases continuously in level of structure and hence level of
protection with time of refolding. In other words, I would
represent a continuum of intermediate forms. While such a
scenario cannot be ruled out, the three-state U <> I «> N model
in which I undergoes a change in structure continuously with
time of folding is certainly less simple than a four-state U <> Iyg
< Iz & N model in which Iyg and Iy are discrete
conformations. In the study presented here, the simplest and
minimal kinetic model that could account for the data (the
four-Gaussian constrained fit) was the four-state model. It
should be noted that in earlier HX pulse labeling studies of the
folding of ribonuclease H, an apparently moving peak could be
more simply described as the sum of two mass distribu-
tions.”**’

It therefore appeared that the simplest description of the data
was that four different conformational ensembles differing in
the protection they afford against HX were populated during
refolding. The fits to the mass profiles at the different times of
folding indicated that two partially folded conformations were
populated, which afforded protection that was intermediate
between that afforded by U and N. These intermediates, Iyg
and I, afforded protection to 25 and 41 more amide sites,
respectively, than did the U form, but their Gaussian mass
distributions were very broad, indicating that both intermedi-
ates were heterogeneous ensembles of molecules with varying
levels of protection and, hence, structure. In comparison, N in
0.3 M GdnHCI had 47 more protected amide sites than U did.
Figure 3b shows the observed fractional populations of U, Iyg,
Iz, and N at different times of folding, determined from four
Gaussian fits to the mass profiles. Figure S6 shows that if the
mass profiles shown in Figure 3a had not been corrected for
carryover (see above), as they were, it would have made little
difference to the estimations of the four conformations.

The mass profiles obtained at different times of folding
(Figure 3) were globally fit to a U < I,z < Iy < N model for
refolding. When the mass profiles were fit to the four-state
model, the effect of the duration of the labeling pulse (12 ms)
on the extent of labeling was taken into account, as described in
the Supporting Information. Briefly, the analysis took into
account the fact that if the pulse duration was long compared to
the time constants of interconversion between any two states,
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protein molecules would cycle between the two states during
the duration of the pulse. If this cycling is not corrected for,
then the fractional population of the less protected state would
be overestimated at the expense of the more protected state.
The values of the kinetic parameters defining the model, which
were determined using the global fitting procedure taking into
account the molecular cycling that occurs during the labeling
pulse, are listed in Table 1. From Table 1, it is clear that the rate

Table 1. Parameters Obtained from Global Fitting of the
Kinetic HX-MS Data for Folding in 0.3 M GdnHCI?

kinetic parameters properties of the species

K-y 1450 wu 0.82
K, 102 W Iy 22

K, 15 Wi 1.8

K, 94 WN 1.38

k, >1000 s7!

k, >15s7! m/z U 844.9
ks 0.82 57! m/z Lyg 846.8
k., >67 57! m/z Iy 848.45
k., >15s7! m/z N 848.95
ks 0.009 s7!

“Ky_y is the equilibrium constant between N and U, whose value was
allowed to vary in a range of the experimentally obtained values.*® All
other kinetic parameters listed were obtained by global fitting of the
data (Supporting Information) to the folding mechanism shown in
Figure 7. The global fitting routine took into account labeling that
occurred during the 12 ms labeling pulse because of molecular cycling
(see Results). Prefix W represents the width of the Gaussian
distribution, and prefix m/z represents the m/z value at the maximum
of the Gaussian distribution. During the discrete analysis performed
using these values, the m/z maximum and fwhm were allowed to
change by only 0.1 and 10%, respectively.

constants for the U < Iy; transition are fast compared to the
12 ms duration of the labeling pulse, which results in an
overestimation of the fractional population of U and an
underestimation of the fractional population of Iz (Figure 3b).
The actual fractional populations of U, Iy, Iz, and N at the
different times of application of the labeling pulse are shown in
Figure S7. A comparison of Figure 3b and Figure S7 indicates
that molecular cycling affects the estimation of only U and Iy,
because of the values of the rate constants defining the
transition.

Probing the Stabilities of I,z and Iz by Varying the pH
of the Labeling Pulse. The 12 ms HX labeling pulse will label
all amide sites, whether in U, Iy Iy, or N, which are
unstructured (unprotected) at the time of application of the
pulse. Labeling would occur at the intrinsic HX rate, which is
calculated for the PI3KSH3 domain to be 1500 s™" at pH 9 and
15000 s~" at pH 10. If an amide site is protected in Iyg, Iy, or N,
then the fraction of protein molecules in which this site will
become labeled will depend on whether exchange at that amide
site follows an EX1 or EX2 mechanism.*®

To probe the stabilities of amide sites in Iyg and I, refolding
was also monitored by the application of HX labeling pulses at
pH 10 (Figure 4). Mass profiles obtained upon applying the
HX labeling pulses at different times of refolding (200 ms to 10
s) could again be fitted to the sum of four-Gaussian mass
distributions (Figure 4). From their centroid values, the lowest
and highest Gaussian mass distributions could be shown to
arise from the labeling of U and N molecules, respectively. The
two intermediate mass distributions, whose widths were less
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Figure 4. Kinetics of folding of the PI3K SH3 domain in 0.3 M GdnDCl (pD 7.2) monitored using pulsed HX labeling at pH 10. (a) Mass spectra
(+11 charge state) obtained upon subjecting deuterated refolding protein to a 12 ms HX labeling pulse at refolding times of 0.2, 0.3,0.5, 1,2, S, and
10 s (from bottom to top, respectively, in the right-most peak). (b) Comparison of the time courses of the changes in populations of U, Iy, Iy, and
N, determined using pulsed HX labeling at pH 9 (empty circles) and pH 10 (filled circles) at the indicated times of refolding. The mass profiles
obtained by pulsed HX labeling at pH 9 (as shown in Figure 3) and pH 10 were fitted to a sum of four-Gaussian mass distributions centered at fixed
m/z values. The fractional populations of U (blue), Iy (green), I; (orange), and N (dark red) at different times of folding were determined by the
fractional areas under the mass distributions. The thin and thick lines (same color code as for the symbols) through the data points represent single-
exponential fits to data obtained using pH 9 and 10 HX labeling pulses, respectively. Error bars in the figure represent standard errors from two or
more experiments. Representative four-state fits to the mass spectra obtained at refolding times of 0.2, 1, 2, and 10 s are shown in panels c—f
respectively. The color coding of the lines, as well as the data analysis, is as described in the legend of Figure 3. All mass spectra (experimental data)

were normalized using the areas under their mass profiles.

than the intermediate mass distributions seen when the labeling
pulse was at pH 9, could be shown to ariss from Iy and Ig. This
was possible because these mass distributions disappeared, as
did the mass distribution arising from the labeling of U, at the
same rate as that of the intermediate mass distributions
observed when labeling was performed using the pH 9 pulse
(Figures 3b and 4b).

While HX into amide sites in native PI3K SH3 domain has
been shown to occur by the EX1 mechanism even at pH 7 and
8,%" it is conceivable, although unlikely, that HX into protected
amide sites in Iyg and Iy could occur by the EX2 mechanism
even at pH 9 and 10, if these sites opened and closed much
faster in the intermediates than in N under these conditions. If
the mechanism of HX into a protected amide site in Iyg or I
were EX2, then a 12 ms pulse at pH 9 would completely label
all amide sites that had a protection factor of <5 and would
insignificantly label amides with a protection factor of >30. A 12
ms pulse at pH 10 would completely label all amide sites that
have a protection factor of <50 and insignificantly label amide
sites with a protection factor of >300. Hence, nine amide sites
in Iz would have protection factors of >300, while 16 (25 — 9
= 16) amide sites would have protection factors between 30
and 300. In Ig, 17 amide sites would have protection factors of
>300 and 24 (41 — 17 = 24) amide sites would have protection
factors between 30 and 300.

The mechanism of HX into protected amide sites in the
native PI3K SH3 domain has been shown to be EX1 even at
pH 7.2°% and is therefore certainly expected to be EX1 at pH 9
or 10, the pH value of the labeling pulse. If the mechanism of

HX into protected amide sites in Iyg and I is also EX1, then
the fraction of Iy or Iz molecules that become labeled at that
site will depend on the rate constant of structure opening at
that site in each of these species. While 25 amide sites in Iyg
and 41 amide sites in Iy were sufficiently structured to not
exchange out during the pH 9 pulse, only nine amide sites in
Iyg, and 17 in I, were sufficiently structured to not exchange
out during the pH 10 pulse. If the EX1 mechanism is indeed
applicable, which is likely, then the observation that a larger
number of amide sites are labeled by the pH 10 pulse than by
the pH 9 pulse must mean that structure opening at these sites
is significantly faster at pH 10 than at pH 9 in Iyg, Iz, and N. In
other words, at least part of the protective structure in Iyg, I,
and N would be more unstable kinetically at pH 10 than at pH
9. Indeed, it is known that native PI3KSH3 domain is less
stable at pH 10 than at pH 9 (unpublished results).

lye Appears To Form within the Initial 10 ms Burst
Phase. The data in Figure 3 indicated that Iyg and Iy had fully
formed at 200 ms. To determine whether the intermediates had
formed within the 10 ms dead time of mixing itself, the 12 ms
HX labeling pulse was given directly to unfolded deuterated
protein under refolding conditions (i.e., at refolding time zero).
For a 12 ms pulse at pH 9, the mass profile showed two peaks,
indicating that two populations of molecules had been labeled
(Figure Slc). From the centroid of its m/z distribution, the
lower-mass peak appeared to have originated from the labeling
of U. The higher-mass distribution was broad and originated
from the labeling of primarily one partially protected
intermediate, which appeared to be Iy;. The fractional area
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Figure S. Kinetics of structure formation in different sequence segments of the PI3K SH3 domain, monitored using HX labeling. The 12 ms HX
labeling pulses at pH 9 were applied at different times of refolding (0.2, 0.3, 0.5, 1, 2, S, and 10 s, from top to bottom, respectively, in the left-most
peak) in 0.3 M GdnDClI (pD 7.2), followed by pepsin digestion of the labeled protein (see the Supporting Information) before mass spectrometry.
Panels a, ¢, i, and m represent the mass spectra of the peptide fragments corresponding to sequence segments 36—50, 1—11, 18—30, and 64—71,
respectively, of the intact protein. Panels b—d show the mass profiles of peptide fragments (sequence segments) 36—50 (+2 charge state) obtained
after pulse HX labeling at refolding times of 0.2, 1, and 10 s, respectively. The solid black line and the solid yellow line represent the experimentally
obtained mass spectra and the fit of the data to the sum of four-Gaussian mass distributions, respectively. The dark red and blue mass distributions
represent the populations having the sequence segment in the most (N-like) and least protected (U-like) conformations, respectively, whereas the
dark green and orange mass distributions represent the populations corresponding to Iy and Iy, respectively. Panels f=h show the mass profiles of
peptide fragments (sequence segments) 1—11 (+ 2 charge state) obtained after pulsed HX labeling at refolding times of 0.2, 1, and 10 s, respectively.
The solid black line and the solid yellow line represent the experimentally obtained mass spectra and the fit of the data to the sum of three-Gaussian
mass distributions, respectively. The dark red and blue mass distributions represent the populations having the sequence segment in the most (N-
like) and least protected (U-like) conformations, respectively, whereas the cyan mass distribution represents the populations having the sequence
segment possessing an intermediate level of protection. Similarly, panels j—1 and n—p represent sequence segments 18—30 and 64—71, respectively.
The mass spectra (+3 charge state) for sequence segment 18—30 (panels e—h) fit well to the sum of two-Gaussian mass distributions, where the blue
and light green distributions represent the populations having the sequence segment in its least (U-like) and most protected conformations,
respectively. The mass spectra (+1 charge state) for peptide 64—71 (panels i—1) fit well to the sum of three-Gaussian mass distributions, where the
blue, dark green, and red mass distributions represent populations having the sequence segment with the least, intermediate, and most protection,
respectively.

under the U peak at refolding time zero was the same as at 200 protected amides due to competition between the refolding and
ms, indicating that Iy had formed within the 10 ms mixing exchange processes. It was also possible that Iyg and Iy both had
dead time. In contrast, labeling by a pH 10 HX pulse led to a less protective structure when they first formed (within the
single peak in the mass profile (Figure S1d). The peak was initial 10 ms) than after refolding for 200 ms (or longer). The
centered at an m/z value higher than that of the U peak seen possibility that this protected species represents an additional
when the labeling pulse was applied at pH 9, and it also had a intermediate preceding Iy and I cannot, however, be ruled out
larger width. The peak could be fit to a sum of two Gaussian at present.
distributions, one arising from the labeling of U and the other Refolding Profiles of Different Sequence Segments. It
from a species that has a level of protection higher than that of was important to determine which sequence segments were
U but lower than that of Iy (Figure S1d). The more protected structured and, hence, protected from HX in Iyg as well as in I.
species could be the collapsed state U, which is known to form To delineate the structural events during refolding, a HX
on the submillisecond time scale.”® It was, however, more likely labeling pulse at pH 9 was applied at varying times of refolding,
to have been Iyz showing an apparently smaller number of and the protein (after HX was quenched) was fragmented by
3761 DOI: 10.1021/acs.biochem.7b00374
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Figure 6. Kinetics of structure formation in different sequence segments of the PI3K SH3 domain during refolding in 0.3 M GdnDCl (pD 7.2).
Panel a shows the kinetics of the changes in the populations of U (blue), Iy (dark green), Iy (orange), and N (dark red) as determined by global
analysis of the refolding data for the intact protein (Figure 3b) according to a four-state U <> Iy <> I <> N mechanism. Panel b shows the changes
in the fractional areas under the three mass distributions seen for peptide (sequence segment) 1—11 with time of refolding. The fractional areas
under the mass distributions represent the populations having sequence segment 1—11 in its least protected and most labeled (blue circles), partially
protected and labeled (cyan circles), and fully protected and least labeled (dark red circles) conformations. The kinetics of disappearance of the
populations having sequence segment 1—11 in the least structured and partially structured conformations are described well by the kinetics of
disappearance of U (blue line) and Iy and I (cyan line), respectively (as shown in panel a). The kinetics of appearance of the population having
sequence segment 1—11 in its most structured conformation are described well by the kinetics of appearance of the N state (dark red line) (as shown
in panel a). This sequence segment does not show any change in labeling (protection) during the transition from Iy to I;. Similarly, panel c shows
that the kinetics of the changes in the populations of protein molecules having sequence segment 18—30 in its least protected (blue circles) and
protected (light green circles) conformations (Figure S) correspond to the kinetics of the changes in the populations of U (blue line) and Iy, Iz, and
N (light green line), respectively (as shown in panel a). This sequence segment attains N-like protection during the formation of Iyg. Similarly, panel
d shows that the kinetics of the changes in the populations of protein molecules having sequence segment 36—50 in its least protected (blue circles),
partially protected (dark green circles and orange circles), and protected (dark red circles) conformations (Figure S10) correspond to the kinetics of
the changes in the populations of U (blue line), I, (dark green line), Iy (orange line), and N (dark red line), respectively (as shown in panel a).
Similarly, panel e shows that the kinetics of the changes in the populations of protein molecules having sequence segment 64—71 in its least
protected (blue circles), partially protected (dark green circles), and protected (red circles) conformations (Figure S) correspond to the kinetics of
the changes in the populations of U (blue line), Iy (dark green line), and Iy and N (red line), respectively (as shown in panel a). This sequence
segment attains N-state-like protection during the formation of Ig. Panel f shows the kinetics of the changes in the populations of protein molecules
for sequence segment 74—77 (Figure S11), as shown for sequence segment 18—30 in panel c. All error bars represent standard errors from two
independent experiments.

pepsin digestion at pH 2.6 (see Materials and Methods). The protein could be described only by the four-state model (see

mass profiles of the fragments were obtained at different times above), and it was straightforward to show that the fractional
of refolding, ranging from 200 ms to 10 s. The extent of populations of the four states derived from the peptide data fell
labeling of each fragment reported on the structure of the on either the fractional populations of the corresponding states
corresponding sequence segment of the intact protein. derived from the intact protein data or the sum of the fractional
The mass profiles of the 12 analyzed sequence segments populations of two or more states derived from the intact
could be fitted to the sum of either two-, three-, or four- protein data.
Gaussian mass distributions (Figures S and 6 and Figures S8— The peak widths of the mass distributions of the peptide
S11). For the peptide fragments derived from these sequence fragments were not considered, as the creation and infusion of
segments, typically only one charge state was observed. Only peptic fragments into the mass spectrometer took more time
for two peptide fragments (1—19 and 18—30) were two charge than the infusion of intact protein did. Consequently, the back
states observed. For the 12 analyzed sequence fragments, exchange contribution was significantly larger. This was further
RMSD values of the fits from the data were determined both as supported by the observation that the peak width, in the case of
values averaged over all times of application of the labeling the many peptides, was correlated to the number of protected
pulse and as values averaged over only the 0.2, 0.3, and 0.5 s amides.
time points at which U, Iyg, Iz and N are all significantly The RMSD values indicated that a two-state model was best
populated (Table S13). The RMSD values were used to for sequence segment 28—34. For sequence segments 18—30
determine whether the labeling data for a sequence segment and 46—50, the RMSD values suggested that a two-state fit was
were best described by a two-state, three-state, or four-state much better than a four-state fit but better (albeit marginally)
model. Fortunately, it was known that HX into the intact than a three-state fit, and the simpler two-state fit was chosen
3762 DOI: 10.1021/acs.biochem.7b00374
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(Table S13). For sequence segment 74—77, the observation of
an only 1 Da change in mass demanded that only a two-state
model be used. For sequence segment 11—18, the observation
of an only 2 Da change in mass clearly precluded a four-state
model, and a two-state model, which was marginally better than
a three-state model, was used. For each of these five sequence
segments (11—18, 18—30, 28—34, 46—50, and 74—77), at each
time of folding, the apparent fractional population of the
conformation giving rise to the lower-mass distribution was
found to match the apparent fractional population of U
determined from the labeling of intact protein (Figure 3b). The
higher-mass distribution in the mass profile of each sequence
segment arose from the combined labeling present in Iy, I,
and N (Figures Si—1 and 6¢,f and Figure S8) at each time of
refolding. Hence, for these five sequence segments, protective
structure appeared to have formed during the transition from U
to Iyg itself.

The RMSD values indicated that a three-state fit was
appropriate for sequence segments 1—19, 31—35, 64—71, and
73—82 (Table S13). Although the RMSD values could not
distinguish between a three-state and four-state model for
sequence segment 1—11, the three-state model was chosen as
this sequence segment is part of sequence segment 1—19 that
could be described as three-state. For these five sequence
segments (1—11, 1—19, 31-35, 64—71, and 73—82), the mass
profile at each time of refolding appeared to fit best to the sum
of three-Gaussian mass distributions. (Figure Se—h,m—p and
Figures S9—S12), but they manifested different kinetic
behaviors. The fractional population of the conformation that
was partially protected in sequence segments 1—11 and 1-19
corresponded to the sum of the apparent fractional populations
of Iyg and I observed for the intact protein at the same time
point (Figure 6b and Figure S8). Hence for these two sequence
segments, partially protective structure formed in Iyg was
retained in I and was augmented during the Iz — N transition.
For the other three sequence segments exhibiting mass profiles
that fit to the sum of three-Gaussian mass distributions, the
apparent fractional population of the segment conformation
that was most protected corresponded to the sum of the
fractional populations of Iy and N observed for the intact
protein at the same time point (Figure 6e). For these three
sequence segments, some protective structure was formed in
Ig, and was augmented during the Iy — I transition.

The RMSD values indicated that a four-state fit was best for
the two sequence segments 36—50 and $7—71 (Table S13).
For these two sequence segments, the apparent fractional
populations of the conformations giving rise to the distributions
corresponded to the apparent fractional populations of U, Iy,
Iz and N observed for the intact protein at all the times of
refolding (Figure 6d and Figure S8). For these two sequence
segments, incremental protective structure formation occurred
during each of the three folding transitions, U to Iy, Iyg to I,
and Iy to N. In the case of sequence segment 57—71, the
RMSD values indicated that the four-state fit was only
marginally better than a three-state fit when the values were
those averaged over all times of application of the labeling
pulse. When averaged over only the 0.2, 0.3, and 0.5 s time
points at which U, Iy, Iz, and N are known to be significantly
populated (from data obtained for the whole protein), the
RMSD values provided better support for the four-state fit. The
four-state fit appeared to be more appropriate than the three-
state model, because in addition to showing marginally lower
RMSD values, it yielded fractional populations that agreed
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better with the fractional populations of U, Iy Iz, and N
determined from the global four-state fit to the data for the
whole protein (Figure S13).

B DISCUSSION

In previous studies of the refolding of the PI3K SH3 domain,
optical measurements had shown that a collapsed intermediate
is formed within a few milliseconds of folding®™* and that a
largely swollen and hydrated intermediate is formed during the
first few milliseconds of unfolding.****® The folding and
unfolding data could together be analyzed on the basis of a
four-state mechanism, with an early intermediate forming
before, and a late intermediate after, the rate-limiting step of
refolding.”> The goal of this study was to structurally
characterize the sequence of structure formation along the
folding pathway using pulsed HX labeling and mass
spectrometry. The methodology has allowed the detection of
two intermediates that are populated before the rate-limiting
step of refolding. The early intermediate was seen to form
within the first few milliseconds of refolding, while the second
was formed in a subsequent optically silent kinetic phase that
was at least 10-fold faster than the kinetic phase corresponding
to the rate-limiting step of folding. The intermediates could be
distinguished from each other and from the N state on the basis
of the extent of protective (to HX) structure they possessed.
Hence, unlike in most folding studies in which the presence of
intermediates can be inferred only from complex changes in
ensemble averaging probes such as fluorescence, in the current
study utilizing HX-MS, the population of each intermediate
could be directly and quantitatively measured at each time of
folding.

Formation of Collapsed |l Previous multisite fluores-
cence resonance energy transfer measurements have shown that
the folding of the PI3K SH3 domain begins with the formation
of the nonspecifically collapsed, unfolded form under refolding
conditions, Uc.>*** The U to U transition is known to be
completed within 150 ps.** It is not known at present whether
all molecules of U transform into Ui or whether U and U¢
coexist at this time because they are separated by a small free
energy barrier. It is possible that all molecules of U have
collapsed to Uc"' and that Uc possesses some nonspecific
structure that is absent in U and affords some protection to HX.
This protection is likely to be marginal because U¢ appears to
be solvated.’® In any case, even if U and U¢ coexist initially
during refolding, because the transitions between them are very
rapid (7 < S0 ps) and because the duration of the HX pulse was
12 ms, the cycling of molecules between U and U during the
HX pulse would make it impossible to differentiate between U
an U on the basis of any differences in their HX properties.
Hence, in the study presented here, all molecules that become
fully protonated are termed U.

The folding and unfolding transitions between U and Iy are
very fast (Table 1). Because of this, molecules cycle between
these two states several times during the 12 ms labeling pulse.
Consequently, a certain fraction of the molecules that had
folded to Iy at the time of application of the HX labeling pulse
become labeled. The molecular cycling during the labeling
pulse leads to an overestimation of the population of U, and a
corresponding underestimation of the population of Iyg. It is for
this reason that although from the rate constants listed in Table
1, U is expected to be populated to <5% at 200 ms of folding,
its population is seen to be significantly larger. Furthermore,
although the rate constants and equilibrium constant listed in
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Table 1 indicate that the populations of Iy and I should be the
same at all times of folding, the population of Iy appears to be
larger than that of Iyg in the pulse labeling data only because
the population of Iyg is underestimated due to the cycling
during the labeling pulse.

In this study, when the HX labeling pulse at pH 9 is given
directly to unfolded protein under refolding conditions, two
mass distributions, one arising from U and another from a
partially structured intermediate, were observed (Figure Slc).
Because the intrinsic HX time constant at pH 9 is 0.7 ms
(corresponding to an intrinsic HX rate of 1500 s™') and the
folding of U to the partially structured intermediate, Iy, would
compete with HX into U during the HX labeling pulse, this
observation means that the formation of Iy from U must occur
in the submillisecond time domain; otherwise, only the mass
distribution arising from the labeling of U would have been
observed.

Formation of the More Structured Intermediate, Ig.
The observation that the mass profiles of protein that had been
subjected to pulsed HX labeling at different times of refolding
could be fitted to a minimum of four mass distributions
(Figures 3 and 4), three of which could be attributed to the
labeling of U, Iyg, and N, suggests that a second partially
structured intermediate, I, is also populated before the rate-
limiting step of refolding. Iyz and Iy differ in the amount of
protective structure they possess. Importantly, the observation
that the number of amide sites that are labeled in Iy and I
does not change with time of folding (Figure 3), and that only
the extent to which Iy and I are populated changes, suggests
that both intermediates are discrete conformational ensembles
whose average structures are invariant with the time of folding.
I has a larger number of protected amide sites than Iy does,
and many amide sites are significantly more protected in Iy than
they are in Iy (see Results, section on stabilities of Iy and Iy).
It is therefore likely that Iy forms from Iyg on the U — Iygy — I
— N pathway, and not separately on a parallel U - I; - N
pathway. If this is true, then the observation that both Iy and Iy
disappear at the same rate as N forms indicates that on the
sequential pathway, the Iyz — Iy transition must be
substantially faster than the Iy — N transition.

For technical reasons, the earliest folding time at which the
labeling pulse could be applied in this study was 200 ms. From
this time onward, the populations of both Iy and Iy were
observed to decrease with time of folding. Thus, Iz must have
become fully populated at or before 200 ms of folding, and the
time constant for its formation should therefore be <60 ms. Iy
could conceivably form in <1 ms, but there is little evidence of
any I having formed to any significant extent at a few
milliseconds of folding (Figure Slc). When folding is
monitored by measurement of fluorescence, no kinetic phase
occurring with such a time constant is observed; only the
kinetic phase corresponding to the formation of N is observed.
It appears then that the formation of I, is silent to fluorescence
change, even though Iy appears to have substantial protective
(to HX) structure. Although this might appear to be surprising,
it has been shown that the late intermediate populated after the
rate-limiting step of folding has U-like fluorescence;>>*° hence,
any intermediate such as Iy and Iy preceding the late
intermediate on the folding pathway would also be expected
to have U-like fluorescence.

Formation of Native State N of the PI3K SH3 Domain.
When the refolding of the PI3K SH3 domain under identical
folding conditions was monitored by intrinsic fluorescence
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measurement, two kinetic phases were observed.® One kinetic
phase accounting for 70% of the fluorescence change was
complete within 10 s, while the other kinetic phase accounting
for the remaining fluorescence change was complete only at
300 s. It is known that the slow phase corresponds to the
folding of unfolded protein with a non-native X—Pro bond. The
observation in this study that all protein molecules become as
protected as native protein at 10 s of folding (Figures 3 and 4
and Figure Sla) suggests that an intermediate, I;, which differs
from N in its X—Pro bond isomerization and is as well
protected as is the N state, becomes fully populated at 10 s of
refolding of the 30% unfolded protein with the non-native X—
Pro bond. The slow phase of intrinsic fluorescence change®®
must occur during the Iy — N transition. The HX results
indicate that the proline isomerization reaction that occurs
during the Iy — N transition cannot be captured in this HX-MS
study and also does not affect the native structure already
present in Iq.

Mechanism of Folding. The mechanism of folding of the
PI3K SH3 domain must accommodate the following
observations. (1) Two partially structured intermediates, Iyg
and I, form before the rate-limiting step of folding. (2) Iyg
forms within a few milliseconds and is in pre-equilibrium with
U. (3) I; must form at least 10-fold slower than Iy does, but
within ~200 ms. Therefore, the lower limit for the rate of
formation of I is 15 s™. (4) The N state is populated in a
single-exponential manner without any apparent lag phase.

These observations can be explained by different possible
folding mechanisms. The folding of the unfolded protein to the
native state could occur through multiple pathways, which
proceed with and without populating intermediates.”>** It is
possible that Iyg and Ig are populated on competing pathways,
and in fact, previous studies have su§gested that SH3 domains
may fold using multiple pathways.””®* However, it is more
likely that Iy forms from Iyg on a single pathway, given that it is
substantially more structured (see above), and structure is
expected to develop progressively.

Alternatively and more likely, folding could occur via a
sequential folding model in which U equilibrates with
intermediates much faster than the formation of N, and
hence, a lag phase in the formation of the native state is not
seen. Indeed, a simple sequential four-state model can explain
the absence of a lag phase in the formation of the native state.
In this model, both Iy and I; are on-pathway folding
intermediates. The mass profiles shown in Figure 3 at different
times of folding are described adequately by a U — Iy = Iz —
N mechanism (Figure 3b). It is the minimal kinetic model that
describes all the data. The lower limits obtained for the rate
constants of formation of Iy and Iy suggest that they form
much faster than the N state does, suggesting that a pre-
equilibrium is established among U, Iy, and Iy before N stars
to slowly form. It should be noted that the kinetic data can also
be fitted equally well to a kinetic model with I; being an off-
pathway species or to a kinetic model with Iy and I being on
parallel pathways. The three different models cannot be
discriminated on the basis of the quality of fits. Nevertheless,
the sequential model describing progressive structure formation
appears to be conceptually the simplest model that adequately
describes the data.

It is apt to compare the sequential U — Iy — Iz - N
mechanism determined in this study to the U - L - M - N
mechanism determined in an earlier study.”> In the earlier
study, in which folding in the presence of added salt was
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Figure 7. Kinetic mechanism of structure formation during the refolding of the PI3K SH3 domain. The folding of the PI3K SH3 domain begins with
the formation of a collapsed state Iy from U, on the submillisecond time scale. Iy is heterogeneous in structure. Iy further folds to form Ig, which
undergoes structural rearrangements to form the native state in a slow phase that corresponds to the observed refolding phase in fluorescence
studies. Fully unstructured regions are colored blue, while regions with nativelike structure are colored dark red. Iyz- and Ig-like structures are colored
dark green and orange, respectively. The protein regions colored gray represent the regions not covered during peptide mapping. Twenty-five amide
sites in the protein become protected during the U to I transition, and of these, 21 can be observed in the individual peptic fragments. Sixteen
amide sites in the intact protein become protected during the Iy to Ij; transition, and of these, seven can be observed at the fragment level. Six amide
sites in the intact protein become protected in the Iy to N transition, and of these, four can be observed at the fragment level. The values of the
kinetic parameters shown have been obtained from global fitting of the intact protein data.

monitored by the ensemble averaging probe, fluorescence, L
was shown to be part of the initially collapsed ensemble formed
after folding for a few milliseconds, which was preceded by the
nonspecifically collapsed Uc.*® Under the folding conditions
utilized in this study (absence of added salt), L, like U that
precedes it, had U-like fluorescence, as did M that follows it. It
is therefore likely that Iy and I, which appear to form on the
same time scale as L does, are components of the L ensemble.
M, also termed Ij; because it was first detected as an unfolding
intermediate,””*® was shown to form transiently after the rate-
limiting step of folding®>*® and would therefore be populated
to too small an extent to be detected in this study.

Conformational Heterogeneity Decreases with Pro-
gressive Folding. Conformational heterogeneity decreases
drastically during folding, but the manner in which this happens
is not well understood,” because the ensemble averaging probes
that are typically used to monitor refolding report only on the
average structure present at any time of folding. HX-MS
reports, however, on both the average structure (peak m/z
position) and conformational heterogeneity (width of the m/z
distribution) present, because different members of a conforma-
tional ensemble of similar energy will differ in the type and
extent of protective (to HX) structure they possess.

In a pulsed HX labeling experiment, the peak width is
determined by many factors, such as the pulse strength,
protection factor, ratio of H to D in the labeling buffer, and
back exchange.*® Back exchange and the presence of 10% D,0
in the pulse buffer cause a small increase in the peak width for
all four species. The U state manifests the smallest peak width,
which is marginally larger than that seen for the fully
protonated state. Although the U state is the most
heterogeneous, its mass distribution upon labeling has the
smallest width because amides in the U state have a
homogeneous environment and are fully accessible to exchange.
The observation that the N-state population manifests a peak
width slightly larger than that manifested by the U state upon
pulsed HX labeling at pH 9 can be attributed to either back
exchange or the presence of amides with lower protection
factors. Nevertheless, N-state heterogeneity cannot be ruled
out.

The peak widths exhibited by Iz and Iy are significantly
larger than those exhibited by U and N. Furthermore, the peak
widths are much larger than expected if they were determined
solely by exchange at 24 amide sites (Iyg) and 41 amide sites
(Ig).”° Tyg, which has the least protection of amides (among Iy,
I, and N), shows the largest peak width (Figure 3 and Table
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1). The observation that the width of the peak decreases from
Iy to I to N, as the number of protected amide sites increases,
suggests that the increase in peak width from U to I cannot
be due to back exchange or the presence of residual D,0O in the
pulse buffer: a larger number of protected residues will allow
more random back exchange and hence an increased width.
Thus, for structured Iyg, Iz and N, the peak widths reflect
conformational heterogeneity, and this decreases with pro-
gressive folding from Iy to I to N. Hence, the presence of the
intermediates causes conformational entropy to decrease in
discrete steps during folding. This is an important result. It
suggests an important productive role for intermediates. With
the large decrease in the conformational entropy barrier to
folding being broken down into smaller sequential entropy
barriers, folding is likely to be accelerated significantly.

It is important to note that if HX into the PI3K SH3 domain
during the 12 ms labeling pulse occurred by both the EX1 and
EX2 mechanisms, ie., the EXX mechanism, that too might
result in an increased peak width. This is, however, unlikely to
be the case, because HX into the PI3K SH3 domain has been
shown to occur by the EX1 mechanism at pH 7.2 itself’® and
will therefore certainly occur by the EX1 mechanism at pH 9,
the pH of the 12 ms labeling pulse.

Structural Delineation of the Folding Pathway of the
PI3K SH3 Domain. The HX studies aided by the peptide
analysis (Supporting Information) have allowed delineation of
the order of structure formation. Although the data could not
provide information at the level of single amino acid residues,
they provide considerable detail at the secondary structure
level. Different sequence segments of the protein attain
nativelike protective structure in either one, two, or three
steps on the three-step folding pathway, U — I,z — Iz - N
(see Results). Five sequence segments acquire full protection
during the formation of Iy itself, which does not change during
subsequent folding (Figure 7), indicating that these segments
attain nativelike interactions in Iyg. Five sequence segments
acquire progressive protection in two steps: during the
transition from U to Iyg and during the transition from either
Iig to Iz or Iy to N. Two sequence segments acquire
progressively more structure with each successive folding step.

By assuming that the extent of protection directly
corresponds to the extent of the structure, we can conclude
that f-strand 2, f-strand 5, loop 1, and a partial region of loop 2
(Figure 1) acquire complete structure during the U to Iyg
transition (Figure 7). Subsequent folding of PI3K SH3 from Iz
to I is associated with the acquisition of native structure in f-
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strand 4, loop 4, and the C-terminal tail. The final step of
folding from Iy to N involves the formation of the native
structure in f-strand 1, part of loop 2, and loop 3 (Figure 7).
Information about the protein segment corresponding to p-
strand 3 could not be obtained because the corresponding
peptide fragment could not be identified in this study. The
peptide analysis could show ~80% of the protected amides
observed in intact protein analysis, for the U to Iyg and Iy to N
transitions. However, for the Iy to Ij transition, only ~45% of
the protected amides seen for the intact protein could be traced
(Figure 7). This large difference indicates, very likely, that j-
strand 3 acquires most of its protection during the Iyg to Ig
transition. This interpretation is consistent with previous HX-
MS studies, where S-strands 3 and 4 were reported to unfold
simultaneously in the second step of unfolding.”® Furthermore,
it is also in agreement with the ®-value-dependent computa-
tional analysis performed with the Src, Fyn, and spectrin SH3
domains, where p-strands 3 and 4 were reported to fold
simultaneously.51 It should, however, be noted that the ®-
value, and ®-value-guided, computational studies could not
resolve the temporal sequence of assembly of S-strand into f-
sheets, which has been achieved in the study presented here.

While the different f-strands form sequentially, the structure
formation process in the individual f-strands appears to be
cooperative. The f-strands attain complete or significant
protection either in a single step or in two steps. S-Strands 2
and 5 clearly appear to fold in a single step during the U to Iyg
transition. Thus, the f-sheet that constitutes f-strands 1, 2, and
S appears to attain nativelike structure early during the folding
of the PI3K SH3 domain. Structure formation in f-strand 1
appears to occur in two steps in which more residues attain
protection during the U to Iy transition (Figure S) than in the
I; to N transition. The folding of f-strand 4 also appears to be a
two-step process, in which more residues attain protection
during the transition from U to Iy than during the Iy to Ig
transition. The peptide segments that report on structure
formation in the case of f-strands 1 and 4 consist of sequences
that cover coil/loop regions in addition to P-strands. It is
therefore possible that the apparently two-step folding behavior
of these f-strands could be due to sequential folding of the f-
strand region and the coil region.

It is difficult to determine the role of the short helix (residues
33—38) in the assembly of the f-strands. Sequence segments
28—34 and 31-3S report on the labeling of the helix, and
hence, it appears that the helix forms in a multistep,
noncooperative manner. It would appear that the helix forms
in steps because it needs to be stabilized by tertiary interactions
that develop only as the f-sheet forms in multiple steps.

It is remarkable that all sequence segments acquire partial or
full protection during the formation of the first intermediate,
Iyg. The level of protection for most amide sites in Iy is,
however, quite low (see Results), typical of a molten globule
that is collapsed but hydrated in the core.”>°® Only a few amide
sites appear to be substantially protected in that they open
slowly to HX. This result is not surprising given that Iyg
appears to form from a nonspecific chain-collapsed Ug. It is
possible that the protection against HX in Iyy is afforded by the
formation of specific interactions within the hydrophobic
clusters that are known to have formed in U..**

Mechanism of f-Sheet Assembly. Little is understood
about the mechanism of formation of f-sheet structure in a
protein. The time scale of J-sheet formation ranges from
milliseconds to several seconds in different proteins.'”®” Both
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fast folding and slow folding'® f-sheets appear to fold in a
cooperative manner. Nevertheless, studies utilizing ®-value
analysis as well as molecular dynamics suggest that the
transition state of folding of many all-# proteins is
polarized.”"*~"" Furthermore, HX-NMR studies have in-
dicated that fB-sheets assemble in multiple steps in the case of
several proteins, including hFGF-1, CBTX, and RNaseH: a few
P-strands attained nativelike protection very early during the
folding, whereas other f-strands attained nativelike protection
in late folding steps.”®’>”> In this study, too, it is seen that the
P-sheets in the PI3K SH3 domain assemble in multiple steps.
The roles of native-state topology, the stabilities of S-hairpins,
and the packing interactions in determining the time scale and
mechanism of f-sheet formation remain to be determined.

In the study presented here, the folding rate constants for the
[-strands were found not to be correlated with their depth™ or
solvent accessibility (data not shown). -Strands 2 and S, which
form the earliest during folding, appear to have the highest -
sheet (Figure S14a) propensity’>~’’ and hydrophobicity
(Figure S14b),”*™*" but B-strand 1 is the slowest folding -
strand even though it also has a very high f-sheet propensity. -
Strands 3 and 4 fold before B-strand 1, even though they have
the lowest f-sheet propensities. The folding rates of f-strands 3
and 4 appear to be determined by the formation of interactions
that are predominantly local (Figure S15). The rate of folding
of f-strand 1 appears to be limited by the necessity to form
interactions that are predominantly long-range. However, the
rate of f-strand formation does not have a good correlation
with contact order.*"*” Furthermore, the loop regions between
f-strands 1 and 2, as well as between f-strands 2 and 3, acquire
structure very early on during the folding process, although
these regions have the highest helical (data now shown)
propensity.”>~"’ It appears that the rate constants of folding of
the f-strands in the PI3K SH3 domain are governed by a
combination of factors: -sheet propensities and the extent of
short-range versus long-range interactions.

B CONCLUSIONS

This study has yielded a detailed depiction of the structural
transitions involved in the folding of the PI3K SH3 domain.
The HX-MS studies in conjunction with peptic fragmentation
have allowed the delineation of the structural transitions at the
secondary structure level. The observed structural transitions
are consistent with previous studies of the folding of the Src,
Fyn, and spectrin SH3 domains, which revealed the extent of
structure formation in the TS but not the temporal order in
which this structure was formed. This study has resolved
temporally the formation of individual $-strands, as well as the
assembly of the f-strands into f-sheets. The revelation that
structural heterogeneity, the manifestation of conformational
entropy, decreases in a stepwise manner suggests a productive
role for folding intermediates: the breaking down of the large
conformational entropy barrier to folding into several smaller
barriers would result in acceleration of the folding reaction.
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(Figures S1 and S2), comparison of different Gaussian
fits for +11 and +7 charge states (Figures S3 and S4),
kinetics of population changes for the three-state fittings
(Figure S5), effects of integrating corrections into
analysis (Figures S6 and S7), fits to the mass profiles
of sequence segments and kinetics of different
populations obtained from those fits (Figures S8—S13),
propensities of the primary sequence of the PI3K SH3
domain and its contact map (Figures S14 and S15),
properties of different populations obtained from analysis
of different sequence segments (Tables S1—S12), and
RMSD values obtained from the fits using different
models to various sequence segments (Table S13)
(PDF)
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