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ABSTRACT: Defining the role of non-native interactions
in directing the course of protein folding or unfolding
reactions has been a difficult challenge. In particular, the
extent to which such interactions play a productive role by
stabilizing the structures of transition states (TSs) found
on the folding and unfolding pathways of proteins is not
known. On the contrary, it is thought that the TSs are
expanded forms of the N state stabilized by native
interactions, and it is not known whether non-native
interactions can modulate TS structure. In this study of the
unfolding of the SH3 domain of PI3 kinase using a
microsecond mixing methodology, partial non-native
structure formation is shown to occur initially during
unfolding. The TS of this partial “folding during
unfolding” reaction is more compact than the N state:
the apparent rate constant of TrpS3 burial during this
reaction decreases with an increase in denaturant
concentration. Kinetic studies of the unfolding of mutant
variants suggest that the unusually compact TS is stabilized
by interactions not present in N and that these non-native
interactions are hydrophobic in nature. It was determined
that mutation could be used to tune the degree of
compaction in the TS.

Understanding the origin of the barriers that slow folding
and unfolding on the free energy landscape of a protein is
a major goal in protein folding studies. In particular, it is
important to determine the nature of the interactions that
determine the stability of the TS atop the first free energy
barrier encountered by a protein during unfolding, because it is
this barrier that plays a pivotal role in maintaining the integrity
of the structure of the protein. It has been suggested that this
barrier arises because of the loss of tight packing interactions."”
Although TSs possessing this characteristic property of a DMG
have not yet been identified, unfolding intermediates with
DMG-like properties have been studied.” >

The TSs of folding of many proteins have been characterized
indirectly by the use of @-value analysis,"”” and such studies
have revealed that the dominant TS on a folding pathway is
invariably an expanded form of the N state. ¢-Value analysis
suggests that the TS has N-like interactions that are partially
formed,'® and it appears to resemble a WMG in structure.'®
However, the interpretation of ¢-values in terms of partially
formed N-like structure has been questioned."’ Moreover, the
observation of noncanonical @-values”*'>"* for some proteins
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and noncanonical y-values in the case of Protein L'* suggests
that TSs might be stabilized also by non-native interactions.
The nature of non-native interactions cannot, however, be
probed readily by @-value analysis;'>'> consequently, they are
largely iégnored, especially because of the prevalence of native-
centric'® views of protein folding.

Non-native interactions have also been identified in
folclingl7_20 and unfol(iing21’22 intermediates, as well as in the
U state.® > They may facilitate folding,”® possibly by
restricting the conformational space that has to be sampled
during folding. Intermediates with non-native structure may
have function,”” but they are also likely to be prone to
aggregation and to initiate aggregation.28 It is, however, not
known whether the TSs that precede and follow an
intermediate with non-native structure also possess the non-
native structure. It is therefore important to determine how
non-native interactions can stabilize and modulate TS
structure'*>*” and play a productive role in protein folding
or unfolding.

SH3 domains constitute a family of proteins that have been
used widely as model proteins for protein folding studies. Not
surprisingly then, several SH3 domains have been shown to
fold or unfold via intermediates with non-native struc-
ture.””**7***® SH3 domains are predominantly p-sheet
proteins, but an intermediate with a-helical structure has
been shown to form transiently on the folding pathways of the
Src,”® Fyn,” and PI3K*° SH3 domains. In the case of the PI3K
SH3 domain, a WMG-like intermediate, I;;, has been shown to
form early, within a few milliseconds, before the rate-limiting
step of unfolding.’' Ij; has been shown to possess non-native
structure, in which TrpS3 that is solvent-exposed in N has
become partially buried.”” The PI3K SH3 domain is therefore a
good model system for determining whether non-native
interactions are present in a TS preceding a non-native
intermediate and how they might play a role in modulating the
structure and stability of the TS.

To obtain structural information about Ij;, as well as about
TS1 (the TS defining the N to I transition), and in particular
about the residues that might be involved in non-native
interactions with Trp533, the effects of three mutations on the
structure as well as on the rate of formation of Ij; were studied.
In each of these three mutant variants, a polar residue in the
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nSrc loop (Figure 1a), which had been implicated by a MD
simulation® to interact with TrpS3 in Iy, was replaced by a
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Figure 1. Structure of the PI3K SH3 domain and characterization of
the mutant protein variants. (a) Positions of W53 (blue), N31 (pink),
K32 (orange), and S34 (green). In the N state, the side chains of W53,
N31, K32, and S34 are 58.6, 38.2, 55.9, and 39.2% exposed to solvent,
respectively. N31, K32, and S34 were mutated independently to M, I,
and V, respectively. The ribbon diagram, generated from Protein Data
Bank entry 1pnj, was produced using PyMol. (b) Fluorescence spectra
with excitation at 295 nm for wt (blue), N31M (pink), K32I (orange),
and S34V (green) PI3K SH3 domains in 0 M GdnHCL The spectra
were normalized to a value of 1 for the fluorescence signal at 320 nm
of the wt protein in 0 M GdnHCI. The vertical dashed line represents
the wavelength of maximal fluorescence emission (356 nm). (c)
Equilibrium unfolding curves were measured by monitoring the
fluorescence at 300 nm upon excitation at 268 nm. The data were
converted to fraction unfolded (fu) values and plotted vs GdnHCI
concentration. The solid lines through the data are fits to a two-state
model of unfolding; the thermodynamic parameters governing
unfolding are listed in Table S1. (d) Dependence of the observed
rate constants of unfolding in the millisecond time domain on
GdnHCI concentration. The solid lines through the data are fits to the
equation log 4 = log 2% + m [GdnHCl], where A is the apparent rate
constant at any GdnHCI concentration, A is the rate constant in the
absence of GdnHC, and m/* is a constant of proportionality. The
error bars represent the spread in the data obtained from two
independent experiments. The data for the wt, N31M, K32I, and S34V
PI3K SH3 domains, in panels ¢ and d, are shown by blue diamonds,
magenta triangles, orange circles, and green squares, respectively.

more hydrophobic residue. As expected, the N31M, K32I, and
S34V mutations did not affect the fluorescence spectrum of N
(Figure 1b), indicating that TrpS3 is as fully hydrated in the
mutant variants as it is in the wild-type (wt) protein. The three
mutant variants were as stable as the wt protein (Figure lc),
and the dependence of stability (AGyy) on GdnHCI
concentration, the myy value, was the same for the wt and
mutant variants (Figure lc and Table S1). Hence, the three
mutations did not affect either the N state stability or the
surface area exposure in the U state. Residues N31, K32, and
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S34 did not appear to be involved in any stabilizing interactions
in N.

The three mutations also did not affect the apparent rate
constant of unfolding to U, measured in the millisecond to
second time domain, or its dependence on GdnHCI
concentration (Figure 1d). The mutations did, however, affect
the extent to which the fluorescence of TrpS3 increased in the
submillisecond time domain, before the observable decrease in
fluorescence on the millisecond to second time scale (Figure 2
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Figure 2. Fluorescence emission spectra of I; formed by the wt and
mutant proteins. Fluorescence emission spectra of I at 1 ms of
unfolding in 4 M GdnHCI were obtained upon excitation at 295 nm.
The dashed line shows the wavelength of maximal emission (351 nm).
The inset shows the dependence of the burst phase fluorescence signal
at 320 nm on GdnHCI concentration. The error bars represent the
spread in the data obtained from two independent experiments. The
data have been normalized to a value of 1 for the fluorescence signal of
the N state of the wt protein at 320 nm: (blue diamonds) wt,
(magenta triangles) N31M, (orange circles) K32I, and (green squares)
S$34V PI3K SH3 domains.

and Figure S1). The initial hyperfluorescence of TrpS3 is a
signature of the formation of Iy,”* and Figure 2 shows that the
intensity of the fluorescence spectrum of Iy decreased upon
mutation of the protein, and that the extent of the decrease
depended on the site of the mutation. The spectra of the wt
and three mutant variants all showed the same S nm blue shift
with respect to the fluorescence spectrum of N, indicating that
none of the three mutations had affected the solvent
accessibility of TrpS3 in Iy. It is possible that the quantum
yield of Trp53 in Iy was affected by the mutations, but it is
more likely that each of the mutations destabilized I; and that
the decrease in the fluorescence intensity of TrpS53 upon
mutation was because I; was populated to a lesser extent.
The Tyr fluorescence of Ij; is known to be the same as that of
U,”" for the wt protein. Figure S2 shows that this is also true for
the three mutant variants. At high (>4 M) GdnHCI
concentrations, the entire increase in Tyr fluorescence upon
complete unfolding occurred in the submillisecond time
domain. Because Iy forms on this time scale, this result
indicated that the Tyr fluorescence of I; is same as that of U. At
GdnHCI concentrations in the range of 2—3 M, I;; was not fully
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populated, and analysis (see the text of the Supporting
Information) of the dependence of the Tyr fluorescence of I
on denaturant concentration yielded the value of the free
energy of unfolding of N to Iy (AGyy) for all four protein
variants (Table S1), as well as the dependencies of AGy; on
GdnHCI concentration (my;). It is seen that the extent to
which a mutation decreased the fluorescence intensity of Trp53
in Iy (Figure 2, inset) correlated well with the extent to which
the mutations destabilized Ij; (Table S1). This correlation
indicated that the mutations affected the fluorescence spectrum
of I; because the mutations affected the extent to which Ij; was
transiently populated.

To monitor the formation of Iy, kinetic unfolding experi-
ments in the submillisecond time domain were performed
(Figure 3 and Figure S3), using a home-built, continuous flow
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Figure 3. Kinetic traces of unfolding of the PI3K SH3 domain.
GdnHCl-induced unfolding, using continuous flow and stopped flow
mixing, was monitored at 320 nm upon excitation at 295 nm for the
(a) wt, (b) N31M, (c) K321, and (d) S34V PI3K SH3 domains. The
data were obtained by diluting the native protein to 3 (green), 3.6
(blue), 4 (cyan), and 4.5 (red) M GdnHCL. The kinetic traces before
and after the break in the x-axis were acquired using continuous flow
and stopped flow mixing, respectively. The kinetic traces from
continuous flow mixing were found to merge with the kinetic traces
obtained using stopped flow mixing. Each trace was normalized to a
value of 1 for the fluorescence signal of the native protein. The dashed
and dotted lines represent the fluorescence signals of the native
protein and of unfolded protein in 5.5 M GdnHCI, respectively. The
solid lines through the data are fits to a double-exponential equation.

microsecond mixer.”> For the wt protein as well as for the
mutant variants, it was seen that the kinetic traces, obtained
from continuous flow mixing, captured the entire increase in
TrpS3 fluorescence, which occurred in the burst phase of
stopped flow mixing (Figure 3). In all cases, the kinetic traces in
the submillisecond time domain could be described by a single-
exponential equation, and they merged into the kinetic traces in
the millisecond to second time domain. The logarithm of the
apparent rate constant of unfolding in the submillisecond time
domain was found to decrease linearly with an increase in
GdnHCl concentration (Figure 4a). This was surprising
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because unfolding rate constants are expected to increase
with an increase in the concentration of the denaturant.”* This
observation indicated that the increase in the fluorescence of
TrpS3, which occurred in the submillisecond time domain,
originated from a transient “folding-like” reaction occurring
during unfolding. The observation that the apparent rate
constant of this reaction decreased with an increase in the
concentration of GdnHCI indicated that the SASA decreased
during the transition from N to the TS (TS1) preceding Iy
(Figure 4a). TS1 must therefore be more compact than N, as
the change in the SASA would correlate to a change in Ry (see
below).

TSs on the free energy landscapes of protein folding are
invariably expanded and solvated relative to the N state.”*'%*°
A @-value analysis done on more than 800 mutant variants of
24 proteins, with simple kinetic behavior, showed a conserved
@-value of 0.24, which signifies that TSs on the protein folding
landscape are expanded forms of N and are relatively poorly
structured compared to N.'” TSI is therefore very unusual. It is
more compact than N and must therefore be (like N) a dry
state that precedes the WMG, Iy, which is more expanded and
solvated than N.***' The folding-like behavior could arise due
to the Trp burial process being an event that leads to a gain in
structure, as TrpS3 is solvent-exposed in N.

In this study, the effects of three mutations on the stability
and unfolding kinetics were studied. None of these mutations,
N31M, K32, or S34V, affected the stability of N (Figure 1c and
Table S1). They also did not affect the change in SASA upon
unfolding to U (Figure 1c and Table S1). Hence, residues N31,
K32, and S34 are unlikely to be involved in any stabilizing
interactions in N. Nevertheless, two of these mutations, K32I
and S34V, resulted in the transition from N to Iy being
accelerated (Figure 4a and Table S1). Hence, these two
mutations must stabilize TS1. This result suggested that
residues 32 and 34 are engaged in interactions in TSI that
are not present in N. It is these non-native interactions that
stabilize TS1. The observation here that a TS encountered
during unfolding is stabilized by non-native interactions is
unique; until now, only TSs encountered on folding pathways
have been shown to be stabilized by non-native interac-
tiOnS.7]8’12_l4

The observation that a TS on the unfolding pathway of the
PI3K SH3 domain is more compact than N, due to stabilizing,
non-native interactions, is remarkable. These interactions in
TS1 appear to be hydrophobic in nature because TSI is
stabilized by mutations that introduce more hydrophobic
residues at positions 32 and 34. It is likely that the non-native
cluster, in which 132 and V34 participate in TS], is the same
cluster that partially buries TrpS3.

The observation that the K32I and S34V mutations resulted
in a decrease in the logarithm of the apparent rate constants
(Anp) of the N to Iy transition, with an increase in GdnHCI
concentration, steeper than that seen for the wt protein and for
the N31M variant (Figure 4a) indicated that more surface area
is buried in TSI of the K32I and S34V variants than in that of
the wt and N31M variants. The kinetic m values (my), listed
in Table S1, and the S values calculated using these kinetic m
values and my indicated that the extent of the decrease in
solvent-exposed surface area during the N to TSI transition is
only 3—9% of the decrease in the solvent-exposed surface area
that occurs during the U to N transition. The extents of
compaction in TS1 with respect to N for the different protein
variants, as measured by the fractional decrease in R, during the
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Figure 4. Stabilization of TS1. (a) Apparent rate constants of Trp burial. The dependencies of the observed rate constants of Trp burial on GdnHCI
concentration are shown for wt (blue diamonds), N31M (magenta triangles), K32I (orange circles), and S34V (green squares) PI3K SH3 domains.
The solid lines through the data are fits to the equation log 4 = log A" + my"[GdnHCI] (the values of 2.303RTmy* and Ay are listed in Table
S1). The error bars, representing the spread in the data obtained from two independent experiments, indicate that the average error (~5%) in
measurement of the rate constants is significantly smaller than the differences in rate constants between different protein variants (except for the wt
and N31M variants). (b) AAGyy plotted vs AAGy. The slope of the straight line through the data is —1.5.

N to TSI transition, using the known values for R, of the N and
U states,”® are listed in Table S1.

A previous MD simulation of denaturant-induced unfolding
of the PI3K SH3 domain indicated that Iy is preceded by a
DMG in which TrpS3 is partially buried, as it is in Iy.”” This
study shows that Iy is preceded by a TS (TS1) that is more
compact than N and which is therefore likely to be dry, with no
penetration of water into its structure. Nevertheless, TS1
possesses non-native structure, and it is likely that to
accommodate this non-native structure, packing interactions
would have to break in at least some parts of the structure of
TS1. Hence, TS1 appears to be a DMG.

Thus, non-native interactions are present in both TS1 and Iy..
In TSI, the non-native interactions involve residues 32 and 34
presumably forming a hydrophobic cluster in which Trp53 may
participate. These non-native interactions stabilize TS1 (Figure
4a and Table S1). In Iy, TrpS3 is known to become partially
buried in a hydrophobic cluster,”>** which may be the same as
that found in TSI1. Certainly, the earlier MD simulations had
indicated that residues at positions 32 and 34 interact with
Trp53 in Iy;,” but the mutations that stabilize TS1 destabilize
Iy (Table S1). This anticorrelation (Figure 4b) could be the
result of TS1 being DMGe-like, while Iy is WMG-like,*' or it
could be because the stabilizing hydrophobic cluster in TS1 is
different from that in Ij;. The overall average ¢-value, with Iy as
a reference, of the region where the mutations were made
(Figure 1a) is —1.5 (Figure 4b), which indicates that non-native
structure associated with residues 32 and 34 is present in TS1,
causing the first free energy barrier on the unfolding pathway of
the protein to come down. It is interesting to note that the
apparent rate constants of unfolding of Iy, which is the rate-
limiting step in unfolding, are not affected by any of the three
mutations (Figure 1d). This result suggests that the non-native
structure accommodating the partial burial of TrpS3 remains
present in TS2, the dominant TS of unfolding,

MD simulations have suggested that non-native interactions
play minimal roles during protein folding®® and that obligatory
folding intermediates would have few if any such interactions.®’
The demonstration, here, of the presence of obligatory
intermediates and TSs with non-native interactions, on the
unfolding pathway of the PI3K SH3 domain, reveals the

importance of examining carefully unfolding transition paths by
MD simulations.

SH3 domains have a conserved Trp residue (TrpS3 in the
PI3K SH3 domain) in their sequences. Previous studies have
shown that TrpS3 plays a critical role in the binding of the
PI3K SH3 domain to other proteins and is therefore important
for its function.”® Hence, it is necessary for Trp53 to be solvent-
exposed in N for the function of the protein. TrpS3 becomes
buried early during unfolding and may remain buried until late
during unfolding. Proteins can aggregate upon partial
unfolding,® and it is likely that the burial of the hydrophobic
TrpS53 in partially unfolded TSs and intermediates makes the
protein less prone to aggregation.

The microsecond mixing experiments performed to monitor
the formation of the intermediate, Iy;, with non-natively buried
TrpS3, could characterize this step as a transient folding event
happening on the unfolding pathway of the protein. Moreover,
the TS encountered during the formation of this non-native
intermediate was shown to possess stabilizing, non-native
interactions, presumably hydrophobic in nature, with the
penetration of water into the core unlikely to have occurred.
These results are significant because a TS more compact than
the N state, which is stabilized by non-native interactions, has
not been seen before.
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