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(a)

analysis experiments indicate that the folding
transition state ensemble (TSE) contains only the
amino-terminal hairpin'™* (Fig. 1). The TSE of a
protein with the same o/p fold, Protein G, is also
assigned by ¢ analysis to have a single hairpin, but
this hairpin is located at the carboxy terminus,” a
behavior attributed to different properties of the
turn sequences.'>'* The difference between the TSEs
of these two proteins is cited as an example where
the specific sequence, rather than just the protein's
topology, influences the folding pathway. A variety
of computational studies support this view.” !

Despite this broad consensus, we decided to
reexamine the folding behavior of Protein L because
a TSE with only a single hairpin seems inordinately
small. A hairpin scarcely defines Protein L's topol-
ogy, yet this protein obeys the well-known correla-
tion between folding rate and topology [relative
contact order (RCO)].">'® Our studies of three other
proteins with disparate RCOs indicate that their
TSEs acquire a similar level of native topology,
RCO™F ~0.7-.RCONve 1721 [f this relationship is
generally applicable, it would provide a simple
rationalization for the k—RCO correlation, as well as
a constraint for possible TSE structures of other
proteins.

In the case of Protein L, the presence of only a
single hairpin in the TSE equates to an RCO fraction
of only 25%, and even the inclusion of the helix

TS (model)

Fig.1. BiHis sites,  and ¢ values
and TSE for Protein L. (a) ¢ and
values mapped onto Protein L. The

0.0 { are obtained from the present
study, while the ¢ are from Ref. 4.
When multiple mutations are stud-
ied at a particular site, more em-
phasis is placed on the X-to-Ala and
0.0- Ala-to-Gly comparisons for core
0.25 and helical mutations, respectively.
The model of the TSE is created by
g docking the two hairpins using the
ItFix protocols. (b) The locations of
the biHis sites and { values are
shown (each site is studied individ-
ually). Renderings created in
PyMOL.

would increase the RCO only to 40%. The TSE must
minimally include long-range contacts between the
amino- and carboxy-terminal strands in order to
achieve an RCO fraction close to 70%. Furthermore,
whereas a 1:1 relationship between hydrogen bond
content and surface burial is found in the TSEs of
other proteins,”** the hydrogen bond content of a
single hairpin is grossly inadequate to match the
surface burial of the highly collapsed TSE of Protein
L as determined by the denaturant dependence of
the folding rates.

Here, we employ (s analysis”* to characterize the
TSE structure of Protein L. ¢ is well suited for
determining the structure because the methodology
directly identifies pairwise residue-residue contacts.
The methodology employs bi-histidine (biHis) metal
ion binding sites on the surface of protein, which are
stabilized by the addition of metal ions. The ion-
induced stabilization of the TSE relative to the native
state is represented by the s value that is high if the
biHis site is present in the TSE. Data for a multitude
of biHis sites (individually introduced) can be used
to generate structural models of the TSE analogous
to the use of nuclear Overhauser enhancement
distance constraints in NMR-based structure
determination.

These experiments demonstrate that Protein L's
TSE contains the entire four-stranded P sheet.
Although the amino-terminal hairpin is native-like,
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ties. We conduct simulations of the individual

00 05 1.0 15
AAGi, (kcal/mol)

Fig. 2. Metal-dependent kinetic
data. Left: The denaturant chevrons
in the absence of metal ions (black
filled circle), in the presence of
1 mM Zn*' (blue open square)
and with Ni** (red open triangle).
Center: Kinetics as a function of
Zn** at fixed [GdmCI]. The changes
in stability AAGe, (black filled
circle), folding activation energy
AAGs (red open triangle) and
unfolding activation energy AAG,
(blue open square) plotted against
Zn** concentration. Values are cal-
culated by measuring the folding
and unfolding rates at fixed low
(~0.6 M) and high (~3.5-5 M)
GdmCl concentrations, respectively
(Table 2). The binding affinities are
obtained from fitting to the Egs. (1).
Right: Corresponding Leffler plots.

hairpins using our ItFix folding algorithm where
the side chains are represented by single C"

atoms, 25,26

as well as all-atom explicit solvent
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molecular dynamics (MD) simulations. Without
invoking any knowledge on the native state, both
methods indicate that the carboxy-terminal hairpin
forms rapidly, but with a nonnative turn. We
discuss the implications of our findings with regard
to TSE topology, the accuracy of ¢ analysis and its
ability to validate theoretical studies.

Results

s analysis'”'9202%2728 proceeds by introducing
biHis metal ion binding sites at positions across the
protein’s surface. A total of eight sites are individ-
ually introduced into Protein L to probe the
formation of the three native strand-strand pairings
and the helix (Fig. 1). Upon addition of metal ions,
the biHis sites stabilize strand—strand pairings or the
helix because an increase in metal ion concentration
stabilizes the interaction between the two histidine
partners. The changes in protein's equilibrium
stability and folding activation free energy (AAGeq
and AAGg, respectively) arise from the difference in
metal ion binding disassociation constants (KY, K™
and K™F) of the biHis site in the unfolded (U) state,
native (N) state and TSE, as given by

AAGeq([Me**]) = RTIn(1 + [Me**] /KN) (1a)

- RTIn(1 + [Me**] / KY)

AAG([Me**]) = RTIn(1 + [Me**] / K™F) (1b)
- RTIn(1 + [Me**] / KY)

These ion-induced changes in free energies are used
to define the s value, a parameter analogous to the
standard mutational ¢ value, although ¢ is the
instantaneous change as a function of metal ion:

_ AAG A
(b - FGeq |mutat10n (Za)
JAAG;
24 —
W([Me™]) = 7xac. |ve] (2b)

To remove any potential artifacts related to the
alteration of the folding behavior by the metal ion
binding, we obtain a “{sy” value by evaluating ¢ in
the limit of [Me**]— 0. The s thus reflects the
intrinsic degree of contact formation in the TSE
when metal ions are absent. Hence, { analysis
provides information on the conformation of the
TSE prior to any ion-induced perturbation. In
particular, { analysis probes the metal ion binding
affinity of the two histidines in the TSE; for example,

if the two residues are pre-positioned to bind ions
tighter in the TSE than in the native state, this
stabilization arises because the TSE adopts a
nonnative conformation, not because the ions
induce a conformational change. This ability to
identify the intrinsic folding behavior in the absence
of the metal ion perturbation lacks a direct counter-
part with ¢ analysis, which typically does not
address the possible consequences of even sizable
substitutions on altering the properties of the TSE.

Yy values of zero or unity indicate that the biHis
site has the ion binding affinity found in the
unfolded or native site, respectively. These values
are interpreted as implying that the biHis site is
absent or native-like in the TS, respectively. A
fractional { value indicates that either the biHis
site is native-like in a subpopulation of the TSE or
the site contains nonnative binding affinity in the
entire TSE (e.g., a distorted site with less favorable
binding geometry or a flexible site that must be
restricted prior to ion binding), or some combination
thereof. 1828 A more thorough description of
analysis is provided in the appendix.

The folding properties and s, value of each biHis
variant are measured using two independent
approaches. First, the dependence of the folding
and unfolding rates on the concentration of guani-
dinium chloride (GdmCl) {“chevron analysis” with
plots RTIn (Kypserved) versus [denaturant]} is obtained
in the absence and presence of 1 mM zinc or nickel
ions at 22 °C, pH 7.5 (Fig. 2, left panels). Second,
kinetic data are taken at dozens of different metal
concentrations (Fig. 2, center and right panels)
under strongly folding (~0.6 M GdmCl) and
strongly unfolding (~3.5-5 M GdmCl, depending
upon variant) conditions.

Using each of the two classes of data, we evaluate
the i value for each site using an equation derived
from Egs. (1) and (2):

lljo — [EAAGf _ 1] / [EAAGL\q _ 1} (3)

A 6"V value is evaluated from the changes in
the folding and unfolding rates (i.e., the shift in the
arms of the chevron plots) arising from the addition
of 1 mM metal ion. The magnitude of the shifts
generates a single (AAGeq,AAGy) pair. This pair is
sufficient to determine W, using Eq. (3). This
procedure is analogous to the method for calculating
¢ by comparing the chevrons for the wild-type and
mutant proteins.

The second, independent determination of s,
(termed i5°feT) is obtained from the fit of the
AAGeq versus AAG; data, as presented in the Leffler
plot (Fig. 2, right panel). Here, the multitude of
(AAGeq,AAGy) points obtained using the kinetic
data taken at dozens of metal ion concentrations
are fit using a rearranged form of Eq. (3):
AAG¢ = RTIn((1 - ) + e Ca/RT) . In addition,
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the metal ion dependence of AAG.q and AAG (Fig.
2, central panels) and Egs. (1) are used to individ-

ually determine each of the dissociation constants
KY, KN and K™F (Table 1).

Structure in Protein L's TSE

Six biHis sites are located on the sheets, and two
sites are situated along the helix. Sitesa & band ¢ & f
are located on the amino and carboxy hairpins,
respectively. Sites ¢ & d lie between the amino and
carboxy strands and connect the two hairpins. Sites
g and h are located in i, i +4 positions along the sole
helix.

The sensitivity of folding rates to metal ion
concentration indicated that Protein L's TSE had all
six biHis sites on the {3 sheet at least partially
formed, while the helix was largely absent (Fig. 2
and Tables 1 and 2). For sites a and b on the amino
hairpin, the histidines pairs had a near-native
binding affinity with 05" =0.77+0.07 and 0.75+
0.03, while {55 """ was slightly lower (0.51+0.17
and 0.48+0.07, respectively). These data indicated
that the hairpin was formed in the TSE, although
with the biHis site having slightly weaker ion
binding affinity in the TSE than in the native state.
This interpretation is consistent with the high values
of ¢ measured for mutations throughout the
hairpin.*

However, the folding behavior for sites e and f and
c and d on the carboxy hairpin and between the two
hairpins, respectively, were indicative of a nonna-
tive arrangement of the strands. The equilibrium
stability for the site e and f variants decreased and
remained unchanged, respectively. Relaxation rates
were Zn** dependent for both positions. This
unusual behavior indicated that the metal ion
binding affinity in the native state was weaker
than or comparable to that in the unfolded state. The
relative binding affinities were K™% /K™ =0.48 +0.07
and 0.95+0.23 for sites e and f, respectively. The
stronger metal ion binding affinity in the unfolded
state for site e, which is positioned closer to the turn,
can be explained by the presence of structure in the
denatured state having a biHis arrangement that

Table 1. ¢ values and Zn>" dissociation constants

binds zinc ions stronger than the biHis site in the
native state.

The folding rate of site e and, to a much smaller
degree, the unfolding rate were decelerated upon
addition of zinc ions. The resulting | was near unity,
P5efer =1.13+0.03, indicating that the carboxy-
terminal hairpin is formed in the TSE.

Site f, located at the distal end of the carboxy
hairpin, presented folding and unfolding rates that
were equally accelerated upon addition of zinc ions
(Fig. 2). The metal ion binding affinity in the TSE
was 2.6-fold stronger than in the native or unfolded
state. The denaturant chevron was shifted upward
with the vertex at the same GdmCl concentration.
Hence, only the relative barrier height decreased
upon addition of metal ions, while the relative depth
of the unfolded and native-state wells on either side
remained unchanged.

Y itself was ill-determined because the change in
equilibrium stability was near zero. Nevertheless,
the stronger metal ion binding affinity in the TSE
than in either the U or N states indicated that, in the
TSE, the two histidines formed a binding site with a
preferred orientation or distance. Hence, the car-
boxy-terminal hairpin was also present in the TSE.

Upon addition of metal ions for sites ¢ and 4
that connect the two hairpins, the activation
energy for folding was affected more than the equi-
librium stability (Fig. 2). Consequently, s, exceeded
unity, with {5 =1.24+0.07 and 3.33+0.40 for
sites ¢ and d, respectively. The metal ion binding
affinities in the TSE were 1.5-fold and 3-fold
tighter than in the native state, respectively.
Hence, the two hairpins were in close proximity
in the TSE, but the two histidines resided in a
configuration where they could bind metal ions
tighter than the native orientation. We reiterate
that because g was calculated at the limit of zero
metal ion concentration (e.g., as the single free
parameter in a fit to the data in the Leffler plot),
the nonnative biHis geometry was not induced by
the metal binding.

The application of s analysis to the helical sites g
and / indicated that the helix was largely absent in
the TSE, consistent with deductions from &

Site Mutation Yy efier ghevron KY M) KN@M)  KSEpMm)  KY/KN KTSE/KN
a 1H T17H (p1-p2)  0.77 +0.07 0.51+0.17 265+33  10.8+12  11.7+13  244+042 1.08+0.18
b N9H T19H (p1-32)  0.75+0.03 0.48+0.07 105+11 149+11 19315  7.02£090 1.29+0.14
c 1H K61H (p1-p4)  1.24+0.07 1.28+0.10 697+107 12249 79.3+48  5.69+096 0.65+0.06
d NO9H N59H (p1-p4)  3.33+0.40 4.64+1.24 232+21 36.8+2.0 11.8+0.6  6.30+0.66 0.32+0.02
e A52H T57H (B3-p4)  1.13+0.03 1.13+0.02 152414  31.4+33  39.7+43  048+0.07 1.26+0.19
f D50H N59H (p3-p4) >1° >1° 715120 753+129 28.6+40  0.95+023 0.38+0.08
g K28H E32H (helix)  0.26+0.03 0.25+0.09 (-0.05+0.05)° 43.1+65 145+19  263+37  297+059 1.81+0.35
h A35H T39H (helix) < 0? (0.02+£0.004)° 233+5.6  214+51  426+114 1.09+037 1.99+0.71

? The metal-induced stabilization is too small to provide a well-defined s value.

® Values in parentheses are obtained using Ni?* ions.
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Table 2. Equilibrium and kinetic parameters for divalent metal ion binding

Site Mutation (location)  AAGpue AAGS&““ (AAG‘Q;” T AAGEH(AGH  my (md©)  me/my (mMe/myT) Y5 (YgheremP Metal
WT NA NA NA NA 1.97+0.08 0.73+0.05 NA NA
(151£0.06)  (NA) (NA)
a I11H 0.14+0.02 0.88+0.03 0.46+0.17 2.11+0.11 0.67+0.05 0.77+0.07 /n
TI7H 070£0.18)°  (0.79+0.05) (1.92+0.06)  (0.63+0.03) (0.51=0.17)
(B1-p2)
b N9H —-0.32+0.02 1.31+0.13 0.77+0.22 2.38+0.22 0.76+0.11 0.75+0.03 Zn
T19H (1.11+0.24) (1.64+0.16) (1.68+0.12)  (0.67+0.08) (0.48=0.07)
(B1-p2)
c 111H K61H -0.45+0.03 ND 1.03 +0.10 1.81+0.07 0.65+0.04 1.24+0.07 Zn
(B1-p4) 092+0.10)  (1.18+0.06) (158=0.06)  (0.68+0.04) (1.28+0.10)
d N9H N59H 0.53+0.02 1.03+0.15 1.63+0.25 1.87+0.11 0.73+0.06 3.33+0.40 /n
(B1-pd) (0.85=0.16) (1.88+005) (1.70£0.07)  (0.69+0.04) (4.64+124)
e A52H T57H -0.88+0.02 -0.60+0.07 -0.76+0.05 2.22+0.07 0.81+0.04 1.13+0.03 Zn
(33-p4) (-0.60+0.03)"  (1.11+0.02) (2.38+0.11)  (0.82+0.06) (1.13+0.02)°
f D50H N59H 0.64+0.02 0.21+0.17 0.66+2.47 1.96+0.13 0.73+0.08 NDf Zn
(33-p4) (0.030.12) (1.79+0.10) (1.54=0.11)  (0.65+0.08)
g K28H E32H —-0.46+0.02 1.10+0.04 0.29+0.16 1.92+0.14 0.69+0.08 0.26+0.03 /n
(helix) (0.76+0.24) (137+0.05) (1810.11)  (0.66+0.06) (0.25+0.09)
1.20+0.12 -0.13+0.16 1.92+0.14 0.69+0.08 NAS Ni
(0.92+0.22) (1370.05) (157+0.09)  (0.610.06) (~0.050.05)
h A35H T39H 0.30+0.01 0.48+0.11 -0.38+0.65 2.14+0.12 0.71+0.06 NDf /n
(helix) (0.33+0.20) (132+0.05) (1.780.13)  (0.73+0.08)
1.75+0.07 0.28+0.08 2.14+0.12 0.71+0.06 NA?® Ni
(2.01+0.16) (1.32+0.05) (1.980.06)  (0.75+0.04) (0.02+0.004)

Units are expressed as kilocalories per mole (kcal'mol™") (free energies) or kilocalories per mole per molar (kcal-mol™'-M™") (m-values).
NA, not applicable. ND, not determined.

2 AAGS:}“‘] is the metal-induced stabilization determined by 280 nm fluorescence versus GAmCI concentration curve from equilibrium
denaturation measurement unless mentioned otherwise. A AG:;I]“ is the metal-induced stabilization obtained from the simultaneous fit of
double chevrons. To minimize extrapolation errors, we calculated changes in stabilities at 0.5 and 4.5 M GdmCl, and we obtain them by
simultaneously fitting two chevrons in the absence and presence of 1 mM metal ion, with the parameter of interest being one of the fitting
parameters.

b yEeferand yghev™™ are the s, values obtained from double-chevron analysis and the fit of a Leffler plot, respectively.

N AAGgg"‘l is determined by AAGSg“‘I: AC, xmp® ™l wwhere AC,, is the metal-induced change in midpoint, which is the GdmCl
concentration where the folded and unfolded populations are the same. 75" ™' is the 1, obtained in the absence of metal ion.

d AAGSQ“‘I is determined by equilibrium denaturation using circular dichroism measurements at N =222 nm instead of fluorescence
measurement. The m, value was shared when equilibrium denaturation data in the absence and presence of metal ion were fitted
simultaneously.

¢ The slope of unfolding arm m,, was shared when two chevrons were simultaneously fitted.

f Chevron shifts vertically upon addition of metal ion. The metal-induced stabilization is too small to provide a well-defined ¥ value.

& Unfolding arm has two phases of which the fast phase and the slow phase exchange their relative amplitudes as the nickel ion
concentration increases while the rates themselves are constant over nickel ion concentration. The {5y value could not be obtained from the
Leffler plot because AAG,q cannot be determined at the intermediate nickel ion concentration where the relative amplitude of the two

phases is poorly determined.

analysis.”* Ni** titration only affected the unfolding
chevron arm, and §§"*"™" vanished for both sites
(Fig. 2). Titrating the site ¢ variant with Zn*" ions
yielded 55" =0.26 +0.03. The origin of the minor
difference between the s values obtained with the
two metals ions for site ¢ was unclear. The greater
change in stability with Ni** (the chevron plot
shifted farther to the right) suggested that the Ni**
data were more reliable.

For the site /i variant in Zn", both folding and
unfolding rates mildly decreased, and the change in
stability was near zero: AAG.q=0.33+0.20 kcal
mol~'." This unexpected downward shift in the
chevron plot rendered the y§™™" ill-determined.
Although the Ni** data implied the lack of the helix
in the TSE, the Zn?* data for the site h variant
indicated that the TSE bound metal ions more
weakly than either the unfolded or folded states,

for example, K TSE /kN=1.99+0.71. Potentially, this
part of the chain adopted a non-helical arrangement
in the TSE with an extended backbone geometry in
which the histidines were located farther apart and
with weaker ion binding affinity than in either the
unfolded state (where transient helix formation
could occur) or the native state (which is helical).

The kinetics of the two helical sites g and & yielded
biphasic unfolding traces in Ni**, with one phase
being ~10-fold slower (Fig. 3). Both rates depended
on the GdmCl concentration, with the same slope as
the unfolding arm of the chevron plots observed for
Protein L. The amplitudes of the fast and slow
phases, however, depended on metal ion concen-
tration. The faster unfolding rate matched the
unfolding rate in the absence of metal ions, while
the amplitude of the slower phase increased with the
nickel ion concentration.
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Fig. 3. Unfolding rates and amplitude dependence on metal concentration for helical sites g and /. Red line is a fit to the

ratio of the two amplitudes [Agqi]/[Asiow] = [Me>**]/Kg.

This behavior suggested that the metal ion
binding equilibrium at low metal concentration
was established slower than the unfolding time
constant. The amplitudes of the slower and faster
unfolding phases represented the fractions of the
metal ion-bound and ion-unbound populations,
respectively, present at the initiation of the unfold-
ing reaction. Their relative populations reflected the
ion binding affinity in the native state: [bound]/
[unbound] =[Me**]/KN. Regardless, the 10-fold
slower unfolding rate for the metal ion-bound
form was consistent with the loss of helical structure
in the route from the native to the TSE.

Hairpin simulations and TSE modeling

To gain further insight into the nonnative s
values, we conducted simulations of the individual
hairpins using both our homology-free ItFix folding
algorithm?>2¢ and standard, explicit solvent MD
simulations. Both methods do not invoke any
knowledge on the native state, and they concurred
that the carboxy-terminal hairpin forms with a
nonnative turn geometry. This result was a conse-
quence of the native turn having three consecutive
residues with positive backbone ¢ dihedral angles
(Fig. 4a).

The ItFix MCSA (Monte Carlo simulated anneal-
ing) simulations represent each side chain with a
single C* atom. The conformational search space is
restricted by iteratively fixing 2° structure assign-
ments of certain portions of the sequence after
incorporating the influence of 3° context, thereby
coupling secondary and tertiary structure determi-
nations. This rapid algorithm can generate accurate
predictions of both secondary and tertiary structures
without relying on known structures, templates or
fragments.?>2¢ The method has been validated in
CASP8 and CASP9 and was ranked as one of the
best groups in the CASP9 refinement category that
involves improving template-based models so that

they can function as molecular replacement models
to solve the phase problem for crystallographic
structure determination.

The ItFix move set involves changes only in a
single residue's ¢,y backbone dihedral angles (i.e.,
not a fragment insertion method). The dihedral
angles are derived from a Protein Data Bank (PDB)-
based coil library lacking helices and sheets, and the
angles depend on the amino acid type of the residue
and each flanking residue. The energy function is
the sum of our orientation-dependent DOPE-PW
statistical potential*® plus a burial term based on the
number of heavy atoms in an 11-A hemisphere in the
direction of the C*~C" vector for each amino acid
type.29

Energy minimization in each successive round
proceeds with an energy function that also includes
the distance constraints derived from the average
residue-residue contact and hydrogen bond maps
of the structures with the 25% lowest energies from
the previous round. Hence, information concerning
both 2° and 3° structures learned in prior rounds is
carried over to the next round. This iterative fixing
protocol mimics the sequential stabilization process
observed in the folding of real proteins wherein
steps represent the building of new portions on top
of existing structures.'®”

The ItFix algorithm predicted that the amino
hairpin adopts a near-native conformation (Figs. 4
and 5). However, the carboxy hairpin folded into a
nonnative hairpin with a two-residue registry shift
in the hydrogen bonding partners. This hairpin
folded in a single ItFix round, with 98% of the
structures containing hydrogen bonds between the
three nonnative residues. In contrast, the amino-
terminal hairpin required two rounds of folding to
obtain a native hairpin conformation. After the first
and second rounds, 19% and 81% of the native
hydrogen bonds were formed, respectively. Both
predicted hairpins were Type 1 B turns, which have
dihedral angles that correspond to the dominant
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dihedral angles in the PDB-based sampling library.
The nonnative character of the carboxy hairpin
emerged because the native ¢ angles are positive
and unfavorable for turn residues D53 and K54 and,
thus, were only infrequently sampled during the
ItFix simulations.

Over the course of the microsecond all-atom MD
simulations, both hairpins sampled a variety of
conformations, with an RMSD from the native state
for the six turn residues fluctuating between 1 and
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5 A (Fig. 4b). However, the amino hairpin had
RMSD values similar to those of the native and the
ItFix-predicted turns, consistent with their joint
RMSD being only 1 A. Further, the MD simulation
found the amino turn within 1 A of the native turn
for about 20% of the trajectory. In contrast, the
RMSD of the carboxy hairpin to the native turn
remained above 2 A. For half of the MD trajectory,
the RMSD relative to the [tFix prediction was closer:
~1 A. Moreover, the dihedral angles of the turn

Acp
otk
) -
5 3%
TSE RCO™* \"
o A
H3?
g\ 3 ({r( 1o
RCOTSE o4 RCOTSE "7 H1?
RCON RCoN

Fig. 6. TSEs determined by i analysis are more ordered than those identified by & analysis Although the
¢b-determined TSE depicted for Acp includes three p strands, only the presence of a hydrophobic core is indicated, and the
presence of native-like strand-strand interactions is indeterminate.”’ Further, the model shown accounts for the
remeasured near-zero ¢ value on F94 indicating that p5 is absent i in Acp's TSEL. For BdpA, the level of the participation of

helices H1 and H3 in the TSE is unclear according to ¢ analysis;**

s and ¢ analyses and H/D kinetic isotope effects.'”

the model depicted reflects a combination of data from
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residues from the MD simulation lie in the same
basins as the ItFix predictions. In summary, both
computational methods were consistent with the
experimental findings of a native-like geometry for
the amino hairpin but a nonnative geometry for the
carboxy hairpin.

Models of the TSE were generated using the I[tFix
algorithm by docking the native-like amino-terminal
hairpin against the nonnative carboxy hairpin (Fig. 6).
Docking was achieved by introducing an additional
interaction term between the terminal strands and
employing single ¢;; pivot moves of the unstruc-
tured residues between the two hairpins. Ten such
structures were selected and further refined in a
second MCSA round using our “double crank” local
move set that features compensating s;_1,¢; counter-
rotations of the neighboring residues*>" (Fig. 1).

A considerable extent of Protein L's native-state
topology is formed in these TSE models. After
insertion of side chains using SCWRL,>* their RCO
is 73 +5% of the native value. The fraction of buried
surface in the TSE models, relative to the native state
and normalized to an unfolded state ensemble, B is
close to the fraction of hydrogen bonds formed in
the TSE, approximately 55% and 50%, respectively.

Discussion

The present study is motivated by the belief that a
TSE for Protein L containing only a single hairpin, as
suggested by ¢ analysis,!™ is unreasonably small
because it scarcely defines the protein's topology or
has enough hydrogen-bonded structure to be
commensurate with the observed degree of surface
burial. We have applied ¢ analysis and demonstrat-
ed that the TSE is extensive, containing the entire 3
sheet network along with some nonnative structure
associated with the carboxy hairpin. According to
our simulations, this hairpin adopts a nonnative
registry by virtue of the highly unfavorable dihedral
angles in the native turn. The same nonnative
registry is observed in both the PDB-based backbone
sampling ItFix algorithm and the all-atom simula-
tions. These two methods also concur on the native-
like geometry of the amino hairpin, consistent with
the experimental i data.

These findings have extensive implications con-
cerning the role of nonnative structure, the relation-
ship between TSE topology and folding rates and
the malleability and multiplicity of TSs and whether
mutational ¢ analysis, which has been the primary
method for comparing experiment and theory, is
sufficiently reliable that agreement between the two
is an adequate validation of both approaches.

We observe six values of g equal to unity or larger
for biHis sites extending across the four p strands
and two near-zero iy values on the helical sites. This
pattern indicates that the TSE contains the entire p

sheet network but minimal helical structure. The s,
values greatly exceed unity for sites situated
across strands B1-p4 and R3-p4 (U5 1-33+0.4
and " /> 1), a behavior indicating that, in the
TS, the biHis site has a geometry with tighter metal
ion affinity than the site experiences in the native
state. Taking further advantage of i analysis'
ability to individually determine the metal ion
binding affinities in the unfolded, transition and
native states, we identified the presence of residual
structure in the denatured state for the turn region
of the carboxy-terminal hairpin. We emphasize that
Yo is the limiting ¢ value in the absence of metal
ions. Therefore, these properties are intrinsic to the
folding behavior of Protein L and are not artifacts
induced by metal ion binding.

The absence of the large helix in the TSE is
attributable to its sequence having a low average
intrinsic helicity: <2%.** In addition, all three
hydrophobic residues on the buried helical face,
which docks against the B sheet, are alanines rather
than larger hydrophobic residues. The alanines' low
hydrophobicity reduces the driving force for helix—
sheet association.

Evidence that the amino acid sequence, rather
than topology, can control the structure of the TSE
has been found in experimental ¢ analysis and
computational studies comparing the folding be-
havior of Protein L and Protein G, two proteins with
the same «/p fold.'* The possibility of different
sequences having alternative TSEs with one hairpin
or the other formed implies that a hybrid sequence
could fold with significant flux going through two
structurally disjoint TSEs. However, our present
finding that Protein L's TSE contains both hairpins
currently precludes the use of the Protein L/Protein
G comparison as evidence either for sequence
altering the TSE structure or for the possibility of
structurally disjoint TSEs.

Our {-based models of the TSE (Fig. 6) are
parsimonious with prior data. The fraction of the
surface buried in the TSE models is close to the
fraction of hydrogen bonds formed in the TSE. These
findings are consistent with kinetic isotope studies
that indicate the presence of a commensurate level
of surface burial and hydrogen bond formation in
the TSE.”**® The underlying principle is that
hydrophobic association leads to partial backbone
desolvation that can be offset by protein—protein
hydrogen bonding.

A considerable extent of Protein L's topology is
formed in the TSE. Our TSE models have RCO ™ ~
0.7-RCON?V¢ in agreement with our prior ¢ studies
for ubiquitin, '82° acyl phosphatase!”1° and the B
domain of Protein A.'” Because these four proteins
have native RCO values that span the range
observed for two state proteins, the 70% value is
likely to be generalizable to other proteins that obey
the well-known RCO-k; trend. '®
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Similar relationships emerge from other studies®
with certain Go-based models producing a CO at the
60-80% level.?*?” However, their TSE structures
generally correspond to a uniformly “expanded
version” of the native structure,® a finding that
seems inconsistent with { data (many s values are
either zero or near unity). The use of data from ¢
analysis produces an RCO™F fraction closer to
50%,® supporting the contention that ¢ analysis can
underreport the structural content of the TSE.

The ¢ values predicted by Go models exhibit
mixed agreement with experimental ¢ values for
Protein L° and some other proteins.’** The TSE
structures for Protein L from the Go models
typically contain just the amino hairpin and the
helix,””*"'" but none correctly reproduces the -
determined TSE containing only the four strands.
The closer agreement between the Go models and ¢
analysis may partially be a consequence of their
shared native-like biases.

The inability of the Go-type simulations to
correctly predict the four stands in the TSE of
Protein L is likely due to both the presence of
nonnative interactions and the inherent difficulty
of correctly balancing the energies associated with
different sets of contacts and backbone geometries.
Small errors in the energy function or the lack of
explicit hydrogen bonds and backbone &,
dihedral angles can greatly impact the order in
which structure forms and the location of the TSE
on the reaction surface. These issues contribute to
the inability of nearly all methods to accurately
describe the TSE structure of a Protein L, as well
as of the B domain of Protein A."”

Comparison to ¢ analysis

Mutational ¢ analysis is the most accepted method
for characterizing TSEs, developing models for fold-
ing and validating theoretical approaches.””***
However, the present { analysis findings of an
extensive TSE in Protein L significantly differ with
that generated based on ¢ analysis. The ¢ analysis
method indicates that Protein L's TSE contains only
the amino hairpin'~*'? (Fig. 1). Seven sites on this
hairpin yield ¢>0.6 (although another five positions
have ¢ below 0.31). Six positions on the carboxy-
terminal hairpin produce much lower average ¢ of
0.13, while the values at two other positions are
slightly higher (¢"***=0.26 and ¢"**=0.31). Simi-
larly low ¢ are found on the helical sites.

The primary differences between s and ¢ analyses
arise because the former directly probes residue—
residue contacts between two known partners,
whereas the latter reflects energetic perturbations
upon mutation. These perturbations may be the
consequence of a combination of factors, including
changes in the local side-chain environment and
backbone dihedral propensities. In s analysis, the

binding of increasing concentrations of ions to the
biHis site produces a nearly continuous increase in
the stability of TSE structures that contain the
binding site. Hence, the stability is perturbed yet
accomplished in an isosteric and isochemical man-
ner. The resulting series of data can be justifiably
combined, and the {5y value can be extracted as
devoid of any perturbation due to ion binding. The
ability of eliminating the influence of perturbations
may be inaccessible to traditional mutation studies
where the perturbation can arise from multiple
sources, including changes in backbone propensities
as well as indeterminate nonlocal interactions.

These differences become critical for Protein L for
two reasons, the nonnative character of the carboxy
hairpin and the exposure of the R sheet's hydro-
phobic face in the TSE. The 2-aa register shift in the
carboxy hairpin indicated by the simulations re-
sults in nonnative contacts along this hairpin and
nonnative dihedral angles in the turn. Consequent-
ly, the energetic perturbation realized in the TSE
likely is smaller than in the less accommodating
native state, and ¢ therefore becomes small and
mistakenly identifies this hairpin as being absent in
the TSE.

The second issue arises because the otherwise
buried side chains on the hydrophobic face of the
sheet are solvent exposed in the TSE due to the
absence of the helix. Consequently, the energetic
penalty for the truncation of the side chain for the
residues on the inner face of hairpins, for example,
imparted by an alanine substitution, is diminished
in the TSE relative to the native state, even though
the residue is in a hydrogen-bonded p structure.
This analysis provides an explanation for the low-to-
moderate values for the native-like amino
hairpin.'™*'? The issue is generally relevant when-
ever ¢ analysis is applied at any position that is
more exposed in the TSE than in the native state.

Overall, these considerations support the conten-
tion that ¢ analysis can underestimate or misrepre-
sent the structural content of the TSE'®?*%*?%** due to
chain relaxation and accommodation or to nonnative
interactions.*>*® For example, a residue in fyn SH3
with a helical conformation in the native state adopts
a B conformation in the TSE despite having a high
canonical ¢ value of 0.7.*” A similarly positioned
residue in src SH3 also contains a productive
nonnative conformation in the TSE.*® Likewise, in
nonnative regions of the cytochrome 0562 intermedi-
ate, seven high ¢ values are observed (0.4 < ¢ <1.0).*
Conversely, low ¢ values are found in regions of
native-like structure in BPTI intermediates. **

In addition to Protein L, significant underreporting
of the TSE's structural content by ¢ analysis also
occurs with acyl phosphatase,*°->! ubiquitin?”?® and
the B domain of Protein A'” (Fig. 6). The -
determined TSEs for these proteins are extensive
and contain persistent native-like tertiary interactions.
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Unambiguous sites where s is unity indicate that the
TSEs of acyl phosphatase and ubiquitin contain a
four-stranded B sheet and an « helix. For these two o/
B proteins, s analysis detects the presence of one and
two additional long-range p strands than ¢ analysis
identifies, respectively. We suspect that underreport-
ing occurs with proteins having a TSE characterized
by ¢ analy51s as polarlzed such as cold shock
protein,”* src SH3” and Protein G."?

Conclusion

We demonstrate that the highly studied TSE state
of Protein L is extensive and has nonnative
properties that likely arise due to the presence in
the native state of backbone dihedral angles that are
not highly populated at the earliest stage of folding.
The TSE is significantly larger than the one
identified by ¢ analysis, a result found in the three
other proteins probed by ¢ analysis (Fig. 6). The
difference arises because { directly identifies inter-
residue contacts between known partners, while ¢ is
native centric and the TSE can be less sensitive to
energetic perturbations than the native state even for
structured regions. These observations suggest that
identification of a TSE as being diffuse, polarized or
an expanded version of the native state based on ¢
analysis alone should be reconsidered.

Our results also emphasize that apparent agree-
ment between the ¢ values and Go-based models*®
can produce an overly optimistic view of these
methods' ability to accurately determine TSE struc-
tures. Accurate modeling of protein folding remains
an ongoing challenge, requiring the proper balan-
cing of numerous factors in a changing contextual
environment as the chain folds. {s analysis should be
applied to other proteins to address these outstand-
ing issues, search for other nonnative TSE structures
and provide a robust test set for benchmarking
simulation, which may lead to better agreement
between theory and experiment.

Materials and Methods
Folding measurements

The pseudo-wild-type sequence used has 64 amino
acids, MEEVTIKANL IFANGSTQTA EFKGTFEKAT
SEAYAYADTL KKDNGEWTVD VADKGYTLNI KFAG,
which contains a Y47W mutation to enable fluorescence-
monitored folding and unfolding. All variants are verified
by DNA sequencing prior to expression. Purification uses
either reverse-phase HPLC (C8 and C18 columns) or ion
exchange (Amersham Biosciences Q Sepharose Fast
Flow) followed by gel-filtration HPLC (GE Healthcare
HiPrep™ 16/60 Sephacryl™ S5-100) in series. Protein
samples are extracted in powder form following lyophi-
lization. The purity of some mutants is verified by mass
spectroscopy.

All measurements are taken in 100 mM NaCl and
50 mM Tris-HCl or Hepes (pH 7.5) buffer at 22 °C.
Equilibrium folded and unfolded populations are mea-
sured via changes in circular dichroism using a Jasco 715
spectropolarimeter with a 1-cm path length. Kinetic data
are collected using a Biologic SFM-400 stopped-flow
apparatus and a PTI A101 arc lamp. Fluorescence
spectroscopy uses Nexcite=285 nm, and emission is
observed at A=310-400 nm. Stock metal solutions of
250 mM ZnCl, and NiCl, are individually prepared in
10 mM HC], as a concentrated source of metal cations, and
are diluted to desired concentration prior to every
experiment.

Data analysis

The kinetic data are analyzed using the “chevron
analysis” of the denaturant dependence of folding rate
constants® where AG; AG, and AGeq are linearly
dependent on denaturant concentration:

AGeq([den]) = AG™© + mg[den] (4a)
AG¢([den]) = RTIn (k?zo) + mi¢[den] (4b)
AGy([den]) = RTIn(k{2°) — my[den] (4c)

where R is the universal gas constant and T is the
temperature. The dependence on denaturant concentra-
tion [den], the m-values, reports on the degree of surface
area burial during the folding process. The equilibrium
values can be calculated from the kinetic measure-
ments according to AGeq([Me2 )= AGf([Me2 1) -
AGy([Me? * ]) and m,=m, +m;. To minimize extrapolation
errors, we calculate AG¢ and AG, for strongly folding and
unfolding conditions, respectively. 5y values are deter—
mined from a simultaneous fit to the zero and high Me**
chevrons, with {5, being one of the fitting parameters and
using Eq. (3). Parameters are fit using nonlinear least-
squares algorithms implemented in the Microcal Origin
software package.

All-atom MD simulations

Followmg similar protocols as in our previous
studies,*?® we have simulated both amino and carboxy
hairpins of Protein L with all-atom MD simulations,
starting with nonnative random-coil conformations. The
hairpin length is 24 and 21 aa for amino-terminal hairpin
and carboxy halrpm respectively. The hairpin fragments
are solvated in a 54.5 Ax48.0 A'x45.0 A water box, then
sodium ions and chloride ions are added to neutralize and
mimic the experimental environment (100 mM NaCl
concentration). Both solvated systems contain approxi-
mately 12,000 atoms each. The IBM Blue Gene-optimized
NAMD2 package is utilized for the MD simulations with
the NPT ensemble at 1 atm and 295 K. The CHARMM
(parameter set c32b1) force field is used for the protein,”
and TIP3P water provides the model used as the explicit
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solvent.’”®” The PME (Particle Mesh Ewald) method has
been applied to treat the long-range electrostatic in-
teractions and a 12-A cutoff employed for the van der
Waals interactions. The systems is first minimized and
then followed by a 500,000-step equilibration. A snapshot
taken during the equilibration is randomly selected as the
starting point for the subsequent microseconds produc-
tion runs. The time step for the production runs is 2 fs, and
the SHAKE/RATTLE algorithm is applied.®’ The aggre-
gate MD simulation time exceeds 4 ps.
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