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Nascent g-Hairpin Formation of a Natively Unfolded Peptide Reveals the
Role of Hydrophobic Contacts
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ABSTRACT Despite the important role of the unfolded states in protein stability, folding, and aggregation, they remain poorly
understood due to the lack of residue-specific experimental data. Here, we explore features of the unfolded state of the NTL9
protein by applying all-atom replica-exchange simulations to the two fragment peptides NTL9(1-22) and NTL9(6—17). We found
that while NTL9(6-17) is unstructured, NTL9(1-22) transiently folds as various 8-hairpins, a fraction of which contain a native
B-sheet. Interestingly, despite a large number of charged residues, the formation of backbone hydrogen bonds is concomitant
with hydrophobic but not electrostatic contacts. Although the fragment peptides lack a proposed specific contact between Asp®
and Lys'?, the individually weak, nonspecific interactions with lysines together stabilize the charged Asp?, leading to a pKj, shift
of nearly 0.5 units, in agreement with the NMR data. Taken together, our data suggest that the unfolded state of NTL9 likely
contains a g-hairpin in segment 1-22 with sequence-distant hydrophobic contacts, thus lending support to a long-standing

hypothesis that the unfolded states of proteins exhibit native-like topology with hydrophobic clusters.

INTRODUCTION

In recent years, unfolded proteins have attracted much atten-
tion. They include the so-called intrinsically disordered
proteins, which lack stable tertiary or secondary structures
under physiological conditions but play critical roles in bio-
logical processes (1), including disease mechanisms (2,3).
The unfolded states of natively folded proteins are also
important to understand, as they play a key role in initiating
folding and aggregation and serve as reference states for
thermodynamic stability of folded proteins (4). We note
that the unfolded states are also referred to by some workers
as denatured states, since historically they were obtained
using chemical denaturants or acids. The unfolded states
have been traditionally thought of as random coils without
preferential interactions (5,6); however, an increasing num-
ber of experimental studies point to the presence of residual
structures such as the native-like topology, local and long-
range order (7-9), as well as specific hydrophobic (10-12)
and electrostatic interactions (13—15).

One of the best-studied proteins with regard to the
unfolded state is the N-terminal domain of ribosomal pro-
tein L9 (NTL9), comprising 56 residues with a topology
of $1-loop-B2-al-63-a2 (see Fig. 1). The minimum folding
unit includes the first 39 residues and lacks the second helix
(14). Thus, adding the third §-strand along with the inter-
vening helix stabilizes the §-hairpin, 81-loop-82, which is
unstructured on its own (14). This §-hairpin, corresponding
to residues 1-22, is the focus of this article.
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Based on the mutagenesis data and measurements of pK,,
as well as pH-dependent stabilities of NTL9 and its frag-
ment peptides, Raleigh and co-workers proposed the exis-
tence of a specific electrostatic contact between Asp® and
Lys'? in the unfolded state of NTL9 (13,15,16). This is a
nonnative contact, as the two side chains are >13.4 A apart
in the crystal structure of NTL9 (see Fig. 1, distance be-
tween Cy of Asp® and N¢ of Lys'?). To our knowledge,
the data from the Raleigh lab offered the first and only
experimental evidence for specific electrostatic interactions
in the unfolded state. A subsequent kinetic study also led
Raleigh and colleagues to hypothesize that the nonnative
interaction between Asp® and Lys'? persists in the folding-
transition state (17). We note that residual electrostatic inter-
actions and perturbed pK,s in the unfolded state had been
(indirectly) observed by the Fersht lab two decades ago
(18-20).

Considering the experimental challenges associated with
the sparse population of the unfolded states under physio-
logical conditions, Raleigh and co-workers used the constit-
uent fragment peptides that are natively unfolded to model
the unfolded state of the intact protein. Circular dichroism
and NMR-based pK, measurements were conducted on
several fragment peptides of NTLO, including residues
1-11 and 1-22. It was found that even though both frag-
ments are unstructured, the pK, of Asp8 is shifted lower
than the model value (4.0) by 0.16 and 0.34 units, respec-
tively (13,14). Interestingly, these shifts are slightly smaller
than the pK, of Asp® in a destabilizing mutant, V3AI4A,
which was estimated to be 0.44 units (21). The observation
that the pK, of Asp® is slightly depressed in NTL9(1-11)
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suggests the presence of other attractive interactions in
addition to Lys'?, and raises the question about specificity
of electrostatic interactions in the unfolded state. Most
recently, Raleigh and co-workers conducted a study of the
unfolded NTL9 using paramagnetic relaxation enhancement
experiments in urea (22). The data indicate a lack of second-
ary structure but the presence of long-range contacts. To our
knowledge, this is the only experimental study that has
directly probed the structural features of the unfolded state
of NTLO9.

To directly probe the unfolded-state interactions in NTL9
and test the hypothesis regarding the nonnative interaction
between Asp® and Lys'?, one of us performed generalized-
Born (GB)-based constant pH molecular dynamics simula-
tions (23) of the unfolded state of NTL9 and the mutant
KI12M (24). These simulations revealed a significantly
depressed pK, value of Asp® in the unfolded state, corrobo-
rating the experimental data (15) and a theoretical calcula-
tion derived from the experimental stability and pK , data
of the wild-type and mutant proteins (25). As to the origin
of the depressed pK, of Asp® in the unfolded state, the above
simulation work showed that Asp8 strongly interacts not
only with Lys'? but also with Lys'* (24). Furthermore,
Lys12 also forms a nonnative interaction with Glu'” (24).
In another work using coarse-grained molecular dynamics
simulations, Azia and Levy found that removal of the charge
on Lys'? or Lys'® via a mutation to methionine eliminates
the repulsive interaction between the two and reduces en-
tropy of the unfolded state of NTL9 (26). Pande and co-
workers successfully folded NTL9(1-39) using GB-based
molecular dynamics simulations (27). They found that the
unfolded state is compact and contains some residual
native-like structures, with 20% of native contacts in the
B, hairpin, the formation of which is rate limiting (27).
The latter fact was attributed to the large number of lysines
and glycines in the loop region (27). Recently, Pappu and
co-workers carried out a study using Monte Carlo simula-
tions in implicit solvent at high temperature to examine
the unfolded state of NTL9 (22). They observed low-likeli-
hood long-range hydrophobic contacts, consistent with the
NMR relaxation data from the Raleigh lab (22). These
studies provided microscopic views of the unfolded state
of NTL9; however, due to the known artifacts/limitations
of the implicit-solvent and coarse-grained models, the in-
sights are limited.

In this work, we seek to complement the experimental
studies and further explore the residual structures in the
unfolded state of NTL9. To make the study amenable to cur-
rent computational resources, we performed 100-ns explicit-
solvent molecular dynamics with temperature replica
exchange on the two fragment peptides NTL9(1-22) and
NTL9(6-17), which correspond to the $;, hairpin and its
loop region, respectively, in the intact NTL9 (see Fig. 1).
Simulations of these two fragments would allow us to test
the aforementioned hypotheses regarding specific electro-
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static interactions in the unfolded state of NTL9, and
address other questions, such as the role of hydrophobic
contacts and the existence of native-like topology, which
have been lingering in the community for more than a
decade but remain somewhat unclear (7-10). Explicit-
solvent molecular dynamics is the method of choice for
studying conformational dynamics of biomolecules; it is
not subject to the deficiencies of the implicit-solvent models
such as the popular GB models, which generally overstabi-
lize attractive electrostatic interactions, although recent de-
velopments are yielding encouraging results (28). Due to the
short length of the two peptides, sampling limitation is un-
likely to occur, which is another advantage compared with
previous work (24). To avoid potential bias due to the use
of a particular energy function, we employed three leading
force fields, AMBER {f99SB-ILDN, CHARMM?22 (C22)/
CMAP, and CHARMM36 (C36). Simulation with the latter
was repeated twice to verify convergence.

The article is organized as follows. After the Materials and
Methods section, we analyze the residual structures for the
two fragments, then investigate hydrophobic contacts and
ionic interactions. Furthermore, we calculate the pK, values
of acidic residues based on trajectory snapshots and compare
them with experiment. Our data reveal nascent formation of
various $-hairpins and the correlation with sequence-distant
hydrophobic contacts. Interestingly, in the absence of spe-
cific electrostatic interactions, nonspecific attractive interac-
tions together stabilize the charged Asp®, leading to a
depressed pK,, in agreement with experiment. Thus, our
study complements the existing experimental data, greatly
extending the microscopic insights into the structural fea-
tures of the unfolded state of NTL9.

MATERIALS AND METHODS
Simulation protocol

All structure preparation and simulations were performed with the
GROMACS package (version 4.5) (29). Three different force fields,
AMBER ff99SB-ILDN (30), CHARMM C22/CMAP (31,32), and C36
(33), were used to represent the fragment peptides. The CHARMM modi-
fied TIP3P model (34) was used to represent water. NTL9(1-22) and
NTL9(6-17), acetylated at the N-terminus (ACE) and N-methylamidated
at the C-terminus (CT3), were built as extended chains using CHARMM
(35). They were solvated in a truncated octahedral water box with a mini-
mum distance of 10 A between the peptide and the edge of the box. All
acidic (Asp and Glu) and basic (Lys) side chains were in the charged
form. Five and three chloride counterions were added to neutralize the sys-
tems of NTL9(1-22) and NTL9(6-17), respectively. Energy minimization
with the steepest-descent algorithm was performed until the maximum
force was <1000 kJ/mol/nm. Then, a 20-ps equilibration step was per-
formed under constant NVT conditions at 300 K with 1000 kJ/mol/nm? re-
straint on the heavy atoms of the peptide, followed by a 2-ns unrestrained
equilibration step conducted under constant NPT conditions at 400 K and
1 atm pressure. The temperature was controlled by the velocity rescaling
algorithm (36) with a coupling constant of 0.1 ps, whereas the pressure
was controlled by the Parrinello-Rahman method (37) with a coupling con-
stant of 2 ps. To reduce the computational cost, a moderately collapsed
structure from the 2-ns trajectory was selected to be resolvated and
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equilibrated using 20 ps NVT and 100 ps NPT molecular dynamics at 300 K
and 1 atm pressure.

The final snapshots from the above equilibration runs were used as the
starting structures for the production runs. The particle-mesh Ewald method
was used for treating long-range electrostatics. A spherical cutoff of 9 A
was applied to the calculation of van der Waals energies and forces. The
bonds involving hydrogen atoms were constrained using the LINCS algo-
rithm (38). A periodic boundary condition and 2-fs time step were used.
The temperature replica-exchange (REX) protocol was applied with tem-
peratures exponentially spaced between 280 K and 450 K (55 and 45 rep-
licas for NTL9(1-22) and NTL9(6-17), respectively). The replicas adjacent
in temperature were allowed to exchange every 2 ps based on the Metrop-
olis criterion. The resulting exchange acceptance ratio was ~10-20%
for adjacent replica pairs. The simulation lasted 100 ns for each replica, re-
sulting in an aggregated simulation time of 5.5 and 4.5 us for NTL9(1-22)
and NTLO9(6-17), respectively. Unless otherwise indicated, the replica
with the temperature closest to 298 K was used for analysis. To test conver-
gence, the REX simulation for NTL9(1-22) with the C36 force field
was repeated twice, starting from independent random structures. Unless
otherwise stated, the data with C36 are the average of the three independent
runs.

Simulations of the folded, intact NTL9 protein were also performed
using the same three force fields, based on the crystal structure (Protein
Data Bank (PDB) ID 2HBB). The missing hydrogen atoms were added
and all acidic and lysine residues were in the charged form. The energy
minimization, equilibration steps, and simulation setting were identical to
those used for the fragment peptides. The production run, however, was
conducted under constant NPT conditions at 300 K and 1 atm pressure
for 20 ns with each of the three force fields.

Data analysis

Unless otherwise stated, the analysis was performed using GROMACS (29)
or VMD (39) based on the last 80 ns (per replica) of data. The DSSP
algorithm was used to identify secondary structures (40). For clustering
analysis, we first extracted all structures containing 3-sheets from the sim-
ulations and then performed K-mean clustering based on the Cae RMSD
with a cutoff of 3.5 A using the MMTSB tool set (41). For defining back-
bone hydrogen bonds, the cutoff for the donor-receptor distance is 3.5 A
between heavy atoms and the cutoff for the donor-hydrogen-acceptor angle
is 135°. For analysis of hydrophobic interactions, two side chains are
defined as in contact if the minimal distance between any pair of heavy
atoms is within 4.5 A.

We employed the PROPKA program (version 3.0) (42) for the calcula-
tion of pK, values for the fragment peptides and intact NTL9. PROPKA
is an empirical method for rapid calculation of protein pK, values based
on a single structure. We chose the method because of its speed and high
accuracy for predicting pK , values of solvent-exposed side chains with
small pK, shifts. To account for conformational flexibility, we first calcu-
lated the microscopic pK, values using the snapshots extracted from the
simulations at intervals of 20 ps for the fragment peptides and 10 ps for
the native state. These pK, values were then combined to yield a macro-
scopic pK , value using the equation

n

1 i
K, = log[ = 10°% |, 1
pK, = log|~ > )

i=1

where 7 is the total number of conformers. Equation 1 can be derived as fol-
lows. For each conformer i, the Henderson-Hasselbalch equation relates the
microscopic pK} to the concentrations of the deprotonated and protonated
species at certain pH,

pH — pK, = log )
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Using Eq. 2, the macroscopic pK, can be related to the microscopic pK' as

Y [AT]
pH — pK, = log";——

n
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i=1

n_ 1QPH-PKi
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where F; is the population fraction of conformer i. Assuming a pH that is
much greater than pK, and replacing F; with 1/n, pH can be eliminated
and the above equation becomes Eq. 1.

RESULTS AND DISCUSSION
Nascent formation of g-hairpin states

Explicit-solvent REX molecular dynamics simulations of
100 ns were performed for the two fragment peptides,
NTL9(1-22) and NTL(6-17) (Fig. 1). The replicas at
298 K were used for analysis. We first examine the residual
structures sampled by the two peptides. According to DSSP
analysis (40), NTL9(6-17) remains unstructured, whereas
the longer fragment, NTL9(1-22), transiently forms various
B-sheets in all simulations (Fig. S1). The (-sheet states are
present for 60%, 30%, and 36% of the time with the ff99SB-
ILDN, C22, and C36 force fields, respectively, whereas for
the rest of the time, the peptide samples unstructured states
and little a-helix states. The higher § content in the ff99SB-
ILDN simulation is consistent with the known g bias of the
ff99SB force fields (43). A detailed comparison of the
conformational states sampled by the three force fields is
given in another study (50). Almost all (>97%) of the (-
sheets are two-stranded, among which the majority (96%,

FIGURE 1 Crystal structure of NTL9 (PDB ID 2HBB). The fragment
1-22  (sequence MKVIFLKDVKGKGKKGEIKNVA) contains two
B-strands (magenta) connected by a loop (residues 617, green). Two acidic
and seven basic side chains are shown in red and blue, respectively. To see
this figure in color, go online.
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T77%, and 96% for the ff99SB-ILDN, C22, and C36 force
fields, respectively) are antiparallel (-hairpins. These (-
hairpins are highly heterogeneous in terms of the lengths
of the (-sheet and their registries. Most $-sheets are two
to five residues long, with a very small fraction (<10%) hav-
ing a length of six to eight residues (Fig. 2). With the
AMBER force field, the sheets with two to five residues
have nearly equal probabilities, whereas with the
CHARMM force fields, especially C36, the shorter sheets
dominate. To test convergence, the simulation with C36
was repeated twice, starting from independent random
structures. Consistently, G-hairpin states were formed in
all three runs. The standard deviation of the probabilities
among the three runs is small (Fig. 2), demonstrating the sta-
tistical significance of the results. We note that despite the
significant population of various @ states, the macroscopic
state of NTL9(1-22) is unstructured according to the
NMR and circular dichroism data (14) as well as our
NMR shift calculations based on the simulations (50).

To further examine the nascent folding of NTL9(1-22),
K-mean clustering analysis with a Ca RMSD cutoff of
3.5 A was carried out on the trajectory snapshots containing
a (3-sheet. A large number of clusters were obtained, with
the largest cluster having a population of 12%, 18%, and
8% with the ff99SB-ILDN, C22, and C36 force fields,
respectively (Fig. S2), indicating the diversity of the confor-
mational ensemble, consistent with the overall picture of a
largely random-coil structure with nascent formation of a
B-hairpin. Fig. 3 displays the representative structures of
the largest five clusters, which are various (-hairpins,
except for one parallel 3-sheet, the representative structure
of the first cluster from the simulation with C22. This
cluster also contains three-stranded mixed antiparallel/par-
allel 3-sheets.
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FIGURE 2 Probability distribution of the length of §-sheets in the simu-
lations of NTL9(1-22). The longest 3-strand was used in the calculation.
The results with C36 are shown with error bars, which were calculated us-
ing the standard deviation among the three independent runs. To see this
figure in color, go online.
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Cc22

FIGURE 3 Representative folded states of NTL9(1-22) from the three
simulations. The largest five clusters of the §-sheet structures are shown.
The percentage of each cluster is indicated. The N- and C-termini are indi-
cated by the blue and red spheres, respectively. To see this figure in color, go
online.

The B-hairpin states formed by NTL9(1-22) are different
from the corresponding native structure in the intact NTLO.
The distribution of the Cae RMSD is centered in the range
6.5-7.5 A (Fig. S3). However, if only segments 2—4 and
18-20 are considered, corresponding to the native (3-sheet
region in the intact protein, the RMSD distribution is almost
flat, extending to the region of 1 A (Fig. S3). This indicates
the presence of a small fraction of structures that are very
much like the native structure. An example is given in
Fig. 4, which shows the representative structure of cluster
7 from the C36 simulation. There is a perfect alignment
with the crystal structure in the §-sheet region (RMSD of
0.58 A), whereas the deviation in the loop region is large.
Remarkably, this structure contains several native hydro-
phobic contacts/clusters, Val’-Val?!-Phe® and Ile*-Ile'®
(Fig. 4), which appear to stabilize the ($-sheet.

Correlation between hydrophobic contacts and
B-sheet formation

To understand the potential role of hydrophobic interactions
in the nascent folding of NTL9(1-22), we contrast the
hydrophobic contact maps in the presence and absence
of the (-sheet formation. As seen from Fig. 5, many
sequence-local contacts are formed in the N-terminal region
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FIGURE 4 A sample snapshot with the native-like 3-sheet, showing the
representative structure of cluster 7 from the simulation of NTL9(1-22)
with the C36 force field. Side chains making hydrophobic contacts are
shown in stick representation. The crystal structure is displayed in silver.
Alignment was made based on the Ca atoms of residues 2—4 and 18-20
(B-sheet region in the crystal structure), giving a Ca RMSD of 0.58 A for
this region. To see this figure in color, go online.

regardless of the (-sheet formation. However, sequence-
distant hydrophobic contacts mainly occur in the $-hairpin
states, which is particularly evident in the simulations
with ff99SB-ILDN and C22. Among them, three are native
and common for all force fields: Metl—VaIZI, Va13—Va121, and
Phe’ —Va121, whereas three are nonnative and common for all
force fields: Metl—Ilelg, PheS-Ilels, and Leu®Ile'®. The
more frequent occurence of sequence-distant hydrophobic
contacts in the (-hairpin states is in agreement with the
representative structure shown in Fig. 4 and suggests a cor-
relation between the two. We note that hydrophobic contacts

Chen et al.

in the unfolded state of NTL9 were also seen in a recent
simulation study based on an implicit-solvent model (22).

To further examine the relationship between hydrophobic
contacts and 3-sheet formation, we plot the probability dis-
tribution of the total number of backbone hydrogen bonds in
the presence of 0, 1, 2, or 3 hydrophobic contacts, as the
former is a proxy for (-sheet formation. As shown in
Fig. 6, the distribution for zero hydrophobic contacts has a
maximum at 2, 0, and 0 backbone hydrogen bonds in the
ff99SB-ILDN, C22 and C36 simulations, respectively.
Upon forming one hydrophobic contact, the peak of the dis-
tribution is shifted to the larger number of hydrogen bonds
(5, 2, and 2, respectively). In the presence of two hydropho-
bic contacts, the peak of the distribution is further shifted
toward a larger number of hydrogen bonds, with the degree
of shift dependent on the particular force field. These data
suggest that the formation of hydrophobic contacts is corre-
lated with the formation of backbone hydrogen bonds. To
further test this hypothesis, we obtained the free-energy sur-
face as a function of the number of backbone hydrogen
bonds and the solvent-accessible surface area (SASA) of
Tle'® and Val?', which appear to form the most stable hydro-
phobic contacts (Figs. 4 and 5). Remarkably, the free-energy
surface shows two local free-energy minima, one located at
zero hydrogen bonds and large SASA, and one located at a
larger number of hydrogen bonds but smaller SASA (Figs. 7
and S4). This anticorrelation between the solvent exposure
of hydrophobic residues and formation of backbone
hydrogen bonds provides additional evidence for the role
of hydrophobic contacts in the folding of §-sheets.

Individual ion-pair interactions are weak and not
correlated with the formation of g-sheets

An interesting question is whether electrostatic interactions
also promote (-sheets. To address this question, we
analyzed the probability distributions of the distances be-
tween the two acid side chains, Asp8 and Glu”, and any
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FIGURE 5 Correlation of side-chain hydrophobic contacts and formation of §-sheet in NTL9(1-22). The contacts in the upper and lower triangles are
based on the 3-sheet and unstructured states, respectively. The color scale indicates the fraction of time for a hydrophobic contact. To see this figure in color,

go online.
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FIGURE 6 Correlation between the hydrophobic side-chain contacts and
formation of backbone hydrogen bonds in the simulations of NTL9(1-22).
The probability distribution for forming 0—12 backbone hydrogen bonds is
plotted in the presence of 0, 1, 2, or 3 hydrophobic contacts. To see this
figure in color, go online.

lysine separated by at least two amino acids (sequence
distant) from simulations of the two fragment peptides
(Figs. S5 and S6). The analysis of NTL9(1-22) is separated

ff99SB-ILDN C22

200

635

into (-sheet and unstructured states. Several observations
can be made. First, all interactions are weak. The probability
for the distance to be within 5 A (defined here as an ion con-
tact) is generally <10%, whereas the probability for the dis-
tance to be within 8 A is no more than 30%. Second, no
significant differences are found between the distributions
for NTL9(1-22) and NTL9(6-17), suggesting that the pres-
ence of the B-sheet segments (residues 1-5 and 18-22) has
no influence on the electrostatic interactions. Also, the dis-
tributions for the Q-hairpin and unstructured states of
NTL9(1-22) are similar, further suggesting the lack of
correlation between electrostatic interactions and (B-sheet
formation.

One exception to the weak sequence-distant electrostatic
interactions is the attraction between Asp® and Lys'? in the
simulations with C36. It is much stronger in the $-hairpin
states (probability of 29% within 5 A) than the unstructured
states (probability of 9%). Interestingly, their sequence
neighbors, Val® and Ile'®, form a persistent hydrophobic
contact (occupancy of 24%), as well as a backbone
hydrogen bond (occupancy of 27%). Thus, we speculated
a possible correlation between the side-chain-to-side-chain
distance Asp®-Lys'®, and the backbone amide-to-carbonyl
distance Val®-Ile'®. Somewhat surprisingly, the correlation
is weak (Fig. S7). By contrast, the hydrophobic contact
between Val’ and Ile'® coexists with their backbone
hydrogen bonding (Fig. S7), confirming the conclusion
made earlier that hydrophobic interactions facilitate §-sheet
formation.

Previous experimental and computational studies suggest
that Asp® is involved in significant electrostatic interactions
in the unfolded state of NTL9 and may form a specific inter-
action with Lys12 (15,16,24). In our simulations of the two
fragments, the Asp®-Lys'? contact is not stronger than the
other ion pairs (Fig. S5), nor is the contact formation
strengthened by the presence of the (-sheet (Fig. S5).
Thus, the hypothesized contact may require stabilization
by residues beyond sequence 1-22.
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FIGURE 7 Free-energy surface as a function of the SASA of side chain Ile'® and the number of backbone hydrogen bonds in the simulations of
NTL9(1-22). A probe radius of 1.4 A was used in the SASA calculation. A bin of 10 A% was used in constructing the two-dimensional histogram. To

see this figure in color, go online.
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Depressed pK, of Asp® is due to nonspecific
electrostatic interactions

To further elucidate the role of Asp® and validate the
electrostatic interactions observed in the simulations of
NTL9(1-22), we calculated the pK, values and compared
them with the NMR titration data (14). The empirical pro-
gram PROPKA (42) was used to afford speed. As a control,
we first compare the calculated pK, values of the intact
NTL9 with experiment. This calculation was done in two
ways: based on a single crystal structure or trajectory snap-
shots. As shown in Table 1, with the single crystal structure,
the overall average absolute deviation from experiment is
0.53. We focus on the acidic residues involved in strong
electrostatic attraction, i.e., Aspg, Glu”, and Asp23. Their
pK, values are underestimated by ~0.7, 0.3, and 0.8 units,
respectively. With the trajectory snapshots, these pK, values
are all increased, resulting in an average absolute deviation
of ~0.3 for all three force fields. This improvement is due to
the incorporation of conformational flexibility.

Differences among the force fields are worth noting. For
Asp®, although ff99SB-ILDN and C22 give the same pK,
value as experiment, C36 gives a lower pK, by 0.3 units.
For Glu'’, the pK, values based on the three force fields
are 0.1 units different from each other and are higher than
the experimental value by 0.2-0.4 units. For Asp?, the
pK, based on ff99SB-ILDN is too high by 0.4 units, whereas
that based on C22 or C36 is too low by ~0.3 units. These
data suggest that, given accurate conformational states, the

TABLE 1 Calculated and experimental pK, values of acidic
residues in NTL9 and the two fragment peptides
ff99SB-

Residue  Crystal® ILDN C22 C36 Experiment”
NTL9
Asp® 228  2.95(0.22) 3.03(0.18) 2.66 (0.03) 2.99 (0.05)
Glu'? 3.31 3.85(0.10) 3.95(0.26) 3.75(0.12) 3.57 (0.05)
Asp? 220 3.49(0.01) 2.74 (0.02) 2.79 (0.02) 3.05 (0.04)
Glu™*® 470 470 (0.01) 4.70 (0.01) 4.68 (0.02) 4.04 (0.05)
Glu*® 439  430(0.08) 4.28 (0.08) 4.21(0.07) 4.21(0.08)
Avg. abs. 0.53 0.30 0.29 0.28

dev.
NTL9(1-22)
Asp8 3.57 (0.02) 3.56 (0.02) 3.55(0.03) 3.66 (0.04)
Glu'’ 438 (0.01) 4.24 (0.01) 4.34 (0.02) 4.05 (0.03)
NTL9(6-17)
Asp8 3.59 (0.02) 3.59 (0.01) 3.58(0.03) -
Glu'” 4.49 (0.01) 4.36 (0.01) 4.44 (0.01) -

Average pK, values were obtained from PROPKA calculations (42) based
on the trajectory snapshots. The pK, values of NTL9(1-22) with C36 are
the averages over three simulations. Values in parentheses are the standard
errors calculated using block analysis. For simulations of the intact NTL9
and peptides, the block lengths are 4.5 and 10 ns, respectively. Avg. abs.
dev., average absolute deviation.

“PROPKA calculations based on the crystal structure (PDB ID 2HBB).
®NMR derived pKa values for NTL9 (13) and NTL9(1-22) (14).
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calculation error is about = 0.3 units from the experimental
value. For acidic residues involved in strong attractive inter-
actions, CHARMM force fields tend to give lower pK,
values compared to the ff99SB-ILDN force field, which is
not surprising, given the slightly stronger electrostatic inter-
actions (Figs. S5 and S6).

The calculated pK , values of the two fragments are exam-
ined next. Interestingly, the pK,, values of Asp® and Glu'” are
nearly the same for both fragments, which supports our
earlier conclusion that ionic interactions are not correlated
with 8-sheet formation. The pK, of Asp® is almost identical
to the experimental value, representing a pK, downshift of
~0.4 unit relative to the model. The pK, of Glu'” is similar
to the model value, and ~0.4 higher than the experimental
value. Similar overestimation is also seen for Glu'’ in the
intact protein and thus may be attributed to a systematic error.
However, the pK, downshift of 0.4 for Asp® is worth noting.
As discussed earlier, the electrostatic attraction between
Asp® and individual lysines (Lys*/Lys’/Lys'%/Lys'?/Lys'Y/
Lys'*/Lys'®) is weak, but the sum of these interactions is sig-
nificant, which amounts to a total probability of 40% or
higher for at least one lysine to be within a radius of 5 A
(Fig. S5). Thus, the depressed pK, of Asp® in the fragment
peptides is the result of nonspecific interactions with several
lysines, i.e., seven for NTL9(1-22) and five for NTL9(6-17).

CONCLUSIONS

In this study, we probed the residual structures in the
unfolded state of NTL9 using two fragment peptides, corre-
sponding to the B, hairpin and the loop, respectively.
Whereas NTL9(6-17) is unstructured, NTL9(1-22) tran-
siently samples diverse (-hairpins, a fraction of which
bear strong resemblance in the (-sheet region to the
B> hairpin of the intact NTL9. This finding suggests that
the ($-hairpin is at least partially formed in the unfolded state
of NTL9, in agreement with the GB-based folding simula-
tion of NTL9 (27). The fact that the §-hairpin formation
in the fragment peptide has a low probability and a higher
degree of nonnativeness compared to the unfolded, intact
NTL9 (27) may be attributed to the lack of stabilization
by tertiary contacts with other parts of the protein. A similar
observation has been made for partially folded helices in the
fragment peptides of HP36 (44).

Our data showed that the formation of backbone
hydrogen bonds is positively correlated with the formation
of sequence-distant hydrophobic contacts and the resulting
sequestration from solvent, which corroborates the results
of several studies of the natively folded (-hairpins (45—
47), strengthening the view of the cooperativity between
backbone hydrogen bonding and hydrophobic contacts in
B-sheet folding. Thus, our data support the notion that
folding initiation involves the simultaneous minimization
of solvent exposure of hydrophobic residues and formation
of secondary structure (48).
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Importantly, our data showed a lack of correlation be-
tween backbone hydrogen bonding and ionic interactions
that, individually, are very weak. In particular, no specific
interaction was found between Asp® and Lys'?, as suggested
for the unfolded state of the intact NTL9 by both experiment
(15,16) and simulation (24). Thus, our data suggest that the
formation of a nonnative ionic pair, Asp®-Lys'?, may require
interactions with residues beyond 1-22. A possible scenario
is given by a most recent double-mutant study by Raleigh
and co-workers, which revealed energetic coupling between
Lys'? and hydrophobic core residues as far away in
sequence as Leu® and Leu*’ in the unfolded state of
NTL9 (49). Another interesting and perhaps surprising
finding of this work is with regard to the pK, of Asp® in
the fragment peptides. The calculated pK, downshift of
nearly 0.5 units, in agreement with NMR measurement, is
not related to a specific electrostatic interaction, but rather
is due to the collective nonspecific attractive interactions
with lysines, which are abundant in the fragment sequences.
Together, our data support the view that the unfolded state
contains native-like topology and hydrophobic contacts.

SUPPORTING MATERIAL

Seven figures are available at
supplemental/S0006-3495(15)00618-9.
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