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Abstract Protein folding/unfolding has long represented
one of the considerable challenges. In this work, a total of
4.0-ps explicit solvent MD simulations were performed on
protein GB1 through the gradual stretching of its end-to-
end distance, identifying a wide range of key intermediates
and thus connecting the denatured and native states. The
so-obtained results agree well with the available experi-
mental and computational reports. In addition, they provide
for the first time many other significant folding events and
a clear description of protein GB1 folding/unfolding. The
folding initiates at the three turn regions. Then, the three
secondary structure units begin shaping in tandem, and
their folding events are intersected, whereas the hydro-
phobic core forms at the very late stage. The non-native
contacts play a significant role at the early folding stages.
Unexpectedly, the tertiary contacts occur rather early and
increase concomitantly with the comprising secondary
structure units, which largely determine the formation of
tertiary contacts.
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Compared with the DNA information transfer, the mapping
of proteins from the sequence to the native state is
definitely more complicated, which is achieved by the
so-called “folding”. Protein folding has significant impli-
cations in multi-disciplines and represents one of the
nature’s challenges [1]. The global folding of proteins
usually takes place in the order of milliseconds to seconds,
whereas the underlying molecular events may occur on
the nanosecond or even smaller timescales. Accordingly,
the unambiguous descriptions of protein folding are not
accessible to the routine experimental and molecular
dynamics (MD) resolutions [2, 3].

Recently, the mechanical unfolding of proteins has often
been studied using the atomic force microscopy (AFM)
technique, which allows proteins to be stretched by dif-
ferent degrees and monitors the unfolding processes [4—6].
The B1 domain of streptococcal protein G (GB1) is
regarded as a prototype to probe protein folding/unfolding
mechanisms [3, 7-17]. As shown in Scheme 1, GBI
comprises three main secondary structure units, as the
N-terminus f-hairpin (HPy, Metl—Ala20), central o-helix
(HEy, Ala23-Asn35) and C-terminus f-hairpin (HPg,
Gly41-Glu56). Tertiary contacts exist between two
neighboring secondary structure units. In this work, the
mechanical unfolding of GB1 will be performed using the
explicit solvent MD simulations, aiming to clarify its
unfolding/folding mechanisms at a molecular level. The
MD simulations start at the native state, then gradually
stretch the end-to-end distance and finish at the completely
denatured state. The adjustments of the end-to-end dis-
tances are rather gentle (about 2 A between two neigh-
boring MD runs), which avoids the rigorous structural
transitions during the unfolding process. In this way, we
present one clear and detailed pathway of GBI unfolding/
folding, which is found to be in good agreement with the
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literature available. Note that the folding and unfolding of
proteins are not necessarily reversible although assumed to
be by most studies.

The time-evolution RMSD and R, curves in Figs. S1 and
S2 show that the MD simulations of all the end-to-end
distances have been well equilibrated. The similar con-
formations during each MD run are clustered using the
XRMSD method (Fig. S3). The formation degrees (Fp) of
the secondary structure units along the unfolding/folding
pathway are given in Fig. 1, where Ix (x = 1-10) refers to
the intermediate state (Fig. 2). At the beginning, GB1 is in
the completely denatured state (U, Fig. 2) and will remain
until the first intermediate I1, wherein the turn T1 has been
partially shaped, with the formation of one H-bond (HBI,
Fig. 3a). As proteins generally fold very fast, this and many
other events (vide post) have not been observed before
[3, 7-17]. Nonetheless, the turn T1 disappears as the
folding goes on, and in the second intermediate 12 emerges
the partial formation of the turn T2. A short helix occurs
during the I1 — I2 transition (Tr;_, in Fig. 2), which is
beneficial for the coil-turn transition from I1 to I2. Then,
the turn T3 begins to form, and its folding degree is
approximately 66.7 % in the third intermediate I3; mean-
while, two non-native contacts form within the Asn35-
Thr49 fragment (Fig. S5) and play a significant role at the
early folding stages [9, 18]. Compared with the U state, the
R, value of I3 has a dramatic reduction, from ca. 54.3 to
39.8 A, indicating that protein GB1 has been somewhat
compact at this stage.
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Scheme 1 Ribbon representation of GB1 as well as its sequence and
secondary structure. The o-helix, f-strands, f-turn regions and
random coils are shown in red, cyan, green and gray, respectively
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Fig. 1 The folding degrees (Fp) of the various secondary structural
motifs in GB1 as function of its end-to-end distances. The definitions
of f1-f2 strands, f3—f4 strands, o-helix, T1, T2 and T3 can be found
in Scheme 1

After the partial folding of the three turn regions (T1, T2
and T3), the C-terminal f-hairpin (HP¢) begins to shape,
and in the fourth intermediate I4, three non-native back-
bone H-bonds appear in the [f3—-f4 strands as
Glu42:NH — Thr53:CO, Thr53:NH — Glu42:CO and
Thr44:NH — Thr51:CO. The second turn T2 of HPc
refolds and stabilizes with two native H-bonds (HB1 and
HB2, Fig. 3b). It is consistent with the experimental results
that the local interactions at the turn regions and non-native
interactions are essential for the formation of the C-ter-
minal f-hairpin during the early folding stage [19]. The
assembled fi3—f4 strands are, nonetheless, short-lived and
will turn into random coils in the fifth intermediate IS,
probably due to the instability of these non-native contacts.
In IS, three native contacts emerge at the C-terminus of the
central o-helix (HEy), together with one native helical-
stabilizing H-bond (HB9); see Figs. 3c and S5. That is,
HE\; has been partially shaped. The Ramachandran map of
IS (Fig. S6) also indicates that for HEy;, the C-terminal
GIn32-Asn35 residues precede to enter into the o region.
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Fig. 2 Representative snapshots of GBI along its folding process.
All the structures are displayed the same manner as Scheme 1, where
the N-termini are marked with pink asterisks. The structures that
characterize the transformations between two intermediates are
referred to the chosen transition structures between the (un)folded
and intermediate states (Tr). The folded (F) state is superposed on the
NMR structure (purple) and enlarged in Figure S8

The C-terminus is more facile to define than the rest during
the folding transitions, which agrees with the mutagenesis
studies of McCallister et al. [20] as well as the circular
dichroism (CD) and NMR studies of Lewandowska et al.
[21]. As indicated in Figs. 4 and S5, a small fraction of
tertiary contacts have already appeared in IS, between the
C-terminus of HEy; and the 3 strand of HPc.

GBI1 folds further as the end-to-end distance continues
to decrease. HP is largely shaped in the sixth intermediate
16, with approximately 80 % of the f3—f34 strand residues
being in order and four native H-bonds being formed (HB3,
HBS5, HB6 and HB7, Fig. 3b). The tertiary contacts
between HEy,; and HPc increase up to 92.0 % (Fig. 4),
resulting in the H-bonding between Val29 and Asp47. The
concomitant production of secondary structures and ter-
tiary contacts has also been detected by the Monte Carlo
studies [15]. HPc has been finely folded since the inter-
mediate 17, where HE), is stabilized by one native H-bond
(HB9, Fig. 3) and five non-native H-bonds. HEy; and HP¢
are mainly reserved during the I7I8 transformation, but
the tertiary contacts related to them are seriously damaged
(Fig. 4). In the eighth intermediate I8, some native
H-bonds of the N-terminal f-hairpin (HPy) are reinforced,
especially HBS and HB6 (ca. 2.1 A, see Fig. 3a). It implies
that HPy, with the folding degree of ca. 33 % in I8, is
ready for the further folding.
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Fig. 3 The distances of the native H-bonds in GBI changing along

its folding process. The description of each H-bond can be found in
Figure S4
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Fig. 4 The fractions of tertiary contacts in GB1, which are formed
between two secondary structure subunits. The structural details of
the central a-helix (HEy), first f-hairpin (HPy) and second f-hairpin
(HP¢) can be found in Scheme 1 and Figure S4
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The hydrophobic core of GB1 undergoes the largest
alterations during the I819 transition, with the radius of
gyration for the hydrophobic core (Rg™) decreasing from
28.0 to 8.6 A (Fig. 5). Trg_o (Fig. 2) is one of the repre-
sentative structures between the intermediates I8 and 19,
where Phe30 forms strong native tertiary contacts with the
other hydrophobic residues as Phe30-Trp43 (2.1 A),
Phe30-Tyr45 (4.0 A) and Phe30-Phe52 (2.5 A). As the
Ramachandran map of 19 (Fig. S6) shows, all the residues
in HEyy, except the two termini, have been trapped into the
oy, region, and the distances of the helical native H-bonds
descend significantly (Fig. 3), indicative of the fine folding
of GBI at this stage. The 1-f2 strands of HPy are well
organized, with the simultaneous production of four native
H-bonds (Fig. 3). Along with the shapes of HEy; and HPy,
the tertiary contacts between them increase up to 89.5 %.
The native tertiary contacts between HPy and HPc begin
to form and stabilize with five native H-bonds within the
p1-f34 strands (Figs. 4 and S7).

110 is the next intermediate after I9 and can be con-
sidered native-like. Its R, value is close to that of the native
state (10.4 vs. 10.1 10\). HE\; and HP¢ are already in good
order with their folding degrees of ca. 92.3 and 100.0 %,
respectively. The folding of HPy is significantly propa-
gated by all its native H-bonds being formed (Fig. 3). It
enhances the packing of the hydrophobic core (Fig. 5),
which in turn stabilizes the protein structure [22] and
completes the tertiary contacts of HEy; with HPy and HPc.
Nonetheless, the inner f1—[34 strands are still loose, and the
tertiary contacts between them amount to 63.2 % (Figs. 4
and S5). The I10—F transition witnesses the formation of
all the native H-bonds of the f1-f4 strands (Fig. S7);
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Fig. 5 The radii of gyration for the hydrophobic core (Ry"*) of the
GB1 representative structures at the various folding states, together
with their standard deviations (SD)
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meanwhile, the native tertiary contacts of f1-[4 strands
become in good order, that is, Tyr3 and Tyr45 (2.63 A),
Tyr3 and Phe52 (2.02 A), Lys5 and Phe52 (2.77 A), and
Tyr3 and Phe30 (2.53 A). The representative structure of
the F state is superposed to the NMR structure (Fig. S8)
and has a RMSD of 1.1 A [7], indicative of the excellent
agreement. Thus, we provide an unambiguous and detailed
description of protein GB1 folding/unfolding at a molec-
ular level.

1 Computational section

Molecular dynamics (MD) simulations were performed
using the GROMACS 4.0.5 software package [23, 24] and
OPLSAA force field [25, 26]. The B1 domain of strepto-
coccal protein G (GB1) from the NMR experiments (PDB
code: 2GB1 [7]) was solvated in 9156 SPC (simple-point-
charge) water molecules, that is, within a cubic box with
length of 66.0 A. Four water molecules were replaced by
Na™ ions to neutralize the GB1 system. After removing bad
contacts by energy minimizations and relaxing water
molecules by position-restrained MD, 50.0-ns MD simu-
lations were run at constant temperature and pressure
(300 K and 1 bar), using the Berendsen and Parrinello-
Rahman barostats [27]. The particle mesh Ewald (PME)
procedure was applied for long-range electrostatic inter-
actions [28]. The cutoff radii of the coulomb and van der
Waals interactions were 10.0 and 14.0 A, respectively. The
non-bonded interactions were updated every 10 time steps.
All the covalent bonds with hydrogen atoms were con-
strained using the LINCS algorithm [29]. The time step
was 2.0 fs, and the atomic coordinates were saved every
20.0 ps.

The mechanical unfolding of protein GB1 was carried
out by the gradual stretching of its end-to-end distance (the
two o-C atoms of residues Metl and Glu56). Altogether, 80
end-to-end distances were covered, at 28.5 A (the native
state), at 31.0 A and then with an interval of 2.0 A
increasing up to 187.0 A (the completely denatured state).
The end-to-end distance was restrained during each 50.0-ns
MD run, and the final conformation of the previous MD run
was used to start the next MD run. It resulted in a total of
4.0-ps simulation time and 2 x 10> configurations. All the
simulation conditions are identical to the native state or
elsewhere [30], except the shapes of the water boxes,
which need altering along with the changes of the end-to-
end distances. Nonetheless, in all the cases, the protein
structures and box edges were at least 12.0 A, ensuring the
sufficient solvation of protein GB1.

The overall and local structural motions of protein GB1
are characterized by the backbone root-mean-square devi-
ations (RMSD), backbone and core radii of gyration
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(R, and R3™™), the folding degree of secondary structural
motif (Fp) and the tertiary contacts and H-bonds. The
secondary structures were analyzed according to the DSSP
algorithm [31]. A native contact was defined with the atom
pairs within the distance 6.5 A. An H-bond was counted if
the distance of the two heavy atoms (N and O) is below
3.5 A and the N---H---O angle is beyond 120°. The cross-
RMSD (xRMSD) was used to identify the similar structures
of each MD run, and the conformation at the center of the
largest cluster was defined as the representative structure
[30, 32]. The conformational analysis was performed on all
the MD runs, and those forming new structural features
or/and having distinct structural changes were selected as
intermediates. The transitions between two neighboring
intermediates were connected by the transition states, for
example, Try_, discussed in the text. Unless otherwise
noted, the NMR structure [7] was used as the reference.
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