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Folding Simulations of a De Novo Designed Protein with a Sag Fold
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ABSTRACT pag structural motifs are commonly used building blocks in protein structures containing parallel g-sheets.
However, to our knowledge, no stand-alone Sag structure has been observed in nature to date. Recently, for the first time
that we know of, a small protein with an independent Saf structure (DS119) was successfully designed in our laboratory. To
understand the folding mechanism of DS119, in the study described here, we carried out all-atom molecular dynamics and
coarse-grained simulations to investigate its folding pathways and energy landscape. From all-atom simulations, we successfully
observed the folding event and got a stable folded structure with a minimal root mean-square deviation of 2.6 A with respect to
the NMR structure. The folding process can be described as a fast collapse phase followed by rapid formation of the central
helix, and then slow formation of a parallel 3-sheet. By using a native-centric Go-like model, the cooperativity of the system
was characterized in terms of the calorimetric criterion, sigmoidal transitions, conformation distribution shifts, and free-energy
profiles. DS119 was found to be an incipient downhill folder that folds more cooperatively than a downhill folder, but less coop-
eratively than a two-state folder. This may reflect the balance between the two structural elements of DS119: the rapidly formed
a-helix and the slowly formed parallel §-sheet. Folding times estimated from both the all-atom simulations and the coarse-grained
model were at microsecond level, making DS119 another fast folder. Compared to fast folders reported previously, DS119 is, to

the best of our knowledge, the first that exhibits a parallel §-sheet.

INTRODUCTION

The protein folding problem has been studied using both
experimental and theoretical approaches over the years.
Despite great advances during the last decades, it is still
not fully clarified. With the rapid increase of computational
power, all-atom ab initio simulation of protein folding has
become feasible. Since the seminal work of Yong Duan
and co-workers (1), many folding simulations have been
conducted using all-atom models, and most of these have
focused on a limited number of fast-folding proteins (2),
such as the villin headpiece subdomain (1,3-6), the albumin
binding domain (7), protein A (8—11), and Trp-cage (12—14).
These model systems have provided valuable information on
the protein folding mechanism.

The Baf motifs, with two parallel (-strands packed
against one «-helix, are the building blocks for proteins
with o/ structures. Theoretical investigation reveals that
the Baf structure possesses high designability (H. Chen,
C. Zeng, and C. Tang, unpublished result). As hypothesized
by Li et al., there is a designability principle underlying
nature’s selection of protein folds (15), and this principle
implies that the S8 fold may exist as an independent struc-
ture. However, to our knowledge, the stand-alone form of the
Bal motif has never been observed in nature until now.
Recently, a small protein with an individual SaB motif
(DS119) was successfully designed de novo and its mono-
meric structure was solved by NMR (16). To our knowledge,
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itis the first reported example of the novel S5 fold. The small
size and the building block nature of DS119 make it an ideal
model system for studying the folding of «/f proteins.

De novo protein design has made significant progress in
recent years (17), and several novel proteins have been
created by either computational or empirical design (18-
20). Although well structured and fairly stable, these novel
proteins may exhibit folding characteristics that differ from
those of natural proteins. For example, most small natural
proteins fold cooperatively in a two-state-like manner,
whereas the de novo designed protein Top7 (21) was found
to fold in a significantly less cooperative way, with severe
chevron rollovers and a very rugged corresponding energy
landscape. A recent coarse-grained simulation (22) revealed
that the noncooperative behavior of Top7 comes from its
native topology, which differs from that of natural proteins.
Thus, it is of great interest to investigate the folding mecha-
nism of de novo designed proteins, which will be helpful in
understanding protein folding mechanism and further
improving protein design methods.

Since systematic kinetic/thermodynamic studies of DS119
or similar proteins with parallel §-sheets have not been avail-
able, to our knowledge, in this study we performed all-atom
molecular dynamics and coarse-grained simulations to inves-
tigate the folding pathway and energy landscape of DS119.
In the all-atom simulations, the folding event was observed
in one of the four trajectories. The folding process could
be described as a fast collapse phase followed by a fast
formation of the helix, then slow formation of the parallel
B-sheet. The major rate-limiting step of DS119 folding was
the formation of the parallel §-sheet. From the coarse-
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grained Go model simulations, DS119 was shown to be an
incipient downbhill folder, that is, one that folds more cooper-
atively than a downhill folder but less cooperatively than
a two-state folder. Folding times estimated from all-atom
simulations and the coarse-grained model were both at the
microsecond level, making DS119 another fast folder with
a unique parallel -sheet that, to the best of our knowledge,
has not been observed in other fast folders.

MODELS AND METHODS
All-atom folding simulations

The DS119 protein contains 36 residues in the sequence GSGQVRTIW
VGGTPEELKKLKEEAKKANIRVTFWGD, as described in our article
about its design (16). Simulations were performed using the AMBER (23)
package. The FF03 force field (24) was used. The solvation effects were
incorporated with the GB/SA implicit solvent model. Starting from a fully
extended structure, 500 steps of steepest descent followed by 500 steps of
conjugate gradient minimization were carried out. The minimized structure
was further heated and equilibrated at 300 K for 50 ps. For the production
run, the temperature was controlled at 300 K with a coupling time constant
of 2 ps. Ionic strength was set to 0.2 M. The time step used was 2 fs. Bonds
involving hydrogen atoms were constrained with SHAKE (25). The
nonbonded interaction and GB pairwise summation cutoff was 12 A. Four
trajectories lasting for 1 us each, with different initial speed assignments,
were generated. Among these, the folding event was observed in the third
trajectory only, which was then extended to 2 us; the folding-pathway
analysis was based on this extended trajectory.

Among the 20 NMR structures obtained for DS119, the first structure was
used as the reference structure in the root mean-square deviation (RMSD)
calculation. The RMSD was calculated over the main-chain atoms (C,, N,
C, O) of the helix and sheet residues, i.e., ValS—Val'O, Thr'3—A1a27, and
Tle**-Trp**, because other residues have relatively large fluctuations in the
NMR structures. We also calculated the RMSD with the C,, atoms of all resi-
dues except the two flexible ends (Gly'-Ser” and Gly*>-Asp™®) as the fitting
atoms. The value was ~1 A larger than the main-chain RMSD. Thus, we
reported only the main-chain RMSD here. The solvent-accessible surface
area was calculated with an in-house program using Boolean logic and
look-up tables (26). The hydrophobic core was defined as 18, VIO, L”,
120 A% 1%, V3! and B,

Coarse-grained Go model simulation

As an alternative to all-atom simulations, we carried out coarse-grained simu-
lations on DS119 and compared its folding behavior with those of nine other
small proteins to study its folding cooperativity. The structure-based
continuum Go-like model (27,28) was used, where the protein conformation
is represented by C, atoms. The interactions were specified to stabilize
the native structure. The potential function and parameters used in the model
were identical to those of the ‘“‘without-solvation” model of Liu and
Chan (29). The interaction strength was controlled by the parameter e.
A pair of residues, i, j, was defined as being in native contact if 1), the
residues were separated in the sequence by at least three other residues, that
is, |i —j| > 3; and 2), two nonhydrogen atoms, one from each residue,
were <4.5 A apart in the Protein Data Bank (PDB) structure. Langevin
dynamics was used to perform thermodynamic and kinetic simulations.
Histogram techniques with bias potentials were applied to improve the
sampling efficiency of equilibrium properties.

The PDB codes and residue truncations of the protein fragments studied in
the coarse-grained simulations were summarized in Table S1 in the Support-
ing Material. For PDB structures determined by NMR, we used the first
conformer in the coordinate file to construct the coarse-grained model in all
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cases except BBL, where only one NMR structure was available. The same
choice of conformation was used by Artem et al. in their recent work (30).

RESULTS AND DISCUSSION

Folding simulation by all-atom molecular
dynamics using the implicit solvation model

We performed simulations with the AMBER (23) package
using the generalized Born model (31) and surface area (GB/
SA) to account for solvation effects (see Models and Methods
for details). After energy minimization and equilibration of
the fully extended starting conformation, four trajectories,
each lasting for 1 us, with different initial speed assignments,
at 300 K, were generated. The folding event was observed in
the third trajectory only, which was then extended to 2 us,
and the following analysis was based on that trajectory.

Folding event

Starting from a fully extended chain, the protein underwent
fast collapse within 50 ps (Fig. 1, inset). This phenomenon
has been observed in many folding simulation studies at
similar timescales (3,8,10,32). In the 300 ns after the
collapse, there was a large conformational adjustment during
which the RMSD increased from <6 A to >9 A (Fig. 1). The
RMSD decreased to 4 A at ~300 ns, indicating that the struc-
ture was near the native state. After that, small structural
readjustments lasted for ~500 ns. At ~900 ns, the protein
reached the native state and stayed in the basin for the rest
of the simulation time. The best simulated structure had a
minimal main-chain RMSD of 2.6 A (aligned with the
NMR structure in Fig. 2). The simulated structure closely
resembled the key features of the NMR structure: the helix
was well formed, and the two strands were aligned in the
correct direction. Despite the similarity in global fold and
secondary structures, small differences in local structure
were observed: for the simulated structure, the helix was
slightly bent and the N-terminal formed a hairpin due to
backbone-backbone hydrogen bonds. These small differ-
ences may be caused by the implicit solvation model used
in this study and the possible structural fluctuations.
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FIGURE 1 RMSD change of the main-chain atoms in the third trajectory

of the all-atom simulation of DS119. (/nsef) RMSD of the first 50 ps, illus-
trating fast collapse of the extended conformation. The structure comparison
and RMSD calculation were done with the regular secondary structures
assigned in the NMR structure of DS119.
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FIGURE 2 Alignment of the best simulated structure (cyan) and the NMR
structure (green, PDB code 2KI0). The main-chain RMSD is 2.6 A.

Considering that the folding event was observed in one of
the four trajectories, the folding time estimated from our
simulations was at least at the microsecond level, which is
comparable to that of many fast-folding proteins (2). It is
noteworthy that most fast-folding proteins are either all-
« proteins or proteins containing antiparallel §-sheets only
(see Kubelka et al. (2)). A parallel 3-sheet generally requires
tertiary contacts that have longer sequence distance than an
antiparallel (-sheet, which may result in a longer folding
time. The fast folding behavior of DS119 observed here
may be due to its simple topology, which smoothes the
energy landscape and lowers the energy barrier between
the folded and unfolded states.

Hydrophobic packing

We also monitored the change of the solvent-accessible
surface area (SASA) of the hydrophobic core with time
(Fig. S1). After the initial rapid decrease, the SASA
increased in the conformation adjustment stage. After the
protein had arrived at its near-native state, there were still
relatively large fluctuations in SASA, which indicated that
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the two (-strands were not well formed during the simula-
tion. The minimal SASA was ~400 A®, larger than the
average SASA of the NMR structures (292 Az).

When DS119 was designed, a pair of tryptophan residues
was introduced to prevent protein aggregation. The align-
ment of the two indole rings might be face to face according
to the nuclear Overhauser effect distances (16). We also
monitored the distance between the centers of the two indole
rings during the folding process. In the NMR structure, the
distance between the two indole rings is 3.6 A. However,
during the simulation, the distance was ~10 A after the pro-
tein folded (Fig. S2). This result, together with the SASA
analysis, indicated that the hydrophobic core of the protein
was partially exposed during the simulation, which may
stem from the inability of the implicit water model to account
for hydrophobic interactions.

Folding pathway

After the initial fast collapse, the protein formed a compact
structure that had a size similar to that of the NMR structure.
The N-terminal of the helix then formed quickly within
50 ns. The helix further elongated in the subsequent 70 ns.
The C-terminal of the helix was formed at 122 ns, accompa-
nied by the formation of a hairpinlike structure of the helical
region (Fig. 3). This conformation corresponded to the
adjustment phase mentioned above. The helix was fully
formed at ~250 ns. Considering the different scales of simu-
lation time and real time, this is comparable to the 1.7-us
folding time of a naturally occurring helical peptide investi-
gated experimentally (33). Although the helix formed
quickly, the two strands were highly flexible. The N-terminal
strand bent over initially at ~355 ns, which caused the sharp
RMSD decrease seen in Fig. 1, and it took another 1.3 us for
the other strand to form a compact packing. The folding
pathway can be described as an initial collapse followed
by fast formation of the central helix and slow formation
of the (-sheet. Compared with (-sheet formation, helix

FIGURE 3 Representative snapshots of the DS119
folding trajectory.
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formation is easier, because it is determined by local interac-
tions. For the (3-sheet, especially the two-stranded parallel
B-sheet here, which lacks tight turns between its strands,
the two strands are controlled by nonlocal interactions, and
constraining the strands together will cause large entropy
loss. Thus, the major rate-limiting step of the DS119 folding
is the formation of the parallel §-sheet.

Coarse-grained Go model simulations reveal that
DS119 is an incipient downhill folder

Though all-atom simulations provide valuable information
in atomic detail for the folding process, it is often difficult
to construct the folding energy landscape with parallel path-
ways (34,35), as they are computationally expensive even
with the implicit solvent models. As an alternative, coarse-
grained models are more efficient for obtaining the folding
energy landscape. The structure-based continuum Go-like
model (27,36) with coarse-grained chain representation has
been widely used in protein-folding problems to facilitate
understanding of the topology (37), the cooperativity
(38-40), the folding-rate diversity in small proteins (41),
and, recently, the coupling between folding and binding
(42,43). In this section, we utilized the native-centric Go
model to characterize the folding energy landscape and
cooperativity of DS119.

Contact order of DS119 and comparison with proteins
of similar size

The overall topology is a significant factor influencing the
folding kinetics of a protein. It has been pointed out that
for proteins of similar chain length, contact order (CO) from
residue contact counts and relative contact order (RCO) from
atomic contact counts provide useful information on the
folding rates (44,45) and cooperativity (38). We constructed
the CO and RCO values for DS119 and other proteins of
similar size (Table 1). To make the comparison more reason-
able, we focused on proteins with similar chain lengths of

TABLE 1 Thermodynamic properties and contact order of
C,-chain model proteins

Protein CO* RCO' T AHp/AH
NTL9 0.412 0.213 1.045 0.76
CI2 0.348 0.156 0.98 0.83
E3BD F166W 0.278 0.140 0.925 0.61
BBL H166W 0.278 0.112 0.875 0.55
DS119 0.414 0.206 0.87 0.53
Psbd41 0.270 0.114 0.83 0.45
HP36 0.239 0.112 0.78 0.46
BBL 0.272 0.095 0.75 0.37

CO, contact order; RCO, relative CO.

*CO calculated as in Wallin and Chan (59), using only residue contact
counts.

fRCO computed using atomic contact counts according to the definition of
Plaxco et al. (45).

¥Transition temperature, Ty, determined from the peak of the heat capacity
in Fig. 4.
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~35 residues, i.e., NTL9, DS119, Psbd41, HP36, and BBL.
Although CO and RCO gave slightly different rank orders,
a clear trend emerged: the CO and RCO values of NTL9
and DS119 were much higher than those of Psbd41, HP36
and BBL, suggesting that NTL9 and DS119 were more
cooperative than the latter proteins.

Calorimetric cooperativity criterion

Thermodynamic simulations of the coarse-grained Go model
allowed us to explore the calorimetric cooperativity of
DS 119 by comparing it with proteins of similar chain length.
The heat capacities of six protein fragments differed remark-
ably in peak height and half-peak width, from the sharp,
narrow curve of NTL9 to the flat, broad curve of BBL.
DS119 lay in the middle in terms of both sharpness and
width (Fig. 4).

Although a peak in the heat capacity curve was not a suffi-
cient condition for thermodynamic cooperativity and two-
state folding (46), we constructed the calorimetric criterion,
AH,y/AH.,, which has been widely used in protein-folding
experiments and simulations. In this expression, the calori-
metric enthalpy is defined as AH ., = j dTC,(T) and the
van 't Hoff enthalpy is defined as AHy = 21/RT%Cp(Tw),
where T, is the transition temperature determined from the
peak of the heat capacity (Fig. 4) and Cp(Ty,) is the corre-
sponding heat capacity value (47). The ratio AH,g/AH.y
was calculated for eight protein models (Table 1). Baseline
was constructed by following the protocol proposed by
Artem et al. (30). We found that CI2 was the most coopera-
tive and BBL the least cooperative among the protein
fragments studied. DS119 showed a moderate value of
AH,y/AH.y, 0.53, indicating that it was less cooperative
than CI2 but more cooperative than BBL (Table 1). The
rank order of cooperativity determined by AH,u/AH
was CI2 > NTL9 > E3BD F166W > BBL HI166W >
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FIGURE 4 Heat capacities of the coarse-grained protein fragments NTL9
(black), E3BD F166W (magenta), BBL H166W (green), DS119 (red),
HP36 (blue), and BBL (cyan). The temperature was measured in units of
¢/R, where ¢ is the interaction scale used in the model potential.
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DS119 > HP36 > Psbd41 > BBL. It has been pointed out
(30) that when desolvation effects and/or the many-body
effects are taken into consideration, the folding cooperativity
of the models increases and the rank order for models with
similar AH,y/AH,, values may change. This rank order of
folding cooperativity, especially the rank location of
DS119, will be further discussed below.

The sigmoidal transitions

Sigmoidal transition of average energy or folding fraction as
a function of temperature is a feature of a cooperative two-
state transition. We compared the temperature variations of
potential energy (E(T)) and the fractional number of native
contacts (Q(T)) for six proteins: NTL9, E3BD F166W, BBL
H166W, DS119, HP36, and BBL (Fig. 5). The normalized
potential energy is defined as in Badasyan et al. (30):

7 (E(T)) = (E(T))x
(E(T))p—(E(T))y

6]

where (E(T)) is the average potential energy at temperature
T. (E(T))y and (E(T))p are the corresponding average
potential energy values for the native state and denatured
state, respectively, and are determined from the low- and
high-temperature regions far away from the sigmoidal transi-
tion. Both (E(T)) and (Q(T)) showed that the sigmoidal
transition of NTL9 was significantly sharper than that of
BBL. DS119 exhibited a moderate sigmoidal transition
between NTL9 and BBL. The rank order of sharpness of
sigmoidal transition, CI2 > NTL9 > E3BD F166W >
BBL H166W > DS119 > HP36 > BBL, was consistent
with the rank order of folding cooperativity obtained from
the calorimetric criterion.

Conformation distribution shifts with temperature

The population distribution of the fractional number of
native contacts, @, distinguished folding cooperativity
among NTL9, DS119, and BBL (Fig. 6). For the most coop-
erative model, NTL9, the population of the native (or dena-
tured) state decreased (or increased) as temperature
increased, whereas the relative location of the native and
denatured states remained unchanged (Fig. 6 a). Conversely,
for the least cooperative model, BBL, only one populated
state was identified, and the location of this state shifted
with temperature, i.e., from the denatured-like state to the
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nativelike state, when temperature decreased (Fig. 6 b),
which is consistent with the experimental observation that
the folding of BBL is downhill (48). DS119, behaving like
NTL9, exhibited two states in the conformation distribution,
one identified as the native state (Q ~ 0.65) and the other as
the denatured state (Q ~ 0.25) (Fig. 6 ¢). The location of the
native and denatured states shifted slightly with temperature
(i.e., when simulation temperature increased from 0.75 to
0.85, Q of the folded state decreased from 0.66 to 0.62;
when temperature decreased from 0.95 to 0.85, Q of the
denatured state increased from 0.21 to 0.30) (Fig. 6 c¢).
Another feature of DS119 was the highly populated states
with intermediate Q located between the native and dena-
tured states near the transition temperature. Thus, DS119
was a two-state-like folder with features of a downhill folder.

Free-energy profiles

From a comparison of the free-energy profiles of the CI2,
DS119, and BBL models under the transition temperatures,
it was clear that these three models showed distinct free-
energy barrier heights (Fig. 7). CI2 possessed the highest
barrier of 3.5 kgT and well-separated folded and unfolded
states. BBL, on the other hand, showed no energy barrier
along the free-energy profile, with only one free-energy
minimum. DS119 showed a broad and flat free-energy land-
scape with an energy barrier of ~0.5 kg7, and the locations
corresponding to the folded and unfolded states were ambig-
uous. The heights of the overall free-energy barriers fol-
lowed the rank order of folding cooperativity, CI2 >
DS119 > BBL. It has been suggested that lack of significant
free-energy barrier (~2 kgT) along the folding reaction coor-
dinate results in downhill folding (49). More exactly, it is
proposed, folding with a low but nonzero free-energy barrier
indicates incipient downhill folding (50), such as the folding
behavior of DS119 discussed here. The kinetics and thermo-
dynamics of downhill folders, or incipient downhill folders
such as BBL (51), are very sensitive to the environment
because of the low barriers involved.

Rank ordering of folding cooperativity

From a different perspective, in the above discussion, the
rank order of folding cooperativity was given as CI2 >
NTL9 > DS119 > BBL. This rank order, together with
the free-energy barrier analysis, unambiguously suggested
that the designed DS119 protein was an incipient downhill
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FIGURE 5 (a) Average normalized potential energy,
(E(T)), and (b) fractional number of native contacts
(Q(T)) as functions of temperature, T, for CI2 (orange),
NTL9 (black), E3BD F166W (magenta), BBL HI66W
(green), DS119 (red), HP36 (blue), BBL (cyan). Data
points were obtained from direct simulations at the given
temperature. The average normalized potential energy,
(E(T)), is defined by Eq. 1 in the text.
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FIGURE 6 Conformation distribu-
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tion shifts with temperature change.
P(Q) was the normalized population
distribution obtained in simulations as
a function of Q. The highest tempera-
ture, moderate temperature, and lowest
temperature (blue, red, and black,
respectively) were 1.10, 1.05, and 1.00
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folder. The high CO value of DS119 was not enough to lead
it to fold in a two-state way, which may originate from its
distinct topology, consisting of two parallel (§-strands and
one a-helix. This suggests that when discussing folding co-
operativity using only the contact order criterion, care should
be taken when proteins with remarkably different topologies
are encountered.

Folding kinetics from coarse-grained simulations

We monitored 400 folding trajectories of DS119 under tran-
sition temperature (I = 0.85) from 400 randomly chosen
unfolded conformations (Q < 0.05) with different initial
velocities. A typical trajectory is shown in Fig. S3. Consis-
tent with results from the all-atom simulations, the protein
collapsed first and the helix formed quickly and was stable
during the entire folding process. Though contacts between
the two strands and the helix were partially formed during
the folding process, the two strands were rather dynamic
and were not correctly packed toward each other, since no
native contacts were formed between them. Compared with
the C-terminal strand, the N-terminal strand was less
dynamic, although fewer contacts existed between this
strand and the helix. Taking into consideration all 400

1 5 T T T T

G(Q)/k,T

02 04 06 08
Q

FIGURE 7 Free-energy profiles for CI2 (blue), DS119 (red), and BBL
(black) under transition temperatures. Free energy was calculated using
G(Q)/ksT = —In[P(Q)], where Q is the fractional number of native
contacts and P(Q) is the normalized population distribution obtained in
simulations as a function of Q.

0
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00 02 04 08 08 1.0 for NTL9 (a), 0.80, 0.70, and 0.60 for
Q BBL (b), and 0.95, 0.85, and 0.75 for
DS119 ().

folding trajectories, before reaching the folded state (defined
as the minimum with the greater Q from the free-energy
profile of Fig. 7), the average contacts within the «-helix,
between the «-helix and the N-terminal §-strand, between
the a-helix and the C-terminal (-strand, and between the
two B-strands were 60%, 30%, 23%, and 5% formed, respec-
tively. Thus, correct packing of the two strands, in particular,
packing of the C-terminal strand, was the rate-limiting step.
The same conclusion was obtained from the all-atom simu-
lations.

The folding rate prediction for DS119

Computer simulations provide valuable information on the
kinetics of protein folding, irrespective of whether an all-
atom or coarse-grained model is used. The Go-like model
has been widely used in understanding the folding kinetics
of small proteins, and the folding rates from simulations
correlate remarkably well with experimentally determined
folding rates (41,52). On the basis of this correlation, we pre-
dicted the folding rate of DS119, whose kinetic data have not
yet been reported. We first constructed a data set of seven
small proteins that have been well studied both experimen-
tally (53-58) and theoretically (52,59), then simulated their
folding rates under transition midpoints. For the seven
proteins we studied here, the simulated folding rates corre-
lated well with the experimentally determined folding rates
(Fig. 8). From this correlation, we were able to predict the
folding rate of DS119 from the fitting line, and the predicted
value was ~10° s~ '. This result was in agreement with the
all-atom simulations.

It is notable that DS119, like many designed proteins,
exhibit fast folding behavior. As most protein design
methods do not take account of folding dynamics explicitly,
the reasons for the fast folding property should be examined.
One possible reason is that most designed proteins are rela-
tively small in size and have simple topology, thus requiring
fewer distant contacts and less structural rearrangement
during folding. For example, the 73-residue three-helix
bundle protein a3D folds at a minimal time of 3.2 = 1.2 us
(60). FSD-1ss, another 29-residue designed protein with one
helix and one antiparallel (-sheet, exhibits microsecond
folding kinetics near its T, (61). In fact, several studies
have revealed that folding time is positively correlated
with protein size (62-65). Conversely, the 93-residue protein
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FIGURE 8 Correlation between simulated folding rates and experimen-
tally determined folding rates. The correlation coefficient was 0.92. Simu-
lated folding rates were estimated by calculating the mean first-passage
time for folding transition from 400 randomly chosen unfolded states
(O < 0.05) using the coarse-grained Go model under transition tempera-
tures, T,,. The experimental folding rates were collected from the literature
(53-58). The predicted folding rate for DS119 from the fitting line is denoted
by the solid circle.

Top7 (21), consisting of two helices and five strands, was
found to fold in a complex way and its slow folding rate
was estimated to approach 1 s~!. The other possible reason
might come from currently used design methods, as most
computational methods generally result in well-packed
hydrophobic cores. As function design is relatively difficult
now, most protein design methods focus on designing
specific tertiary structures by using protein stability as the
objective function. With this stability requirement, the de-
signed proteins—unlike natural proteins, which are also
under functional constraints—generally have good hydro-
phobic packing and stable secondary structures. As the
hydrophobic effect is dominant in protein folding, a well-
packed core may speed up the folding process. For example,
by optimizing the hydrophobic content of the GA module of
an albumin-binding domain, Feng Gai and co-workers were
able to increase the folding rate up to six folds (66).

CONCLUSION

In this study, we used all-atom molecular dynamics simula-
tions and a coarse-grained model to study the folding
pathway and energy landscape of a de novo designed Saf3
protein, DS119. From all-atom simulations, we successfully
observed the folding event with a minimal RMSD of 2.6 A
relative to the NMR structure. Different cooperativity studies
using the coarse-grained model, i.e., calorimetric criterion,
sigmoidal transitions, conformation distribution shifts, and
free-energy profiles, all indicate that DS119 is an incipient
downhill folder, which folds more cooperatively than a
downhill folder such as BBL but less cooperatively than a
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two-state folder such as CI2. This may reflect a balance
between the two structural elements of the S8 motif: the
rapidly formed « helix and the slowly formed parallel
B-sheet. Folding time estimated from all-atom simulations
and the coarse-grained model were all at the microsecond
level. This makes DS119 among the fast folders, which, to
the best of our knowledge, is the only one with the unique
parallel $-sheet. Further experimental studies are expected
to verify this prediction.
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