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ABSTRACT Full sequence design protein
FSD-1 is a designed protein based on the motif of
zinc finger protein. In this work, its folding mecha-
nism and thermal stability are investigated using
the replica exchange molecular dynamics model
with the water molecules being treated explicitly.
The results show that the folding of the FSD-1 is ini-
tiated by the hydrophobic collapse, which is accom-
panied with the formation of the C-terminal «-he-
lix. Then the folding proceeds with the formation of
the B-hairpin and the further package of the hydro-
phobic core. Compared with the B-hairpin, the
a-helix has much higher stability. It is also found
that the N-capping motif adopted by the FSD-1 con-
tributes to the stability of the a-helix dramatically.
The hydrophobic contacts made by the side chain
of Tyr3 in the native state are essential for the sta-
bilization of the B-hairpin. It is also found that the
folding of the N-terminal B-hairpin and the C-termi-
nal «-helix exhibits weak cooperativity, which is
consistent with the experimental data. Meanwhile,
the folding pathway is compared between the FSD-
1 and the target zinc finger peptide, and the possi-
ble role of the zinc ion on the folding pathway
of zinc finger is proposed. Proteins 2007;67:338-
349. © 2007 Wiley-Liss, Inc.
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INTRODUCTION

Designing a novel protein with desired three-dimen-
sional structure and well-defined functionalities repre-
sents the most intriguing problem for structural biologists
due to its potential applications in novel machines and
therapeutics.’™ The classical CysoHis, zinc finger, due to
its modular characteristic and diverse functionalities, is
frequently used as the target for the structure-based pro-
tein design. As one of the most successful examples, full
sequence design protein FSD-1 is designed based on the
structure of the second zinc finger of Zif268 by Dahiyat
and Mayo? [(see Fig. 5(f) for its structure)]. The zinc fin-
gers are among the smallest natural proteins, and respon-
sible for binding nucleic acid and regulating gene expres-
sion, as well as mediating protein—protein interactions. It
consists of a N-terminal B-hairpin and a C-terminal o-he-
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lix (the so called BB« fold).®? However, the proper folding
of this protein depends on the binding of metal ions.*® In
comparison, despite the small size (containing 28 amino
acids), the designed protein FSD-1 is capable of folding
into the same structure without the help of disulfide and
metal ions. Therefore, it is interesting to study the under-
lying factors, which contribute to the capabilities of fold-
ing and stabilization of the FSD-1. Such knowledge will
be helpful in developing better strategies for de novo pro-
tein design, since the protein folding problem is still a hin-
drance for the protein design.''**2 Meanwhile, the FSD-1
can also be considered as a model to study the folding of
the BBa fold, which widely exists in natural proteins.
Investigating the folding of this protein can provide a ba-
sis in understanding the folding of more complicated glob-
ular proteins.

Studying the folding mechanism of the FSD-1 is also
helpful for understanding the metal ion-coupled folding
of the zinc fingers. As the zinc finger protein is not capa-
ble of folding without the help of metal ions, one can not
figure out the role of the metal ions on the folding pro-
cess directly by comparing the folding of the apo-form
(without zinc ions) peptide and holo-form (with zinc
ions) peptide. The FSD-1 can fold into the same struc-
ture as the zinc fingers without the help of metal ions.
Therefore, by comparing the folding processes of the
FSD-1 and the zinc finger peptide, one may extract
some information for the role of the metal ions on the
folding of the zinc finger, which is a fundamental but
not well studied problem.

In Ref. 13, Jang et al. studied the folding of the FSD-1
employing all-atom force field with the solvent being im-
plicitly treated by the generalized Born model. They
found that the folding of this protein is always initiated
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by the folding of the C-terminal «-helix and then fol-
lowed by the formation of the small loop and the N-ter-
minal B-hairpin. In comparison, by using an optimized
atomistic model, Kim et al. concluded that the folding of
this protein is initiated by the collapse of the hydropho-
bic core, which is followed by the folding of the B-hair-
pin. The formation of the a-helix is the last event of fold-
ing.!* This scenario is just opposite to that of Jang
et al.® In Ref. 15, Lei and Duan also conducted the
unfolding simulations for this protein using the all-atom
molecular dynamics (MD) model with AMBER force field
and explicit water molecules. Based on the assumption
that folding is the reverse process of unfolding, they pro-
posed that the folding of the individual secondary struc-
tures is prior to the native hydrophobic core formation.
Therefore, contradictions still exist for the folding mech-
anism of the FSD-1 in literatures, and further studies
employing more rigorous methods are needed.

In the present work, by using the replica exchange
molecular dynamics (REMD) model, the folding mecha-
nism of the FSD-1 is investigated. Compared with the
previous work for this protein, the present work allows
more efficient sampling and more realistic force field
due to the use of the REMD method and the explicit
treatment of solvent. We try to address the following
questions: (i) What are the differences of the folding
pathways between the FSD-1 and the target zinc finger
peptide? (ii) What factors contribute to the capabilities
of folding and stabilization of this protein? It is found
based on the simulation data that the folding of the
FSD-1 is initiated by the hydrophobic collapse and the
formation of the a-helix, then the folding proceeds with
the formation of the B-hairpin. In comparison, for the
zinc finger peptide, the folding of the B-hairpin is prior
to that of the a-helix. This difference indicates that the
metal ions may affect the folding kinetics of the zinc fin-
gers. By investigating the stabilities of the FSD-1, it is
found that the N-capping motif adapted by the C-termi-
nal «-helix and the contacts made by the Tyr3 in the
native structure are important factors for the stability of
the FSD-1. Meanwhile, weak folding cooperativity is
found for the FSD-1, which is in consistence with the ex-
perimental data. These results lead to a deeper under-
standing on the capability of folding and stabilization of
the FSD-1, and will be useful in developing better strat-
egies for de novo protein design. Moreover, the folding
mechanism studied for the FSD-1 can shed light on the
general principles in the folding of the BB fold. By com-
paring with the folding mechanism of the zinc finger
peptide, the present work also provides some informa-
tion for the role of the metal ions on the folding of the
zinc fingers and other metal proteins.

MODEL AND METHODS
Replica Exchange Molecular Dynamics Model

Replica exchange method is a high efficiency sampling
technique, which was first implemented in MD model by
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Sugita and Okamoto,'® and was widely used in the
studying of protein folding and aggregation.'”2® Duan
and coworkers proposed that the REMD can enhance
the sampling efficiency by around 14.3, 35.1, and 71.5
times for temperatures of 360, 300, and 275 K, respec-
tively, compared to the conventional MD based on the
simulations for a 21-amino acid peptide with implicit sol-
vent.2* They observed that the simulations from two
quite different initial structures start to converge within
1 ns. Sanbonmatsu and Garcia also investigated the
sampling efficiency of the REMD by performing the sim-
ulations for the peptide Met-enkephalin with explicit sol-
vent, and found that the REMD samples five times more
conformational space than the conventional MD.?® These
results demonstrate the high sampling efficiency of the
REMD. In this work, we use the REMD to perform the
conformational sampling.

In REMD simulations, N noninteracting replicas at N
different temperatures are conducted simultaneously in
parallel. After certain MD step, the exchange of replica
between neighbor temperatures is attempted. The accep-
tance ratio of exchange is determined by the energy dif-
ference and temperature difference between the replica
pair with Metropolis criterion:

P(X; — X;) = min(1, exp(—A)) (1)

where A = (B; — B)(E; — E;) with B and E being the
invert temperature and potential energy, respectively.
With this method, the conformations at low tempera-
tures have ability to overcome high energy barriers by
being switched to high temperatures, and it provides
improved sampling at lower temperatures than standard
MD. Further details of the method can be found in Refs.
16 and 26.

Simulation Details

In this work, the simulations are performed using the
AMBERS8 MD simulation package with water molecules
being treated explicitly.?’” The standard AMBER ff03
force field is used.?® In the simulation, the nuclear mag-
netic resonance (NMR) structure of the FSD-1 (PDB
code: 1fsd, QQYTAKIKGRTFRNEKELRDFIEKFKGR) is
solvated in a TIP3P water box. The shortest distance
between the amino acid atoms and the edges of the
water box is 10 A. To alleviate the boundary effects, the
periodic boundary conditions are applied. In treating the
long-range electrostatic interactions, the Particle Mesh
Ewald (PME) summation algorithm is employed. A cut-
off of 8.0 A is used for the construction of nonbonded
list. The covalent bonds involving hydrogen atoms are
constrained with the SHAKE algorithm and the time
step of 0.002 ps is used. We first minimize the NMR
structure of the FSD-1 to reduce the improper contacts.
The minimized structure is heated to 298 K in NVT en-
semble, and then equilibrated in NPT ensemble at 1 atm
for 20 ps to adjust the water box. From the relaxed
structures, 60 standard MD are run from 7 = 289 K to
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T = 698 K for 1 ns. The resulted structures are used as
the initial structures for the REMD simulations at corre-
sponding temperatures in NVT ensembles. For conven-
ience, we refer to this set of initial structures as
“STRUCTUREL.” The temperatures are selected with an
exponential law, which makes the acceptance ratio a
constant and it lies between 0.15 and 0.20. The time
intervals between the exchange attempts are 0.8 ps and
the atomic coordinates are recorded every 0.2 ps for fur-
ther analysis. Totally 18 ns are simulated for each rep-
lica, which results in 1.08 ps integration time. The struc-
tures sampled during the last 17 ns for each replica are
used for analysis. In constructing the free energy land-
scape at certain temperature, the WHAM method is
used.?®

To test the reasonable convergence of the simulation,
another REMD simulation is performed with different
initial structures and temperatures. The initial struc-
tures are prepared following the method of Ref. 22. We
first perform a series of standard MD simulations for 1.5
ns at T = 275-1000 K. The resulted structures variate
between folded structure and unfolded structure. We
chose 60 structures at random as the initial structures
of the REMD simulation, during which the extended
structures with the radius of gyration larger than 12 A
are excluded. Among the 60 initial structures, 17, 23,
andc 20 structures haYe rmsd < 3.0 A, 3.0 A < rmsd <
5.0A, and rmsd > 5.0A, respectively. We refer to this set
of initial structures as “STRUCTURE2.” For this REMD
run, the temperatures that range from 7'= 282 K to T' =
678 K are slightly different from the first REMD run
and assigned to the replicas at random. It should be
noted that among the initial structures, some of them
have nativelike structures. Thus, the present simulation
is not presenting a folding simulation. In fact, to fully
fold a protein with 28 residues starting from fully
unfolded structure in explicit water is really difficult
even using REMD method. What we do in this work is
to sample the whole conformational space as sufficient
as possible. To achieve this, appropriate selection of the
initial structures can improve the sampling efficiency
and accelerate the convergence. In the above chosen ini-
tial structures, each of them locates at different position
of the conformational space ranging from unfolded struc-
ture to native structure. With this set of initial struc-
tures, each replica can sample a relatively wide range of
conformational space by switching to different tempera-
tures during REMD simulation. In this way, the 60 rep-
licas can cover a very wide range of conformational
space, and the simulation is expected to be able to
achieve better sampling efficiency and convergence
within reasonable simulation time although the folding
event is not necessarily accomplished for the individual
replicas.

Since the two set of initial structures are prepared by
different processes, and they represent different sub-
space in the conformational space although some of the
structures may be close to each other, comparison of the
REMD simulations started from “STRUCTURE1” and
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“STRUCTUREZ2” can eliminate the situation that the
trajectories are trapped in local minimum of the energy
surface, and support the reasonable convergence.

Definitions of Reaction Coordinates

Protein folding can be considered as a diffusion pro-
cess among the high dimensional parameter space. To
capture the main characteristics of the folding process
and simplify the analysis, the high dimensional parame-
ter space needs to be projected to limited reaction coordi-
nates. In the present work, @, @p, No, Ry, R and
rmsd are used as reaction coordinates. The @ is the frac-
tion of native contacts, which measures the similarity
between any given structure and the native structure.
We define the contacts are occurring whenever two
amino acid side chains, which separated by at least four
amino acids, have any two heavy atoms within 5.0 A.
With this definition, 42 contacts are found for the NMR
structure. The Qg is the fraction of native contacts for
the N-terminal region including residues 1-14. It is used
to measure formation extent of the N-terminal B-hair-
pin. The N, is defined as the number of helical residues
formed among residues 15-28. A residue is defined as
helical residue whenever three or more consecutive resi-
dues satisfy the dihedral constraints of —95° < ¢ < —25°
and —77° < ¥ < —17°. The R, is the radius of gyration
and calculated for all the heavy atoms. R is the ra-
dius of gyration for the hydrophobic core formed by the
residues Tyr3, Ala5, Ile7, Phel2, Leul8, Phe2l, Ile22,
and Phe25. When calculating the rmsd, we only consider
the C, atoms. The unit of the Ry, R, and rmsd is Ang-
strom (A).

RESULTS AND DISCUSSION
Convergence Verification

One of the advantages of REMD is that it has high
sampling efficiency and can give reproducible results in
limited simulation time compared with the standard
MD. To investigate the sampling quality, the tempera-
ture trajectories for nine selected replicas are shown in
Figure 1. One can see that a wide range of temperatures
are visited by the replicas, which indicates that the sam-
pling quality is high. We also present the time series of
the @, Qp, and N, for three representative replicas in
Figure 2 to illustrate the structural transitions, which
are essential for the system to achieve the thermo-
dynamic equilibrium. The large fluctuation of the N, in
this figure mainly resulted from the stringent definition
of the o-helix residue, which demands three or more
consecutive residues satisfying the dihedral constraints
simultaneously. Therefore, the local structural fluctua-
tions can result in large variation of the N,. From Fig-
ure 2, we can observe that the component «-helix, B-
hairpin, or both of them can form to large extent during
the simulations. For example, for the replica in the left
panels (middle panels) of Figure 2, the N, (Qg) increases
from ~0 up to ~10 (from ~0.2 up to ~0.7) during the
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Fig. 2. Time series of the Q (upper panel), Qg, (middle panel), and N, (lower panel) for three represen-
tative replicas.

folding. For the replica in the right panels, the Qg
increases from ~0.0 to ~0.50, and the N, increases from
~5 to ~10. These results demonstrate that the individ-
ual replica can sample a wide range of conformational
space, although it is not necessarily a fully folding event,
suggesting the high sampling quality. In Figure 2, the
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highest values of the @ are much less than that of the
native structure. Besides the fact that the fully folding
events may be not accomplished for these replicas, one
possible reason is that the protein FSD-1 is not ther-
mally stable, and the native structure can be disrupted
easily. In fact, the low stability of this protein was
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Fig. 3. Average Q as a function of temperature T. The error bars

are calculated from the block average of 1 ns in length, and represent
the standard deviation.

observed by Lei and Duan in Ref. 15 in which the
authors found that the percentage of native contact go
below 70% even at 300 K.

To further diagnose the convergence of the simula-
tions, the average @ as a function of the temperature T
is calculated and plotted in Figure 3 with the error bars
(standard deviation) being calculated from the block
(1 ns) averages as has been done in literature.>* Mean-
while, we also performed a new REMD simulation with
different initial structures described in the Model and
Methods, and compared the free energy landscapes of
two REMD simulations. It is found that the free energy
landscapes are similar on the whole for the two REMD
simulations, which will be discussed in the subsequent
subsection [Fig. 6(a,b)]. The small uncertainties of the
average @ at each temperature and the insensitivity of
the free energy landscape to the initial structures sug-
gest that the simulations are reasonably converged.

Free Energy Landscape and Folding Mechanisms

Figure 4 shows the free energy landscape projected to
the reaction coordinates R, and @ at 7' = 300 K (a) and
420 K (b). One can find that besides the extended state,
two major states are mostly populated at 300 K. One is
around the region of @ = 0.8 and R, = 9 A, which corre-
sponds to the native state. Another one is around the
region of @ = 0.4 and R, = 9.5 A. For convenience, we
label this state as “I” state. The free energy barrier sepa-
rating these two basins is about 2.0RT. In the free
energy landscape, the “I” state has higher value of @
compared to that of the extended state, which implies
that the hydrophobic collapse is accompanied with the
formation of the secondary structures. From the state
“I” to the native state, the R, only decreases slightly,
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which indicates that hydrophobic core is mostly formed
in the “I” state. At 420 K, both the “I” state and the
native state are still well populated. Compared with the
results of 300 K, more extended state can be sampled,
and the free energy landscape becomes less rugged at
420 K.

Having a close look at the structures in the state “I” is
important for understanding the folding pathway of this
protein. For this purpose, we make a cluster analysis®!
to the structures sampled in this basin. The structures
with 0.40 < @ < 0.45 and 9.4 A < R, < 10.0 A sampled
at T = 300 K are selected for the cluster analysis. Fig-
ure 5(a—e) shows the five most populated conformations,
which amount to about 64% of the total structures
sampled in this state. The percentages for each of the
conformations are 18, 15, 12, 10, and 9, respectively. The
small percentages for each conformation indicate that
the structures in this state are relatively heterogeneous.
For comparison, the NMR structure of the FSD-1 is also
presented in Figure 5(f). Only the side chains of Tyr3
(green), Ile7 (pink), Phel2 (blue), Leul8 (red), and
Phe25 (gray) for one structure are explicitly represented
for clearness. In Figure 5, the most important character-
istic of the conformations is that the C-terminal «-helix
is well formed. In comparison, the N-terminal B-hairpin
is mostly disrupted. Therefore, the heterogeneity mainly
comes from the diversity of the structures in the N-ter-
minal region. The structure heterogeneity of the p-hair-
pin for the same peptide was also observed by Lei and
Duan.'® In their work, they observed that the C-termi-
nal a-helix is more stable than the N-terminal B-hairpin.
The present results based on the REMD simulations are
in agreement with their work. It is also interesting to
note that some a-helix may be sampled in the N-termi-
nal region as shown by Figure 5(b,d,e). This is consistent
with the observations of Ref. 13 in which the authors
found that the B-hairpin moiety can undergo a transi-
tion to a-helix.

To explore the folding sequence of the secondary struc-
tures, the free energy landscape projected to the reaction
coordinates N, and Qg is constructed at 7' = 420 K and
presented in Figure 6(a). The temperature of 420 K is
close to the melting temperature, which will be dis-
cussed later. For comparison, we also provide the free
energy landscape calculated from the simulation with
initial structures of “STRUCTUREZ2” in Figure 6(b). We
can see that the free energy landscapes from the simula-
tions with different initial structures are similar to each
other on the whole though some details are different,
which indicates that the simulation is converged to rea-
sonable extent. In both these figures, three energy mini-
mums can be observed, and locate at the right top cor-
ner, left top corner, and left bottom corner of the panel,
respectively. The basin at the right top corner corre-
sponds to the state with both the B-hairpin and a-helix
folded. The one at the left top corner corresponds to the
state with o-helix formed and the B-hairpin disrupted.
The one at the left bottom corner corresponds to the
state with both the a-helix and the B-hairpin unfolded.

DOI 10.1002/prot



FOLDING AND STABILITY OF ZINC FINGER-BASED FULL SEQUENCE DESIGN PROTEIN 343

02 04 06 08 1.0
Q

8002 04 06 08 1.0
Q Qrs

Fig. 4. Free energy landscape projected onto the reaction coordi- Fig. 6. Free energy landscape projected onto reaction coordinates

nates RS°™ and Q at temperatures of 300 K (a) and 420 K (b). N, and Qg at melting temperature of 420 K with initial structures
“STRUCTURE1” (a) and “STRUCTUREZ2” (b).
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Fig. 5. The most populated conformations in the state “I” extracted based on the cluster analysis tech-
nique (a—e) and the NMR structure (f). The percentages of the conformations in (a), (b), (c), (d) and (e) are
18, 15, 12, 10, and 9, respectively. For clearness, only the side chains of Tyr3 (green), lle7 (pink), Phe12
(blue), Leu18 (red), and Phe25 (gray) for one structure are explicitly represented.
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Fig. 7. Average Qg (a), N, (b), and Rg°™ (c) as a function of Q at
T = 420 K. The region between the dashed lines corresponds to the
state where the a-helix is well folded, but the B-hairpin is mostly
unstructured.

The gap between 0 and 3 along the N, axis in the left
bottom of Figure 6(a,b) resulted from the definition of
the helical residues, which demands three or more con-
secutive residues satisfying the dihedral constraints as
described in the previous section. Therefore, the values
of 1 and 2 cannot be appointed to N,. From this figure,
one can conclude that the a-helix is more stable com-
pared with the B-hairpin. An intermediate exists in
which the a-helix is well formed, while the B-hairpin is
still unstructured. Taken together the results of Figures
4 and 6, the folding pathway in the above reaction coor-
dinate space can be deduced: the folding is initiated by
the collapse of the hydrophobic core, which is accompa-
nied with the formation of the a-helix. After the forma-
tion of the a-helix, the B-hairpin begins to fold, which is
accompanied with the further packing of the hydropho-
bic core.

To further confirm the above deduced folding pathway,
the average Qg, N,, and R are calculated for each @
at T'= 420 K and plotted in Figure 7(a—c), respectively.
Before @ = 0.4, the N, increases rapidly, which is
accompanied with the decreasing of the Rg™°. In compar-
ison, the Qg keeps a low value of less than 0.2 during
the above @ range. After @ = 0.4, the N, reaches a satu-
rated value. In comparison, the @ begins to increase
dramatically with the Rg™° having a minor decrease.
The region between the two dashed lines corresponds to
the “I” state of Figure 4, where the a-helix is well folded,
but the B-hairpin is mostly unstructured. These results
confirm the pathway concluded from Figures 4 and 6.

The above deduced folding pathway is inferred from
the reaction coordinate space. Since the time informa-
tion is completely lost during the REMD simulations,
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350 K for one representative trajectory simulated using standard MD.
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one cannot obtain the folding pathway corresponding to
the time sequence directly using the REMD data. To
explore the time sequence of the folding events, five
standard MD simulations are conducted for 5000 ps at
T = 350 K from the native state. Figure 8 shows the
results for one of the trajectories. In Figure 8(a—d), the
Q, Qp, N,, and R are plotted as a function of time
during the unfolding events. One can see that before
2700 ps, the @, Qp, N,, and R all keep at certain val-
ues with fluctuations. At around 2700 ps, the @
decreases largely, which resulted from the drastic
decreasing of the Qg and the partial disruption of the
hydrophobic core as indicated by the decreasing of the
Qs and the slight increasing of the R in Figure
8(b,d). In comparison, the N, keeps a certain value until
the end of the 5000 ps simulation. Although the 5000 ps
simulation is not enough to complete the unfolding
event, the unfolding sequence of the secondary struc-
tures can still be deduced unambiguously. The five tra-
jectories give quite close results concerning the unfold-
ing pathway. These results indicate that the «-helix is
much resistant to the thermal fluctuations compared
with the B-hairpin. Assuming that folding follows the
reverse pathway of unfolding,3273* the folding of the
FSD-1 should initiate with the formation of the «-helix
and the collapse of the hydrophobic residues, then the
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folding proceeds with the formation of the B-hairpin,
which is accompanied with the further packing of the
hydrophobic core. This result is consistent with the fold-
ing pathway in the reaction coordinate space discussed
above.

It is interesting to compare the folding pathways of
the FSD-1 and the zinc finger peptide. As the zinc finger
peptide is not capable of folding into the native structure
without the help of metal ions, one cannot figure out the
role of the metal ions on the folding pathway directly by
comparing the folding of the apo-form and holo-form
peptide. However, if the folding pathway is mainly deter-
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mined by the native topology (a general assumption of
the Go like model),?® one may extract such information
by comparing the folding pathway of the FSD-1 and the
zinc finger peptide due to the same native topology
adapted by them. In Ref. 36, Miura et al. by using the
Raman spectrum technique studied the folding pathway
of the third finger of the transcription factor Zif268. It
was found that in the absence of the zinc ions, the pep-
tide adopts B sheet structure. With the addition of the
zinc ions, the cysteine residues are coordinated first,
which induces the formation of the N-terminal B-hairpin
and the transition of the C-terminal B strand to short
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a-helix. With the further addition of the zinc ions, the
histidine residues are also coordinated to the zinc ions,
which results in the complete formation of the «-helix.
This folding scenario is quite different from that of the
FSD-1 for which the folding is initiated by the formation
of the a-helix, and the formation of the B-hairpin is the
last event during folding. The difference between the
folding pathway of the FSD-1 and the zinc finger peptide
indicates that the binding of the zinc ions not only sta-
bilizes the fold, but may also affect the folding pathway.
One possible mechanism that the metal ions affect the
folding pathway is as follows: without the aid of metal
ions, disulfide bonds, or other unusual residues, a-helix
usually folds faster than B-hairpin because the a-helix is
mainly dominated by the local contacts. However, in the
zinc finger peptide, the zinc ions tend to form coordina-
tion bonds with the cysteine residues prior to the histi-
dine residues. As the cysteine residues locate at each
strand of the B-hairpin, the loop formed between the cys-
teine residues decreases the conformational space signif-
icantly, which fasten the folding of the B-hairpin greatly.
As a result, the metal binding makes the B-hairpin fold
prior to the a-helix in the zinc finger peptide. It should
be noted that we are comparing the simulation data of
the FSD-1 to the experimental data of the zinc finger,
which has different sequence. The conclusion is drawn
based on the assumption that folding pathway is mainly
determined by the native topology. However, for some
proteins, the sequence can also play a crucial role on the
folding pathway. In addition, the comparison of the sim-
ulation data to experimental data may also result in
some uncertainties. Therefore, more straightforward
method is needed in further studying the role of the zinc
ion on the folding pathway of zinc finger.

Thermal Stability of the Peptide

In the folding process of the zinc finger peptide, the
binding of the zinc ions has large contributions to the
overall thermodynamics.?” For the FSD-1, the metal
binding site is replaced by a larger hydrophobic core.
Therefore, it is interesting to study the overall stability
of the FSD-1. Such information will also be helpful to
understand the successful folding of the FSD-1.

Figure 9 shows the thermal denaturation curves for
the reaction coordinates @, Ry, rmsd, Qg, N,, and Rz
as a function of temperature T in (a), (b), (c), (d), (e),
and (f), respectively, and are represented by solid
squares. To obtain the melting temperatures, we fit
these curves with the two-state model (solid line), and
the fitted melting temperature T}, are shown in the pan-
els. The obtained T, for the reaction coordinates of @,
R,, rmsd, Qp, N,, and R are 410.59, 431.82, 422.10,
409.00, 441.93, and 434.24 K, respectively. These
obtained melting temperatures are much larger than
340 K obtained in experiment based on the far-UV CD
spectra. The disagreement between the simulated value
and the experimental data may be caused by the inac-
curacy of the force field in high temperatures®® and the
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Fig. 10. Structure percentages with each of the three helical turns
folded (solid line for HT1, dashed line for HT2, and dotted line for HT3)
and percentages with the N-capping hydrogen bond (NHB) formed
(cross) and with the N-capping hydrophobic contact (NHC) formed
(open circle) as a function of temperature.

use of NVT ensemble, which tends to stabilize the hydro-
phobic core at high temperatures.?* This feature does
not affect the discussions below. Among these melting
temperatures, the one obtained from the reaction coordi-
nate N, (441.93 K) is much higher than that obtained
from the reaction coordinate @z (409.00 K), which sug-
gests that the C-terminal «-helix has higher thermal
stability than the N-terminal B-hairpin.

In extracting the melting temperatures, the two-state
model is used to fit the thermal denaturation curves.
Despite such two-state fitting may be not physically
meaningful for this protein which has weak cooperativ-
ity, it is still a reasonable way to extract and compare
the transition points of the thermal denaturation curves
for different reaction coordinates as done in the work of
Naganathan et al. and Sadqi et al.>®3° More detailed
discussions will be given in the next subsection.

To further understand the overall stability of the FSD-1,
the stabilities of the component secondary structures are
discussed. In Figure 10, the population percentages for
the first helical turn (HT1), the second helical turn
(HT2), and the third helical turn (HT3) of the a-helix
are plotted as a function of temperature 7. The HT1,
HT2, and HT3 are plotted with solid line, dashed line,
and dotted line, respectively. We consider the HT1 as
formed if residues E15, K16, E17, and L18 satisfy the di-
hedral constraints for a-helix. In the same way, the HT2
(or HT3) is taken as formed if residues R19, D20, F21,
and 122 (or E23, K24, F25, and K26) satisfy the dihedral
constraints. One can see that the percentages for the
structures with the HT3 folded are less than 10%, which
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implies the high flexibility of the C-terminal residues.
Both the HT1 and HT2 have high populations at low
temperatures, and the population decreases with the in-
creasing of the temperatures. However, when 7' < 460 K,
the HT1 has more populations compared with the HT2.
When T > 460 K, HT2 has higher populations than the
HT1. This result implies that at low temperatures, the
helical turn at N-terminal of the a-helix is more stable
than the one at the middle part. At high temperatures,
the middle helical turn of the a-helix becomes more sta-
ble. The high stability of the HT1 at low temperatures
may attribute to the N-capping motif,*® which consists
of the hydrogen bond formed between the side chain of
Asnl4 and the amide of Glul7 as well as the hydropho-
bic contact made by the side chain of Phel2 and Leul8.
In Figure 10, the N-capping hydrogen bond (NHB) and
N-capping hydrophobic contact (NHC) are plotted with
cross and open circles, respectively. One can see that at
low temperatures, both the NHB and NHC are well
formed. However, when T' > 460 K, they are disrupted
mostly. Without the N-capping hydrogen bond and the
N-capping hydrophobic contact, the HT1 has less steric
constraints compared with the HT2, which results in the
instability of the NT1 compared with the HT2 at high
temperatures. The above results indicate that the N-
capping motif employed in the design of the FSD-1 is an
important factor, which contributes to the successful
folding and stabilization of the FSD-1.

The importance of the N-capping motif in stabilizing
the FSD-1 was also explored in experiment by Koscielska-
Kasprzak et al.*! In their work, the disruption of the N-
capping motif by replacing the Asnl4 with Arg or by
replacing the Glul7 with His dramatically decreases the
stabilities of the “FSD-1.”4! The present simulation work
again demonstrated the importance of the N-capping
motif in stabilizing the native structure of the FSD-1.

The stability and flexibility of the N-terminal B-hair-
pin of the FSD-1 have been discussed by Lei and
Duan,'® using the all-atom MD simulations. Prominent
plasticity was found for the N-terminal B-hairpin in
their work. The high flexibility of Ile7 contributes to the
overall instability of the FSD-1 greatly. Meanwhile, both
the simulation work and experimental data show that
by replacing the Ile7 with Tyr, the stability of the B-hair-
pin can be improved largely due to the much larger sur-
face of the Tyr, which can form more atomic contacts
and stabilize the hydrophobic core.'®*? In addition to
the contacts made by the Ile7, the contacts involving the
Tyr3 formed in the native state are also crucial for the
stabilization of the B-hairpin. This result can be inferred
by exploring the structures of the “I” state in Figure 5.
It is found that instead of packing with the Phel2,
Leul8, and the hydrophobic groups in the loop region
between the N-terminal B-hairpin and the C-terminal a-
helix, the Tyr3 forms contacts with the Ile7 and Phe25
in the “I” state compared with the native structure (see
the position change of the green side chain compared
with the NMR structure in Fig. 5), while other hydro-
phobic residues are mostly well packed. This result indi-
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Fig. 11. Structure percentages sampled at different temperatures

with certain conditions. The dashed line and open circles represent the
percentages of the a-helix among the structures with the B-hairpin
unfolded and folded, respectively. The solid line and close circles repre-
sent the percentages of the B-hairpin among the structures with the a-
helix unfolded and folded, respectively.

cates that by making stronger the contacts involving the
Tyr3 in the native state, one can stabilize the B-hairpin
further. It is worth noting that the hydrophobic residue
of this position in the classical CyssHiss zinc finger motif
is strictly conserved, and forms contacts with the resi-
dues located at the first helical turn of the C-terminal
a-helix and with the hydrophobic groups of the loop
between the B-hairpin and «-helix. It is reasonable to
believe that to stabilize the B-hairpin is one possible rea-
son for the nature to select this conservative hydropho-
bic residue in the zinc finger motif.

Folding Cooperativity Between the Secondary
Structures

The folding cooperativity between the secondary struc-
tures is widely discussed in literatures for BBA1, BBA5,
and other small globular proteins.***? For the FSD-1,
the experimental data show that the folding of this pro-
tein only exhibits week cooperativity.* To analyze the
cooperativity for the folding of the B-hairpin and «-helix,
the conditional analysis is performed for the structures
sampled at different temperatures. Figure 11 shows the
structure percentages sampled at given temperatures
with certain conditions. The dashed line and open circles
represent the percentages of the a-helix among the
structures with the B-hairpin unfolded and folded,
respectively. In comparison, the solid line and close
circles represent the percentages of the B-hairpin among
the structures with the «-helix unfolded and folded,
respectively. One can see that the percentage of the a-
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helix (B-hairpin) with the B-hairpin (a-helix) folded is
larger than the one with the B-hairpin (a-helix) unfolded.
This result indicates that the folding of the a-helix and
B-hairpin is cooperative. However, as the increments of
the percentages are limited (less than 20%), the coopera-
tivity is relatively weak.

The weak cooperativity can also be inferred from Fig-
ure 9. As mentioned in the last subsection, though the
FSD-1 is not a standard two-state protein, the two-state
model is still a reasonable method to extract and com-
pare the transition points of different reaction coordi-
nates. For the standard two-state folding with high coop-
erativity, the melting temperatures determined using
different reaction coordinates should be very close.?®%°
However, among the melting temperatures extracted in
Figure 9 from different reaction coordinates, relatively
large differences can be found (the maximal difference
among them is about 33K), which also indicates that the
folding cooperativity is relatively weak.

In Ref. 44, the authors found that the folding of the
BBA1 is noncooperative. However, the folding of the
BBAD5 is cooperative with the identical simulation condi-
tions. In comparison, both the experimental data and the
present simulations indicate that the folding of the FSD-1
has weak cooperativity. All of these three proteins have
identical three-dimensional structures and designed
based on the zinc finger motif. However, they exhibit quite
different folding cooperativity, which implies the sequence
dependence of the folding mechanism.

CONCLUSIONS

This work investigated the folding mechanism and
thermal stability of a designed protein FSD-1 employing
the REMD method and standard MD simulations with
water molecules being explicitly treated. An intermediate
is observed in which the «-helix is mostly populated,
while the B-hairpin is deformed and disrupted. The
results show that the folding of the FSD-1 is initiated by
the hydrophobic collapse, which is accompanied with the
formation of the «-helix. The folding further proceeds
with the formation of the B-hairpin and the further pack-
age of the hydrophobic core. By comparing with the fold-
ing pathway of the target zinc finger peptide and based
on the assumption that the folding pathway is mainly
determined by the native topology, it was proposed that
the zinc ion not only stabilizes the native structure of the
zinc finger, it may also affect the folding pathway. The
thermal stability of the FSD-1 is also calculated and dis-
cussed. The results show that the contacts involving the
side chain of the Tyr3 in the native state is essential for
the stabilization of the B-hairpin. Meanwhile, the N-cap-
ping motif improves the stability of the C-terminal a-he-
lix dramatically. It was also found that the folding of the
B-hairpin and a-helix is weak cooperative for the FSD-1.
These results provide us a better understanding on the
capabilities of the folding and stabilization of the
designed protein FSD-1. Such knowledge can be useful in
developing better strategies for de novo protein design.
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Meanwhile, the folding mechanism studied for the FSD-1
makes us have a deeper understanding to the general
principles in the folding of the B« fold.
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