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How a protein folds into its native structure has puzzled scientists
for the last 40 years, primarily due to the difficulties of directly
observing protein folding events. Tlfichairpin is a small protein
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of the folding and unfolding of g-hairpin structure in explicit <"
consists of 9 amino acids, Tyr-GIn-Asn-Pro-Asp-Gly-Ser-Gin-Ala.

water at physiological folding conditions through computer simula-

Strong NMR NOE evidence indicates that this peptide folds into a 20 3

p-hairpin structure in aqueous solutidThe simulation system < ;‘% hw ‘u VMMM
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contains one molecule of the peptide, a single sodium ion, and 725
TIP3P watet molecules. The simulation was performed with cubic
periodic boundary conditions at constant temperature (274 K) and
constant volume (2% 29 x 29 A3). The AMBER force field

was used to describe the system and the Partidieshed-Ewald 460 . - R |
method was used for the electrostatic interaction calculation. The 0 10000 20000 30000 40000
self-guided molecular dynamics (SGMD) simulation methégi hes

was used with a local sampling time of 0.2 ps and a guiding factor Figure 1. The distancesr] of some hydrogen bonding atom pairs and the
of 0.1 conformational free energies=Y of the peptide during the self-guide

. Lo . . molecular dynamics simulation.itand Q represent the amid hydrogen of
The folding of aﬂ-halrp!n IS characterlzgd by the formathn of  residue and carbonyl oxygen of residjerespectively. The conformational
hydrogen bonds between its two strands. Figure 1 plots the distancesree energies were calculated using the MM_PBSA module provided with

of several hydrogen bonding atom pairs as well as the conforma- the AMBERG6 progrant? which utilizes the Generalized-Born method to
tional free energies of the peptide during the simulation. Starting estimate the electrostatic contribution to the solvation free enérgy.
from a fully extended conformation, the peptide explored its
conformational space extensively before it began to fold at 18 700 ment and the NOEs are shown in Figure 2b. The i distances
ps. From 18 700 to 20 700 ps, the peptide underwent a cooperativeare averaged over the folded conformations from 20 700 to 27 900
folding process and all the distances declined simultaneously until PS- As can be seen in Figure 2b, all distances of these atom pairs
the peptide reached the folded structure. The peptide remained then the folded conformations are in good agreement with the NMR
folded structure until 27 900 ps when it began to unfold. From NOE observations.
27 900 to 30 750 ps, the unfolding proceeded with the breaking of ~ Obviously, thes-hairpin folding process is highly cooperative,
some interstrand hydrogen bonds. After 30 750 ps, the peptide wasas evidenced by the simultaneous decrease in the distances between
completely unfolded. It should be pointed out that the SGMD time nhative hydrogen boding atoms (Figure 1). The turn structure in a
scale observed here is enhanced. It is this enhancement that makeg-hairpin has been argued to initiate thinairpin folding! From
[-hairpin folding accessible at this condition. Figure 1 it is clear that the turn hydrogen bond,-&%, as well
Figure 2a shows a typical folded structure of this peptide. It has as other interstrand hydrogen bonds, did not form until the final
a turn involving residues Asn3, Pro4, Asp5, and Gly6 with the stage of the folding. Therefore, the turn structure in fReairpin
carbonyl oxygen of Asn3 hydrogen bonded with the amide did not play an initiation role in this folding process. After
hydrogen of Gly6. This turn is a common type turn, which cannot €xamining the conformations, we find that the side chain interaction,
directly link a tightp-hairpin structuré12 Therefore, the folded ~ primarily between GIn2 and GIn8, occurred first in the folding
structure is not a tighg-hairpin. The twop-strands, Tyrl-Asn3 process. The interstrand hydrogen bonds only helped to stabilize
and Ser7-Ala9, are hydrogen bonded with each other through the folded structure.
hydrogen bonds between Tyrl and Ala9, and between Asn3 and These folding and unfolding events are apparent if we examine

Ser7. Theg-hairpin structure has been detected by NMR experi- the conformational free energy profile (Figure 1). The peptide
climbed up a conformational free energy hill from 16 000 to 18 700

*To whom correspondence should be addressed. E-mail: wuxw@ ps before folding. From 18 700 to 20 700 ps, the cooperative folding
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results, we performed two 20 000 ps regular MD simulations at
the same conditions, one started from the fully extended conforma-
tion and the other started from the folded conformation obtained
in the SGMD simulation. The peptide remained a coil throughout
the first simulation and remained in the folded state throughout
the second one. Energetic analysis of these two simulations provided
similar results as described above.

Even though the cooperatiye-hairpin folding remains a rare
event in current simulation studies, we observed repeatedly similar
folding and unfolding events of thjs-hairpin structure in either a
continued simulation (occurred from 108 310 to 117 360 ps) or
another simulation starting from a random caoil structure (occurred
from 69 140 to 73 040 ps). These additional observations support
the conclusions presented here. To dathairpin folding at native
conditions was only observed directly in simulations using implicit

wnirn |2 | 2| |2]2]2] 5 |2 solvation modeld®-18 With explicit solventS-hairpin folding was
dNN(i,i+1) =l J=*—- - studied indirectly at high temperatdfeor through a temperature
ANNG.i+n) =T exchange techniqu&:2* Compared with those studies using implicit
don ng; AT solvation models, our simulation shows a stronger cooperativity in
doN(i.i+7) ™ B-hairpin folding and a significant free energy barrier prior to the
3;’:@1’%) = = EL.1 I P folding. Contrasting studies with explicit water, our simulation
dsc-se s shows thap strand hydrogen bonds are the last to form during the

Figure 2. (a) A typical folded structure of the peptide obtained in the

folding. Nonetheless, it is clear that the coopergfiveirpin folding

simulation (at 21,000 ps). For clarity, side chain hydrogens are not shown. iS becoming accessible at native condition with current computing
The backbone atoms are shown as thick sticks and side chain atoms as thimesources.

sticks. Interstrand hydrogen bonds are marked by dashed lines. Atoms are . . .

colored red for oxygen, blue for nitrogen, white for hydrogen, and green ~ Acknowledgment. This study is supported in part by NIH grant
for the rest. (b) NMR NOESs observed in the peptide aqueous sdl&mow GM59188.

bars between residues) and the average hydrogen pair distances (numbers . . . . .
in A above NOE bars) in thg-hairpin structure obtained in our simulation. S‘_Jppo”'”g Information Available: The conformations of the

o, N, sc, and b represent the hydrogen atomecararbon, amide nitrogen, ~ Pe€ptide at 19 600, 19 750, 20 750, 32 000, and 33 000 ps from the
side chain §-carbon in our calculation), and backbone (amide nitrogen in  SGMD simulation (PDB link). This material is available free of charge
our calculation). The thickness of the NOE bars represents the strength ofvia the Internet at http://pubs.acs.org.

the NOEs reported. Generally, NOEs are strong for hydrogen pair distances

within 3 A, medium between 3 and 4 A, and week between 4 and 5 A.

folding process. The peak of the barrier corresponds to the

conformations where the hydrogen bonding atom pair distances are

almost at their maxima. Detailed examination shows that these
conformations are fully hydrated with neither intrapeptide hydrogen
bonds nor side chain interaction, which suggests that the fully
hydrated conformation could be the transition state during the
pB-hairpin folding process. Many studies have shown that the
unfolded states are partially hydrated with intrapeptide hydrophobic
and/or hydrogen bonding interactiol®By going through the fully
hydrated conformations, which are relatively high in conformational

free energy, the peptide can get rid of those non-native interactions.

This simulation provides us energetic insights into/fHeairpin

folding process. The energies of the unfolded state and the folded

state are estimated by averaging over 1008000 ps and over
20700-27900 ps, respectively. The conformational free energy
decreases from-435.1+ 0.2 to —447.8+ 0.2 kcal/mol upon
folding, changing about-12.7 + 0.4 kcal/mol. In this folding
procedure, the intrapeptide interaction contributé§.8+ 1.4 kcal/
mol, while the GB electrostatic energy contributes 5#.4.3 kcal/
mol. Solvent accessible surface tension contributes erilyt +

0.1 kcal/mol. It is clear that the driving force for thfehairpin
folding is the intrapeptide interaction. The solvent electrostatic
interaction opposes the folding, and the hydrophobic effect favors
the folded state but has very limited contribution. To confirm the
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