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We have studied the folding mechanisnpBdfairpins from proteins of 1GB1, 3AIT and 1A2P by unfolding
simulations at high temperatures. The analysis of trajectories obtained from molecular dynamics simulations
in explicit aqueous solution suggests that the tBreairpin structures follow different mechanism of folding.

The results of unfolding simulations showed that the positions of the hydrophobic core residues influence the
folding dynamics. We discussed the characteristics of different mechanighmsiopin folding based on the
hydrogen-bond-centric and the hydrophobic-centric models.
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Introduction turn and the hydrophobic core, two different mechanisms of
[B-hairpin folding have been proposed. Mufazal studied
In the wake of the completion of decoding human Genomehe kinetics of folding a 16-residyghairpin from protein
one of the most important and challenging problems inGB1 using a nanosecond laser temperature-jump techrique.
biological sciences is to understand and predict the “proteinfhey suggested that the formationSaiairpin from protein
folding”, i.e.the spontaneous formation of native structuresGB1 is initiated from theg3-turn which then “zips up” the
of functional proteins starting from the given amino acidremaining native hydrogen bonds. A turn stabilized by
sequences. New experimental techniques have providedterstrand hydrogen bonds positions the aromatic residues
much information on the details of the events that occuso that they are poised to pack into a hydrocarbon cluster.
during the folding process. Theoretical and computational Bonvin and van Gunsteren studied the stability and folding
studies of simplified models have provided general insight®f the 19-residuef-hairpin fragment of thea-amylase
into the specific features of folding mechanism and theinhibitor tendamistat® Several unfolding and refolding
properties of folding free-energy landscapédredicting  simulations suggested a model #hairpin formation in
the native structures of proteins from amino-acid sequenceshich the turn is formed first, followed by hydrogen bond
alone is a long-standing challenge, which has great practicébrmation closing the hairpin, and subsequent stabilization
significance as well as considerable scientific interest. Suchy side-chain hydrophobic interactions. Prevost and Ortman
ab initio structure prediction or protein-folding may require performed refolding simulations of &hairpin fragment of
the ability to describe the whole folding process at the levebarnase using a simulated annealing methdthey found
of atomic precision, which is still not feasible despite rapidthat interstrand side-chain compactness and backbone
advances in the fieltl. hydrogen bonding provide concurrent stabilizing factors for
Understanding the mechanism of formation of basicthe -hairpin formation.
structural elements such ashelices andf-sheets can Pande and Rokhsar studied the unfolding and refolding
provide useful information for the folding of larger proteins. pathway of afS-hairpin fragment of protein GB1 using
a-helix formation has been extensively investigated bothmolecular dynamics simulatiofslt was suggested that the
experimentally and theoreticafly.In contrast, the formation high-temperature unfolding of thghairpin undergoes a
of B-sheet structures has not been studied in detalil. It haseries of sudden discrete conformational changes. According
been proposed th#turns andB-hairpins act as initiation to their results, the hydrophobic cluster would form without
sites in early protein folding everifs'* A B-hairpin is the  assistance from the interstrand hydrogen bonds, suggesting
simplest form of anti-paralle|3-sheet structure and is that the S-hairpin refolds by the “hydrophobic collapse”
defined by a loop region flanked by tyfstrands. Recent  mechanism. In this model, the hairpin collapses to a compact
studies suggested that the positioning of the side chaistructure associated with a “molten globule”. The driving
groups in such a way as to promote the formation of dorce towards the compact structure is global and in general
hydrophobic cluster is essential for the folding of hairpinnonspecific (a hydrophobic interaction). In the next step,
structures. Concerning the detailed pictures of hairpir‘mistakes” in the compact structure are corrected by forming
formation, especially with respect to the relative timing of native hydrogen bonds. The reorientation of the compact
the formations of the interstrand hydrogen bonds near thstructure is relatively slow and resembles the transition from
a molten globule state to the native state of the protein.
“Corresponding Author. Fax: +82-2-889-1568; E-mail: sshin@Dinner et al obtained the free energy surface and confor-
snu.ac.kr mations involved in the folding of the sarfidairpin from
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multicanonical Monte Carlo simulatior’. Their results

suggested that folding proceeds by a collapse leading to tf
formation of the hydrophobic assembly; subsequently, the
hairpin hydrogen bonds propagate outwards in bott
directions from the hydrophobic core. Ma and Nusssinov ¢
studied the contributions of three components Biairpin
peptide: turn, backbone hydrogen bonding, and side-chai %
interactions.” They examined the structural stability of the
[-hairpin under systematic perturbations of the turn region
backbone hydrogen bonds and the hydrophobic core forme
by the side-chains. Their results support a side-chain-centri
view of the folding of a hairpin structure. For small peptides
and proteins, the disruption of the hydrophobic core appear (a) 1GB1 (b) 3AIT (c) 1A2P

to be .OnT of tlhe rraj(:jr Step§ n the flold_lng/unfoldlng p_r OceEEFigure 1. Native structures of th8-hairpin fragments from (a) the
Typical molecular dynamics simulations can examine t €protein GB1 (residues 41-56 of 1GB1), (b) thamylase inhibitor

trajectories of proteins up to tens of nanoseconds. The timtendamistat (residues 10-28 of 3AIT), and (c) the barnase (residues
scales of protein folding in the micro- to millisecond range85-102 of 1A2P). The side chains of hydrophobic residues [(Trp43,

are still not really accessible to direct simulation studiesTyr45, Phe52, Val54) of 1GB1; (Tyrl5, Trp18, Tyr20) of 3AIT; and
One fruitful approach is to investigate protein unfolding by (Y90, Trp94, Tyr97, His102) of 1A2P] are shown in space-filling
performing simulations under strongly denaturing conditions™°%€:
(high temperature and/or pressure). These simulations can
provide insights into the early stages of unfolding, which arémportant in determining folding mechanism of hairpins. In
assumed to reflect the later stages of refolding under nativine present study, we have studied unfolding of fhe
conditions!®?° We note that there remain important open hairpins from the above three proteins by MD simulations in
guestions concerning the relationship between unfolding agxplicit water solvents at several temperatures. Unfolding
high temperatures and the folding process at physiologicdtajectories are analyzed by calculating the order parameters
temperature$- such as the number of hydrogen bonds and the radius of
In the previous study/, we investigated the mechanism of gyration. Further insights into the detailed mechanisi of
formation of a 16-residug-hairpin from the protein GB1 hairpin (un)folding are obtained by examining the interaction
using molecular dynamics simulations in an aqueougnergies analysis, the secondary structure evolution, and the
environment. The analysis of unfolding trajectories at hightwo-dimensional correlation analysis based on the essential
temperatures suggests a refolding pathway consisting afynamics (ED) analysis.
several transient intermediates. The changes in the interaction
energies of residues are related to the structural changes Model and Simulation Details
during the unfolding of the hairpin. In a subsequent study,
essential dynamics (ED) and generalized 2D correlation The three hairpin structures were obtained from the
analysis were performed on the trajectories of unfoldingespective PDB entries. Figure 1 shows the native structures
simulations at different temperatures. The results of the 2[@f the three hairpins where the hydrophobic residues with
correlation analysis illustrate the correlated structural changdarge side-chain groups are represented by space-filling
as the temperature is increased. The asynchronous 2models. The hydrophobic residues are as follows: 1GB1
correlation spectrum reveals the existence of sequentigdBTRP 5TYR 12PHE 14VAL); 3AIT (6TYR 9TRP 11TYR);
events in the unfolding of the peptide. The order of structuralA2P (6TYR 10TRP 13TYR 18HIS). We also identify the
changes suggested by such an analysis support the hydimend turn regions of the hairpins as follows: 1GB1 (6th-11th
phobic collapse mechanism of folding for tifiehairpin residues), 1A2P (6th-12th residues) and 3AIT (7th-12th
fragment of protein GB1. residues). The hairpin of 3AIT has one S-S bond between
It is interesting to note that the three hairpins from proteindwo terminal cysteine residues. The simulations of the 3AIT
GBL1 (PDB entry 1GBL1 : 16 residues), tendamist (PDB entryhairpin were performed without S-S bond.
3AIT: 19 residues), and barnase (PDB entry 1A2P:18 All simulations were performed using the recent version
residues) seemed to show different folding mechanism. It i¢v.27) of CHARMM package with the CHARMM all-H
noted that the positions of the large (hydrophobic) sidepotential?® Initial structures obtained from PDB were
chains are different in the three cases (Fig. 1). InZhe minimized with ABNR method and placed in the cubic box
hairpin of protein GB1, the hydrophobic residues are locateavith TIP3P waters. In the equilibrium simulations, the
in the middle of the two strands, while tiféhairpin of  temperature of the system is raised from 0 K to a specific
tendamistat (3AIT) has the hydrophobic residues clusteretemperature. Three independent simulationsrf @uration
near the turn (loop) region. The hydrophobic residues of théave been carried out for each of five different temperatures
hairpin of barnase (1A2P) are spread out over the peptid¢300, 400, 500, 600 & 700 K). A time step of 1 fs was used
One may argue that the positions of the hydrophobic core arnd the trajectories were saved evergslTo analyze the
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trajectories, we calculated several quantities as order paraxternal perturbation such as temperature, pressure, concen-
meters: the number of hydrogen bonNsg] and the radius tration, stress, or electric field. In the present study, the
of gyration of the whole peptideR€). These order para- dynamic spectrum corresponds to the mean square fluctu-
meters are expected to reflect the compactness of the proteitions as a function of residue number, obtained from the ED
structure and give information about the intermediate stateanalysis at a specific temperature. The 2D spectrum represents
of unfolding. Nug was calculated with the SIMLYS pro- correlations in the structural changes due to temperature
gram?’ A hydrogen bond was defined by the bond arlgle (  increasei(e. unfolding) for the two different regions of the
H-O) being restricted in the range between®1&&d 180 peptide. The intensity of a synchronous 2D correlation
with the bond distance being less than 3.3 was  spectrum represents the simultaneous changes of the spectral
alculated with the modified program of SITUS developed byintensity variations during the interval of the external
Wriggers et al.?® Secondary structure contents of the perturbation. The asynchronous 2D correlation spectrum has
peptides were calculated using the SECSTR module of theo autopeaks and is anti-symmetric with respect to the
program PROCHECK® diagonal line. An asynchronous cross peak develops only if
The overall interaction energy and the corresponding forcéhe intensities of two spectral features change out of phase.
for each residue in a protein can be decomposed into variod$he detailed methods for calculating and interpreting
component$® The relative importance of these componentscorrelation spectra are explained in the previous #ork.
can be correlated with conformational changes during the
(un)folding of proteins. In the previous wdfkwe showed
that the electrostatic components can reflect the structural

Results and Discussion

changes associated with the loss of backbone hydrogenWe have performed molecular dynamics (MD) simulations
bonding and the van der Waals components are related withf the unfolding of the three types Bfhairpin structures

the disruption of the hydrophobic core of a protein. We havaising CHARMM all-H potential. The hairpins will be
developed a method for calculating different components ofeferred to the PDB entries (1GB1, 3AIT, 1A2P). At high
the interaction energy or force for each residue in a proteintemperatures such as 600 K and 700 K, the trajectories of the

For instance, (1) van der Waalsvdw, (2) electrostatic

simulations usually result in a completely unfolded state

(eeleg, and (3) total €to) interaction energies of each within the simulation times (Rs), while the folded states

residue with the rest of the protein molecule and solvent

molecules can be obtained.

The essential dynamics metfibis based on the diago- 17
nalization of the covariance matrix built from atomic fluctu- 10 - U, (a)1GB1
ations in an MD trajectory from which overall translation g - ‘ °
and rotations have been removed. The coordinates of;the ( . H E
atoms are used for the analysis. Diagonalization of the 8 7 S C‘D
covariance matrix yields a set of eigenvectors and eiger 7 - _'_—"_'!'Cb
values, which are sorted by the size of the eigenvalue. TF 6 1 , T T T
basic idea of essential dynamics is that only the correlate 12 U (b) 3AIT
motions represented by the eigenvectors with large corre 1 ° °
sponding eigenvalues are important in describing the overa ; $
motion of the protein. For each temperature, MD trajectories & 10 ] \ H
of three separate simulations are concatenated to form or 9 CP _+_H CIDF
big trajectory and a covariance matrix is constructed. The 8 ] i
resulting eigenvectors now indicate the concerted motions ¢ 14 I EEPEN NS S |
atoms, which are common to the separate trajectories. Tt 134 8 (c) 1A2P
mean square fluctuations reveal structural changes durin 129 Su °
unfolding trajectories. The essential dynamics analysis wa :(1) E ! °
carried out using the WHAT IF modeling progr&m. 9 \$ I ' o

Noda and coworkers have proposed perturbation-based 2 8 - CD S
correlation spectroscopy, which utilizes an additional externa 7 H
perturbation applied during the spectroscopic measureme! 6 ; T ; T é T :1 T -5 T ;;

to stimulate the system of interé$t* The response of the
system to the applied perturbation leads to characteristi

NHB

variations in the spectrum, which is often called a “dynamicFigure 2. Two-dimensional plot in the spaceNfs andRg, which

spectrum”. A simple scheme of correlation analysis can
applied to a series of perturbation-induced dynamic spectr:

prepresents conformations of the hairpins observed during unfolding
simulations for (a) 1GB1 at 400 K, (b) 3AIT at 400 K, and (c)
1A2P at 500 K. Circles indicate representative conformations

collected in some sequential order, yielding desired 2Ccorresponding to the states identified as the “foldeg), the
correlation spectra. The dynamic spectra can be obtained “hydrophobic core” i), the “partially solvated clusters), and the
a function of the quantitative measure of the imposec‘unfolded” (U) states.



788 Bull. Korean Chem. So2003 Vol. 24, No. 6 Jinhyuk Lee et al.

with native-like structures are maintained during thestates based dwis and the radius of gyration is sometimes
simulations at room temperature (300 K). At an intermediateifficult.

temperature (400 K or 500 K), partial unfolding and refold- In Figure 3, we showed several quantities of the hairpin
ing of the hairpins are observed in typical trajectories. Werom 1GB1 as a function ofolding progresswhich is
calculated the number of backbone hydrogen boNds) (  defined as the reverse process of the unfolding. The calcu-
and the radius of gyratiorR¢). The time evolution oNwg lations were done on one of the representative trajectories at
and Rs can reveal the structural changes involved in400 K. The first panel displayed the evolution of the
unfolding/refolding dynamics. In the previous studied,it secondary structures of the hairpin. The bend structure (gray)
was suggested that the high-temperature unfolding &f a in the turn region, which is stabilized by the electrostatic
hairpin undergoes a series of sudden discrete conformationaiteractions between the two strands, appeared in the early
changes between states identified as the “fold&jl’ the  stage of folding. As the fraction of the native hydrogen-
“hydrophobic core” F), the “partially solvated clusters), bonding increases, the hydrogen-bonded turn structure
and the “unfolded” Q) states. The statésandSare transient  (black) is formed followed by the formation of beta-ladder
kinetic intermediates. In Figure 2, we showed two-dimen-structure (dark gray) in the strand region. The behavior of
sional plots in the space bfis and Rs, which represents the radius of gyration Rg) indicated that the hairpin
conformations of the hairpins observed during unfoldingcollapsed in the very early folding progress, which is closely
simulations at an intermediate temperature (LGB1 and 3AlTorrelated with the decrease (more negative) in the
at 400 K; 1A2P at 500 K). The results are consistent with thelectrostatic interactions of the whole peptide. In Figure 4,
unfolding mechanism with reversible interconversidns-( the evolution of the total energy of the 1GB1 hairpin during
H - (S) » U). Itis noted that discriminating th¢ andS  (un)folding is shown along with the designation of four
important structures involved in the folding process. Starting
from the unfolded structur&Jj, the electrostatic interactions

of the whole hairpin lead to a compact structure, so called
solvated structur€S). The solvated structure hBs value of
about 8-9A with negligible native hydrogen-bonding.
Similar intermediate local minimum structures, which are
mostly stabilized by the electrostatic interactions of bend
residues, occurred after the first formation of the solvated
structure. The stabilization due to the hydrophobic inter-
actions of the hairpin strand results in thedrophobic
collapse structuréH). The formation of structure involves

sharp decreases Rs and the hydrophobic interactions of
hydrophobic core residues (Fig.3). The hydrophobic
: . . . . . . . collapse structure hd® value of about 7.5 A with few (~2)
] native hydrogen bonds. The transformation Sfto H
o® ] structures may be aided by electrostatic interactions of bend
:- 1 1 1 1 1 1 1
e 4 U
z W
:: : roed A EREEPREES NP SEPUN R R B -70 -
E G R v; ponah lﬂqvillll\‘ﬁ"ﬂ“,\‘ A E {
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Figure 3. The evolution of several quantities for the hairpinfro ! .

1GBL1 as a function dblding progressas defined by the reversé o 2000 1500 1000 500 o

the unfolding trajectory at 400 K. The first panel displayed the Folding Progress [ps]

evolution of the secondary structures of the hairpin: hydrogen:

bonded turn structure (black); beta-ladder structure (dark gray)Figure 4. The evolution of the total interaction energigso() per
bend structure (gray); extension of beta-strand & isolated betaresidue for the hairpin from 1GB1 as a functioriodding progress
bridge (light gray. Interaction energy analysis gives the vad deas defined by the reverse of the unfolding trajectory at 400 K.
Waals interaction energies of the hydrophobic cenal\(y; the Circles indicate representative conformations corresponding to the
electrostatic energies of the bend regidrendB; and the  states identified as the “foldedF), the “hydrophobic core’H),
electrostatic energies of the whole hairgelég. the “partially solvated clustery, and the “unfolded”) states.
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Figure 5. The evolution of several quantities for the hairpinmfro  Figure 6. The evolution of several quantities for the hairpin from
3AIT as a function ofolding progressas defined by the reversé o 1A2P as a function dblding progressas defined by the reversé o
the unfolding trajectory at 400 K. The first panel displayed thethe unfolding trajectory at 500 K. The first panel displayed the
evolution of the secondary structures of the hairpin: hydrogenevolution of the secondary structures of the hairpin: hydrogen-
bonded turn structure (black); beta-ladder structure (dark gray)bonded turn structure (black); beta-ladder structure (dark gray);
bend structure (gray); extension of beta-strand & isolated betabend structure (gray); extension of beta-strand & isolated beta-
bridge (light gray. Interaction energy analysis gives the vad debridge (light gray. Interaction energy analysis gives the vad de
Waals interaction energies of the hydrophobic cena\(y; the Waals interaction energies of the whole hairpavdly; the
electrostatic energies of the bend regidmen@dB; and the  electrostatic energies of the bend regidrendg; and the
electrostatic energies of the whole hair@pelég. electrostatic energies of the whole hairgel€g.

regions or hydrophobic interactions of hydrophobic coreregion. After the bend region is stabilized, the gradual
residues. The number of hydrogen bonds gradually increaségrmation of native hydrogen bonds in the strand region
as thefolded structure(F) is formed fromH. About four  constitutes the final tune-up process of folding. These results
more hydrogen bonds are formed in such finale-up  are consistent with so-calletp-up mechanism of hairpin
process. Thed — F transformation can be seen from the folding. Figure 6 shows the same analysis as above for the
gradual decrease in the total electrostatic interactions of thieairpin from 1A2P concerning unfolding simulations at 500
hairpin (Fig. 3). K. The hairpin has higher folding temperature than the other
The evolution of several quantities of the hairpin fromtwo hairpins, which may be due to the formation of a closed
3AIT during (un)folding at 400 K is displayed in Fig. 5. The form by terminal hydrophobic residue (HISYLA2P hairpin
hairpin has three hydrophobic residues (6TYR 9TRPdoesnt support a compact structure as in the case of 3AIT
11TYR) and the presence of two hydrophobic residues in thkairpin. Although the structures in the later stage of
turn region precludes the formation of hydrogen bonds. lrunfolding trajectory (2000-15009 seem to have smdis
the turn region, mostly the bend structure (gray) is observednd largeNng, the secondary structure analysis showed that
instead of the hydrogen-bonded turn structure (black)they are different from native structures. Only in the time
Because there are no large hydrophobic residues in thange of 700-(os the formation of the native structure is
strand, the intermediate structures similar to solvated structu@bserved. It is noted that the decreaseRefand the
(9 in 1GB1 hairpin cannot be stabilized in the case of 3AlTformation of hydrogen bonds occur simultaneously as the
There is no sharp change in the hydrophobic (vdW) interfolding progressed. The same trends are reflected in the
actions. In this case, the decrease of the radius of gyration smultaneous decreases of the hydrophobic and electrostatic
correlated with the electrostatic interactions in the turninteractions. It can be argued that the formation of turn and
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(a) 1GB1 ~ (b)3AIT (c)1A2P

Imi

Residue Number

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Residue Name Residue Number Residue Number

Figure 7. Asynchronous 2D correlation spectra for the three hairpins from (a) 1GB1, (b) 3AIT, and (c) 1A2P. The color scales b from +
(black) to—1.0 (white). Solid boxes are drawn to highlight different off-diagonal regions important for determination of sequential change
of structures during unfolding.

the hydrophobic collapse are occurring concurrently for thisThe corresponding folding process is similar to the zip-up

hairpin structure. mechanism. The asynchronous spectrum of 1A2P hairpin is
Using the combined trajectories of the three separateonsistent with the unfolding sequencesesiidues (1~3)/

simulations, essential dynamics analysis was performed t(9~12)/(15,17)- residues (5~7)/(13~15)n can be argued

examine the changes in the dynamical structures of ththat the formation of native structures in the strand and turn

peptide at different temperatures. As in the previougregions occurs simultaneously, which suggests the concurrent

studies?>****only a few eigenvectors are found to representmechanism.

the essential motions in the peptide. The generalized 2D

correlation analysis has been performed using the displace- Concluding Remarks

ments from the ED analysis as input data for generating the

synchronous and asynchronous plots. These plots represeniVe have studied the folding mechanismsfdfiairpins

the correlated structural changes as the temperature feom proteins of 1GB1, 3AIT and 1A2P by unfolding

increased. The analysis was done with the averaged disimulations at high temperatures. The analysis of trajectories

placements over the temperature range as the referenobtained from molecular dynamics simulations in explicit

spectrum. The synchronous 2D correlation spectra of thaqueous solution suggests that fHeairpin structures from

unfolding processes of the hairpins have all positive valuegjifferent proteins follow different mechanism of folding. In a

indicating that the mean square fluctuations of the residuesecent study on the thermodynamics and kinetics of off-

become larger as the temperature is increased. The residuatice models for theB-hairpin fragment, Klimov and

around the peptide ends show larger structural changes asirumalai suggested that the basic mechanisms of folding

the temperature is increased. depend on the intrinsic rigidity of the hairpin, which is
From the signs of the off-diagonal elements of asynchron-

ous spectrum, one can determine the order of structuri

changes in the different parts of a peptide as the temperatu \ N N

is changed. It is assumed that the folding sequence of 1GB1 Qr\ &ﬁ (;F é/i

peptide follows the reverse order of the temperature-induce

unfolding process. Therefore, the asynchronous 2D correlatic -

spectrum can reveal the existence of sequential events in tl g =\

unfolding of a peptidé Figure 7 shows the asynchronous 3AIT ~7 "\I) y

spectra for the three hairpins. In the 1GB1 hairpin, the « & J\, Y

unfolding process is found to follow the sequemesidues r )

(5~9) - residues (1~4)/(10~16)This indicates that the

formation of hydrophobic core in the strand region precede ™ <\

the formation of the turn region in the folding of 1GB1, 1A2P ”;

which is consistent with hydrophobic collapse mechadtsm. L

As shown in Figure 7, the patterns of asynchronous specti r

for the other two hairpins exhibit different behavior than thatrigre g snapshots of representative conformations from the

of 1GB1. For 3AIT hairpin, the analysis suggests that theynfolding simulations, showing the unfolding pathways of the three

unfolding sequences amesidues (7~9)/(13~15) residues  hairpins from 1GB1, 3AIT, and 1A2P. The side chairfs o

(2~3)/(16~18) - residues (10~12: partial bend region)  hydrophobic residues are shown in space-filling mode.
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determined by the location of the hydrophobic cluStés

we discussed earlier, the positions of the hydrophobic side-#- .
eS. Dobson, C. M.; Sali, A.; Karplus, Mingew. Chem. Int. E399§

chains are different in the three cases. The stability and th
initial folding of theB-hairpin of protein GB1 are dominated ¢

turn (loop) region, which facilitates the early formation of
the turn and the subsequent hydrogen bond formation

closing the hairpin. For the hairpin of barnase (1A2P), thei1.

hydrophobic residues do not seem to form a cluster around

one region of the peptide. The best way of folding in thisl2-

case would be the formation of hydrogen bonds assisted

8 illustrates the folding mechanisms of the three hairpins.

In the case of 1GB1 hairpin, two conflicting folding 15.

mechanisms, the hydrophobic collapse mechanism and zip-
up mechanism, have been proposed. The results of t
present simulations suggested that the two models might ngt

mediate structures. These intermediate structures are stabiliz
by the electrostatic interactions in the bend region, although,

at the same time that the final hydrogen bonding patté?n.
It may be more appropriate to propose a new mechanism gf,
[G-hairpin folding that is a blend of the hydrogen-bond-
centric and the hydrophobic-centric models.
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