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ABSTRACT. Molecular dynamics simulations can be used to reveal the detailed conformational behaviors
of peptides and proteins. By comparing fragment and full-length protein simulations, we can investigate
the role of each peptide segment in the folding process. Here, we take advantage of information regarding
the helix formation process from our previous simulations of barnase and protein A as well as new
simulations of four helical fragments from these proteins at three different temperatures, starting with
both helical and extended structures. Segments with high helical propensity began the folding process by
tethering the chain through side chain interactions involving either polar interactions, such as salt bridges,
or hydrophobic staples. These tethers were frequently nonnative (i.e5not 4 spacing) and provided

a scaffold for other residues, thereby limiting the conformational search. The helical structure then
propagated on both sides of the tether. Segments with low stability and propensity formed later in the
folding process and utilized contacts with other portions of the protein when folding. These helices formed
via a tertiary contact-assisted mechanism, primarily via hydrophobic contacts between residues distant in
sequence. Thus, segments with different helical propensities appear to play different roles during protein
folding. Furthermore, the active role of nonlocal side chains in helix formation highlights why we must
move beyond simple hierarchical models of protein folding.

Numerous efforts have focused on the characterization of formation, and the extent to which it is formed along the
protein folding pathwaysl(-7). On the basis of experimental folding pathway for individual segments of a protein.

and simulation studies, two extreme models for prOtEin Here, we are interested in the mechanisms by which
folding have been considered historically: the framework helices form. There is a large body of information about the
(8—11) and hydrophobic collapsel2—14) models. Both  folding of a-helical peptides, in particular, alanine-based
models posit the existence of an intermediate(s) along thepeptides. Experimentally, ultrafast kinetic methods using
pathway and fail to eXplain the two-state fOIdIng mechanism temperature Jump with IR, Raman, or fluorescence spec-
of several small proteins. More recently, the nucleation troscopy as a probe are necessary to Study the fo|d|ng and
condensation mechanism was introduced to address thisynfolding of helices. Depending on temperature and peptide
shortcoming 15). In this case, the formation of secondary composition, one or two phases may be seen in both folding
and tertiary structures is coupled and concerted, comingand unfolding {8—21). In 1997, Eaton and co-workers made
together in the transition state. Patcheschelices and 3 direct observation of the rate of helix propagation, showing
hydrophobic residues distant in sequence typically serve asthat propagation could occur on the 10’s of ns time scale
the nucleation sites16). Once these come together, the (18). Gai and co-workers studied alanine-based peptides from
collapse and condensation of the structure is relatively facile. ~20-40 residues in length with differert-caps orN-

In addition to explaining two-state foldlng behavior, the terminal Capping Sequenc@(z:]_)_ In their work, they saw
nucleation-condensation model can also describe three-statetwo phases in the kinetic trace. The slower of these, with a
fOIding, and, in fact, it can be considered a combination of relaxation time typ|ca||y on the 100’s of ns time scale, was
the two extreme models5). Nucleation-condensation is  attributed to the helixcoil transition. The faster phase,
something of a compromise between these two mechanismsgccurring in less than the 10 ns rise time of their instrument,
and we have recently shown how increases in the helical may arise from helix propagatio2@. Their work showed
propensity cause a shift or slide from nucleati@ondensa-  that relaxation rates for peptides with godetap sequences
tion to the framework mechanisni®). In any case, t0  are more rapid than those with pdg+cap sequences. They

determine which folding model is operative, it is important ajso demonstrated that the change in the helix folding rate
to understand the role of secondary structure in folding, its with peptide length is nonlinear.

Molecular dynamics (MD)studies can also give insight
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modeling equilibrium and kinetic propertiegd). A number

of groups have used implicit solvent models, with either a
distance-dependent dielectric or a generalized Born con- g——
tinuum solvent for such simulations to improve sampling H1
(23, 24). Simulations of (AAQAA} by Caflisch and co-
workers show helix formation to be a non-two-state process
with the possibility of multiple folding pathways, consistent
with a conformational diffusional search procege)( In
contrast, an alanine and lysine containing peptide studied H2 )/

by Duan and co-workers showed three kinetic phases related
to nucleation, helix propagation, and breaking of side-chain
hydrophobic contact2@). Other recent studies have been
carried out with explicit solvatior26—29). The Garciagroup ~ FIGURE 1: NMR solution structures of protein A E-domaibé]
has used replica exchange MD to study a variety of peptides.]‘:’“”‘jl bar”a$e5(l7)- The .‘11/5(|3_‘2 reg'on doglbamase used in the
In simulations of (AAARA}A, they showed that arginine ragment simulations is colored red and blue.

sides chains shield backbone carbonyls and that these
shielded carbonyl groups show a higher probability of helix
formation @5). Their work also suggests that an explicit
solvent may be necessary to accurately model helix formation

by simulation and to get good agreement with experimental .o hrane-hound protein froBtaphylococcus aurewsith
_heI|x—_c0|I parameters_Z{G). Pande and co-_vvorkers re_cen?ly five domains that bind to the Fc fragment of immunoglobulin
investigated the folding of two 21-residue alanine-rich (45, 46). The domains are homologous but not identical,

peptides 29). In these simulations, they saw multiple onq each domain is composed of three helices, which we
nucleation steps forming short helical segments from which yonote as H1. H2. and H3 (Figure 1).

the structure propagated to give the folded helix. A majority
of studies on helical peptides are carried out on relatively

small alanine-based peptides, with typically greater than 50% . . .
helical propensity. This poses two questions. Does the folding comment_ary by quynes4(7). Briefly, two different views
of its folding behavior have been proposed. Several groups

mechanism of a sequence with high helical propensity changey proposed that H3 is the most stable and persistent helix

when the sequence 1S part of a pro;em. .DO sequences W'thon the basis of a range of methods including replica exchange
low helical propensity that form helices in the native state

fold in th th ith hiah helical MD, high-temperature unfolding simulations, and the solution
s?ty?m € same manner as those with igh helical propen- ¢ e stochastic difference equatid2(48, 49). This result

is in agreement with previous experimental work showing
Experiments can provide information about the extent of that the H3 peptide is the most stable in isolation with an
helix formation in intermediate states, transition states, and approximately 50% helical populatioB@, 51). Alternatively,
denatured states. However, they do not usually delineatework based on pathways along a pseudo free-energy surface
precisely where the helical structure resides or give the detailsconstructed from short molecular dynamics trajectories
of the structural transitions between these discrete statespredicts that H1 is the most stable helix and that it forms
Such information can be obtained via MD simulations. MD first during folding, leading to a stable intermediaf,(53).
simulations have provided reasonable models for the transi-Theoretical studies of low-resolution protein models by
tion, intermediate, and even the denatured states of severaKarplus and co-workers@) might be consistent with either
proteins {6). One particularly unexpected finding was made or both scenarios. The transition state for the folding of the
many years ago in unfolding simulations of barna3® 81) B domain of protein A was recently characterized by Fersht
and protein A 82). Helix reformation was observed from and co-workers §5). ®-values from alanine to glycine,
partially and fully unfolded conformations. Analysis of these scanning mutations at solvent-exposed positions, indicate that
events should then provide direct details of the helix H2 is highly structured in the transition state, with H3 having
formation process. When combined and compared with some structure near th¥-terminus and H1 being poorly
simulations of the corresponding helical peptide fragments, structured.
we should be able to decipher the roles of inherent secondary To better understand helix formation in these two systems
structural propensity and both local and nonlocal interactions and the relative importance of helical propensity and tertiary
in helix formation. Furthermore, information about the kinetic contacts, we have performed multiple MD simulations of
stability of different helices and their structural propensities the helical fragments from these two proteins at different
under different conditions as both fragments and full-length temperatures with different starting conformations as well
proteins should aid in the determination of the role of each as simulations of the full-length proteins. A majority of the
individual helical segment in the folding process. To this studies on helix formation in simulation have focused on
end, we have performed such simulations of barnase andmodel alanine-based peptides, which are of limited utility
protein A and their respective helical fragments. In the case in describing the much more complicated situations for real
of barnase, previous simulations revealed a mechanism ofpeptide and protein sequences. Our simulations suggest that
contact-assisted helix formation farl, that is, it only helix formation in the fragments depends on the secondary
refolded after making contacts with another portion of the structural propensities of the fragments, which in turn are
protein. determined by intrahelical side chain interactions as opposed

protein A barnase

Barnase is a 110-residue;+f ribonuclease (Figure 1).
The folding of barnase has been particularly well described
through both experiment81, 33—38) and simulations from
different groups 30, 31, 39—44). In contrast, protein A is a

Protein A has been extensively studied by computational
groups; work in this area was recently summarized in a
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to true, _i_nhere_r_'t &) prOpe_nSitieS' Segments with lQW Table 1: Residue-Based Properties of Each Peptide Fragment
propensities utilize contact with other parts of the protein to

fold. On the basis of a comparison of fragment and full- #ofside % hydrophobic # of Cy- 'S_p';CTnS
length protein simulations, it appears that the formation of #0of -chainheavy residues branched of side
helical structure in portions of the sequence with high helical _fgment residues atomsires in sequence residues chains
propensity occurs early in folding, and the remaining helices p:giﬁ':% 13 j—g gg i :‘Z\\llg:gtlj))llg
fold via a tertiary contact-assisted mechanism. BrotA-H3 14 35 36 1 favorable
barnasex1 12 4.2 55 2 favorable

METHODS

Simulations were performed of helical and extended results from the continuation of an earlier protein A simula-
fragments from the E-domain of protein A and barnase. The tion. We further investigate the importance of this mechanism
helical fragments were excised from the NMR structure of of helix formation by performing numerous simulations of
the E-domain of protein A56) and the crystal and NMR  fragments corresponding to these helices. Specifically, we
structures of barnas&1, 57). The extended peptides were have carried out simulations of three fragments from the E
built with (¢,p) angles of 180. domain of protein A and thel fragment of barnase, all at

All simulations were performed using an in-house version three different temperatures starting from both folded (heli-
of the program ENCAD and a previously described force cal) and extended structures. The sequences for each of the
field (58, 59). All protein and water atoms were explicitly ~ fragments are as follows:
represented. The fragments were minimized for 1000 steps Protein A H1: Ace-QQNAFYQVLOQM-Nme, nine resi-
in vacuo. The peptides were then solvated in a rectangulardues in helix
box with water extending at least 02 A from any protein H2: Ace-NADQRNGFIQSLKD-Nme, 12 residues in helix
atom. The density of each box was set to the experimental H3: Ace-QSANVLGEAQKLNDSQ-Nme, 14 residues in
value for the temperature of interest (0.939, 0.890, and 0.829helix
g/mL® at 398, 448, and 498 K, respectivelg(( 61)) by Barnasenl: Ace-TFDGVADYLQTYHK—Nme, 12 resi-
adjusting the box volume. At high temperatures, the protein dues in helix
(or peptide) traverses energy barriers. Although complete The N-termini were acetylated (Ace) and ti@termini
refolding is unfavorable under these conditions, some were capped with ah-methyl group (Nme). Some general
partially folded conformations should be sampled transiently. features of these fragments are listed in Table 1.

After setting the density, the box volume remained constant,

using the NVE microcanonical ensemble. Periodic boundary Full-Length Barnase Simulations.

conditions were employed to minimize edge effects. The
systems were further equilibrated for 2000 steps of minimi-
zation of water, 2000 steps of molecular dynamics of water
1000 steps of minimization of water, 500 steps of minimiza-
tion of the peptide, and finally, 500 steps of minimization
of the entire system. In the production simulations, an 8 A
force-shifted nonbonded cutoff was employed with the pair
list was updated every five steps. A time step of 2 fs was
used. The simulations were carried out for-b ns, with
most simulations running for 25 ns. Structures were saved
every 0.2 ps for analysis.

Our earlier full-length protei A E domain simulation
(referred to as E2 in our previous publication) was continued
from 6—25 ns following the published protocol83). The
full-length and fragment simulations of barnase beginning
from the native structure were performed earlig®, (31).

The al fragment simulation beginning in an extended

We first observed contact-assisted helix formation in the
denatured state of barnase, that is, after it had unfolded (

' 31). In all simulations, thex1 region was very dynamic in
the denatured state. Residues—1% populated helical
conformations much of the time, whereas residued
switched back and forth between helical and other confor-
mational states. When Trp 94 together with other hydro-
phobic residues shifted to the center af, favorable
hydrophobic interactions led to the readjustment of the
conformations of theal residues, which induced helix
formation.

This reorientation is illustrated in snapshots from a
simulation beginning from the NMR structure (referred to
as the D-1 simulation in our previous publications). Two
nanoseconds into the simulatian] was partially unfolded
with residues #12 having lost their helical conformations.

f tion | to this stud dth tocol d ned However, most of the native hydrogen-bonding network was
conformation IS néw o this study, and the protocol describe regained with time (Figure 2A). Between 2 and 2.5 ns, some

above for protein A fragments was used. Molecular graphics _
images were produced using the UCSF Chimera packagecomaCtS betweernl and f(3—4) were made, but the

; ) i L orientation of Ala 10 prevented helix formation at the
from the Resource for Biocomputing, Visualization, and P

Informatics at the University of California, San Francisco N-terminus. After this time point, reorientation of the side
' hai tacts at thel andj3(3—4) facilitated the foldi
(supported by NIH P41 RR-0108153). chain contacts at thel andf(3—4) facilitated the folding

of al. The packing of hydrophobic residues betwedrand
RESULTS residues 8889 increased as residues ¥2 were added to
the helix @0). This packing decreased the combined solvent
Previously, we observed a novel mode of helix formation accessible hydrophobic surface area of Val 10, Ala 11, and
in both barnase and protein A involving long-range tertiary Leu 14. TheC-terminal end of the helix (residues 447)
contact-assisted catalysBX-32). We begin here by briefly ~ maintained a helical turn throughout the ensemble as judged
describing those results and note that all refolding stepsby both backbone orientation and hydrogen bondBd. (
described below are observed directly in the simulation; they  This contact-assisted helix formation and solvent exclusion
are not inferred from unfolding. Then, we proceed with new were also observed in another independent denaturation
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Ficure 2: Contact-assisted helix formation in the main hydrophobic @dté(3—4) region of barnase. (Top) The natieel/3(3—4)
fragment is shown oriented as in Figure 1 (left) and as in the other snapshots in this figure (right). Snapshots from (A) the 498 K simulation
starting from the crystal structur81), (B) the 498 K simulation starting from the NMR structu), and (C) then1/3(3—4) fragment
simulation.

simulation, in this case beginning from a newer crystal starting coordinates were extracted from the NMR solution
structure (referred to as D-3 in our previous publications), structure.

and in a fragment (discussed below). In the simulation of al Fragment.Simulations of theal helix of barnase

the full protein,al was completely unfolded at 3.3 ns; beginning from both helical and extended starting structures
however, residues-916 had refolded by 3.6 ns (Figure 2B). were performed at 498 K, the same temperature at which
At around 3.4 nspl remained essentially unfolded, and helix refolding was observed in simulations of the whole
contacts were formed between Phe 7 and lle 88, across theprotein. In the unfolding simulation of the helix, the
al and 3(3—4) interface. Over the next 100 ps, further secondary structure became disrupted at 0.2 ns and was fully
contacts were formed at this interface, particularly between unstructured after 2.5 ns (Table 2). No refolding events were
Val 10, Leu 14, and Trp 94, leading to the formation of eight observed during the 25 ns trajectory. Partial folding (one

residues of helical structure. turn of helix) was observed at tf@&terminus after 24 ns in
the simulation starting with the extended segment. This
Barnase Fragment Simulations region of the peptide contains more hydrophobic residues
than theN-terminus. In particular, Tyr 13 and Tyr 17 played
Because of the interactions observed betwetrand- a part in this process.

(3—4) during the refolding of the helix in full-length protein ol/3(3—4) FragmentAn al1/5(3—4) fragment (residues
simulations, additional simulations were performedodf 5—21 and 85-100) simulation was performed for 2 ns at
and 5(3—4) fragments, both alone and as a noncovalent 498 K (30, 31). This a1/5(3—4) fragment represents much
complex. The fragments were slightly longer than the actual of the hydrophobic core of barnase. Some helical structure
secondary structure units to reduce end effects, and thewas retained irxl during this simulation; however, it was
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Table 2: Average Number of Hydration WatéWolecules and
Solvent Accessible Surface Area of Peptide in Representative
Helical and Coil Regions in Fragment Simulations of Protein A
Starting from Helical Conformations

“am B

helix regior? coil regior?
time SASA time SASA 1ns 3ns 4ns
(ns) #waters (A3 (ns)  #waters (A3 ) -
H1448K 0-3 129+14 291+87 6-7 144+ 24 297+ 91 j‘
498K 7-15 122+ 16 291+85 16-19 210+41 324+91 b . ~
H2 448K 0-3 147+11 212426 7.5-10 191+ 19 248+ 31 P /J N N A h (/_/
498K 0-1 130+£9 221+26 5-10 1524+ 20 248+ 33 < )\ J_,f@" { {//
H3448K 0-3 128+11 356+ 25 4-6 148+ 14 393+ 37 \! A
498 K 0-10 138+ 15 393+ 37 10-18 1624+36 419+ 44 5ns 10 ns 15ns 20ns 25ns
aWater molecules that were within 4.5 A of the nearest protein heavy FIGURE 3: Unfolding of protein A at 498 K. Residues in helix 1 in
atom were considered to be in the hydration layetelical regions the native structure are colored red, those in helix 2 are green, and

were defined as the time period when the helical conformations of fewer those in helix 3 are blue. Residues in the loop regions in the native
than four residues in a row were disrupted, and the coil regions were Structure are gray. The wide ribbon denotes secondary structure as
defined as the time period during which fewer than four residues in a determined by using the Kabsch and Sander DSSP algorithn (

row were in helical conformation.

There is evidence from a variety of techniques that
in dynamic equilibrium with coil conformations. The unfold-  and f(3—4) contain residual structure and that they are
ing of the helix began from thi-terminus, and a dynamic  folding initiation sites 80, 31). In isolation, either as
turn was retained at the-terminus. Several factors stabilized fragments or in the fu||-|ength protein' these segments are
the C-terminal region ofx1: (A) The stable stacking of Tyr  only marginally stable. But, when they come together, they
13 and Tyr 17 was transient; the distance between thecan stabilize one another and assist each other in refolding.
aromatic rings was less tha A onaverage; (B) the Asp  Following the initiation of folding from these sites, there is
12 side chain formed hydrogen bonds with the hydroxyl further consolidation of structure along the folding reaction
group of Thr 16; and (C) protonated His 18 capped the coordinate.
C-terminus of the helix through dynamic interactions with
the carbonyl group of GIn 15. In addition to this retention Full-Length Protein A Simulations
of structure, there were several contact-assisted refolding
events. The specific residues interacting at the interface As with barnase, protein A fragment simulations described
between the secondary structural elements differed in thebG'OW were motivated by our earlier full protein simulations
fragment and full-length protein simulations. However, with Of different protein A domains3@). One simulation of the
the exception of a salt br|dge between Asp 8 and Lys 98, E domain at 498 K, referred to as the E2 simulation
interactions across thetl and 5(3—4) interface were  Ppreviously, has been extended here from 6 to 25 ns (Figure
predominantly hydrophobic in nature. 3). The continuation of the simulation confirms our earlier
The major contact-assisted refo|ding event occurred be-finding that H3 iS, overaII, the most stable helix in multiple
tween 100 and 200 ps (Figure 2C). The helix had simulations of different protein A variants. The highly mobile
essentially lost all helical structure by80 ps into the nature of H1 is also obvious in this simulation. After the
simulation, with a few contacts retained across ttigs- protein became extended and the helices separated, they
(3—4) interface. The formation of the first turn ofl began ~ sampled their local conformational space guided by their
with the formation of a native— i + 4 backbone hydrogen ~ secondary structural propensities, local interactions along the
bond between Leu 14 and His 18. This structure was helices, and interactions with their environment. After fully
stabilized by the Capping interaction of His 18 and by the UnfOlding, the r9f0|ding of the helices occurred at various
stacking of Trp 94 onto His 18. The side chain of GIn 15 times. For example, both H1 and H2 mainly refolded from
played a significant role in the formation of the second turn theC-terminus, whereas the folding of H3 was initiated from
of a1 by forming a hydrogen bond with Ala 11. The chain either end. H1 and H3 refolded even when they were not in
was then pulled in further toward the turn by the formation contact with the rest of the protein, whereas H2 refolded
of ani — i + 3 hydrogen bond between Ala 11 and Leu 14, only when interacting with H1 and/or H3 (Figure 4).
which stabilized the second turn afL. At the same time, H2 underwent three refolding events in this simulation,
further hydrophobic contacts were formed betweédnand at~5, 11, and 16 ns. The most extensive of these refolding
p4. At ~145 ps, the hydrophobic side chains formed a cluster events occurred at5 ns and was triggered mainly by the
betweennl andp4, and the last two turns @fl underwent hydrophobic collapse of the three segments (Figure 5A).
structural rearrangement involving the formation of transient There was a significant conformational change from 4.9 to
i —i + 3 and/ori —i + 4 backbone hydrogen bonds. These 4.95 ns, which resulted in the formation of the first turn in
hydrogen bonds flickered, and the structural rearrangementshe H2 segment. Before 4.9 ns, residues Phe 28, lle 29, and
continued until the backbone atoms found their proper Leu 32 were almost linear. By 4.91 ns, lle 29 pointed toward
hydrogen bond partners at150 ps. At this point, the last  the inside of the protein as it approached Phe 11 at 4.92 ns,
two turns of al were reformed, and Asp 12/Thr 16 which brought Phe 28 and Leu 32 closer to one another. At
interactions were restored. The stacking of Tyr 13 and Tyr 4.93 ns, lle 29 interacted with Val 42, Leu 43, and Phe 11,
17 was not regained until approximately 200 ps, which then which led to a hydrophobic cluster by 4.95 ns. Although
provided additional stabilization to th@&terminal region of Phe 28 and Leu 32 interacted with one another, this
ol. interaction only occurred after lle 29 had made contact with
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Ficure 4: (A) Secondary structural changes in the protein A
simulation at 498 K. Residues with helical conformation are
indicated with a green bar, those with beta conformation with a
blue bar, and all other conformations with a white bar. Conforma-
tions were determined fromp(iy) angles. (B) Variation of the

number of heavy atom contacts between each pair of helical

segments with time.

Scott et al.

main-chain hydrogen bonding partners at 5.126 ns. From
5.124 to 5.126 ns, residues 25 and-24 changed confor-
mations to helices. The last turn formed from 5.2 to 5.5 ns,
when residues 2426 converted to helical conformations via
the propagation of the two existing turns, which were
stabilized by hydrophobic interactions.

The folding event at 11.3 ns was similar, but less extensive.
Folding began at around 11.1 ns when the residues toward
the C-terminus of H2 formed contacts with H3 and, to a
lesser extent, with H1 (Figure 5B). Residues-22 were
the first to adopt helical conformations, followed by residues
26—28. Unlike the folding event at 5 ns, residues 24 and 25
did not adopt helicalg,) angles ori — i + 4 hydrogen
bonds. H2 also reformed partially at about 16.7 ns. In this
case, H2 was in contact mainly with H3 (Figure 4). This
simulation indicates that H2 and H3 have an affinity for one
another and spend much time in contact, stabilizing each
other in the helical state. This sequence of events was
different from that of the fragment simulations in which the
Phe 28/lle 29 and Leu 32 interaction dominated the folding
process.

Protein A Fragment Simulations

a-Helical Starting StructuresThe three helices H1, H2,
and H3 were simulated at three different temperatures (398,
448, and 498 K) to investigate the stability of the helical
peptides when starting from their conformations in the NMR
structure $6). To describe the unfolding and refolding events
in these trajectories, we define the following events and
terms: at least four successive residues had to adopt helical

other residues, such as Phe 11 and Leu 43, in the center of¢,p) angles to be considered to be in a helical conformation.
the protein (Figure 5A). The second turn formed between If four or more neighboring residues were not helical for
5.12 and 5.13 ns when Phe 28 and lle 29 made furthermore than 100 ps, then that part of the helical segment was
interactions with other residues in the core. These interactionsdescribed as disrupted or unfolded. A peptide with less than
pulled on the residues of the second turn, which gave themthree helical residues was considered to be completely
the chance to adopt more favorable conformations and find unfolded.

M17

(A)
2
L32 g%s 'éL il
1 .
29

F11
A10

|
F28

O

495 ns

11.17 ns

1112 ns

11.22 ns

i

<

L’
513 ns

512ns

540 ns

11.24 ns 11.39 ns 11.46 ns

Ficure 5: Snapshots of helix formation in the protein A simulation at 498 K. (A) Folding of helix 2 at around 5 ns. (B) Partial folding of
helix 2 at around 11 ns. Residues in helix 1 in the native structure are colored red, those in helix 2 are green, and those in helix 3 are blue.
Residues in the loop regions in the native structure are gray. The narrow ribbons are shown (irrespective of secondary structure) for clarity.
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HA1 H2 H3 and Lys 33 stabilized the first turn at tleterminus at 12.63
PEHEN T ' EET R ns, which allowed the helix to propagate toward the
N-terminus. This sequence of events was different from that
in the simulation of the whole protein, where the interaction
between Phe 28 and Leu 32 occurred only after lle 29 made
tertiary contacts with H1 and/or H3.

308 K H3 became disrupted at 3.31 and 2.23 ns at 398 and 448
K, respectively, with a longer retention of the helix than was
observed for H1 and H2. The H3 helix showed some
structural fluctuation at both thé-terminus and in the center
of the sequence before 7 ns in the 498 K trajectory, but it
quickly returned to the helical conformation. H3 not only
was disrupted later than both H1 and H2 but also was the
peptide that suffered the lowest number of disruptions before
it became fully unfolded. H1 was the least stable and was
disrupted more often than H2 and H3 prior to fully unfolding.

One notable feature in these trajectories is that H1
448K experienced more dynamic conformational changes than the
other two helices. The main chatmain chain hydrogen
bonds at theC-terminus in H1 frequently switched between
o- ands-helical conformations; this phenomenon was not
observed in H3 and only very transiently in H2. The behavior
of some representative hydrogen bonds for each helix is
shown in Figure 7. Another interesting feature of H1 was
the difference in the size of the hydration layer of the helical
and coil states at 498 K (122 vs 210 water molecules,
respectively, Table 2), which is consistent with the increase
in the solvent accessible surface area for this conversion.
498 K Indeed, the difference in the exposure of H1 in the helical
and coil conformations at 498 K was larger than at 448 K
(Table 2). In contrast, the differences in exposure were very
similar for both H2 and H3 between the helical and coil
states, regardless of the temperature, as might be expected
for peptides with lower hydrophobic contents. Overall, the
stability of each helical segment in the full protein simulation
Residue Number agrees with the fragment simulations and further confirms
FIGURE 6: Secondary structure as a function of time for the H1, our previous conclusions.

H2, and H3 fragments of protein A starting in helical conformations. . . . .
Residues withghelical corl?formation are igrjldicated with a green bar, Extended Strand Starting Structur&mulatlons begin-
those with beta conformation with a blue bar, and all other Ning from extended conformations were performed at 448
conformations with a white bar. The conformations were determined and 498 K to investigate helix folding. There were more
from (@,¥) angles. folding events in H3 than in H1 and H2 (7, 3, and 1,

H1 quickly became disrupted at all temperatures (ap- respectively). The folding events happened much earlier for
proximately 0.73, 0.6, and 0.67 ns at 398, 448, and 498 K, H3 than for H1 and H2. Combined with the findings
respectively), highlighting the instability of this fragment described above, these results suggest that H3 has the greatest
(Figure 6). In all cases, the unfolding of the helix began from tendency to form a helix. Interestingly, H1 and H2 always
the N-terminus. Interestingly, there were several folding folded from theC-terminus at 498 K and from tHeé-terminus
events (i.e., reformation of helical structure) in both the 448 at 448 K, while both the termini and the center of H3 served
and 498 K trajectories. A detailed examination of the as initiation sites for helix formation independent of tem-
structures at the residue level reveals that @terminal perature. For example, in the H1 folding event at 498 K,
hydrophobic interactions, especially side chain interactions Phe 11 and Leu 15 at tl@@terminus approached one another
between Phe 11 and Leu 15, dominated the folding behaviorat 10.2 ns (Figure 8). This interaction triggered the formation
of the H1 fragment at high temperatures. That is, the helix of the first helical turn and stabilized ti@&terminus, giving
folded from theC-terminus after Phe 11 and Leu 15 made the N-terminus time to search for interactions upon this
contact. scaffold. Main chain hydrogen bonding and side chain

H2 first became disrupted at 2.5, 0.75, and 0.2 ns at 398, packing followed, allowing for propagation of the helix
448, and 498 K, respectively, with a longer retention of H2 toward theN-terminus. At 448 K, on the other hand, the H1
than H1 at low temperatures. H2 refolded after 12.5 ns at fragment folded from theN-terminus. Main chaifrmain
498 K, and it persisted for 2.5 ns. This fragment basically chain hydrogen bonding and side chain packing were the
refolded in the same manner as H1: it began from the major driving forces for helix formation. The hydrophobic
C-terminus and then propagated to theéerminus (Figure residues were not close enough to make a contribution to
6). Interactions between the side chains of lle 29, Leu 32, helix formation.

7 1721 3438 53



4160 Biochemistry, Vol. 45, No. 13, 2006

N oW e O - o N W B O O -~ O N W B2 OO N ®
T

. i,i+5
oL
e B H2
g
c
T
o
=}
B ii+4
B i,i+h
i H3
0 2 4 6 8 10
Time (ns)

Ficure 7: Variation of representative hydrogen bond distances with
time in the 398 K simulations of the helical fragments of protein

Scott et al.

C=0 groups of residues 4848, all pointed in the same
direction. This arrangement formed a favorable field for a
hydrogen bond acceptor. Interestingly, the=@ of residue

44 formed hydrogen bonds with residues 45 and 486, first at
15.67 ns and then with residue 48 during the following 10
ps. This conformational change involved few side chain
interactions. The refolding of H3 was also initiated by a
hydrogen bond network that restrained the local conformation
at 448 K (Figure 8). Residues Glu 45, Lys 48, and Asp 51
formed a salt bridge network at 4.3 ns. Helix formation
occurred on both sides of the salt bridge and finally
propagated to the termini.

As mentioned above, H2 did not fold as readily as H1
and H3. There was only one folding event in the simulations
of this fragment. Helix formation was triggered by the
conformational search within a very limited space because
of constraints imposed by a salt bridge between Asp 23 and
Lys 33. This result further supports the notion that H2 has
lower helical propensity.

DISCUSSION

Mutation of Residues Important in Contact-Assisted Fold-
ing. What is the effect of the mutation of residues important
in contact-assisted folding? This question is most easily
addressed for barnase, where the denatured, intermediate,
and transition states have been characterized, giving a picture
of the residues that are structured at different stages on the
protein pathway 30—31, 33, 35). Interactions between
residues Phe 7, Val 10, and Leu 14dd and residues lle
88, Leu 89, and Trp 94 in3(3—4) were seen in the
simulations to be important in contact-assisted helix forma-
tion. These residues are in regions that have been shown to
be important in experimental folding studies. NMR studies
of the denatured state suggest that there is residual structure

A. Thei—i + 4 hydrogen bonds are between residues 11 and 15, in the regions ol andf(3—4). This residual structure is
28 and 32, and 46 and 50 in helices 1, 2, and 3, respectively. Thebelieved to play a role in initiating early folding events.
i—i + 5 hydrogen bonds extend each pair by one residue. This Residues Val 10, Leu 14, lle 88, and Leu 89 were mutated

figure illustrates the rapid switching between and z-helical
conformations in helix 1 compared with that in helices 2 and 3.

In the helix formation of H3 at 498 K, main chain
hydrogen bonds formed from a conformation with the

10.00 ns

H3
448 K

4.05 ns

4.30 ns

in a protein engineering@-value analysis of barnase. This

study showed that all four residues are in the regions of the
protein that are structured in both the intermediate and
transition states, with residues lle 88 and Leu 89, in

10.50 ns

10.80 ns

432ns 4.45ns

Ficure 8: Helix formation in simulations of protein A fragments beginning from the extended structure. Residues in helix 1 in the native
structure are colored red and those in helix 3 are blue. The narrow ribbons are shown (irrespective of secondary structure) for clarity.
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particular, havingb-values close to 1, or essentially native- events in the H1 and H2 simulations at 498 K were catalyzed
like structure, in the transition state. The effect of the by hydrophobic contacts, and those in the H1, H2, and H3
mutation of residues important in contact-assisted folding is simulations at 448 K were catalyzed by hydrogen bonds or
more difficult to address for protein AP-Value analysis other polar interactions. Helix formation in H3 at 498 K,
has been carried out for a homologue of the protein studied however, was catalyzed by hydrogen bonds, as it contains
here, the B-domain of protein A§). However, protein A fewer hydrophobic residues than H1 and H2, especially those
folds in a two-state manner; therefore, we only have a single with i — i + 4 spacing.

snapshot qf structure formation along the_folding pathway  Helical Propensity It is well known thatf-branched or
from experiment. We have shown that residues Phe 28 andy ky residues are unfavorable in helic68,(70). Although

lle 29 in H2, Phe 11 in H1, and Gln 38, Ser 39, Leu 42, and ¢ fragments in this study contain feisbranched residues
Val 43 in H3 are particularly important in contact-assisted (Table 1), the average side chain sizes are distinctive,
helix formation in protein A. Many of these residues are not decreasing from H1 to H3 of protein A. The average side
in contact in the native state. We postulate that non-native chain size ob1 of barnase is between H.1 and H2. In many
contacts woulld assist in helix formation early in folding and ¢ 11 simulations, helix formation appears to be catalyzed
that side cham rearrangement WOL.“d thep take plgce Iaterby hydrogen bonds/salt bridges formed between side chains
on the _foldmg pathway. A comparison with experimental or main chain and side chain atoms. In many cases, the salt
values is therefore not possible in this case. bridges did not directly aid in the processioef-i + 4 main

_Kir;e?c Stabilitcy of thde I-t|elice§ Otf Prféiifn N.'htetfragmer:t chain hydrogen bond formation. Instead, they provided a
simulations performed at a variety ot diterent lemperatures ¢\ for the rest of the residues to build upon by limiting

]Ejemonsttra_te ;\ha';li:]\% W‘Esl_:rlle r?olzt Ztable_l he|IC§.| frtagmgmconformational sampling and tethering a portion of the chain.
rom protein A. oug refolded easlly and retained - A, gther common mechanism for tethering the chain was

gf(trr;:enl:g?l ;Onn;c,::irga\}\l,ﬁﬁ tLoer rﬁginr:ecr:yneﬂﬁfztngnK,blettv\:/veaesn hydrophobic staples formed through interactions between
yay ’ 9 nonpolar side chains. Helical turns can then propagate in

ag”ﬁg’gfgﬂ:ﬁgﬁrwﬁgg?éHoﬂlcﬁrgﬁgrggﬁn 'zolr-]lgm'?'he both directions from these staples. Interestingly, the tether
w -V crved | y transienty in He. 1€ 4,04 not need to be helical with— i + 4 interactions to

Qynamlc b.e*‘a"'of of H1 was dug to steric clashes '”VO'V".‘g nucleate the helix independent of whether the helix was
its bulky side chains. As shown in Table 1, the average size tethered by polar or nonpolar interactions, demonstrating the

of the side chains is inversely proportional to the stability importance of nonnative interactions in foldin
of these fragments. The difference in stability between H1 P 9:

and H3 suggests that large residues may destabilize the helix. Contact-Assisted Helix Formation and Its Relace to
This result supports the view that most residues are helix the Mechanism of Foldingur results show that hydropho-
destabilizing aside from Ala6@, 64). In a model peptide  bic contacts were very important in triggering helix formation
MD study of a- to z-helix transitions, the conformational ~for the segments with low helical propensity, such as H1
change happened more rapidly in a peptide with larger sideand H2 of protein A andxl of barnase. A comparison of
chains than in a peptide with smaller side chains, consistentthe fragment and full-length protein simulations suggests that
with our results 5). In addition, both simulations and €arly events in secondary structure formation rely primarily
experiment have observedhelix formation occurring in on intrinsic propensities or the intrahelical interactions. In
peptides with — i + 5 spacing of large residue6q—68). this case, H3, which has high helical propensity and was

On the basis of these arguments, it is understandable thaghown to be the most stable helical segment, would form in
the stability ofal from barnase is also much lower than the the early stages of folding, as suggested by other stugigs (
H3 helix of protein A, and instead, it is similar to H1 and 48, 50, 51). H2 and H3 remained near one another throughout
H2. The simulations described here show that favorable sidemost of the simulation after14 ns in the full-length protein
chain interactions will catalyze helix formation as well as Simulation. Because the HH3 motif showed higher helix
stabilize the helix. However, the less stable nature of H1 contentthan H2 and H3 alone, as is also seen experimentally
and H2 indicates that bulky residues may destabilize the helix (32 48, 50, 51), it may serve as a scaffold for folding. Indeed,
when they are in unfavorable positions. Thus, unsurprisingly, when H1 covers the H2H3 surface in the right topology,
the overall stability of a helix relies upon the balance of the hydrophobic contacts and other interactions at the
favorable side chain packing and the unfavorable steric interface trigger the final folding of H2 to the native helical
interactions among side chains. conformation of the protein. For simple protein domains

Mechanism of Helix Formation and the Effect of Tem- composed of a few helices, knowledge of stability and helical
perature.Several different mechanisms of helix formation propensity gained from coupled fragment and full-length
were observed in these simulations. It is interesting that at protein simulations should be helpful in predicting folding
high temperatures, hydrophobic interactions dominated andpathways. These results may also have implications in
were important for helix formation in H1 and H2 of protein understanding the highly cooperative nature of protein
A, which contain several hydrophobic residues at their folding. On a macroscopic level, this arises because of
C-termini. This effect is consistent with the temperature transitions between states that are separated by an energy
dependence of the hydrophobic effet?,(69). For example, barrier with only the transient population of conformations
the exposure of nonpolar residues was lower in the helical between each state. The results presented here hint at one
than in the extended conformations of H1 such that a mechanism by which cooperativity may be achieved at the
considerable number of hydration waters were released intomicroscopic level. Some secondary structural elements
bulk upon folding. In contrast, hydrogen bonds dominated require assistance from tertiary contacts to fold, which would
helix formation at lower temperatures. All of the folding lead directly to cooperativity in folding.
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We have recently shown how helical propensity plays a
role in the formation of a folding intermediate in the ultrafast
folding of a similar 3-helix bundle, the engrailed home-
odomain {1, 72). For this protein, folding involves the
docking of essentially preformed helices. Interestingly, a
structurally homologous protein, c-Myb, with a lower helical

propensity does not form a stable intermediate and instead

folds via a mixed framework and a nucleatieecondensation
mechanism in which secondary and tertiary structure forma-
tion are more tightly coupledlL{). Tertiary contact-assisted
helix formation figures prominently during the process, and
mutations increasing its helical propensity lead to the
formation of a helical intermediate and a shift to folding via
the framework modelq3). Thus, the tertiary contact-assisted

secondary structure formation outlined here demonstrates the
importance of moving beyond the simple hierarchical models 25

of protein folding, which in turn may provide the missing

link and finally allow us to predict protein structures more
reliably.
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