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Abstract

We ran and analyzed a total of eighteen, 10 ns molecular dynamics simulations of two C-t@+haigbins from
the B1 domain of Protein G: twelve runs for the last 16 residues and six runs for the last 15 residues, G41-E56 and
E42-E56, respectively. Based on theia RMS deviation from the starting structure and the pattern of stabilizing
interactions(hydrogen bonds, hydrophobic contacts, and salt bridges were able to classify the twelve runs on
G41-E56 into one of three general states of@Heairpin ensemble: ‘Stable’, ‘Unstable’, and ‘Unfolded’. Comparing
the specific interactions between these states, we find that on average the pstadipin buries 287°A of
hydrophobic surface area, makes 13 hydrogen bonds, and forms 3 salt-bridges. We find that the hydrophobic core
prefers to make some specific contacts; however, this core does not require optimal packing. Side-chain hydrogen
bonds stabilize the8-hairpin turn with strong stabilizing interactions primarily due to the carboxyl of D46 with
contributions from T49 hydroxyl. Buoyed by the strength of the hydrophobic core, other hydrogen bonds, primarily
main-chain, guide th@-hairpin into registration by forming a loose network of interactions, making an approximately
constant number of hydrogen bonds from a pool of possible candidates. In simulations on E42—E56, where the salt
bridge closing the termini is not favored, we observe that all the simulations show no ‘Stable’ behavior, but are
‘Unstable’ or ‘Unfolded’. We can estimate that the salt-bridge between the termini provides approximately 1.3 kcal
mol. Altogether, the results suggest that fuairpin folds beginning at the turn, followed by hydrophobic collapse,
and then hydrogen bond formation. Salt bridges help to stabilize the folded conformations by inhibiting unfolded
states.
© 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Origin and schematic of thg-hairpin. (a) The complete structure of the B1 domain of Protein G is shown using the 1PGB
structure file[47]. The figure was made using the programs RASM(@0] for orientation and MOLSCRIPT5]] for output.
Residues G41 to E56 are highlighted in a darker shade of ¢sa schematic of the excise@-hairpin. The kinks represent which
side (hydrophobic or hydrophiliz of the hairpin a residue is pointingexplained in the tejt The residues pointing out are on
‘hydrophobic side’ of the hairpin, while those pointing in are on the ‘*hydrophilic side’.

1. Introduction Work on even the simplegd-sheet, the two-
strandedB-hairpin, has been limited by their low
stability and/or tendency to aggregate in solution.

proper appreciation of protein primary and second- In the past decgde, stablg hairpins and sheets have
ary structure did not enter the literature until later P€€N characterized experimental}—21. These
when it was discussed by Linderstrem—Lang and "esults have provided tractable systems for com-
Schellman([3]. While John Schellman performed Parison with  molecular dynamics simulations,
much of his work in proteins on the thermodynam- @lthough simulations of-sheets had been done
ics of folding [4—8], he still published some work ~ Previously by a number of grou22-3Q. Of the
studying the formation ofx-helices[9,10. Such ~ experimental systems, many groups have chosen
investigations into secondary structure formation to characterize the C-terminal, 16 resici+@airpin
provide simple systems to study the basic units of from the B1 domain of Protein GFig. 1. Its
protein structure. As Schellman’s and others’ work intrinsic stability was first proposed by Kobayashi,
indicates[9,11,12, more has been done witfe- et al. [20], and studied in detail14,15,17,19,21L
helices over3-sheets due to the inherent stability In agreement with experimental results but differ-
of helices in solution. ing with the zippering theory of hairpin folding

While two forms of local protein structure had
been predicted a number of years earligf], a
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Fig. 2. GaRMS vs. Time. To filter out noise, we smoothed the curves by averaging over a window of 50 @ueEhe curves

for the three states found in the G41-E56 simulations. For clarity, we did not add error bars; however, we list the standard deviation
between runs as follows: the 7 ‘Stable’ simulations were 0.277 A; the three ‘Unstable’ simulations were 0.899 A; and the two
‘Unfolded” simulations were 1.254 Ab). The curves for the two states observed from the simulations of the E423-E&6pin.

Standard deviations between the runs for the ‘Unstable’ and ‘Unfolded’ states are 0.582 and 0.657 A, respectively.

[17], these simulations have identified that the sufficient sampling. The reason for both of these
hydrophobic core provides most of the hairpin’s limitations is that computer resources necessarily
stability [29—37 and seems to be the nucleation limit molecular dynamics simulations. Here we use
site for folding[33,34,36. The backbone hydrogen a particularly efficient empirical potential energy
bonds seem to only play a crucial role in the latter calculation[39] to speed up calculations enough
stages of folding[35,36, although some recent to run several long trajectories that give adequate
theoretical work suggests that the hydrogen bonds sampling. Of course, the accuracy of calculations
form concomitantly with the hydrophobic core using any empirical force field is prima facie
[30]. Another recent theoretical paper on this suspect: molecular dynamics should generally be
hairpin has found evidence of a helical intermedi- done on systems allowing comparison with exper-
ate not seen elsewhefg9]. There is some disa- iment. For theB-hairpin structure studied in this
greement as to the role of the hairpin turn in the paper, as with previous simulation studies, we can
folding pathway[31,32,35,36,3B and there is no  compare our data with the large body of experi-
discussion of salt bridge contributions. In this mental and theoretical work done on the hairpin
paper, we address these issues of the turn and salas well as the complete domain. Each dynamics
bridges in the stability of @-hairpin in a descrip-  trajectory only follows the progression in time of
tion of a very extensive series of molecular dynam- one protein molecule, whereas experimental results
ics simulations of the standard 16-residue generally measure the average over an ensemble
B-hairpin and a shorter 15-resid@ehairpin from of many, many molecules. To offset this shortcom-
the B1 domain of Protein G. ing, we ran a total of 18 different trajectories for
Molecular dynamics simulations of proteins in two B-hairpins, each lasting 10 nanosecoids).
solution provide a detailed view of molecular Although each simulation follows the time-course
interactions not normally seen in experiment. In of a single molecule, certain trajectories exhibited
doing so, however, simulations suffer from the similar behavior in their backbone fluctuations and
inaccuracy of the energy functions and the lack of pattern of protein interactior($ncluding salt bridg-
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e9. Using this information, we are able to identify
different states of the hairpin ensemble. From the
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of runs (see below. To identify which residues
were contributing td3-hairpin stability, we further

results provided by these simulations, we propose separated the types of protein interactions into

a role for the salt bridges in protein stability and
also clarify the turn’s role in the folding pathway
of the B-hairpin.

To simplify our discussion of interactions, we
will use a shorthand notation that incorporates the

their individual pairs as listed in Table 2 and
presented in Fig. 3. The list consists of all the
native interactions as well as those existing for
more than half the timémore than 50% occupan-
cy). We separate the list based on where the

amino acids one letter code, its residue number, interactions occur. For reference, Fig. 3 illustrates

and atom grougif necessary. For example, we

Table 2’s list of interactions in a corresponding

will use WA43..F52 to represent the hydrophobic ¢aqhion in order to provide a sense of the physical
contact between tryptophan 43 and phenylalanine |,.ation of an interaction or set of interactions.

52. For hydrogen bonds and salt bridges, we will
add the atom groups involved to indicate direction.
An example of a hydrogen bond is T44_H..F52_O
between threonine 44’s main-chain amino hydro-
gen and phenylalanine 52’s main-chain carbonyl
oxygen. An example of a salt bridge is

D47_0OD..K50_NZ between aspartate 47's side-
chain carboxyl group and lysine 50’s side-chain
amino group.

2. Results/analysis

We ran twelve simulations on th@-hairpin
using the last 16 residues of the B1 domain of
protein G(Fig. 1). Runs using this peptide will be
denoted G41-E56. We also ran six more simula-
tions to test a salt bridge’'s contribution t®-
hairpin stability. The peptide used in these was

one residue shorter and spanned the last 15 resi

dues of the protein G, B1 domaiisee bottom of

Fig. 1. Runs with this 15 mer will be designated
by E42—-E56. All simulations were run for 10 ns.
Although each of the trajectories on the same

peptide is equivalent to another, the use of different

initial random number seeds gives rise to a total
of eighteen independent samplings of hairpin
behavior at room temperature. Our analysis of
these hairpin simulations consisted of the root
mean deviation of the. carbons(CaRMS) of the
simulation structure from the starting structisee
Fig. 2). We also evaluated thg-hairpin for three
types of protein interactions: hydrogen bonds
(HB), hydrophobic contacttHC), and salt bridges

The table and figure splits the interactions into
three types based on their location on the hairpin.
One side of the hairpin possesses predominantly
hydrophobic residues and as such, is named the
‘hydrophobic side’. The hydrogen bonding inter-
actions by main-chain carbonyl and amino nitrogen
atoms are named ‘in plane’, although fBédairpin

is not flat as depicted by Fig. 1. The side opposite
to the hydrophobic side contains all hydrophilic
residues and so is named the ‘hydrophilic side’.
Also, in our discussion, we make a distinction
between those interactions occurring acrosspthe
hairpin, between strands as ‘interstrand’ and those
occurring within a strand as ‘intrastrand’.Figs. 4
and 5

2.1. G41-E56 B-hairpin

Based on an individual run’'s dRMS from the
starting structure, the twelve simulations of the
G41—-E56B-hairpin could be categorized into three
groups: ‘Stable’, ‘Unstable’, and ‘Unfolded’. Fig.
2a graphs the meand®MS curve vs. simulation
time for each of the three types, where theRIMS
is averaged over the runs of each type. The runs
were grouped as follows: 7 ‘Stable’ simulations
exhibited a @RMS that remained below 2 A
during the entire run; 3 ‘Unstable’ simulations
exhibited GxRMS values that oscillated between
2 to 4 A; 2 ‘Unfolded’ simulations exhibited a

(SB). Table 1 summarizes the percent occupancy CaRMS curve with a great deal of variability and
of these three types of protein interactions found peak values above 7 A. Using these general group-

in simulations of thep-hairpin as well as the
CaRMS deviation averaged over a certain group

ings as a guide, we will describe the protein
interactions that stabilize these three states.
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Table I. Average Protein Interactions

In the first column for comparison, we show the values for the native B-hairpin. For each grouping of simulations, the number of simulations
in that group is listed. <CoaRMS Deviation> in A refers to the average deviation of the CoRMS within runs, as opposed to between runs in
a group which was reported in the legend to Figure 2. This value measures how much the structure deviated over the length of the simula-
tion. For hydrophobic contacts, the values are in A2, and we split these interactions in the following manner. Main to main refers to hydropho-
bic interactions between mainchain atoms. Main to side is mainchain to sidechain atoms, and side to side are sidechain, hydrophobic inter-
actions. The description finishes up with hydrogen bonds and salt bridges. (A) This table shows the averages based on the initial groupings
by CoRMS. (B) This table shows the averages for subgroups: the “A”, “B”, and “C” subgroups of the “Stable” G41-E56 B-hairpin and the
two subgroups of the “Unstable” E42-E56 B-hairpin.

G41-E56 E42-G42
Interaction Stable A Stable B Stable C Unstable Unfolded |Unstable A | Unstable B | Unfolded

# TP Res/Atom n/- Res/Atom % SA %  SA % SA % SA %  SA % SA % SA % SA

Hydrophobic Side
a SB G 41 NT - E 56 OXT 36 99 - 46 - -k 11* <1*
b SB G 41 NT - E 56 OE 21 - 75 73 <1 -t - -
c HB E 42 H - E 56 OE - 14 47 33 - - - -
d HC W 43 n V 54 93 7 84 13 90 9 77 12 36 10 16 12 45 11 16 14
e HC W 43 n F 52 100 20 894 14 98 20 61 17 28 14 87 13 26 10 19 13
f HC Y 45 n F 52 89 14 92 17 96 17 49 14 29 11 100 17 24 11 72 13
g HC Y 45 - K 50 84 9 78 4 94 5 59 4 23 6 97 5 61 5 45 5
h HC D 47 - K 50 46 2 44 1 67 2 45 2 29 2 31 2 52 2 62 1
i SB D 47 OD - K 50 NZ 90 100 100 100 100 41 100 99
j HC V 54 - E 56 40 5 12 2 85 6 40 4 19 2 14 3 11 2 16 3
k HC F 52 - V 54 65 7 70 9 64 5 46 8 73 10 80 8 45 8 57 9
I HC W 43 - Y 45 98 13 71 11 85 9 56 8 48 94 15 73 10 69 12
m HC K 50 - F 52 57 6 42 5 65 4 34 6 53 9 57 9 40 10 70 9
n HC Y 45 n D 47 85 5 90 6 97 5 92 7 56 5 | 100 6 57 5 91 7
o H Y 45 HH n D 47 OD 55 59 96 60 13 80 21 42

In plane of Hairpin
a HB G 41 0 - E 56 H 20 - 47 20 - -t - -
b HB G 41 0 - T 55 H 17 <1 43 <1 - -t - -
c HB E 42 H n T 550 2 1 <1 <1 <1 <1 <1 <1
d HB E 42 O n T 55 H 88 14 37 <1 <1 <1 <1 <1
e HB W 43 O -V 54 H - 46 - - -
f HB T 44 H n T 530 70 21 60 31 7 2 3 5
gHB T 44 O n T 53 H 1 62 4 16 3 2 5 4
h HB T 44 H - F 520 81 - 57 5 - - - -
i HB Y 45 H - F 520 65 - 61 13 - - - -
i HB Y 45 H - T 510 24 <1 <1 <1 <1 - - -
k HB D 46 H n T 510 63 65 88 36 11 85 5 15
| HB D 46 O n T 51H 40 57 89 30 12 93 16 21
mHB D 46 O - K 50 H 45 90 51 60 15 43 58 42
n HB D 46 O n T 49 H 2 4 6 3 1 3 4 2

Hydrophillic Side
a HB E 42 O - T 55 HG1 88 8 46 <1 <1 <1 <1 <1
b HC E 42 n T 55 50 3 4 2 37 3 5 3 1 2 2 4 1 3 <1 2
d HC T 44 - T 55 53 2 12 4 19 2 22 3 3 4 15 5 2 2 24 6
d HC T 44 - T 563 76 4 37 6 50 4 41 6 14 3 4 (1} 8 5 16 5
e HB D 46 OD - T 51 HG1 61 4 2 34 83 - 26 63
f HC D 46 n T 51 29 3 31 3 17 4 24 3 44 2 22 4 20 2 57 3
g HB D 46 OD - T 51 H 59 4 2 34 82 - 25 57
h HB D 46 OD - K 50 H 62 14 3 38 36 - 22 58
i HB D 46 OD - T 49 HG1 80 67 6 66 35 - 11 57
j HC D 4s6 n T 49 38 «1 57 1 24 1 26 1 18 <1 14 1 43 1 75 1
k HB D 46 OD - T 49 H 80 67 6 66 36 - 57 91
I SB G 41 NT - E 42 OE 57 68 - - 88 <1* 17* 35*
mH T 53 - T 55 39 3 63 6 21 4 52 6 13 3 90 6 18 3 16 5
n HC E 42 - T 44 5 3 20 3 11 3 23 3 3 3 1 1 27 3 10 2
o HC D 46 n A 48 56 2 56 1 63 2 58 1 28 1 59 1 61 2 41 1
p HB D 46 OD n A 48 H 59 56 5 38 16 <1 27 32
q HC T 49 - T 51 52 6 66 6 66 7 53 6 30 5 64 6 80 7 46 8
r HC A 48 n T 49 31 2 9 2 35 3 29 2 42 2 52 3 27 2 9 2
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Fig. 3. Schematic oB-hairpin Interactions. Interactions are colored and categorized to correspond with those in Table 1. For further
clarity, curved lines represent hydrogen bonds and salt bridges, while straight ones are hydrophobic contacts. Hydrogen bonds are
blue, salt bridges are red, and side-chain hydrophobic contacts are green. Letters are ordered beginning from the open termini tc
the turn, and correspond to those in Table 2. Interactions are grouped according to one of three locations on the hairpin: the
hydrophobic side, in plane, and hydrophilic side. Within each location, interactions occurring acr@skahmpin (interstrand are

listed first and those within a strar(@htrastrand are listed second. Interactions found in the starting ‘native’ structure are marked

with a ‘®’ next to their letter. Thickness of lines relates directly to percent occupancy during an average all ‘Stable’ simulations
from the G41-E5@-hairpin (see Table 2 For the two sides of the hairpin, residues belonging to each respective side are displayed

in black text and represent the side-chain using the amino acid’s single letter code and residue(aoouding to the full length

B1 domain of Protein & For hydrogen bonds and salt bridges, interactions of side-chain to side-chain connect the sides facing in
on the hairpin and those between side-chain and main-chain connect a side facing in to the either the carbonyl or amide side of the
residue. The residues in gray should have no interactions on that side in a properly fushedt. This breaks down for certain
residues like those near the termiiie. interaction ‘I' on the hydrophilic side: the salt bridge G41_NT..E42) @&d particularly

for the hydrogen bonds made by D46 near the tlira the hydrogen bond D46_OD..K50_INZor the ‘in plane’ representation,

the main-chain is shown. Each amino acid is represented by the following: hatched side for amide group, circled number below the
single letter code for the side-chain, and polka dots for the carbonyl group. Like the similar representation in Fig. 1B, direction of
the kink refers to which side of thp-hairpin the residue begins on: the residues pointing out are on ‘*hydrophobic side’ of the
hairpin, while those pointing in are on the ‘hydrophilic side’. The hatches and polka dots are ‘in plane’.
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Table II. Interactions

Protein interactions are described and correspond to those shown in Figure 3. The letter under the “#“ identifies the interaction with those of
the same location and letter displayed in Figure 3. “TP” refers to the type of interaction: SB - salt bridge (red), HB - hydrogen bond (blue),
HC - sidechain hydrophobic contact (green). Entries are colored to match the interactions colors in Figure 3. “Res/Atom” describes which
residues (HC) or atoms (HB and SB) are involved in the interaction pair. A “n/-” indicates whether or not the interaction is found in the native
crystal structure: *“n” for native and “- for not. “%” is the average percent occupancy for simulations of that ensemble state and a “-* indi-
cates the interaction was not found in those simulations. For HC interactions, SA refers to the average buried surface area due to the interac-
tion (in A2). Interactions are split up depending on their location on the sheet. Ordering corresponds to an interaction’s proximity along the
G41-ES56 B-hairpin starting from the open free termini to the turn (see Figure 3). For the E42-E56 B-hairpin, the N-terminal (NT) amino group
is on the E42 residue (since there is no G41 in this structure). A “*” marks where this is the case, and the interaction should be considered
from the E42 N-terminus.

Native G41-E56 E42-E56
Interactions Stable Unstable Unfolded Unstable Unfolded
Number of Runs na 7 3 2 4 2
<CaRMS Deviation> / A na 0.24 0.47 1.57 0.63 1.63
o main to main 36 52 41 38 37 38
;:ﬁ side to main 44 55 51 33 44 39
-§§ side to side 118 182 152 142 154 150 A
+ Total 198 287 247 213 234 226
Hydrogen Bonds 9 13 11 7 5 8
Salt Bridges 0 3 2 2 1 2
Native G41-E56 Stable E42-E56 Unstable
Interactions Stable A Stable B Stable C | Unstable A Unstable B
Number of Runs na 3 2 2 1 3
<CoRMS Deviation> / A na 0.20 0.32 0.14 0.68 0.61
© main to main 36 53 50 47 37 36
g:‘g side to main 44 55 48 61 46 43 B
-§§ side to side 118 190 171 182 189 143
+ Total 198 298 269 289 272 222
Hydrogen Bonds 9 15 12 11 4 6
Salt Bridges 0 2 3 2 <1 1
2.2. Stable non-polar core on the hydrophobic side of e

. _ o hairpin. On the hydrophilic side, we see the numer-
On average, the7SImu|atIO°nS eXh|b|t|ng ‘Stable’ ous interactions made by D46 and few h|gh
B-hairpin behavior bury 287 A of hydrophobic occupancy interactions in the middle of tige
surface area; form 13 hydrogen bonds; and make hairpin. The @RMS is a coarse measure of
2 salt bridges(Table 1A). Looking at the sche-  similarity, since different conformations can have
matic of interactions in Fig. 3, we find the strong
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the same GRMS. Therefore, we decided to inves- the termini(between G41's teminal amino group
tigate the individual protein interaction pairs that and E56’s carboxyls: G41 _NT..E56_OE and
contribute to thep-hairpin’s stability. Such an G41_NT..E56_OX) and the hairpin turn
analysis reveals some remarkable differences (D47_OD..K50 NZ show very high occupancies
between these ‘Stable’ runs and allows us to of 99 and 100%, respectively. The local, non-
further classify the 7 ‘Stable’ simulations into three stabilizing G41_NT..E42_OE salt bridge is also
more groups: ‘A’, ‘B’ and ‘C'. made often, so that there are on average 3 salt
The first group ‘Stable A’ represents 3 simula- bridges in this group of simulations.
tions with a consistent hydrophobic core that buries ~ The third group, ‘Stable C’, represents 2 simu-
on average 298 of non- polar surface area, which lations that were immediately recognizable as sim-
is more than any other set of simulatiofitable ilar from their GxRMS curves(data not showh
1B). This core is centered on the interaction As can be seen from the average standard devia-
between W43 and F52, which occurs 100% of the tions within runs in Table 1, this group of simu-
time in all three simulations. Of all the hydropho- lations shows the lowest mearxBMS deviation
bic interactions, this W43..F52 one buries the most of 0.14 A. Such a low value suggests that fhe
surface are420 A2 on averagkeand connects the hairpin’s structure fluctuates very little and is in
two strands in the middle of thg-hairpin. On the rigid state. Viewing these 2 simulations, we find
opposite side of thgd-hairpin, the hydrophobic that early in simulation the side-chain of residue
interactions are largely lost during the simulation. W43 flips. This group of simulations then buries
On average, these simulations form 15 hydrogen 298 A2 of non- polar surface area primarily on the
bonds, the most of any simulation. The hydrogen hydrophobic side of th@-hairpin. The interactions
bonding pattern does not preserve the nafre  are almost all above 80% occupancy up and down
hairpin pattern, but indicates @-bulge occurs at  the hairpin. Therefore, the flipping of the W43
the ‘in plane’, main-chain hydrogen bond between residue must allow more consistent packing across
T44 H..F52_0. Other significant hydrogen bonds the B-hairpin. This ‘C’ group possesses an average
occur on the hydrophilic side. The of 11 hydrogen bonds, which is the fewest number
E42_OE..T55 HG1 hydrogen bond closes the ter- made by any of the ‘Stable’ simulations. This is
mini, while D46_OD makes numerous and steady primarily due to the lack of D46_OD hydrogen
hydrogen bonds across the turn. While on average bonding across the turn. However, this group
there are 2 salt bridges, the only significant salt makes more constant, native hydrogen bonds in
bridge occurs at D47_OD..K50_NZ. The other one the plane of theB-hairpin by main-chain atoms.
is split between closing the termini and a Also, the relaxation caused by the flipping of the
non-stabilizing, intrastrand salt bridge W43 may allow for the high occupancy of the
G41 NT..E42_OE. hydrogen bond Y45 HH..D47_OD. This helps tie
The second group, ‘Stable B’, represents 2 the hydrophobic core into the salt bridge that is
simulations with a somewhat lgoser hydrophobic made 100% of time across ttghairpin turn by
core that buries on average 26% A of non-polar D47_OD..K50 _NZ. With an average of 2 salt
surface area mostly on the hydrophobic side of the bridges, the runs make their other salt bridge across
B-hairpin. The core is less centralized but retains the termini at only G41_NT..E56_OE.
many native hydrophobic interactions across the
B-hairpin made at over 80% frequency: W43..V54, 5 3 pnstable
W43..F52, Y45..F52 and Y45..D47. The average
number of hydrogen bonds made is 13. D46 still ~ On average, the 3 simulations exhibiting ‘Unsta-
makes many side-chain hydrogen bonds across theble’ B-hairpin behavior bury 40 A less hydropho-
turn, but we find that many of the native main- bic surface aredaverage of 247 A. This drop is
chain hydrogen bonds in the plane of @whairpin due to a reduction in all hydrophobic interactions
and towards the termini exhibit decreased frequen- across theB-hairpin. Higher occupancy interac-
cies. In contrast, the salt bridges which stabilize tions occur within a strand between neighbors like
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the one from Y45..D47. One long-range hydropho- G41_NT..E42_OE. The protein interactions in this
bic interaction of note is W43..V54, near the chain group of simulations describe fhairpin that has
termini. We also find that the average number of effectively opened up with only the turn retaining
hydrogen bonds is lower than for the ‘Stable’ runs some structure.

at 11. As can be seen in Table 2, all main-chain

hydrogens bonds in the plane of tBehairpin are  2.5. E42—E56 B-hairpin

lost. In contrast, hydrogen bonds made by the
D46_0OD remain high in occupancy. The two salt
bridges made in these simulations are the one
bridging the turn by D47_OD..K50_NZmade
100% of the time and the other split between the
two possibilities for G41_NT to either of E56's
carboxyls: E56_OE or E56_OXT. Of these two at
the termini, the salt bridge G41_NT..E56_OE
is preferred  (75% occupancy  over
G41_NT..E56_OXT (46% occupancy These
results suggest that thg-hairpin has opened in
the middle and is closed by the turn interactions
on one end and the W43..V54 hydrophobic contact
in concert with the G41_NT salt bridges on the
other. Visual inspection confirmed that this was
the state of the3-hairpin in the ‘Unstable’ G41—
E56 group.

The previous set of simulations indicated a role
for terminal salt bridges in the stability of the
hairpin. To test this stability, we ran six more
simulations, but with 8-hairpin shortened by one
residue. The E42—E58-hairpin begins with the
termini out of register by one residue, so therefore,
doesn’t favor salt bridge formation at the termini.
The GxRMS curves exhibited less stable behavior
than with the longe3-hairpin. Again, we could
loosely group the simulations into sets based on
their CaRMS curves. This time we only found
two groups. Comparing them to the classifications
above, they fall into two categories: four ‘Unsta-
ble’ and two ‘Unfolded’. We show the mean curves
for each group in Fig. 2b. The ‘Unstable’ simula-
tions in this case fluctuate between 2 and’5 A
CaRMS from their starting structure. Likewise,
the ‘Unfolded’ simulations demonstrate higher
2.4. Unfolded CaRMS values up past 8 A. We will once more
use these groupings to separate our discussion of

On average, the two simulations exhibiting : X
these simulations.

‘Unstable’ -hairpin behavior bury on average of
just 213 R of hydrophobic surface area. TRe
structure denatures rapidly, as exhibited by the
immediate increase in theo®RMS to the starting On average, the four simulations exhibiting
structure(Fig. 2) and viewing of the trajectories. ‘Unstable’ E42-E56B-hairpin behavior bury on

In this group of simulations, there is no hydropho- average 234 A of non-polar surface area and form
bic interaction across th@-hairpin that is made on average five hydrogen bonds and one salt
over 40% of the time. Again, the high occupancy bridge. As was pointed out above, theeRMS is
interactions occur between neighboring resides a crude method for categorizing simulations. The
within a strand. Only 7 hydrogens bonds are made ensemble of structures afmr pathways that can
on average. All the main-chain, in plane hydrogen be sampled becomes larger the further a structure
bonds display occupancies that suggest they aremoves from its starting poirf0]. This is the case
not formed for the majority of the simulations. with this grouping of runs, in that the four seem
High frequency hydrogen bonds are predominantly different from each other based on their individual
made by D46_ODsee Table 2 For instance, the interactions. However, looking at the averages of
most persistent hydrogen bonds occur at proteins interaction§Table 1B, we find that these
D46_OD..T51_HG1. The high occupancy of this simulations fall into two basic groups, which we
non-native hydrogen bond suggests that the turn name the ‘A’ and ‘B’ subgroups.

has a certain amount of structure. Two salt bridges The E42—-E56 ‘Unstable A’ group consists of
are made on average: the one across the turnonly one simulation. It buries more surface area
D47_OD..K50_NZ and the other intrastrand (272 A2) than the other three due mainly to the

2.6. Unstable



196

contributions from side-chain hydrophobic burial,
but exhibits less hydrogen bonding and almost no
salt bridges. Of the four ‘Unstable’ simulations,
this one possesses the lowestRIMS (data not
shown. Looking at Table 2, we find that this
simulation has many high occupancy intrastrand
hydrophobic interactions with two at 100% occu-
pancy. The hydrophobic core is centered on inter-
actions from Y45 to D47, K50 and F52. The high
occupancy of intrastrand, neighboring interactions
(94% W43..Y45 and 90% T53..T3%nd the low
occupancy of interstrand hydrophobic interactions
towards the termin{16% W43..V59 suggests that
the B-hairpin’s end is frayed. Only 4 hydrogen
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‘Unstable B2’ simulation makes contacts between
T44.V54 at 70% with 8°A burial and D46..F52
at 97% with 9 & burial. These interactions are
not seen above 1% in any other simulation under
‘Stable’ or ‘Unstable’ groupings, but they are seen
at 30% in two ‘Unfolded’ simulationgone from
each hairpin simulated The ‘Unstable B3’ simu-
lation exhibits a repacked hydrophobic core. As
depicted in the top of Fig. 3, the hydrophobic core
packs diagonally from the N-terminal strand to the
C-terminal in the nativg-hairpin. The ‘Unstable
B3’ simulations possess the interaction from
Y45..V54 at 83% with 12°A burial. This is not
seen in any of the G41-E56 simulations and in

bonds are made on average, and these are alsnly one other ‘Unfolded’ E42—E56 simulation at

centered on the Y45 hydrophobic core. These

hydrogen bonds are the native, main-chain hydro-

gen bonds in the plane of B-hairpin
D46 H..T51 O and between side-chains
Y45 _HH..D47_OD. D46_0OD does not make inter-
actions with the peptide in this run. Somewhat
surprising is the complete lack of salt bridges. Of
course, the termini have denatured. Additionally,
no salt bridge across thg-hairpin turn in con-
junction with the lack of D46 side-chain interac-
tions indicates thep-hairpin turn is largely
unstructured.

The E42—-E56 ‘Unstable B’ group consists of
three simulations. As shown in Table 1B, these
bury 222 & of non-polar surface area on average.

15%. In addition, we find the T51..V54 contact at
50% with 5 2 burial. Besides the Y45.V54
‘Unstable B3’ contact, all of these contacts are
between residues that start on opposite sides of
the B-hairpin (see Fig. 3, and therefore must
break B-hairpin structure to form. The hydrogen
bonding by D46 mostly contributes to the 6 aver-
age hydrogen bonds. The main salt bridge inter-
action D47_OD..K50_NZ occurs at the turn and
persists 100% of the time in all 3 simulation.

2.7. Unfolded

On average, the two simulations exhibiting

As can be seen by the occupancies in Table 2, this ‘Unfolded” E42—E56@-hairpin behavior are quite

burial mainly comes from neighbors on the same
side and strand of thp-hairpin: i to i+ 2 interac-
tions like W43..Y45 at 73% and T49..T51 at 80%.

similar to their counterparts in the G41-E56 sim-
ulations. They bury 13 A more non-polar surface
area at 226 A . Even so, these simulations show

These intrastrand hydrophobic contacts are loosely high occupancies only in intrastrand, neighbor

tied together by interactions that break tige

interactions betweento i+ 2 residues. The aver-

hairpin structure. Such interactions are not seen age number of hydrogen bonds is 8 and is primar-

significantly in any of the other simulations, so
they are not shown in Table 2. Their existence
indicates that th@-hairpin structure has unfolded.
Also, these unconventional hydrophobic contacts

are not consistent between each of the three sim-

ulations in this group. In order to simplify the
discussion of examples, we will number each
simulation in this group as ‘B1’, ‘B2’ and ‘B3'.
The ‘Unstable B1’ simulation forms an interaction
between Y45..T53 at 56% with 7?A burial, which
is not seen in any other simulation above 7%. The

ily due to the hydrogen bond network formed by
D46_OD. While on average two salt bridges are
made, the only consistent one D47_0OD..K50_NZ
involves the B-hairpin turn. The other is split
between E42_NT..E42_OFEa salt bridge within
residue 42 shown as interaction ‘I' on the hydro-
philic side in Table 2 and K50_NZ..E56_OHEdata
not shown, since it only occurred in these simu-
lations). Again, the image of these simulations is
an openedp-hairpin that retains only its turn
structure.
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3. Discussion

Like previous theoretical work on the C-termi-
nal, B-hairpin of protein G's B1 domaif31-31,
our results are in good qualitative agreement with
experiment{14,15,17 and find that the hydropho-
bic core made by residues W43, Y45, D47, K50,
F52 and V54 are more important to stability than
the main-chain hydrogen bonds. The importance
of the turn toB-hairpin folding and stability has
also been observed both experimentlly,41,42
and in simulations studiel81,32,35,36,3B How-
ever, a number of theoretical studies point out the
importance of the hydrophobic core in the forma-
tion and stability of theB-hairpin [33,34,36. By
discussing our results in terms of the three protein
interactions studied, we hope to provide clearer
evidence for the importance of the turn
hairpin stability and folding; a picture of hydro-
phobic stabilization of the3-hairpin; and a role
for salt bridge contribution to the stability of the
B-hairpin.

3.1. Hydrogen bonds

As was shown explicitly by Ma and Nussinov
in an elegant simulation study of the G41-E56
hairpin’s [35], we find that the 9 native hydrogen
bonds are unstable in all but one set of simulations
(G41-E56's ‘Stable Al. The most stable occur
between the main-chain D46—T51 hydrogen bond-
ing groups, and as the results of Dinner et al.
suggest [34], these are not stable without the
formation of the Y45—F52 hydrophobic interaction
(compare the G41-E56's ‘Stable’ and ‘Unstable’
in Table 2. The work of Zhou et al. support this
type of coupled hydrogen bond and hydrophobic
interaction[30]. Other non-native hydrogen bonds
can play more important roles in stabilizing tRe
hairpin’s fold. One such interaction is the
D47_0OD..Y45_ HH, which helps to link the hydro-
phobic core to the turn. Absence of this hydrogen
bond indicates that th@-hairpin is unfolded or
has a rearranged structutg42—E56 ‘Unstable B’
group). Otherwise, in the G41-E56 ‘Stable’ sim-
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of D46 and side-chain hydroxyl of T49. The
stability of this hairpin has been found in a
denaturation study of the full domaid2] as well

as a simulation study of Protein 8]. Even
more conclusive are the NMR stability stud{d$]

and the® value analysig41]. They provide strong
support for the role of both side-chain’s groups in
stability of the B-hairpin and folding of the
domain. We find interactions between these groups
at high occupancy during stable simulations and
are the major hydrogen bonds on the hydrophilic
side of thep-hairpin. Without them, the3-hair-
pin’s turn is largely destabilized as in the G41—
E56 ‘Stable C’ group and E42—E56 ‘Unstable A’
simulation. Even more interesting, we find
increased occupancies during both sets of unfolded
trajectories. T49's contribution to stability is pri-
marily limited to hydrogen bonds with D46, which
may explain its lower contribution to the transition
state in the® value analysig41]. D46 makes a
number of non-native hydrogen bonds across the
turn as shown by Table 2 and the bottom of Fig.
3. This number allows D46 conformational flexi-
bility to make hydrogen bonds and thus further
contributes to stability. In folding, these numerous
hydrogen bonds most likely help guide correct turn
formation in the B-hairpin. Such an important
network of hydrogen bonds has also been found
in other systemg$43].

3.2. Buried hydrophobic surface area

As expected, the G41-E56 ‘Stable’ state exhibits
hydrophobic core interactions between Y45..F52,
F52..W43 and W42..V54see Fig. 3 and Table)2
predicted by experimenrti4,15,17 and simulation
[31-37. This hydrophobic core repacks in the
simulations, as was noted by Roccotano ef3],
and increases the burial from the native by approx-
imately 90 A . On the hydrophilic side of thg-
hairpin, the non-polar surface area is largely lost,
especially towards the middle of thg-hairpin
where there is a complete lack of interactigsse
Fig. 3). For the contribution to the stability of the

ulations, a constant number of hydrogen bonds are hydrophobic core, we need to compare between

made from pool of candidates.
The most important hydrogen bonds in tRe
hairpin are those made by the side-chain carboxyl

the G41—-E56 ‘Stable A’ simulations and the G41—
E56 ‘Unfolded’ simulations. Subtracting the dif-
ference between the total buried hydrophobic
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surface areas gives a value of 78 A . Using a the B-hairpin from opening up, since the hydro-
previously calibrated conversion factor of 45 tal phobic core has fallen apart. Complete lack of salt
mol-A? [44], we get approximately 3 kcanol of bridge occupancy is only seen in the G41-E56
stabilization from the formation of the hydrophobic ‘Unfolded’ group. To test the idea of the terminal
core. While this value seems small, tifishairpin salt bridge contribution to stability, we ran six
is not very stable and has been found to be only more simulations of a shorter peptide E42—E56.
50% folded at room temperatufé4]. We do see  With the charged N-terminal one residue out of
alternative packing for the hydrophobic core in the register, the salt bridge between the chain termini
G41-E56 ‘Stable C' simulations. Also, possible are not made with any consistency. As a result,
collapsed intermediates may be represented by thethe simulations are all less stable or unfolded. The

E42—-E56 ‘Unstable B’ simulations.
3.3. Salt bridges

The B-hairpin fold has stabilizing salt bridges
at two places in the structure, as shown in Fig. 3.
The side-chain groups of K50 and D47 form a salt
bridge just before the turn, and the amino terminal
group of G41 makes a salt bridge to either of the
two-carboxyl groups of E56, which holds the free
ends of the hairpin together. Intrastrand salt bridg-

E42—-E56 ‘Unstable’ simulations all allow for the
rearrangement of the hydrophobic core. For the
E42—-E56 ‘Unstable A’, this has a stabilizing
consequence, but for the other three in the E42—
E56 ‘Unstable B’ group, the rearrangement allows
for interactions that breaR-hairpin structure. The
E42-E56 ‘Unfolded’ group is much like the G41—
E56 one. To get at a value for the contribution of
a salt bridge across the termini, we compare the
G41-E56 ‘Stable A’ to the G41-E56 ‘Stable B’
simulations. In the ‘Stable A’ simulations, there is

es, such as those between the free N-terminal more hydrophobic burial and a decreased frequen-

group to the side-chain carboxyl of E42 and K50's
amino to either of E56’s carboxyls, do not contrib-
ute to B-hairpin stability as they can also be
formed in the unfolded state.

As shown in Table 2, the salt bridge of
D47 _OD..K50_NZ is present with high occupancy
in almost all simulations and would seem to
contribute to the stability of th@-hairpin, espe-
cially at the turn. Experimental work making the
mutation K50A shows it to be destabilizing for
the B-hairpin [15]. These NMR stability experi-
ments rank the K50A as less destabilizing than the
D46A, but more than the T49A. These simulations
help confirm the role of the D47 carboxyl to K50
amino salt bridge contribution to the stability of
the turn and to the overafi-hairpin.

At the open end of th@-hairpin, the role of the
stabilizing salt bridges is also clear but less obvi-
ous. Here the3-hairpin has a choice of the free
N-terminal amino to either of E56’s carboxyl
groups. Of the G41—-E56 ‘Stable’ simulations, the
‘A’ group doesn't really make the salt-bridge,
although in both ‘B’ and ‘C’B-hairpin simulations
one of the two salt bridges between the termini is
made. In the G41-E56 ‘Unstable’ simulations, we
find that only the salt bridge at the termini keeps

cy of the terminal salt bridges. In the ‘Stable B’
simulations, the N-terminal amino to C-terminal
carboxyl is always made, but there is less buried
non-polar surface area. If we use this decrease in
hydrophobic burial as a measure, we get that the
salt bridge is equivalent to approximately 2% A
of buried hydrophobic surface area or 1.3 Kcal
mol using the aforementioned conversion factor
[44]. Experimental support for terminal stabiliza-
tion was done when a mutant peptide of the G41—
E56 B-hairpin that possessed a disulfide across the
termini was shown to be more stabl@1]. A
recent simulation study of anoth@rhairpin from
Tendamistat that already possesses a disulfide at
its termini also showed the increased stability of a
closedp-hairpin [45].

4, Conclusion

The molecular dynamics simulations performed
in this study support a folding scenario that match-
es more with the ‘zipper moddl17], but is not
mutually exclusive of the hydrophobic collapse
model. Previous worK30] has suggested a com-
promise between the hydrogen bond centric view
of the ‘zipper model’ and the hydrophobic centric
view of the collapse model. We also prefer a
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hybrid model; however, ours includes the hairpin simulations and the ‘Unstable A’ simulation. In
and suggests that the hydrophobic residues act aghe remaining more disordered states, where the
the ‘zipper to help bring the hydrogen bonds in hydrophobic core is less well packed, we always

line. This takes into consideration the evidence
that the hydrophobic core contributes to the bulk
of the stability [29-37, but also includes the
importance of the hydrogen bond interactions,
which have also been shown to contributepto
hairpin stability[30,34—36. One major difference
in this study to previous ones is that we did not
use an acetylated apdr N-methylated peptide.
This allowed for the ends to salt bridge and we
found that salt bridges do contribute to the stability
by trading off with hydrophobic burial and hydro-
gen bonds.

Because the G41-E5R-hairpin folds on the
order of microseconds in solutiofl7] and our

find strong hydrogen bonding and salt bridging
interactions across turn. Hydrogen bonding along
the main-chain is weak in most all of the simula-
tions. This folding pathway also makes more
logical sense. If the hydrophobic core were to form
first, how would it know to bend the turn in the
correct direction, since it is a non-specific force?
Hydrophobic collapse into a left-handed turn
would require substantial rearrangements to form
the proper right-handed turn. Therefore, we argue
that the local structure around the turn determines
that the bend is right handed, but it is the hydro-
phobic collapse into a core that provides the
stabilization necessary for the formation of the

simulations are only in the nanosecond regime, we remainder of theB-hairpin. Salt bridges do con-
cannot say that we have sampled all states of thetribute to this stabilization of the folding, but are

equilibrium ensemble. We do believe we have

sampled enough of the folded ensemble space to

provide a good picture of the stability and insights
into the folding of the G41—-E5B-hairpin, espe-

not the driving forces behind it.
5. Methods

All simulations used the ENCAD program and

cially since our results corroborate what is seen potentials[39] They were set up and run with the

experimentally[13—-21. We were somewhat con-
cerned with our finding that only 7 of 12 simula-
tions exhibited stable behaviéTable 1. Previous
theoretical work found greater stability of the
hairpin, although they were primarily probing for
folding pathwayq29—-37. Experimentally, Honda,
et al.[14] found that 50% of the G41—E52 peptide
is folded at room temperature. Even with 5 out of
12 simulations exhibiting unstable or unfolded
behavior (see Table ), our results of 58% are
quite close to the stability found experimentally.
Additionally, our findings about the stabilization
of the turn by D46 and T49 hydrogen bonds as
well as the salt bridge between D47 and K50
indicate that theg-hairpin’s turn forms first, which
supports experimentdl15,41,42 and theoretical
[38] findings about this turn. Then the non-polar

same minimization steps as in the previous study
[46]. The hairpin(residues G41—E56edited out
from the PDB file of the 1pgb structurg7] was
placed in a box of waters. The box was then
trimmed so that the edge of the box was at least
8 A from the closest peptide atom. All waters
within 1.67 A of a hairpin atom were removed.
The box sides were then correctly scaled to match
the density of watef0.997 g'ml at 298 K). For
the G41-ES56 hairpin, there were 1055 waters in
box with sides of 28. 42’ A by 43. 68 A by 27.368
A. For the E42-ES56, there were 1039 waters in a
box of 28.29 ‘A by 43.48°A by 27.24 A. This
rectangular box has some limitations for a com-
pletely unfolding of the peptide. The box has the
potential to interact with itself. This poses a
problem; however, the trajectories seen here did

residues collapse into a hydrophobic core. Salt not unfold to the extent that the peptide came
bridges between the terminal residues help stabilize within the non-bonded cutoff of 8 A of itself. To

this core by closing the termini and preventing the

completely accommodate the unfolded 16 mer, we

core from opening up again. The hydrogen bonds would need to have square box with approximately
are made last. This order makes sense in view of 72 A sides. Computationally, the numbers of

our simulations. The only time we find a hydro-
phobic core with an unstable turn is in ‘Stable’

waters would be prohibitive, even if the square
box were truncated to some regular polyhedron.
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Beginning from the native state and sampling
conformations around it, the choice of the smaller
water box for computational efficiency seemed
reasonable.

We used a 2 femtosecond time step and coor-
dinates were output every picosecoelery 500
steps. The trajectory was run for 10 ns at temper-
ature of 298 K. Simulations were all run on Intel
Pentium machines with the Linux operating sys-
tem. Different runs used a different seed number
for the initial, random assignment of velocities
during the temperature equilibration of the system.
The trajectories were viewed using the program
MOLMAN.

All analyses were done using original code,
which was written in FORTRAN, C and PERL.
The GuRMS was calculated using the method of
Kabsch [48]. Hydrogen bonds were measured
between hydrogens connected to oxygen or nitro-
gen and acceptor oxygens. For a hydrogen bond
to be made, the distance between hydrogen and
acceptor oxygen needed to be less than 2.8 A and
the angle formed by the acceptor oxygen, hydro-
gen, and its covalently donor atom had to be
greater than 120 Hydrophobic contacts were
measured using Voronoi polyhedra as described in
detail previously[49]. A contact consisted of two
carbon atoms sharing a polyhedron face. Salt
bridges were assigned using a simple distance
cutoff of 3.5 A between the positively charged
nitrogen of the amino group and the negatively
charged oxygen of the carboxyl group.
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