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Folding Mechanisms of Proteins with High Sequence Identity but Different Folds
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ABSTRACT. The problem of how a protein folds from a linear chain of amino acids to the three-dimensional
structure necessary for function is often investigated using proteins with a low degree of sequence identity
that adopt different folds. The design of pairs of proteins with a high degree of sequence identity but
different folds offers the opportunity for a complementary study; in two highly similar sequences, which
residues are the most important in directing folding to a particular structure? Here we use molecular
dynamics simulations to characterize the foldinmfolding pathways of a pair of proteins designed by
Bryan and co-workers [Alexander, P. A., et al. (20@85)chemistry 4414045-14054; He, Y. N., et al.
(2005)Biochemistry 4414055-14061]. Despite being 59% identical, the two protein sequences fold to
two different structures. The first sequence folds to s protein G structure and the second to the
all-o-helical protein A structure. We show that the final protein structure is determined early along the
folding pathway. In folding to the protein G structure, the singtaelix (a1) and the33—p34 turn fold

early. Formation of the hairpin turn essentially prevents folding to helical structure in this region of the
protein. This early structure is then consolidated by formation of long-range hydrophobic interactions
betweenal and the53—/4 turn. The protein A sequence differs both in the residues that forfidhe

p4 turn and also in many of the residues that form the early hydrophobic interactions in the protein G
structure. Instead, in the protein A sequence, a more hierarchical mechanism is observed, with helices
folding before many of the tertiary interactions are formed. We find that small, but critical, sequence
differences determine the topology of the protein early along the folding pathway, which help to explain
the process by which one fold can evolve into another.

The sequence of a protein typically contains all of the as a parent sequence and te¢s B1 domain of strepto-
information for folding to the functional formilj. However, coccal IgG protein G (protein G) as the target structure. The
it is clear that not all amino acids are equally important in designed protein, Crotein-G, was 50% identical to 434 Cro
specifying which fold is adopted. For example, many amino and 62% identical to protein G; however, it did not fold
acid sequences can form arhelix or f-strand depending  cooperatively and aggregated at moderate concentragns (
on the physical conditions or on their context within a protein Regan and co-worker9) were the first to meet all of the
(2—5). The question of which features specify a particular conditions of the Paracelsus challenge: they chose protein
fold formed the origin of the Paracelsus challenge set forth G and the all, homodimeric four-helix bundle Rop as their
by Rose and Creameg)( The challenge was to convertone targets. The resulting protein, named Janus, remained 50%
protein fold to another by changing no more than 50% of identical in sequence to th&strand domain of protein G,
the original sequence. Three groups initially took up the pyt it folded into a nativelike, stable protein with the Rop
Paracelsus challenge, using computational methods and)q (g). Later variants of Janus that were more identical to
rational design {—9). Thornton and co-workers7) chose the parent sequence were also characterizéyl (

the all$ antiviral protein BDS-I fromAnemonia sulcatas B orb d K " lied a diff t
a parent sequencd @) and the alle. B domain of staphy- ryan, rban, and co-workers recently applied a difieren

lococcal protein A (protein A) as the target structuté)( metho_dology to the problend4, 1,5)' Using primarily genetic
They designed Paracelsin-43, a 43-residue sequence that iS€/€Ction, they developed a pair of sequences that were 59%
53.5% identical in sequence to the paref). (Although identical, one of which folded to the protein G structure and
adopting predominantly random coil structure in water at the other to the protein A structure. They began with the
room temperature, Paracelsin-43 was shown to form helix Sequences of IgG binding domains from streptococcal protein
(though not a stable, globular fold) at low temperatures. Yuan G (B3 domain) and staphylococcal protein A (a variant of
and Clarke 9) chose the albx phage 434 Cro sequenck the engineered Z domain). The first step was to introduce
the protein A binding epitope into the protein G sequence.
T Financial support was provided by the National Institutes of Health Directed evolution and phage display \.Nlth an lgG bmdl.ng
(Grant RO1 GM 52789). assay were then used to select for variants of the protein G
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B between thg33—f4 turn andal. In A219, a much more
hierarchical mechanism is seen, with helices forming early
in folding and then docking to form the tertiary structure. In
both cases, which fold will be adopted appears to be dictated

early along the folding pathway.

METHODS

All MD simulations were performed using the program
in lucem molecular mechanicdlmm (22). The potential

Bl B2 al p3 B4 energy function and the protocols for MD have been
G311 MYYLVVNKGONAFYETLT n.ﬂx.r..—-r.vm described prewpustZ(S—ZS). The first model from Protein _
A219 MYYLVVNKOQNAFYEVL: CKLNDVQA Data Bank entries 1zxg and 1zxh was used as the starting
o o pry structures for A219 and G311, respectivelyb)

Ficure 1: (A) Two ribbon diagrams of G311. The left structure EIeveh simulations of A219 were performed: ;LO unfolding
shows secondary structural elements colored from blue at the Simulations at 498 K and a native state simulation at 298 K.
N-terminus to red at the C-terminy8i is colored bluej2 light For G311, 13 simulations were performed. Twelve of the
blue, al green,53 yellow, andj4 red. The right structure shows  simulations were under unfolding conditions, with two
residues that are identical in each protein colored gray and t.hosesimulations at 498 K and 10 at 448 K. The native state
that differ magenta. (B) Two ribbon diagrams of A219. The coloring . . .
is as for panel A, except1 is colored biueg2 green, an@3 red.  Simulation for G311 was carried out at 275 K, the temper-
(C) Sequence alignment for G311 and A219. Identical residues areature at which the NMR structure was determined. All
colored black and those that differ magenta. Secondary structuralsimulations were carried out at neutral pH.
elements are shown as a“'oo‘@s(”a.”ds) and boxesihelix). The In preparation for MD, the starting structure was first
protein sequences are 59% identical. subjected to 1000 steps of steepest descent minimization in
vacuo. Following minimization, the protein was solvated
using water pre-equilibrated at the appropriate temperature
uch that the water box extended at least 10 A from the
g;S)rotein for high-temperature simulations and 12 A for 298
K simulations. The final target densities were 1.000 g/mL
at 275 K, 0.997 g/mL at 298 K, 0.890 g/mL at 448 K, and
0.829 g/mL at 498 K26, 27). The water was subjected to
The structure of each protein was verified using NMR 500 steps of steepest desc;ent minimization, followed. by 1_000
(Figure 1) 05). steps of molecular dyr_1am|cs. The water was then m!n_|m_|zed
. again for 500 steps. Finally, the entire system was minimized
The proteins developed by Bryan and co-workers make ¢, 500 steps. After these preparatory steps, the system was
an attractive model system for a computational protein pheateq to the desired temperature with initial velocities

folding study. Molecular dynamics (MBimulations can  zssigned from a Maxwellian distribution, and the NVE
give details Qf protein-protein and proteiwater interac- microcanonical ensemble was used. The velocities of the
tions at atomic resolution. However, despite recent increases,yms were adjusted until the system reached the desired
in CPU speed, the prPte'” ,fOId'ng time scgle (frpm micro- temperature. Thereafter, atoms were allowed to move ac-
s_econds to seconds) is typically mco_mpauble with the MD cording to Newton’s equations of motion Wita 2 fs
time scale (from nanoseconds to microseconds). Oneé WaYjnteqration time period. For the simulation at 298 K, a 12 A
to circumvent this problem is to study protein unfolding. The  ,,,hqnded interaction cutoff was used: for all other simula-

unfolding reaction is accelerated at high temperatures andtions, a 8 A nonbonded interaction cutoff was used. In all

becomes accessible to MD. This approach has been exteNzases, the nonbonded atom list was updated every 3 steps.

sively validated, and it has been shown to yield good gu,ctyres were saved for analysis every 1 ps.
agreementwﬂh experlmenta_l protein foldlng transition states Transition states were identified using conformational
and |ntermed|ates_for a variety of different protelrjﬁf clustering based on theoQoot-mean-square deviationd€

21). Here we use high-temperature, all-atom MD simulations rmsd) between structure28). An all-by-all Ca-rmsd matrix

to investigate the unfolding pathways of G311 and A219'. was generated for the first 2 ns of each trajectory. Sammon’s
The trangltlon state (TS) anq denatured .state ensemb!e Snultidimensional scaling2@) was then used to reduce this
characterized for each protein. Considering the unfolding matrix to three dimensions. The exits from the clusters were

trajectories in reverse, we see significant differences earlyidentified visually. Structures from the last 5 ps of the first

n f_oldlng. The denatured state of A219 exhibits very I|_ttle cluster in each unfolding trajectory were used to characterize
residual structure. In contrast, in G311, a number of reS|duesthe TS

form highly dynamic, fragmented helical structure (or turns),
adopting helical ¢ and ) angles but showing rapid RESULTS
fluctuation in hydrogen bonding. In G311, we see early ) ) )
formation of the83—A4 turn, followed by consolidation of ~ Native State Simulations
this interaction with long-range hydrophobic interactions  |n G311, the secondary structure is defined as follows:
BL, residues 18; 52, residues 1319; al, residues 2337,
1 Abbreviations: MD, molecular dynamics; TS, transition state; D, £3. residues 4246; andj4, residues 5156. In A129,01
denatured state; TSE, transition state ensemble. is residues 917, 0.2 residues 2636, ando.3 residues 46

of protein G were formed. At this point, changes were made
in the protein A sequence to increase the level of identity
between the protein G and protein A sequences. The resultin
proteins were shown to be monomeric in solution, to unfold
reversibly in temperature denaturation experiments, and to
have a stability of 23 kcal/mol. The authors designated
the protein G variant G311 and the protein A variant A219.
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ﬁ’ BI2 u]j 23’ I 241’ Unfolding Simulations
50 — = G311.Initially, two 21 ns, 498 K unfolding simulations,

; —— G311 designated 498 1 and 498 2, were performed. Preliminary
iiadl MG analysis showed that under these conditions the protein
sk unfolded very rapidly such that the transition state (TS) was

i Sequence passed on the same time scale as heating. As a result, 10
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Ficure 2: Predicted intrinsic helical propensities for the G311 (red)

Predicted Percentage Helical Structure

further simulations were carried out at 448 K, two for 21
ns, 448 1 and 448 2, and eight for 2 ns, 448488 10
(18). The four longer simulations all reached a-@nsd of
~12 A from the starting structure by 5 ns and stayed at that
level for the rest of the simulation. The denatured state (D)
structures from the 448 and 498 K simulations are very

and A219 (black) sequences at 298 K. The values were predictedsimilar, in terms of properties such as the number of contacts,

using AGADIR 32). The substitution of DG in A219 for TA in
G311 is predicted to give rise to an35% increase in intrinsic
helical propensity in residues 228.

55. The native states of G311 and A219 were simulated for
21 ns at 275 and 298 K, respectively. In both cases, the

simulation temperature matches that at which the NMR

structures were determined. If the first nanosecond of the

simulation for equilibration is excluded, the meaa-@nsd
over the native trajectory is 2.2 A for G311 and 2.8 A for
A219. The N- and C-termini of A219 are disordered in the
NMR ?&nsemble, and thedGrmsd excluding these regions
is 2.3 A.

Intrinsic Helical Propensity

the percentage and location of secondary structure, and the
solvent accessible surface area (Table 1). As a result of the
similarities between the properties of the denatured ensemble
at 498 and 448 K, the conclusions about the folding pathway
would be essentially the same regardless of which trajectories
were analyzed in detail. Only 448 K trajectories are
considered further here. Snapshots from simulation 448 2
are shown in Figure 3. The time points corresponding to the
first TS were determined for the ten 448 K trajectories using
Ca-rmsd clustering (see Methods). Transition states were
identified at 387 ps in 448_1, 299 ps in 448_2, 157 ps in
448 3, 150 psin 448 4, 225 ps in 448 5, 140 ps in 448_6,
270 psin 448 7,246 psin 448_8, 150 ps in 448_9, and 235
ps in 448_10.

A219.Two 21 ns 498 K simulations, 498 1 and 498 2,

Small changes in sequence can lead to significant changes; g eight 2 ns 498 K simulations, 498-898 10, were

in intrinsic secondary structural propensities. AGADBR,(

performed. The two longer simulations reach@nsd of

31) was used to assess the propensity for helix formation in 15 & by ~2 ns, followed by an increase 20 A after
the unfolded states of G311 and A219 (Figure 2). Despite .10 ns, Snapshots of structures from trajectory 498_1 are
having only helical structure in its native state, the sequence ggwn (Figure 3). Transition states were identified as for

of A219 is predicted to have a low intrinsic helical
propensity. Residues 228 in o2 and 46-52 in a3 are
predicted to have a helical propensity ©6%. Where the
sequences ail in G311 andx2 in A219 overlap, they are
identical at all but two positions. The differences occur at
positions 25 and 26, where DG in A219 is replaced with

G311. Two of the trajectories (498_3 and 498 10) did not
cluster well enough for a transition state to be determined
accurately. Transition states were identified in the other eight
trajectories, at 235 psin 498 1, 890 ps in 498 2, 120 ps in
498 4, 350 ps in 498_5, 260 ps in 498_6, 325 ps in 498_7,
400 ps in 498_8, and 450 ps in 498_9.

TA in G311. This small change in sequence is predicted to

result in an~35% increase in helical propensity for residues Transition States

23—28 in G311 compared to A219. The change in the

intrinsic propensity might be expected to lead to differences G311. Representative structures from the TSE for each

in the amount of residual helical structure present in the trajectory are shown in Figure 4 and average contact maps
denatured state. over the TSE in Figure 5. Mean properties over all members

Table 1: Mean Simulation Propertfes

no. of no. of native no. of non-native no. of SASA o(D,¥) B(D,¥)
Ca-rmsd (A) contacts contacts contacts H-bonds (A2 (%) (%)
G311
NP 2.2(0.1) 180 (2) - - 38 (3) 3920 (80) 33 (3) 41 (3)
TS 4.2 (0.4) 146 (7) 121 (6) 25 (4) 32 (4) 4900 (200) 32 (4) 40 (4)
D¢ at 448 K 11.9 (0.5) 160 (8) 80 (7) 80 (8) 40 (4) 4600 (200) 45 (9) 16 (5)
De at 448 K 11.9(0.5) 162 (7) 86 (7) 76 (7) 42 (4) 4600 (200) 52 (5) 13 (3)
A219
NP 2.8(0.1) 197 (3) - - 39 (3) 4340 (77) 62 (3) 10 (2)
TS 5.9 (1.0) 152 (10) 121 (10) 31(8) 33/(6) 5600 (260) 51(8) 19 (5)
De 16 (3) 120 (16) 84 (9) 36 (9) 27 (6) 6200 (500) 25 (9) 33 (6)

2The standard deviations are given in parenthesNstive state properties are the mean ove21l ns of the 275 K simulation for G311 and
the 298 K simulation for A21% Transition state properties are the mean over all structures, six from each trajectory correspordmgs
window before the cluster exit.G311 denatured state properties as the mean oveRA®s of trajectories 448_1 and 448 ¢Denatured state
properties as the mean over-120 ns of trajectories 498_1 and 498_2.
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G311 can be described in terms ¢fandy angles, hydrogen bonds,
and contacts between strands. Residue8 B 1 and 42-
2 B4 ) ) " 46 in A3 occupy betap andy space in~90% of the TSE,
k 9 [ ( ' while residues 5154 in 54 occupy betap andvy space in
p3 \ } ~80% of the TSE. In contragt2 has no contiguous residues
l - .—k( with high occupancy of betg¢ andy angles. Residues 12,
> - 14, 16, and 18 have a beta conformation in-80% of the
1 ~ TSEs and residues 13, 15, 17, and 19-20% of the TSE.
Ons 0.299 ns 0.5 ns Looking at hydrogen bonds and contacts gives a slightly
P different picture. There is hydrogen bonding betwgérand
B2 in 15-30% of the TSE, with the hydrogen bond
occupancy highest between residues N7 and Y13006).
Residues L4 and V6 il form hydrogen bonds with F52
and V54 inp4 in ~65% of the TSE, while the other three
¥ hydrogen bonds show40% occupancy. In thegg3—p4
5ns 10 ns 15 ns 20 ns hairpin, the first two hydrogen bonds between residues V42
and Q55 are formed in less thar20% of the TSE. The
A219 other four hydrogen bonds, between residues T44 and D46
in A3 and T51 and T53 B4, are formed in~50% of
- 3 structures. Side chain interactions between the strands are,
al 2 o3 - ( 4{& however, sometimes maintained where hydrogen bonding is
[ lost. Thef1—/32 hairpin loses many side chain contacts, and
§ _ only N7—Y14 and L4-L17 are present in greater than 50%
~ o) , of the TSE. The81—/4 interface is better formed with four
\ o2 - contacts present in80% of the structures and seven contacts
Ons 0.235ns 0.5 ns 1ns present in 66-80% of the structures. Similarly in th88—
¢ = P4 hairpin, three native contacts are preserit 80% of the
. %/@;, TSE and six contacts in 6680% of the structures.
b A219.Snapshots of a representative structure from the TSE
E_/ S from each trajectory are shown in Figure 4 and average
// - contact maps over the TSE in Figure 5. Mean properties over
o V N all members of the ensemble are given in Table 1. The
5ns 10 ns 15 ns 20 ns contact maps show that the majority of native interhelical
Ficure 3: Snapshots from representative unfolding trajectories for side chain Contgcts are lost in the TSE. In terms of overall
G311 and A219. The proteins are colored as described in the legend@P0logy, the helices are no longer parallel now that the core
of Figure 1. The second snapshot in each sequence represents th@as opened up. Some non-native interactions are formed;
TS for that trajectory. In the top section (G311) are snapshots from these appear to be nonspecific, with many different contacts
7 hocns Jeorse s e e gy 0Med it low pecentage of the ensermble. On average,
folded. Late in the unfolding trajectories, residues in parts of the any parncu!a_r side chain cont_act is formed-20% of the
turn remains in a nativelike conformation for the majority of the al—a3 interface two contacts formed in 3@0% of the
trajectory. In the bottom section (A219) are snapshots from structures. The2—o3 interface is slightly better formed with
trajectory 498_1. Early in the A219 trajectories, the core of the 4 contacts present irR50% of the structures and four in
protein expands while the helices remain fairly well ordered, and 30-50% of the structures. The brotein is much more
after the TS, there are few persistent interhelical contacts. In both atha : p e
21 ns 498 K simulations, there is some helical structurelif o3 nativelike in terms of secondary structure. The characteristic
for approximately the first 10 ns. After this point, the structures helicali — i + 3 andi — i + 4 contacts are well-formed,
are highly disordered with few regular secondary structural especially toward the C-terminus of2 and ina3 where
elements. they are present in at least 80% of the TSE. All helices show
of the ensemble are given in Table 1. The TSE is quite both a- and 3¢-helix hydrogen bonding patterns. At each
nativelike in terms of secondary structure but is expanded position inol, thei — i + 4 hydrogen bond is present in
relative to the native state with a reduction in the number of ~20—25% of the structures and the— i + 3 hydrogen
contacts betweerwl and thepS-sheet.al is the most  bond in~20%. o2 frays at its termini; however, residues
nativelike secondary structural element. In eight of the 10 28—36 form nativei — i + 4 hydrogen bonds ir-70% of
trajectoriesol shows a contiguous run of hydrogen bonds the TSE.a3 also formed well, showing nativie— i + 4
along the whole length for the majority of the TSE, while in hydrogen bonds in-60% of the TSE and— i + 3 hydrogen
the other two trajectories1 is kinked in the middle. In all ~ bonds in~20%.
simulations, the hydrogen bonding fluctuates betweeand
3i-helix. For each native hydrogen bond, ap~ i + 3
interaction is present inn10—15% of the TSE and ah— G311.Mean denatured state properties at both 448 and
i + 4 interaction in~70—80%. In some structures, both 498 K are given in Table 1. The properties and denatured

hydrogen bonds are weakly formed at the same time. Thestate structures are very similar at 448 and 498 K, and only
B-structure exhibits greater heterogeneity across the TSE andhe 448 K trajectories are analyzed further. In this discussion,

Denatured State
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FiGure 4: Snapshots for representative transition state structures
from each of the unfolding trajectories (excluding the two A219
trajectories where the time point transition state could not be
determined). In the top section (G311), thelix is well-formed
and the core is expanded in all TS structures. Bkstructure is
more heterogeneous with native hydrogen bondsseamttly angles

in different strands in different simulations. In the majority of the
trajectories, contacts betweef andj2 are lost and those between
ol and thef1—£3—[4 sheet are consolidated early in unfolding.
Interactions among1, 33, andf4 are then well-formed in the
transition state. The early unfolding events in trajectories 448_1,
448 5, and 448_9 are different; here contacts betveeleand33

are lost early and those betweerd and thef1l—/32—p34 sheet

consolidated. In these transition state structures, there are interac-

tions among3l, 2, andf4. In the bottom section (A219), in all
transition state structures the core is much expanded, ¥80%
of the native contacts remaining2 and a3 are relatively well

formed, and there are native contacts between the C-terminus of

o2 and N-terminus o3 in the majority of simulationsx1 is more
heterogeneous, in terms of both secondary and tertiary contacts
The lower-contact orderl—az2 interface shows more contacts than
the al—a3 interface in most of the trajectories.

the denatured state properties are an average ove2d.0s
in trajectories 448_1 and 448_2. Contact maps for the

ences Biochemistry, Vol. 46, No. 6, 20071549

¢ and y angles throughout simulation 448 2, while in
simulation 448 1, residues 228 ina.l become disordered
after 10 ns. In addition, residues-2 adopt helicatp andy
angles for much of the denatured state in simulations 448_1
and 448_2, while residues 426 and 52-56 adopt helical

¢ andiy angles in simulation 448_2 only. The protein also
shows someé — i + 3 andi — i + 4 contacts, particularly

for residues +9 where they are present m60% of the
denatured ensemble (Figure 5). It is important to note that,
although helicap andy angles and — i + 3 or 4 contacts

are seen for these residues, the structures are highly dynamic.
Thus, while helicalyp and y angles are adopted on the
nanosecond time scale, the hydrogen bonding patterns switch
among 3¢, a-, or s-helical and no hydrogen bonding
patterns on a much faster time scale. Further, the contacts
described above are on a per-residue basis, with-atdom
contacts changing on a faster time scale. The dynamic nature
of the helical structure is illustrated by comparison of the
pattern ofi — i + 4 a-helical hydrogen bonds in the native
state and in the denatured state (Figure 6). In this analysis,
we require at least six contiguous hydrogen bonds for a
segment to be considered helical. In the native state, 94%
of the time points have at least one contiguous segment with
six or more hydrogen bonds. In contrast, in the denatured
state,~25% of time points have at least one contiguous
segment with six or more hydrogen bonds. The distribution
of lengths of hydrogen-bonded segments also differs between
the two states, with the native state showing much longer
segments ofi-helicali — i + 4 hydrogen bonds. Thus, local,
unstable helical structure is adopted, not well-ordered, long-
lived helices.

There are very few long-lived contacts between side chains
in the denatured state. Typical contacts are present in only
10—20% of the denatured ensemble. A very small number
of short-range side chain contacts (greater thani + 1
but less tham — i + 5) are present in more than 80% of the
denatured ensemble. Persistent native contacts are the D46
T49 contact in33 and the33—54 turn (94%) and the T49
T51 contact in thgg3— 4 turn ands4 (99%), while the non-
native contacts are the D452 and D46-T53 contacts
betweern3 andp4. A small number of long-range interac-
tions are present in more than 50% of the denatured
ensemble. These include the native FB®3 interaction
betweenn1l andf4 and the non-native Y3T53 interaction
between3l andj34 and the non-native EX5R27 interaction
betweens2 andal.

The1—[£2 andf3—p4 hairpins behave differently in the
denatured state. Th&l—/2 turn is comprised of G9, Q10,
N11, and A12 and th83—p4 turn D47, A48, T49, and K50.
In the native state, both turns have a stable conformation.
The turns also adopt a nativelike conformation in the TSE.

However, a few 100 ps after the TS, {he—/2 turn becomes

disordered. In contrast, tH#8—/4 turn is much less mobile
in the high-temperature simulations, with residues-88
in particular adoptingy andy angles close to those seen in
the native structure.

A219.Denatured state properties are an average over 10

denatured state ensemble are shown in Figure 5. The20 ns in trajectories 498 1 and 498_2. Mean properties are
denatured state structures are somewhat surprising, showingiven in Table 1 and contact maps in Figure 5. Unlike that

adoption of helical andy angles in four different regions,
three of which do not form helical structure in the denatured
state. Residues formingl in the native state adopt helical

of G311, there is little residual structure in the denatured
ensemble of A219. After the transition state?2 and a3
remain relatively well formed for~10 ns in both trajectories,
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Ficure 5: Contact maps for G311 and A219. Contacts are colored from red, if present in at least 0.05% of the ensemble, to blue, if present
in 100% of the ensemble. The contact map of the starting structure is shown as a reference. Transition state contact maps show an average
over all structures in the transition state ensemble, six structures from each trajectory where a transition state could be identified. Denatured
state contact maps are an average over2lDns in 448_1 and 448 2 for G311 and over-20 ns in 498 1 and 498_2 for A219.

while a1 is only present in 498 1. After this time point, all are also seen. A subset of the interactions seen after

helices become unfolded in both trajectories. In the denaturedrearrangement is present in the TS (different interactions in

ensemble, one to two turns of helical structure are formed different trajectories). In 448_2, VB1) interacts with F30

at various times, on a time scale of hundreds of picosecondsa1), F52 (34), and V54 §4), W43 (33) interacts with 131

in particular over residues 117 in ol and 29-35 in o2. (al), F52 (34), and V54 $4), and L34 @1) interacts with

There are no persistent, long-range native interactions, andysg (84). Following the TS, there is further disruption of

the only high-occupancy long-range non-native interactions the core interactions and tifestrands rotate-45° relative

are salt bridges, in particular between Y2 and E15 and i 1. A small number oft1—g-strand interactions are still

between Y3 and E15. retained; in particular, F30u{)—V4 (51) and—V54 (34)

DISCUSSION a_nd 131-W43 (33) are retained un_til 2.5_ ns. At the same

time, as the strands change orientation they begin to

G311 Unfolding Pathwaylhe G311 unfolding trajectories  dissociate, with hydrogen bonds being lost before side chain

can be placed into two categories on the basis of early eventSnteractions.

and the TS structure. The more common pathway (seven of

10 trajectories) exemplified by 448 2 is described in detalil

here (Figures 7 and 8). The first event in unfolding is the

opening and repacking of the hydrophobic core. Pie-

2 hairpin dissociates, and at the same tf#{@doses contact , o
with a1 except near th82—2 loop. Thef3—f4 turn end p3—p4 turn retains nativeliked and v angles throughout

of the 83— 4 hairpin then moves away frooil as the31— the trajectory (most likely because D47 and K50 interact
3—[34 sheet andil rotate relative to each other so that either with each other or with backbone carbonyls). Before
they are almost parallel and the core rearranges. Y3 and V5~10 ns, the conformation of the turn would appear to

Interestingly, once th@1—/44 interactions are no longer
present, we see some re-formation of fi8-£4 hairpin in
the correct register, and at1.8 and 2.53 ns, native
hydrogen bonds form between the strands (Figure 9). The

in 41, F30 and 134 i1, W43 and Y45 in53, and F52 and
V54 in 54 are all buried in the core of the native statel 0%

promote contacts betwegiB8 andf4. Later in unfolding,
the C-terminus and regions @fl and 33 adopt helicakp

SASA). These residues retain long-range interactions fol- andy angles, forming highly dynamic fragmented helical

lowing rearrangement, though the specific ateamtom

structure with rapid interconversion ofe3 a-, or zz-helical

interactions are non-native. Additional interactions with 131 and no sustained hydrogen bonding patterns.
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Ficure 6: Hydrogen bonding in G311. (A and B) Plots showing how the presenice-af+ 4 hydrogen bonds varies with time. A colored

bar is shown for théth residue at each point when a hydrogen bond is present. Panel A shows the native simulation at 275 K and panel

B the denatured state defined as-HD ns of simulations 448_1 and 448 2. (C) Histogram showing the lengths of contigteust 4
hydrogen-bonded segments for the native and denatured states of G311. Only segments having at least six contiguous hydrogen bonds are
considered. In each case, the maximum length of the hydrogen bond is 2.6 A and the maximum angular vati&6oririsn linearity.

In three of the trajectories, thg3—p34 hairpin loses Comparison with experimental studies on the full-length
hydrogen bonds and some side chain interactions early inwild-type protein G and on thg3—4 hairpin in isolation
unfolding. The remaining1—/32—/4 sheet moves parallel  suggests that the behavior of G311 is similar to that of the
to al, and the core rearranges. In this case, the rearrangemenwild-type protein 84—39). Orban and co-workers character-
is less marked and fewer contacts are lost betwekand ized the acid-unfolded state of the protein G F30H mutant.
3 than betweeml andf2 in the other trajectories. The They showed that the acid-denatured state populates native
network of interactions includes residues Y14, T16, and T18 residual structure, defined as any deviation from random coil
from 52 to a greater extent than the more common pathway. ¢ andy space and likely to be weakly populated, in regions
Following the TS, the events are then very similar to those corresponding to th81—/2 turn,al, and thgs3—44 hairpin.
described above. The core expands further, and the strand$n particular, the residues comprising tjff{8—/4 hairpin

rotate relative ta 1, with F52 (34) interacting with F30¢(1). show significant line broadening in the HSQC spectrum,
After the f1—[4 interaction is lost, th@3—/4 hairpin re- showing that this region of the protein is in slow exchange
forms, much as in trajectory 448 2. with other conformers in the denatured ensemble. It is also

The circular dichroism (CD) signal of G311 is observed interesting to note that a number of non-native turnlike
experimentally to decrease with an increase in temperaturelntéractions are also present in regions correspondipg.to
as the protein unfolds. We do not believe this observation #2, and theal—33 loop. That thef3—f4 hairpin is
to be inconsistent with the results of the simulations. The Structured early in folding is also consistent with the
helical structure seen in our simulations is irregular and Observation that the 16-residji8—/4 hairpin of protein G
highly dynamic in nature, with few long contiguous hydrogen- IS stable in isolation. The sequence/#—/4 was used in
bonded segments. It has been demonstrated that, althougife firstinvestigation of the structure, thermodynamics, and
having a larger ellipticity per helical unit than originally ~Kinetics of 5-hairpin folding. It has been shown to exhibit
believed, short helical segments have a lower ellipticity per tWo-state beh_awor in kmepc and equilibrium studies and to
helical unit than longer helices and show a shift in the fold on the microsecond time scal@X-37).
negative maximum at 222 toward shorter waveleng82s ( Baker and co-workers have characterized the transition
33). CD signals appear to be very sensitive to helix length states of wild-type protein G and the structurally similar IgG
and geometry, needing many successive helical residues antbinding domain of peptostreptococcal protein 38, 39).
well-formed hydrogen bonds for a good signap) Protein engineering value analysis of protein G showls
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o3 slide relative to each other such that F30, which is
intercalated with V44 and A48 in the native structure, now
lies below V44.01 remains in native register wit2 and

is therefore out of register with3. Prior to the TS, residues
F13 and L17 inal, F30 and L34 im2, and V44 and V45

in a3 form long-range interactions between helices. In the
TS, a small subset of these contacts formed, with different
simulations typically showing different contacts. In trajectory
498 1,02 anda3 are well-formed in the TS and interact
around then2—a3 loop, where L45 interacts with S30 and
S41 with S33 and L34. In the T$1 anda?2 are rotated
relative to each other when compared with the native state,
and the primary interactions are F1B30 and Q16-F30
contacts. After the TS, the core opens further as the helices
move away from each other. By 500 ps, the only side chain
contacts with order o5 (5 or more intervening residues)
occur near theal—o2 (F13-L22) and a2—a3 regions
(L34—S41 and S33S41). At 2.5 nspl breaks all contact
with a2, and at 3 ns, the C-terminal turn @8 unfolds. The
small cluster of interactions around th&—a3 loop persists
until 7.5 ns into the simulation, where the S3341 contact

is broken. Helicesx2 and a3 fully unfold at~10 ns, and

ol unfolds at 12.5 ns. Small regions of helical structure form

G311. In the TS, this trajectory shows hydrogen bonding between throughout the denatured state, particularly in residues 30

A1 andp4 and betweei3 and4, andal is roughly parallel to
the p1—4—p3 sheet. Within several hundred picoseconds of the
TS, the core of the protein looserft dissociates, and the strands
rotate relative tax1 (400 ps)51 andp4 then dissociate (1000 ps).
The $3—[4 hairpin re-forms, though the structure is highly
dynamic.

values close to 1 in th83—/4 turn, moderateb values in
strandsfl, 53, andf4, and low® values inf2 andal.
This suggests a mechanism in which th&—p4 turn is
largely formed and th@1—£3—p4 sheet partially formed
in the transition state, consolidation of tfié—/£2 hairpin
structure, and much of the-helix formation then occurs
after the rate-limiting step. In seven of the 10 G311
simulations, the structure of th&strands in the transition

state is consistent with the experimental data for the wild-

40. The unfolding pathway of A219 differs somewhat from
the protein A, B, and E domain unfolding pathways described
previously in this laboratory33). In the unfolding simula-
tions of the B and E domains, H3 was the most persistent
helix under denaturing conditions with H1 and H2 losing
structure earlier in the simulation. The relative stability of
H1 and H2 differed between domains; in the E domain,
structure is lost first in H2 and then H1, while in the B
domain, H1 lost helicity at a time similar to that of H2.
In contrast, the helices in A219 are more similar in stability,
leading to a more diffusioncollision-like folding
mechanism.

Comparison of A219 and G31We are interested in the
features of the G311 and A219 sequences that direct folding
to one structure or the other. For the purpose of this

type protein. In the other three simulations, the structure is discussion, we consider the unfolding trajectories in reverse

more like that seen for protein L, where the fifshairpin
is well-formed in the transition state. ThA8—/4 hairpin
should exhibit similarity with the wild type is not unexpected,

as a description of the folding pathway. The key events along
the folding pathway of G311 begin withl in a helical
conformation and with the adoption of natigeandy angles

given than 14 of the 16 residues are identical in the two in the residues of thg3—/£4 turn in the denatured state.

proteins. The most significant difference between the simu-

Contacts are formed in th#8— 4 hairpin which then makes

lated transition states of G311 and the experimentally a small number of hydrophobic interactions wittl. 51

observed behavior of the wild-type protein occursih In
the simulation, this helix becomes structured early in folding,
while the experimentadb values suggest that much of the

helix formation occurs after the rate-determining step. Again,

makes hydrophobic interactions wifhl, and some of the
3—p4 contacts are lost as thfd—f4 interface is formed.
The 1, 3, andf4 strands form further interactions with
ol in the approach to the TS. Following the TS, the core

this behavior might be expected on the basis of sequencerearranges and th#l—42 hairpin becomes fully structured.

comparison between G311 and the wild-type proteit;

For A219, folding begins with a denatured state with little

differs at a number of different residues, and the sequenceresidual helical structure and many different short-lived side

of al in G311 is predicted, using AGADIR, to have
approximately double the intrinsic helical propensity of the
wild-type protein 80, 31).

A219 Unfolding PathwayThe A219 unfolding pathway
is quite similar in the different trajectories; herein, we
describe the unfolding pathway of trajectory 498 1 (Figure
8). There is expansion of the core early in unfolding. In the
majority of the trajectories, including 498_1, this occurs
simultaneously with fraying at the C-terminusad?. a2 and

chain contacts. Helical structure is formedibh—a3 before
long-lived, long-range side chain interactions are made.
Heliceso2 andaa3 first interact near the2—a3 loop before
making a small number of contacts witkl. At the TS,
helices are better formed than the contacts between them so
that most of the interhelical contacts are formed in the
rearrangement following the TS.

The first thing to consider in the comparison of G311 and
A219 is that, although the sequences are 59% identical,
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Ficure 8: Snapshots of early unfolding events in G311 448 2 and A219 498_1. In the top panel (G311), side chains involved in long-
range contacts in-50% of the TSE are displayed and colored according to which element of secondary structure they form. Early in
unfolding, the core of the protein opens with a hinge motion aboyf1he32 andal—/3 turns. Contacts betweerl andj?2 are lost, and

the al—/51—[3—[4 sheet interface rearranges (150 ps). The TS structure is similar to that at 150 ps, but with fewer long-range contacts.
After the TS, the3-strands dissociate and the core contacts are further disrupted (400 and 1000 ps). In the bottom panel (A219), side chains
involved in long-range contacts in35% of the TSE are displayed and colored according to which element of secondary structure they
form. Inthe TS, all three helices are relatively well ordered but there are few core contacts. The specific contacts differ between trajectories,
so few contacts are present#85% of the TSE. After the TS, the core opens further and there are few long-lived long-range interhelical
interactions. The most persistent interactions are those betw2amda3 near then2—33 loop; these interactions consolidate after the
transition state and are present for much of the first 7 ns of the trajectory.

residues that differ are not evenly spread along the sequencelike. Given this observation, why does G311 not fold to the
Instead, residues-120, which form the31—/2 hairpin in protein A structure? In the protein A structure, residues
G311 and the N-terminal tail andl in A219, are 75%  forming the G31153—/4 hairpin adopt a helical conforma-
identical. Residues 2438, which make up approximately tion. In much of the denatured state of G311 simulation
ol in G311 anda2 in A219, are 80% identical. Finally, 448_2, many of the residues that form {f&—/34 hairpin
residues forming th83—4 hairpin in G311 and3 in A219 actually have helicaldg) ¢ andy angles. One important
are 35% identical. Second, as illustrated in Figure 9, the exception is K50 in thgg3—£4 turn which adopts amy
packing of the deeply buried (less than 10% solvent conformation throughout the denatured state in both simula-
accessible surface area) residues is very different in the twotions. Theo, conformation of K50 would prevent a single
native structures. Both proteins can be considered as havingcontiguous helix analogous @3 in A219 from forming.
three local structural elemental—o3 in A219 andgl— Rather than forming a single helix, the aromatic residues in
A2, al, andf3—p4 in G311.01 in G311 andx2 in A219 p3 andp4 form interactions with F30 il early in folding
both present essentially the same set of residues to the resfthe F52-F30 interaction is present in 50% of the denatured
of the protein. The different elements of structure interact ensemble). These interactions direct the face of the helix with
with different faces of this helix in the two folds (Figure 9, which the3—/54 turn will interact early in folding. Some
right panel). It is also interesting to note thz in G311 of these interactions are sacrificed later in folding, when the
has no deeply buried residues. hydrophobic residues g#4 interact withg1 and form the
Our simulations give unexpected results for the two S1—p54 interfaces, but by this point, the topology is fixed.
different proteins. From the denatured state structures, it Why does A219 not fold to the protein G structure? In
would be easy to incorrectly identify the proteins: the this case, there is a lower intrinsichelical propensity in
denatured state of G311 has more residues with hefical the central helix, and all three helices begin to form at a
andy angles than A219 which is much more random coil- similar time point. To adopt the protein G structus8, would
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Ficure 9: Comparison of core (buried, SASA 10%) residues in G311 and A219. (A) G311 with residues buried in G311 shown.
Residues are colored according to which secondary structural element they form. (B) A219 with residues buried in G311 shown. Residues
are colored according to which secondary structural element they form in G311. (C) G311 with residues buried in A219 shown. Residues
are colored according to which secondary structural element they form in A219. (D) A219 with residues buried in A219 shown. Residues
are colored according to which secondary structural element they form. Only residues at positions 30, 34, 45, and 52 appear in the core of
both proteins. Of these four residues, only two have the same residue type, F30 and L34. (E) The four structures on the far right are rotated
up by 90 relative to their corresponding structure on the left.

have to form gs-hairpin. In G311, thgg3—/54 turn adopts
native ¢ and i angles early in folding. The equivalent

Proline is unable to adopt positiveandiy angles and thus
may disfavor the formation of the protein G structure.

residues in A219 are much more disordered in the denatured

state, with all residues adopting a number of diffegiaind
1 angles before finally folding with the N-terminal region
of a3. Further, in G311, thg3—/4 hairpin has four large

CONCLUSIONS

The design of pairs of proteins with highly identical

hydrophobic residues which form part of the core in the sequences but different folds offers the opportunity to
folded structure: W43 and Y45 i3 and F52 and V54 in  investigate which residues are the most important in directing
p4. In the A219 sequence, the residues at these positiondolding to a given structure. In particular, at what stage in
are N43, L45, N52, and V54. These residues would not be folding is the final topology determined? Bryan, Orban, and

suitable for packing in the hydrophobic core of G311.
Instead, in A219 helix is formed, and then local interactions
in the a2—a3 hinge region fix the relative orientation of
thea2—a3 hinge and all three helices come together late in
folding. Another consideration is that in protein G there is a
glycine residue at position 38, the first position in the loop
betweenal and theB3—p4 turn. In the native state, this
loop exhibits a higher conformational flexibility than, for
example, thgg3—54 andf1—p2 turns; however, glycine 38
adopts positivep and y angles for the majority of the
simulation. In the A219 sequence, residue 38 is proline.

co-workers recently developed a pair of proteins with highly
identical sequences but different folds that are an ideal model
system for computational studies. Despite the sequences
having 59% identical sequences, one sequence folds to the
o+f3 protein G structure and the second to theocahelical
protein A structure. We have used MD simulations to
characterize the foldingunfolding pathway of this pair of
proteins at atomic resolution. By considering the unfolding
simulations in reverse, the final protein structure is deter-
mined early along the folding pathway. Important differences
are seen in the early folding behavior of residues forming
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al in G311 anda?2 in A219 (80% identical) and in the
residues that form thg3—44 hairpin in G311 andx3 in

A219 (35% identical). Despite the highly identical sequences
of residues formingr1 in G311 andx2 in A219, there is a
significant difference in the predicted intrinsic helical
propensity of the two sequences. In the simulations, we see
thatal in G311 (which has the higher helical propensity)
adopts helicakp and y angles in much of the denatured
ensemble; in contrast, the majority of residues formity

in A219 adopt a random coil-like conformation in the
denatured ensemble. The sequence ofsthe4 hairpin in
G311 is most different from the corresponding region in
A219 (a3). The f3—p4 turn becomes structured early in
folding, with thea, conformation of K50 essentially blocking

the

adoption of helical structure. Long-range interactions

between thgg3—/4 turn andal fix the protein G topology
early in folding. In contrast, for the protein A sequence, a
more hierarchical folding mechanism is observed. All three
helices become structured early in folding, and then docking
occurs first between? anda3. The most similar sequences,
forming thef1—/2 hairpin in G311 and.1 in A219, become
fully structured later in folding. Small sequence differences
lead to different key events early in folding, which in turn
determine the folded topology.
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