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We investigate the effect of structural gatekeepers on the folding of
the ribosomal protein S6. Folding thermodynamics and early refolding
kinetics are studied for this system utilizing computer simulations of a
minimalist protein model. When gatekeepers are eliminated, the thermo-
dynamic signature of a folding intermediate emerges, and a marked
decrease in folding efficiency is observed. We explain the prerequisites
that determine the “strength” of a given gatekeeper. The investigated
gatekeepers are found to have distinct functions, and to guide the folding
and time-dependent packing of non-overlapping secondary structure
elements in the protein. Gatekeepers avoid kinetic traps during folding
by favoring the formation of “productive topologies” on the way to the
native state. The trends in folding rates in the presence/absence of gate-
keepers observed for our minimalist model of S6 are in very good agree-
ment with experimental data on this protein.
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Introduction

Protein folding has remained a topic of intensive
research for several decades, becoming a truly
interdisciplinary subject, the investigation of
which has brought together efforts in biology,
chemistry and physics." A wide variety of experi-
mental techniques, ranging from nuclear magnetic
resonance to spectroscopic measurements and
protein engineering®'® have been employed to
elucidate the structure of proteins, as well as the
dynamical processes that lead a protein molecule
from its unfolded state to its biologically active
native conformation. The combination of the
wealth of experimental data with theoretical treat-
ments of the folding problem' % has resulted in
classifying proteins as a unique set of hetero-
polymers and in the emergence of the energy land-
scape theory. Energy landscape ideas applied to
folding suggest that a protein molecule diffuses
along a funnel-shaped energy surface on its way
from a denatured conformation to the folded state.

Abbreviations used: GK, gatekeeper; MC, mutant
control; WT, wild-type.
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Besides being characterized by a global minimum
corresponding to the native state (or, to be more
precise, an ensemble of nearly identical native con-
formations), the folding funnel is also riddled by
local minima, manifest as kinetic traps. No single
predetermined pathway along the folding funnel
defines the folding process of a protein molecule.
Rather, an ensemble of routes leads from the
denatured state to the native state.** Despite the
fact that the folding funnel presents the protein
with a “choice” of pathways, some of which pass
through a number of kinetic traps on the way to
the native state and are thus slower,® proteins
manage to fold quickly on a biologically relevant
time-scale, the longest folding times being of the
order of milliseconds to seconds.

It is of interest to ask what governs the choice of
efficient folding pathways over unproductive
ones. Experiments on the ribosomal protein S6
have explored the existence of “gatekeepers” in
protein folding.**** Some of these “special” amino
acid residues appear to steer the protein away
from unproductive folding routes, including slow-
folding intermediates;* other gatekeepers prevent
intermolecular aggregation.”> We recently investi-
gated these issues from a theoretical point of
view utilizing a model B-barrel protein.** The
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introduction of gatekeepers enhanced the early
folding kinetics of the B-barrel, whose wild-type
(WT) has a folding landscape that is characterized
by a multitude of long-lived kinetic traps.®*=*’

The present work investigates the mechanisms
of gatekeeper action in the ribosomal protein S6
and is directly inspired by the experimental inves-
tigation by Otzen et al. mentioned above.* In that
study, an off-pathway intermediate of S6 was
observed in the presence of inorganic salt.
Additionally, protein engineering analysis demon-
strated that mutation of either one of the three
gatekeeper amino acid residues in S6 (V85, E22,
or A35) stabilized the off-pathway intermediate.
Kinetic data were presented suggesting that the
intermediate species in the gatekeeper-lacking
mutants did eventually reach the native state via a
direct folding channel; however, the process was
several orders of magnitude slower compared to
the folding of WT Se.

Here, we address these interesting issues with
the help of computer simulations. We study a C*
Go-like®™” model of S6. Model variants that
include the experimentally suggested gatekeepers®
and without gatekeepers are explored. We report
that mutation of the experimentally suggested
gatekeepers leads to the emergence of the thermo-
dynamic signature of an intermediate. The elimin-
ation of gatekeepers slows early refolding kinetics
considerably. Mutant-control species, which were
isoenergetic to the gatekeeper-lacking mutants,

a)

Residue 97, C-terminus
%

but still had the gatekeepers intact, folded as fast
as WT S6. The effect of the gatekeepers appears to
be mainly topological in nature, as has been
suggested by experiment.*> Our findings regarding
gatekeeper location, as well as the effect of gate-
keepers on refolding rates, are in very good agree-
ment with the relevant experimental observations
of the ribosomal protein 56.%

Results and Discussion

We report our findings regarding the thermo-
dynamic and kinetic properties of the WT S6
sequence, as well as three single mutants in which
the experimentally determined gatekeepers E22,
A35, and V85 were disabled.* The gatekeepers
were “mutated” in the C* Go-like models by
removing all favorable long-range native inter-
actions, associated with the particular gatekeeper,
from the summation of Vir(r) in equation (4).

Thermodynamics

Thermodynamic data were collected during con-
stant-temperature simulations as described in
Materials and Methods. WT S6 undergoes a fold-
ing phase transition at T¢ = 0.336¢/kg. The dimen-
sionless heat capacity, Cy/kg, is shown as a
function of temperature, in units of Ty, in Figure
2(a). The behavior of the heat capacity is indicative

J'Residue 1, N-terminus

b)
Residue #:  1-12 13-33 34-51 52-55 56-68 69-81 82-85 86-97
Sec. Strct.:  S1 H1 S2 Tl S3 H2 T2 S4

Figure 1. The ribosomal protein S6 (PDB accession code 1RIS.pdb*). (a) Representation of S6 in which helices are
indicated by cylinders, and B-strands by ribbons. Image generated by VMD.* (b) Association of a bead’s number in
the protein sequence of our reduced model of S6 with a secondary structure element. We define strands 1 (S1), 2 (S2),
3 (S3), and 4 (S4); helices 1 (H1), and 2 (H2); and turns 1 (T1), and 2 (T2). In our model, amino acid residues that
were experimentally found to lie between subsequent secondary structure elements, but were not explicitly defined
as turns, were incorporated in either helices or strands, depending on the dihedral angle potential (see Materials and
Methods) that was used to model that particular stretch of the protein sequence.
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of a first-order phase transition in a finite system.
Figure 2(b) shows (Q(T)), the average number of
native contacts formed during a thermodynamic
sampling simulation at temperature T, as a func-
tion of T/Ts. A pair of beads (i,j), found at a dis-
tance r?- in the native structure of S6, was
considered to form a native contact at step k of a
simulation if the distance between them was

dij = = vy, with y = 1.5. Our results were not altered
by smaI’l variations in the choice of vy. Figure 2(b)
shows (Q(T)) for y=12, 1.3, 14, and 1.5. Larger
values for <y result in an effectively sharper folding
transition, as illustrated by (Q(T)), since structures
corresponding to low-temperature vibrational
states of the protein are considered at a lower
resolution and only significant changes in the pro-
tein conformation, which start to appear near the
folding transition, change the slope of the curve.
In mathematical terms, since the relation between
Q(T) and the internal energy U(T) for our off-lattice
model is essentially linear (data not shown), then
for a two-state protein the width of the transition*

capacity is indicative of a first-
order phase transition in a finite
system. (b) Average number of
native contacts (Q(T)) for WT S6 as
a function of T/Ts Curves for
native distance cutoff coefficients
vy=12,13,14, and 1.5 are shown.
Our results were not altered by
small variations in the choice of ~.
Larger values for vy result in an
effectively sharper folding tran-
sition, since structures correspond-
ing to low-temperature vibrational
states of the protein are considered
at a lower resolution and only sig-
nificant changes in the protein
conformation, which start to appear
near the folding transition, change
the slope of the (Q(T)) curve.

in Q(T) would be proportional to 1/(Sy, — Se)?,
where S, is the entropy of the unfolded state, and
St is the entropy of the folded state. Increasing the
value of vy effectively decreases St and thus reduces
the width of the transition. We also compared
the results of refolding kinetics (see Early folding
kinetics) as a function of y for 20% of WT S6 refold-
ing trajectories, and observed identical folding
yields for y=1.2and vy = 1.5.

The Helmholtz free energy (F = U — TS) of WT
56 is shown as a function of the internal energy U
in Figure 3(a), and as a function of the folding
order parameter Q (percentage of native contacts)
in Figure 3(b) for several temperatures close to T%.
At the folding temperature T = T, F exhibits two
wells of equal depth, corroborating the first-order
phase transition in a finite system already indi-
cated for our model by the peak in the heat
capacity. The free energy minimum at —11.5 U/e
corresponds to a basin of folded structures and
the minimum at 9.5 U/e corresponds to a basin
of unfolded conformations. The two basins are
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Figure 3. (a) The Helmholtz free
energy (F=U —TS) of WT S6 as a
function of the internal energy U
for several temperatures close to T}.

b) 12

11

Fle

10

All energies are given in units of €
and temperatures in units of T.
At the folding temperature
T = 1.000T%, F exhibits two wells of
equal depth, corroborating the
first-order phase transition in a
finite system already indicated for
our model by the peak in the heat
capacity (Figure 2). (b) F versus Q.
The high-Q values, centered around
Q = 60%, correspond to the folded-
structures, low-energy basin in the
F-U plane. The structures high in
internal energy, corresponding to
the unfolded basin in (a), cluster
around Q=10% and Q = 30%.
This is a result of the gradual dis-
solution of the central part of the

separated by a small barrier of 0.1e = 0.3kgT}. In
Figure 3(b) the high-Q values centered around Q =
60% correspond to the folded-conformations, low-
energy basin in the F-U plane (Figure 3(a)). These
are separated from the wunfolded structures
(Q = 30% or less) by a barrier of 0.45 € (1.3kgT5).
Structures high in internal energy (unfolded basin
in Figure 3(a)), cluster around Q =10% and
Q = 30%. The two groups of unfolded structures
are separated by a free energy barrier of 0.35 €
(1.0kgT¢). This additional unfolded ensemble
barrier results from the gradual dissolution of the
central part of the protein hydrophobic core,
formed by S2, S3, and T1 (Figure 1). Contacts
between these three secondary structure elements
contribute 27% of all native interactions. Visual
inspection of trajectories that yield Q = 30% or Q =
10% also shows that the loop formed by S2, S3 and
T1 is present to a varying extent in these instances,
with other secondary structure elements or local
tertiary structure either completely random, or
only partly formed.

Slightly below T¢ the C-terminal strand S4

protein hydrophobic core, formed
by S2, S3, and T1 (Figure 1).

becomes highly mobile and part or all of the 40
native contacts associated with it (18.6% of all
native contacts) are easily broken. That is why, in
Figure 3(b) the basin of low-energy structures is
centered around Q = 60%. For temperatures T =
0.91T; the protein populates a state with Q = 80%,
i.e. the native structure (data not shown).

We proceed to discuss the thermodynamics of
the three mutants in which gatekeeper-associated
native contacts for residues E22 (mutant M-E22),
A35 (mutant M-A35), or V85 (mutant M-V85)
were removed. We once again point out that deter-
mining which contacts should be disabled for the
gatekeeper-lacking mutants was based purely on
an analysis of the contact map of WT S6 (extracted
form the PDB file for this species as described in
Materials and Methods) without any additional
bias. This analysis allowed us to classify the native
contacts of the gatekeepers according to two cri-
teria: (1) which secondary structures of S6 (defined
in Figure 1) were involved in a given contact; and
(2) the interaction range of the contact, based on
the sequence separation of the two residues
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Table 1. The nature of gatekeeper and control contacts mutated in this study

Gatekeeper (GK)

Native contacts for GK

Mutant controls—removed contacts

V85 S1-T2; long-range
H2-T2; short-range

E22 H1-H1;i,i4+4andi,i+8

H1-T2; long-range

A35 H1-S52; short-range
52-53; longest-range

51-54; longer-range than GK
H2-54; longer-range than GK

H1-H1;i,i+5
H1-T2; long-range

H1-52; long-range
52-53; medium long-range

Gatekeeper native contacts are characterized in column 2 of the Table; contributions due to these contacts were excluded from the
summation of favorable native interactions in our studies of gatekeeper-lacking mutants (M-A35, M-E22 and M-V85). The types of
native contacts that were removed in the mutant controls for which gatekeepers were left intact (MC-A35, MC-E22 and MC-V85) are
summarized in column 3 of the Table. All contacts are classified according to secondary structure involved and interaction range.

involved; the range of a gatekeeper native contact
associated with a given pair of protein secondary
structure elements was defined as “long”, “short”,
etc. relative to the separation of all other native
contacts between the same two regions of S6.
Column 2 of Table 1 summarizes our findings.
According to the WT contact map, the gatekeeper
residue A35 has a total of six native contacts: two
short-range interactions between helix H1 and
strand S2, and four long-range contacts between
52 and S3. The gatekeeper E22 is involved in three
short to medium-range intrahelical H1 interactions
and two long-range H1-T2 interactions. V85 is
associated with four long-range interactions
between S1 and T2, and three H2-T2 short-range
interactions. As we mentioned at the start of the
Results and Discussion section, “mutating” a
given gatekeeper consisted of omitting all con-
tributions to equation (4) due to native inter-
actions of that gatekeeper. This alters the mutant
Hamiltonians as follows:

The mutants were destabilized by 5.5 € (M-V85,
seven native contacts removed), 5.0 e (M-E22, five
native contacts removed), 4.0 e (M-A35, six native
contacts removed), compared to WT S6. (In our
kinetic studies of these mutants, discussed in the
Early folding kinetics and subsequent sections we
took special care to ensure that the differences
between WT and mutant Hamiltonians did not
introduce biases favoring one species over the
others in the refolding simulations. As an
additional impartial test, refolding was also pre-
formed for mutant control species as described
later on in the text.) Figure 4(a), (c), and (e) show
the dimensionless heat capacity, Cy/kg, as a func-
tion of temperature, in units of Ty, for the three
mutants. All three mutants exhibit a “main” fold-
ing transition around T = T, the same temperature
as WT S6. Additionally, the C, curves for the
mutants show extra “bumps”, indicating the pre-
sence of folding intermediates. Evidence for inter-
mediates is also presented by the “bumps” and
“steps” in the transition regions of the (Q(T))
curves for the three systems (Figure 4(b), (d), and
(f)). Experimentally,** the most pronounced gate-
keeper was found to be V85, closely followed by
E22 and, to a lesser extent, by A35. Our minimalist

models for M-V85, M-E22, and M-A35 reflect this
fact.

Figures 5-7 show the free energy profiles for
M-V85, M-E22, and M-A35, respectively. In all
three Figures, part (a) refers to the corresponding
folding intermediate transitions observed in the
Cy curves at 0.740 T; for M-V85, 0920 T; for
M-E22, and 0.914 T; for M-A35. Part (b) illustrates
the behavior of the systems around T%, the “main”
folding transition. For all three mutants, the tran-
sition associated with the intermediate is character-
ized by a very small barrier in both the F-U and
F-Q planes, and the protein populates an “inter-
mediate” structure in which about 60% of the
native contacts are formed (the native state has
about 80% of the PDB contacts formed, as shown
in Figures 2(b) and 4(c)—(e)).

The structure of the intermediate is essentially
identical for all three mutants, as judged by a com-
parison of the respective contact maps (data not
shown). This “thermodynamic” intermediate,
which gets significantly populated in the absence
of gatekeepers, also corresponds to the protein con-
formations with Q = 60% that are only transiently
observed for the WT species around T;. In all
cases, the C-terminal strand S4 becomes entropi-
cally rich and mobile, and “detaches” itself from
the rest of the protein, which remains in a near-
native configuration. Some native contacts asso-
ciated with S4’s neighboring turn T2 and helix H2
are also broken.

Our simplified models of the gatekeeper-lacking
mutants of S6 clearly identify the importance of
reinforcing certain local secondary structure
elements, such as turns, as well as long-range inter-
actions that facilitate native packing. These find-
ings broaden our understanding of the role of the
structural gatekeepers of S6. However, we point
out that in order to directly compare the nature of
a model misfolded “intermediate” to the experi-
mentally suggested one,** a more detailed model
including side-chains would likely offer further
insights.

Early folding kinetics

In this section we discuss the effect that
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Figure 4. Left column of panels: the dimensionless heat capacity, C,/kg, as a function of temperature, in units of Ty,
for the gatekeeper-lacking mutants M-A35, M-E22, and M-V85. All three mutants exhibit a “main” folding transition
around T = T, the same temperature as WT S6. Additionally, the C, curves for the mutants show extra “bumps”, indi-
cating the presence of folding intermediates. Right column of panels: (Q(T)) curves for the three systems. The evidence
of intermediates is corroborated by the “bumps” and “steps” in the transition regions of (Q(T)). Experimentally,
the most pronounced gatekeeper was found to be V85, closely followed by E22, and to a lesser extent by A35.* Our
minimalist models for M-V85, M-E22, and M-A35 reflect this fact.

gatekeepers have on the early folding kinetics of
S6. We have investigated the refolding behavior of
WT S6, M-V85, M-E22, and M-A35 according to
the simulation procedure outlined in Materials
and Methods. The systems were refolded at the fol-
lowing Tief temperatures: 0.888 Tr (WT S6), 0.666 Tt
(M-V85), 0.843 T (M-E22), and 0.858 T; (M-A35).
Tt values were chosen to be lower than and
approximately equally offset from the correspond-
ing folding transition temperatures indicated by
the heat capacities of the four systems (Figures 2
and 4) which reflect the thermodynamic stabilities

of the different species (see Thermodynamics).
Our choice of refolding temperatures ensured that
the WT and the mutants were refolded “on an
equal footing” from an energetic point of view:
since the mutant species were destabilized com-
pared to WT S6 (as discussed in the Thermo-
dynamics section), the native protein was refolded
at a higher temperature.

Folding progress was measured by tracking
Py (1), the fraction of unfolded trajectories as a func-
tion of time.*"** The percentage of native contacts
Q was used as the measure for nativeness during
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Figure 5. Free energy profiles for M-V85. All energies are given in units of € and temperatures in units of Ty.
(a) Native-to-intermediate transition observed at 0.740 T;. Curves are drawn in intervals of AT = 0.006T;. The con-
tinuous lines correspond to T = 0.740T;. (b) “Main” folding transition (i.e. intermediate-to-unfolded) at T = 1.000T.

refolding, and the cutoff value Q. separating
folded from unfolded states was determined separ-
ately for WT S6, M-V85, M-E22, and M-A35 from
the (Q(T)) thermodynamic data (Figures 2 and 4)
at the appropriate temperature. (Exact Q values
were available for all T, so no extrapolation was
done for Q..)

Figure 8 characterizes the early refolding kinetics
of WT S6 and its three gatekeeper-lacking mutants.
WT-species trajectories (75%) folded within
2.0 X 10° time steps (13.46 ns). An equivalent fold-
ing yield (78%) is observed for M-A35, the mutant
that lacks the least significant experimentally
suggested gatekeeper.** On the other hand, M-V85
and M-E22, for which efficient gatekeepers® have
been removed, show a marked decrease in pro-
ductive early folding, with only 54% and 49% of
trajectories leading to the folded state, respectively.
The refolding trends we observe are in very good
agreement with the experimentally measured
kinetics of S6 and its mutants.*

We have also investigated the refolding kinetics
of three mutant control (MC) species: MC-V85,
MC-E22, and MC-A35. The purpose of the control
studies was to clearly demonstrate that gate-
keepers are located in crucial positions in the
protein.**** As with M-V85, M-E22, and M-A35,
certain native interactions were excluded from the
Hamiltonians of the mutant controls. The type of
native contacts that were removed in the mutant

control for each gatekeeper (V85, E22, or A35) are
summarized in the third column of Table 1. In all
three MC cases, the actual gatekeepers were left in
place, and other native interactions were elimi-
nated such that the mutant control and its corre-
sponding  gatekeeper-lacking mutant  were
destabilized by the same amount of native inter-
action energy, compared to WT S6, namely: 5.5 €
for M-V85 and MC-V85, 5.0 € for M-E22 and MC-
E22, and 4.0 € for M-A35 and MC-A35. In the
mutant controls, native contacts between the same
secondary structure elements, as in the original
gatekeeper-lacking mutant being tested, were
removed. (V85 is the only residue that contributes
native contacts between H2 and T2 in WT S6, as
determined by the procedure described in
Materials and Methods. Therefore, for MC-V85,
native contacts between H2 and S4 were removed.
5S4 follows immediately after T2, as shown in
Figure 1.) Additionally, all native interactions
between the secondary structures of interest were
examined and native contacts that involved V85,
E22, and A35 were classified as either short-range
or long-range, based on sequence separation of
the gatekeeper and its contact (column 2 of Table
1). Most native interactions that were removed in
MC-V85, MC-E22, and MC-A35 were deliberately
of different range than those eliminated in M-V85,
M-E22, and M-A35 (column three of Table 1).
Figure 9 compares the early folding of WT Sé6,
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Figure 6. Free energy profiles for M-E22. All energies are given in units of € and temperatures in units of Tj.
(a) Native-to-intermediate transition observed at 0.920 T¢. Curves are drawn in intervals of AT = 0.006T;. The continu-
ous lines correspond to T = 0.920T%. (b) “Main” folding transition (i.e. intermediate-to-unfolded) at T = 1.000T.

M-V85, M-E22, and M-A35 (already shown in
Figure 8) to the behavior of the mutant controls.
Folding progress is measured by P, (t), the fraction
of unfolded trajectories as a function of time. All
three mutant controls exhibit folding yields that
are essentially the same as those of the WT protein
(i.e. the best anticipated folder of all considered
systems) and the mutant of the “weakest” gate-
keeper, M-A35. This demonstrates that the gate-
keepers’ locations, as well as the particular
combination of long-range and short-range inter-
actions in which they are involved, are essential to
the protein’s ability to choose productive folding
pathways early on in the folding process.

Analysis of trajectories that did not fold within
the investigated time-scale (data not shown) has
demonstrated that the protein conformations
associated with the kinetic traps correspond to the
“thermodynamic” intermediate discussed in the
Thermodynamics section.

Folding pathways

To gain further insight into how exactly the fold-
ing mechanism of S6 is influenced by the gate-
keepers, we have examined the refolding kinetics
data presented above using ensemble-averaged
local native contact values as a function of time

(Qi)).>* Here, i and j are any of the secondary
structure elements of S6 given in Figure 1: S1, S2,
S3, 54, H1, H2, T1, or T2. There are 36 unique (i, ))
pairs, but only 22 of these actually share native
contacts, and (Q;;)(t) were calculated just for them.
The local native contact values monitor the
dynamics of folding of individual parts of the pro-
tein and are thus capable of distinguishing differ-
ences in folding events that arise due to the
absence of gatekeepers.

The results of our local contact order investi-
gations are graphically illustrated in Figure 10.
Regardless of the type of species (WT or mutants),
folding occurs at five distinct stages. (Using raw
data, we distinguished the different stages from
each other by observing the time-dependent, steep
increase in native contact formation between
the secondary structure elements of the above-
discussed (i,j) pairs, which maps the sequence
of folding events.) At each stage, more than one
“discrete” event of secondary structure formation
or tertiary packing occurs. Each stage in the folding
process is represented in Figure 10 by a backbone
trace and a projection diagram (top view), in
which residues along the protein sequence were
colored depending on whether they had formed
native contacts at that particular point during
refolding. The coloring scheme used in Figure 10
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Figure 7. Free energy profiles for M-A35. All energies are given in units of € and temperatures in units of Tt.
(a) Native-to-intermediate transition observed at 0.914 T;. Curves are drawn in intervals of AT = 0.006T;. The con-
tinuous lines correspond to T = 0.914T;. (b) “Main” folding transition (i.e. intermediate-to-unfolded) at T = 1.0007T.

is as follows: navy, non-native conformation; red,
native contacts associated with helix H1; green,
native contacts associated with helix H2; golden,
native contacts associated with the B-sheet (consist-
ing of strands S1, S2, S3, and S4); purple, native
contacts associated with turn T1; and ice-blue,
native contacts associated with turn T2. (Certain

residues participate in the formation of different
native contacts at different stages during folding.
The “folded color” of these residues in the back-
bone trace representations changes to reflect that
fact. For instance, V85 forms H2-S4 contacts at
stage 4 of folding and is colored green in the C*
trace at that stage. At stage 5, V85 participates in

T Figure 8. Early refolding kinetics
of WT S6 and its three gatekeeper-
1 lacking mutants, characterized by
the fraction of unfolded trajectories
as a function of time Py(f). For the
WT, 75% of the refolding trajec-
tories folded within 2.0 X 10° time
steps (13.46 ns). An equivalent fold-
ing yield (78%) is observed for
M-A35, the least significant experi-
mentally suggested gatekeeper.®
On the other hand, M-V85 and
M-E22, for which efficient
gatekeepers® have been removed,
show a marked decrease in pro-
ductive early folding, with only
54% and 49% of trajectories leading
to the folded state, respectively.
The refolding trends we observe

- | - | - |
! = — WT 7
. G TR - M-A3S
08|
A’ 0.61
04
0.2 1 I 1 I 1
0 500 1000 1500

tx 107, steps

L are in very good agreement with
the experimentally measured kin-
etics for S6 and its mutants.*
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Figure 9. Comparison of the early

30

folding of WT S6, M-V85, M-E22,
and M-A35 (already shown in
Figure 8) to the mutant controls
MC-V85, MC-E22, and MC-A35.
Folding progress is measured by
the fraction of unfolded trajectories
as a function of time P.(¢). All
three mutant controls exhibit fold-
ing yields that are essentially the
same as those of the WT protein
(i.e. the best anticipated folder of
all considered systems) and the
mutant of the “weakest” gate-
keeper, M-A35. This demonstrates
that the gatekeepers’ locations, as
well as the particular combination
of long-range and short-range inter-
actions in which they are involved,
are essential to the protein’s ability

02 L | L | . L L to choose productive folding
0 500 1000 1500 2000 pathways early on in the folding
tx 107, steps process.

additional native contacts between T2 and S4 and
therefore its color changes to ice-blue. “Old folded
colors” are retained at all times in the projection dia-
grams, e.g. T2, which contains residue V85, has both
green and ice-blue sections at stage 5 of folding.)

We first discuss Figure 10 in terms of WT S6, and
subsequently point out the differences in the fold-
ing mechanism of the gatekeeper-lacking mutants.

Short-range contacts are the ones that form most
rapidly during refolding, as is shown in the first
stage of events in Figure 10. These contacts involve
the establishment of intrahelical structure within
H1 and H2, and the formation of the turn between
S3 and H2. The E22 gatekeeper is involved in
16.7% of H1-H1 interactions.

During the second stage of folding the

hydrophobic core begins to form, starting at the
turn between strands S2 and S3 then followed by
the packing of H1 against S2 and S3. The gatekeeper
A35 is involved in 14.3% of H1-S52 interactions and
7.5% of S2-53 interactions. The slowest process at
the second stage of folding is the formation of native
contacts between H2 and T2 (ie. the turn region
between helix H2 and strand 5S4 in the native struc-
ture). Notably, all these contacts involve the strongest
gatekeeper V85.

At the third stage of the folding process, helix H1
and strand S1 are completely associated into the
core, after the correct formation of H1-T1 contacts
and S1-H2, S1-T1, and S1-S3 interactions,
respectively. H1 and H2 adopt native mutual
orientation.

Figure 10. Folding mechanism of S6. Each stage in the folding process is represented by a backbone trace and a pro-
jection diagram (top view), in which residues along the protein sequence were colored depending on whether they had
formed native contacts at that particular point during refolding as follows: navy, non-native conformation; red, native
contacts associated with helix H1; green, native contacts associated with helix H2; golden, native contacts associated
with the B-sheet (consisting of strands S1, S2, S3, and S4); purple, native contacts associated with turn T1; and ice-

blue, native contacts associated with turn T2.
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During the remaining two slowest stages of
native contact formation, the two helices fall into
native arrangement with respect to the B-strands
(H1-T2 and H2-5S4 contacts), and the incorpo-
ration of the entropically rich strands S1 and S4
into the hydrophobic core is completed (S1-H1,
S1-S2, S1-54, S1-T2, T1-54, and S3-54 contacts).
The gatekeeper E22 is involved in 50.0% of the
contacts that bring H1 and T2 together. V85 partici-
pates in 66.7% of S1-T2 contacts.

The above discussion elucidates why V85 is
the most significant gatekeeper observed
experimentally:** it exclusively controls the inter-
actions between H2 and T2, reinforcing correct
turn formation between helix H2 and strand S4,
and is responsible for a large fraction of the native
interactions between the entropically rich strand
S1 and turn T2. V85 is followed in significance by
E22,%* which largely determines proper interaction
between helix H1 and turn T2. V85 and E22 have
significant impact on the proper packing of the
protein. The guiding function of A35, on the other
hand, is diminished in importance® because the
absence of this gatekeeper is potentially compen-
sated by a large number of other “A35 redundant”
native hydrophobic core contacts between H1 and
S2, and S2 and S3. Our analysis shows that the
three “structural gatekeepers”* that guide the fold-
ing of S6 and are at the focus of the present theo-
retical investigation are not mutually redundant,
i.e. they are not involved in native interactions
between the same elements of secondary structure.
(In terms of amino acid properties, their side-
chains are either hydrophilic, or hydrophobic. On
the other hand, “conformational gatekeepers”,”
which are thought to prevent aggregation by inter-
rupting contiguous stretches of hydrophobic resi-
dues, have been experimentally found to reside
close to each other in protein sequence and are all
charged.”)

Gatekeepers have a pronounced effect on the
folding of S6. When they are eliminated, new
dynamic bottlenecks, untypical of the WT, emerge.
Removal of V85 alters the packing of the hydro-
phobic core. It drastically slows the formation of
H2-T2 contacts at stage 2 of folding. This leads to
faster and more compact packing of S2, S3, T1,
and HI, creating a kinetic trap. The elimination of
V85 also inhibits the interactions of S1 with H2
and S3 at stage 3 of folding. Instead, S1 is seen to
associate faster with H1 than in WT S6, even
though the gatekeeper is not involved directly in
native contacts between these secondary structure
elements. S1-T2 interactions are slower than WT
for M-V85.

Mutation of E22 has negligible effect on H1-H1
intrahelical interactions at stage 1 of folding. The
absence of this gatekeeper does not impact hydro-
phobic core assembly at stages 2 or 3; however, it
somewhat slows the formation of H1-H2 native
contacts at stage 3, even though the native list for
those does not include E22. This is likely due to
the slight disruption of H1 intrahelical native

structure around the E22 position (about halfway
through helix H1). At stage 4 of folding, the inter-
actions of helix H1 with the core (i.e. T2) is ham-
pered, and instead HI1 packs against SI1
prematurely, compared to the WT.

Elimination of A35 does not markedly change
the folding mechanism of S6, and M-A35 behaves
rather similarly to the WT species. The mutant con-
trols MC-V85, MC-E22, and MC-A35 generally
exhibit the same folding characteristics as WT S6,
as well.

The above observations shed light on why and
how gatekeepers steer S6 along productive folding
pathways. The gatekeepers ensure that a “proper”
sequence of folding events (secondary structure
formation and tertiary packing) is followed. The
gatekeepers’ role appears to be closely related to
topology: these special amino acid residues
increase the protein’s chances of sampling “pro-
ductive” conformations as it moves along its
energy landscape. Establishing a correlation
between protein topology and folding rates has
been the focus of a number of experimental and
theoretical works to date. A concise summary of
these efforts,** as well as a new variant of the
topomer search model*** and an application to
systems with smooth energy landscapes* have
been reported recently. These works suggest that
the search for unfolded conformations with
roughly native-like topology largely determines
the height of the folding barrier, and hence the
folding rate, for simple single-domain proteins.
The gatekeeper perspective explains a mechanism
that proteins have apparently “devised” to success-
fully find their native topomers.

The above discussion is based on observations
regarding the ensembles of folded trajectories gen-
erated for each investigated species during kinetic
refolding. Performing a similar analysis on the
corresponding ensembles of unfolded trajectories
provides additional insights into the role of gate-
keepers. We have already pointed out that, accord-
ing to our minimalist model of S6, the long-lived
kinetic traps we observe are very similar in nature
for both good folders (with gatekeepers) and bad
folders (without gatekeepers). The important
difference is that the species with gatekeepers fall
into the kinetic traps much less frequently. Com-
parison of the WT S6 ensemble of unfolded trajec-
tories to the unfolded ensembles of the two
mutants that lack strong gatekeepers, M-V85 and
M-E22, has revealed that gatekeepers prevent
native but premature tertiary structure packing
and thus ensure a smooth passage to the folded
state. The unfolded ensembles of M-A35 and the
mutant control species exhibit characteristics simi-
lar to those of the WT.

We conclude by summarizing our findings and
pointing to future directions. We have designed
and studied a minimalist Go-like®** model of S6
that successfully reproduces the experimentally
observed folding characteristics® of this ribosomal
protein. Our work sheds light on the mechanisms
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by which the experimentally suggested structural
gatekeepers of S6°* ensure fast folding kinetics and
guide the protein along productive folding path-
ways to the native state. We have demonstrated
that the three gatekeepers V85, E22, and A35%
have non-overlapping functions in ensuring
proper folding by acting in different regions of Sé.
The gatekeepers regulate local secondary structure
formation, as well as the overall gradual assembly
of the protein during folding. By reinforcing pro-
ductive topologies on the way to the native state,
the gatekeepers prevent native but premature
tertiary packing that can cause kinetic traps and
hamper refolding. The strong correlation between
efficient gatekeepers and protein topology is
emphasized by the fact that a simplified Go-type
model is capable of reproducing gatekeeper-
related effects. Additionally, our analysis eluci-
dates that “gatekeeping strength” depends on the
relative number of native contacts between two
secondary structure elements that are controlled
by the gatekeeper. The weakest gatekeeper, A35, is
found to have the largest number of native contact
alternatives, while the strongest gatekeeper, V85,
entirely controls native turn formation between
the second helix and the C-terminal strand of Sé.
Our experience with designing structural gate-
keepers into an all-B model protein,* combined
with the findings of the present study of the ribo-
somal protein 56, have revealed some persistent
trends that are beginning to outline the essential
prerequisites for a good gatekeeper. This puts us
in a position to theoretically predict possible gate-
keeper sites for an arbitrary protein. As far as
local interactions are concerned, we expect to find
gatekeepers in turn regions, especially if the
secondary structure elements that precede/follow
the turn do not share numerous native contacts
between residues located in the turn’s immediate
vicinity. Predictions regarding tertiary packing
guided by long-range contacts are less obvious. In
those instances, an analysis of the protein native
contact map, combined with in silico observations
of productive refolding of the WT is likely to yield
additional clues regarding the location of effective
gatekeepers. We are currently starting to test this
approach on S6, and anticipate providing new
gatekeeper candidates for experimental validation.

Materials and Methods

Model system

The 101 residue long ribosomal protein S6 (PDB acces-
sion code 1RIS.pdb*) is a mixed a-B protein that
consists of two helices packed against a four-stranded
B-sheet. Figure 1(a) shows a representation of S6 in
which the helices are indicated by cylinders, and the
B-strands by ribbons. (Image generated by VMD.*) We
have constructed a minimalist off-lattice model represen-
tation of S6. The positions of residues 98—101 in the pro-
tein sequence were not experimentally observable in the
electron density** and were not reported in 1RIS.pdb.

Therefore, we included only residues 1-97 in our
model. We first outline the general characteristics of
the model and subsequently discuss each term in the
Hamiltonian in detail.

As is typical of Go-like models, amino acid resi-
dues in our reduced model of S6 are represented by
identical beads of mass m, connected by bonds of uni-
form length o. Figure 1(b) identifies the association of a
bead’s number in the protein sequence with a secondary
structure element, as revealed by 1RIS.pdb.* We define
strands 1 (S1), 2 (52), 3 (S3), and 4 (S4); helices 1 (H1),
and 2 (H2); and turns 1 (T1), and 2 (T2), as shown in
Figure 1(b). In 1RIS.pdb,** amino acid residues that
were experimentally found to lie between subsequent
secondary structure elements were not assigned to
belong to either one of them. In our model, these “transi-
tional” residues were incorporated in either helices or
strands, depending on the dihedral angle potential (see
below) that was used to model that particular stretch of
the protein sequence.

In our reduced model, beads interact via bond, angle,
and dihedral angle potentials, determined by chain
connectivity. Additionally, each bead interacts with
every other bead in the system via excluded volume,
preventing the superposition of protein residues.
A favorable long-range interaction is assigned to
“native” pairs of beads, i.e. beads corresponding to resi-
dues that interact in the folded state of the protein. The
list of native contacts (native bead pairs) was derived
from the PDB crystal structure of S6,* based on either
one of the following cutoff distance criteria:

HC¥ CY)y <75 A 1)

where r(C%,C%) is the distance between C“ backbone
atoms of residues i and j, or:

r(sch, sch) = 4.0 A 2)

where r(sch’, sch/) is the distance between any two atoms
that belong to the side-chains of residues i and j, respec-
tively. For both cutoffs above, the condition j =i+ 4
was also imposed. A total of 215 native contacts for S6
were determined.

The Hamiltonian of the system is thus a sum of five
terms:

H(r,0,d) = VLr(r) + Vev(r) + V(1) + Va(0) + Vb(d) (3)

The long-range interactions between native contacts are
calculated using:

O\ 12 O\
Vir(rij) = Z€{5<l> —6<4) } @
@ i i

The summation above goes over pairs of native contact
residues (i,j), and r; is the distance between the C*
atoms of residues i and j. The distance at which the
function in equation (4) gives a minimum, r?]-, is specific
to each native pair of beads and was extracted from
1RIS.pdb.* € is the amount by which the system'’s energy
is lowered upon the formation of one native contact,
and is used to define the energy scale for the model. €
and the bond length o define the reduced units utilized
throughout this work. Energies are presented in units of
€, temperatures in units of €/kg, lengths in units of o,
and time in units of T = (mo?/e)'/2. For native contacts
formed between residues that both belong to a B-strand
of S6 (see Figure 1(b) for the locations of strands in
the sequence), a value of 1/2e¢ was used instead of €
in equation (4). This was done in order to avoid

38,39
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overstabilizing of the protein hydrophobic core (formed
by strands 2 and 3, and the turn between them) which
concentrates a large number of native contacts (=30%)
in a relatively limited region of the protein.

Excluded volume interactions are modeled by:

12

a

\% = . —

(=) _1 0616( ri‘) )

G )

where the summation goes over all pairs of atoms (i, ),

and o is the bond length between successive residues.
All bonds are held fixed at an equilibrium bond length

value of rp = 3.78 A using SHAKE.* Bond-angle inter-
actions are harmonic:

Va®) = > Ka(8 — 6p) (6)

angles

with K, set to 20 €/deg? and 6, = 105°.

The dihedral potential describes rotations around
three successive bonds involving four beads. Two differ-
ent forms were used for the dihedral potential, depend-
ing on the type of secondary structure involved: a-helix
or B-sheet (turns were modeled using the potential for
B-sheets). The dihedral potential for helices is given by:

V() =) Kall + cos($ — do)] )

where K4 = 0.2¢, and ¢, = 230°. The choice of ¢, is based
on the fact that the average dihedral angle from 1RIS.pdb
for the two helices of S6 is approximately 50°. The sum-
mation is performed over all dihedral angles formed by
beads that belong to the two helices. Dihedral inter-
actions for B sheets (and turns) are of the form:

VB(®) = > Kall + cos(3¢)] ®)
B

which gives minima of equal depth at dihedral angle
values of 60° and 180°. The above summation is per-
formed over all dihedral angles formed by beads that
belong to B-strands or turns. These dihedral potentials
do not specifically impose a constraint that would guar-
antee the natural “left-handedness” of the protein in the
turn regions preceding the two helices. Both the left and
right-handed isomer were considered to be “valid” out-
comes of refolding in this work.

Computer simulations

We have investigated models representing WT S6 and
several mutants. Both the thermodynamics and early
folding kinetics of these systems were characterized.
All simulations were performed using the CHARMM
package.*”

Constant-temperature thermodynamic sampling

The thermodynamic properties of S6 and its mutants
were calculated from data generated by constant tem-
perature Nose—Hoover** molecular dynamics simu-
lations using the Hamiltonian described above. The
integration time step was set to 0.00757. For each system
(WT or mutant), independent constant T simulations
were performed at 22-29 temperature values, corre-
sponding to a temperature range of 0.149¢/kg to
0.547¢/kp for WT S6, and 0.0995¢/kg to 0.497¢/kg for the
mutants. Low-T and high-T collection temperature points
were spaced 0.0249¢/kg from each other, while tempera-
ture points around the folding transitions were spaced

0.00497¢/kg from each other. At temperatures that were
far from the folding phase transition region, data were
collected for 2.0x10° steps (13.46ns), following
1.0 X 10° steps of equilibration, at 1.0 X 10° step intervals
(to ensure the sampling of uncorrelated protein confor-
mations). Around the folding transition, data collection
involved up to 1.0 X 107 simulation time steps (67.30 ns)
for WT S6, and 4.0 X 10° simulation time steps (26.92 ns)
for the mutants, all at 1.0 X 10° step intervals. Thermo-
dynamic properties were extracted from raw data using
WHAM.*-** The simulation protocol provided good
sampling, as measured by the relative error in the den-
sity of states™ for our system:

3OUX)
Qx)

€))

where X denotes either the order parameter Q, or the
internal energy U. ¢ =1, i runs over all constant-tem-
perature simulations for a given system (WT or mutant),
and N;(X) is the number of times the value X was
sampled during simulation i. Our simulation protocol
ensured 3Q(Q)/UQ) = 5%, and d3QUU)/QU) = 10%.

Langevin dynamics

To investigate the early folding kinetics of S6 and its
mutants, Langevin molecular dynamics (MD) simu-
lations were performed. The friction coefficient was set
to 0.2 7', and the integration time step to 0.0075 T.
Bond lengths were kept constant using the SHAKE®*
algorithm. Starting with the folded conformation, the
system (WT S6 or mutant) was unfolded at high tem-
perature T = 0.597¢/kg. The protein was subsequently
quenched to a “refolding temperature”, chosen slightly
below the folding phase transition, as indicated by the
divergence (in the context of a finite system) of the heat
capacity, calculated from the thermodynamic simu-
lations for the corresponding system. For each system
(WT S6 or mutant), 100 independent refolding MD simu-
lations of 2.0 X 10° steps (13.46 ns) each were performed.
Data were collected at 1.0 X 10° step intervals (to ensure
the sampling of uncorrelated protein conformations).
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