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Abstract

Computational studies of protein folding have implicitly assumed that folding occurs from a denatured state comprised of the entire
protein. Cotranslational folding accounts for the linear production and release of a protein from the ribosome, allowing part of the protein to
explore its conformation space before other parts have been synthesized. This gradual ‘extrusion’ from the ribosome can yield different
folding kinetics than direct folding from the denatured state, for a lattice folding model. First, in model proteins containing chiefly short-
ranged (local in sequence) contacts, cotranslational folding is shown to be significantly faster than direct folding from the denatured state.
Secondly, for model proteins with two competing native states, cotranslational folding tilts the apparent equilibrium toward the state with a

more local-contact dominant topology.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Proteins find their native conformations in times
which are many orders of magnitude shorter than that
which is required to explore all possible conformations
[1]. That proteins manage to evade this Levinthal
Paradox indicates that there must be a statistical
pathway from the denatured state (which is actually
an ensemble of microstates) to the native state.! The
energy landscape is not maximally ‘rugged’; the process
of free energy minimization is aided by the fact that
conformations which are linked by small physical
moves are similar in energy.

Since kinetic pathways are important in protein folding,
the assumption that the observed native state is the global
free energy minimum may be unnecessary. The scarcity of
evidence to the contrary, however, indicates that the
assumption of global minimization is reasonable in most

* Corresponding author. Tel.: + 1-617-495-4130; fax: + 1-617-496-5948.
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' The key descriptor is statistical, meaning a set of physical
pathways which is more favorable than the set of all possible folding
paths. The favorability of folding depends on temperature, since the
free energy F = E — TS; all paths of a given length are equally likely
at high temperature.
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cases. Metastable proteins® do exist, however: poliovirus
[2,3] and plasminogen activation inhibitor [4,5] are two
proteins for which metastability is not only evident, but
is integral to function.

It has been shown in studies of protein statistics and in
prior lattice-model studies that contact topology is an
important determinant of folding rate. Plaxco et al. [6]
observed that proteins with local contact topologies (local
along the one-dimensional sequence) tend to fold more
rapidly than proteins with more complex (nonlocal) contact
topologies. Abkevich et al. [7] had previously demonstrated
in a lattice model framework that backbones with nonlocal
contact topologies (which tend to fold cooperatively) fold
faster than those with local contact topologies under the
constraint that native state stability is independent of
contact topology. These two conclusions are compatible, as
there is evidence that proteins with nonlocal contact
topologies tend to be more stable than local-contact
dominant proteins, under equivalent temperature and
denaturant conditions, and assuming equal chain length. [8]

Cellular protein production occurs as translation of RNA

2 Metastable proteins display a functional native state which is not a
global free energy minimum; the global minimum state is kinetically
unaccessible on the scale of the functional life of the protein.
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strands, which were in turn transcribed from cellular DNA.
Translation occurs outside the nucleus in organelles called
ribosomes. The peptide chain is synthesized linearly,
beginning at its N-terminus, and ‘extruded’ piece by piece
into the cytoplasm.® This allows for the portion of the chain
which is produced first to begin the folding process.

The ‘cotranslational’ folding process is distinguished
from ‘denatured’ folding in Fig. 1. Although the effect of
cotranslation on folding kinetics has not been measured
quantitatively, differences between contranslational and
denatured folding have been elucidated. For instance, it
has been shown that the N-terminal region of tryptophan
synthase begins to fold long before synthesis is complete
[10]. Other cases of cotranslational folding have been noted
in the literature [11].

In the context of a simplified protein folding model, we
will show that cotranslation can markedly accelerate the
folding process, particularly in proteins with a large number
of local contacts.

To date, no protein has been shown definitively to fold to
one native state cotranslationally, yet to another state when
folding from the fully denatured state, without the assistance
of post-translational covalent modification. We will demon-
strate a model system which behaves in such a manner based
on the contact topologies of the two native states.

2. Results

2.1. Backbones

We studied a number of 36-mer backbones to differen-
tiate the effect of cotranslational folding on structures rich in
local contacts from that on structures with mostly long-
ranged contacts. We define local contacts as contacts
between residues i and i + 3 or between i and i + 5, denoted
as [i,j =i+ 3] and [i,j =i+ 5], respectively. Nonlocal
contacts are of form [i,j = i+ 7]. Recall that on a cubic
lattice, contacts may form only for odd values of |j — il; also
note that interactions are prohibited for |j — il =1 since
neighboring residues are covalently bonded.

The folding kinetics of two backbones were studied in
detail. The backbone alpha (see Fig. 2(a)) was designed by
the authors to mimic a right-handed helix; it is a regular
conformation with 33 contacts, including 9[i, i+ 3],
24[i,i + 5], and no nonlocal contacts. The backbone beta

 In many cases, proteins are excluded into chaperones rather than
directly into the cytoplasm. Chaperones are proteins which assist in the
folding of many classes of proteins; the assistance must be largely non-
specific to sequence, given this many-to-one mapping. One proposed
mechanism for chaperone function is as a ‘dumb’ storage bin, protecting a
domain of the protein from extraneous cellular interactions while it attempt
to fold [9]. Our model of cotranslational folding is demonstrated for
proteins which are extruded directly into the cytoplasm, but is also valid for
proteins which are extruded into chaperones in fragments smaller than the
entire protein molecule.

shown in Fig. 2(b) was designed by Abkevich et al. to
minimize the number of local contacts. Contact statistics for
the two backbones are summarized in Table 1.

A useful measure for the predicted extrusion sensitivity
of a backbone is its extrusion contact profile (ECP). As a
protein is extruded, some residues become available to form
contacts. Contacts which are entirely within the extruded
region are considered to be ‘extruded contacts’. The ECP is
a plot of the normalized number of extruded contacts N
with respect to the number of extruded residues N,

For a backbone rich in local contacts, the ECP should
approximate a straight line from 0.0 to N,.

extr
dN¢
dNextr

Ne
~ N (D

A backbone with primarily long-ranged contacts would
have a concave shape, with few contacts extruded with the
first several residues

extr
dN¢

extr __
N < ﬁc when N = (

but with many contacts extruded with the final residues

dNExu N,
dN:”‘“ > ﬁc when N = N

The ECPs of our two backbones are plotted in Fig. 3. In
order to compare ECPs of conformations with different
numbers of total contacts, each ECP curve is normalized to
the total number of contacts in its respective conformation.

We can quantify the local-contact character of a structure
by measuring the concavity of ECP, using Eq. (1)

ﬁ: ( Ngxtr Nextr ) i ( Ncextr ) N
K= _— = [ — —_
N, N N. 2

Nexr—1 NeXtr—1

A perfect local-contact structure would exhibit a k= 0.
Using this scale, Kypha = —2.23 and kpe, = —7.94.
Folding data were gathered using alpha and beta as
representatives of local contact-dominant and nonlocal
contact-dominant conformations, respectively.

Table 1
Contact statistics for the primarily local backbone alpha and the primarily
nonlocal backbone beta

Backbone name N, Nponlocal - nlocal gy oca] NI NUEST g

Alpha 33 0 33 100.0% 9 24 —2.23
Beta 36 34 2 5.6% 0 2 —7.94

N, is the total number of contacts in the structure; a maximally compact
structure has 40 contacts. N*°"°! is the number of long-ranged contacts
[i,j = i+ 7]. N is the number of [i,i + 3] and [i,i + 5] contacts. The
parameter k, defined in the text, should be near zero for local-contact rich
structures, and strongly negative for long-range dominant structures.
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Fig. 1. Schematic of two pathways to a protein’s native state. The direct pathway assumes that the entire protein is fully denatured before folding, and proceeds
via some route to the native conformation. This is an appropriate model for in vitro folding, and is the process modeled by computer simulations to date. The
extrusion pathway may be a more appropriate model for in vivo folding of many proteins. In vivo, a protein is synthesized on the ribosome (R), which releases
the first elements of the chain (N-terminus) before synthesis of the final residues (C-terminus) is complete. If the time Tyypiesis > Trolding» the N-terminal region
may begin to fold without input from the C-terminal residues. In this schematic, folding occurs to the same native state with or without extrusion. Later, another
possibility will be discussed: specifically, that extrusion may ‘trap’ the protein in a metastable alternative native state.

2.2. Folding temperature

Using the Go potential, the optimal folding temperatures
for the two backbones were determined. Contact energies
were set to — 1.00 for each contact which was native in the
corresponding conformation.

To determine appropriate simulation temperatures, 100
folding runs were performed, starting from the denatured
state, for each of 6 temperatures, and for both backbones.
Runs were cut off at 10% MC steps when folding was not
achieved. Median first passage times are shown in Fig. 4.
The optimal folding temperature for each backbone was
slightly over 0.5. However, stability was observed to be
poor for both backbones at this temperature. Particularly for
the alpha conformation, the optimal-7” MFPT represents a

folding ‘hit’ which does not remain in the native state for a
significant number of MC steps.

2.3. Effect of extrusion without competition

Median folding times were measured at the same array of
temperatures, using the extrusion protocol detailed above,
and M = 1000 steps per thawed residue. Data are presented
in Fig. 5. The effect of extrusion is apparent at lower
temperatures. At 7 = 0.35, folding is completed shortly
after extruding the final residue: less than 1000 post-
extrusion MC steps median for alpha and less than 100 MC
steps post-extrusion for beta. The same is true for folding at
T = 0.5, for the nonlocal backbone, indicating in both cases
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(a) (b)

Fig. 2. Two backbones chosen for their distinctive contact topologies.
Backbone (a) (alpha) is helical and thus has many local contacts, while
backbone (b) (beta, see [12]) has mostly long-ranged contacts. For (b),
residue #1 is denoted by the asterisk. Contact topology is identical starting
from either direction for (a), since reversing the contact order forms an
identical mirror image.

that folding occurs during the process of extrusion
(translation).

Folding at higher temperatures (7' > 0.45) was not aided
by extrusion, however. The reason is straightforward: at this
temperature, any structure formed during the extrusion
process is destroyed before extrusion is complete. For
instance, the alpha conformation is so unstable that most of
the helix has already folded and unfolded several times
before complete production of the chain.

A slightly different set of data was also extracted from
the same set of runs. Defining ‘foldicity’ as the percentage
of runs which fold within 2.6 million MC steps (arbitrarily
chosen as 4 X the total extrusion time), the relationship in
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Fig. 6 is similar to that in Fig. 5. For alpha at T = 0.35, 70
out of 100 total runs folded with extrusion compared to only
5 without extrusion. For beta, the effect was less pronounced
but still significant: at 7 = 0.35, 55 runs folded with
extrusion compared to 35 without extrusion.

Sample low-temperature trajectories are presented in
Fig. 7, with a trapped helical conformation shown in Fig. 8.
Without extrusion, alpha collapses rapidly to Qypn, = 0.5,
and then climbs to Qqphe = 0.75 where it remains trapped
for the remainder of 50 million MC steps. With extrusion,
however, this trapped state is avoided. Qgpp, rises
(approximately) linearly to 1.0, beginning shortly after the
first contact is extruded. Alternatively, it can be inferred that
the ph relative quality is unity (gupn, = 1) throughout the
extrusion process and for the remainder of the simulation.

It is useful at this time to introduce the cumulative folding
histogram, which plots the fraction of runs which have
folded to the native state as a function of the number of
elapsed MC steps. (The cumulative folding histogram
represents data for one temperature only.) Such a diagram
is particularly useful in distinguishing the effects of
extrusion at times much greater than the extrusion time
itself. The cumulative folding histograms for alpha and beta,
without and with extrusion, and at 7 = 0.35, are shown in
Fig. 9.

It is striking that at 7 = 0.35, the effect of extrusion
(enabling folding, particularly of alpha) persists after more
than 150 times the extrusion time has elapsed. (Extrusion
time = 650,000 steps, while total run time is 10® steps.) At
this relatively low temperature, the system exhibits a long-
term ‘memory’ of the extrusion process.

In conclusion, at temperatures for which native states
are stable, cotranslational folding speeds folding for both
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Fig. 3. Extrusion contact profiles of two local and four nonlocal backbones. See text for a description of the ECP parameter.
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Optimal Folding Temperatures
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Fig. 4. Median first passage times (MFPT) for two 36-mer backbones, alpha and beta. For the both backbones, optimal folding occurs near 7 = 0.5. Note that
stability is poor at optimal folding temperature, particularly for the helical form alpha. The slower folding and lower stability of alpha are due to alpha’s smaller
number of native contacts, and hence its less favorable native energy. For two backbones with equal overall stability, the backbone relationship would reverse,
with the local-contact form folding fastest [6,7].

Optimal Folding Temperatures

with and without extrusion; no competition
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Fig. 5. Median first passage times (MFPT) for two 36-mer backbones, alpha and beta, folded with the extrusion protocol detailed in the text. Data without
extrusion is repeated for comparison. Folding times for extrusion systems include the total time for extrusion; thus the minimum folding time is approximately
650,000 MC steps. At low temperature (7' < 0.4), it is clear that extrusion accelerates folding markedly for both backbones, though the effect is stronger for
alpha than for beta. Arrows represent the effect of ‘turning on’ extrusion.
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Foldicity at 2.6 Million Steps (4 x extrusion time)

with and without extrusion; no competition
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Fig. 6. Fraction of runs folded in 2.6 million MC steps. Each data point represents 100 runs. Folding times for extruded systems include the total extrusion time
(approximately 650,000 steps). Once again, it is clear that extrusion aids folding at low temperature; the arrows represent the effect of ‘turning on” extrusion for
each backbone. The folding acceleration provided by extrusion is eliminated at higher temperatures.

backbones. However, the effect is markedly stronger for
alpha, which has numerous local contacts.

2.4. Effect of extrusion with competition
Next, a Go contact potential was created to allow folding

to either alpha or beta. This was accomplished by making
each contact present in either alpha or beta attractive. The

double native state Go potential may be generalized as

N N
2\ : Na]pha Nb'
E()C) - Z z mln(walphaAij ° wbetaA[j el“)Aij
i=1 j=i+1

2

where Aij = 1 isresidues i and j are currently in contact, and
0 otherwise. Ag’ =1 if residues i and j are in contact in
native state a. The ws are weighting factors for the two

Sample Folding Trajectories

backbone=alpha; T=0.30; with and without extrusion
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Fig. 7. Sample low-temperature (7' = 0.30) folding trajectories for the local-contact dominated backbone conformation alpha. Extrusion enables the backbone

to avoid traps such as the one encountered in the non-extrusion trajectory.
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Fig. 8. A trap encountered in lieu of folding to conformation alpha (without
extrusion). The trapped conformation exhibits a significant number of
native contacts (26/33), and is organized into three helix-like regions,
denoted, respectively, in red, blue, and yellow (in web version). Folding to
the native state from this trap requires significant disruption of these native
contacts, making passage to the native state extremely slow.

native states. If a contact is present in both native states, the
lower energy min(w;, w,) is assigned to that contact.

The most straightforward case was tested first, setting
Wyipha = Whera = — 1.0; that is, any contact present in either
native state is assigned energy — 1.0. The native energies of
the two backbones remained Eﬁpha1 = —33 and E}, =
—36. Runs were initiated, one set without extrusion (stating
from a random state) and another set with extrusion. Each
run ended with one of 3 events: folding to alpha, folding to
beta, or reaching 100,000,000 steps without folding to either
state.

It would seem that the beta would dominate at lower
temperatures due to its lower energy, and this must indeed
be true for sufficiently long runs. However, previous studies
[6,7,12] showed that folding occurs much more rapidly to
local-contact rich backbones due to greater kinetic
accessibility.*

The folding data in Fig. 10 bolsters the kinetic
partitioning hypothesis: at 7 = 0.35, folding occurs only
to the alpha form. And consistently with expectation,
extrusion increased the fraction of folds to the native form,
from 0.21(out of 2231 runs) to 0.45 (out of 4130 runs). Note
that, once again, the effect of extrusion persisted for more
than 100,000,000 MC steps, or about 150 X the extrusion
time (about 650,000 steps).

The same set of experiments was also run at T = 0.45,
and is shown in Fig. 11. These conditions produced a small
but significant number of folds to conformation beta
(approximately 5%, with or without extrusion). The effect
of extrusion on folding to alpha was small even at relatively
short simulation times, and was nearly nonexistent near the
cutoff time of 10® MC steps. It is apparent that the benefit of
extrusion is greatly reduced due to the conformational
fluidity at this higher temperature.

The next attempt was to distill the effect of extrusion at
low temperature from the general effects of contact
topology on folding. It is already clear that kinetics favor

4 By native state, we mean the exact native microstate. When including
similar states which are conformationally ‘near’ the native state, entropy
must be considered.

folding to conformation alpha rather than beta, even if
thermodynamics are tilted in the opposite direction. Since
there were no folds to beta at 7 = 0.35, we designed a
system for which there would be a significant number of
folds to beta by setting @y, = —1.1 and leaving wypp, =
—1.0. While these choices further tilt the system (thermo-
dynamically) toward beta; it was hoped that they would also
alter kinetics as measured by first-folding times. Fig. 12 is a
cumulative folding histogram for such a system, at 7 =
0.385. Once again, the run cutoff time was 10° MC steps.
Without extrusion, the fraction of states folded to alpha and
beta were 0.42 and 0.07, respectively, out of 2803
completed runs.

It is not surprising that extrusion once again increased
folding to alpha from 0.42 to 0.52. (This is a familiar story
by now.) What is surprising is that extrusion reduced folding
to beta from 0.07 to 0.01 out of 2500 runs. In Fig. 9, it was
shown that extrusion aided folding to both alpha and beta,
though it helped the local-contact rich alpha backbone more
strongly. With competition, folding to alpha was aided,
while folding to beta was markedly reduced. The result may
be summarized as follows.

At sufficiently low temperature: for sequences designed
for one native structure, extrusion is a general aid to folding,
though the effect on local-contact rich topologies is
strongest; for sequences which favor two structures with
distinct contact topologies, extrusion aids folding to the
local contact-rich topology, but hinders folding to the
backbone which is rich in long-range contacts. The result is
a significant tilt in folding kinetics toward the local contact-
rich state.

In both cases, the effect of extrusion lasts for orders of
magnitude longer than the extrusion time itself.

Yet another shift was made in thermodynamic equili-
brium, setting wype, = —1.25 while leaving @y, = —1.0.
Data from runs at 7 = 0.385 are shown in Fig. 13. In this
case, the effect of extrusion on kinetic ‘equilibrium’ is quite
clear. Without extrusion, the system prefers folding to beta
rather than alpha by a ratio of 1.3 to 1; with extrusion, the
ratio shifts to less than 0.3 to 1. By turning on extrusion,
we have changed the preferred folded state! (See Fig. 14).
Thus one more statement may be added to the above
observations:

Under certain conditions, extrusion may tilt folding
equilibrium to such a degree that it changes the dominant
metastable state.

2.5. Conformational interconversion

The cumulative folding histograms presented thus far
have been monotonically increasing, as a run was
considered to have ended once it reached one of the two
target states. The implicit assumption has been that both
native states are highly stable; i.e. to visit a native state is to
remain there forever. The validity of this assumption was
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Fig. 9. Cumulative folding histograms for alpha and beta at 7 = 0.35. As before, arrows represent the ‘turning on’ of extrusion. The effect of extrusion on the
alpha backbone is particularly pronounced, allowing nearly 1000 out of 1100 runs to fold within 10® MC steps, compared to less than half of the runs without
extrusion.
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Fig. 10. Cumulative folding fraction is plotted as a function of MC time, for a system with competition between two native states. Wyph, = Wpere = —1.0.

Consistently with Abkevich et al. [7,12], folding was not observed to state beta due to the preponderance of local contacts in conformation alpha. Extrusion
greatly increases folding to alpha, an effect which persists to more than 150 X the extrusion time itself (650,000 steps).
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Cumulative Folding Histogram
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Fig. 11. Cumulative folding fraction at 7 = 0.45; wyiphy = Wpera = — 1.0. The effect of extrusion is markedly less than at T = 0.35 (see Fig. 10), as the structure
which is produced during extrusion may destroyed at the higher temperature. Nevertheless, folding to alpha is improved slightly, while folding to beta remains

essentially unchanged.
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Fig. 12. Cumulative folding fraction at T = 0.385; wyjppa = —1.0; @y, = —1.1. Extrusion assists in folding to state alpha, while markedly hindering folding to
state beta. See text for discussion.
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Cumulative Folding Histogram
T=0.385 with competition; beta interactions scaled by 1.25
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Fig. 13. Cumulative folding fraction at T = 0.385; @yph, = —1.0; wpey = —1.25. The cutoff time was extended to 250,000,000 (2.5e + 8) MC steps. As in Fig.

12, extrusion assists in folding to state alpha while disrupting folding to beta. In this case, the relationship is even more dramatic: extrusion changes the

dominant state from beta to alpha!

tested, and a modification made to Fig. 13 to correct for this
result.

It is interesting that folding occurs at all to alpha at low
temperatures. Under the conditions of Fig. 10 (T = 0.35 and
Wyipha = Wpera = 1.0), the thermodynamic equilibrium ratio
of a to B occupancy is

Iph
lalpha] _ aex-1.0-33:-100035 _ 15-4
[beta]

while for the system in Fig. 13 the equilibrium ratio is

lalpha] _ aox—125-33:- 1000385 _ |(—14
[beta]

In both cases, alpha must be considered metastable,
although it is certainly long-lived on the scale of the
above simulations.

A set of runs was performed at T = 0.385, starting from
conformation alpha and ending either with folding to beta or
at 250,000,000 MC steps. The interconversion histogram is
presented in Fig. 15. As a control (for errors in implemen-
tation), the same experiment was run starting from beta and
attempting folding to alpha, though detailed balance would
indicated that this folding rate is 10'* times slower than
alpha — beta. No folds were observed.

The rate of alpha — beta interconversion was about
0.0005 per million MC steps, after a lag of about 10® steps.
Linear regression to this Poisson-like process displayed a

near-perfect correlation of 0.998. Folding to beta from alpha
is slower than folding to beta from the unfolded state (which
was about 0.0009 per million MC steps), confirming that
alpha is stable with respect to the unfolded state.

3. Discussion

3.1. Cumulative remaining folds

The folding histograms presented thus far have been
nondecreasing, as the number of folds as a function of time
can only increase. Each run was stopped at the point of
folding, disallowing the possibility that a run which reaches
alpha in time #; will convert from alpha to beta in the
remaining time #,,,, — #;. It is possible to combine data from
Figs. 13 and 15 to form a histogram of cumulative
remaining folds. Under the assumption that beta will
never (practically) convert to alpha, the cumulative
remaining alpha folds, denoted by N e, 18 the fraction of
runs which have reached alpha (N,) minus that fraction of
alpha folds which subsequently converted to beta. Corre-
spondingly, the cumulative remaining beta folds Ng o, is
the fraction of runs folded directly to beta from the unfolded
state (Ng) plus that fraction of alpha folds which
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Denatured Protein Partial
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N-terminal
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in vitro Native State

in vivo Native State

Fig. 14. Schematic for the data in Fig. 13. Cotranslational folding changes
the kinetically accessible ‘native’ state from the long-range contact-rich
conformation beta to the local contact-dominant conformation alpha.

subsequently converted to to beta. It is the second term in
each of these expressions which must now be computed.

Taking N, (7) and Ng(?) from Fig. 13 and N,_(7) from
Fig. 15, one can define

oty = oD ond by = dl\ift(t)
as the rate of folding to the respective states at time ¢, and
Hop( = et

dr

as the instantaneous rate of interconversion. Then the
conversion correction is a convolution of H,(7) and H,_.5(?),
yielding
tmax
Hosen® = ) = [ ™ Ht)Hopltnas =11, )
=
and

Tmax
He () = Hy(1) +J Ho0)Ho gl — )1 (4
=

The cumulative remaining folds may be expressed as

tmax

Na,rem(t) = J’ OHa,rem(tl)dtl (5)
1=

and
tmax

NB,rem(t) = ,[t OHB,rem(tl)dtl (6)
=

Fig. 16 plots Ny rem and Ng o, as a function of MC time,

Conformational Interconversion
T=0.385 with competition; beta interactions scaled by 1.25

T T T T T T T T

0.10 —

—— alpha—>beta (N=2545)
r +  beta—>alpha (N=1200)
—— Linear regression (alpha —> beta) _

0.05 —

CUMULATIVE CONVERSIONS
T

0.00 h
0 S5e+07 le+0

“3er08

S 1.5e+08  2.5e+08

MC Steps

Fig. 15. Interconversion histogram, starting from conformation alpha and awaiting conversion to beta. (T' = 0.385; @yppa = —1.0; @y, = —1.25.) After a lag
time, interconversion becomes Poisson-like, or roughly linear with MC time. (For the linear regression shown, the correlation u = 0.998.) Conversion from
alpha to beta is markedly slower than from the unfolded state to beta (see Fig. 13), indicating that the alpha backbone maintains significant stability at this
temperature. As a control, interconversion from beta to alpha was tested. No folds were expected due to the high stability of the beta form; no folds were

observed out of 1200 runs.
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Cumulative Remaining Folds

T=0.385 with competition; beta interactions scaled by 1.25

04— e ==

T T T T T T T T T T T T

—— alpha, no extrusion (N=2162)

beta, no extrusion (N=2162)
alpha, extrusion (N=2461)
beta, extrusion (N=2461)

CUMULATIVE REMAINING FOLDS

1
0 5e+07 le+08

1
1.5e+08 2e+08 2.5e+08

MC Steps

Fig. 16. Cumulative remaining folding fraction at 7 = 0.385; wyjpha = —1.0; wpey = —1.25, with cutoff time of 250,000,000 MC steps. Cumulative remaining
folds to alpha at time ¢ are those runs which folded to alpha and did not convert to beta by this time. Cumulative remaining folds to beta are those runs which
folded to beta either directly from the unfolded state, or to beta after previously folding to alpha. Data are presented with and without extrusion. The data is
nearly identical to that of Fig. 13, in that (a) folding to alpha is assisted by extrusion; (b) folding to beta is inhibited by extrusion; and (c) extrusion shifts the

folding from beta to alpha, even after 400 X the characteristic extrusion time.

up to 250,000,000 steps. Note that N, is no longer
nondecreasing, as the curve now reflects the number of runs
which folded to backbone alpha minus those which folded
to alpha and then converted to beta. The new results
thoroughly uphold the conclusions from Fig. 13: extrusion
shifts the preferred folding state from beta to alpha.

The cumulative remaining folds data (Fig. 16)
demonstrate that, even at 400 X the extrusion time, there
are still twice as many remaining alpha folds as beta folds.
This rules out the possibility that visiting alpha is a brief
affair en route to settling at beta, over the time scales
studied. Of course, at much longer times, all runs are
expected to settle at the enormously stable beta
conformation.

3.2. Biological ramifications and conclusions

In developing and testing an extrusion model of lattice
protein folding, it was shown that extrusion can speed
folding, especially to conformations with many local
contacts. In addition, it is possible to induce folding of a
single model protein sequence to different native states by
turning cotranslation on and off. This is of course a kinetic
phenomenon, as over a sufficiently long time period the
system would be expected to achieve thermodynamic
equilibrium. However, times needed to reach equilibrium
may be quite long, making the ‘metastable’ state highly
relevant.

It was also demonstrated that extrusion plays an
important role in folding only for temperatures at which

the native state is stable. At less stable (higher) tempera-
tures, there is rapid equilibration among states, and no
chance for a persisting ‘memory’ of extrusion. (For the
preceding Go-model simulations, stable temperatures were
somewhat below optimal folding temperatures, though this
may reflect the unusually strong kinetic traps induced by the
Go potential. [13] In sequence model simulations and for
real proteins, fast-folding often occurs under conditions of
considerable native-state stability; thus extrusion may be
relevant at fast-folding temperatures as well as in the low-
temperature regime.) Specifically, for structures which fold
cotranslationally, native contacts formed during extrusion
must be stable enough to persist until extrusion is complete.

The typical time scale for ribosomal translation is 1-10
residues per second, while folding from the denatured state
is known to occur in the range of milliseconds to minutes
[14] for proteins studied to date. Cotranslation cannot affect
folding kinetics when folding times are much shorter than
translation times, except in the trivial sense that folding
cannot finish until translation is complete. The low-
temperature regime, in which folding is slowed markedly
compared to its optimal rate, is one of slow folding with
respect to translation. It is this regime which shows the
largest shift in folding kinetics toward states rich in local
contacts.

The kinetic effects of cotranslation were long-lived,
shifting the temporary, ‘metastable equilibrium’ toward one
conformation over a time more than 400 X that of
cotranslation itself. Functional metastability is a known
property of several proteins, including poliovirus [2,3] and
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plasminogen activation inhibitor [4,5]; thus a thermo-
dynamically stable state need not be the functional state
of a protein.

A protein which is known to have two biologically relevant
conformations is the mammalian prion protein, which has an
endogenous form PrP¢ and a largely uncharacterized
pathogenic form PrP*¢. (PrP* has been shown to be the
causal agent in diseases such as scrapie and mad cow disease
[15]). Since the endogenous form is known to be more helical
[16] (local-contact dominant) than the pathogenic form, an
interesting hypothesis is that extrusion guides folding toward
PrP€ and away from PrP*. Experiment has ruled out this
hypothesis as a complete explanation for prion behavior, since
denaturing and refolding PrPC yields a non-active form which
is not PrP% (and may indeed not be a specific native
conformation) [17], and since there is evidence that Prp%¢ may
fundamentally be an aggregative state [18,19]. Nevertheless,
cotranslational folding may be a factor in the reliable folding
of the prion protein to its endogenous form, and may still
contribute to the avoidance of endogenous PrP*“ production.

The model of extrusion implemented in these studies
may not be optimal for studying all cotranslational
phenomena. For instance, proteins may be extruded a
domain at a time, rather than one monomer at a time.
Nevertheless, there is no reason to suspect a fundamental
divergence in behavior based on the extrusion schedule. The
elimination of trapping by extrusion is not scale-dependent,
and likely supports the folding of proteins by domain (a
‘local’ contact topology on a larger scale than the one we
have discussed), in comparison to folding into an undesired
enormous single domain with or without a global energy
minimum.

The demonstration of the strong role of cotranslation on
model protein folding kinetics raises a number of interesting
biological questions, not the least of which is the global
free-energy minimum hypothesis. Extrusion, combined with
the known influence of contact topology on folding, may
give rise to proteins which are metastable, but with
characteristic conversion times longer than the useful life
of the protein, even without the influence of post-
translational covalent modification.

4. Materials and methods
4.1. The lattice model

Proteins are represented as self-avoiding chains on a
cubic lattice, with each residue occupying one lattice site.
Residues which are nearest neighbors on the lattice but are
not covalently bonded along the chain interact with a
potential which will be described below.

The folding algorithm was Metropolis Monte Carlo [20],
which is known to yield a canonical distribution of states
and is thus an ideal tool for studying thermal processes. [21].
The move set was that of Hilhorst [22], utilizing three

standard moves: crankshaft, corner flip, and tail moves, plus
diffusion moves for chains of one or two monomers. One
Monte Carlo (MC) step consists of one randomly chosen
move, whether or not that move is accepted according to the
Metropolis criterion.

4.2. Go potential

In order to easily tune the parameters of folding, we use
the potential of Go [23,24]. The Go model was one of the
first potentials used in simplified protein modeling, and is
still extremely useful in that same field. Recall that in our
previous lattice simulations the total energy was expressed
as the pairwise sum of contact energies:

N
E=D D B 64y )
i=1 j<i

The term ¢ is the sequence identity of residue i; 4;; = 1 if
residues are in contact, A,-j = 0 if not. B(§;, §), abbreviated
as Bjj, is the parameter set matrix. For sequence models such
as that of Miyazawa and Jernigan, [25] By is an LXL
matrix, where L is the number of distinct amino acids
(usually 20). The Go model is a specific type of sequence
model, which sets L = N (the number of residues in the
protein chain). The primary advantage of the Go model in
this study is that sequence design becomes trivial: simply set
B; = Ai-}/ , where Af»}/ = —1 if residues i and j are in contact
in the native state, and 0 otherwise. While sequence models
are more useful in studying protein design and evolution,
fundamental folding properties are quite similar between Go
and sequence models [26].

4.3. Implementation; time measurement

The implementation of extrusion requires a time table for
the sequential extrusion of monomers. Our implementation
extrudes one residue at a time, though it would be a trivial
modification to extrude several residues at a time.

The time constant M is introduced as the number of
simulation steps per extruded residue between the extrusion
of sequential monomers. The total number of Monte Carlo
steps between the extrusion of monomers n and n + 1 is nM,
rather than simply M, in order to properly count time.
Normally in Monte Carlo simulations, time may be counted
as either the total number of attempted moves (as is done
here) or as the number of attempted moves per monomer.
The convention is merely a matter of preference when the
system is of fixed size, as time may be rescaled by a
constant. With extrusion, however, the situation is different
as the system size changes with time. Attempting ten moves
for a one-monomer system has a different meaning than
attempting ten total moves for a ten monomer system.’ If

5 The vibration and rotation of bonds in physical systems occur with time
constants which are roughly independent of system size; therefore the total
number of vibrations or rotations scales with system size.
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extrusion is to be modeled as linear with time, then the
average number of moves per extruded residue must remain
constant.

Extrusion simulations are run as follows.

1. Begin with only one residue (the N-terminus). Allow this
residue to move M times. This step is trivial, as only one
move is allowed (diffusion of the monomer from one
lattice location to a neighboring lattice location).

2. Add a residue in one of the available sites adjacent to
residue 1. (This site is selected randomly among all
available neighboring sites.) Simulate the 2-residue
system for 2M moves.

3. Continue to add residues, simulating the chain for nM
steps after the extrusion of residue n.

4. Once the chain is completely extruded, continue the
simulation for a fixed number of steps, or until
whatever desired event (such as folding to a particular
state) occurs.

We chose the value M = 1000, meaning that approxi-
mately 650,000 total simulation steps were executed before
the chain was fully extruded. This value allows a moderate
level of equilibration after each monomer is extruded, but
such that the total extrusion time is small compared to low-
temperature folding events.

Folding without extrusion was begun in each case from a
new random denatured conformation, generated by 10,000
Monte Carlo steps of high-temperature simulation (7' =
500).

4.4. Quality and relative quality

It is usual to measure the progress of a folding
simulation, with respect to Monte Carlo time, using the

‘quality’ Q :
_ Current number of native contacts

o= e

N,  Total number of native contacts

Since we are interested in two backbones, we must now
define two qualities:

nl,c

0, = N,
1,c

ny .

O =
NZC

3

The two target backbones need not possess the same number
of native contacts. Note that Q; + O, = 1, where equality
exists if and only if the two backbones have no contacts in
common.

Folding to state A is confirmed when O, = 1.

We introduce a new quantity, called relative quality g,
which is the number of native contacts formed relative to
the number of extruded native contacts N, For a given

backbone i,

extr n.
gi(N*") = (®)

extr
ic

Relative quality is useful as a measure of folding relative to
the extrusion process. If folding occurs cotranslationally
(along a linear ECP) to conformation A, we would expect
ga = 1 throughout the extrusion process. This would not be
the case if the ECP is highly concave, discouraging
cotranslational folding.
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