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INTRODUCTION

Biosynthesis of polypeptides is a critical event for cells. The

speed of biosynthesis is astounding, as thousands of polypeptides

can be produced by ribosomes per minute.1,2 As each newly syn-

thesized chain must fold into its unique three-dimensional struc-

tures to become functionally active,3 how this brings to comple-

tion correctly in cells remains a fundamental problem.

Research over the last decade showed that many newly synthesized

proteins need the help of complicated cellular machinery to reach the

native states efficiently.1,4–7 For these proteins, chaperone factors in

cytosol play the roles of protecting nascent proteins from aggregation

and helping them to fold into functional forms. It is estimated that

upon release from the ribosome, about 30% of the proteins in a eu-

karyotic cell require the assistance of cellular chaperone proteins and

other folding factors.6 These proteins often contain multiple

domains or have complicated native conformations. The remaining

70% of the proteins seem to be capable of folding autonomously. In

vitro studies showed that although the refolding of complex proteins

often encounter aggregation and misfolding occur frequently, the

majority of smaller proteins can refold effectively and correctly.1,7

The high resolution structure of ribosomes reveals a detailed

structure of the nascent tunnel.8 It provides valuable information

on how ribosome interacts with the newly synthesized polypeptide

chain as it emerges to endoplasmic reticulum from a tunnel of

approximately 10 nm in length and 1.5 nm in diameter, while still

connected to the peptidyl transferase center.6,9 A very short seg-

ment of the newly synthesized chain (less than 20–40 amino acids)

can be accommodated completely inside the tunnel. Since this tun-

nel is narrow and long, the conformation of the polypeptide is re-

stricted to only linear or helix formation. Experiments show that it

seems very unlikely for significant amount of protein folding to

occur inside ribosomal tunnel, because of the spatial restriction

and the limited access to other parts of the protein.8,9
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ABSTRACT

To study protein nascent chain folding during bio-

synthesis, we investigate the folding behavior of

models of hydrophobic and polar (HP) chains at

growing length using both two-dimensional square

lattice model and an optimized three-dimensional

4-state discrete off-lattice model. After enumerating

all possible sequences and conformations of HP het-

eropolymers up to length N 5 18 and N 5 15 in

two and three-dimensional space, respectively, we

examine changes in adopted structure, stability, and

tolerance to single point mutation as the nascent

chain grows. In both models, we find that stable

model proteins have fewer folded nascent chains

during growth, and often will only fold after reach-

ing full length. For the few occasions where partial

chains of stable proteins fold, these partial confor-

mations on average are very similar to the corre-

sponding parts of the final conformations at full

length. Conversely, we find that sequences with

fewer stable nascent chains and sequences with

native-like folded nascent chains are more stable. In

addition, these stable sequences in general can have

many more point mutations and still fold into the

same conformation as the wild type sequence. Our

results suggest that stable proteins are less likely to

be trapped in metastable conformations during bio-

synthesis, and are more resistant to point-muta-

tions. Our results also imply that less stable proteins

will require the assistance of chaperone and other

factors during nascent chain folding. Taken together

with other reported studies, it seems that cotransla-

tional folding may not be a general mechanism of

in vivo protein folding for small proteins, and

in vitro folding studies are still relevant for under-

standing how proteins fold biologically.
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Although it takes more than a minute to synthesize a

300-residue protein in eukaryotes,6 partially synthesized

peptide has adequate time to start to fold after emerging

from the nascent tunnel. It was shown by experiments

and computer simulation that the folding time of a local

structures is short.10–14 For example, the in vitro folding

time of a single a-helix, b-turns, and smallest proteins

are less than 0.1, 1, and 50 ls, respectively.10–14 These

results provide evidence that proteins do have sufficient

time to fold right after each of the newly synthesized res-

idue is released from the exit of the ribosome tunnel.

The cotranslational folding hypothesis postulates that a

protein acquires its spatial structure in the course of

translation through specific kinetic routes, in which

newly grown nascent chain influences the folding of the

rest of the chain.15–18

However, studying the folding of nascent chains exper-

imentally is very challenging, as it is difficult to measure

time-transient properties of nascent chains. Although

intuitively appealing, whether cotranslational folding is

the general mechanism of in vivo folding remains an

open question.19 In this regard, computational studies

provide useful means to explore the cotranslational char-

acteristics of nascent chain folding and to generate new

hypotheses that may be eventually verified experimen-

tally.

In this article, we study nascent chain folding using

simple models. Lattice models and simplified off-lattice

models have been widely used for studying protein fold-

ing, where the conformational space of proteins can be

examined in detail.20–27 For example, despite its sim-

plistic nature, lattice model has provided important

insights about proteins folding, including collapse and

folding transitions,26,28–31 influence of packing on sec-

ondary structure and void formation,21,32–34 and the

effects of chirality and side chains.34 The connections

between simple models and real proteins, in behavior

such as topology-dependent folding rates, have also been

studied comprehensively.35,36 To model the spontaneous

folding behavior of nascent chains emerging from the ri-

bosomal tunnel, we study here the folding behavior of

chains of growing length using both two-dimensional

hydrophobic-polar (HP) lattice model and three-dimen-

sional discrete 4-state off-lattice model. We enumerate all

possible sequences and conformations of HP heteropoly-

mers upto length N 5 18 and N 5 15, for two and

three-dimensional models, respectively. We use a simple

half-plane to mimic the excluded volume effect imposed

by the body of ribosome as a first-degree approximation

(Fig. 1). Our goal is to gain understanding of the follow-

ing basic questions about nascent chain folding: does a

protein nascent chain adopt a folded structure before the

completion of the translation of the whole protein? Are

partially folded structures similar to the final structures

of the proteins? Do mutants affect the folding of nascent

chains?

This article is organized as follows. In the next section,

we describe our models and methods used to investigate

the native structures and the folding intermediates of

newly synthesized nascent chains. We then report our

results using both two-dimensional square lattice model

and a 4-state three-dimensional discrete off-lattice model.

We conclude with a summary and remarks.

MODEL AND METHODS

HP model, protein-like sequences,
and residue contact potential function

HP lattice models are heteropolymers with only two

types of amino acids, hydrophobic (H) and polar (P)

residues. Assuming proteins have unique ground state,

we only study protein-like sequences, which are seq-

uences with unique ground state conformation at full

length. Following Ref. 31, the energy scheme adopted

here is E 5
P

i,j [ {H,P} Eijnij, where EHH 5 23.8, EHP 5
22.5, EPP 5 21.5, and nij is the number of contacts of

residue type i and j. This energy scheme satisfies the con-

ditions EHH < EHP < EPP and (EHH 1 EPP)/2 < EHP,

which are characteristics of the Miyazawa-Jeernigan em-

pirical statistical potential derived from real proteins.

This energy scheme has been shown to be effective in

constructing protein-like HP sequences that have unique

ground states, and in generating HP sequences exhibiting

non-trivial energy landscape, complex folding dynamics,

and robustness against point mutations.31

During biosynthesis, either a hydrophobic or a polar

new residue is attached to the existing nascent chain, and

Figure 1
Simple models of nascent chain folding. (a) A newly synthesized chain is

excluded from the volume occupied by the body of the ribosome. (b) In our

study, the body of the ribosome is approximated by a half-plane in two-

dimensional space where a lattice model is used, and a half-space in three-

dimensional space where a discrete 4-state off-lattice model is used.
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this addition repeats itself until the chain reaches its full

length. Similar to a full length protein, the stability of a

nascent chain at any intermediate length is determined

by its partial sequence. A nascent chain is stable if it has

a unique conformation in its lowest energy state at this

length.

Two-dimensional square lattice model

We enumerate all possible 5,808,335 conformations

and 262,144 sequences of hydrophobic and polar residues

heteropolymers of length N 5 18 on a two-dimensional

square lattice, with spatial restriction by the ribosome

surface modeled as a half-plane. The nascent chain is

only allowed in the upper half-plane (Fig. 1), which rep-

resents the space where the cytosol segment of nascent

chains (from the the N-terminus to the last residue right

at the exit of ribosome tunnel) is embedded in. The

space for nascent chain folding is therefore limited

because of the ribosome surface, but the chain is still

anchored to the remaining part of protein residing inside

the ribosome tunnel. Contacts are defined to exist for

spatial nonbonded neighbors.

4-State three-dimensional discrete
off-lattice model

For three-dimensional space, we use a reduced model

of protein structures, where each residue only has the

alpha carbon atom and a pseudo-atom placed at the side

chain center. The radii are 1.5, 1.5, and 1.9 Å for Ca

atoms, side chain centers of H and P residue, respec-

tively. The bond length between Ca atoms is 3.8 Å, and

the distance between the Ca atom and the side chain

center is 1.5 Å for H residues, and 1.9 Å for P residues.

This model is parameterized by the dihedral angle s
between Ca,i21, Ca,i, Ca,i11, Ca,i12, and the angle a
between Ca,i21,Ca,i, Ca,i11.37 Originally introduced in

Ref. 38, recent work showed that this 4-state model can

generate conformations that are very native-like (on aver-

age 2.5 Å in RMSD to a native structure of protein).37

By clustering the observed s and a angles for each resi-

dues in the structures of the PDBSELECT database into dis-

crete k classes, Zhang et al.37 showed that this off-lattice

model can reduce the complexity in computation, and

yet retain many characteristics of protein structures. In

this study, we use the 4-state model where {(s, a)} 5
{(104.9, 2112.3), (91.8, 52.1), (125.3, 2175.7), (134.8,

86.0)} for H residues, and {(s, a)} 5 {(114.5,2103.3),

(99.4, 49.3), (120.8,2163.8), (119.0, 122.1)} for P residues.

To identify contacts in this model, we measure the dis-

tance between the a carbon of residue i and side chain

center of residue j, the distance between the a carbon of

residue j and side chain center of residue i, the distance

between the a carbons of residue i and j, and the dis-

tance between the side chain centers. The contact dis-

tance thresholds are 6.7, 4.4, 4.7, 4.6, 6.1, and 4.7 Å for

the a carbons, the a carbon and the side chain center of

H residue, the a carbon and the side chain center of P

residues, the side chain centers of H residues, the side

chain centers of P residues, and the side chain centers of

H and P residues, respectively. These thresholds have dif-

ferent values, as the radii of the atoms are different. If

any one of the distances is less than the corresponding

threshold, and if the residues i and j are separated by at

least one residue, we declare that residues i and j are in

contact.

In three-dimensional space, we again impose the spa-

tial restriction of the ribosomal surface, which is modeled

as a half-space. The upper half-space represents the cyto-

sol space where the the three-dimensional peptide chain

can grow into, whereas the lower half-space represents

the body of the ribosome where the peptide is anchored

to. We enumerate all possible 1,519,357 conformations

and 32,768 sequences of hydrophobic and polar residues

heteropolymers of length N 5 15. Because three-dimen-

sional space affords far more possible conformations, we

have to restrict the length of nascent chain to N 5 15

due to the limitation of computational resources.

Tolerance of protein-like sequences
to mutations

A protein-like sequence may tolerate one or more

point-mutations. A tolerated point-mutation is a

sequence with one monomer different from the wild type

sequence that takes exactly the same ground state confor-

mation. We define the mutation tolerance at length k as

the number of tolerated point-mutations a stable chain

at length k has.

Structural similarity

Two types of conformation are used to describe how

nascent chains may fold. The partial native conformation

at length k, cn(k) is the conformation of the first k resi-

dues of the native state of the full length wild-type

sequence. The stable partial conformation at length k,

cs(k), is the ground state conformation of the first k resi-

dues when they take a unique ground state conforma-

tion. Figure 2 illustrates the difference in cn(k) and cs(k).

The measurement of conformational similarity s(k)

between cn(k) and cs(k) of a nascent at length k is the ra-

tio of the number of common contacts between these

two conformations to the number of native contacts in

the partial native conformation cn(k):

sðkÞ ¼ #½csðkÞ \ cnðkÞ�
#cnðkÞ ;

where # represents the number count of native contact(s)

of a conformation, k � N, and 0 � s(k) � 1. If s(k) 5 1

for a nascent chain at length k, this nascent chain of
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length k adopts a stable conformation, and it has all of

the contacts of the first k residues appearing in the final

native conformation. For example, even though the

eighth residue adopts a different configuration for the

partial chain [Fig. 2(c)] and the native structure [Fig. 2(b)],

the conformational similarity sðkÞ is 2
2
¼ 1 at k 5 8,

because both conformations have the same set of native

contacts.

RESULTS

In this section, we examine (a) the number of stable

nascent chains, (b) the stability, (c) the structural similar-

ity of the stable nascent chain and its final native struc-

ture and how they relate to protein stability, and (d)

their tolerance to mutations of the simplified proteins.

Stable proteins are less likely to have
folded nascent chains

In our models, protein-like sequences with lower

ground-state energy are more stable. In principle, there

are two aspects about the stability of a protein: the value

of the ground state energy and the value of the energy

gap (the difference between the ground state and the

state with the next lowest energy). In our models, we

found that the values of the energy gap of the majority

of the sequences in both two and three-dimensional

models are very degenerate, compared to the diverse val-

ues of the ground state energy. The distributions of the

values of energy gap in our models are highly left-

skewed. In two-dimensional lattice model, the values of

energy gap varies from 0.1 to 1.1, but more than 99.5%

of sequences have energy gap �0.2. In three-dimensional

off-lattice model, the energy gap varies from 0.1 to 2.6,

but more than 97.8% of sequences have energy gap �1.

On the other hand, the distributions of the values of

ground state energy in both models follow roughly nor-

mal distribution and have a wide range from 216.0 to

234.2. For this model study, we use the ground state

energy to represent the stability of protein sequences.

By this definition, we find that more stable proteins

are less likely to fold before they reach full length. On

two-dimensional lattice, stable proteins with lower

ground-state energy have less stable nascent chains that

maintain a stable partial conformation during the process

of chain growth [Fig. 3(a), dashed lines]. For example,

each sequence of the most stable proteins with ground

state energy less than 232 (consisting of top 1.1% of

protein-like sequences ranked by ground state energy)

only has on average about two stable nascent conforma-

tion during the growing process. In contrast, the majority

of proteins of less stability, for example, those with

ground state energy �222 (bottom 4.7% of protein-like

sequences) can form on average more than three stable

conformations.

Conversely, we find that sequences with fewer stable

nascent conformations while growing are more stable in

their final ground state conformations [Fig. 3(b)]. That

is, proteins which fold only when reaching full length are

more stable on average and have lower ground state

energy.

These observations also hold in three-dimensional 4-

state off-lattice HP models (solid lines in Fig. 3). In this

case, the difference between stable proteins and other

proteins in the number of folded partial conformations is

even more pronounced. For example, the most stable

proteins with ground state energy less than 228 (top

0.2% sequences with lowest energy) have about two sta-

ble nascent conformations, while the least stable proteins

with ground state energy greater than 218 (bottom 4.3%

of foldable sequences) can form on average four stable

nascent conformations. Overall, we find in these models

Figure 2
The conformational similarity of the partial native conformation and its final

native structure. (a) Native conformation of a full length sequence of N 5 16,

(b) partial native conformation cn(k) at length k 5 8, and (c) stable

conformation of nascent chain cs(k) at length k 5 8.
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that the number of stable nascent chains increases with

the value of the ground state energy.

Existence of folded nascent chain and
protein final conformation

We find that some partial nascent chains can fold into

stable conformations. In addition, we find that for those

few stable proteins with folded nascent chains, their

folded partial conformations are very similar to the final

conformations of the full length proteins. In two-dimen-

sional lattice models, the folded nascent chains of stable

proteins have nearly 90% correct native contacts at inter-

mediate lengths (Fig. 4). This conformational similarity

is much lower (70%) for proteins with moderate ground

state energy. This pattern is more pronounced for three-

dimensional 4-state off-lattice HP models. In this case,

the folded nascent chains have >97% similarity to folded

full length proteins, while this similarity for less stable

proteins is consistently below 80%.

Stable proteins are tolerant to
point mutations

We also find that in general more stable proteins and

proteins with native-like nascent chains are often more

resistant to single point mutations. Furthermore, the full

length conformations of these point mutants are usually

exactly the same as the wide type sequence [Fig. 5(a)].

For example, in two-dimensional lattice HP models of

length N 5 18 [empty circles in Fig. 5(a)], proteins with

ground state energy between 230 and 234 are stable, as

all of which are from the top 4.4% of protein-like

sequences ranked by ground state energy. These proteins

can tolerate point mutations at about 5.3 positions, that

is, they can tolerate mutations at about 30% of the posi-

tions in the full sequence. As an example of proteins of

reduced stability, proteins whose ground state energy is

between 220 and 216 are all from the bottom 0.6% of

the sequences when ranked by ground state energy. They

can only tolerate on average point mutations at 3.2 posi-

tions out of the full length of N 5 18, representing 18%

of the positions.

In the three-dimensional model [filled circles in

Fig. 5(b)], stable proteins by the criterion of ground state

energy less than 228 (top 0.2% sequences with lowest

energy) can tolerate up to about 6 out of the full length

N 5 15 positions, namely, they can tolerate point muta-

tions at about 40% of the positions. This is higher than
Figure 3
The relationship between protein stability and the number of folded

conformations of nascent chains of two-dimensional HP lattice models (dashed

line) and 4-state discrete three-dimensional off-lattice model (solid line). (a) On

average, stable proteins (with lower energy values) have fewer folded nascent

chains. (b) Proteins with fewer folded nascent chains are more likely to be

stable.

Figure 4
The relationship between protein stability and conformational similarity (s(k))

of nascent chains and final structures in the two-dimensional lattice (dashed

line) and in the three-dimensional 4-state discrete off-lattice model (solid line).

H.-M. Lu and J. Liang
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the case of two-dimensional lattice HP model. Less stable

proteins with ground state energy greater than 216

(bottom 0.2% of foldable sequences), on the other hand,

can only have single point mutations at 2 out of all N 5
15 positions, namely, only 13.33% of all positions. The

difference in the tolerance to mutations for stable and

unstable proteins is more significant in the three-dimen-

sional model.

In addition, we find that for proteins with stable nas-

cent chains, if their nascent conformations are similar to

the native conformations of the full length proteins, these

proteins are more resistant to point mutations [Fig 5(b)].

In two-dimensional lattice models, proteins whose stable

nascent chains retaining 90% native contacts of the cor-

responding parts of the final protein structures can toler-

ate single point mutations at up to 5.5 different positions

(31% of the positions). This is higher than proteins with

non-native-like stable nascent chains (3.5 positions,

about 19%) . In three-dimensional space, proteins whose

stable nascent chains are similar to the native structure

of the full length proteins are also more resistant to

mutations. Those proteins whose stable nascent chains

retaining more than 90% corresponding contacts of the

native structures at full length can tolerate single point

mutations at 4.9 different positions (33% of the posi-

tions). Again, this is higher than the proteins with non-

native-like stable nascent chains can.

Figure 5
The relationship between protein stability, tolerance to mutations, and

conformational similarity of nascent chain in the two-dimensional lattice

(dashed line) and the 4-state discrete three-dimensional off-lattice model (solid

line). (a) On average, stable proteins with more negative ground state energy

are more resistant to point-mutations. (b) Proteins with native-like stable

nascent chains are also more resistant to point mutations.

Figure 6
The relationship between the conformational similarity of folded nascent chains

and the final full length conformations, protein stability, and the number of

stable nascent chains in two-dimensional lattice model (dashed line) and in 4-

state discrete three-dimensional off-lattice model (solid line). (a) Proteins with

native-like nascent chains are more stable. (b) Proteins with native-like nascent

chains have fewer stable nascent chains.
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Folded conformation of nascent
chains are native-like

It is interesting to examine the properties of protein-

like sequences by the similarity of their folded nascent

chains to their final full-length conformations. As shown

in Figure 6(a), proteins with native-like folded nascent

chains are more stable, that is, they have lower ground

state energy, and have fewer folded nascent chains

[Fig. 6(b)]. For two-dimensional models, proteins with

native-like nascent chains are stable in a lower than two

units of ground state energy and have fewer than three

stable nascent chains on average. In contrast, proteins

whose folded nascent chains are very different from their

native structures are less stable. On average they also

have more folded nascent chains (>5). These observa-

tions also hold for three-dimensional models.

CONCLUSION

In this article, we have examined the folding behavior

of protein nascent chains emerging from the ribosomal

tunnel using simplified models. We study simple protein-

like sequences of HP residues, with the spatial restriction

of allowing conformations residing only in a half-space.

This half-space model provides a first-degree approxima-

tion of the excluded volume effects of the ribosomal

surface. We use both two-dimensional square lattice and

4-state three-dimensional discrete off-lattice to model

protein conformations. By enumerating all possible con-

formations of chains of different lengths while growing

the protein nascent chains by adding residues one by one

for different HP sequences, we are able to study the fold-

ing behavior of the nascent chains.

We find that: (1) the nascent chains of more stable

proteins tend to remain unfolded during the biosynthesis

process, (2) for stable proteins whose nascent chains do

fold, the folded partial structures are very similar to the

corresponding parts of the final native structures at full

length. In addition, we find (3) stable proteins are often

resistant to point-mutations.

We find conversely, sequences with fewer folded nas-

cent chains are more stable and have lower ground states

at full length. For the cases in which partial chains of sta-

ble proteins fold, these partial conformations are very

similar to the corresponding partial conformations of the

final structures at full length. In addition, we find pro-

teins with native-like folded nascent chains are likely to

be more stable and have fewer of folded nascent chains

during biosynthesis. Furthermore, proteins whose stable

nascent chains are very different from their partial native

structures in full length have higher ground state energy

and less number of stable nascent chains.

Our results suggests that stable proteins are less likely

to be trapped in metastable conformations during bio-

synthesis. They can fold with more ease and may not

require the help of chaperones. An interesting extrapola-

tion is that less stable proteins are more likely to need

the help of chaperones and other factors. It remains to

be seen if these predictions can be confirmed by experi-

mental studies.

After biosynthesis, proteins have to be transported to

their targeting compartment or organelle in a cell. It was

shown in several systems that a steady folded protein is

not able to translocate to its destination.39,40 Nascent

chain residues contribute the recognition as a tag of the

final destination of the mature protein.41 However, there

is no sequence conservation of nascent chains.41 It indi-

cates that the recognition is not from sequence informa-

tion but from more general biophysical or structural

properties. There are common characteristics in those

targeting sequences, including a hydrophobic core of

about 10 residues, which makes nascent chain to form

possibly a short secondary structure that are unsta-

ble.41,42 This is consistent with our results that nascent

chains have unstable conformations in general. More

work needs to be done to relate the structural motif of

nascent chains and the recognition of translocation.

After examining over 400 representative nonhomolo-

gous protein structures in the Protein Data Bank, Laio

and Micheletti found that the C-terminal regions of nat-

ural proteins are significantly more compact, and they

are also organized more locally than the N-terminal

regions.19 The N-terminal regions have fewer contacts,

and among these contacts, a higher fraction is nonlocal.

This is consistent with our finding that the nascent

chains of stable proteins in general have unstable confor-

mations before maturation because of lack of contacts,

and these nascent chains fold upon completion of the

translation of the rest of polypeptide chains. Although

cooperativity would significantly affect the kinetic process

of folding, and it is well-known that the HP model is far

less cooperative than natural proteins,43 our finding

based on HP models is consistent with that of Laio and

Micheletti, which is based on statistical analysis of real

proteins. This coincidence may suggest that the lack of

well-folded nascent chains for stable proteins originates

from the fundamental nature of hydrophobic interac-

tions, regardless of the degree of cooperativity of the

folding process. Taken together, it seems that cotransla-

tional folding may not be a general mechanism of in vivo

folding for small single domain proteins, and in vitro

folding studies therefore may be very relevant for under-

standing biological folding of stable proteins.

In conclusion, our study examined several interesting

questions about nascent chain protein folding, including

whether there exist folded structures in newly synthesized

nascent chains, the effects of protein stability on partial

chain folding, and how stability and nascent chain folding

related to protein tolerance to point mutations. As it is

still very difficult to provide direct experimental evidence

to answer these important questions, computational stud-
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ies provide an effective means for exploration and for

generating hypothesis for future verifications. Although

our models are simplistic, the three-dimensional 4-state

discrete models can already model real protein structures

accurately.37 The HP residues types can capture the most

fundamental forces driving protein folding, namely, the

hydrophobic interactions.22 The agreement of our results

using both two- and three-dimensional models suggest

that our observations provide some useful information

about the nascent chain folding behavior of real proteins.

This is consistent with the fact that studies of simple HP

models in the past have provided rich insights on protein

folding.26,28–31,44
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