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Zipping-and-assembly mechanism (ZAM) is a new mechanism describing the kinetics of protein folding. To dissect
the validity of this mechanism for various protein-like systems, a prediction test based on three-dimensional HP
lattice models is carried out. It is found that only the native structures of a part of protein-like models could be
predicted with a ZAM-based method. The detailed comparisons between the model proteins which are predicted
or failed with the ZAM-based method suggest that the ZAM is likely to be applicable for the model proteins with
the weak hydrophobicity, the low contact order for native conformations, and the large separation between the
energies of native state and denatured states. These observations bring us more information about the protein-like
systems for which the ZAM could be applied.
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The folding of proteins is a fundamental and complicated process in molecular biophysics.[1−3] Due to
the complexity of protein systems, presently there
are no unified mechanisms for various protein systems. Various mechanisms are proposed and discussed to describe the underlying physics for such
a kind of self-organization behavior of proteins, including the nucleation-condensation mechanism, the
diffusion-collision mechanism, the framework model
and so on.[4−6] The introduction and dissection of
various folding mechanisms have become one of the
basic themes in protein studies.[7−11]
Recently, a new mechanism, the zipping-andassembly mechanism (ZAM), was proposed as a new
description for the folding processes of proteins.[11−15]
Based on this mechanism, the folding is believed to
be realized through the growth of local structures
(zipping) and the installation of formed motifs (assembly). This mechanism is an extension for sequential stabilization mechanism in the microscopic level.
The most interesting thing is that the zipping behavior may limit the range of conformational searches
and speed up the folding. Consequently, an efficient
prediction method based on this mechanism was proposed and has been successfully applied in the prediction practice for the native conformations of some
proteins.[11,15] Taking account of these facts, the ZAM
is believed to be a valuable progress to describe the
folding processes. For this new mechanism, it would
be interesting to ask: is the ZAM a unified mechanism for all proteins, and what kind of protein-like
systems would be suitable to be described with the
ZAM mechanism? The answers to these questions
would be valuable to understand the role of the ZAM

for the folding of proteins, and may be helpful to
build an integrated understanding for natural protein
systems.
In this work, three-dimensional HP lattice models
composed of hydrophobic (H) and polar (P) monomers
are used to analyze the validity of the ZAM. By enumerating over all compact conformations, a series of
27-mer sequences with protein-like features are generated. It is found that some model proteins cannot fold
to their native structures with the ZAM-based greedy
searching algorithm. This implies that the proteins
which fold following the ZAM would be a certain
subset of all protein-like models. Various features
of model proteins which can be predicted with the
ZAM-based method are compared with those of the
other protein-like systems, including the sequential
patterns, the contact order of native conformations,
and the property of energy spectra. It is found that
the ZAM-based method would be more successful
for the proteins with weaker hydrophobicity, better
accessibility to native conformation and higher cooperativity. This is consistent with the basic assumption
in the ZAM. All these results demonstrate that the
ZAM proposes a refinement for the general landscape
theory for proteins and would be reasonable for the
optimal folders.
To model natural protein systems, threedimensional (3-D) lattice polymer models composed
of the hydrophobic (H) and polar (P) monomers are
used. In our simulations, the typical 27-mer chains
are used, and the classical HP interaction is employed,
that is, the interaction 𝜖 between two neighboring H
residues takes the value 𝜖HH = −1, and all the other
interactions (between H-type and P-type monomers or
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between P-type monomers) are zero (𝜖HP = 𝜖PP = 0).
This kind of models have been widely used.[16−19] It
is worth noting that, different from previous analyses with the 2-D lattice models,[12] the 3-D lattice
models would be more suitable to simulate natural
proteins since the 3-D cubic lattice has a larger number of coordinates and could form more interactions
with long sequential separations. For this kind of
model, the energy of a chain at a conformation 𝒞
would be the summation over∑︀all the pairs of neighboring monomers, 𝐸(𝒞) =
𝑖<𝑗 Γ𝑖𝑗 𝜖𝑠𝑖 𝑠𝑗 , in which
𝑠𝑖(𝑗) represents the type (H or P) of the residue 𝑖(𝑗),
and Γ𝑖𝑗 = 1 when the residues 𝑖 and 𝑗 are spatial
neighbors or 0 otherwise. This kind of interactions
reflect the basic feature of protein systems, and are
also widely used in protein studies.
It is well known that not all the sequences composed of H/P monomers behave like proteins. In this
work, 1128 HP sequences with protein-like properties are selected as a sample from the whole universe
of protein sequences. Each selected sequence has a
unique ground state (namely the degeneracy of the
lowest energy level equals to 1), which mimics the
basic requirement for natural proteins. Practically,
the degeneracy of the ground state (namely the lowest energy level) could be determined by enumerating
all compact cubic conformations for 27-mer chains.
This implementation is related to the attractive feature of HP interaction. As a result, these protein-like
sequences build up a collection of objects for the following analysis.

represented as binary trees (as shown in Fig. 1). To
highlight the effect of the ZAM, a greedy searching
algorithm is employed in the present work. That is,
only the local structures with minimal energy are kept
as the seeds for the next step of mergence. This kind
of operations maximizes the greedy feature of sequential stabilization.
With the ZAM-based greedy searching algorithm,
the landscape of all the selected protein-like sequences
are studied. The conformations with the minimal energy for each sequence are recorded and compared
with the corresponding native conformations. It is
found that the native conformations could be successfully identified with our ZAM-based algorithm for 363
sequences (32.2% of the sequences we used). While for
the others (765 sequences), the ZAM-based method
generally fails to observe the native conformations.
These two kinds of model proteins are noted as successful ZAM folders (SZF) and the unsuccessful ones
(UZF), respectively. The proportions of these two
kinds of sequences are not sensitive to the number of
protein-like sequences or the implementations for the
ZAM-based method (data are not shown). The result of this prediction test demonstrates that the ZAM
may be suitable to describe some kinds of protein-like
chains, but is definitely not a unified mechanism for
various folding behaviors. In this sense, the ZAM is
likely to act as a refinement for general landscape theory for proteins.
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Fig. 1. An example of folding process based on ZAM
mechanism, which demonstrates the coalescences of neighboring segments as represented by a binary tree.

Fig. 2. The probability 𝑃𝐻 for the site 𝑖 to take H-type
residues. Solid squares and open circles are used for SZF
and UZF cases, respectively.

To exemplify the effect of the ZAM in folding
processes, a ZAM-based method for folding prediction is realized for 3-D lattice models with a CKY
graph-searching algorithm, similar to that used in
Refs. [11,12]. In detail, by dividing a chain into several
segments with three contiguous monomers, the folding process is described as a series of coalescences of
the adjacent segments. All the possible combinations
of local segments could be examined with dynamic
programming. The whole folding process could be

As a description for some specific folding behaviors, the ZAM would work for some certain subset of
protein-like sequences. What kinds of model proteins
would like to fold following the ZAM? The applicability of the ZAM is important to bring some insights
on the connection between the properties of protein
systems and the folding mechanisms. In this work,
this question is answered by comparing the SZF and
UZF from various features related to sequential patterns, native conformations and energy spectra. These
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analyses from multiple aspects may provide a comprehensive picture for the ZAM-related folding.
Firstly, the sequential HP patterns are compared
for two kinds of sequences. The sequential pattern
is characterized with the probability
∑︀ of the 𝑖th site
taking H-type monomers, 𝑃𝐻 (𝑖) = 𝑠𝑖 =𝐻 1/𝑁seq , in
which 𝑁seq is the number of all concerned sequences
in statistics. The probability 𝑃𝐻 could be calculated
SZF
for the SZF and UZF. They are marked as 𝑃𝐻
and
UZF
𝑃𝐻 , respectively. These probabilities are observed
to fluctuate around 0.5 with a similar trend (as shown
SZF
in Fig. 2). More specifically, the probability 𝑃𝐻
UZF
is smaller than 𝑃𝐻 , which indicates that the SZF
model proteins have few number of H-type monomers
for almost all the sites, especially for those at the
head or tail. The decrease of the hydrophobic composition for SZF may physically reduce the chances
to form unexpected hydrophobic clusters and to avoid
the trap formations during ZAM-related folding. This
phenomenon implies that weak hydrophobicity would
be compatible with the ZAM.

separation contacts, the conformational searches with
local zipping operations would be easier to find out
the native contacts. The ZAM would kinetically favor
this kind of conformational feature. This kind of feature could also be observed from the accessibility in
conformational space with the ZAM-base method. For
example, for a non-protein-like sequence (PHHHPHPPPHPHPHHPHHPHPHHHPPP), the degeneracy of
its ground state is 106. The search with the ZAMbase method only can find out 33 of them. The ratio
of accessible space is similar to that of the SZF in
all protein-like models. The statistics on the contacts
in the accessible 33 conformations and the others are
given in Fig. 3(c). The conformations accessed by the
ZAM-based method are also have more contacts with
short separations. This further supports the intrinsic
connection between the ZAM and low contact orders
of conformations. As a result, the ZAM would be more
suitable for the models with small contact orders for
their native conformations.
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Fig. 3. Comparisons of native conformations for SZF and
UZF cases. (a) The probability 𝑃CO to take a certain
contact order CO. (b) The probability 𝑃Δ for residues to
take a certain sequence separation Δ for SZF (solid) and
UZF (open). (c) The probability 𝑃Δ for the conformations
accessible (solid) and not accessible (open) by ZAM.

Fig. 4.
Probability density 𝑓𝑍 to take a certain Zscore for SZF and UZF. The inset gives the probability 𝑃𝑁 to have 𝑁HH contacts between H-type residues
for two sequences, PHPHPHHPHPPHHPPPHPPPPHPHPHP (SZF) and PHPHPPHPHPPHHPPPHPPPPHPHPHP (UZF).

The native conformation of a protein-like system is
another important feature related to foldability.[20−22]
In comparison between the SZF and UZF, the contact order (CO) of the native conformation is used
to describe the conformational feature of protein-like
model.
Here the contact order is defined as CO =
∑︀
𝑐 |𝑗𝑐 − 𝑖𝑐 |/𝑁𝒞 , where 𝑖𝑐 and 𝑗𝑐 are the monomer indices related to the contact 𝑐, and 𝑁𝒞 gives the number
of contacts in the conformation 𝒞. The distributions
of contact orders for the SZF and UZF, 𝑃CO are obtained as the histograms in Fig. 3(a). It is found that
the contact orders for the SZF are statistically smaller
than those for the UZF. The detailed statistics on the
sequential separations ∆ = |𝑗 − 𝑖| for various contacts
are also presented. There are more contacts with short
sequential separations for SZF (as shown in Fig. 3(b)).
For this kind of native conformations with more short-

Besides the sequential and conformational features, the energy spectra of protein-like models contains more direct information about the landscape related to folding. Based on the landscape theory, a
Z-score-like quantity 𝑍 = (𝐸 − 𝐸𝑁 )/𝜎𝐸 is used to
measure the separation between the native state and
the denatured states on the landscape, where 𝐸 and
𝜎𝐸 are the average and the variance of the corresponding energy spectrum, and 𝐸𝑁 is the energy of the concerned model protein at its own native conformation.
A model protein with a large Z-score would generally
have an optimal foldability. In this work, a statistics
on the Z-scores for all the model proteins is carried
out. The probability density 𝑓𝑍 for the SZF and UZF
to have a certain Z-score is calculated (as shown in
Fig. 4). The results demonstrate that the SZF generally have larger Z-scores (as shown in Fig. 4). This
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indicates that the SZF has more conformations with
fewer contacts between H-type monomers and thus
higher energy. This kind of variation of spectrum of
two similar model proteins is exemplified as the distribution of the number of contacts between H-type
monomers in the inset of Fig. 4. The energy spectrum
for the SZF apparently has larger population at the
region with fewer contacts between H-type monomers
(namely smaller 𝑁HH ) compared with that for the
UZF even though their sequences are very similar
(with only one monomer being different). This kind of
characteristics of SZF makes the corresponding folding
cooperative and efficient, which is consistent with the
basic idea of the ZAM. The ZAM-compatible model
proteins seem to be more consistent with the minimal
frustration principle. These analyses outline another
feature of the model proteins which may adopt the
ZAM during their folding.
Through the prediction test for the ZAM-based
method and the systematic comparisons for various
model proteins, it could be concluded that the ZAM is
not a unified mechanism for protein-like models. The
sequences with weaker hydrophobicity, low complexity for native conformation, and optimal energy landscape would be more likely to fold correctly with the
ZAM. These results outline the connections between
the properties of protein-like chains and the ZAM,
and may stimulate further consistent understanding
for protein folding.
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