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Modeling study on the validity of a possibly simplified representation of proteins
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The folding characteristics of sequences reduced with a possibly simplified representation of five types of
residues are shown to be similar to their original ones with the natural set of res&fliggpes or 20 lettejs
The reduced sequences have a good foldability and fold to the same native structure of their optimized original
ones. A large ground state gap for the native structure shows the thermodynamic stability of the reduced
sequences. The general validity of such a five-letter reduction is further studied via the correlation between the
reduced sequences and the original ones. As a comparison, a reduction with two letters is found not to
reproduce the native structure of the original sequences due to its homopolymeric features.

PACS numbd(s): 87.10+e

[. INTRODUCTION uncoded sites are due to their direct involvement in binding a
proline-rich signal peptidéif the binding was compromised,

Protein folding is a well known complicated and highly the protein would not show up in the screening aiff@ 2].|
cooperative dynamic process due to the heterogeneity in prd-hey also found that subtractions of the five-letter code to a
teins (e.g., see Refg1-3] and references therginMuch  three-letter one may destroy the structural rebuilding. As ar-
effort has been made by considering minimalist models witlgued by Wolyneg5], this experiment shows the possibility
a few types of amino acid residues to simplify the natural sepf simplification for the protein sequence complexity, and
of residues(of 20 types for better physica| understanding that some Complexity with the five-letter code, but not three-
[4-9] and practical purpos€d0—-17. In these models the letter code, might be still needed based on the landscape
Compositions are much Simp|er than the real ones. The Sim'deas. This experiment extends the search for a minimal so-
plest reduction is the so-called hydrophobic and polar onebition of the simplified representation of complex protein
with only two groups of residue@ach group including some architecture. However, it is not clear whether the suggested
types of residuasby considering the main driving force, the five-letter code is valid in general and feasible for elucidating
hydrophobicity[4—9]. Furthermore, these two groups actu- characteristics of real proteins with 20 kinds of amino acids.
ally are simplified as two effective monomers or letters, That is, is the five-letter code based on a specific protein
namelyH and P, which is known as the HP modpt]. The  generally workable for other natural proteins?
studies of such a model enable people to understand some In this work, we address the questions mentioned above at
fundamental physics and mechanism of protein fo|ding_the level of a lattice model with some Contact-potential-form
However, as argued in a number of studisee[13] and interactions. Based on the statistical and the kinetic charac-
reference therein the HP model may be too simple and teristics of the folding, and on the thermodynamic stability of
lacks enough consideration on the heterogeneity and thé@e ground states of some reduced sequences, we study the
complexity of the natural set of residues, such as the intervalidity of two reductions, namely one with the five-letter
actions between the residu&s6,14. Moreover, the minimal ~ palettel, A, G, E, andK [12] and the other composed by two
sets of residues for protein design suggested by biochemic&fpes of amino acids as an example of HP-like model. We
experiments§ 10—-17 seem unfavorable to those with only find that the five-letter reduced sequences display similar na-
two types of residues since a small number of types obvitive structural features and folding kinetic behavior to the
ously introduces the homopolymeric degeneracy. What is theptimal 20-letter ones. Differently, for the two-letter case,
suitable simplification for natural proteins, or how many our results show its deficiency to act as a good reduction for
types of residues are necessary for reproducing some usemqaneral representation of proteins. The five-letter reduction
structures and for a simplified representation of protein semay be a suitable description for simplifying the sequences
quence characteristics? These are not well understood. ~ complexity of 20-letter model chains which may relate to the

Recently, Riddleet al. made an exciting approach to the natural proteins. A detailed analysis on correlation between
problems mentioned above experimentdl2]. By using the sequences with 20-letters and their five-letter substitutes
combinatorial chemistry along with a screening strategyshows the source of such validity of the five-letter code.
they searched and found out a subset of the natural amino
acids that can be used to construct a well-ordered proteinlike
molecule consisting o3 sheets. This subset contains five
amino acids,[12], namely, isoleucine, alanine, glycine, In general, a successful reduction implies that an original
glutamic acid and lysine, which are simply representet] as sequence with 20 types of residues can be represented by a
A, G, E, andK [15]. Although about 30% of the residue sites new sequence with fewer types. The reduced sequence
in some of their sequences are not encoded by the five-lettahould have the main statistical and structural characteristics,
palette, rather than by nine other types of residues, the seas well as the kinetic accessibility, as that of the original one,
guence complexity of the protein is largely simplified. Thesesuch as the basic residue components of the original se-
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Substitute 1T 20-letter cases Substitate I model chain is characterized by the ¢gt, the spatial po-

sition of theith residue in the chain, and its sequence by
{si}, the set of various types of residues assigned along the
chain. An example of such a chain is shown in Fig) 2with
.=V, s,=P, ands;=V, and so on, and the chain length is
L=27, i.e., 27 residues. The energy of the chain is deter-
mined by its sequence and conformation,
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T Structure Kept whereB(s;,s;) is the contact potential between tith resi-
due (with residue types;) and thejth residue(with residue
FIG. 1. Sketchy view of the reduction. For the optimal se-types;), and the functiomA(r;,r;)=1 when theith and the
quencess;,, S, and so on, with 20 types of residues, there existjth residues are spatial, not sequential, neighbors and
large ground state gaps for their native structures in the energy (r, .r})=0 otherwise. To study the reduction, a number of
spectrum. A good reduction should retain similar spectrum featureg,ch sequences, sdy=100, made of the natural set of
and keep the native structureésee Substitute)l A bad reduction  gmino acids with 20 letters are all well optimized to a same
diminishes the energy gap above the ground state, and the originﬁbﬁve structurdthe one shown in Fig.(@)] using the meth-
native structure is not located on the lowest energy level. ods proposed by Shakhnovia al. [18,19. All these se-
quences are referred as “original” ones. These original se-
quence, the ground state, or the native conformation, etguences then are reduced according to a preselected five-
[7,9,16,1Z That is, after the reduction, not Only should the letter reduction scheme as fO”OVV[SI.4] group-I (Wlth
statistical characteristics of the energy spectriihe exis- residueC, M, F, I, L, V, W, andY), group-Il (A, T, andH),
tence of a large ground state gdge maintained, but also the group-lll (G andP), group-IV (D andE), and group-V 6,
folded structure should be kept the same as that of the origy, Q, R, andK), with a representative residue for each group
nal one(see Fig. 1 Such a reduction is regarded as a goodas |, A, G, E, andK, respectively. That is, an original se-
one. Nevertheless, if the energy gap is diminished, or thgiuence is reduced into a sequence of five-letters by substi-
ground state of the reduced sequence is degen@atievi-  ting (or replacing each letter with its representative letter.
ates from that of the original onethe thermodynamic sta- |5 such a reduction, 20 types of residues are divided into five
bility and the kinetic characteristics are altered. Consegroups according to their interaction characteristics
quently, the reductipn is belie_ved_t_o be a bad_ one. Thereforqfonowing the Miyazawa and JernigatMJ) matrix [20]).
to explore the validity of simplified reduction means t0 Each group contains some residues which interact with oth-
verify it being a good one or not. . ~ ersin a similar way14]. For example, group-I includes all
Let us start by considering a model protein which is asthe hydrophobic residues, and the other four contain the resi-
sumed to be a chain with connected residues in a cubic lafyes with polar features. Obviously, this five-group simplifi-
tice [Fig. 2a)]. A self-avoided arrangement of the model cation takes into account more heterogeneities for the pro-
chain on the lattice is generally noted as a structure or CONgjn, and also considers more detailed differences between
formation of the model protein. The conformation of the {he polar residues than the two-letter HP md&el4]. Then
we take the five-letter alphabet, A, G, E, and K, from
(a) (b) 20-letter case Riddle et al. [12] as the best representative letters for five
: groups based on a physical reason, but not an arbitrary
choice (for a more detailed description and discussion see

\ Refs.[14,21]).
/{4 The procedure to reduce the original sequences to two-
: 0% letter cases is similar as above. Here, we consider gkbup
S-letter case 2-letter case including residue<C, M, F, I, L, V, W, andY, and groupP

including the resf4,6], and we pick the residudsandA as
the representatives of groug and P, respectively. Some
other choices, such dsandE, are also checked. It is found
that these choices give out basically the same results.

E3 folded ground state deviation unfoldable
original: FDNPCDPHSPVTNAGTPECTNDKPRLY
S-letter:  |EKGIEGAKGIAKAGAGEIAKEKGKII
2-letter:  HPPPHPPPPPHPPPPPPPHPPPPPPHH

FIG. 2. (a) A target of folding, and an original optimized se- Ill. RESULTS AND DISCUSSIONS

guence ol =27 residuegwith 20 types and its five-letter and HP o
substitutes(b) Ratio of successful reduction RSR for 100 original  D0€s the reduced sequence with five letters have the same

optimized sequences and its five-letter and two-lefité®) substi- folded native structure as that of the original one shown in
tutes. The “folded,” “ground state deviation,” and “unfoldable” Fig. 2@7? Let us make a statistics on the ratio of successful
are defined in the text. The interactions between the five ldités ~ reduction(RSR for the reduced sequences. Because of the
G, E, andK, and those between the two lettérandA (or | andE) main attractive feature of the MJ interaction maf20], the

follow the MJ matrix. The results are the same for those two two-native state generally has a structural motif with the form of
letter cases. maximally compact structure. Besides, for the 27-mer model
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chain we studied, the compact conformations are generally L0
understood as the 33X 3 cube-shape structurg¢49,22—
24]. Thus, the statistics on the RSR can be found out by

® Original sequences

enumerating all possible compact structures in the case of a 08 and their substitues

3X3X3 lattice [8]. Interestingly, almost 86 reduced se- © ¢ Independent optimized |
guencesout of 100 with five letters are‘foldable” since 2 06 chain N
they have unique ground states. Among the foldable se- & ]
qguences, 74 keep the same native structure of the originalig o4k ]
sequences, termed as “folded,” and 12 have different folded € 1

states, termed as ‘“ground states deviatidsée Fig. 2b)].
This means that this five-letter strategy basically reproduces 0.2

the original native structure with a RSR of 74%. In addition, ® ]
there are 14 sequences that do not have unique ground states g
termed “unfoldable.” "o 5 10 15 20

As a comparison, the RSR is also evaluated for the HP
reduction. It is found that there are a few foldable sequences,
namely, three reduced sequenc@sit of 100 but with FIG. 3. Foldabilityo versus type number of the reduction based
“ground state deviation.” That is, these three sequences folén the Monte Carlo simulations. The solid circles indicate the case
to unique ground states which are different from that of theof direct substitutes for 50 original optimized sequences, and the
native state of the original sequences, i.e., the RSR is (pen diamonds for 50 random sequences optimized with the five-
However, the existence of the unique ground states basicallgtter or two-letter alphabet. The interactions are described in Fig. 2.
coincides with the result in Ref.7] where there is only
4.57% of the sequences having unique ground states. Physiinetic characteristic for the system. Hefg indicates the
cally, it results from the homopolymeric degeneracy as artemperature corresponding to the peak of heat capacity of a
gued in Ref[5] and found in other lattice simulatiofi@5].  model chain, andl'y marks the structural transition to the
The biochemical experiments also approve this deficiencywell-ordered native structure during the folding processes,
since it is found that two types of residues are far insufficienwhich corresponds to the maximum of the fluctuation of
for the rebuilding of four-helix bundle proteins in protein structural overlap functioy(T) [9]. A small o is generally
engineering experiments and in de novo desidits11]. related to a fast folding with few kinetic traps. On the other

Differently, the five-letter case is quite good in overcom-hand, a larger (=1) may result in many competitive local
ing the homopolymeric tendency. The similarity between theminima, and in this case a protein can not fold in a biologi-
five-letter case and the 20-letter case with a large value ofally relevant time scale. Thus, the facteris argued as a
RSR indicates the validity of the five-letter strategy in sim-criterion of the foldability[9] although there is a controversy
plifying the natural proteins. It is noted that the selection ofon its definition[13]. The correlation between the factor
the optimal original sequences and their native structures iand folding ability has been illustrated in many casese
rather arbitrary without any bias on interactions and compoRef.[27] and references thergirHere we use the facter to
sitions. Several studies on some other sequences with diffecharacterize the foldability of our model chains. Note that we
ent native structures present similar results, which furthedo not monitor the actual folding time of the model chains in
implies that this five-letter reduction scheme is universal forour simulations, and our following discussions on kinetics
different structures. Therefore, the simplified depiction of thedepend on the presumed relationship between the kinetics
Riddleet al’s [12] five-letter substitutes may catch basically and thermodynamics, i.e., the foldability proposed in Ref.
the physics of natural proteins in their structures. [9]. A relevant discussion on such a relationship is recently

What kinetic characteristics then do the five-letter se-made by Dinneet al.[28].
guences show? These are further studied by the standard lat- We then calculate the foldabilitg- for the original se-
tice Monte Carlo simulation$23,24]. The thermodynamic quences and their five-letter and two-letter substitutes, re-
quantities, such as heat capady of the model chains, are spectively(see Fig. 3, the solid circlesOne can see that for
calculated based on the histogram algorithm over a collecthe five-letter substitutes the foldability is=0.46 which is
tion of samples of conformatiorf23,26. In our simulations, smaller than 0.6, a critical value of slow folding sequences
the native structures found in the above enumerations ové®]. This suggests that the native state is accessible kineti-
various compact structures are checked. It is found that theally for the five-letter reduction, and shows the similar dy-
checked structures have uniquely minimal energies and freaamics of two kinds of sequences, namely, the original ones
quently appear in the sampling for these structures. Thesand the reduced ones. Differently, for the two-letter case the
ensure the thermodynamic stability and kinetic accessibilityfoldability is =1 much larger than 0.6, which means little
It approves their characteristics as native structures found iRinetic accessibility of its native structure. In addition, some
our enumerations. Therefore, the statistics on the RSR basd&adependently optimized sequendgg., some 20-letter se-
on these kinetic Monte Carlo simulations shows basically thejuences optimized with the five-letter or two-letter alphabet,
same value five-letter reduction as that obtained by enumeraespectively are also studied. The values efare found to
tions. Similar results have also been obtained for the Hmbe 0.25 and 0.75 for the five-letter and two-letter sequences,
reduction. respectively, which shows clearly the improvement of the

Furthermore, we use the foldability=|T,— T;|/T, pro-  kinetic accessibilityf9] due to the optimization for each se-
posed by Klimov and Thirumaldid] as an indicator of the quence. Moreover, a similar exponential decreasing tendency

Number of groups
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can be seefsee Fig. 3, the open diamondas a result, both
exponential tendencies of decrease clearly imply the validity
of a five-letter strategy.

It is worth noting that in our simulations, a large number
of extended conformations are explored, not only the most
compact conformations within the>x33X 3 cubic lattice.
These kinetic folding simulations may be important for the
case of longer chains since the noncompact conformations »
have more effects on the folding features of the model pro-
teins[13]. Fortunately, the competition of noncompact struc-
ture as a native candidate may not be so serious in our case 0.0k

RSF

(see the remarks at the end of this sectio@ertainly, for a 0.9f
more realistic and detailed study, we may need to make more  «~ 6t
extensively kinetic folding simulations on longer chains, < o3k ups

which deserves further work. However, we may believe that 0.0k oco
the basic physics is the same because many main character: RSN
istics of the folding have been found from the lattice model 5 1015 20 25 30 35 40 45 30
of proteins previously2—9]. Target structure index

Now, let us discuss the correlation between the original
sequences with 20-letter code and their substitutions with FIG. 4. Statistics of desigrta) The ratio of successful folding to
five-letter code. As we all know, there is" possible se- the targ(_a(RSB. For_ee_lch target, RSF is obtained by averaging over
quences for the proteins with types of residues and length 30 runnings of optimization(b) A,, ground state gaps averaged
L. Can the optimized part of EQSequences be successfully over all 30 runnings of optimizatiofincluding the unique and de-
mapped to 5 substitutes as mentioned above? To answef
this question, we make a detailed analyses on the sequen . The marked positions indicate designs for different structures

set S9=1{S}y.S50.S50, - . .} in which all their substitutes (see the text
with the five-letter reduction are the same, i.e., a single se-

quencesg. We randomly select a number of compact struc- v th . fh éE&: Taki
tures, say 50, from the five-letter spectrum as targets fo}ure, namely, the native structure of the sequepicel aking

design, i.e., optimizing the sequencﬁ%) to lower energy it as a design target, the designed sequences, from S@Oof
[18,19. not only fold to it, but also have large energy gaps and show

good foldability (see Fig. 4 This implies that a set of opti-

sequencesy,, 2, . . .,S2, randomly following the reduc- mal sequenceS;, that havg the same five-lettgr reduced se-
tion scheme. That is, each bfA, G, E, andK is randomly ~ 94€N°8 shows stable folding and is included n the%ig;
substituted by a residue belonging to its corresponding20€ Sz0- Thus, if two optimized sequence®, and S
group, e.g.A by A, T, or H randomly. Then for a certain have the same five-letter reduced sequesge they will
target structure, we process the design for such a sequenbghave the same in folding behavior as thatsBf (If se-
S, by randomly exchanging their positions of two residuesquences with 20 letters are optimized without the condition
which belong to the same grougeeping the five-letter re- Of keepingSg unchangedsee the preceding discussions
duced sequenc&; unchangell The new sequence is ac- Most of the optimized sequencézbout 74% will have the
cepted when the energy incremehE<O0, otherwise ac- Same folding behavior after the substitutieee Fig. 20)]).
cepted with a probabilityP=exp(~AE/T) with T=0.1.  In other words, the complexity of the sequen&s can be
Until 10’ new sequences are reached, the optimized sesimplified via the reduction since both ti88 sequence and
guence is found out for which its energy is the lowest onesg0 sequences behave almost the same in the aspects of fold-
The target is designable if its energy is the lowest one, othing kinetics and folded structure. Thus by the reduction the
erwise undesignable. sequence spadwith 20 letterg can be reduced to many sets,
We find three case$l) Undesignable compact structures and each set has a single five-letter sequence and a favorable
(UDS): some compact structures never do become the nativeative structure. In this level, the correlation of multiple-to-
states of the s%go even after very long time optimization one between a set of 20-letter sequences and a five-letter
and very slow annealingee Fig. 4. (2) Designable compact sequence is well established and ensures the similarity of two
structures with small energy gaps for their ground statesequence spaces. Finally, it is noted that other five-letter re-
(DSSQG: some compact structures are designable and the reluctions do not present such simplification from the original
lated sequences fold exactly into these structures. Howevesgquences, and have smé#rge value of RSR ¢) since
the energy gaps above their ground states are quite smathey are not the best representative letters for groligh
generally less than 0.Gee Fig. 4. According to the features Finally, let us remark on our modeling study. It is argued
of the protein energy spectrum, such small energy gaps resuhat the enumerations over only the compact structures are
in an unstable ground staf8], and also many traps in the questionable for searching the native state of a lattice chain
energy landscapi2,3]. Thus these proteins may fold rather [13,25. Indeed, this is true for the usual HP modelith
slow and may be unstable in their folded stat@s.Design- E,y=—1 andE,p=Epp=0) [4] and that used by Lét al.
able compact structure with large energy gaps for theifwith Eyy=—2.3, Eyp=—1, andEpp=0) [7]. In those
ground state$DSLG): there exists a specific compact struc- models, there are some binding interactions between resi-

eneracy ground stategc) A,, ground state gaps averaged only
yer the unique ground states. The interactions are described in Fig.

In practice, from a sequen%, we produce a number of
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dues, such a&pp=0, that are as weak as that between aonly keeping the features of the energy spectrum but also
residue and solvent molecules. This may mean that there igproducing the native structure of the sequences with the
little difference in energies between the compact structuresatural set of residues. The kinetic resemblance between the
and the noncompact ones in those modl&®, which intro-  sequences composed with 20 letters and five-letters also im-
duces some limits in enumeration analysis. However, the inplies a similarity of their funnel characteristic. This illus-
teractions for our chains, not only for 20-letter chains, buttrates that the lattice model of proteins with natural set of
also for the five-letter cases and two-letter cases, are takeesidues can be re-constructed with a smaller set of residues,
from the MJ matrix directly, which has an obvious attractionmaybe five types of residues. Thus our study suggests that
between any pairs of residues. Thus, there is a large energdlje five-letter code can act as a suitable simplification con-
penalty for the extended structures with fewer bonds, i.e. asidering more heterogeneity of the model proteins, and may
energy bias towards maximally compact structure. It im-encode the main information for model proteins. In addition,
proves the stability of the compact structures in our analysissince that the folding kinetics in real proteins and lattice
This makes our search for the native structures by enumeranodels is believed to be similar in many aspds,7], our

tions over the set of compact structures feasible. In additionsimulations on the lattice chains may provide some under-
the lattice chains with 27 monomers are shorter than thosstanding on the simplification of real proteins. As a compari-
analyzed in Ref[25]. As a result, we believe that in our son, the unfavorable reductions with two types of residues
cases the determination of the native structures based on theay indicate that the proteins with a natural set of residues
enumerations over compact structures is appropriate, thougire too complex to be simplified by the two-letter represen-
there is a mixing between the energy spectr@he energy tations. That is, the minimal solution of protein simplifica-
levels above the native statef the compact structures and tion could not be as simple as the HP models, at least in
those of the noncompact structures, which may affect thdattice level. This actually coincides with the conclusion in
kinetic properties. In practice, the native structures obtainedeveral protein design experiments,11,29. Finally, we

by enumerations in our work are verified by the Monte Carlonote that an exact and detailed grouping of residues for the
kinetic simulations. That is, for our cases, especially the fivesimplification representation of proteins still needs more the-
letter chains, we have not found any other states with loweoretical and experimental explorations.

energy than the native structures during very-long-time
simulations. Besides, using enumeration over compact struc-
tures is more effective than the kinetic simulations, which
enables us to make an extensive search over the sequence

space on the structural rebuilding problem, as interested in W.W. acknowledges support from the Outstanding Young
our work. Research Foundation of the National Natural Science Foun-

dation of China(Grant No. 19625409 We thank C. Tang
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