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Abstract: We explore the question of whether local effects (originating from the amino acids
intrinsic secondary structure propensities) or nonlocal effects (reflecting the sequence of amino

acids as a whole) play a larger role in determining the fold of globular proteins. Earlier circular

dichroism studies have shown that the pattern of polar, non polar amino acids (nonlocal effect)
dominates over the amino acid intrinsic propensity (local effect) in determining the secondary

structure of oligomeric peptides. In this article, we present a coarse grained computational model

that allows us to quantitatively estimate the role of local and nonlocal factors in determining both
the secondary and tertiary structure of small, globular proteins. The amino acid intrinsic secondary

structure propensity is modeled by a dihedral potential term. This dihedral potential is

parametrized to match with experimental measurements of secondary structure propensity.
Similarly, the magnitude of the attraction between hydrophobic residues is parametrized to match

the experimental transfer free energies of hydrophobic amino acids. Under these parametrization

conditions, we systematically explore the degree of frustration a given polar, non polar pattern can
tolerate when the secondary structure intrinsic propensities are in opposition to it. When the

parameters are in the biophysically relevant range, we observe that the fold of small, globular

proteins is determined by the pattern of polar, non polar amino acids regardless of their instrinsic
secondary structure propensities. Our simulations shed new light on previous observations that

tertiary interactions are more influential in determining protein structure than secondary structure

propensity. The fact that this can be inferred using a simple polymer model that lacks most of the
biochemical details points to the fundamental importance of binary patterning in governing folding.

Keywords: secondary structure propensity; sequence periodicity; coarse grained protein model;

four helical bundle; energetic frustration

Introduction

The burial of non polar residues in the protein core,

and the formation of hydrogen-bonded, secondary

structure elements such as a helices and b sheets

play a fundamental role in stabilizing the native

structure of globular, solvated proteins.1 Although the

hydrophobic effect is responsible for the formation of

the protein core, the emergence of secondary structure

is typically driven by both local and nonlocal interac-

tions. Local interactions are reflected in the intrinsic

propensities of the single amino acid towards adopting

a particular secondary structure. These propensities

appear to arise from both enthalpic factors (steric

interactions between the amino acid side chain and

backbone atoms within the same residue and/or

between neighboring residues along the chain), and

entropic factors (loss of side chain conformational en-

tropy).2–5 Several methods, based on experiments as

well as on statistical analyses of the protein database

have been proposed to rank amino acids according to

their propensities to form a helices and b sheets.6–12
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Local interactions alone do not fully determine

the formation of a helices and/or b sheets in pro-

teins. Long range interactions between amino acids

distant in sequence space can also be the key play-

ers in determining the secondary structure in the

folded protein. Hence, it is important to consider not

only the intrinsic propensities of the amino acids

composing the sequence, but also the sequence as a

whole. In particular, the pattern of polar and non po-

lar residues in solvated proteins appears to be tuned

such as to accomodate a particular secondary struc-

ture while satisfying the requirement for burial of

hydrophobic residues in the core of the protein. For

example, for an amphiphilic a helix structure with a

natural repeat of 3.6 amino acids per turn, a match-

ing periodicity of polar and non polar amino acids

will have a non polar residue every three or four

positions. This will lead to a solvent exposed hydro-

philic face and a buried hydrophobic face. In the

same vein, in an amphiphilic b sheet, polar and non

polar residues will alternate every other residue.13

Database analyses of a helical structures (Ref.

14 and our results in Section I of the Supporting In-

formation Material) confirm that non polar amino

acids appear in the protein sequence most fre-

quently, every 3–4 amino acid positions and in the

sequences of solvent exposed b-sheets every 2 amino

acid positions. Another statistical study by Schwartz

and King15 also showed that a length of 2 is the

most probable for blocks of non polar amino acids in

helical structures whereas a length of 1 is the most

probable for blocks of non polar amino acids in b
sheets.

Several experimental studies have shown that it

is possible to design four-helix bundle proteins with

native-like properties considering principally the

intrinsic propensities and the pattern of polar and

non polar amino acids.16–21 It is worth noting that

all these protein design studies relied also on the

rational choice of specific interresidue contacts (to

optimize the packing within the hydrophobic core)

as well as on the explicit definition of the turn

regions.

A more general, combinatorial approach to de

novo protein design was introduced by Hecht and co-

workers who synthesized several four-helix bundle

proteins, with native-like properties, using sequen-

ces composed from a set of amino acids with high

helical propensities and with fold-appropriate pat-

terning.22–27 In these sequences, the precise identi-

ties of the single amino acids (within the chosen

set), and the specificity of the interresidue contacts

were not specified. Only the polar and non polar na-

ture of the amino acids13,28,29 was considered. The

protein sequences were composed of four strands,

with periodicity of generic polar and non polar

amino acids matching the a helix structure, con-

nected by three short interhelical turns. The degen-

erate codons NTN and NAN (N ¼ A,G,T,C) were

used to fill polar and non polar positions along the

helical strands with the amino acids in the sets

(Glu, Asp, Lys, Asn, Gln, His) and (Phe, Leu, Ile,

Met, Val), respectively. The interhelical turns were

the only regions in the sequences that were defined

explicitly (with specific interresidue contacts and no

degeneracy).

The idea of using intrinsic propensity and a

generic polar, non polar patterning has also been

exploited in coarse grained, computational models of

protein folding.30 Both the four-helix bundle and the

four b sheet bundle motifs have been successfully

studied using a simplified representation of the pro-

tein chain and considering only three types of resi-

dues: H for hydrophobic, L for polar, and N for ‘‘neu-

tral’’ groups used to build the turn regions.31–38 In

these models, the secondary structure intrinsic pro-

pensity is introduced explicitly in the force field ei-

ther via a dihedral potential term or via a ‘‘helical

wheel’’ potential term. In all these coarse grained

models, the generic HL pattern and the ‘‘intrinsic

propensity’’ potential term both favor the same sec-

ondary structure motif (a helix or b sheet), which is

consistent with the target fold.

The question arises whether secondary struc-

ture intrinsic propensity or polar, non polar pattern-

ing is more important in determining the overall

fold. For short peptides, it appears that intrinsic pro-

pensities can govern the fold. For instance, in the

case of polyalanine, the intrinsic propensity of this

amino acid alone (in the absence of patterning) is

sufficient to drive folding to a helical structure.39,40

The importance of patterning, however, starts to

emerge in the folding of proteins with well-defined

hydrophobic cores.41 Hecht and coworkers investi-

gated this question by studying two different peptide

sequences containing the same pattern of polar and

non polar amino acids. This pattern was designed to

form single amphiphilic a helices. One of the sequen-

ces was composed by amino acids with high a helical

propensity (peptide 1A) while the other was com-

posed of amino acids with low a helical propensity

(peptide 2A). It was found that both sequences had a
helix-like CD spectra (at high enough concentration

so that oligomers could form). At these concentra-

tions, peptides would adopt a secondary structure

that allowed them to bury their hydrophobic resi-

dues regardless of the intrinsic propensities of the

amino acids composing the sequence. A similar

experiment was carried out on two sequences with

the polar, non polar pattern, matching the b sheet

secondary structure (peptide 1B composed by resi-

dues with high b-sheet propensity and peptide 2B

composed by residues with low b sheet propensity).

Both peptide 1B and peptide 2B had b sheet CD

spectra. The results of Hecht and coworkers show

that the secondary structure correlates with the
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polar, non polar periodicity of the amino acids in the

sequence even when this secondary structure is not

consistent with their intrinsic propensities.

Although these results may, at first glance,

seem to indicate that patterning trumps intrinsic

propensity, experiments did not answer the following

fundamental question: how much ‘‘frustration’’ (in

terms of incorrect secondary structure propensity)

can a given pattern tolerate? This question can be

studied in a rational manner using simple computa-

tional models. One important goal of the present

study is to determine the degree of ‘‘propensity frus-

tration’’ for which the polar, non polar patterning

can no longer dictate the secondary structure in a

globular, solvated protein.

In this article, we introduce a coarse grained

protein model that enables us (i) to decouple local

and nonlocal factors governing the fold and (ii) to

control the amount of ‘‘propensity frustration’’ in a

quantitative way. Our protein model is based on the

Honeycutt-Thirumalai model42,43 and consists of

hydrophobic (H), polar (L), and neutral (N) residues.

Inspired by the work of Hecht and coworkers, we

chose as first target fold the four helix bundle. We

selected a sequence (which we refer to as A16) con-

sisting of four identical ‘‘strands’’ of 16 residues with

a helical favoring pattern,20,35 separated by three

neutral residues for the turn regions. As a reference

point, we also studied a second sequence (B16), with

a pattern favoring the formation of an amphiphilic

four strands b barrel (See Fig. 1). The force field

consists of bonded terms (bond length, bond angle,

and dihedral) and nonbonded terms involving

generic attractive interactions between the hydro-

phobic residues and repulsive interactions between

all other residues. The model does not have any ter-

tiary structure bias to a given native fold (see Meth-

ods Section for details).

The dihedral potential term in our force field

allows us to modulate the intrinsic secondary struc-

ture propensity. This potential can be tuned to favor

helical or b states or it can be adjusted so as to

make the a helix and the b sheet secondary struc-

tures equally favored. This ability to effectively

‘‘turn off ’’ the amino acids secondary structure pro-

pensity is key to resolving the relative roles of pro-

pensity versus patterning in determining the overall

fold. Using replica exchange molecular dynamics

simulations, we study the folding thermodynamics of

the A16 and B16 proteins with sequences corre-

sponding to five different levels of ‘‘propensity frus-

tration.’’ For each of the two sequences A16 and

B16, we study (a) ‘‘underfrustrated systems’’ where

both the dihedral potential term (intrinsic propen-

sity) and the polar, non polar pattern favor the same

secondary structure; (b) ‘‘superfrustrated systems’’

where the dihedral potential term favors a second-

ary structure which is in opposition to the one

favored by the polar, non polar patterning; (c) ‘‘frus-

trated system’’ where the fold is ‘‘entirely’’ driven by

the polar, non polar patterning, with the dihedral

term equally favoring the a helix and the b sheet

secondary structure (See Force Field Section for

details).

Results and Discussion

16 sequences form four-helix bundles and B16

sequences form four-b-strands bundles

Regarless of the degree of frustration, our simula-

tions show that sequences with the A16 pattern fold

to a four-helix bundle. We find two families of four-

helix bundles: A ‘‘U-bundle’’ topology and a ‘‘Z-bun-

dle’’ topology that differ in the position of the termi-

nal strands with respect to the second turn (shown

schematically in Fig. 2). Each topology has two sub-

topologies arising from different conformations of

the second turn. We denote these structures as UA1

and UA2 (for the ‘‘U-bundle’’) and ZA1 and ZA2 (for

the ‘‘Z-bundle’’). The four lowest energy structures

corresponding to these topologies, along with their

Figure 1. Sequences considered in our REX-LD

simulations. The two sequences considered in our

simulations are both composed by four identical ‘‘strands’’

contaning polar and non polar beads, connected by short

flexible regions (turns) made up by three beads of type N,

each. The binary pattern composing the strands in the A16

sequence is consistent with the burying of the non polar

residues in four-helix bundle proteins. Similarly, the binary

pattern composing the strands in the B16 sequence is

consistent with the burying of the non polar residues in

four-b strands structures.
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RMSD value from UA1 are shown in Figure 2. All

four structures have very similar potential energies.

Similarly, the B16 pattern also folds so as to

bury the hydrophobic residues and expose the hydro-

philic ones to the surface. For the B16 patterning,

this results in the formation of four-b-strands bun-

dles (regarless of the degree of frustration), again

with’ ‘‘U-bundle and Z-bundle topologies’’ (see

Fig. 3).

The reason that even the less frustrated sequen-

ces for the A16 and B16 cases (AUF2 and BUF2)

fold to two alternate topologies (Z and U) is due to

the fact that we have not specified any constraints

in the turn regions. In nature, amino acids in turns

(such as prolines) have conformations preferences

that will favor either the U and Z topologies. Simu-

lations by Skolnick and Thirumalai using coarse

grained models31,35 have also observed the presence

of U and Z four-helix bundles, and showed that add-

ing an ‘‘energetic bias’’ in the turn region would

favor one topology over the other. In the present

study, we are not unduly concerned by the turns as

our goal was to examine the role of pattern and

secondary structure frustration in the strands on

folding.

Four-b-strand bundles are not common struc-

tures in natural proteins (they only appear in the

core of the Greek key motif),36 nevertheless, they

were studied in several coarse grained simulations

as minimal representations of more complex b barrel

motifs.31,36,42–44 Conversely, four helix bundles are a

common structural motif in both natural and

designed proteins.16,25,45 For this reason, we will

focus the rest of our analysis on A16-based systems

(systems with four-helix bundles as native-like

structures). The B16-based systems (systems with

four-b-strand bundles as native-like structures) will

be considered as an essential benchmark set of sys-

tems for extending the validity of our model to both

a helix and b strand folds.

Loss of folding cooperativity with increasing

secondary structure frustration
The nature of the folding and collapse transitions of

the A16 sequence with varying degrees of secondary

structure frustration was monitored by considering

Figure 2. Native structures for the sequence A16 obtained

from REX-SC simulations (blue: non polar, red: polar). These

structures are common to all five systems AUF2, AUF1, AF,

ASF1, ASF2 (See Table IV). Structures UA1 and UA2 have both

the terminal beads of the chain on one side and the second

turn on the other side (U geometry). They differ in the

conformation of the second turn. Structures ZA1 and ZA2 have

the terminal beads of the chain on opposite sides respect to

the second turn (Z geometry). As in structures UA1 and UA2 ,

structures ZA1 and ZA2 differ in the conformation of the

second turn. For each structure, we also show the RMSD

from UA1 and a schematic of the helical strands connectivity.

[Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Figure 3. Native structures for the sequence B16 obtained

from REX-SC simulations (blue: non polar, red: polar). These

structures are common to all five systems BUF2, BUF1, BF,

BSF1, BSF2 (See Table IV). Structure UB1 has both the

terminal beads of the chain on one side and the second turn

on the other side (U geometry). Structures ZB1 , ZB2 have the

terminal beads of the chain on opposite sides respect to the

second turn (Z geometry). The difference between ZB1 and

ZB2 resides in two different conformations of the second turn.

For each structure, we also show the RMSD from UB1. [Color

figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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the specific heat and temperature denaturation

curves (Fig. 4). The temperature denaturation curves

g(T) (Fraction Folded vs. Temperature) yield the fold-

ing temperature TF of the protein from the midpoint

in the curves (temperature corresponding to 0.5 frac-

tion folded). The fraction folded g(T) was defined as

the statistical weight of the structures with both

RMSD(UA1) and RMSD(ZA1) < 2.11 r. This definition

comes from considering the joint 2D probability

distributions of the root mean square deviation

from structure UA1 [RMSD(UA1)] and structure ZA1

[RMSD(ZA1)], for the systems AUF2, AUF1, AF,

ASF1, and ASF2 at low temperature. This cutoff defi-

nition encompasses all the four low energy structural

families shown in Figure 2. Plots of the specific heat

as a function of temperature give the collapse temper-

ature TC from the location of the peak in the curve.

For the least frustrated sequence (high intrinsic

helical propensities, potential a2 in Fig. 5), the dena-

turation curve shows a well defined sigmoidal shape

and the heat capacity shows a single peak. The val-

ues of TF and TC obtained from these graphs coin-

cide, a signature of a cooperative folding process, in

which folding and collapse occur simultaneously.

As secondary structure frustration increases,

the denaturation curves remain sigmoidal, but the

sigmoidal nature becomes less defined. For the high-

est level of frustration studied (ASF2), the sigmoidal

nature breaks down and the folded populations

barely reached 50% even at low temperatures. ASF2

appears to have exceeded the level of frustration

that the A16 pattern can tolerate to fold in a ‘‘well-

behaved’’ cooperative manner to a four-helix bundle.

We also observe that the folding temperature

decreases with increasing frustration, indicating a

lowering of the stability of the protein. In parallel,

the heat capacity curves start to become broader

and eventually show two distinct peaks at ASF2.

The first peak corresponds to the collapse tempera-

ture, and does not show dramatic variations with

increasing frustration. The second peak corresponds

to a second folding transition. Overall, cooperativity

decreases with increasing secondary structure

frustration.

Experimental protein denaturation curves for

two-state folders (as a function of temperature or of

denaturant concentration) typically show a sigmoi-

dal shape indicating the cooperative nature of the

folding process.46–49 With the exception of the most

frustrated system, the curves for the other systems

considered (ASF1, AF, AUF1, and AUF2) exhibit sig-

moidal shapes in qualitative agreement with experi-

mental thermal denaturation curves obtained from

protein design experiments.26,27

The folding and collapse temperatures for the

A16 systems are listed in Table I together with the

correspondent percentages of a helix and b sheet

secondary structure content. It is interesting to note

that at 50% folded (TF), the helical content for all

the A16 systems is �70% while at 100% folded

(lowest temperature TL), the a helical content is

� 80�82% (data not shown) for ASF1, AF, AUF1, and

AUF2 and �70% for system ASF2 where TL � TF.

Hence, for ASF1, AF, AUF1, and AUF2, a small rela-

tive difference in a helical content (�10�12%)

between temperatures TL and TF leads to a large

change in structure population.

Similar results were observed for the B16

sequence, with loss of stability and cooperativity

upon increase of secondary structure frustration

(data not shown). TF, TC, and helical and beta con-

tents for the B16 system are tabulated in Table I.

We also observed that when the same degree of

energetic frustration is applied, the systems based

on the B16 sequence (b strand folders) are more sta-

ble than the corresponding systems based on the

A16 sequence (a helix folders). Analysis of the distri-

butions of distances between non polar beads in

A16-based and B16-based systems shows that the

Figure 4. Top: Heat capacity versus temperature

calculated from our REX-LD simulations for systems AUF2,

AF, and ASF2. Bottom: Temperature denaturation curves

calculated from our REX-LD simulations. Systems AUF2,

AUF1, AF, and ASF1 exhibit sigmoidal denaturation curves

indicating cooperative behavior whereas system ASF2 (the

system with the highest degree of energetic frustration)

shows a gradual conformational change, and therefore, no

cooperativity during denaturation.
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average nearest-neighbor distance is smaller in b
structures than in a helix bundles (data not shown).

This leads to a more compact and ‘‘energetically effi-

cient’’ packing of the hydrophobic core in b struc-

tures, and therefore, to a higher stability.

Free energy surfaces at TF

In Figure 6, we plot the two-dimensional free energy

landscapes as functions of RMSD(ZA1) and

RMSD(UA1), for the systems AUF2, AUF1, AF,

ASF1, ASF2, at their respective folding tempera-

tures. At folding temperature, the protein populates

both unfolded and folded conformations. For AUF2,

AUF1, AF, and ASF1, the four basins corresponding

to the U and Z topologies are well-defined. It is re-

markable that three of these basins are still clearly

seen for the most frustrated sequence ASF2, despite

its ‘‘poor folder’’ nature. Representative structures of

the unfolded states are shown in Figure 6.

CD spectra and ensembles of structures
In Figure 7, we plotted the free energy maps for the

systems AUF2, AF, and ASF2 together with their

CD spectra at T ¼ 0.35 (the folding temperature of

the AF system). The CD spectra at T ¼ 0.35 for the

AUF2 (least frustrated), AF, and ASF2 (most frus-

trated) were calculated following the protocol

reported in the Supporting Information.50 The three

spectra show the typical signature of the a helix sec-

ondary structure, namely, a global maximum at k �
190 nm, a crossover at k � 200 nm, and two minima

at k � 208 nm and k � 222 nm.50

Figure 5. Dihedral potentials used in our simulations. Top: Dihedral potential ab. This potential favors equally a helix and b strand

conformations. Middle: Dihedral potentials a1 and a2 . These potentials favor the a helix conformation (intrinsic a helix propensity).

Bottom: Dihedral potentials b1 and b2 . These potentials favor the b strand conformation (intrinsic b strand propensity).
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As can be seen from the free energy maps in

Figure 7, the population of native structures varies

wildly between AUF2 and ASF2 at T ¼ 0.35. At this

temperature, the AUF2 shows 100% folded popula-

tion, AF 50% and ASF2 0%. The helical contents are

80% for AUF2, 74% for AF, and 56% for ASF2. De-

spite these dramatic differences, the CD profiles of

AUF2 and AF look the same while the CD profile

of ASF2 shows a slight upward shift and shallowing

of the basins (and slight decrease in the 190 nm

peak) with increasing frustration. Experiments by

Hecht and coauthors observed similar differences

between CD spectra of helical peptides designed

using (i) amino acids with high a helix propensity

(correspondent to our AUF2 system) and (ii) amino

acids with low a helix propensity (correspondent to

our ASF2 system).51 The persistence of secondary

structure in heat-denatured states, as observed in

the CD spectrum of the ASF2 system, has been seen

experimentally by CD spectroscopy data.52,53

What simulations are adding to these experiments

is a ‘‘picture’’ of the ensemble of structures underlying

a given CD spectrum. We can explicitely see (in the

case of ASF2) that a collection of non-native, compact

conformations, with no well-defined tertiary structure,

but with some helical content, can produce a spectra

that is easily mistaken for one of a ‘‘folded’’ protein.47

Comparison with energetic frustration in

de novo peptides
Our model allows us to directly explore the effect of

using torsion-angle forces (local interactions, second-

ary structure propensity), which oppose the second-

ary structure favored by the pattern of polar and

non polar amino acids in the sequence (nonlocal inter-

actions), and therefore, to add energetic frustration to

the model. A similar type of frustration has been

introduced by Xiong and coauthors51 who designed a

peptide with helical (polar, non polar) pattern using

amino acids with low helical propensity, that is, with

high b sheet forming propensity (‘‘peptide 2A’’). In the

same experimental study, a control system consiting

of a de novo peptide (‘‘peptide 1A’’) with the same heli-

cal pattern and composed by amino acids with high a
helical propensity was used for comparison. Both pep-

tide 1A and 2A contain 16 amino acids.

We offer an estimate of the energetic frustration

introduced in peptide 2A, respect to peptide 1A, by calcu-

lating the difference in energetic stability between the

two peptides from the valuesUi,a in Table II (see Section

‘‘Knowledge-based estimates of a helix and b sheet pro-

pensities’’ for details).We define this difference as:

DUa ¼
X16
n¼1

ðU1A
i;n;a �U2A

i;n;aÞ; (1)

where U1A
i;n;a and U2A

i;n;a are the free energy costs of

introducing amino acid i at position n in peptide 1A

and peptide 2A, respectively. In Table II, we com-

pare the value of DUa calculated from Eq. (1) with

analogous calculations where we consider helical

propensity scales obtained from single-point muta-

tion experiments.8,54,56 The third column in Table III

contains the predicted values of DUa normalized

over the number of dihedral angles in our Ca peptide

model (nA
tor ¼ 13) and can be directly related with

the dihedral angle frustration in our computational

model. The value of this energetic frustration intro-

duced in our systems ASF1 and ASF2 (compared to

systems AUF1 and AUF2) and in systems BSF1 and

BSF2 (compared to systems BUF1 and BUF2) can

be calculated directly from Eq. (5) and varies

between 0.17 e and 0.34 e. This is consistent with

the results in Table III for e ¼ 1 � 2 Kcal mol.�1 It

is worth reminding that, for e � 2.9 Kcal mol,�1 we

observe full consistency between the net intrinsic

secondary structure propensity in our force field and

an analogous quantity calculated from the PDB re-

pository (see Section ‘‘Force Field’’ and Table II).

Xiong and coauthors51 also studied two peptides

both with the pattern of polar and non polar amino

acids favoring the b sheet secondary structure and

composed by nine amino acids with high a helical

propensity (‘‘peptide 1B’’) and with high b sheet pro-

pensity (‘‘peptide 2B’’). The energetic frustration

introduced in peptide 1B is calculated following the

same method used for peptides 1A and 2A (afore-

mentioned in this Section) and is found to be DUb/

nB
tor ¼ 0.125 6 0.005 Kcal mol�1, where nB

tor ¼ 6 is

the number of torsional degrees of freedom for a

nine amino acid peptide in the Ca representation.

Table I. Collapsing Temperatures TC Calculated from
the Heat Capacity Data

System name TC (CV) TF (RMSD) %a %b

AUF2 0.44 0.42 73 16
AUF1 0.45 0.39 74 15
AF 0.42 0.35 73 16
ASF1 0.43 0.33 73 16
ASF2 0.42 0.23 69 18
BUF2 0.51 0.50 24 67
BUF1 0.46 0.46 27 62
BF 0.44 0.44 29 61
BSF1 0.40 0.37 16 72
BSF2 0.38 0.36 17 71

Folding temperatures TF calculated from the joint probabil-
ity distributions of RMSD (ZA1) and RMSD (UA1). For the
folding temperatures calculated from the RMSD probability
distributions, we also list the correspondent percentages of
a helix and b sheet secondary structure contents. Because
of the presence of the turn regions, in the A16 systems, the
maximum percentage value for the a helix secondary struc-
ture content, calculated from simple statistical considera-
tions, is 82%. The 95% confidence intervals for the
calculated folding temperatures and for the collapsing tem-
peratures are < 0.01. The relative experimental error in
the percentages of secondary structure content is < 1%.
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Methods

Geometry and sequences

Each amino acid in the model protein is represented

by a single bead (with diameter r) that can be polar

(L), non polar (H), or neutral (N). Each bead has

mass m (m is the mass unit) and is connected to the

neighboring beads in the peptide chain by harmonic

‘‘springs’’ (See Section ‘‘Force Field’’). In this study,

we analyze two different ‘‘amino acid’’ sequences

named A16 and B16, both composed by four identi-

cal ‘‘strands’’ contaning L and H beads and con-

nected by short flexible regions (turns) made up by

three beads of type N, each. The A16 sequence is:

(LLHH)4N3(HHLL)4N3(LLHH)4N3(HHLL)4 whereas

the B16 sequence is: (LH)8N3(HL)8N3(LH)8N3(HL)8.

The two ‘‘amino acid’’ sequences A16 and B16 are

shown in Figure 1. The pattern of polar (L) and non

polar residues (H) in the A16 sequence (non polar

residues every three or four positions) is consistent

Figure 6. Free energy landscape as a function of the two order parameters RMSD (ZA1) and RMSD (UA1) obtained from

REX-LD simulations for the systems AUF2, AUF1, AF, ASF1, and ASF2, at their respective folding temperatures (See Table I).

The four energy basins in the top left plot have been labeled after the correspondent native-like structures in Figure 2. Two

representative structures for the basin of the non-native, compact structures for system ASF2 are shown at the bottom right

corner. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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(i) with the structural periodicity of 3.6 residues/

turn typical of a helices and (ii) with the ‘‘burying’’

of the non polar residues H in an amphiphilic four-

helix bundle. Similarly, the B16 sequence (non polar

residues every two positions) is consistent with (i)

the typical structural periodicity of b sheets and (ii)

with the burial of the non polar residues in an

amphiphilic four-strands b barrel.14,20,35,51

Figure 7. Free energy landscape as a function of the two order parameters RMSD (ZA1) and RMSD (UA1) obtained from REX-

LD simulations for the systems AUF2 (top left), AF (top right), and ASF2 (bottom left), at the folding temperature of the system

AF (T ¼ 0.35). As the energetic frustration increases from AUF2 to AF and ASF2, the basins correspondent to unfolded, non-

native structures increase its statistical weight. Bottom right: CD spectra for the systems AUF2, AF, and ASF2 at T ¼ 0.35

(folding temperature for the AF system). Dramatic differences in the structure population translate into small differences in the

the CD profiles. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Table II. Estimates of DUa

Ui,a estimation method DUa (Kcal mol�1) DUa/n
A
tor (Kcal mol�1)

This study: Table I, column 5 �1.824 �0.140
O’Neil and Degrado54 (a helical dimer peptide) �3.09 �0.24
Horovitz et al.8 (Barnase, site 32) �3.66 �0.28
Blaber et al.55 (T4 Lysozyme, site 44) �0.84 �0.065
Myers et al.56 (helical peptide from RNase T1, pH 7) �2.50 �0.19

DUa is the Change in helical stability between peptides 1A and 2A used by Xiong et al51, predicted using a variety of em-
pirical (this study) and experimental helical propensity scales. The third column is the predicted change in stability nor-
malized over the number of dihedral degrees of freedom in our model peptides and can be directly compared with our
simulations results (See Section ‘‘Comparison with energetic frustration in de novo peptides’’).
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Force Field
The Hamiltonian includes the following terms:

1. Non-bonded Interactions

Unb ¼
X
i6¼j

4e
r
rij

� �12

�kij
r
rij

� �6
" #

: (2)

where kLj ¼ kNj ¼ 0.0 (j ¼ H, L, N) and kHH ¼
1.0, e defines the energy scale and r defines the

length scale. The pair, nonbonded, interactions

involving L and N beads are purely repulsive

whereas HH pairs interact via a ‘‘full’’ Lennard-

Jones (LJ) potential comprising both a soft repul-

sive core and a short-range attractive tail. We

observe that the energy contribution from an HH

contact in our model is consistent with free ener-

gies of transfer from non polar solvent to water,

for hydrophobic amino acids, if e in the LJ poten-

tial is between 1 and 3 Kcal mol�1.57–61

2. Bond length potential

UbondðrijÞ ¼
X
bonds

Kb

2
ðrij � r0Þ2; (3)

where Kb ¼ 4813 e � r�2 and r0 ¼ r.
3. Bond angle potential

UangleðhijkÞ ¼
X
angles

Kh

2
ðhijk � h0Þ2; (4)

where Ky ¼ 66.6 e and y0 ¼ 105�.
4. Dihedral angle potential

Dihedral angles c defined by different quadru-

plets composed of H and L beads are constrained by

the potential energy term:

UdiheðcijklÞ ¼ C½cosð3cijklÞ þ cosðcijkl þ dÞ�; (5)

where C ¼ 1.2 e. The dihedral potential Udihe has

three minima: �60�, �180�, and ��60�, correspond-
ent to a helix, b strand, and left helix conformations,

respectively. In our simulations, we consider five dif-

ferent dihedral potentials differing in the value of

the phase d. The profiles of the dihedral potentials

are plotted in Figure 5. On the top line of Figure 5,

we plot the potential labeled as ab (where d ¼
60.0�). This potential favors equally a helix and b
strand conformations, that is, the a helix and the b
strand minima have the same depth and DUdihe ¼
kUdihe(ca) � Udihe(cb)k ¼ 0.0, where ca � 60� is the

location of the a helix minimum and cb � 180� is the

location of the b sheet minimum.

The potentials labeled as a1 and a2 (where d ¼
62.5� and d ¼ 65.0�, respectively) favor the a helix

conformation, that is, they introduce in the Hamilto-

nian an ‘‘intrinsic’’ propensity for the a helix second-

ary structure (see middle line of Fig. 5). In a similar

way, the potentials labeled as b1 and b2 (where d ¼
57.5� and d ¼ 55.0�, respectively) favor the b strand

conformation, that is, they introduce in the Hamilto-

nian an ‘‘intrinsic’’ propensity for the b strand sec-

ondary structure (See bottom line of Fig. 5). For the

potentials a1 and b1, DUdihe ¼ 0.085 e, whereas for

potentials a2 and b2, DUdihe ¼ 0.17 e. Hence, in our

model the net energy contribution from the amino

acid intrinsic propensity, expressed as a difference

between a helix and b strand secondary structures,

varies between 0 and 0.17 e (DUdihe 2 [0,0.17]e). To
relate DUdihe to real proteins, we analyzed a recent

snapshot of the PDB repository and obtained:

|DUdihe| : kUi,a � Ui,bk 2 [0.01,0.495] Kcal mol�1

(See Table III and the details of our calculation in

Sections ‘‘Knowledge-based estimates of a helix and

b sheet propensities’’ and ‘‘Comparison with ener-

getic frustration in de novo peptides’’). We observe

that the energy contribution from the net intrinsic

secondary structure propensity in our model (dihe-

dral potential) is consistent with the results

obtained from the PDB repository for values of e up

to �2.9 Kcal mol.�1

Dihedral angles involving one or more N beads

are considered as parts of the ‘‘turn regions’’. The di-

hedral potential energy term for the turn regions is:

Uturn
dihe ðxÞ ¼ Dcosð3xÞ; (6)

where D ¼ 0.2 e. The small value for the energy con-

stant D in Uturn
dihe makes the ‘‘turn regions’’ highly

flexible, in terms of rotational degrees of freedom,

when compared with the a helix and b strand

regions (See Fig. 5, top line).

Nomenclature
We performed replica exchange Langevin dynamics

(REX-LD) simulations for studying the thermody-

namics of folding of 10 different model proteins dif-

fering in the ‘‘sequence propensity,’’ defined by the

pattern of polar and non polar beads (a helix for

sequence A16 and b sheet for sequence B16), and in

the intrinsic secondary structure propensity, defined

by the value of the phase d in Eq. (5). The names of

the protein systems together with their ‘‘amino acid’’

sequence, sequence propensity, secondary structure

propensity, and the corresponding value of the ‘‘dihe-

dral’’ phase d are given in Table IV. We will refer to

the different systems as follows: (i) ‘‘frustrated’’ (F)

in which the dihedral potential favors equally the a
helix or the b strand (d ¼ 60�); (ii) ‘‘underfrustrated’’
(UF) in which the ‘‘intrinsic’’ secondary structure

propensity (dihedral potential) and the binary pat-

terning favor the same secondary structure; and (iii)

‘‘superfrustrated’’ (SF) where the ‘‘intrinsic’’ second-

ary structure propensity (dihedral potential) opposes
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the binary patterning (in other words, a sequence

composed of amino acids with a high b strand pro-

pensity, but with a binary pattern favoring a helix,

and vice versa). We will consider two ‘‘underfrus-

trated’’ systems (UF1 and UF2) and two ‘‘superfrus-

trated’’ systems (SF1 and SF2). The ‘‘energetic frus-

tration’’ in the different systems follows the order:

UF2 < UF1 < F < SF1 < SF2. Energies are

expressed in units of e and distances in units of r.

Simulations details

An ‘‘extended’’ conformation for the protein chain

was generated by running a short LD simulation at

a temperature T ¼ 1.0 (in reduced units) with the

intramolecular interactions being purely repulsive.

The conformation of the protein chain at the end of

this preliminary run was taken as the starting

conformation in the 10 independent REX-LD simula-

tions. We ran the REX-LD simulations using 16

(B16-based systems) or 20 (A16-based systems) repli-

cas with temperatures in the interval [0.22, 0.55] (in

reduced units). The time step was ts � 0.008 s, where

s ¼ (mr2/e) is the time unit. The cutoff for the non-

bonded interactions was fixed at 4 r and the damp-

ing coefficient in the Langevin integrator was set to b

¼ 0.8 s�1, Swaps between the different replicas were

attempted every 2 � 104 time steps, the acceptance

ratio varied between 40% and 60% and the total sim-

ulation time for each replica varied between 5 � 105

s and 106 s. We considered the second half of the tra-

jectories as the production runs. Additional replica

exchange simulations combined with ‘‘slow cooling’’

(REX-SC) were used to obtain the lowest energy

structures, at zero temperature, for the different sys-

tems listed in Table IV. REX-SC simulations used the

same set of parameters as in REX-LD simulations.

Every 10 replica swaps, the temperatures were low-

ered of a quantity DT, calculated so to have all the

replicas reaching � zero temperature at the end of

the REX-SC simulations. The NAMD software62 was

used for all the simulations. The VMD software was

used for part of the analysis.63

Knowledge-based estimates of a helix and b
sheet propensities

Inspired by earlier research on empirical poten-

tials,64–66 in Table III, we attempt to estimate the

relative a helix and b sheet propensity of the stand-

ard amino acids, by considering the probability that

each amino acid is found in a helices and b sheets in

nature. We associate a free energy penalty Ui,a to

amino acid i in a helix with the probability P(i|a)
that this amino acid occurs in helices (relative to the

probability that a random mutation would produce

the same amino acid):

expð�Ui;a=kBTÞ ¼ PðijaÞ=PðiÞ; (7)

where T ¼ 300�K, kB ¼ 0.0019872 Kcal mol�1 K�1)

and P(i) is the probability that the amino acid i is

Table III. Amino Acid Frequency in a Helices and b Sheets

AA P(i|a) (%) P(i|b) (%) P(i) (%) Ui,a (Kcal mol�1) Ui,b (Kcal mol�1) Ui,a � Ui,b

Ala 12.050 6 0.043 6.813 6 0.046 8.326 6 0.020 �0.220 0.120 �0.34
Arg 6.372 6 0.032 4.454 6 0.038 5.257 6 0.016 �0.115 0.099 �0.214
Asn 3.044 6 0.023 2.171 6 0.027 4.147 6 0.014 0.184 0.386 �0.202
Asp 4.958 6 0.029 2.457 6 0.028 5.881 6 0.017 0.102 0.520 �0.418
Cys 1.065 6 0.014 1.673 6 0.023 1.246 6 0.008 0.093 �0.176 0.269
Gln 4.808 6 0.028 2.520 6 0.029 3.639 6 0.013 �0.166 0.219 �0.385
Glu 9.733 6 0.039 4.637 6 0.038 7.004 6 0.018 �0.196 0.246 �0.442
Gly 3.243 6 0.024 4.714 6 0.039 7.286 6 0.018 0.483 0.260 0.223
His 2.039 6 0.019 2.146 6 0.026 2.374 6 0.011 0.091 0.060 0.031
Ile 6.399 6 0.033 11.030 6 0.057 5.878 6 0.017 �0.051 �0.375 0.324
Leu 12.536 6 0.044 11.598 6 0.058 9.563 6 0.021 �0.161 �0.115 �0.046
Lys 6.591 6 0.033 3.943 6 0.035 5.775 6 0.017 �0.079 0.228 �0.307
Met 2.118 6 0.019 1.826 6 0.024 1.687 6 0.009 �0.136 �0.047 �0.089
Phe 3.997 6 0.026 6.026 6 0.043 4.089 6 0.014 0.014 �0.231 0.245
Pro 1.161 6 0.014 1.484 6 0.022 4.606 6 0.015 0.821 0.675 0.146
Ser 4.470 6 0.027 4.492 6 0.038 5.825 6 0.017 0.158 0.155 0.003
Thr 4.010 6 0.026 6.075 6 0.043 5.324 6 0.016 0.169 �0.079 0.248
Trp 1.446 6 0.016 1.819 6 0.024 1.376 6 0.008 �0.030 �0.166 0.136
Tyr 3.392 6 0.024 5.076 6 0.040 3.514 6 0.013 0.021 �0.219 0.24
Val 6.559 6 0.033 15.043 6 0.065 7.195 6 0.018 0.055 �0.440 0.495

As detailed in the Methods section, we use a representative sample of chains from the PDB database. P(i|a) is the conditional
probability that a randomly chosen amino acid from the subset of amino acids belonging to a helices is of type i (where ‘‘i’’ rep-
resents one of the 20 standard amino acids). From these probabilities, we estimate the free energy penalty for belonging to a
helix, Ui,a, using: exp(�Ui,a/kBT) ¼ P(i|a)/P(i), where P(i) is the probability that an amino acid found in this set of proteins is
of type i. (Here, we have assumed T ¼ 300�K , kB ¼ 0.0019872 Kcal mol�1 K�1. See Table I in the Supporting Information for
comparison with experimental a helix propensity scales.) P(i|b) and Ui,b are defined in an analogous way.
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found in nature, regardless of secondary structure.

The P(i|a)/P(i) values correlate well with experimen-

tal measures of a-helical propensity (with correlation

coefficient R ranging from 0.6 to 0.87; see Support-

ing Information)54–56 as well as with other knowl-

edge-based propensity scales.7,67,68 The analogous

quantities for b sheets, Ui,b and P(i|b), were calcu-

lated using the same method.

The probabilities P(i|a) and P(i|b) were esti-

mated from a representative sample of sequences

from the PDB database consisting of Ntot ¼
1,986,157 amino acids, Na ¼ 886,428 of which belong

to a-helices, and Nb ¼ 471,407 to b sheets (See Sec-

tion I in the Supporting Information for database

details). In details, P(i|a) is the conditional probabil-

ity that the amino acid i belongs to a helix (P(i|b)
was calculated analogously.) In an effort to eliminate

noise from the data set, the first and last two amino

acids of every helix, and the first and last amino

acid of every strand of every b sheet were ignored in

the calculations of P(i|a) and P(i|b), respectively.

We found that these terminal residues were occa-

sionally proline and glycine residues, which are nor-

mally found in turns. The results of these calcula-

tions are shown in Table III.

Conclusions

A large body of experimental work has focused on

identifying the key elements that govern folding to a

given three-dimensional native structure. In this ar-

ticle, we have used a coarse grained Ca model con-

sisting of three types of residues (hydrophobic, polar,

and neutral) to investigate the relative importance

of sequence patterning (a long-range effect) and

intrisic secondary structure propensity (a local

effect) in determining a protein’s fold.

The intrinsic secondary structure propensity is

introduced in our model via a dihedral potential term

that can be adjusted (1) to favor a particular confor-

mation (a helix or b sheet) and (2) to explore the

‘‘ideal’’ condition in which both the a helix and the b
sheet secondary structures are equally favored. The

‘‘adaptability’’ of this dihedral potential term allowed

us to quantitatively analyze the separate contribu-

tions of local and nonlocal factors (intrinsic propensity

and polar, non polar patterning, respectively) in deter-

mining the folded structure of both a four-helix bun-

dle protein and a four b sheet bundle.

Our simulations allow us to systematically

explore the degree of frustration a given polar, non

polar pattern can tolerate when the secondary struc-

ture intrinsic propensities are in opposition to it. We

showed that the range of ‘‘propensity’’ frustration

that we studied in our simulation can be correlated

to experiments through a statistical analysis of the

PDB repository data. For values of the intrinsic sec-

ondary structure propensities commensurate with

those used in experiments by Xiong and coauthors51

on aggregating peptides, (see Section ‘‘Comparison

with energetic frustration in de novo peptides’’), we

find that the binary patterning trumps the propen-

sities in determining the secondary structure.

Our simulations augment experiments in two

manners. First, they allow us to determine for which

degree of intrinsic secondary structure frustration the

patterning can no longer determine the structure. In

the experiments of Xiong and coauthors,51 the frus-

trated sequence still adopted the correct secondary

structure, and hence, no conclusions could be

drawn about whether there existed a threshold

level of frustration that the patterning could no lon-

ger tolerate. Second, they directly target how pat-

terning and propensity affect the overall fold of the

Table IV. Different Systems Studied in Our Simulations and Their Correspondent
Sequence, Sequence Propensity, Secondary Structure Propensity, and Value of the
‘‘Dihedral’’ Phase d

System name Sequence
Sequence
propensity

Secondary structure
propensity d (deg)

AUF2 A16 Alpha Alpha (a2) 65.0
AUF1 A16 Alpha Alpha (a1) 62.5
AF A16 Alpha None (ab) 60.0
ASF1 A16 Alpha Beta (b1) 57.5
ASF2 A16 Alpha Beta (b2) 55.0
BUF2 B16 Beta Beta (b2) 55.0
BUF1 B16 Beta Beta (b1) 57.5
BF B16 Beta None (ab) 60.0
BSF1 B16 Beta Alpha (a1) 62.5
BSF2 B16 Beta Alpha (a2) 65.0

The labels in brackets correspond to the different dihedral potentials plotted in Figure 5. The
first character in the system name corresponds to the sequence (A for sequence A16 and B for
sequence B16). The last three characters in the system name identify the degree of ‘‘frustra-
tion’’: UF, underfrustrated; F, frustrated; SF, superfrustrated. The degree of ‘‘frustration’’ in the
different systems follows the order: UF2 < UF1 < F < SF1 < SF2. See Section ‘‘Force Field’’
and Figure 5 for further details.
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protein. The experiments by Xiong and coauthors,51

in which intrinsic secondary structure frustration

was introduced, focused uniquely on short peptides

that aggregate into oligomers with a given second-

ary structure. Here, we considered a model of an

actual protein, with a well defined tertiary struc-

ture. As such, our results qualitatively extend ex-

perimental findings by examining the relative roles

of polar and non polar patterning, and intrinsic pro-

pensity in determining not only the secondary

structure content but also the native fold of single

domain proteins.

It is quite remarkable that our simple computa-

tional model, in which the fine chemical details of

the amino acids are not considered, quantitatively

agrees with experimental results. This points to the

fact that sequence patterning is a fundamental phys-

ical property, and, as such, can be captured in mod-

els obeying basic polymer physics principles.
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