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Abstract The last several decades have seen an explosion

of knowledge in the field of structural biology. With crit-

ical advances in spectroscopic techniques in examining

structures of biomacromolecules, in maturation of molec-

ular biology techniques, as well as vast improvements in

computation prowess, protein structures are now being

elucidated at an unprecedented rate. In spite of all the

recent advances, the protein folding puzzle remains as one

of the fundamental biochemical challenges. A facet to this

empiric problem is the structural determinants of protein

folding. What are the driving forces that pivot a polypep-

tide chain to a specific conformation amongst the vast

conformation space? In this review, we shall discuss some

of the structural determinants to protein folding that have

been identified in the recent decades.

Keywords Protein folding � Folding models �
Folding propensity � Structural determinants �
Posttranslational modifications � Secondary structures

Introduction

Protein folding is one of the most fundamental and yet most

intriguing questions of structural biology. As aptly descri-

bed by Honig et al., the protein folding puzzle is a ‘‘classical

challenge in which the problem is easy to state, existence of

an answer is apparent, and yet the solution remains elusive’’

[1]. Simply stated, how does a linear polypeptide chain of

scrambled amino acid residues fold into a native distinctive

conformation with pinpoint accuracy?

The impetus for in vitro protein folding research stems

from two of the most well-known theories of protein fold-

ing: Anfinsen et al. [2, 3] on the folding of ribonuclease A,

and the Levinthal Paradox by Cyprus Levinthal [4, 5]. In

1969, Anfinsen et al. demonstrated that ribonuclease A can

spontaneously refold into its native conformation in the

in vitro setting, without assistance from biological systems

or other biomacromolecules (Fig. 1). These findings led to

the next question: is this native conformation achieved by a

random search of the vast conformational space that is

available to the linear polypeptide? It was subsequently

pointed out by Cyprus Levinthal that such a random search

for the native conformational state of a protein would

require an infinitesimally long time. For example, a

100-residue protein taking a mere 10-11 s per configura-

tion, will take 1052 years to search through the entire set of

possible conformations [5, 6]! This is in stark contrast to the

millisecond time scale that a protein typically takes to fold

to its native conformation. Therefore, it is apparent that

there exist specific folding intermediates or pathways

through which the proteins can adopt the final destined

conformation. The implications from these theories trig-

gered extensive research on the identification of folding

intermediates [7], real-time folding studies [8], computation

modeling and simulations [9, 10], and energy landscape
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analysis [11]. From these pioneering works, several models

on mechanism of protein folding were conceptualized [12].

One of the first models of protein folding was the

nucleation growth model, in which a predominant struc-

tural nucleus is formed, and the secondary and tertiary

structures of the protein propagate from this nucleus [13].

However, this mechanism was subsequently less favored

due to the inability to account for folding intermediates

present in folding pathways [14]. The next theoretical

mechanism for protein folding was suggested by Oleg

Ptitsyn, who proposed that protein folding occurs through a

sequential on-pathway process with the formation of sec-

ondary structures in an initial ‘‘molten globular’’ state, with

each stage of the dynamic protein folding process stabi-

lized by the former stage [14, 15]. This model was

subsequently formulated as the diffusion–collision model

and the related framework model, which theorized that

structural elements rapidly assemble independently before

‘‘colliding’’ to coalesce and stabilize by interactions

between secondary structures to form the final tertiary form

[16, 17]. A third model of protein folding was the hydro-

phobic collapse model, which proposed that the collapse of

the primary structure around a hydrophobic core reduces

the scope of search for the native conformation [18].

Subsequently, it was suggested that secondary and tertiary

structures in the framework model were formed in

conjunction with the hydrophobic collapse of the poly-

peptide chain, leading to unification of the two folding

models to the nucleation–condensation model [19, 20].

However, the various models are not without problems. For

example, the hydrophobic interactions in the hydrophobic

collapse model may indicate difficulties in structural

reorganization of the polypeptide chain along the folding

pathway. Further, it is unlikely that the unfolded state of a

polypeptide exists in the form of a completely unstructured

chain [21]. By examining the denatured states of a small

model protein, Shortle et al. [22] further proposed that long

range ordering of the polypeptide segments could very well

occur before emergence of defined structural elements of

the protein.

One of the critical advances in the understanding of

folding pathways was spearheaded through the develop-

ment of U-value analysis by Fersht et al. [23]. For this, the

kinetics of mutants, in which deliberate perturbations were

made to specific interactions in the folding pathway, were

measured so as to examine the folding pathways concerned.

In effect, these U-values are structural indices for specific

residues in the folding intermediate [24]. Numerous recent

innovative experimental applications or strategies have

subsequently been devised to aid the understanding of the

protein folding problem. These strategies include, but are

not limited to, NMR spectroscopy [25, 26], single molecule

Fig. 1 Spontaneous refolding

of bovine ribonuclease.

Christian Anfinson et al.

demonstrated that native bovine

ribonuclease (PDB ID 7RSA)

denatured with 8 M urea and

2-mercaptoethanol

spontaneously refolds to the

fully active refolded

conformation upon removal of

the denaturing reagents.

Oxidation of the fully denatured

polypeptide in the presence of

8 M urea in the absence of

sulfhydryl group containing

2-mercaptoethanol results in a

‘‘scrambled’’ mixture of

misfolded disulfide isomers.

Subsequent removal of urea and

addition of 2-mercaptoethanol

facilitated disulfide

rearrangement of the misfolded

protein to the native

conformation and restoration of

full enzymatic activity [2, 3]
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studies with Förster resonance energy transfer (FRET) or

atomic force microscopy [27, 28], UV Raman spectroscopy

[29], computational approaches and molecular dynamics

simulations [30, 31], as well as theoretical analysis [32].

Through these methods, novel information that was previ-

ously inaccessible could now be obtained and even utilized

in the reengineering of ultrafast folding proteins [33].

Complemented with classical strategies such as the U-val-

ues, these methods have been instrumental in the recent

advancement of knowledge of protein folding pathways.

Although much of the specifics to folding pathways

suggested by these folding models are still ambiguous, it is

now known that folding occurs via a series of folding

intermediates, through either a two-state (nucleation–con-

densation model) or three-state (diffusion–collision model)

mechanism [24, 34, 35]. However, there are indications

that the two-state and three-state folding models are, in

fact, extremes of a common folding mechanism [21, 35],

and the fundamental difference between the two routes lies

in the relative stability of the folding intermediates [36].

Indeed, these two extremes of the folding mechanism have

been demonstrated on single protein models, indicative of a

unifying mechanism of protein folding that incorporates

aspects of both two-state and three-state models [37].

Variations between proteins in following a single pathway

or multiple different pathways could also be attributed to

differences in the number of nucleation ‘‘foldon’’ motifs, as

well as conservation of transition state structures within the

final protein structures [38, 39]. Numerous reviews per-

taining to the various experimental and theoretical aspects

of the protein folding problem are available, and will not be

further detailed in this review.

Although much advancement of knowledge has been

made over the four decades since research into the protein

folding problem intensified, this biochemical puzzle is far

from being solved. It is now apparent that the various

proposed models of protein folding are not likely to operate

in a mutually exclusive fashion, and that the folding

mechanisms are likely to vary between proteins [40].

Whilst these proposed folding models may be conceptually

different, a commonality seen across the models is the

formation of secondary structure elements.

Despite the fact that several groups have been successful

in designing small protein molecules to specific confor-

mations, prediction of the structure of native structures

from the amino acid sequence remains a challenge [14, 41].

It is now clear that the various associated interactions

arising from the functional side chains, albeit a few weaker

than others, contribute to the protein stability and protein

folding process [12, 42, 43]. These forces include electro-

static interactions [44], hydrogen bonding interactions [45],

van der Waals interactions [46], and hydrophobic interac-

tions [42]. Through the use of an all-atom ab initio

simulation, Yang et al. demonstrated that it is likely a

combination of the multiple interacting forces that drives

the protein folding process [43]. Indeed, these interacting

forces are the fundamental interactions on which most, if

not all, of the structural determinants of protein folding

rely. These contributing forces of interaction implicated

in protein folding were reviewed nearly two decades ago

[42, 47].

We now have a much better grasp of the mechanisms of

protein folding, and the possibility of overcoming this

challenge seems increasingly promising [12]. To an extent,

we also understand the various in vivo [48] and in vitro

[49, 50] parameters that influence the folding profile and

thermodynamic stability of these sensitive biomacromole-

cules. The classical experiment by Christian Anfinsen

reiterates the point that the native conformation of a protein

is likely to be dictated by the primary structure of the

molecule [2, 51]. Therefore, it is interesting to examine the

structural determinants of the polypeptide chain that

influence the folding pathway and final confirmation of the

mature protein. In this review, we shall discuss some of the

currently known or suggested structural determinants of

protein folding.

Letters of the protein language alphabet

With merely 20 amino acids in the standard polypeptide

alphabet, nature has conjured an impressive array of pro-

teins. Over 50,000 known protein structures across the

various genera have been deposited in the protein data bank

(http://www.rcsb.org), and an exponentially higher number

of distinct protein sequences with unique three-dimen-

sional structures remain to be elucidated [52, 53]. Such

diverse permutations arise from the assorted properties of

the amino acid residues with structurally and biochemically

distinct side chains.

It is the diverse physicochemical properties of these

structural building blocks that endow distinctive charac-

teristics to a polypeptide chain. Further, the functional side

chains of the amino acids are at least as important as the

backbone atoms in laying the platform for the multiple

interacting forces critical for structure, function, and sta-

bility of proteins. Indeed, the side chain ‘‘appendages’’ to

the polypeptide backbone have been so intriguing that a

sidechain-only model of protein folding has been previously

proposed [54]. Through the analysis and extrapolation of

information derived from databases and literature on pro-

tein folding and conformation, it was also previously

suggested that certain amino acids exert specific influence

on the local conformation [55]. We shall discuss how the

physicochemical properties of the various amino acids

preferentially result in specific structural conformations.

Determinants of protein folding 2343
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Propensity of forming secondary structures

The right-handed a-helix is the most commonly observed

secondary structure in proteins with 3.6 residues per turn

and translation of 1.5 Å per residue [56]. The geometry of

a classical a-helix involves the carbonyl group hydrogen

bonding to the amide proton of the i ? 4 residue of the

polypeptide, with side chains projecting away from the

helix backbone.

The propensity of a polypeptide to form an a-helix has

been shown to be dependent on various factors [57]. The

most prominent factor is the amino acid constituents in the

helix-forming segment, and the consequent interactions

that are sterically permitted. As early as the 1960s, several

other groups presented predictive methodologies for fore-

casting potential secondary structures based on the

characteristics of the various residues [10, 58, 59].

Although specific potentials of all 20 amino acids in

forming secondary structures were not consistently pre-

dicted, the most favorable and least favorable helix formers

were generally in agreement. For example, aliphatic resi-

dues with branched Cb side chains (Val, Ile, Thr) were

deemed unfavorable due to the large volume of the func-

tional group that results in steric hindrances [60]. On the

other hand, alanine residues have long been recognized to

possess a high helix-forming propensity. Polyalanine,

polyglutamine, polylysine, and polyaspartate peptides were

also shown to be able to form stable helices in solution

[61]. The alignment of periodic repeats of multiple back-

bone hydrogen bonds running parallel to the helix axis

results in a net cumulative dipole along the termini of the

helix [60]. In contrast, glycines have the highest helix

destabilizing effect due to the lack of a side chain func-

tional group that results in inherent flexibility of the peptide

bond [62]. Due to the lack of an amide proton, the imino

acid residue proline has also been noted to be a helix

breaker [63]. In view of its unique physicochemical prop-

erties, proline will be further discussed in the next section.

In addition to the hydrogen bond interactions of back-

bone atoms, formation of helix-stabilizing hydrogen bond

interactions between side chains has also been noted to

contribute to the helix formation and propagation. One of

the early examples identified was the helix-stabilizing

interactions between Glu2–Arg10 and Phe8–His12 in the

N-terminal helical segment of RNase S that reinforced the

multitude of hydrogen-bonds of the helix [64]. Inciden-

tally, the exact interactions were also observed in the

isolated corresponding C-peptide fragment of RNase S,

indicating the polypeptide’s capability to autonomously

nucleate into a helix [8]. Conversely, an unfavorable side

chain interaction such as His12–Asp14 in the S-peptide of

RNAse could present as a helix stop signal by preventing

the propagation of the helix beyond residue 13 [65].

Further work by Shoemaker et al. on C-peptide variants

indicated that the charge–dipole interaction of constituent

charged residues with the macrodipole of the helix con-

tributes to the enthalpy change for helix formation:

negatively charged residues such as glutamate and aspar-

tate occur preferentially near the positive N-terminal dipole

of the helix, while positively charged residues such as

lysine, arginine, and histidine commonly reside at the

negatively charged C-terminal dipole of the helix [64, 66].

These findings were supported by similar observations in

other helical peptides [67].

In the bid to decipher the protein folding problem, one

of the fundamental questions is to comprehend the factors

that influence short amino acid sequences to fold into

various conformations in solution. Early predictive algo-

rithms involved basic parameters such as nucleation and

elongation factors [68], and subsequently incorporated

contributions of side chain interactions to improve the

prediction accuracy of helix formation [69]. However,

these algorithms were still unable to predict helix-coil

transition in solution. The comparatively most accurate

predictive algorithm for helix formation of various residues

in non-repetitive sequences is the AGADIR algorithm

developed by Muñoz et al. [70–72] The AGADIR algo-

rithm incorporated several of the contributions discussed

above, including specific amino acid-dependent entropic

cost, hydrogen bonds interactions between main chain and

side chains, as well as capping and dipole effects. Through

correlation with NMR analysis, AGADIR was shown to be

capable of accurately predicting helical behavior of pep-

tides under various experimental conditions [70].

The other secondary structure element commonly

observed in protein structures is the b-sheet. The distinctive

feature of the b-sheet is the ability to form either parallel,

or anti-parallel, sheets capable of bringing residues

that are distant in sequence into close proximity of one

another. Unlike the periodic backbone hydrogen bonding in

a-helices, the backbone hydrogen bonding pattern in

b-sheets is dependent on the orientation of the b-strands [73].

The propensity of a polypeptide chain to form a b-sheet

is also influenced by the specific amino acid constituents.

Through the statistical analysis of known protein structures

and experimental measurements of individual amino acids

in the ‘‘host–guest’’ method initially utilized for analyzing

helices [62], residues with Cb-branched side chains or

aromatic side chains were noted to be most favorable in the

formation of b-sheets [10, 73]. Although these findings

could indicate these amino acids’ importance and tendency

of forming b-sheets, the frequent observation of b-sheets in

hydrophobic cores of proteins suggests their concurrent

importance in hydrophobic interactions [73]. As with

a-helices, flexible or disorder-promoting residues (glycine

and proline) are similarly disfavored in the formation of
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b-sheet structures. However, statistical analyses have

shown that these flexible residues and certain residues with

small polar side chains, such as asparagine, aspartic acid,

and serine, are favorable for forming the b-turns by satis-

fying supporting hydrogen bonding requirements of the

main chain amide [73–75]. Residues that resulted in sta-

bilizing interactions were also more frequently located in

b-sheet structures. For example, Phe-Phe, Phe-Tyr, Glu-

Arg, and Glu-Lys interactions were identified by experi-

mental and statistical methods to occur most frequently in

b-sheets, while Thr-Val and Thr-Trp interactions were the

least frequently observed interacting pair [73].

The importance of specific amino acid composition in

determining secondary structure elements can be further

illustrated by intrinsically unstructured proteins. Unlike

globular proteins that typically form hydrophobic cores,

intrinsically disordered proteins possess a comparatively

lower proportion of ‘‘order-promoting’’ bulky hydrophobic

residues and aromatic residues, but are significantly richer

in ‘‘disorder-promoting’’ residues including proline and

glycine [76]; the reverse of the requirements for forming

a-helical and b-sheeted elements discussed earlier.

In addition to influencing the specific hydrogen-bonding

network within the respective secondary structure element,

distal side chain interactions of constituting residues could

also have a significant influence on the final structure of the

protein. The classical illustration would be the amphipathic

characteristic of a-helices, which exhibit predominant

nonpolar side chains on one surface and polar side chains on

the opposite surface of the helical cylinder [77]. Such a

polarized arrangement of residues with opposing physico-

chemical properties formed the basis of tertiary structural

frameworks such as the a-helical coiled coil, in which the

specific heptad repeat motif of hydrophobic residues at

helix interfaces allowed meshing of side chains in a knob-

into-hole packing of helical bundles [78]. While most

methodical analysis of protein folding were based on

independent folding domains, the vast majority of eukary-

otic proteins are likely to possess a multiple independent

folding domain that could also exhibit cooperativity in the

folding process [79].

Imino acid proline

Of the 20 standard amino acids that are found in nature,

proline is without doubt one of the most unusual: the fusion

of the backbone with the side chain atom forms a unique

pyrolidine ring, and at the same time eliminates the amide

proton. Both of these features confer conformation limita-

tion and distinctive structural features to the polypeptide

chain in which the imino residue resides [80]. The first

consequence of the pyrolidine ring of proline residues is the

introduction of a kink to the polypeptide backbone [60, 81].

While placement of a proline at the N-terminal of an a-helix

highly stabilizes the helix, insertion of prolines at any other

positions are generally considered to be highly disruptive to

the formation and propagation of a-helices or b-sheets, as

well as having possible structural impacts on the confor-

mation of the protein. For this reason, statistical data have

shown that proline residues are most frequently located

within the first helical turn as a helix stabilizer, or immedi-

ately at the C-terminal of the helix as a capping residue

[10, 80, 81].

The second structural consequence of proline’s pyroli-

dine ring arises from the lack of amide proton which

impairs the imino acid’s participation in formation of

classical secondary structural elements due to the inability

to act as hydrogen bond donor to carbonyl groups of other

residues. However, the CdH2 protons of proline can form

weaker hydrogen bonds with amide carbonyls of i - 2 or

i - 4 residues in a helix, justifying for certain degrees of

tolerance to proline residues in a number of globular and

transmembrane proteins [82]. In other cases, conserved

proline residues have also been identified in the middle of

helices, possibly upholding specific structural or functional

roles by inducing kinks in the length of the helices

concerned [83].

In order to illustrate the structural implications of pro-

line on protein folding, we will discuss a few examples of

animal toxins, in which the influence of various structural

features either in isolation or in combination can be clearly

visualized on these highly conserved and compact struc-

tural frameworks [84]. In this case, the disulfide-pairing

arrangement and consequent conformation of maurotoxin,

a 34-mer potassium channel blocker isolated from scorpion

venom, was shown to be drastically influenced by the

presence of proline residues [85]. Despite possessing a

conserved cysteine framework of the four-disulfide-bridged

scorpion toxin, maurotoxin adopts a novel cysteine-pairing

pattern (C1–C5, C2–C6, C3–C4, and C7–C8) that is

distinct from the classical cysteine-pairing framework

(C1–C5, C2–C6, C3–C7, and C4–C8) seen in Pi1 and

HsTx1 toxins, the other two members of the same family.

Sequence analysis of maurotoxin revealed two prolines

flanking the non-conventional C3–C4 disulfide bridge.

Substitution of these proline residues with alanines resulted

in a conformational switch to the conventional cysteine

pairing seen in Pi1 and HsTx1 toxins.

As a further illustration on the role of proline as a

structural determinant of protein folding, the conserved

proline residue in the first intercysteine loop of ImI

a-conotoxin was previously identified by our group to have

profound implications on the folding of this 12-mer peptide

toxin. a-conotoxins and v/k-conotoxins share similar cys-

teine arrangement framework of 4 cysteine residues, but

natively fold with distinct disulfide pairing patterns into the

Determinants of protein folding 2345



globular (C1–C3, C2–C4) and ribbon conformation

(C1–C4, C2–C3), respectively [86, 87]. By substituting

Pro6 with a conserved lysine residue from the corre-

sponding position in v/k-conotoxins, it was possible to

switch the native globular conformation of ImI a-conotoxin

to the non-native ribbon conformation. These findings were

corroborated by switching CMrVIA v/k-conotoxin’s native

ribbon conformation to the non-native globular conforma-

tion with a reciprocal substitution of Lys6 with a proline

residue (Fig. 2) [88]. It was thus proposed that proline’s

tendency to bring two segments of the peptide backbone

into juxtaposition acted as a conformational switch result-

ing in the preferential disulfide connectivity seen in ImI

a-conotoxin. However, it is important to note at this

juncture that changes of conformation might not neces-

sarily imply changes in the folding pathway.

A similar importance of proline was also observed in the

folding of larger proteins such as cytochrome P450, in

which alanine substitutions of Pro30 and Pro33 in the

conserved proline-rich region in CYP2C11 resulted in

mutants that were misfolded and biologically inactive [89].

The purpose of the proline-rich region was hypothesized to

function as a hydrophobic knob for partial insertion of the

protein into the membrane and to create a stable nucleus

for initiation of protein folding.

Another unique structural characteristic of proline resi-

dues is the comparatively higher intrinsic propensity to

adopt either the trans or cis peptide bond conformation

with the preceding residue in the polypeptide chain [80]. It

has been suggested that the ratio of the cis:trans prolyl

peptide bond may be influenced by the residue following

the proline residue and immediate environment of the

proline residue [80]. While the precise reason for adopting

the cis prolyl peptide bond are varied and not necessarily

definitive, the increased propensity of proline residues to

adopt the cis peptide bond is nonetheless significant, con-

sidering the fact that the majority of peptide bonds exist in

the trans conformation [90].

Structurally, cis-trans isomerization of the prolyl pep-

tide bond has been shown to be important for a variety of

proteins such as Stefin B, a 11 kDA protein which forms

amyloid fibrils by domain swapping between two dimers.

The domain swapping involves extensive intermolecular

contact as well as concurrent trans-cis isomerization. By

substituting prolines for serines, it was shown that the

conserved trans Pro74 in the monomeric and dimeric Stefin

B is involved in the isomerization into the cis conformation

to facilitate tetramerization that is crucial for amyloid fibril

formation [91]. Functionally, the rate of cis-trans isomer-

ization of prolyl peptide bond aids in the regulation of a

variety of biological processes. For example, the rate of

isomerization Pro213 in the hinge subdomain of N1–N2

domain of the gene-3-protein of phage fd has been shown

to act as a kinetic block to the domain reassembly and

conformational switch of the gene-3-protein, thereby reg-

ulating the rate of phage infection [92, 93]. The work by

Kamen et al. [94] also indicated that prolyl cis-trans

isomerization is implicated in the folding kinetics of pro-

teins such as pectate lyase C.

Prolyl cis-trans isomerization is also a critical conver-

sion in numerous cellular processes and is catalyzed by

the four families of peptidyl prolyl cis-trans isomerases

(PPIases). The rate of catalysis of prolyl cis-trans isomeri-

zation by these ubiquitous enzymes in turn act as molecular

timers of cellular processes [95]. In fact, two of these

PPIases are targets of immunosuppressant drugs [96, 97].

In this section, we have discussed the general propen-

sities of the various amino acids in forming secondary

structural elements. However, departures from the pre-

dicted propensities are not uncommon. For example,

identical sequence segments have been identified in both

b-sheeted and a-helical structures [98]. Peptide fragments

termed ‘‘chameleon sequences’’ have also been reported in

which the peptide segments are essentially ambivalent and

the conformations of the segments concerned are largely

Fig. 2 Role of C-terminal amidation and proline residue on the

folding of ImI a-conotoxin and CMrVIA v/k-conotoxin. Proline and

lysine residues manipulated within the first intercysteine loop of the

conotoxins are represented in blue and red, respectively. C-terminal

amide and carboxylic acid are presented in magenta and teal,
respectively
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dependent on the local structure of the proteins [99]. In the

earlier sections, we mentioned that the conformational

restraining proline residue is a well-recognized helix

breaker. Interestingly, polypeptide segments containing

consecutive proline residues have also been reported as

adopting a distinct nonconventional secondary structure

termed the poly-L-proline helix (PPII) that presents as an

all-trans helix with a left-handed turn. Unlike canonical

a-helices, PPII helices are not held together by hydrogen

bonds between i and i ? 4 residues, but merely because of

the steric constraints and physical rigidity of prolines in the

helices. This further explains the left-handedness of PPII

helices compared to right-handed canonical a-helices. The

PPII helices have been reported to be important in diverse

structural and biological functions including the formation

of collagen [100], signal transduction, transcription, and

immunological reactions [101].

Sequence-specific side chain aromatic interactions, such

as p–p, cation–p, amide–p, and aryl–sulfur interactions,

have also been implicated to be important contributors to

various secondary structures such as b-turns [102, 103].

Engineered non-native aromatic side chain interactions

have been shown to divert the conformation populations of

ubiquitin into a complex folding landscape [104]. In other

cases, specific steric arrangement of charged residues can

also facilitate specific interaction and consequent confor-

mational change. For example, the binding pockets of

calcium binding proteins are coordinated by a bipyramidal

or octahedral arrangement of negative charged residues, to

which calcium ions facilitate conformational changes by

overcoming repulsion of similar charges [105]. The

importance of specific interaction can be further exempli-

fied by the variety of exogenous stimuli such as the

presence of metal ions, pesticides, variation in pH, tem-

perature, protein concentration, and organic solvents that

can result in partial protein unfolding and consequently

amyloidogenesis [106, 107].

In summary, these observations indicate that, although

propensities of the various amino acids can influence the

structural characteristics and folding profile of the poly-

peptides, the context in which the residues are located, and

the consequent differences in microenvironment and the

addition of exogenous stimuli, can affect the protein

folding.

Posttranslational modifications and folding

Posttranslational modification of proteins is nature’s strat-

egy for widening the diversity of the repertoire of

polypeptides assembled from the standard list of 20 natural

amino acids. Currently, over 200 kinds of posttranslational

modifications have been documented, and they may be

broadly classified as (1) covalent addition/ modifications of

functional group to side chains, and (2) hydrolytic cleavage

of peptide bonds [53]. Most of these posttranslational

modifications result in functional consequences. In addi-

tion, several forms of posttranslational modifications have

structural implications for the folding and conformation of

the proteins. In the first part of this section, we shall discuss

the various representative types of posttranslational modi-

fications that bear direct implications to protein folding. In

the remaining parts, we will touch on several forms of

posttranslational modifications that are important for

modifying local conformation of the tertiary structure and

biological functions of proteins, but are not generally

known to impact global protein folding. This is especially

since some of these modifications occur only after the

protein folding process has been completed in the endo-

plasmic reticulum.

It should be emphasized that this section is not intended

to be encyclopedic on the plethora of possible posttrans-

lational modifications, but rather, to illustrate with selected

examples on the significance and the possible impact of

these modifications on protein folding (Table 1).

Oxidation-reduction

One of the most important and commonly observed post-

translational modifications of protein is the oxidation of the

free thiol group of cysteine residues and the consequent

formation of disulfide bridges. Formation of disulfide

bridges is influenced by the proximity and accessibility of

the thiol groups on the polypeptide chain, and catalyzed by

protein disulfide isomerase and Dsb family of proteins in

eukaryotic and prokaryotic systems, respectively [108].

These posttranslational covalent linkages play critical roles

in the structural stability of proteins [109]. Consequently,

disulfide engineering had been used as an approach to

stabilize proteins [110]. Disulfide linkages are also directly

implicated in biological functions, such as catalytic disul-

fide bridges in oxidoreductases [111] and allosteric

disulfide bridges that regulate protein function by trigger-

ing conformational changes [112]. In addition, the kinetics

of the protein folding process have also been suggested to

be influenced by the relative location of disulfide bridges to

the folding nucleus [110].

Disulfide-rich proteins are frequently chosen as models

for studies of the in vitro protein folding process due to the

possibility of trapping disulfide folding intermediates,

thereby allowing the reconstitution of folding pathways.

Further, disulfide connectivity can possibly improve the

overall folding rate of proteins by the formation of pro-

ductive disulfide bridges that bring about the necessary

interactions for the formation of a stable conformation. In

other cases, the hydrophobic disulfide bridge may also be
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Table 1 Examples on the significance and the possible impact of these modifications on protein folding

Posttranslational

modification

Consequence Examples Structural implications References

Protein folding

Oxidation-reduction Formation of disulfide

bridges

Insulin superfamily, animal

venoms, BPTI

Structural stability [114, 117, 126]

Putative role in improving

protein folding rate

Cooperativity in folding by

multiple disulfide bridges

Oxidation of methionine to

methionine sulfoxide/

sulfone

Transthyretin, k-repressor

protein, calmodulin,

thrombomodulin

Disruption of native

non-covalent interactions

[130–134]

Glycosylation Covalent attachment of

carbohydrate moiety to

conserved glycosylation

sites

Lysosomal hydrolases,

coagulation factors,

antibodies, erythropoietin,

contalukin-G

Augment solubility and

stability profile

[135, 136, 148,

149, 163, 238]

Promote folded conformation

by reducing conformational

space

Formation of new interactions

between glycan and

polypeptide

Hydroxylation Stereospecific

hydroxylation of proline

residue

Collagen, conotoxins Stabilization of trans isomer of

hydroxyprolyl peptide bond

[160, 164]

Improve rate of oxidative

folding in a-conotoxin

model

Carboxyamidation Substitution of C-terminal

carboxyl group with

amide group

Venom proteins, as well as

peptide hormones such as

vasopressin, oxytocin, and

calcitonin

Modification to electrostatic

interactions

[163, 169, 239]

c-Carboxylation Carboxylation of glutamic

acids

Osteocalcin, conantokins, as

well as various other calcium

binding proteins including

coagulation factors and

clotting inhibitors

Facilitate calcium-induced

folding

[163, 177, 178]

Protein conformation

Phosphorylation Covalent attachment of

phosphoryl group to

serine, threonine, and

tyrosine in eukaryotes,

histidine and aspartate in

prokaryotes

Glycogen phosphorylase,

isocitrate dehydrogenase, as

well as a large number of

proteins involved in signal

transduction and numerous

critical cellular processes

Change in protein’s tertiary

conformation due to the

dianionic phosphoryl group

participating in hydrogen

bonds

[187]

Methylation/acetylation Covalent attachment of

methyl or acetyl group to

e-amino group of lysines

or arginines

Histone proteins Augment specific cation–p
interactions

[190, 191]

Farnesylation Attachment of farnesyl

group to CAAX

C-terminal motif

(SNARE) Ykt6 protein Increase the a-helical content

and stability of protein

[194]

Nitration Attachment of nitrate group

to tyrosine

Mn superoxide dismutase,

a-synuclein, tyrosine

hydroxylase, tau protein

Modification to hydrophobic

and electrostatic interactions

[193]

Sulfation Transfer of sulfuryl group

to tyrosine

Glycoprotein Ibaa Contribution of negative

charges

[240]

Citrullation Conversion of arginine into

citrulline residue

Fillagrin, trichohyalin, histone

proteins

Charge reversal results in the

disruption of electrostatic

interactions and hydrogen

bonds

[241]
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involved in the formation of hydrophobic clusters that are

necessary as the folding nucleus to initiate the folding

process [110, 113]. The presence of multiple disulfide

bridges has also been demonstrated to have a potential

positive influence on the folding. For example, in several

small disulfide-rich proteins, such as BPTI and proinsulin,

the interactions between the three sets of disulfide bridges

resulted in cooperativity of folding by lowering the con-

formational entropy necessary for interaction [114–116].

The insulin superfamily consists of small disulfide-

containing globular proteins that share a common structural

motif, and they have been extensively studied for the

contribution of disulfide bridges to the structure and fold-

ing of proteins [117]. The insulin molecule, for example,

consists of two chains that are linked by one intrachain

disulfide bridge, A6–A11, and two interchain bonds, A7–B7

and A20–B19. It was shown that deletion of the intrachain

disulfide bridge negated the a-helical N-terminal domain of

the A–chain and the activity of insulin, while deletion of

interchain disulfide A7–B7 resulted in more severe struc-

tural disturbances. However, deletion of either pair of

disulfide bridges did not compromise the in vitro refolding

of the proinsulin molecule, suggesting that these connec-

tivities were non-critical in the folding of insulin molecule

[118, 119]. In contrast, the interchain A20–B19 disulfide

bond has been noted to be critical in stabilizing the folding

intermediate [120]. Deletion of this critical disulfide bridge

significantly disrupted the ordered secondary structure and

increased the proinsulin’s susceptibility to proteolysis

[119]. At the other extreme of the spectrum, multiple

disulfide bridges have occasionally been noted to be

redundant, with folding and structural stability maintained

with a reduced number of native disulfide bridges [121,

122].

Due to the conformational restraint exerted by disulfide

bridges, permutations of cysteine connectivity in cysteine-

rich polypeptides almost invariably result in differing

conformations. As such, disulfide bond connectivities are

typically considered to be non-promiscuous; a trait that is

critical for the accurate disulfide connectivity and confor-

mation of numerous disulfide-rich proteins and peptides.

However, there are examples in which one cysteine

framework can result in more than a single possible

disulfide connectivity. For example, the insulin-like growth

factor I (IGF I), which is a member of the insulin super-

family discussed earlier, shares homologous structural

motifs with other members of the same superfamily such as

porcine insulin precursor and relaxin [120]. However,

unlike other members of the superfamily, IGF I folds into

two distinct conformations [123]. It was subsequently

determined that sequence 1–4 and residue 9 of the B chain

of IGF I were critical in determining the disulfide con-

nectivity of the protein [124]. A further example of

multiple disulfide isoforms arising from single cysteine

template is that of the epidermal growth factor-like

(EGF-like) domains of thrombomodulin, in which the fifth

EGF-like domain exhibits a disulfide bonding pattern

distinct from other EGF or EGF-like domains [125].

Non-conventional disulfide linkages have also been

observed in other classes of cysteine rich peptides such as

conotoxins derived from the venom of the marine preda-

tory cone snails. Conotoxins are classified based on their

highly conserved cysteine framework and their distinct

biological activity. Unlike the majority of conotoxins that

exhibit strict fidelity to their respective disulfide connec-

tivity distinct biological activities, conotoxins with the

fourteen-cysteine, six-cysteine and four-cysteine conotoxin

scaffolds can each adopt at least two distinct conformations

with differently connected disulfide bridges [126]. In our

earlier work, we have shown that the conserved Pro6 and

C-terminal amidation are instrumental in determining the

disulfide connectivity of ImI a-conotoxin (Fig. 2) [88, 127].

In the case of GI a-conotoxin, Zhang and Snyder [128]

demonstrated that the propensity of the peptide toxin to

fold into the native globular conformation is largely

dependent on the loop sizes of the two intercysteine loops.

Similarly, the disulfide connectivity of charybdotoxin from

the venom of the scorpion, Leiurus quinquestriatus, was

influenced by the position of the cysteine residues and in-

tercysteine loop spaces [122]. In an engineered barnase

structure, the inclusion of disulfide bridges reduced the rate

of protein unfolding [129]. Taken together, these findings

Table 1 continued

Posttranslational

modification

Consequence Examples Structural implications References

Polyglutamylation Elongation of

polyglutamate chain at

specific glutamic

residues of the protein

a-tubulin, b-tubulin,

nucleosome assembly

proteins NAP1 and NAP2

Possible roles in the

conformation and interaction

of target proteins

[242]

Polyglycylation Covalent attachment of

multiple glycyl units to

c-carboxyl group of

glutamate

a-tubulin, b-tubulin Possible roles in the

conformation and interaction

of target proteins

[243]
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show that disulfide bonds not only play an important role in

the structure and function but also the folding process of

the proteins.

The other residue of the 20 standard amino acids that is

prone to oxidation is methionine, which also contains a

polarizable sulfur atom. The thioether side chain of

methionine may be oxidized to methionine sulfoxide or

methionine sulfone, and has been implicated in several

diseases. This includes Alzheimer’s disease and Parkin-

son’s disease, as well as various disease states relating to

oxidative damage. Conversely, oxidation of the amyloi-

dogenic transthyretin prevents the formation of fibril

formation by disrupting the aggregation interface [130].

Oxidized methionine has been demonstrated to affect the

local environment within the protein, and has also been

utilized to stabilize the denatured state of monomeric

k-repressor protein, and to disrupt the conformational sta-

bility of calmodulin and thrombomodulin [131–133].

These observations indicate that oxidation of methionine

potentially destabilizes non-covalent interactions that are

normally critical in maintaining the stability of certain

proteins. As a corollary to this, it is highly possible that

methionine oxidation can potentially influence protein

folding. An illustration of the influence of methionine

oxidation on protein folding was demonstrated in the work

by Dado et al., in which the oxidation of specific methio-

nine residues in a designed 18-mer peptide resulted in the

transition of the a-helical conformation towards the

b-strand [134].

N-linked glycosylation

N-linked glycosylation is another common form of post-

translational modification, with nearly 50% of all human

proteins being glycosylated [135]. Understandably, glyco-

sylation must play an integral role in the trafficking,

folding and function of eukaryotic proteins. The glyco-

sylation process essentially occurs in three stages, in which

the first phase occurs while the nascent polypeptide is still

in the translocon complex and is associated to the endo-

plasmic reticulum-associated degradation (ERAD) system.

Aside from participation in the folding of the polypeptide,

the glycan indirectly influences the protein folding process

by serving as an intracellular sorting signal on the folding

status of the protein [136]. The second phase largely con-

cerns the trimming of the glycan for direct targeting of the

proteins, as in the case of lysosomal hydrolases [137]. The

final stage of modification is effected in the target site of

the protein [136]. Of particular interest in this context is the

influence of glycosylation on the folding of the protein.

The carbohydrate moiety contributes to the folding of

the protein in several ways. Firstly, glycosylation has been

known to improve the overall stability of proteins [138],

and has been utilized to improve the circulation half-life

and activity of erythropoietin analogues [139] as well as

selective delivery of enzymes into lysosomes of target

tissues [140–144]. The large hydrophilic carbohydrate

group exerts a biophysical influence on the polypeptide by

increasing the solubility of the protein and augmenting the

stability of the protein by covalently attaching to the pro-

tein’s surface. In silico examination of protein models also

illustrates that the protein stabilizing effect stems from the

destabilization of the unfolded state by the glycan moiety

[145]. Secondly, although the glycan moiety does not

directly result in secondary structure formation, the bulk of

the relatively large glycan moiety promotes the folded

conformation by decreasing the available conformational

space, as well as the mobility of the unfolded conformation

[136, 146, 147]. For example, sequential deglycosylation of

human b2 glycoprotein I resulted in an increased change in

the secondary structure of the native protein as determined

by circular dichroism, reiterating the steric hindrance

imposed by the carbohydrate moiety [148]. Thirdly, the

addition of the large glycan moiety resulted in the forma-

tion of new interactions between the carbohydrates and

amino acids and/or stabilized the protein fold by counter-

balancing an unfavorable clustering of charges [149]. In

addition to the global effect of improving solubility of the

polypeptide, interactions between the N-acetyl group of

glycans and the polypeptide have also been shown to affect

the local conformation of the peptide backbone by pro-

moting b-turns [150].

Examination of a glycosylated loop heptadecapeptide

derived from the a subunit of the neuromuscular nicotinic

acetylcholine receptor of Torpedo californica revealed that

glycosylation of the conserved glycosylation site shifted

the cis-trans equilibrium of a constituent proline residue

towards the trans isomer, and the dithiol/disulfide equi-

librium towards the oxidized species [151]. These

observations demonstrate that steric and electrostatic hin-

drances conferred by the glycan can significantly affect the

folding and structure of the protein. In addition to influ-

encing the folding of proteins into secondary and tertiary

structures, glycosylation has also been demonstrated to

affect the quaternary assembly of protein monomers into

higher order assemblies. For example, a bulky N-linked

heptasaccharide binds to Asn17 of Erythrina coralloden-

dron lectin, and forces the dimer to adopt a quaternary

structure that is structurally non-identical to other non-

glycosylated homologous lectins [152].

However, not all glycoproteins are equally dependent on

the glycosylation for their folding and secretion [145].

While most eukaryotic proteins require glycosylation at

some point in the folding process [153], the folding

rate and pathway of several examples have been reported

to be unaffected by the glycosylation state [154–156].
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Further, not all glycosylation sites within a polypeptide

chain possess the same bearing on the folding process. For

example, of the five glycosylation sites on glucocerebro-

sidase, only four are N-glycosylated. Of these, only Asn19

was shown to be truly critical for the enzyme’s function,

while deglycosylation to the other sites had comparable

catalytic efficiency [140]. Similar trends were also

observed in influenza hemagglutinin as well as in several

lysosomal hydrolases such as a-galactosidase and a-glu-

cosidase, in which only one of the several attached glycans

is truly essential for activity [157–159]. Therefore,

although the specific mechanics for predicting critical

glycosylation sites that are deemed critical for the folding

pathway of proteins are still ambiguous, the contribution of

these covalently linked glycans to the structure and func-

tion of proteins are beyond doubt.

Hydroxylation

Although hydroxylation of amino acids is generally not as

common as the other forms of posttranslational modifica-

tions, it is the most frequently observed form of

posttranslational modification seen in the human, in the

form of hydroxyproline in collagen [160]. Collagen is

ubiquitously found in the structural tissue of vertebrates

with an exceedingly high proportion of hydroxylated proline

that forms the characteristic Xaa-Yaa-Gly triad repeats in its

tropocollagen triple helices coiled coil. The stereoselective

hydroxylation results in a (2S,4R)-4-hydroxyproline (Hyp)

in the Yaa position of the triad repeat of the collagen’s

primary structure [161]. While it was previously suggested

that the hydroxyproline stabilizes the collagen triple helix

via bridging water molecules [162], it was demonstrated

through O-methylation of hydroxyproline that such con-

formational stability conferred by the hydroxylation was

contributed by the ‘‘stereoelectronic’’ properties of the ste-

reospecific hydroxyl group that promotes the proper

conformation for triple helix formation [160, 161].

Apart from playing critical roles in the structural

framework of collagen in vertebrates, hydroxylation of

proline residues has been shown to have important influ-

ence on protein folding. For example, hydroxyproline is

commonly observed across several families of conotoxins

derived from the marine predatory cone snails [163]. While

the functional roles of the hydroxylation remains uncertain,

work by Lopez-Vera et al. demonstrated that hydroxylation

of proline residues can have an important influence on

protein folding rates [164]. In contrast, hydroxylation of

proline not only improved the rate of oxidative folding of

the a-conotoxin model, but also improved the in vitro

folding rate of the x-MVIIC that is notoriously difficult to

fold [164, 165]. It has been suggested that the electron-

withdrawing effect of the hydroxyl group stabilizes the

trans isomer of the hydroxyproline about the peptide bond,

thereby contributing to the improved folding propensity

[161]. It was further proposed that proline hydroxylation

and disulfide formation might occur concurrently and

cooperatively within the endoplasmic reticulum [126, 166].

In another example, hydroxylation contribute to the bio-

activity of l-conotoxin GIIIA, but was not observed to be

beneficial to the folding of the peptide toxin [164].

Carboxyamidation

Carboxyamidation has been noted to be an important form

of posttranslational maturation of polypeptides, especially

in the cases of peptide hormones [167–169]. While there

are several examples in which C-terminal amidation of the

peptides do not result in significant functional disparity

[169, 170], non-amidated forms of several peptides have

been demonstrated to suffer significant reduction in bio-

logical potency [171–175].

Despite the fact that carboxyamidation results in a subtle

substitution of a negatively charged carboxylic terminal

with an amide group at the distal end of the polypeptide

chain, such modification has been shown to be sufficient to

result in conformational changes of the peptide’s confor-

mation. For example, in the case of eumenine mastoparan-

AF (EMP-AF) isolated from the wasp venom, although

both the native amidated and the synthetic deamidated

forms possess amphipathic helical structures, the amidated

peptide exhibited a well-defined helical structure with

enhanced rigidity. In contrast, the C-terminal region of the

deamidated analog exhibited higher degrees of conforma-

tional freedom due to charge repulsion and hydrogen bond

disruption at the C-terminal segment of the synthetic pep-

tide variant [169]. Similar consequence of conformational

disruption of C-terminal region was also noted in the

deamidated form of the crustacean hyperglycemic hormone

Pej-SGP-I, in which the native amidated form was reported

to be significantly more potent [171].

C-terminal amidation has also been observed in several

families of the conotoxins derived from the marine pred-

atory cone snails [163]. Unlike the previous examples in

which the deamidated analogues exhibit conformational

disruption at the C-terminal region, we have earlier shown

that C-terminal amidation potentially determines the

disulfide connectivity to specific families of these cysteine-

rich peptide toxins, acting as a conformational switch. For

example, the native ImI a-conotoxin folds predominantly

into the globular conformation with a specific C1–3,C2–4

disulfide connectivity. In contrast, the synthetic carboxyl-

ate analog folded predominantly into the non-native ribbon

conformation with C1–4,C2–3 disulfide connectivity and the

consequent reduction of biological potency [88, 127]. In

contrast, C-terminal amidation did not seem to influence
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the folding of other families of conotoxins [176]. These

findings indicate that, although not consistently applicable,

the modification to the electrostatic interactions brought

about by C-terminal amidation can substantially influence

the final conformations of proteins.

c-Carboxyglutamic acid

c-Carboxylation of glutamic acid is an important post-

translational modification that is particularly pertinent for

hemostasis. Specifically, posttranslational carboxylation of

specific glutamate residues is indispensible in the sequen-

ces of the several coagulation factors, osseous tissues, or

procoagulant factors derived from venom sources [177, 178].

These c-carboxyglutamate residues (Gla) function by

acting as binding sites for calcium ions, which are a

ubiquitous component of critical cellular processes [179].

Posttranslationally c-carboxylated glutamic acids are

usually observed in specific calcium-binding proteins.

Despite the wide tissue distribution of the vitamin

K-dependent carboxylase that is responsible for this mod-

ification, Gla residues are generally less commonly

implicated to the structure or function of other proteins

[180]. However, this unusual modification has been shown

to be present in several peptide toxins derived from Conus

venom, and, in the case of conantokins, multiple Gla res-

idues are usually present within the short peptide sequences

[181, 182]. It has been demonstrated that the binding

specificity of Gla residues to calcium ions facilitates the

folding of several conantokins into their mature confor-

mations. For example, addition of calcium ions resulted in

a significant increase yield and rate of folding of the

‘‘spasmodic peptide’’ derived from C. textile [183]. Similar

calcium-induced folding was also noted in several conan-

tokins, and is particularly significant considering the fact

that the majority of conantokins lack disulfide bridges, and

the presence of Gla residues is the predominant driving

force for the peptides to adopt their mature helical con-

formation and/or self-assembly into dimeric structures

[184, 185]. In the case of conantokin-P which possesses a

single disulfide bridge, the addition of calcium ions to the

folding buffer accelerated the oxidative folding of the

peptide, reinforcing the determining influence of Gla resi-

dues on the folding of these small peptides.

Posttranslational modifications affecting conformation

of mature proteins

In addition to the various forms of posttranslational mod-

ifications discussed above, a variety of other forms of

modifications, though not directly implicated in protein

folding, have been shown to influence the conformation

and the consequent functions of mature proteins. One of the

most pervasive forms of posttranslational modification is

the phosphorylation of proteins executed by the *500

specific kinases, providing an intracellular switch to

diverse cellular processes [52, 53]. By covalently attaching

a tetrahedral phosphoryl group to amino acids’ neutral

hydroxyl side chain, phosphorylation brings about confor-

mational changes to the proteins’ tertiary structures or

assembly interfaces, thereby effecting cellular functions

and processes [186]. Such conformational changes are

possibly brought about by the dianionic phosphoryl group

in physiological pH that can participate in hydrogen bonds,

such as those with main-chain nitrogens of an a-helix or

with the guanidinium side chain of arginine residues [187].

Methylation of lysine in histone proteins has been

known to be involved in the chromatin condensation by

interaction of the methylated lysine with three aromatic

side chains. Specifically, the methylated histone tail of

histone H3 inserts as a b-strand into the b-sandwich

chromodomain of HP1 protein [188]. Based on this finding,

a b-hairpin peptide corresponding to the histone tail was

synthesized and found to be stabilized by the specific cat-

ion–p interaction between Trp2–Lys9 [189]. Further work

by Hughes et al. [190, 191] indicated that N-methylation of

the lysine or arginine residues augment the magnitude of

this interaction, resulting in an exceptionally stable

b-hairpins. Methylation of the e-amino group of lysine

altered the interactions with this polar side chain by con-

ferring hydrophobic interactions, as well as generating a

more polarized methylammonium group for cation–p
interaction [188]. Another posttranslational modification

known to influence the lysine residue of histone proteins is

the acetylation of the e-amino side chain [192]. Although

acetylation of lysine alters the geometry of interaction and

neutralizes the positive charge of lysine’s protonated side

chain that is essential for cation–p interaction described

earlier, amide–p interaction was found to be at least as

strong as the cation–p interaction between lysine and the

aromatic ring [103]. Taken together, methylation and

acetylation of lysine on histone proteins illustrate the

specificity of histone-DNA interaction, as well as provide

insights on protein folding.

Other forms of posttranslational modifications include

nitration of tyrosine residues, lipidation by farnesylation,

citrullation of arginine residues, and polyglutamylation and

polyglycylation of glutamate residues (Table 1). Nitration

of tyrosine residues modifies the hydrophobic and elec-

trostatic interactions of the target protein, thereby

disrupting the conformation and activity of the protein

[193]. It is for this reason that nitration of tyrosine residues

has been implicated in a variety of neurodegenerative

diseases. Lipidation by farnesylation of the soluble

N-ethylmaleimide-sensitive factor attachment protein

receptor (SNARE) Ykt6 protein was shown to increase the
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a-helical content of the 23 kDa protein as well as to sta-

bilize the final conformation [194].

A minimalist approach

Inferences from Christian Anfinsen’s theory of protein

folding suggested that the amino acid sequence of a poly-

peptide encodes for sufficient information required for the

native folding of the protein. However, recent research

indicates that, as much as specific-sequence information is

necessary, a significant degree of sequence degeneration

and redundancy exists in the amino acid syllabus and only

a fraction of the encoded information is likely to be neces-

sary for fully defining the native protein structure [195, 196].

Studies on the site-directed mutagenesis of various proteins

have concurred with the theory of redundancy of protein

sequence. For example, by selecting residues that were not

directly involved in structural or functional roles, the

exhaustive analysis of the lac repressor protein indicated

that mutations made at nearly half the 142 sites on the

protein were phenotypically silent [195, 197–199]. Toler-

ance to single or multiple substitutions was also seen in the

Arc repressor protein [200], bovine pancreatic trypsin

inhibitor [201, 202], and RNA-binding protein ROP [203],

among others. In addition to sequence redundancy, several

forms of posttranslational modifications discussed earlier

also exhibited certain degrees of redundancy.

In addition to the redundancy of sequence information, it

was also observed that there was a generally lower degree of

conservation of surface-exposed residue side chain as

compared to the buried nonpolar residues, with the former

group generally being more tolerant of sequence substitu-

tion [195]. Such a difference in evolutionary conservation

reiterates the importance of the nonpolar or neutral residues

that make up the hydrophobic core structure of proteins

[204]. Although some exceptions exist, the segregation of

hydrophobic and hydrophilic residues into the buried and

surface exposed positions of the final structure generally

fulfils the requirement of protein solubility and facilitates

the folding process of the protein [205]. Clearly, the

amphipathic pattern of hydrophobic/hydrophilic residue

distributions must represent some of the protein folding

instructions encoded in the polypeptide [195]. To this, two

general models of protein folding have been derived. The

first concept of ‘‘jigsaw puzzle model’’ was proposed by

Chothia et al. for a-helices in which the close packing and

complementarity of specific side chains define the basic

architecture of the backbone of the protein [206]. This

model was initially supported by work examining interac-

tions concerning hydrophobic interfaces which indicated

that changes in charge and volume of residues located within

the core of proteins are generally destabilizing [207, 208].

However, a number of combinations of amino acids have

been substituted into core sequences and yet resulted in

viable proteins [209–213]. The second model, termed

‘‘oil-droplet model’’, posits that periodic binary distribution

of hydrophobic and hydrophilic residues permits the for-

mation of structural elements by hydrophobic interactions,

without the need for specific inter-residue contacts

[214, 215]. Nonetheless, drastic changes in shapes or vol-

umes of the hydrophobic residues concerned can still result

in changes in conformation of the tertiary structure [216].

Taken together, the hydrophobicity described by the ‘‘oil-

droplet model’’ is recognized to be important. However,

interdigitation of core residue side chains, though critical in

selected models, may not necessarily be as strictly dictated

as by the ‘‘jigsaw puzzle model’’. Although each of the two

models of protein folding can only provide a limited per-

spective to the folding process, they are, nonetheless,

sufficient for the design and generation of empiric second-

ary structure elements.

One of the early designs of de novo protein using the

binary distribution of hydrophilic and hydrophobic residues

was accomplished by Kamtekar et al., in which a four-helix

bundle protein was empirically designed [214]. The

degeneracy of sequence was demonstrated by using phen-

ylalanine, leucine, isoleucine, methionine, and valine for

the nonpolar residues, while polar residues were fulfilled by

using glutamine, glutamate, aspartate, asparagine, lysine, or

histidine. Through the use of merely 11 out of the 20

available natural amino acid residues, the designed protein

correctly folded into the intended tertiary conformation, and

exhibited a native-like hydrophobic/hydrophilic residue

distribution. Further work by Schafmeister et al. showed

that it is possible to design a larger four-helix bundle using

just seven amino acids, with the designed protein yielding

crystal structure of 2.9 Å resolution [217]. The concept of a

minimized alphabet for protein folding was subsequently

extended to the design of a small b-sheeted protein, the SH3

domain, in which five amino acids (isoleucine, lysine,

glutamate, alanine, and glycine) were sufficient for coding

the 53-residue domain [218]. In a more recent article by

Taylor et al., it was demonstrated that the enzyme AroQ

chorismate mutase could be simplified to binary modules of

four polar and four nonpolar residues [219]. It was also

subsequently demonstrated that a fully functional variant of

the enzyme could be constructed with a mere nine-letter

amino acid alphabet [220]. Thus, the possibility of design-

ing basic secondary structure elements using a binary

approach reaffirms the importance of hydrophobic interac-

tion in the protein folding pathway. It also suggests the

possibility of designing larger and more complex protein

architecture. In a bold reverse engineering attempt by

Silverman et al. [221], the prototypical (b/a)8 TIM barrel

domain of the triosephosphate enzyme was shown to exhibit
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sequence degeneracy and could be encoded with a reduced

amino acid alphabet. It was determined that 142 out of the

182 examined sites on the enzyme’s *250-residue

sequence could be mutated to one of the seven-letter amino

acid alphabet and result in viable enzymes (Fig. 3).

Having discussed the propensities of the various amino

acids in influencing protein folding, the influence of post-

translational modifications, and the redundancy of sequence

information, it should not be neglected that a plethora of

short sequence motifs are possible with the various per-

mutation and combinations of these residues. Specific

sequence motifs have been defined for various local con-

formational motifs. These include, but are not limited to,

‘‘tyrosine corner’’ in the Greek key b-barrel [222], con-

sensus sequences resulting in Type I b-turns [74], stacking

of aromatic residues with a proline residue to form Type VI

b-turn [223], packing motifs for transmembrane helices

[224], and proline-rich motifs in cytochrome P450s [89], as

well as numerous others [55, 81]. These specialized folding

motifs exert specific structural and biological properties that

fall beyond the scope of the current review.

Challenges of protein folding

Thus far, we have discussed some of the structural features

of proteins that have been reported to influence the folding

of the protein. While several of the features described were

inherent properties of the basic amino acid sequence and

concur with the theory proposed by Christian Anfinsen at a

time when understanding of protein folding was still at its

infancy, several structural determinants were made post-

translationally to the polypeptide chain. However, it is still

not possible to conclusively claim universal applicability

for these structural ‘‘determinants’’. Indeed, it is the

uniqueness of each polypeptide’s amino acid sequence and

the subsequent maturation steps that make the protein

folding problem particularly challenging to decipher. A

classical illustration of the distinctiveness of proteins can be

seen in amyloidogenesis: while specific proteins have been

shown to be prone to fibrillation, proteins that are unrelated

to any known disorder can also be converted into aggregates

that exhibit similar structural features to amyloid fibrils

[106, 107, 225]. It is important to emphasize that determi-

nants discussed in this review are merely a fraction of the

knowledge demanded of the intricately complex picture of

protein folding. In essence, the determinants of correct

folding (or in the case of amyloidogenesis, protein mis-

folding) are neither completely understood nor can they be

simplistically limited to structural features on the sequence.

Several other aspects of protein folding that are at least as

important include the thermodynamics and kinetics of

protein folding, folding intermediates and pathways, and

computation prediction [7–11].

A principal goal of understanding the structural deter-

minants of protein folding is essential to appreciate the

‘‘language of proteins’’. From a clinical perspective,

such knowledge could facilitate the understanding of

Fig. 3 Mutagenesis analysis of yeast triosephosphate isomerase

(TIM)(PDB ID 7TIM). A total of 182 out of the 250 residues of the

TIM protein were systematically mutated with one of the 7-letter

amino acid alphabet (FVLAKEQ) reduced from the original 20-letter

alphabet. Conservative substitutions were made based on either

structural features or phylogenetic conservation between various TIM

analogues. The top and side views of the TIM molecule are shown in

a and b, respectively. Residues highlighted in green represent the 97

singly mutated positions that resulted in minimal disruption of

functional activity of the protein as well as the 45 residues of the

original protein that contain letters of the 7-letter alphabet. Segments
in yellow represent the 36 positions that resulted in intermediate loss

of protein activity, while residues represented by red spheres are the

four immutable residues R189, D227, G209, and G228. Segments in

pale pink are residues not examined in the mutagenesis analysis
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conformational diseases [226], in which the misfolding of

endogenous proteins resulted in pathological consequences

[227–229]. From a biochemical perspective, one of the

ultimate aims of protein design would be the design of

tailored protein structures, with precisely tailored biologi-

cal functions. Although this has yet to be achieved, the

understanding of the structural determinants coupled with

increased computational capabilities has facilitated the

design of various de novo small proteins with specific

secondary structures intended in mind [230–233]. In the

work by Kuhlman et al. [232], the accuracy of fold of the

designed protein could even be predicted to an impressive

atomic-level of accuracy! By reducing the degeneracy of

encoding residues, several natural proteins including the

prototypical (b/a)8 barrel structure have been successfully

redesigned with a much smaller subset of the amino acid

alphabet [217–221]. Another successful approach of pro-

tein design utilized the specific coordination of negatively

charged residues to form calcium-inducible folding of the

target protein [105]. The current computational prowess

also led to the reverse design of a zinc-free ‘‘zinc finger’’

domain [234]. An alternative approach to successful de

novo design utilized extensive combinatorial libraries

instead of the classical rational design of sequence space,

through which the optimized sequence for a desired trait or

conformation was identified by binary patterning [215].

Thus, it has also been recently suggested that the current

state of technology can possibly facilitate the de novo

design of proteins with native-like properties of up to or

surpassing 100 residues by using first principles [235].

The protein folding problem is a complex topic that has

consumed several decades of research. With the recent

advances in structural biology and theoretical and compu-

tational approaches, as well as the various biophysical

techniques, including a variety of fast spectroscopic assays

that allows monitoring of the folding process in real-time, it

is now often possible to accurately predict the three-dimen-

sional structures of small proteins through template-based

models [236, 237]. While it is still a challenge to accurately

predict the structures of larger, multi-domain proteins from

their empiric amino acid sequences [14, 41, 236], the recent

advances in the various aspects of the protein folding suggest

that the solution to this grand biochemical challenge may one

day be in sight.
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