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Adding backbone to protein folding: why proteins are
polypeptides
Barry Honig1 and Fred E Cohen2

It is argued that the chemical nature of the polypeptide
backbone is the central determinant of the three-
dimensional structures of proteins. The requirement
that buried polar groups form intramolecular hydrogen
bonds limits the fold of the backbone to the well known
units of secondary structure while the amino acid
sequence chooses among the set of conformations
available to the backbone. ‘Sidechain-only’ models,
based for example on hydrophobicity patterns, fail to
account for the properties of the backbone and thus
will have difficulty capturing essential features of a
folding pathway. This is evident from the incorrect
predictions they make for the conformations of the
limiting cases of all-hydrophobic or all-polar sequences.
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Anticipating a protein’s fold presents a classic challenge:
the problem is easy to state, the existence of an answer is
clear, yet a solution remains elusive. A solution to the
folding problem, particularly an elegant one, might be
comparable in impact to the discovery of the structure of
the double helix. The implications for biology (and for the
scientists who solve the problem) are difficult to mini-
mize. One can conceive, for example, of a day when a
three-dimensional protein structure (even an approximate
one) will be associated with each newly sequenced gene
and when these structures will be exploited in generating
new disease models, in discovering new cellular pathways,
and in the design of new pharmaceuticals. The more eso-
teric and purely intellectual excitement associated with
protein folding is evident from its ability to attract
researchers from the biology, chemistry, physics and even
mathematics communities. In recent months, moreover,
protein folding has been featured in a leading newspaper
[1] as well as in scientific publications oriented to the
more general audience [2,3].

Given the widespread fascination with protein folding and
the hazards of unrealistic expectations, it would appear
important for the field as a whole to agree on objective
standards for structure prediction. The standards we refer

to include statistical tests, the use of adequate sample size
to assess success and failure, rms deviations from known
structures, and the requirement that ‘predicted’ structures
be clearly identifiable with a criterion that does not
require knowledge of the final answer. Even when such
standards are applied, it is important to ensure that the cri-
teria have been applied properly [4] and that the result
might not have been derived with a nonsense ‘control’
sequence [5]. Indeed, the Asilomar Conference [6] on
structure prediction provides an amusing yet valuable
means for maintaining our modesty.

Given the complex molecular structure of proteins,
researchers have for many years sought simplified descrip-
tions that still maintain the essential features required for
a proper description of folding [7]. Recently, there has
been a resurgence of simplified models that have been
used as a basis for structure prediction as well as for dis-
cussions of the general features of folding pathways. In
this commentary, we describe a ‘gedanken control experi-
ment’ that allows us to evaluate the validity of one class of
simplified models. We also offer a perspective on the
unique ability of proteins to form a wide variety of stable
three-dimensional structures. In particular, we consider
the relative roles of the polypeptide backbone and
sidechain–sidechain interactions as crucial determinants of
protein structure.

Two central issues that arise in protein folding concern
the origin of the thermodynamic stability of the native
state given the enormous number of other possible confor-
mations [8] and the mechanism by which the chain locates
the native structure on a biologically appropriate time
scale [9] (the Levinthal paradox). Stated simply: how and
why does a polypeptide sequence arrive at its unique
three-dimensional structure? A focus on the role of the
backbone echoes the work of Pauling [10] and Ramachan-
dran [11] and emphasizes the importance of the polypep-
tide backbone, with a sidechain R group viewed as an
appendage (R can represent one of the 20 naturally occur-
ring amino acids, or any other chemical group). The
physico-chemical properties of the backbone alone led to
the correct prediction of the role of �-helices and �-sheets
in protein architecture [10].

More recent simplifications of protein structure have
accentuated the importance of sidechains, and
sidechain–sidechain interactions, reducing the polypep-
tide backbone’s role to mere connectivity, as for example
in ‘sidechain-only’ lattice models [12–14]. Sidechain-only
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models implicitly neglect the fact that the protein back-
bone is a string of amide units that are chiral at the C�

position. Indeed, the backbone representation would be
the same for a repeating sequence of polyethylene units,
or nucleic acids. These models have led to intriguing, but
often controversial, proposals about the nature of protein
folding pathways [12,15].

One of the fundamental goals of recent theoretical studies
has been to understand why proteins are ‘special’ in the
sense that ordinary polymers do not form unique three-
dimensional structures, whereas polypeptides do. As
described in a recent review [14], sidechain-only models
imply that proteins are special among polymers “because
the amino acids in proteins are linked in specific
sequences.” Taken literally, if two identical sidechain
sequences were attached to two chemically distinct back-
bones, similar three-dimensional architectures would
result.

In this commentary, we suggest that proteins are special
because they are polypeptides [16] and that sidechain-
only models fail to capture essential features of protein
folding. We note in this regard that the rate-limiting step
in protein unfolding appears to be due to the breaking of
hydrogen bonds rather than to the loss of sidechain inter-
actions [17]. The importance of the chemical nature of the
backbone is also evident from the different properties of
DNA and RNA, in that the structural and biological
impact of a single hydroxyl group in the backbone is pro-
found.

We begin by considering the limiting case of amino acid
homopolymers, a classic topic of biophysical and statistical
mechanical studies. The simplest representation of a
sidechain-only model for a polypeptide exploits a lattice
with only two classes of amino acids, non-polar (H for
hydrophobic) and polar (P) [14]. Homopolymers consist-
ing of n polar or non-polar amino acids will be referred to a
Pn and Hn respectively. In the energy functions typically
used, H–H contacts are always treated as attractive,
whereas P–P contacts are destabilizing or of no conse-
quence. In Figure 1a, we depict the standard representa-
tion of an �-helix on a cubic lattice (left) and contrast it
with a more compact, cubic arrangement of the chain
(right). For the helix, the number of contacts is linear with
chain length (n) and is exactly n–3 when n is divisible by
4. When n segments can be placed in a perfect cubic
arrangement, the total number of contacts is 2n–3n2/3 + 1.

Figure 1b plots the number of contacts for a helix and a
cube. It is clear that for Hn, where incremental stabiliza-
tion is imparted by each H–H contact, helices on lattices
will always be less stable than their compact counterparts.
Moreover, the distinction will grow as the chain lengthens.
A different behaviour is expected for Pn sequences. These

would be predicted by sidechain-only models to form het-
erogeneous extended structures, as they lack stabilizing
sidechain–sidechain interactions.

In contrast to these predictions, early spectroscopic
studies of the conformation of poly-L-amino acids demon-
strated that these materials can form periodic structures in
aqueous solution [18]. Some polar sidechains form �-
helices in water; for example, polylysine is �-helical at
high pH when its amino group is neutral [19]. Solubility
problems limit the study of non-polar polyamino acids, but
helical propensities can be studied in block copolymers
where solubilizing groups are included in the polypeptide
chain. Studies of block copolymers have shown that non-
polar amino acids form helices in aqueous solution, some
of them with quite high helical propensities [20]. More-
over, helix stability increases with the length of the
polypeptide chain. Although simple one-dimensional
Ising models [21,22] can describe helix formation, it is
clear that sidechain-only models will not reproduce this
behaviour. Polyalanine, Hn, forms an �-helix, but is pre-
dicted by sidechain-only models to form an array of
compact structures. Polylysine, Pn, also forms an �-helix,
but is predicted to form an array of extended structures.
Thus, models stabilized strictly by sidechain contacts fail
to account for these two limiting cases.

The failure of sidechain-only models can be attributed
directly to the neglect of the chemical nature of the
polypeptide backbone. The essential feature of the back-
bone is usually described in terms of its ability to form
intermolecular hydrogen bonds, but the role of the
peptide group is somewhat more subtle. As has been
pointed out recently [23,24], a crucial property of the
polypeptide backbone is that it contains polar NH and CO
groups whose removal from water involves a significant
energetic penalty. Sidechain-only models with non-polar
residues that fail to account for this penalty will, as shown
in Figure 1b, necessarily favour compact conformations, as
these can be formed at no energetic cost to the backbone.
In reality, many compact conformations that appear stable
in sidechain-only lattice models will be energetically inac-
cessible due to burial of polar groups.

In our view, a realistic description of protein folding must
account for the fact that polypeptides minimize the effects
of removing polar groups from water by forming intramol-
ecular hydrogen bonds. Buried hydrogen bonds may also
be unstable relative to isolated donors and acceptors in the
unfolded state, but the energetic penalty is small enough
to allow the hydrophobic effect, which provides a driving
force for compactness, to dominate [23,24]. These ener-
getic principles suggest that the requirement that polar
groups must either form intramolecular hydrogen bonds,
or form hydrogen bonds with water, provides a strong
structural constraint which excludes many of the confor-
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mations that would be predicted to be stable by sidechain-
only models. This point is nicely illustrated by �-helix for-
mation, which appears driven in part by hydrophobic
interactions but where the requirement of forming hydro-
gen bonds leads to the formation of a helical rather than a
compact conformation [23–25]. A number of lattice-based
models do take into account the structural and energetic
constraints due to the backbone, suggesting that these fea-
tures can, in principle, be incorporated into simplified
models of protein folding [26–31].

As �-helices appear to solve the Levinthal paradox
through a nucleation/propagation mechanism [21,22,32],
there is every reason to believe that folded proteins solve
the conformational search problem based in part on the
same mechanism. This suggests that secondary structure
is a component of the earliest stages of protein folding.
However, this is not equivalent to stating that helices in
proteins are stabilized only by local interactions. Rather, in
keeping with the classical view [8], the picture that
emerges is that early stages in protein folding involve the

transient formation or ‘flickering’ of units of secondary
structure which are primarily stabilized by a combination
of long-range and local interactions that are primarily
hydrophobic. This is because the best way for polypep-
tides to satisfy the hydrophobic effect is to form units of
secondary structure. In this sense, secondary and tertiary
structure are expected to appear simultaneously.

The central conclusion of this commentary is that proteins
are ‘special’ primarily because they are polypeptides. As
stated elegantly over 30 years ago by Doty and Gratzer
[16], “it would seem extraordinary that no other polymer
structures exist in which internal hydrogen bonding can
give rise to periodically ordered conformations, but no
others have been found thus far. We are therefore forced
to recognize the uniqueness of this capacity in polypep-
tide chains, one which enables them to meet the exacting
and sophisticated demands of protein structure and func-
tion.” Of course, this ‘backbone-centric’ view of polypep-
tide conformation does not negate the obvious importance
of amino acid sequence in determining protein tertiary
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Figure 1

(a) Depiction of structures formed by a 20-
mer on a cubic lattice. Dark circles
correspond to amino acids placed at lattice
points. Left, �-helix; right, an example of a
compact state. (b) Plot of number of contacts
versus chain length for the two structures
shown in (a). The upper curve is for the
compact structure and the lower curve is for
the �-helix.
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structure. However, rather than argue that sequence
determines structure, it might be more accurate to state
that sequence chooses among the limited set of secondary
structure possibilities available to the polypeptide back-
bone and determines how they are combined to produce a
unique three-dimensional structure.

The relative importance of sidechain and backbone con-
tributions to protein stability and the stability of polymers
in the aqueous phase has yet to be tested in detail.
However, recent advances in solid phase synthetic organic
chemistry have yielded sequence-specific heteropolymers
with alternative backbones (e.g. poly N-substituted
glycines [33], poly carbamates [34] and peptide backbones
with nucleic acid sidechains [35]) that should facilitate
such tests. Given that specific RNA sequences fold to
form unique structures, for example, sidechain-only
models would predict that peptide nucleic acid versions of
these RNAs should adopt structures that are similar to
their RNA cognates whereas a perspective that empha-
sizes the role of the backbone would predict that these
molecules would behave more as polypeptides. Both pre-
dictions can be tested.
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