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Abstract

The poly-L-proline type Il (PPIl) helix in recent years has emerged clearly as a structural class not only of
fibrillar proteins (in collagen, PPII is a dominant conformation) but also of the folded and unfolded proteins.
Although much less abundant in folded proteins than the a-helix and 3-structure, the left-handed, extended
PPII helix represents the only frequently occurring regular structure apart from these two structure classes.
Natively unfolded proteins have a high content of the PPII helices identified by spectroscopic methods.
Apart from the structural function, PPII is favorable for protein—protein and protein—nucleic acid interactions
and plays a major role in signal transduction and protein complex assembly, as this structure is often found
in binding sites, specifically binding sites of widely spread SH3 domains. PPII helices do not necessarily
contain proline, but proline has high PPII propensity. Commonly occurring proline-rich regions, serving as
recognition sites, are likely to have PPII structure. PPIl helices are involved in transcription, cell motility,
self-assembly, elasticity, and bacterial and viral pathogenesis, and has an important structural role in
amyloidogenic proteins. However, PPII helices are not always assigned in experimentally solved structures,
and they are rarely used in protein structure modeling. We aim to give an overview of this structural class
and of the place it holds in our current understanding of protein structure and function. This review is
subdivided into three main parts: the first part covers PPII helices in unfolded peptides and proteins, the
second part includes studies of the PPIl helices in folded proteins, and the third part discusses the
functional role of the PPIL.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

The history of the discovery of the poly-L-proline
type Il (polyproline-ll or PPII) helix is strikingly
different from the two major structures of folded
(globular) proteins, the a-helix and the B-structure
(Fig. 1). This left-handed helix has been long known
as one of the collagen triple-helix structures.®
However, it took a long time for the PPII helix to be
recognized as one of the major conformations of
polypeptide chain in folded proteins. It has been
shown at the very early stages of protein structure
analysis that the PPII helix can be adopted by
polypeptides that are not necessarily dominated by
proline, or even do not contain proline.'® Finally, at
the end of the 1980s, the PPII helix has been shown
to occur frequently in natural polypeptides and
globular proteins.®'"'2 Protein Data Bank (PDB)'®
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analysis showed that the PPIl conformation of
individual amino acid residues occurs at rates
comparable with the B-strand conformation.® PPII
helices form predominantly short stretches of regular
structure characterized by the repetitive pairs of
Ramachandran ¢ and y angles.’ They are found in
most proteins and include about 2% of residues in
the PDB."%°'™ This is much lower than the
occurrence of the a-helix and B-structure but
comparable with the 3(10)-helix. .

The PPII helix is an extended (3.1 A per residue
compared to 1.5 A in the a-helix) left-handed helix
defined by the ¢, p torsional angle cluster with the
distribution maximum at -75°, 145°. In the ideal
form, it has three residues per turn (n = - 3), has 3-
fold rotational symmetry, and has the shape of a
triangular prism. Thus, extended structures in pro-
teins include the PPII helix, the B-structure, and a
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much less frequent single B-strand’'® (Fig. 1). The
PPIl helix does not support regular patterns of
intrachain hydrogen bonds because of its extended
character; it neither forms regular interchain hydro-
gen bonds, although a limited number of interchain
hydrogen bonds and H-bonds with water, as well as
side-chain—main-chain hydrogen bonds, can be
formed.*>""'® Though the conformational freedom of
PPII can be partially limited when it includes Pro due
to its pyrrolidine ring, the extended PPII helix is
markedly more flexible in comparison with the a-helix
and B-sheet. Because of the conformational proper-
ties of proline, it has been suggested that PPl is also
a dominant conformation in the structure of the
proline-rich regions (PRRs) in proteins.'” In general,
it provides for the necessary structural flexibility and
mobility and often appears atthe edges of a-helices,
in the domain linker regions,'®' interactions in-
terfaces, and protein terminal regions. '’

From the time of the first discovery in folded
proteins, a substantial volume of data has been
collected showing the importance of the PPII helix for
the functional and structural machinery of peptides
and proteins.'>72%21 PP|| helices play a major role
in protein—protein'>?? as well as protein—nucleic
acid®® interactions. In free peptides in solution and
proteins, PPII conformation can be observed b¥
CD'224726 yibrational circular dichroism (VCD),?
and Raman optical activity (ROA).?®?° NMR spec-
troscopy has been successfully used to assess PPII
fraction in peptides.®® These methods provide
information about overall structural content, but not
the residue-by-residue structure of the polypeptide

chain. In folded proteins, PPIl helices have been
identified b1y analyses of experimentally determined
structures. 314

PPII Structure in Unfolded Peptides and
Proteins

PPII helix early studies: PPIl and “random coil”

Tiffany and Krimm examined the CD spectra of
poly-L-glutamic acid (PGA) in solution, where they
observed a-helical conformation at low pH and a
distinctive two-band spectrum similar to that of the
poly-L-proline Il (198 nm negative and 218 nm
positive) at high pH (7—12) and low salt concentra-
tion, resulting in the charged form of PGA (Fig. 2).
They suggested that this spectrum, as well as the
similar spectrum of charged poly-L-lysine (PL),
indicated the peptides that are not fully unstructured
but adopt a regular extended helical conformation
close to the threefold PPII left-handed helix, short
stretches of which are interspersed with turns.?
They also argued that earlier similar CD patterns
were misinterpreted as a maximally unordered
random coil.*® Similar CD spectra were observed
later in poly(Glu—Ala), poly(Ala—Gly—Gly), poly(Pro—
Ala—Gly), poly(Ala—Ala—Gly), and poly(Pro—Ser-Gly)
(for references, see Krimm and Tiffany>?). Tiffany
and Krimm concluded that the unstructured, also
defined as unordered, conformation of heat-dena-
tured PGA and proteins is a distinct state that can be

Fig. 1. (a) Ramachandran plot representation of the PPII helix and other regular periodic structures in proteins. Regions
enclosing right-handed and left-handed conformations are marked R and L, respectively. PPII, left-handed PPII helix; beta-
a and beta-p, antiparallel and parallel 3-structure; alpha-R, right-handed a-helix; alpha-L, left-handed a-helix; 3-10, 3(10)-
helix; pi, T-helix. Enclosed areas marked 1 (Adzhubei and Sternberg") and 2 (Hollingsworth et al.?) show clusters of PPII
helices of three and more residues; 3 represents the PPIl basin of Jha et al.® that included single residues and continuous
segments, and for a separate coil library, only stretches of four and more consecutive residues; 4 is the area of the
mesostates identifying PPII in the Protein Coil Library database (Fitzkee et al.*) that included fragments of at least two
continuous residues. The upper left quadrant of the Ramachandran plot on the right details the positions of the PPII
clusters observed in protein structure surveys. The filled circle (®) indicates the PPII distribution maximum according to
surveys of Adzhubei and Sternberg1 and Stapley and Creamer®; diamond (¢), Adzhubei etal.®; x, Jha etal.®; *, Cubellis et
al.” and Hollingsworth et al.? + shows &, g of the poly-L-proline Il crystal structure (Arnott and Dover®). Although definitions
of the PPII area bins differ considerably in surveys, the resulting clusters center close together on a narrow area, revealing
regular character of the PPII structure, independent of the bin definition parameters. Arrows show the ¢, p transitions
resulting in the single-residue structure switches in proteins: left-handed PPIl helix - right-handed helix, and PPII
helix - B-structure, as shown in (c). (b) Idealized major periodic structures: B-structure, a-helix, and PPII helix, modeled as
the CA-trace helical axis projection (b-1) and perspective projection (b-2), and the 10-Ala polypeptide chain (b-3). PPII
helix with n = —3 and d = 3.1 A is a left-handed narrow and extended helix, the most extended helical structure occurring
in proteins, and only slightly less extended than the -structure. For a-helix, n = +3.6 and d = 1.5 A; thus, PPII helix covers
twice its length per residue. It does not form any regular pattern of local intra- or interchain hydrogen bonds. The CA-trace
projection along the helical axis shows the PPII characteristic shape of a triangular prism (b-1). (c) Idealized models of the
single-residue structure switches involving PPII helices observed in proteins' and shown as the CA-trace perspective
projection. The PPIll—a-helix motif is formed by the PPIl - a-R switch involving a single PPII boundary residue, where the ¢
torsional angle remains in the PPIl conformation, while the g angle shifts to the a-R conformation, changing the chain
chirality and resulting in a sharp turn (bottom). Similar structure switches PPIl - 3 and  — PPII produce less pronounced
bends in the PPII-B-strand and B-strand—PPIl structural motifs (middle and top). [Graphical abstract, section “9, y plot” is
Copyright © 1987 Elsevier. Adzhubei, A.A., et al. (1987). Biochem. Biophys. Res. Commun. 146, 934—938. Reproduced
with permission of Elsevier.]
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Fig. 2. CD spectra characteristic of the PPII. (a) The CD spectrum of the rat tendon collagen: A, native form; B, heat
denatured; and C, heat denatured and cooled. Adapted from the classic work by Tiffany and Krimm.3' [Copyright © 1972 John
Wiley & Sons, Inc. Tiffany, M.L. & Krimm, S. (1972). Biopolymers 11, 2309—2316. This material is reproduced with permission
of John Wiley & Sons, Inc.] (b) The spectrum of the charged PGA at pH 7 as a function of temperature changes with
temperature increase from 5° to 55 °C. (Tiffany and Krimm®'). (c) Changes in the conformation of the seven-alanine XAO
peptide with temperature showing a similar pattern to (b). Temperature range from 1 to 55 °C corresponds to the CD spectra
from bottom to top. Adapted from Shi et al.>° [Copyright © 2002, National Academy of Sciences, USA. Shi, Z., et al. (2002).
Proc. Natl. Acad. Sci. USA 99, 9190-9195. Reproduced with permission of National Academy of Sciences, USA.] NMR data
from the same study suggest PPIlI predominant at low temperature with an increase of the B-conformation at higher
temperature. (d, e) Deconvoluted CD spectra characteristic of different classes of secondary structure in proteins, adapted from
Sreerama and Woody.2® [Copyright © 1994 American Chemical Society. Sreerama, N. & Woody, R.W. (1994). Biochemistry
33, 10022-10025. Reproduced with permission of American Chemical Society.] (d) 1, a-helix; 2, B-sheet; 3, turns. (e) 4, PPII

including single residues; 4a, PPII helices of two and more residues; 5 and 5a, corresponding unordered segments.

achieved by heating and subsequently cooling PGA
in a 4.5-M solution of LiClO,4. In this case, the CD
spectrum looks like a broad, weak negative band
around 200 nm (+10 nm).3* The classic model of the
random-coil polypeptide chain, which has been and
sometimes still is considered to describe the confor-
mation of unfolded peptides and proteins, implies
that amino acid residues are distributed randomly in
the sterically allowed regions of the Ramachandran
plot (reviewed by Schweitzer-Stenner°). However,
the work of Tiffany and Krimm indicated that the
conformation of the analyzed polypeptides was not
an unstructured polypeptide chain and that the
conformational state termed “random coil” in fact
retains a degree of local order similar to the PPII

conformation albeit with small differences in the CD
spectra. Tiffany and Krimm suggested that the
balance of electrostatic and steric interactions of
charged side chains favors formation of the extended
helix (PPIl) conformation in polbypeptides in water
with its high dielectric constant.®

The presence of PPIl in the conformational state
that traditionally had been considered random coil
was further supported by the work of Drake et al. In
their analysis of temperature-dependent conforma-
tional states of PL using CD spectra, low temperature
favored the formation of PPII.®” This conclusion was
corroborated on poly-L-proline, PGA, and PL of
various lengths by analysis and comparisons of
VCD and electronic CD spectra at different salt
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concentrations, temperature, and pH.3® Although
this interpretation was not immediately accepted, it
was later largely verified by numerous studies
(reviewed by Woody?%).

PPII structure in model peptides

Short peptides provide a different model of
polypeptide chain conformational properties com-
pared with the longer polypeptides, such as the
charged, unfolded PL and PGA. In particular, short
peptides dominated by Ala represent a system
closely resembling polypeptide backbone without
long-range interactions because of its size and the
nature of side chains. Ala-based peptides are also
important as an established model for helix—coil
transition and random coil. Short peptides can
better sample the allowed conformational space
and thus provide insight on the random-coil-like
conformations in unfolded proteins. End effects,
however, can considerably alter their conforma-
tional distribution. 394°

A substantial body of spectroscopic and theoret-
ical calculations data on the PPII, mostly in unfolded
peptides and proteins, has been accumulated by the
beginning of 1990s, and several detailed analyses of
these data were published, starting with the review
by Woody.?* In their 2002 review, Shi et al. focused
on the evidence of the PPIl dominance in short
peptides based on the computer simulations results
and experimental data obtained using NMR and
other major spectroscopic methods, which emerged
as a powerful tool to study polypeptide chain in
solution, in particular CD, infrared (IR) vibrational
spectroscopy, and VCD.?° The authors concluded
that, at certain conditions, such peptides adopt a
distinctive structure, the PPII, contrary to the
previously suggested classic random-coil model.

The reviews by Rath et al.?' and the Kallenbach
group (Shi et al.*") centered on the role of PPII in
unordered proteins; they also considered it as a
predominant conformation of a number of model
peptides, including short peptides with the sequence
not containing Ala and Pro. Other represented
conformational states in such peptides are B-strand,
B-turn, and unordered. The review by Shi et al. and
other publications***® suggest that the PPII confor-
mation displays weakly cooperative to non-cooper-
ative behavior, in agreement with its non-
cooperative nature proposed by Makarov et al.?>**

In a particularly important work by Shi et al., PPII
was identified in the XAO peptide containing seven
Ala residues and commonly used as a model of
unordered state, using NMR and CD*° (Fig. 2). The
NMR data showed that the conformational distribu-
tion at 2 °C consisted predominantly of PPIl and up
to 10% B-strand. This distribution remained mostly
unchanged after a temperature shift to 55 °C with
only 10% increase of the B-strand content. Both

NMR and CD indicated thermal transition between
conformational states. Further support for the PPII
conformation of Ala peptides in aqueous solution
was provided by the ROA spectra analysis of the
seven-alanine peptide.?®

A contrasting view was offered in the work by
Scheraga's group on a CD and NMR analysis,
combined with theoretical calculations of the XAO
peptide.*>*® Makowska et al. stated that the radius
of gyration observed for XAO was too small to
represent the PPII structure and concluded that the
level of PPIl was previously overestimated and it
actually represented one of the local conformational
states but not a dominant conformation in XAO and
unfolded proteins.

In their discussion of the CD spectra observed by
Scheraga's group, Shi et al.*' remarked that an
alternative interpretation of these data is possible,
pointing to the PPII as the dominant conformation in
XAO, and that NMR data alone cannot be used for
the final structural assignment. They also argued
that spectroscopic and modeling data consistently
support the assignment of predominantly PPII
conformation in Ala short peptides, a view supported
by Barron's group simulations of the observed ROA
spectrum of XAO and other ROA data.*’

In fact, these views are complementary in a certain
way. The excitonic coupling modeling of Fourier
transform infrared (FTIR) spectroscopy, VCD, and
isotropic and anisotropic Raman spectra of XAO
showed the presence of an ensemble of conforma-
tions, including turn andAB-strand, whereas PPIl was
dominant at about 50%.“® It has also been proposed
on the basis of small-angle X-ray scattering and
molecular dynamics (MD) simulations that XAO has
a flexible structure in which each residue is repre-
sented by a set of conformations fluctuating around,
but rarely adopting the ideal PPIl conformation.*
Zhu et al. suggested that if such flexible conformation
indeed exists for XAQ, the uncharacteristically small
radius of gyration can be explained by the above
findings, while the torsion angles averaging leads to
the assignment of standard PPII.*” This model can
be suggested as generally well describing the PPII
helix in peptides and proteins—a flexible structure
not restricted by regular pattern of hydrogen bonds
and capable of fast conformational changes within
the PPIl ¢, w boundaries.

Recently, Graf et al. performed a combined MD
and NMR study on the Ala and Val homopeptides of
different length, corroborating previous results on the
PPIl as predominant conformation of Ala peptides.°
The validity of their approach was verified by
Schweitzer-Stenner, who reproduced the set of J-
coupling constants used in this work.®’ The Ala
tripeptide was shown by Graf et al. to have up to 90%
fraction of PPII, 10% of B-strand, and no a-helix, and
the Val tripeptide had significant fractions of PPII, 8-,
and a-helix conformations. No marked changes in
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the conformation were detected for Ala peptides with
the increase of length up to 7 residues. In the
synthetic 9- and 19-residue peptides corresponding
to the N-terminal part of lysozyme sequence contain-
ing central Ala tripeptide, no changes in the Ala
tripeptide conformational distribution were observed
in the shorter peptide; however, in the 19-residue
peptide, it displayed 30-40% of the a-helix confor-
mation. Thus, chain length and sequence context
substantially influenced the conformation of the
central Ala tripeptide.

The interplay between PPII, a-helix, and peptide
length is manifested clearer in longer peptides that
can undergo transition from a folded to an unfolded
state. ROA observations showed that the increase
of temperature from 0°C to 30 °C induced a
transition of the alanine-rich 21-residue peptide
AK21 from an a-helical conformation to an unfolded,
possibly PPII, conformation.? In agreement with
these results, Asher et al. used UV Raman
spectroscopy to find that the non-a-helical confor-
mations of Ala peptides, including short peptides
and a 21-Ala-based peptide, were predominantly
PPII, without any evidence for random coil.®® The
UV Raman spectra of the XAO peptide were largely
the same as the spectra of Ala and Ala-based
peptides of various lengths and displayed essen-
tially similar temperature dependencies. The 21-Ala-
based peptide underwent thermal melting from the
mainly a-helical conformation at 0 °C to mainly PPII
helix at above room temperature, notably without the
significant presence of intermediate forms.

The pattern observed in other peptides is less
clear. Conformational distributions of Ala and Val
tripeptides showed that PPIl was the dominant
conformation of Ala at a higher level than previously
reported and that Val was mostly in the B-strand
conformation combined with PPIl and a-helix
fractions.®" CD, NMR, and MD analyses of 400
blocked dipeptides, representing combinations of
amino acids with high occurrence in unfolded pro-
teins, showed that PPIl and 3-strand were preferable
conformations, which did not strongly depend on the
side chains.>*

Host—guest studies of the PPII propensities on the
Gly-based short peptides, while confirming PPII
prevalence for Ala, showed conformations of the
majority of other residues distributed at comparable
levels between PPIl and B-strand®>°® with these two
conformational regions substantially overlapping.®®
They also indicated the absence of significant a-
helical fraction. Further results of the host—guest Gly-
based peptide studies showed that PPIl propensities
were sequence dependent and affected by pH and
by the presence of charged end groups.“°

The Lys and Glu peptides are of special interest
since their conformational preferences can be
compared to that of the PGA and PL. Thus, Lys
was reported to adopt the PPIlI conformation in a

heptapeptide.®” Lys, Glu, and Asp tripeptides were
shown to adopt predominantly PPIl conformation at
room temperature.®® However, in a subsequent
study of the H-(AAKA)-OH peptide, Lys was reported
to show equal sampling of PPIl, B, and helical
conformations, attributed to the nearest-neighbor
effect and the context-dependent nature of the
PPII.>®

Overall, on the strength of spectroscopic studies,
PPIl emerges as the prevalent conformation in
unfolded Ala-based peptides in aqueous solution,
and PPIl and B-strand emerge as preferable
conformations in other short peptides. These find-
ings also suggest that PPII plays an important role in
the transition between a-helix and unfolded state.
Model peptide studies show that PPIl is not the only
local structure in unfolded peptides but that it is a
predominant one—a conclusion largely supported
and complemented by the studies of unfolded
proteins.

The role of water in stabilization of the PPII helix

The geometry of PPII leads to exposed backbone
carbonyl and amide groups, which extend into the
solvent, unless they are occluded by bulky side
chains. Since the PPIl structure does not have
intrachain hydrogen bonds, there were hypotheses
assuming that it could be stabilized by water'¢:6%:6
by forming a regular network of hydrogen bonds with
water molecules.’ CD and IR spectroscopy of small
peptide hormones ACTH and B-LPH, B-endorphin,
and C-terminal fragments of histones H1 and H5
showed preference for the PPII structure in aqueous
solution.'2°

Numerous results point to the importance of
hydration for the PPII structure. Work from the
Creamer group showed that a short seven-residue
lysine peptide has the PPII conformation at the
virtually uncharged state, which suggests that not
only electrostatic forces but also interaction with
solvent can be a stabilizing factor.®” Host-guest
studies of the PPII helix suggested that propensities
to form PPII by apolar residues are partly defined by
interactions of their side chains with solvent. 662

The analysis of liquid crystal NMR data indicates
that, in water solution, the PPII conformation of the Ala
dipeptide is dominant,®® forming two “double-water”
bridges. Calculations of the effect of hydration on the
alanine dipeptide N-acetyl-L-alanine N-methylamide
yielded two conformations with equal energy minima
stabilized by water, PPIl, and the a-helix, where H-
bonds with water were formed by both structures,
while comparison of the simulation to experimental
vibrational absorption, Raman, and VCD spectra
showed that the simulated PPII spectra best fitted
the experimental data.®* The B-extended and a-helix
conformations were found to have comparable free-
energy minima in the MD simulations of the Ala
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dipeptide in solution.®® This was further confirmed by
later results obtained for Ala dipeptides in aqueous
solution by Monte-Carlo-based computational analy-
sis of ROA and Raman data. PPIlI and a-helix were
found to be the predominant conformations with
explicit interactions with solvent playing an essential
role.®® MD simulations of the Ala oligopeptide (Ala)g
show that the PPIl conformation in water is approx-
imately two times more populated compared to the 3-
structure due to the one-molecule water bridges that
favor PPII.®’

The role of water bridges in stabilizing the PPII
structure has been recently challenged by the
analysis of a large data set of high-resolution crystal
structures and MD simulations data.®” The authors
concluded that water bridges are found less fre-
quently around PPII and that they do not provide
favorable conditions for this conformation. Solvation
free energy and Monte Carlo computations of 12-
residue-long polyalanine showed favorable solvation
free energy for PPIl compared to other conforma-
tions with no water bridges formed by the PPII.®®

An alternative view gives preference to steric
forces in the stabilization of PPII in solution. Results
of minimization of chain packing density associated
with the increase in solvation in unfolded state, as
well as calculations of the accessible surface area,
might provide another explanation why the PPII
conformation is preferable under such conditions
based on steric forces alone.®®"° Similar logic was
applied in the work on Monte Carlo simulations of the
hydrated Ala dipeptide.”’ The results indicated that
direct water—peptide interactions could not explain
the observed preference for PPII, which was deter-
mined rather by minimizing steric conflicts within the
peptide. Stereoelectronic effects can serve as
another important factor of PPII stabilization. ”?

In their review of existing experimental and
computer modeling data on PPIl, Creamer and
Campbell concluded that the major factor determin-
ing the PPIl conformational propensities of amino
acid residues is backbone solvation, followed by
steric interactions and, to a lesser extent, side-
chain—backbone hydrogen bonds, with conforma-
tional entropy not playing a major role.”®

Results identifying PPIl as a predominant confor-
mation of Ala-based peptides, a system that models
protein backbone, strongly suggest that PPII repre-
sents one of the basic structures of polypeptide
chain. Spectroscopic studies of short peptides
provide a wealth of data on the PPII helix, including
propensity to form PPIlI depending on the length of
polypeptide chain and amino acid composition,
impact of end and near-neighbor effects, conforma-
tional transitions involving PPIl, and non-cooperative
character of this structure. These studies also
produced results that allow the assessment of the
nature of forces stabilizing PPII. Host—guest peptide
studies provide data on the amino acid propensities

to form the PPII structure, which will be discussed
later in this review. Results of the spectroscopic
studies of model peptides can be utilized in the
analysis of structure of the unfolded polypeptides and
proteins.

Denatured and natively unfolded proteins

Based on the work of the Creamer group on
residue propensities to adopt a-helical and PPII
structures, Creamer and Campbell suggested that
residues in unfolded proteins are distributed almost
exclusively between the a-helical and PPII confor-
mational regions.”® After analyzing spectroscopic
data, Shi et al. interpreted them as pointing to the
ability of the PPIl helix to maintain local order in
largely unfolded proteins and peptides, with the
fraction of the PPIl depending on the denaturing
agents and temperature and specifically stabilized by
urea at low temperatures.*' In particular, Creamer's
group used CD to demonstrate that urea promoted
formation of the PPII structure in short peptides and
denatured proteins.”* Solid-state NMR analysis of
the villin headpiece subdomain (HP35) in folded,
partially denatured, and fully denatured (by guanidine
hydrochloride) states showed that in the process of
unfolding of the polypeptide chain, conformation
shifts from the a-helical to PPIl and in the fully
denatured state adopts a combination of partially
extended and PPII conformations. ">

Just as in conflicting interpretations of the structure
of the XAO peptide, the results showing the
presence of local structure in denatured proteins
seemed to be at variance with the work showing that
the radii of gyration of the chemically denatured
proteins correspond to the random-coil state.”®
However, analysis of the ensembles generated
using Monte Carlo computations from known protein
structures, by artificially simulating random confor-
mations of only about 8% of residues with the rest of
the chain remaining in ordered conformation,
showed that such systems also conformed to the
expected random-coil end-to-end distances and radii
of gyration.”” Thus, unfolded polypeptides and
proteins, while conforming to the random-coil scal-
ing, can retain a high degree of local structure.”®"°

Unstructured, natively unfolded, or intrinsically
disordered proteins (IDPs) and domains are increas-
ingly recognized as widelg spread, functional, and
structurally conserved.'®8%8" They display varying
degrees of disorder, from folded proteins with local
disorder to unstructured ones. The formal trinity
classification of “folded—molten globule—unstruc-
tured” proteins can also be supplemented with the
“pre-molten globule”.®" Though the content of
secondary structure in unfolded regions and proteins
varies, there are different opinions as to whether, ina
highly disordered state, they can possess some local
secondary structure '° or its presence is minimal.®’
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Evidence has been accumulating that natively
unfolded proteins possess various degrees of local
secondary structure and that the presence of the
PPII in such Eroteins as a flexible structure can be
significant.*”-%2

Optical spectroscopy*”®? and NMR®® are the
prevailing techniques used to characterize unfolded
structures. Observations made on unstructured
proteins using spectroscopy provide evidence of
high PPII structural content and underpin the
conclusion that it forms a substantial part of such
molecules. A multivariate mapping analysis of a
large data set of ROA spectra of natively unfolded
and denatured, as well as folded, proteins accom-
panied by ab initio simulations of the Raman and
ROA spectra of alanine oligopeptides showed high
content of PPIl in natively unfolded structures,
confirming that the PPII conformation plays a
significant structural role in natively unfolded pro-
teins and disordered peptides.*’ In comparison with
the natively unfolded proteins, denatured proteins
were found by this analysis to contain less PPIl and
more a-helical or B-structures. Thus, spectroscopic
data suggest that PPII not only is a non-native
structure found in denatured proteins and peptides
but also constitutes a local structure of the natively
unfolded proteins.

PPIl is a structure adopted in a wide variety of
unfolded proteins divergent both structurally and
functionally. For example, ROA spectra analysis
showed that PPIl is an important conformational
element in the natively unfolded milk casein pro-
teins and the Bowman-Birk inhibitor, described
as supporting the “static” type of disorder.®84
In another work, natively unfolded wheat protein
w-gliadin and the T-A-1 peptide from the Dx5
subunit of high-molecular-weight glutenin were
found by ROA to contain high proportions of PPII,
while more structured A-gliadin contained less
PPII.8% One of the tooth enamel amelogenins, the
recombinant porcine rP172, exists as an unfolded
protein but has been shown by CD and NMR to
possess local PPII, extended B-strand, a-helix, and
turn/loop structures.®® B-Strand, turn/loop, and PPII
were found by CD spectroscopy in the intrinsically
disordered chaperone-like protein LjiDP1 from the
model legume Lotus japonicus.®” CD spectroscop-
ic analysis of the natively unfolded protein human
securin also showed a degree of PPII structure.®®
Spectroscopic analysis of the spider dragline silk
proteins before spinning revealed unordered pro-
teins with high content of PPIl structure and
several a-helical segments.®®

A separate category includes proline-rich un-
structured proteins, since high proline content
shifts structural bias towards the PPIl helix.
Comparison of the bias of amino acid composition
of IDPs®°® and PPIl amino acid preferences
shows that they partially overlap and that the same

residues can favor both “disorder” and PPII. FTIR
spectroscopy of the acidic salivary protein PRP1
(proline-rich protein 1) characterized by unique
amino acid composition with high content of
proline (27.5%), glutamine (22.8%), and glycine
(20.8%) in its mostly unstructured state showed
large regions of PPII helix alternating with unstruc-
tured random coil as well as a small fraction of {3-
sheet.®* The proline-rich calcium-binding protein
RVCaB found in radish vacuoles differs by amino
acid sequence from other calcium-binding proteins.
It has a high content of Glu, Val, Lys, and Pro and
no aromatic amino acid residues. CD spectroscopy
showed that RVCaB has about 25% of PPII helix
with the rest of the protein remaining unstructured,
and differential scanning calorimetry showed no
highly cooperative folding transitions.®® Unstruc-
tured human salivary PRP IB-5 has been shown
by CD and NMR to contain PPII helices, with the
PPIl elements probably involved in protein—tannin
binding.%®

The presence of PPIlI as a significant or even
dominant local structure in the unfolded peptides
and proteins has been identified over the last
20 years by spectroscopic and other experimental
techniques as well as theoretical computations. This
remarkable fact has implications for our understand-
ing of unfolded proteins and protein folding, as well
as for the random-coil model.””-78:97

PPII Helices in Folded Proteins

Coil libraries and structure surveys

Spectroscopic methods provided important infor-
mation on the PPII helices as a conformation of
polypeptide chain in unfolded systems. ldentification
of the PPIl by CD spectroscopy has been extended
to folded proteins®482°8 (Fig. 2). However, only
analyses of high-resolution experimental crystallo-
graphic structures allowed to assign PPII helices in
proteins and conclusively identify PPIl helix as a
distinct class of protein regular structure. Results of
protein structure surveys unquestionably estab-
lished PPIl among the other major regular struc-
tures—a-helix and B-sheet.

Early report of the presence of isolated PPII
helices in folded proteins can be traced to the work
of Soman and Ramakrishnan.® Initially, Adzhubei
et al. carried out an analysis of 68 PDB structures in
order to identify amino acid residue conformations
that did not fall into the accepted major classes and
assess their frequencies. They found that PPIl was
the only such conformation occurring on a scale
comparable with the a-helix and -strand. A restrict-
ed library approach where 3-sheets were excluded
from the B (B) region of the Ramachandran plot was
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used in this work. The analysis showed that PPIl was
present as a conformation of single residues and as
a regular structure—the PPIl helix, with the PPII
conformation content comparable to the B-strand
conformation®° (Fig. 3). Insufficient number of high-
resolution structures in the PDB release used in this
work resulted in the data set that included structures
with resolution below 2.0 A, affecting the reliability of
the results. However, these results were subse-
quently corroborated in several analyses of coil
libraries®*'°° and structure surveys®” utilizing data
sets composed of high-resolution structures (Figs. 1
and 3). Results published by other groups also
showed the presence of PPII conformation, though it
was not explicitly described.'°":192

Jha et al. reported PPIl as the predominant
conformation in a large coil library composed of
2020 PDB chains with resolution better than 2.0 A
and with length over 20 residues® (Fig. 3). The PPII
preference expressed in modified Chou—Fasman
parameters (representing normalized percentage
fractions) varied from 42.3 (regular a- and B-
structures and turns removed) to 33.2 (regular o-
and B-structures removed) in the library subsets
compiled according to different criteria, including
subsets compiled using stringent selection rules.
Though the question of how to compile a better
balanced coil library is not yet settled, in the three
different libraries analyzed by Jha et al., PPIl was
either prevalent (two libraries) or present at the level
comparable with a-helical and B-strand conforma-

tions. Preference for PPIl was not directly linked to
solvation, as high levels of PPIl were observed even
for buried residues, but was affected by chemical
and structural properties of the nearest neighbors.
The former observation might be explained by the
fact that coil libraries do not adequately represent the
solvation patterns of unstructured proteins where
side chains and backbone are more exposed than in
folded proteins. This bias might result in different
patterns of forces that stabilize PPII in folded and
unfolded proteins.

Coil libraries' conformational preferences differ
from the model peptides in that there is a relatively
strong presence of helical conformations, which has
been attributed to the context effects.*® Though
estimates of the level of PPIl in coil libraries vary, '*®
it has been reported to correlate with PPII content in
unfolded peptides.>

Adzhubei and Sternberg used a data set of 80
PDB structures in a survey of PPII helices in folded
proteins and established that they constitute a
distinct class of regular, extended, left-handed
helices populating a compact cluster on the Rama-
chandran plot with the ¢, y torsional angle distribu-
tion maximum at —75°, 145°, and have the three-
residues-per-turn, 3-fold symmetry (n=-3)’
(Fig. 1). PPII helices were observed as predomi-
nantly short stretches of three to eight residues. At
least one PPII helix was found in nearly all of the
analyzed proteins, resulting in residue frequencies in
the PPII helices of 2% to 4% of the data set. PPII

Fig. 3. PPIl structure in restricted libraries. (a) PPII cluster identified in an early survey in which a restricted library was
constructed by removing B-sheet residues from the 8 region of the Ramachandran plot. This survey included 68 protein
chains from the PDB. The cluster is centered at ¢, y —65°, 140°. Adapted from Adzhubei et al.®® [Copyright © 1987 Taylor
& Francis. Adzhubei, A.A., et al. (1987). J. Biomol. Struct. Dyn. 5, 689-704. Reproduced with permission of Taylor &
Francis.] (b) Ramachandran plot of the restricted library with helices and sheets removed. The PPII cluster is centered at ¢,
W —75° 150°. The survey incorporated 2020 protein chains with sequence identity below 25% and resolution better than
2.0 A from the PDB. Adapted from Jha et al.® [Copyright © 2005 American Chemical Society. Jha, A.K., et al. (2005).
Biochemistry 44, 9691-9702. Reproduced with permission of American Chemical Society.] The distribution maxima in
both surveys lie within +£10°. The PPII cluster in (a) contained around 19% of the residues; that in (b) contained around
33%, the differences arising possibly due to discrepancies in the criteria defining the PPII bins and the PPII structure itself,

as well as the size of the data sets.
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helices are located mostly on protein surface forming
hydrogen bonds with water and retain a high degree
of conservation in protein structures.'®

A detailed survey of a large data set consisting of
3268 proteins from a database of structurally aligned

families revealed similar PPIl occurrence.” The ¢, y of
PPII helices and B-strands are positioned close in the
conformational space. A subset of structures with a
resolution threshold of 1.8 A was used in the survey to
reliably delineate the PPII helix and B-strand clusters,

74-ARDLSA-79

Fig. 4 (legend on page 2113)
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showing that they represent distinct structural classes,
with the isolated B-strand conformations partially
overlapping the PPII cluster. These findings were
confirmed both for the PPIl conformation of single
residues and for PPII helices on various data sets and
using different PPII definition criteria.>°1#26

()

An important outcome of the protein structure
surveys is that, in spite of the marked differences in
the analyzed data sets and PPII identification criteria,
they result in relatively small fluctuations of charac-
teristics of the PPII structures. This, in turn, confirms
that PPII is a secondary-structure class with stable

\
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Fig. 4 (legend on page 2113)
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conformational characteristics. The PPIl conforma-
tion, including but not limited to residues within the
PPIl helices, populates a distinct cluster with the
distribution maximum at ¢, y -65° 140° of the
Ramachandran plot and comprises 18—-19% of all
residues in the analyzed data sets®® (Fig. 3). If the
coil regions in folded proteins are considered, the PPII
content there is much higher, at the level comparable

(e)

Asp68
66-VSD-68
(f)

with the a-helical conformation. If only stretches of
PPII helices are included in the data set, the cluster
they occupy is very similar with the ¢, y maximum at
-75°, 145°" (Fig. 1a). Depending on the length
criterion, PPl helices encompass 2% (/ > 4 residues)
to 4% (I > 3 residues) of all amino acid residues.

In general, they are relatively short with the
shortest formed by three residues and the majority

<

24-GPAY-27

)
()]
4“

59-IPMPPN-64

& . 287-ILNHPL-202

>y |le287
=

Fig. 4 (legend on page 2113)
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formed by four to six residues, although longer PPII helix, and a three-residue PPIl helix has the same
helices are also present in proteins. >’ However, spatial length as a six-residue a-helix (Fig. 1).
the PPIl helix is an extended structure with the It has been shown that longer PPII helices occur re-

spatial length per residue twice the length of an a-  ferably in the exposed areas of folded proteins. '

~

(9)

139-GRPRA-143

55-NALN-58

3-KKKPLT-8

Fig. 4 (legend on next page)
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Calculations of the solvent-accessible area for Ala
polypeptides correctly predicted the non-proline
residue preferences for the PPIl over B-strand in
coil libraries.”® There is a positive correlation
between the measured PPII content and simulated
solvent-accessible surface.”®

PPIl helices were found to be stabilized by
predominantly non-local interactions. These interac-
tions include mostly main-chain hydrogen bonds with
water molecules, as well as side-chain—main-chain
hydrogen bonds.” Arginine forms most of such non-
local hydrogen bonds, while the number of non-local
and local hydrogen bonds is comparable for Ser and
Thr, with less hydrogen bonds formed by Glu, Gin, and
Asp. GIn forms side-chain—-main-chain hydrogen
bonds of the type i, i + 1 within the PPII helix.® Local
side-chain—main-chain interactions are relatively
rare.” This is generally in line with an earlier analysis
of local hydrogen bonds in PPII,”® although there are
discrepancies due to the differences in the definitions

different data sets and software used to assign
hydrogen bonds. Subsequent study supported the
results showing that conserved, buried residues
distant in sequence from the PPII helices form side-
chain hydrogen bonds to their main chain, resulting in
“truss-like” structures that support PPII, with Arg being
the most common residue, and that steric forces also
play a part in stabilizing PPII in folded proteins.'%*

PPIl amino acid propensities

Protein structure surveys and experimental studies
suggest that amino acid conformational propensities,
including the PPII propensities, exist at the level of
amino acid residues. '*'® Recent reviews by Schweit-
zer-Stenner and Elam et al. cover this area,®®1%®
allowing to examine here just a few relevant points.

PPII structure propensity scales were developed
using the data of surveys of crystallographic protein
structures deposited in the PDB including propensi-

of local hydrogen bonds and also possibly because of  ties derived from coil libraries’*>”'* and on the

Fig. 4. PPIl helices in proteins. (a) SH3 domains of the Cbl-interacting protein CIN85 bound to the signal transduction
protein ubiquitin ligase Cbl-b PPII helical peptide, formed by the proline—arginine-rich motif PXXXPR."'® The work reports
peptide-induced dimerization of SH3 domains, where the Cbl-b peptide binds two molecules of the SH3 in opposite
directions (class | and class Il orientations, SH3-I and SH3-Il in the figure), forming a heterotrimeric complex. This is
reported to be the only example of such complex where SH3 domains do not interact with each other (in contrast with the
SuperSH3 domain) and are linked solely by the PPII peptide. It is thought that CIN85 can serve as a binding platform for
several Cbls, and it has been demonstrated in the same work that such Cbl-induced binding of the two CIN85 SH3
domains occurs in vivo. Image created from PDB 2BZ8. (b) PPII helix in calcium-binding EF-hand protein a-parvalbumin
forms the linker connecting the CD and EF calcium-binding domains. The PPII helical linker 74-ARDLSA-79 (formed
without proline) supports the salt bridge Arg75—-Glu81. (Secondary structure and PPII helices were assigned in this study
using DSSP secondary-structure assignment''* and the Adzhubei and Sternberg’ criteria.) In the PPII helix, Ala74 and
Arg75 form conserved hydrogen bonds with water molecules.’'® A PPll-a-helix switch is formed by Ala79. Image created
from PDB 1RWY. (c) PPII helix forming the linker between two structural domains in the light chain of immunoglobulin IgG1
Kol. The seven-residue-long PPII helix contains two prolines and is stabilized by the interchain Ala113-Tyr142 HN-CO and
CO-NH hydrogen bonds creating a bend in the helix. The PPII-3-strand switch is formed by Thr116. Image created from
PDB 2FB4. (d) PPII helices in prion PrPC protein. Most of the N-terminal part of the folded domain, up to the a-helix H1,
adopts a conserved PPII structure, including the B1 strand. The PPII helix 127-GYM(L)GSA(M)SRPLI-139 (PPII-1) has
two distortions forming bends, at Leu130 deviating into the B-region of the Ramachandran plot, and Met134. The B2 strand
is flanked by the PPIl 160-QVY(Y)RPV-166 (PPII-2), in which Tyr163 deviates to the B-region, and the first three residues
have PPII conformations close to the boundary of the B-strand region® of the Ramachandran plot. Residues that deviate
into the B-region of the Ramachandran plot are marked yellow. There is also a PPII helical linker 196-ENFTE-200 (PPII-3)
between a-helices H2 and H3. Image created from the rabbit PrP PDB 3079. (e) Cytochrome C551 of the c-type from
Pseudomonas aeruginosa is a small electron transport protein structurally similar to the mammalian cytochrome c. The
protein contains one of the longest observed PPII helices, 59-IPMPPN(A)VSD-68 with a distortion at Ala65. The helix
includes one of the two heme-binding iron ligands, Met61,'2° and participates in covalent binding of the heme. PPll—a-helix
structure switches are formed by Tyr27 and Asp68. Image created from PDB 451C. (f) The PPIl helix in the
bacteriochlorophyll A protein from the photosynthetic bacterium Prosthecochloris aestuarii is functionally similar to the
helix in the cytochrome C551. The PPII helix 287-ILNHPL-292 incorporates the protein ligand His290 that binds one of
the seven bacteriochlorophyll A molecules via the magnesium atom.'®' The structure has a B-strand—PPll-a-helix
supersecondary motif, with structure switches at 11287 and Leu292 at the termini of the PPII helix. Image created from
PDB 3EOQJ. (g) Prokaryotic Hin recombinase complex with DNA recombination site. PPII helix 139-GRPRA-143 forms
the N-terminal arm, which binds with the minor groove. Specific binding is achieved by combined minor and major
groove binding, the latter by the helix—turn—helix motif.'??> Residues Gly139, Arg140, and Pro141 are conserved in DNA
invertases and are required for specific binding. Gly139 forms a van der Waals contact, and Arg140 and Arg142 form
hydrogen bonds with the DNA molecule.'?? Image created from PDB 1HCR. (h) Helix-turn—helix prokaryotic lambda
repressor—operator complex. PPII helix 4-KKPLT-8 forms the N-terminal arm that binds the DNA major groove together
with the helix-turn—helix motif. The N-terminal arm is essential for recognition specificity and affinity.'*® Residues at
positions 3, 4, and 5 play a key role in the repressor function. While Lys3 at the edge of the PPII helix interacts with
DNA, Lys4 side chain forms three hydrogen bonds with the DNA and protein, and Lys5 forms water-mediated hydrogen
bond with DNA."** PPll-a-helix switch is formed by Thr8. Image created from PDB 1LMB.
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basis of experimental studies of host—guest é)ep-
tides. In the Gly-based host—guest peptides, >>>° Gly
can be considered as a neutral host. Host—guest
studies utilizing the Pro-based peptides reflect a bias
towards PPIl as exists in PRRs. 6621 However,
Elam et al. developed a scale utilizing calorimetric
data for the binding of SH3—Sos PPII helical peptide,
where the peptide corresponding to Sos was used
as a Pro-based host, and reported that the host
context had no significant effect on the ranking of the
propensities. %"

All 20 amino acid residues occur in the PPII
structure but their propensities vary for the PPII
conformation (residues occurring in the PPII area of
the Ramachandran plot) and PPII helices of length
three and more residues. Comparisons of propensi-
ties for the PPII helices and single residues in the
PPIl ¢, w region of the Ramachandran plot showed
statistically significant difference between the two.'*
In other words, as stated by Stapley and Creamer,
the PPIl helices are not merely consecutively
positioned PPII residues.”

There is evidence showing dissimilarity between
the experimental Gly-based propensity scales and
the propensities obtained from restricted coil
libraries.®> A significant divergence has been ob-
served between the PPII helix propensities derived
from the protein structure survey data and the PPII
host—guest propensities. '3

Apart from hydration, tertiary interactions and
neighbor effects play an important role in stabilizing
PPII helices in the folded proteins.®”:'%* Therefore, it
can be assumed that propensities for single-residue
PPII conformation, PPII helices in folded proteins,
and unfolded peptides in solution will differ. The PPII
host—guest propensities would reflect mostly the
PPIl single-residue conformation rather than the
regular PPII helix. Indeed, when measured as
propensities of residue conformations restricted to
the relevant ¢, y region, experimental and statisti-
cally derived propensities of regular secondary
structures were reported to agree.'®® In a similar
approach, when stringent criteria were applied
restricting ¢, y angles to the narrow region of the
corresponding regular structure, the coil libraries'
propensities were reported to correlate with both the
regular secondary-structure and experimentally de-
rived propensities.® Such stringent definition, how-
ever, inevitably reflects a restricted subset of the
conformational class present in a coil library. This
highlights the problem of different definitions of
conformational classes in coil libraries.

PPII helices in folded proteins are affected by a
combination of factors such as context and neighbor
effects, side-chain—main-chain hydrogen bonds
within the PPII helix, and tertiary interactions and
solvation, which vary to a large extent. Averaging out
these factors results in the observed weak PPII
residue propensities shown in all surveys (with the

exception of Pro that has very strong PPII propen-
sity). One important factor that decreases the PPII
propensities of amino acid residues is that side-
chain rotamer preferences do not play a major role in
this structure.® As a result, relatively weak PPII
amino acid propensities within folded proteins in their
turn contribute to the observed lack of correlation
between the surveys and the data of host—guest
experimental scales.®'*7®

PPII structure prediction and assignment in
experimentally determined structures

Weaker PPII propensities compared to the a-
helical and B-structure secondary-structure classes
render PPII prediction difficult. As a rule, predictions
of the distribution of Ramachandran dihedral angles
¢, y do not explicitly include PPIl as a separate
structure class. One such approach to predict coil
residue distribution using neural network '°® however
implicitly included PPIl by assignment of structure
bins corresponding to this conformation. There have
been several attempts to expressly predict PPII
helices. Neural network''® and support vector
machine'"" predictions reached a relatively high
70-75% accuracy. Vlasov et al. developed a tetra-
peptide-based method and reported accuracy of
about 60%.'"? These results, however, are lower
than those achieved for other secondary-structure
classes.’'® As a rule, PPII helix is not included as a
separate structure class in prediction methods
because of a limited success of the PPII structure
prediction efforts. Though identified as important
structural elements in homology modeling,'® PPII
helices are only occasionally used in structure
modeling.

Many PPII helices remain unassigned even though
they are present in experimentally solved or modeled
structures. This limitation hinders our understanding
of protein structure and function mechanisms. The
current assignment rate of PPII helices in the PDB and
databases of modeled structures is very low because
PPII helix is not considered as a standard secondary-
structure class. Probably the most widely used
secondary-structure assignment program, DSSP, "4
employed for the PDB secondary-structure assign-
ment, does not define PPII helices; neither are they
included in the protein structure quality assessment
programs. Several secondary-structure assignment
methods that do include the PPII, such as
XTLSSTR'"® and SEGNO,"'"® produce somewhat
divergent results. A step towards the introduction of a
consensus PPII assignment has been taken in the
approach that defines PPII helices based on the
DSSP “coil” class. It is reported to provide the best
possible overlap with the other secondary-structure
assignment algorithms that include PPIL.""" Ideally,
the PPII helix should be incorporated in the standard
secondary-structure classes assignment, with the



Table 1. PPII helix major function

Function Structure

associated Protein and identification Reference to PDB

with PPII PPII structure description method PPII or PRR structure

Structural function

PPIl maintains PPII helix, PPIl conformation Natively unfolded proteins. cD Shi et al.*°Shi et al.*'
three-dimensional of individual residues PPIl is one of the predominant VCD Zhu et al.*’Bochicchio
structure in natively conformational states. ROA and Tamburro®?
unfolded proteins Provides local order, FTIR
and peptides. flexibility, facilitates NMR

chain hydration.

PPIl maintains PPII helix, PPII conformation Folded (globular) proteins. X-ray Adzhubei and Sternberg’
three-dimensional of individual residues PPIl is one of the major NMR Adzhubei and Sternber5g18
structure in folded regular structures. Siligardi and Drake'
proteins. Provides extended Stapley and Creamer®

flexible structural blocks, Bochicchio and Tamburro®?
conserved, mostly exposed. Cubellis et al.”Berisio et al.'*
Forms interdomain linker

regions, N- and C-terminal

regions, interactions sites.

Forms linkers between

other secondary-structure

segments based on

single-residue structure

switches, changing the

chain chirality.

PPII in interdomain PPII helix® 19G1 FAB, light chain X-ray Adzhubei and Sternberg'® PDB: 2FB4
linkers, structural (Pro+) (human). This study? PDB: 1FC1
domains. 2FB4:110-QPKANPT-116 19G1 FC fragment, PDB: 2FL5

1FC1: 338-KAKGQPREPQ-347 heavy chain (human). PDB: 3FzU
2FL5: 109-PKAAPS-114 19G-GAR (yellow antibody),
3FZU: 108L-RTVAAPS-114L light chain. IgG1 FAB,
3FZU: 118H-SASTKGP-124H light chain, heavy chain.
PPII helix forms whole or part of
interdomain linker.

PPIl in interdomain PPII helix? a-Parvalbumin (rat).PPII X-ray Adzhubei and Sternberg’ PDB: 3F45
linkers, functional (Pro—, conserved) forms linker between the This study PDB: 1RWY
domains. 1RWY: 74-ARDLSA-79 CD and EF Ca®* binding PDB: 3FS7

functional domains, contains
Arg75 forming a single
invariant salt bridge with Glu81.
B-parvalbumin

(avian thymic hormone, ATH)
(chicken).PPII forms linker
between functional domains.

(continued on next page)

XI[oH [ldd J0 uonoun pue ainjonss :Mairsy

Glle



Table 1 (continued)

Function Structure

associated Protein and identification Reference to PDB

with PPII PPII structure description method PPII or PRR structure

PPII forms structural PPII helix LRR proteins. Proteins with Matsushima et al.'®
motifs. short LLRs have PPII helices Park et al.'?®

as structural elements on
their convex side, PPII
also forms cysteine-
capping motif.

PPIl is involved in PPII helix, PPII Amelogenin. Tooth enamel NMR Delak et al.®®
protein self-assembly, conformation protein, PRP, IDP. CD Lakshminarayanan et al.'?”
elasticity. Lampirin. Extracellular matrix protein. Bochicchio and Tamburro®?

Elastin, titin, abductin. Bochicchio and Pepe'?®
Elastomeric proteins.

PPII participates in and

ensures protein self-assembly;

PPIl is a key structure in the

elasticity mechanism

of elastomeric proteins.

PPII participates in PPII helix Prion PrPC proteins, CD Syme et al.®* PDB: 1QLX
maintaining a-synuclein, tau protein, ROA Blanch et al.'?® PDB: 1QMO
three-dimensional Alzheimer extracellular X-ray Blanch et al.>? PDB: 1QM2
structure in the amyloid 8 peptide fragment 1-28. NMR This study PDB: 1AG2
proteins associated Proteins involved in conformational PDB: 1B10
with conformational disorders. PDB: 1TQB
diseases. High content of the PDB: 1TQC

PPIl is identified, PPII possibly PDB: 1CU4
participates in pathogenic PDB: 1UW3
conformational changes. PDB: 114M
PDB: 2W9E
PDB: 3079
PDB: 3HAK

Protein—protein interactions

PRDs binding to peptide PPII helix peptide ligands Src tyrosine kinases and other X-ray Yu et al."®
ligands that adopt PPII (Pro+) SH3-containing proteins. NMR Musacchio et al.'®!
helical structure. SH3 domain binding PPII helical Nguyen et al.'*?

protein ligands. Lim et al.'®®
WW domain. Freund et al.'*
WW domain binding PPII helical Carl et al.'®

protein ligands.

GYF domain.

GYF domain binding PPII helical
protein ligands.

EVH1 domain. EVH1 domain binding

PPII helical protein ligands.

UEV domain. UEV domain

binding PPII helical protein
ligands.

Binding to PPII helical ligands is
essential for PRD domain function.

Pornillos et al.'®®
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PRD profilin binding to PPII
helix peptide ligands.

PPII helix peptide ligands
binding SH3.

PPII helix peptide ligands
binding to enzyme.

PPII helix peptide ligands

binding phosphatase SH2.

PPII structure in serpin
reactive center loop.

PPII structure in peptide
epitope; antigene
binding to MHC class II.

PPII structure in peptide
epitope; antigene
binding to MHC class |.

PPII helix peptide ligands
(Pro+)

PPII helix peptide
ligands in PRR

PPII helix forms part (6 to 7 residues) of

the peptide ligand
(Pro-)

PPII helix peptide ligand
(Pro+)

PPII helix
(Pro+)

PPII helix antigen peptide
(Pro-)

PPII helix antigen peptide
(Pro+)

Profilin. Actin-binding regulatory
protein involved in

F-actin structure regulation.

Binding to PPII helical

ligand is essential for

profilin function including

profilin localization.

Synapsin-1 (human).
Vesicle-associated phosphoprotein.
PRR in the C-terminal region
domain D. Binds actin,

SH3 domain.

Dynamin-2

(human). Microtubule-associated
GTPase.PRR in the C-terminal
region. Binds SH3 domain.
cAMP-dependent protein kinase
(mouse, pig).

Binding of the inhibitor peptide
derived from naturally occurring
inhibitor protein, to the catalytic loop.
Tyrosine-protein phosphatase
non-receptor type 11
(Protein-tyrosine phosphatase SYP)
(mouse).

Binding of a PPII

helical peptide ligand to the
amino-terminal SH2 domain of Syp.
Serine proteinase inhibitor
a-1-antichymotrypsin

(human, mouse).

PPII helices form part of the reactive
center loop (RCL).

Major histocompatibility complex
(MHC) class Il. HLA-DR1.

Peptides in the PPII conformation
bind to MHC class II,

presenting the peptides

to T cells on the cell surface.

Major histocompatibility complex
(MHC) class I. HLA-B*1402 and
HLA-B*2709 in complex with

pCatA peptide.

Peptide antigens bound to MHCI have
different structure compared to MHCII.
However, the Pro+ catepsin-A
signal sequence peptide binds

in the PPII conformation.

X-ray

X-ray

X-ray

X-ray

X-ray

X-ray

Mahoney et al.'®”

McPherson et al.'3®
Onofti et al.'®®

Gout et al."*°
Siligardi and Drake'® PDB: 2CPK
This study PDB: 1CDK
PDB: 1FMO
PDB: 3FJQ
Siligardi and Drake'® PDB: 1AYA
This study PDB: 1AYC
This study PDB: 1QLP
PDB: 1YXA
Jardetzky et al.'*' PDB: 1SEB
This study PDB: 3BXN
PDB: 3BP7

(continued on next page)
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Table 1 (continued)

Function Structure
associated Protein and identification Reference to PDB
with PPII PPII structure description method PPIl or PRR structure
PPII structure in peptide PPII helix® antigen peptide Anti-prion FAB 3F4 in complex X-ray This study PDB: 1CU4
epitope. (Pro-) with its peptide epitope.
1CU4: P109-MKHMA-P113 PPII helix in the peptide epitope.
Epitope sequence corresponding
to residues 104—113 of the
Syrian hamster prion protein.
PPII helix binding to PPII helix XlePABP2. RNA-binding protein, X-ray Song et al.'*?
RRM motif. poly(A) binding. Kielkopf et al.'*®
U2AF. RNA-binding protein,
splicing factor.
RRM proteins. PPII helix binds RRM,
which acts as a protein binding motif.
Protein—non-protein group binding
PPII helix supports PPII helix? Cytochrome c551 X-ray Detlefsen et al.'®° PDB: 451C
protein ligand—heme (Pro+) (Pseudomonas aeruginosa, Adzhubei and Sternberg’ PDB: 351C
covalent binding. 451C: 59-IPMPPN-64 Achromobacter xylosoxidans). This study PDB: 2ZON
(Pro+, distorted) PPII helix contains protein
2Z0N: 59-KgaMPP-64 ligand Met, binding heme.
PPII helix supports PPII helix® Bacteriochlorophyll A X-ray Adzhubei and Sternberg’ PDB: 3EOJ
protein ligand— (Pro+) protein (Bchl protein) This study
Bchl binding. 3EOJ: 287-ILNHPL-292 (Prosthecochloris aestuarii).
PPII helix contains protein
ligand His binding
bacteriochlorophyll.
PPII helical regions PPII helix Proline-rich salivary human FTIR Williamson'”
are binding polyphenolic PPII conformation protein PRP1, basic salivary NMR Elangovan et al.*
compounds tannins. proline-rich protein Pascal et al.®®
4 (IB-5) and others. IDPs.
PRRs extend over most
of the sequence, PPII is the
probable structure of
plant tannins binding sites.
Protein—nucleic acid interactions
PPII helix forms PPII helix® Hin recombinase, X-ray Hicks and Hsu?® PDB: 1HCR
nucleic acid binding (Pro+) Antennapedia homeodomain. Vlasov et al.'** PDB: 1LMB
structural motifs. 1HCR: 139-GRPRA-143 DNA-binding proteins. This study PDB: 9ANT

1LMB: 4-KKPLT-8
(Pro-)
9ANT: 6-QTYTR-10

PPII helical motifs bind DNA
minor groove.

Lambda repressor protein.
DNA-binding protein.

PPII helical motif binds DNA
major groove.

Pro+, PPII helix contains proline; Pro—, PPII helix without proline.

@ Secondary structure and PPII assigned in this study using DSSP''* and the Adzhubei and Sternberg criteria.’
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next step being the introduction of the PPIl secondary
structure in PDB entries.

Functional role of PPII

The role of PPII helices is twofold: they participate
in maintaining the three-dimensional structure of
proteins and support specific biological molecular
functions. In folded proteins, PPIl helices form
flexible structural blocks immediately preceding a-
helices," in loops and interdomain linker regions,
and in the N- and C-terminal regions'’~'® (Fig. 4).
PPII flexibility has been suggested to be its major
feature underlying and ensuring its role in protein
structure and its function in protein interactions.®? A
representative list of major functions carried by the
PPII structure is given in Table 1.

Depending on the available data, function assign-
ment to a PPII helical region can be categorized as
either (1) direct (e.g., based on the localization of a
specific function to the PPII helix identified in the
experimentally solved structure), (2) indirect (e.g.,
based on spectroscopic data showing high content
of PPII in the structural entity responsible for the
function), or (3) inferred (e.g., when the function is
linked with a PRP or PRR where the PPII structure is
highly probable).

A unique feature of the PPIl is that a switch from the
PPII helix to other regular structures can occur at a
single residue and requires a shift of only one
dihedral angle, forming structural motifs PPIl-a-
helix, B-strand—PPIl, and PPII-3-strand observed in
the structures of folded proteins. ' Switching between
the left-handed PPII and right-handed a- and 3(10)-
helices occurs by shifting of dihedral angle wy,
resulting in the change of the chain chirality and
transition from the extended PPII to a-helical
conformation within one amino acid residue. The
PPII-B-strand switch requires a relatively small shift
of angle ¢ (Fig. 1). This fascinating feature of
structural plasticity of the PPII helices is reflected in
the way they are defined in several structure surveys
—the first and last dihedral angles of a PPII helix are
allowed to deviate from the PPII conformation."*”
The PPIl boundary residues acting as structure
switches are partially incorporated in the hydrogen-
bonding pattern of the adjacent structure.

The PPII helix thus acts as a flexible structured
linker between helices and B-strands, or following
after rigid B-strands, and entering the N-terminus of
a-helices and 3(10)-helices. However, the a-helix—
PPIl single-residue structure switches were not
found in proteins, and the a-helix—PPIl structural
motif always includes a short intervening linker. This
is due to the existing steric restrictions revealed by
the hard sphere repulsion modeling and the analysis
of X-ray structures.'*® These restrictions preclude
residues in B and PPII conformations from immedi-

ately following a stretch of a-helix formed by three or
more residues. PPIl helical interdomain linkers,
structure switches, and motifs observed in protein
structures are shown in Fig. 4.

Despite their generally flexible character, PPII
helices as admittedly a major local structure in the
natively unfolded proteins and peptides*”'%” provide
a degree of local structural rigidity. Assessment of
the IDP structure, using the calorimetric host—guest
PPII propensity scale, showed high PPII content in
these proteins.'®” This analysis indicated a wide
range of functions for the unfolded proteins with high
PPII content including exceptionally high propensity
for phosphorylation and showed that PPII regions
were linked with phosphorylation sites. PRRs mostly
also lack a high degree of order; large PRRs display
various degrees of unfolding."” Williamson analyzed
PRRs and gave a detailed assessment of their
function and relevant structural mechanisms.'” He
concluded that PRRs are often involved in protein
binding and sometimes play a structural role, but
their function remains unclear in many cases.

An important PPII structural function is its involve-
ment in elasticity and self-assembly processes. It was
shown by isothermal titration calorimetry and variable-
temperature CD that PPII participates in the self-
assembly of the natively unfolded extracellular enamel
matrix protein amelogenin.'?”-'*® Earlier results from
the Tamburro group showed that PPII helices are
highly represented in elastomeric proteins elastin, titin,
and abductin, as well as in the extracellular matrix
protein lampirin, and that they are responsible for the
self-assembly of elastin, lampirin, and possibly
abductin.®? PPIl helices interspersed by coil were
identified by CD and NMR in the titin PEVK module. '*’
It has been suggested that PPII can be responsible for
intermolecular interactions resulting in fibrillar supra-
molecular structures.®* In elastomeric proteins titin
and abductin formed by tandemly repeated se-
quences, as well as in elastin, PPIl structures are
partly responsible for entropic elasticity. >

Tropoelastin is a large multidomain protein with
the Gly-rich and Pro-rich hydrophobic domains and
the Lys-rich/Ala-rich and Lys-rich/Pro-rich cross-
linking domains. Covalently cross-linked tropoelas-
tin molecules form elastin. Tamburro et al. have
suggested that tropoelastin in water solution has
prevalent PPII structure in equilibrium with unor-
dered conformation, which shifts to the B-turn and
unordered conformation when conditions change,
for instance, in the less polar TFE.'*® The PPII
structure was reported for both the Gly-rich and Pro-
rich hydrophobic domains and the cross-linking Lys-
rich/Pro-rich domains.®®'® A model of elastin
elasticity has been proposed based on the confor-
mational dynamic equilibrium between the extended
PPII and B-strand conformations and the folded -
turn conformations, facilitated by the high PPII
content in elastin. '#®
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Protein interactions

Perhaps the major and best known functional role
of PPII structure is to mediate protein interactions via
the PPII helical linear peptide ligands and their
recognition domains. PPIl was identified as the
conformation of a wide range of protein ligands. '>%2
Proline-containing motifs are most abundant in
several proteomes.'*® Intrinsically disordered re-
gions are often found involved in molecular
recognition, '°° and PRRs as a part of such regions
accommodate many of the PPII helix ligands. Some
of them, however, are formed by shorter proline-rich
sequences (PRSs) or do not contain proline. The
majority, although not all, of specific molecular PPII-
mediated functions are based on the interactions
involving PPII helices, as shown in Table 1.

The role of the PPII helix as a basic protein binding
structural motif is the result of its extended structure
and preferred location on the surface in folded
proteins. The absence of fixed patterns of intra- or
interchain hydrogen bonds makes PPII helix more
flexible than a-helix or B-sheet, allowing conforma-
tional adjustments. The non-regular character of the
existing hydrogen bonds stabilizing PPII allows it to
form intermolecular ligand-receptor hydrogen
bonds'® and favors it as a conformation responsible
for protein—protein interactions.” Another feature of
the PPIl important for its role as a structural motif of
protein interactions is its tendency to form amphi-
pathic helices.®

Though proline is not strictly necessary for the
formation of PPII, its presence can provide additional
important advantages. It is well established that
protein—zprotein binding motifs are often enriched in
proline,?*'% and PRSs have high preference to
adopt the PPII conformation.'” An important distinct
feature of the PPIl is its ability to bind rapidly and
reversibly.'”"*" It has been suggested that the PPII
binding is favorable in terms of conformational
entropy® and supports low-affinity binding®® and
that the low-affinity binding combined with high
sequence specificity due to the presence of
proline®* makes proline-based PPII favorable in
dynamic complexes. It becomes essential in intra-
cellular signaling where such complexes are assem-
bled and disassembled as part of the signal
transduction process. %53 High-specificity and
low-affinity binding is generally a feature of the
intrinsically disordered regions, '°° which also pro-
vide a large available surface or platform for multiple
interactions. PPII represents a major conformation in
such regions; for example, SH3 binding motifs are
conserved in intrinsically disordered regions. '

PPII and proline-recognition domains

The PPIl helix was found in protein ligands
participating in major classes of interactions, such

as the Src tyrosine kinases SH3 domain—
ligand, '30:131.13%.155 tha MHCII-peptide epitopes, '°°
WW domains,'®? and profilin'*"—protein ligands.
Siligardi and Drake '® analyzed ligands modeled by
corresponding peptides. They have concluded that
for peptide ligands bound to their targets, there is a
preference for extended structures, including the
PPII. Their results indicated that the conformation of
peptides to a large extent depends on the environ-
ment, specifically that peptide ligands adopt the PPII
structure in the bound state. Dunker's group in their
publications also suggested that, upon binding,
some peptide ligands undergo transition from
intrinsically unordered to ordered structure, which
includes the PPIl conformation.2"'%° However, there
is evidence from calorimetric and modeling results
that SH3 ligands may have PPII conformation in both
unbound and bound state.’” The role of PPIl in
various protein interactions is outlined in Table 1.

Proline-rich ligands, including ligands with the PPII
helical structure, interact with proline-recognition
domains (PRDs). The role of PPIl as the conforma-
tion responsible for interactions with PRDs is well
known and widely studied to a large extent because
of the important role of PRDs in signaling. '°® SH3 is
one of the superfamily of such PRDs. It is one of the
most abundant protein recognition modules in
eukaryotes involved in a vast number of cellular
functions ranging from proliferation and differentia-
tion to cell death.’®'%2 PRDs that bind peptide
ligands in the PPII helical conformation include SH3,
the WW domain gtwo most abundant modules),
EVH1,13%163 GYF, 164185 YEV, %¢ and profilin. The
CAP-Gly domain has topological similarities with
SH3 and binds proline-rich ligands, though their
exact conformation is not known.'®® Consensus
recognition motifs differ for PRD families, but one of
their common features is the presence of one or
more prolines; PRDs also share the principal
characteristics of the three-dimensional interactions
with ligands. 128161

SH3 mediates protein—protein interactions by
binding short proline-rich ligand sequences, com-
monly the PXXP (XPXXP) PPII helical motif and
other proline-based®*'®” as well as non-proline
motifs. '®? (Reviewed by Kay et al.,?> Musacchio, '®®
and Rath et al.?") In Src and c-Abl tyrosine kinases,
intramolecular binding between the SH3 domain and
the PPII helix located in the SH2—kinase linker region
and the SH2 domain interaction with the C-terminal
phosphotg/rosine cause inactivation of the
enzyme.'® """ The release of these interactions
and binding to external ligands increase the kinase
activity. '”? SH3 interactions with the proteins contain-
ing PPII ligands together with the SH2 interactions
with specific proteins can serve as a mechanism of
activation, inactivation, and targeting of the Src and
other kinases to substrates and subcellular
compartments.'”®'7* The structural model for the
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common SH3-XPXXP recognition'®® and the mech-
anism of WW-ligand interaction proposed by Lim
et al."® specifically state that the ligand should
have the PPII structure. In an interesting example
(Fig. 4a), SH3 domains of the Cbl-interacting
protein CIN85 bind the signal transduction protein
ubiquitin ligase Cbl-b PPII helical peptide, formed
by the proline—arginine-rich motif PXXXPR.''®

WW domains are found in many signaling and
structural proteins including RNA-binding proteins.
They also act by mediating protein—protein interac-
tions. While the PPII helical binding motifs interacting
with WW domains are different from the PPIl motifs
interacting with SH3 and employ a different mech-
anism of ligand recognition, '*? the SH3 and WW
binding sites have structural similarit}/175 and display
elements of functional similarity. '3>'76

Profilins are small proteins interacting with three
types of ligands: the proline-rich PPII helical peptide
Iigands,13 actin monomers and actin-related pro-
teins, and Phos hatidylinositol lipids in the cell
membrane.'””~'"® PPII helix binding sites are
located in the N- and C-termini of profilins, and
PPIl binding is essential for the functioning of the
majority of profilins,'”®'8% allowing them to co-
localize with other partners. They are versatile
proteins conserved at the structural level and
implicated in actin assemblg/ dynamics and formation
of the actin cytoskeleton. '®° Profilins interact with a
number of mammalian proteins and are engaged in
the regulation of actin-based processes, membrane
trafficking, and nuclear transPort, but their exact role
has not been established. '

Proline-rich regions

Generally, PRRs can be classified into three
categories: non-repetitive PRRs that possess a
wide range of functions including SH3 binding,
short repetitive PRRs with structural and protein
binding functions, and longer tandemly repeated
PRRs, such as in salivary proteins, which are also
involved in binding.®>'” Protein ligands with PRSs
involved in protein—protein interactions and forming
PPIl helices can be classified according to their
counterpart PRDs, type of sequence motifs, and
structural mechanism of interaction.?%153:158

Some PRRs, usually shorter proline-rich PPII
motifs, are structurally well characterized, and the
mechanisms of their interaction with PRDs are
known.'®® Larger PRRs are often intrinsically
disordered '®%; for some, there is NMR and other
spectroscopic evidence of their forming PPII struc-
ture. In the absence of direct structural data, the
presence of PPIl and its functional role can only be
conjectured for PRSs on the basis of their amino acid
composition. As an example of such conjecture, a
PPII helical structure can be suggested for the novel
glycosylation motif responsible for a recently discov-

ered O-linked glycosylation system in bacteria.'®?
Mammalian O-linked glycosylation sites were shown
to be enriched in Pro, Thr, Ser, and Ala.'®® It has
been shown that O-linked glycosylation in bacteria is
associated with an alanine-, serine-, and proline-
rich, low-complexity region near the protein N-termini
and specifically with a sequence motif SAPA.'82
Such sequence should have a high PPII propensity.

Though PRRs are likely to contain PPII helices,
this cannot be arbitrarily extended to all functionally
important PRSs. Precise structure information on
PRRs is difficult to obtain as they are often missing
from the crystallographic data, and suggestion of the
PPII structure for specific functional sites based
solely on their sequence would be inevitably
tentative. In one such example where crystallo-
graphic structure is available, tandemly repeated
PRSs form the functionally important motifs of the C-
terminal domain of RNA polymerase Il. Though the
PPII helical structure is probable for such sequence,
the motif SPTS in the phosphorylated C-terminal
domain peptide, responsible for binding the protein
Pcf11 CID domain, was shown by crystallography to
adopt the B-turn structure. '®*

An important functional role of proline-rich motifs is
demonstrated by structural data for a number of
proteins. An unusually (eight-residue) long, non-
repetitive, proline-rich PPII helix has been identified
in the crystallographic structure of exonuclease
TREX1, a protein involved in the processing of
DNA ends. It has been suggested that the PPII helix
located on the protein surface acts as a binding motif
responsible for the interaction of TREX1 with SET
protein. '®°

Myelin basic protein is an unusual multifunctional
protein associated with myelin and involved in
maintaining myelin sheath and an array of complex
functions in the mammalian central nervous system.
It is mostly intrinsically disordered and has been
shown by spectroscopic methods to contain an SH3-
binding motif that adopts the PPII helical
structure. 186187 By binding proteins via their SH3
domains, myelin basic protein can connect these
proteins to the membrane and thus participate in
transmembrane signal transduction.'®® Another
IDP, the human salivary PRP IB-5, has been
shown by CD and NMR to contain PPII, with the
PPII helices likely to be involved in binding tannins—
a protection mechanism against food tannins.%®

It has been demonstrated that some proline-rich
PPII helical motifs can be associated with cellular
processes leading to cancer and involved in infectious
diseases.®® For instance, Cas is an adaptor protein
involved in the generation of certain cellular re-
sponses, including cell migration and integrin signal-
ing, and plays a role in oncogenic processes. '®? It has
been extensively characterized as a substrate of Src
family kinases. Cas has an Src binding sequence
near its C-terminus that contains a ligand for the SH3
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domain (RPLPSPP) followed by a motif that, when
phosphorylated, can interact with the SH2 domain.
The PPII helical segment of Cas is essential for its
function and its disruption leads to the loss of Src
binding, in turn, affecting Cas phosphorylation.'°
The importance of the PPIl segment for the function
of Cas has been further confirmed by mutation
studies. "9’

PPII helices have been shown to mediate protein—
protein host—pathogen interactions.’®® The PPII
structure is present in the HIV protein Nef, one of
the key proteins responsible for HIV infectivity, which
binds SH3 via a consensus binding PPIl motif
(PXXP)."®® This motif is highly conserved in the
HIV and SIV Nef.'*'95 Nef-SH3 binding is essen-
tial in the life cycle of the virus, 196 and the PPII motif
is a key determinant of the Nef ability to interact with
its partners.’®® HIV Gag and Ebola Vp40 matrix
proteins contain the PTAP peptide, binding the
human protein Tsg101 UEV domain as part of the
process necessary to facilitate virus budding. The
PTAP peptide structure is a PPII helix flanked by
extended conformation.'*® Binding to proline-rich
ligands was suggested to be a factor of allergenicity
of a major allergen, the birch pollen profilin, as the
IgE-reactive epitopes overlap its binding sites inter-
acting with proline-rich ligands. '®”

In Listeria monocytogenes, a major pathogen
responsible for food infections, ActA protein in-
teracts with the EVH1 domain of vasodilator-
stimulated phosphoprotein via its tandemly repeat-
ed PRS motif, which facilitates cytoskeleton actin
motility and is essential for bacteria virulence.®® It
has also been shown that a polyproline motif plays
a key role in the pathogenesis of the enteropatho-
genic Escherichia coli (EPEC), which causes
intestinal inflammation and severe diarrhea.'%®
The EPEC virulence factor Tir has a proline-rich
SH3 binding motif that interacts with the SH3
domains of the host Tec and Abl tyrosine kinases;
in addition, it has a phosphorylation site that
interacts with kinase SH2 domains. These interac-
tions lead to formation of the membrane pro-
trusions, which are essential for the progression of
the EPEC infection.'®°

PPII helices with and without proline

PPII helices that include prolines can be located in
proteins and regions with amino acid composition
not enriched in proline, where the term proline-
containing PPIl helices seems more appropriate. A
distinction should be made between proline-contain-
ing PPII helices and PPII within PRRs.

For some peptide ligands adopting the PPII
structure, for instance, T-cell peptide epitopes of
the MHC class Il, proline is not mandatory. Accord-
ingly, proline-containing PPIl can be designated as
Pro+, and PPIl without proline, as Pro—. Antigenic

peptides bound to MHC class Il invariably form PPII
helix.'41:196:200201 The PPI| helix in the cleft forms
hydrogen bonds between the peptide backbone and
protein side chains. ' In MHC class | molecules, the
peptide binding mechanism is different from the
MHC II, and the peptides generally bind in a different
conformation. Still, a Pro+ peptide ligand bound to
MHC | has the PPII helical structure (see Table 1).

In cytochrome C551, a Pro+ PPII helix contains
the methionine residue that binds the heme'2°
(Fig. 4e). Similarly, the Pro+ PPII helix in bacterio-
chlorophyll A protein contains one of the chlorophylI-
binding histidines (Fig. 4f). In fact, the PPII structure
is abundant in both bacteriochlorophyll A protein and
cytochrome C551, and the latter contains one of the
longest known PPII helices.

In some proteins, PPII helices form interdomain
linkers. '® For instance, Pro— PPII helix forms a linker
between functional calcium-binding domains in a-
parvalbumin (Fig. 4b). The conserved salt bridge
important for the structure stability?°? is supported by
this PPII helix, which includes residue Arg forming
the salt bridge. A Pro+ PPIl helix also connects
structural domains in the light chain of immunoglob-
ulin IgG1 Kol (Fig. 4c).

PPII helices form nucleic acid-binding structural
motifs. Some DNA-binding motifs reported earlier as
extended structures by Siligardi and Drake'® have
been assigned in this study as PPIl helices using
DSSP ' secondary-structure assignment and the
PPIl helix criteria of Adzhubei and Sternberg.’
These PPIl helices are located in the N-terminal
arms of the Hin recombinase (Pro+) and antenna-
pedia homeodomain (Pro-), both binding in the
minor groove of DNA, #2293 and the N-terminal arm
of the lambda repressor protein (Pro+), binding in
the major groove'?®>'?* (Table 1 and Fig. 4). A
survey of structures of nucleic acid-binding proteins
showed that PPII helices are often involved in protein
interactions with DNA and RNA, being commonly
located at the interaction sites and forming specific
and non-specific hydrogen bonds.?® These findings
are supported by the results of analysis of the
structures of protein linker regions interacting with
nucleic acids. '**

Functional domains of the poly(A)-binding protein
XlePABP2 form heterodimers, in which the N-
terminal PPII helix interacts with the RNA recognition
motif (RRM) of the protein and occludes it. Upon
binding of RNA, this interaction is abolished and the
PPII helix is released into the solvent.'*? Similarly,
the RNA-binding splicing factor U2AF forms hetero-
dimers, and such a dimerization occurs through the
interaction of an atypical RRM in the smaller domain
U2AF35 and PPII helix of the UA2F65 domain via
reciprocal tryptophan recognition resembling the
SH3-ligand Trp interaction. ™ In both proteins, the
RRM acts as a protein-binding motif interacting with
the PPII helix.
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Finally, PPII helices have an important structural
function in leucine-rich repeat (LRR) proteins.
Proteins with short LRRs have PPIlI helices as
structural elements on their convex side'?® repla-
cing the a-helix of longer LRRs, or a combination
of PPIl and other structures such as 3(10)-helix
and B-turn.?°* PPIl helices can form interlocking
structures, filling the openings on the LRR solenoid
convex side and thus protecting the hydrophobic
core of the concave side.?°* PPII helices were also
identified in the cysteine-capping motif, protecting
the hydrophobic core in small LRR proteins and
proteoglycans. '2¢

PPIl in proteins involved in conformational
disorders

Transmissible spongiform encephalopathies or
prion diseases are triggered, according to the
protein-only hypothesis bg/ structural changes in
the prion protein PrP.2%%2% The soluble cell surface
glycoprotein form of PrP, the PrPC, undergoes
dramatic structural changes, converting it into the
protease-resistant infectious protein PrPSc. PrPC is
a predominantly a-helical protein comprising a-
helices H1, H2, and H3, and two short B-strands
B1 and B2 forming a distorted (-sheet. Besides,
PrPC has an extended, partially unstructured N-
terminal domain, with four octapeptide repeats
PHGGGWGQ. The N-terminal domain contains
PPII helices interspersed with (P-turns as identified
by spectroscopic methods. '292°7:298 Recent studies
suggest that PrPSc is mostly formed by -structure,
which incorporates the N-terminus, with the a-
helices H2 and H3 linked by a disulfide bridge. The
structure adopts a parallel left-handed helical 3-fold.
Crystallographic studies of PrPSc are hampered by
its insolubility, and the information about its structure
is based on the combination of various data and
methods, including electron and atomic force mi-
croscopy, low-resolution diffraction of various amy-
loid fibrils, analysis of known protein structures and
structure modeling, and IR spectroscopy.2°7:2%9
Recently, a model of the prion HET-s protein amyloid
fibrils from fungus Podospora anserina has been
suggested on the basis of solid-state NMR data to be
a solenoid structure, in which the fibril core is formed
by in-register parallel B-sheets.?'%?"!

Although the N-terminal domain of prion proteins is
not explicitly required for the formation of infectious
amyloid form, its importance in the PrP function has
been gradually recognized. The findings of Gill et al.
suggest that the PPII structure is present in the
partially unstructured N-terminal domain of the prion
protein PrP from the Chinese hamster ovary cells
and brain cells of mice in vivo. It serves as a signal
for proline 4-hydroxylation, which is important for
regulating PrP activity and may occur in other prion
proteins.“®” In a number of works by the Barron

group, the PPII helix was identified as an interme-
diate structure in a critical conformational transition
in human lysozyme, a ubiquitous protein involved in
systemic amyloidoses. This transition from an a-
helix to a PPII helix precedes the formation of B-
sheet and leads to aggregation into B-fibrils.®® The
authors argue that the PPII structure forms the “static
type of disorder”,?® which can play a crucial role in
aggregation of human lysozyme into amyloid fibrils.
Such an aggregation can have a wider implication for
proteins undergoing similar amyloidogenic process-
es, such as prions, where PPII potentially can induce
fibrinogenesis. *?

Natively unfolded proteins have a prevailing PPII
structure, and it has been suggested that in natively
unfolded proteins, the amino acid composition
favoring PPIl can also ensure compensation
mechanisms Erotecting such proteins from
fibrinogenesis.*” Denatured reduced proteins such
as the truncated (94—233) sheep PrP, according to
spectroscopic data, have a lower content of PPII
but a high propensity to form B-strand.*” It can be
assumed that the presence of PPIl in proteins
related to conformational diseases will indicate their
healthy state, and evidence of conformational
transition of PPIl to B-structure would point to the
possibility of fibrinogenesis. ROA spectra indicate a
high content of the PPII in the natively unfolded
brain protein a-synuclein that in the misfolded state
forms fibrils associated with Parkinson's disease.
Similar data were obtained for the tau protein
located primarily in neurons in the central nervous
system, which in its pathological hyperphosphory-
lated state forms neurofibrillary tangles character-
istic for Alzheimer's disease.®*

Examination of the crystallographic and NMR
structures of the folded domain of several prion
PrPC proteins (using DSSP''* secondary-structure
assignment and the PPII helix criteria of Adzhubei
and Sternberg') performed in this study revealed
conserved PPIl helices forming most of the N-
terminal part of the structures, up to the a-helix H1.
The short two-residue strand B-1 located in the N-
terminal PPII region adopts PPII conformation and is
flanked on both sides by the PPII helices. The two-
residue strand B-2 is also followed by the PPII helix
(Fig. 4d). The occurrence of PPIl residues in B-
sheets is not unusual,® and in each of these strands,
one residue deviates towards the B-region of the
Ramachandran plot supporting the interchain B-
structure hydrogen bonds, and the other residue has
the PPII conformation.

This suggests that PPIl can have an important
functional role in the conformational transition to the
PrPSc structure. The N-terminal PPIl helix is
located immediately before and partially overlaps
with the putative aggregation initiation site sug-
gested for prions on the basis of analysis of
aggregation properties of peptides, corresponding
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to the sequence region 106—157 of the human prion
protein.?'? The second PPII helix lies in the region
that potentially can play the key role in conforma-
tional transition from PrPC to PrPSc.2'®*2'® This
PPIl helix borders the YYR motif identified as a
PrPSc-selective epitope.2'® PPII helix is close to the
B-strand in the conformational space, and the
conformational transition PPII-B-strand requires a
shift of only one torsional angle, ¢ (Fig. 1). Therefore,
comparatively minor conformational changes in the
PPII structure can trigger the formation of B-sheet.?*
It is possible that the normal PrPC structure is
maintained by the presence of the PPIl helical
structure. The relative positions of the PPII helices
in PrPC (Fig. 4d) show that if their conformation
shifts to B-strands, a structural rearrangement can
result in the formation of a long B-sheet, possibly
triggering conformational changes leading to the
PrPSc structure.

Conclusions

The left-handed PPII helix is a distinct structural
class that constitutes one of the three ubiquitous
regular secondary-structure classes in folded proteins—
right-handed helices, including a-helix and 3(7103-
helix, B-sheet, and the left-handed PPII helix. =371
The designation “PPII helix” is somewhat misleading,
since proline is not mandatory for this structure
(though it has the highest occurrence in these
structures among all amino acids), as up to 46% of
PPII helices in folded proteins contain no proline.”

PPII helices occur on a much lesser scale than the
a-helices and B-structure: depending on the length
criterion, they encompass 2% (four or more amino
acids in length) to 4% (three or more amino acids) of
all residues. This makes PPII helices the fourth most
abundant regular secondary structure in folded
proteins, following the a-helix, B-structure, and
3(10)-helix. The occurrence rate of shorter PPII
helices (three or more resides) is comparable with
that of the 3(10)-helices, which also mostly form
short one-turn helices. Other regular secondary
structures—the left-handed a-helix and -helix—
are rare.?'”?'® |n unfolded proteins and polypep-
tides, PPIl is identified by spectroscopic methods as
a predominant conformation supporting local order
in polypeptide chain, though a-helical and 3-confor-
mations are also present.=%:2"4

A striking feature of the PPII is that it is a well-
defined regular structure with repetitive torsional ¢, @
angles, and yet devoid of the regular patterns of
main-chain intrachain or interchain hydrogen bonds
that stabilize other regular structures such as a-
helices and B-structure. The main stabilizing factor
and hydrogen-bonding partner for the PPIl in many
cases is water. The absence of rigid hydrogen-
bonding patterns ensures another unique and

functionally important quality of the PPIl among
regular structures, its flexibility. Its extended confor-
mation and the absence of regular hydrogen bonds
make PPIlI an ideal structure for a wide range of
molecular interactions.

A characteristic feature of the major secondary-
structure classes is that they occur with high
frequencies both as distinctive clusters of conforma-
tions of individual residues and as regular or periodic
structures. PPIl differs from a-helix and B-sheet in
the way that its distribution frequency in folded
proteins is shifted towards the prevalence of PPII
conformation. PPIl helices and PPIl conformation
dominate coil regions of folded proteins,® which by
their conformational composition resemble unfolded
proteins.

PPIl helices are directly involved or mediate a wide
range of molecular functions including but not limited
to signaling, transcription, cell motility, immune re-
sponse, elasticity of elastomeric proteins, and possi-
bly conformational transitions in amyloid proteins.

PPII has a major structural role in both folded and
unfolded proteins. An important structural function of
PPII helices is to form flexible blocks in the folded
protein structure. '®82 PPIl supports numerous pro-
tein—protein and protein—nucleic acid interactions
where PPIl helices act as a peptide ligand or form
structural binding motifs.'®?%2% PPIl structures
represent possibly the most widely spread binding
motif in proteins. Some of the PPII functions are as
yet undiscovered, since there is no conclusive
information on the structure of many functionally
important PRRs where PPIl is likely to be the
predominant conformation, judging by the amino
acid composition of PRRs.

Unlike other secondary structures, most of the PPII
helices identified in proteins are linked to a specific
function. For some functions, participation of the PPII
structure has been inferred from location or amino
acid composition of the functional sites. Therefore,
while a-helices and B-sheets represent “building
blocks” of protein structure, PPIl helices can be
designated as “functional blocks” or a “functional
secondary structure”. Functionally important PPII
helices described in this review have not been
meant to represent an exhaustive list but rather to
show examples of their versatility. A detailed survey of
the functional role of PPII helices, covering all
available structural data in folded and unfolded
proteins, would be of great benefit for the understand-
ing of the protein structure—function relationship.

Prediction of the PPII structure is a difficult task
because of the elusive nature of amino acid
propensities to adopt this structure. PPIl amino
acid preferences calculated in a number of statistical
surveys consistently appear to be weak compared to
a-helix and B-structure, "' differ between surveys,
and can depend on the data set and criteria applied
to define PPII.™*
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PPII helices are conserved in protein structure and
can be useful in structure modeling and fold
recognition methods.”"'® Despite its common occur-
rence and functional importance, PPII helix remains
a ghost structural class in terms of formal classifica-
tion, at least in folded proteins, where it rarely
appears in secondary-structure annotations. In a
crucial omission, it remains outside of the PDB
standard secondary-structure classes. The reason
for this is the fact that PPII is not assigned by the
DSSP secondary-structure annotation.''* Its inclu-
sion in the DSSP and PDB secondary-structure
classes would solve this problem. Just as useful
would be the availability of structural data including
PPIl in the databases of unfolded proteins.?'%:22°
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