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ABSTRACT: Type II polyproline helices (PPII) are a
fundamental secondary structure of proteins, common in
globular and nonglobular regions and important in cellular
signaling. We developed a propensity scale for PPII using a
host−guest system with sequence Ac-GPPXPPGY-NH2, where
X represents any amino acid. We found that proline has the
highest PPII propensity, but most other amino acids display
significant PPII propensities. The PPII propensity of leucine
was the highest of all propensities of non-proline residues.
Alanine and residues with linear side chains displayed the next
highest PPII propensities. Three classes of residues displayed
lower PPII propensities: β-branched amino acids (Thr, Val,
and Ile), short amino acids with polar side chains (Asn, protonated Asp, Ser, Thr, and Cys), and aromatic amino acids (Phe, Tyr,
and Trp). tert-Leucine particularly disfavored PPII. The basis of the low PPII propensities of aromatic amino acids in this context
was significant cis−trans isomerism, with proline-rich peptides containing aromatic residues exhibiting 45−60% cis amide bonds,
due to Pro−cis-Pro−aromatic and aromatic−cis-Pro amide bonds.

The left-handed type II polyproline helix (PPII) is a
fundamental protein secondary structure that is widely

observed in globular proteins.1−3 Outside of globular regions of
proteins, PPII appears to be a dominant conformation used in
cellular signaling, with more than 400 human proteins
containing domains (e.g., SH3, WW, EVH1, and GYF) that
recognize protein targets bound as PPII.4 The cellular targets of
PPII-binding proteins include proline-rich domains, which are
among the most common domains in eukaryotes and are the
most common domain in Drosophila.5 Despite their ubiquitous
nature, proline-rich domains generally exist in the biologically
important, yet less structurally defined, nonglobular regions of
proteins (termed natively disordered regions).6−9 PPII has
been proposed as a major conformation in proline-rich domains
and, more generally, of nonglobular regions of proteins.10

The PPII conformation is also an important contributor to
the “random coil” state of unfolded proteins.11−13 Indeed,
recent studies have shown that even simple alanine peptides
display significant PPII populations.12,14−20 In addition to
natural systems, PPII helices have been incorporated as protein
design and protein spacer elements and served as the basis for
biomimetic oligomers.21−26 Polyproline helices comprised
entirely of proline residues are commonly employed as
molecular rulers, spacers, and display elements because of the
rigidity, defined geometry, and 3-fold symmetry of the all-
proline polyproline helix.27−37 Nomenclature notwithstanding,
non-proline residues are usually significant (or even exclusive)
constituents of structures in the PPII conformation. For

example, the FHA domain of Rad53 binds phosphopeptide
ligands in which six consecutive non-proline residues are bound
in a PPII conformation.14,38

Because of the importance of PPII in the unfolded state, in
natively disordered proteins, in globular proteins, in protein−
protein interactions, and in molecular design, there have been
multiple efforts to determine the propensities of amino acids for
PPII, within stable polyproline helices (or collagen triple
helices) or within fully disordered contexts.2,39−46 Our aim in
this study was to address a fundamental question of critical
importance to the structure of protein proline-rich domains:
which residues favor, and which residues disfavor, PPII within a
typical proline-rich context?

■ EXPERIMENTAL PROCEDURES
Peptide Synthesis. All peptides were synthesized on a

Rainin PS3 peptide synthesizer using Rink Amide resin
(NovaBiochem) and standard Fmoc/HBTU chemistry, acety-
lated (10% acetic anhydride in pyridine, 10 min), purified by
reverse phase high-performance liquid chromatography (Vydac
semipreparative C18 column) using a linear gradient of buffer A
(98% H2O/2% acetonitrile/0.06% TFA) and buffer B (20%
H2O/80% acetonitrile/0.05% TFA), and lyophilized. Purity was
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determined by the presence of a single peak upon re-injection
on either an analytical (Rainin Microsorb MV 100 Å) C18
reverse phase column or the column used for purification.
Peptides were characterized by matrix-assisted laser desorption
ionization or electrospray ionization mass spectrometry.
Characterization data are given in the Supporting Information.
All peptides were N-terminally acetylated and contained C-
terminal amides.
Circular Dichroism. Circular dichroism (CD) data were

collected at 25 °C in a 1 or 2 mm cell on an Aviv 400 CD
spectrometer. All data are the average of at least three
independent trials. Data were background-corrected but not
smoothed. Unless otherwise indicated, solution conditions were
150 μM peptide, 5 mM phosphate buffer (pH 7), and 25 mM
KF. Error bars on the data (Supporting Information) indicate
the standard error. Control experiments with X = Pro and X =
Leu peptides showed no dependence of CD on peptide
concentration in the range of 37−500 μM.
Free energies were approximated on the basis of a two-state

model with limiting values of 100% PPII = 5000 deg cm2

dmol−1, based on observed mean residue ellipticities for
extended stretches of polyproline, and 0% PPII in this context
= −2000, the mean residue ellipticity of the valine peptide at 90
°C. Circular dichroism data were converted to energies using a
two-state model and calculated via the equation ΔΔG = −RT
ln[([θ] − ΘU)/(ΘF − [θ])] + RT ln[(952 − ΘU)/(ΘF −
952)], where mean residue ellipticities of −2000 (ΘU) and
5000 (ΘF) represent the limiting values of 0 and 100% PPII in
this peptide context, respectively, and 952 is the mean residue
ellipticity of glycine (the reference amino acid). Although these
limits are estimates, changing their values does not affect the
ordering of residues and only moderately affects the relative
energies. Notably, these energy differences are similar to those
calculated by Kallenbach.46 Free energies were not calculated
for peptides with Phe, Tyr, or Trp because of the high
populations of the cis amide bond, which is incompatible with
PPII; the unknown aromatic contribution to CD;47−49 the
unknown contribution of the species with the cis amide bond
to the CD spectra; and the absence of two-state behavior
because of the presence of cis amide bonds.
Temperature-dependent circular dichroism data were

collected for the Ac-GPPPPPGY-NH2 peptide at 4, 10, 25,
37, 50, 70, and 90 °C. The solution contained 150 μM peptide,
5 mM phosphate buffer (pH 7), and 25 mM KF. The
experiments were conducted as a single trial with a single
peptide solution; thus, these data are internally consistent but
have greater error than the data used for the generation of the
propensity scale. Data were background-corrected and
smoothed. Temperature-dependent CD experiments in which
X was Pro, Leu, Gly, Ser, or Val revealed a comparable effect of
temperature on CD: all peptides had reduced [θ]228 and
increased λmax values with increased temperatures, displayed an
isodichroic point, and had a noncooperative thermal melt. The
relative ordering of these peptides (Pro > Leu > Gly > Ser >
Val) was independent of temperature.
Nuclear Magnetic Resonance (NMR) Spectroscopy.

NMR data were collected on a Brüker 400 or 600 MHz NMR
spectrometer. The solution contained 150 μM peptide, 5 mM
phosphate buffer (pH 4 for peptides other than Asp and Glu;
pH 2 and 6.8 for Asp and Glu), and 25 mM NaCl in a 90%
H2O/10% D2O mixture. One-dimensional (1D) spectra were
collected using watergate water suppression. Amide protons
were assigned via TOCSY spectra or by analogy. Coupling

constants were determined directly (at pH 4, except for Asp
and Glu) from 1D spectra. Populations of peptides with at least
one cis amide bond were estimated by the integration of amide
protons of the same residue (as determined by TOCSY
spectra) among the different species in the 1D spectra, with the
major species identified as the all-trans amide peptide and all
other species identified as containing at least one cis amide
bond. For the Trp-containing peptide, integaration was based
on the indole proton. These estimates are lower estimates, as all
peaks were not well-resolved, and minor cis-containing species
(which could not be assigned via TOCSY) might not be
included.

■ RESULTS
To improve our understanding of PPII in its disparate roles, we
chose a host−guest system to address the conformational
preferences of amino acids for PPII. Our peptide design
involves a variable residue in the context of a peptide with two
prolines each N-terminal and C-terminal (Ac-GPPXPPGY-
NH2). Previous studies have demonstrated that two prolines
are insufficient for stable polyproline helix formation, whereas
sequences of three or more consecutive prolines spontaneously
adopt PPII.50,51 Thus, within this context, if guest residue X
favors PPII formation, PPII is expected to be observed
throughout the central pentapeptide; if residue X disfavors
PPII, only modest PPII is expected to be observed from the
isolated diproline segments.
Peptides were synthesized with all canonical amino acids in

the guest (X) position. Peptides were analyzed by circular
dichroism at pH 7, observing the positive band at 228 nm
characteristic of PPII.41,42,52−56 All peptides were also examined
by NMR spectroscopy. Tabulated data (Table 1) and
characteristic spectra (Figure 1) are given. Temperature-
dependent CD data were also collected for the proline-
containing peptide, which indicated a two-state equilibrium,
based on the presence of an isodichroic point at 213 nm and a
linear correlation of a dual-wavelength parametric test of mean
residue ellipticity at 228 and 204 nm (Figure 2).57 The two-
state equilibrium was interpreted as an equilibrium between
PPII and disordered states.
We observed, as expected, that proline displayed the highest

polyproline helix propensity among all canonical amino acids.
However, most residues exhibited positive CD bands at 228 nm
and 3JHNα values consistent with PPII, indicating significant
PPII propensity and supporting the observations of consid-
erable PPII content for non-proline residues.41,42,52,53,58,59 We
found the strongest PPII stabilization by Pro, Leu, Ala, and
residues with long, linear side chains (Arg, Met, and Lys). In
this context, Leu had a particularly high PPII propensity, an
observation not seen in previous PPII propensity scales.
Glycine exhibited intermediate PPII propensity, in contrast

to its low propensity for α-helix and β-sheet. Residues that
displayed low PPII propensities, based on the mean residue
ellipticity at 228 nm, can be divided into three classes: (a) β-
branched residues (Ile, Val, and Thr), (b) short residues with
polar side chains (Cys, Ser, Thr, and Asn), and (c) aromatic
residues (Phe, Tyr, and Trp). β-Branched and short polar
residues also exhibited red-shifted maxima in their CD spectra,
away from optimal values for PPII.
β-Branched residues (Ile, Val, and Thr) potentially clash

sterically with the adjacent prolyl ring when in an ideal PPII
conformation.39,41,60 To test the role of sterics in PPII
propensities, we synthesized the peptide with the highly
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sterically congested amino acid tert-leucine. The tert-leucine-
containing peptide displayed the lowest PPII content of any
peptide investigated, substantially lower than that of canonical
β-branched residues, consistent with data for α-helices (Figure
1b).61−63 Steric repulsion present for β-branched amino acids
in the PPII conformation can be relieved by adopting a more
extended (i.e., more β-like) conformation. This interpretation is
supported by coupling constant data. 3JHNα is significantly
smaller for PPII-stabilizing Ala than for Val, Ile, or tert-leucine.
The 3JHNα of Val correlates, on the basis of a parametrized
Karplus equation, with a more extended conformation (ϕ =
−90° vs ϕ = −72° for Ala) compared to that of canonical PPII
(ϕ = −75°, and ψ = 145°).58 Significant PPII destabilization by
tert-leucine was previously observed by us in the proline-rich
tau peptide KTPPAPKTPP, where phosphorylation of both
Thr residues increased the PPII content while replacement of
both Thr residues with tert-leucine substantially reduced the
PPII content, as determined by CD and NMR (3JαN = 7.3 and

7.3 Hz for threonine, 3.3 and 4.4 Hz for phosphothreonine, and
8.1 and 8.4 Hz for tert-leucine).64

Direct steric repulsion is unlikely the primary determinant of
low PPII propensities for the short polar residues Cys, Ser, Thr,
and Asn. Side chain hydrogen bond donors can potentially
hydrogen bond to main chain carbonyl acceptors.65 Alter-
natively, side chain hydrogen bond acceptors can interact with
intraresidue amide hydrogen bond donors. In these cases, the
side chain may not inherently disfavor PPII (e.g., because of
steric crowding) but instead may favor additional, non-PPII
conformations, thus reducing the population of PPII.66,67 A role
of hydrogen bonding in stabilizing alternative conformations is
suggested by comparing peptides containing Asp and Asn. At
pH 7, Asp is deprotonated, incapable of acting as a hydrogen
bond donor, and displays a high PPII propensity. In contrast, at
pH 2, Asp is protonated and displays a significantly lower PPII
propensity, lower than that of Asn and more comparable to that
of Ser (Figure 1c), consistent with the hydrogen bond donor
capabilities of a carboxylic acid being better than those of an
amide. Notably, an additional methylene group is sufficient to
disfavor alternative conformations: Glu displays comparable
PPII propensity at pH 2 and 7. Similarly, serine, capable of an
intramolecular hydrogen bond with the main chain forming a
favorable six-membered ring, displays low PPII propensity. In
contrast, within this context, homoserine, with an additional
methylene, displays high PPII propensity, comparable to that of
methionine (Figure 1d).
Computational and experimental data clearly demonstrate

that short polar residues can adopt conformations with
intramolecular or intraresidue hydrogen bonds.65,68−70 More-
over, calculations on Ser and Thr demonstrate that intraresidue
hydrogen-bonded conformations are among the lowest-energy
conformations and that these conformations require backbone
dihedral angles that are inconsistent with PPII. In summary,
these data indicate a significant geometric dependence of PPII
propensity for residues with hydrogen bond donor groups,
which is consistent with intramolecular hydrogen bonding
being a possible determinant in disfavoring PPII. An alternative
explanation for these data is ordered solvation around these
short polar side chains disrupting PPII (see also discussion of n
→ π* interactions below).
Analysis of proline-rich sequences indicates that serine and

threonine residues are particularly common in proline-rich
domains (Table 2), suggesting that many proline-rich domains
have inherently relatively lower PPII populations. Interestingly,
serine and threonine residues within proline-rich sequences are
commonly observed to be phosphorylated, for example, by
proline-directed kinases, including MAP kinases that are
critically important in signal transduction pathways.71 Recent
data for peptides derived from the proline-rich domain of the
microtubule-associated protein tau indicate that phosphoryla-
tion of serine and threonine residues induces the polyproline
helix, with nonphosphorylated tau peptides exhibiting a low
PPII content but phosphorylated peptides exhibiting an
increased PPII content.64 In addition, protein-binding domains
that recognize phosphoprotein targets commonly bind
phosphorylated proteins in a PPII conformation. In summary,
these data suggest that phosphorylation of serine and threonine
residues in proline-rich domains might be a general mode to
change the structure and conformational preferences to
promote protein−protein interactions.
CD spectra from peptides with aromatic guest residues

displayed strong positive bands (Figure 3). However, the CD

Table 1. Circular Dichroism Data, NMR Coupling Constant
Data, and Type II Polyproline Helix Propensities at 25 °C of
Amino Acid Residues Using Ac-GPPXPPGY-NH2 as a Host
Systema

residue X of
GPPXPPGY

λmax
(nm)

[θ]228
(deg cm2 dmol−1)

3JHNα
(Hz)

ΔΔGb
(kcal mol−1)

Pro 228 2950 na −0.71
Leu 228 2230 6.8 −0.44
Arg 228 1630 6.9 −0.23
Ala 228 1570 5.7 −0.21
Lys 227 1520 6.8 −0.19
Hse (homoserine) 227 1390 6.8 −0.15
Met 227 1380 7.2 −0.15
Asp 227 1310 6.2 −0.12
Gln 228 1180 7.2 −0.08
Glu (pH 2) 226 1130 7.5 −0.06
His 228 1090 7.2 −0.05
Glu 228 1030 6.3 −0.03
Gly 227 950 nd 0.00
Asn 228 820 6.8 0.05
Ser 231 460 6.9 0.18
Asp (pH 2) 231 280 7.5 0.24
Cys 231 30 7.0 0.34
Thr 230 −120 7.2 0.41
Val 230 −120 8.0 0.41
Ile 230 −200 7.9 0.44
Tle (tert-leucine) 231 −940 8.3 0.83
Phe 223 1880 nd
Tyr 227 5430 nd
Trp 227 4800 nd
aλmax is the wavelength of maximal intensity of the positive PPII band.
[θ]228 is the mean residue ellipticity of the peptide at 228 nm. 3JHNα is
the backbone coupling constant of guest residue X in the peptide. na
means not applicable. nd means not determined because of spectral
overlap. All CD data were collected at 25 °C. Unless otherwise
indicated, solutions contained 150 μM peptide, 5 mM phosphate
buffer (pH 7), and 25 mM KF. bApproximate free energy of PPII
formation for each residue, relative to glycine: ΔΔGresidue = ΔGresidue −
ΔGGly. The free energies of the aromatic residues were not calculated
because of anomalous CD behavior and the absence of two-state
equilibria. Solely on the basis of the effects on cis−trans isomerism
[Ktrans/cis, where Ktrans/cis ≥ 9 for all nonaromatic residues and Ktrans/cis
≤ 1.2 (Phe), 0.82 (Tyr), and 0.67 (Trp) for the aromatic residues], the
aromatic residues were destabilizing to PPII by at least 1.2 (Phe), 1.4
(Tyr), and 1.5 kcal mol−1 (Trp).
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spectra were anomalous in shape, with maxima and minima that

were divergent from those of canonical PPII, suggesting

alternative structures versus those seen in other peptides with

nonaromatic residues and/or a significant aromatic contribu-

tion to the CD spectra.47−49 To identify the effects of aromatic

residues, the peptides were analyzed by NMR. NMR

spectroscopy of the Phe, Tyr, and Trp peptides revealed a

very large population of species containing cis amide bonds

Figure 1. Representative circular dichroism data at 25 °C for peptides of the general sequence GPPXPPGY, with substitution of the indicated amino
acid residues at position X. The positive band at 228 nm is indicative of PPII. CD data plots for all peptides, with error bars indicating standard
errors, are located in the Supporting Information: (a) Pro (red circles), Ala (blue triangles), and Val (green squares); (b) Leu (blue circles), Ile (red
triangles), and tert-leucine (green squares); (c) Asp at pH 7 (blue triangles), Asn at pH 7 (red circles), and Asp at pH 2 (green squares); and (d)
homoserine (red circles), Ser (blue triangles), and Thr (green squares).

Figure 2. Temperature-dependent CD data for Ac-GPPPPPGY-NH2. (a) Temperature-dependent CD of Ac-GPPPPPGY-NH2. (b) Dual-
wavelength parametric test (mean residue ellipticity at 228 and 204 nm) for Ac-GPPPPPGY-NH2.
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[lower estimates of percentages of peptides with at least one cis
amide bond, 45% (Phe), 55% (Tyr), and 60% (Trp)] (Figure
4). In contrast, all other peptides showed no significant
population of cis amide species (<10% cis). Aromatic−proline
(aromatic−cis-Pro and cis-Pro−aromatic) interactions, requir-
ing a cis prolyl amide bond, are known to be stabilizing within a
random coil context.72−83 In addition, outside a PPII context,
Pro−Pro and aromatic−Pro amide bonds are the most prone to
cis amide conformation.51,84 These results indicate that the
interaction between aromatic rings and proline is particularly
stabilizing within a proline-rich context. Consistent with this
observation, analysis of protein sequence databases in humans,
Drosophila, Caenorhabditis elegans, and Arabidopsis indicated
low observed frequencies of aromatic residues in proline-rich

regions (Tables 2 and 3).85−87 Within the GPP(aromatic)-
PPGY context, cis amide bonds are possible at four X−Pro
amide bonds, with 16 possible permutations of trans and cis X−
Pro amide bonds in the peptide. NMR data using Leu or trans-
amide bond-favoring (2S,4R)-hydroxyproline (Hyp) substitu-
tion at single proline residues (GPLYPPGY and GPPYLPGY;
GPHypYPPGY and GPPYHypPGY) suggest that cis−trans
isomerization is important in both the Pro−cis-Pro−aromatic
sequence and the aromatic−cis-Pro sequences (data not
shown). Similar results were observed by us previously in
PYPN, TYPN, TYPP, and PYPP model peptides, as well as by
others in model peptides.78,81,83,88 In the Ac-PYPP-NH2
peptide,78 65% of the species observed by NMR exhibited at
least one cis amide bond, similar to results herein, where seven
of eight possible combinations of trans and cis amide bonds
were observed. Interestingly, as was observed previously in
aromatic−proline sequences, cis−trans isomerism in
GPPXPPGY peptides correlated with aromatic electronics
(order of percent cis values, Trp > Tyr > Phe), suggestive of
a potentially electronically controllable CH−π interac-
tion.72−74,77−80,89−92

■ DISCUSSION

The data herein indicate that, within the context of proline-rich
regions, PPII is a conformation favored by most residues. The
highest PPII propensities were observed for Pro, Leu, Ala, and
residues with long, linear side chains (Arg, Lys, and Met).
These data are broadly consistent with previously described
PPII propensities, both within the context of stable polyproline
helices and in random coil contexts.40−42,44−46 Two key
differences emerge from our data in a proline-rich context
(and as opposed to the context of stable PPII helices, i.e.,
Creamer’s related Ac-PPPXPPPGY-NH2 context) and previous
PPII propensity data. First, we observed an unusually high PPII
propensity for Leu compared to other non-proline residues,
whereas in other contexts, Leu has intermediate PPII
propensity;41,42,46 second, we observed, on the basis of NMR
spectroscopy, particularly poor PPII propensities for aromatic
amino acids, because of surprisingly high levels of the cis amide
bond conformation in this context. Notably, these data
constitute the first systematic analysis of NMR data for
peptides for all canonical amino acids within a proline-rich
context. Interestingly, Brodsky and co-workers observed very
poor collagen triple-helix propensities for aromatic amino acids,
substantially worse than for nonaromatic amino acids, similar to
our observations herein.40

Table 2. Frequencies of Residues in Proline-Rich Sequences
of Human Proteinsa

no. (n) of proteins with {G}PPXPP{G} f f/f 0

A 726 0.097 1.25
C 67 0.009 0.37
D 106 0.014 0.31
E 213 0.028 0.44
F 103 0.014 0.42
G 414 0.055 0.78
H 126 0.017 0.63
I 94 0.013 0.33
K 175 0.023 0.46
L 806 0.107 1.08
M 68 0.009 0.43
N 30 0.004 0.13
P 2367 0.315 4.47
Q 461 0.061 1.27
R 441 0.059 0.96
S 493 0.066 0.76
T 347 0.046 0.86
V 406 0.054 0.90
W 35 0.005 0.32
Y 40 0.005 0.23

aData from PIR-NREF version 1.81 for Homo sapiens using a sequence
search for {G}PPXPP{G}, where {G} indicates to exclude Gly
residues at these positions. Gly was excluded to remove collagen-like
sequences. f is the overall frequency of proteins with the residue at
position X (n/∑n). f/f 0 is the frequency of the residue normalized for
the overall frequency ( f 0) of this residue in human proteins.86 This
analysis, because it is on a per protein basis, avoids biases that would
be introduced in proteins with repeat sequences, where the repeat
sequences would dominate the results.

Figure 3. CD spectra for GPPXPPGY peptides where X is an aromatic residue.
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Compared to Creamer’s data,41,42 we also observed greater
differences in PPII propensity between Pro and non-Pro
residues and did not observe, even at lower temperatures, the
special PPII propensity of Gln that Creamer found in his stable
PPII context. Like those of Creamer, our data indicate low PPII
propensities in a proline-rich context for β-branched and short
polar residues, including low PPII propensities for Ser and Thr.
In contrast, in a glycine-rich context for determining PPII
propensities, Kallenbach and co-workers found high PPII
propensities for Ala (similar to results in a proline-rich context),
Ser, Trp, and Val, with low PPII propensities for Ile, Met, and
His.46 Glu, Gln, and Arg had relatively high PPII propensities in
that context, similar to those in proline-rich contexts. These
differences are likely due to context-dependent interactions
with nearest neighbors: in X-Pro and Pro-X sequences, residues
exhibit divergent Ramachandran preferences compared to X-
Gly and Gly-X.45,93

Polyproline helix formation is driven substantially by local
interactions, particularly local sterics and n → π* interactions
between adjacent carbonyls.39,45,60,94−99 The high PPII
propensity of leucine observed herein is noteworthy in this
typical proline-rich context. These data, combined with the data
of Creamer within a stable PPII context, suggest that Leu both
readily adopts PPII in a proline-rich sequence and strongly
promotes the adoption of PPII conformation by adjacent
proline residues. The most probable reason for the high PPII
propensity of Leu in a proline-rich context is the relative
conformational restriction of Leu to a major mt side chain
rotamer, which leads to an extended side chain that points away
from the polyproline helix backbone to prevent a syn-pentane
interaction [see the Protein Data Bank (PDB) analysis
below].100

The PPII propensity data herein in general correlate
modestly with statistical propensities derived from PPII in
crystal structures and with experimental propensity data from
the collagen triple helix.2,3,40 In collagen triple helices, the
residues with the lowest collagen triple-helical propensities are
short polar residues, glycine, and aromatic residues, with Trp
having the lowest collagen triple-helical propensity at either the
Pro or Hyp position. In general, β-branched amino acids have
higher triple-helix propensities than PPII propensities, and
leucine has a significantly lower collagen than PPII propensity.
Likewise, in global analysis of residues in polyproline helices of
at least three residues in the PDB, β-branched amino acids are
observed with high frequencies (as are R, Q, K, and L).3

Interestingly, aromatic residues (and Gly) have very low
frequencies in polyproline helices in the PDB. The modest
correlation is perhaps less surprising given that those data are
based on systems with considerable tertiary structure and
unique steric and electronic preferences, whereas our model
system, like most proline-rich domains, lacks tertiary structure
elements.94 In contrast, our data show more significant
correlation with the identity of residues in analogous proline-
rich sequences (PPXPP) in human, Drosophila, C. elegans, and
Arabidopsis proteins (Tables 2 and 3), where Ala, Gln, Leu, and
Arg are commonly observed and Tyr, Trp, Ile, and Asn are
infrequent.
Despite their low PPII propensities, serine and threonine are

frequently observed residues within proline-rich regions
(Tables 2 and 3). Our data indicate that these regions likely
exhibit relatively lower populations of PPII. This observation is
supported by circular dichroism on the RNA Pol II C-terminal
domain repeat (sequence YSPTSPS), which displays small

Figure 4. Backbone amide and aromatic regions of the NMR spectra
of selected GPPXPPGY peptides. In the top panels, X = Leu, Ala, and
Ser. For the X = Leu peptide, with four backbone amide protons [δ
8.52 (Gly1), 8.30 (Leu), 8.16 (Gly7), and 7.93 (Tyr8)], Tyr8 aromatic
protons (δ 7.14 and 6.85), and C-terminal carboxamide (δ 7.57 and
7.07), the data indicate that the peptide predominantly contains all
trans amide bonds (<10% of the species containing cis amide bonds),
despite four Xaa−Pro amide bonds. Other peptides with nonaromatic
guest X residues exhibited similar NMR spectra. In the middle panels,
X = Phe (45% cis amide bond-containing species), Tyr (55% cis), and
Trp (60% cis). The percent cis populations are lower estimates, as we
were unable to fully assign all amide peaks to discrete species for X =
aromatic residue peptides, which showed at least three major species in
slow exchange (16 combinations of cis and trans X−Pro amide bonds
are possible). In the bottom panel, for X = Trp, the indole proton
indicates four major species and at least four minor species.

Biochemistry Article

dx.doi.org/10.1021/bi3002924 | Biochemistry 2012, 51, 5041−50515046



populations of PPII in the absence of the Pin1 WW domain.101

Notably, while Ser and Thr are relatively favored in proline-rich
sequences, the acidic residues Asp and Glu, both of which
strongly favor PPII, are highly disfavored in proline-rich
sequences, in contrast to most PPII-favoring residues. It is
noteworthy in this context that Ser/Thr residues may be
phosphorylated within proline-rich contexts, and that phos-
phorylated Ser/Thr residues induce a polyproline helix
conformation, both in solution and in observed protein−
protein interactions, where PPII appears to be the preferred
conformation for binding ligands containing phosphoserine and
phosphothreonine residues.38,64,102−104 The observation of
reduced Asp/Glu content in proline-rich sequences is
consistent with the concept that in eukaryotes phosphorylation
modulates protein structure and/or function in proline-rich
domains, with selection against Asp/Glu residues serving to
maximize the impact of phosphorylation.
The correlation of PPII propensity with sequence abundance

was also observed within the context of complete analyses of
proteomes. Pe’er et al. analyzed the frequencies of all possible
dipeptides and tripeptides in Homo sapiens, Escherichia coli, and
Pyrococcus furiosus, and in broader comparisons among
eukaryotes, eubacteria, and archea, to identify overabundant
and underabundant peptide sequences, normalized for the
frequency of use of the residues.105 They observed that in
humans, PP sequences are the fourth most overabundant

dipeptides of 400 possible sequences. In humans and across all
eukaryotes, PPP, PLP, and PAP are all among the 10 most
overabundant tripeptides among the 8000 possible sequences.
Interestingly, DPP sequences were the most underabundant
tripeptide sequence of all in humans and the fifth most
underabundant across eukaryotes. Across all eukaryotes, PP
dipeptides were the fourth most overabundant, while EP
dipeptides were the second most underabundant. These data
indicate a strong selection for PP, PPP, PLP, and PAP
sequences, and a selection against DP, EP, and DPP sequences,
in proline-rich sequences in eukaryotes.
Similarly, analysis of the PDB reveals that sequences

containing PPXPP are relatively common for some residues
where X strongly favors PPII (when X = P, 118 structures;
when X = R, 66 structures; when X = A, 48 structures) or is the
Gly normally present in ProHypGly collagen repeat sequences
(82 structures).106 In contrast, there are substantially fewer
examples of PPXPP sequences in structures with residues that
disfavor PPII or are acidic (3 structures with D, 17 structures
with E, 4 structures with N, 12 structures with S, and 8
structures with T; for aromatic, see below; for 18 structures
with I, 15 with K, 22 with Q, and 25 with V frequencies are
intermediate). This correlation, while imperfect and subject to
the statistical anomalies of small numbers as well as sampling
bias in structure determination, exists despite a strong bias

Table 3. Frequencies of Proteins with Residues in PPXPP Sequences in Model Eukaryotes Based on the PIR UniProtKB
Database (http://pir.georgetown.edu)a

human n human f/f 0 Drosophila n Drosophila f/f 0 C. elegans n C. elegans f/f 0 Arabidopsis n Arabidopsis f/f 0

A 675 1.11 242 1.08 96 1.23 108 0.80
C 199 1.04 19 0.34 6 0.23 8 0.22
D 92 0.26 14 0.09 5 0.08 18 0.16
E 252 0.50 74 0.39 13 0.16 24 0.17
F 128 0.50 5 0.05 4 0.06 27 0.31
G 728 1.31 119 0.64 161 2.42 56 0.41
H 123 0.59 37 0.46 13 0.45 21 0.36
I 83 0.28 87 0.60 36 0.46 19 0.18
K 162 0.41 85 0.51 38 0.47 48 0.37
L 709 0.91 294 1.07 100 0.91 205 1.06
M 112 0.67 65 0.91 29 0.89 23 0.45
N 50 0.20 37 0.26 18 0.29 31 0.35
P 2288 4.12 1143 6.97 475 8.21 904 8.98
Q 481 1.26 140 0.90 36 0.70 76 1.06
R 483 1.00 143 0.86 59 0.92 81 0.73
S 458 0.68 178 0.95 54 0.72 289 1.57
T 344 0.81 167 1.00 50 0.69 58 0.55
V 398 0.84 127 0.72 53 0.68 35 0.25
W 87b 0.76b 0 0.00 1 0.07 4 0.16
Y 33 0.18 6 0.07 10 0.25 29 0.50
total 7885 2982 1257 2064

aPeptide match search of PPXPP for the organisms indicated. f is the overall frequency of proteins with the residue at position X (n/∑n). f/f 0 is the
frequency of the residue normalized for the overall frequency ( f 0) of this residue in the organism indicated.86 In this table, all PPXPP sequences were
included, resulting in an increased level of representation of collagen repeat sequences (ProHypGly repeats, which at the gene level are ProProGly
repeats) compared to those of Table 2. bAlthough the UniProtKB database is a nonredundant sequence database, the human Trp (PPWPP) data
include 32 almost fully identical copies of extraembryonic spermatogenesis homeobox-1 (ESX1) protein (sequence of RMAPVPPWPP-
MAPVPPWPPMAPV, which interestingly has two PPWPP sequences), 15 Bcl-Abl protein isoforms (identical repeat of NGGGSRPPWPPLEYQP),
and eight titin proteins (sequence of KDPIDPPWPPGKPTV), anomalies that we did not see in other residues or organisms. They are included here
because we did not analyze all sequences in all organisms individually to identify all duplicate sequences but are a likely explanation for the
differences between Trp data for humans in this search and those of Trp in other organisms, in the Protein Data Bank, or in the PIR-NREF search
(Table 2). Notably, the residue frequency numbers for mice are generally similar to those for humans (A 617, C 45, D 97, E 172, F 61, G 539, H 87,
I 83, K 145, L 644, M 56, N 31, P 1831, Q 337, R 311, S 432, T 261, V 270, W 20, and Y 31) other than the substantially lower frequencies for Trp
(and Cys), consistent with data for other organisms and in PIR-NREF of low Trp frequencies in PPXPP sequences.
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against proline-rich and intrinsically disordered sequences in
the PDB.
Of the 39 examples of PPLPP sequences in the PDB, in all

except one (entry 2J9L), the sequence is at least in part in a
PPII conformation, and the Leu side chain has side chain
torsion angles of approximately −60° (χ1) and 180° (χ2) (mt
rotamer) in 32 of 33 crystal structures of PPLPP (Figure
5a).107,108 Again subject to the caveat of the limited number of

these structures in the PDB, these data strongly suggest that
Leu in a PPII conformation strongly prefers the mt rotamer,
which is the more populated of the two major Leu rotamers.
These data are consistent with data for α-helices, where side
chain conformational preferences consistent with secondary
structure cause Leu to have a high secondary structure (α-helix
or PPII) propensity.66 It is also noteworthy that, as in the case
with α-helices, residues with long side chains (Leu, Met, Arg,
and Lys) that have conformational preferences for avoiding
syn−pentane interactions strongly favor PPII.61

There are only six proteins in the PDB with PPXPP (X =
Phe, Tyr, or Trp) sequences, consistent with overall sequence
data suggesting selection against aromatic residues in proline-
rich sequences (Tables 2 and 3). No protein in the PDB
contains a PPWPP sequence. Three proteins (2V1C, 1W3S,
and 1U5K) in the PDB contain PPYPP sequences; in each of
these proteins, the sequence adopts a PPII conformation with
all-trans amide bonds. In contrast, in two of the proteins in the
PDB with PPFPP sequences (2L3J and 2YVS), the Phe residue
is in an extended conformaiton. In the other PPFPP sequence
(PDB entry 2CUL), the structure contains a Pro−cis-Pro−Phe
cis amide bond, which was observed to be a major
conformation in similar sequences herein.109 Interestingly, in
this structure, the Phe aromatic ring interacts with the Pro two
residues prior in the sequence, in contrast to the aromatic
interaction with the immediately preceding Pro in turn
structures.69 This i−2/i proline−aromatic interaction, in
addition to the more appreciated i−1/i proline−aromatic
interaction and i/i+1 aromatic−proline interactions that
promote cis amide bonds, might explain the particularly high
population of cis amide bonds for aromatic residues in this
proline-rich context. A similar preference for cis-Pro−aromatic
interactions was also observed in Ala-Pro-Tyr and Pro-Pro-Phe
sequences.75,81,88,110

The very high percentage of cis amide bonds for peptides
with aromatic residues in this proline-rich context is note-
worthy as it is particularly high for a short disordered peptide.

The observation of large populations of cis amide bonds when
combining Tyr and Trp with proline-rich sequences also has
implications for the application of the polyproline ruler to these
sequences. Stryer and Haugland’s initial spectroscopic ruler
experiments involved formation of amide bonds between dye
molecules and the N- and C-termini of polyproline oligomers.35

Several investigators who have used the polyproline ruler with
Tyr and Trp residues at the termini (as opposed to directly
conjugated dyes) have observed anomalous FRET behavior,
and some authors have suggested that the polyproline ruler is
not reliable on the basis of those FRET data.83,111−114 Indeed,
when investigated by NMR, these Pro-rich peptides, especially
with smaller numbers of Pro residues, contain significant
populations of cis amide bonds. Our data suggest that
aromatic−proline and proline−aromatic interactions are
particularly favorable for the promotion of cis amide bonds in
a proline-rich context and suggest these interactions form the
basis for anomalous FRET behavior when the fluorophore is
associated with an aromatic amino acid side chain, where these
interactions are favorable at the N- and C-termini.
Proline-rich domains are employed biologically as loci for

protein−protein interactions.4,9,10,115 Separately, aromatic
residues are commonly central recognition residues in ligands
at protein−protein interfaces, because of their large hydro-
phobic surface area and the possibility of specific interactions
with the aromatic ring.116−118 On the basis of the significant
independent roles of both proline-rich domains and aromatic
rings in recognition, it is naively surprising that aromatic
residues are uncommon in proline-rich domains and are not
commonly employed for protein binding in these contexts. The
data herein provide a basis for the nonincorporation of
aromatic residues in proline-rich domains: the substantial
conformational heterogeneity that would result due to multiple
cis−trans isomerization events in slow exchange. The slow
exchange is relevant because presumably the time scale of cis−
trans isomerism is normally incompatible with induced fit and
additionally could potentially form a locus for protein
misfolding or nonspecific interactions.
We have presented a complete experimental set of amino

acid propensities for the PPII conformation within a proline-
rich context, using CD and NMR to characterize the extent of
polyproline helix within this proline-rich context. We expect
these data to be useful in understanding the roles of the PPII
conformation in protein structure and proline-rich domains and
in the design of novel ligands targeting protein−protein
interfaces involving polyproline helix recognition elements.119
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Figure 5. X-ray crystal structures of (left) the PPLPP sequence in a
PPII conformation, from PDB entry 2ZB3108 [for Leu (blue), ϕ =
−55°, ψ = 153°, χ1 = −63°, and χ2 = −172°] (2.00 Å resolution)
residues 267−271, and (right) the PPFPP sequence with a Pro−cis-
Pro−Phe conformation, from PDB entry 2CUL109 (1.65 Å resolution)
residues 48−52. Pro48 and Phe50, which exhibit an i−2/i prolyl−
aromatic interaction with Pro48 Hα interacting with the phenyl ring,
are colored red. The cis amide Pro49 is colored cyan.107
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