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A Statistical Analysis of the PPIl Propensity of Amino Acid Guests
in Proline-Rich Peptides
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ABSTRACT There has been considerable debate about the intrinsic PPIl propensity of amino-acid residues in denatured
polypeptides. Experimentally, the propensity scale is based on the behavior of guest amino-acid residues placed in the middle
of polyproline hosts. We have used classical molecular dynamics simulations, with state-of-the-art force fields to carry out
a comprehensive analysis of the conformational equilibria of the proline-based host oligopeptides with single guests. The
tracked structural characteristics include the PPII content, the cis/trans isomerization of the prolyl bonds, the puckering of the
pyrrolidine rings of the proline residues, and the secondary structural motifs. We find no evidence for an intrinsic PPII propensity
in any of the guest amino acids other than proline. Instead, the PPII content as derived from experiments may be explained
in terms of: 1), a local correlation between the dihedral angles of the guest amino acid and the proline residue immediately
preceding it; and 2), a nonlocal correlation between the cis/trans states of the peptide bonds. In terms of the latter, we find
that the presence of a guest (other than proline, tyrosine, or tryptophan) increases the trans content of most of the prolyl bonds,
which results in an effective increase of the peptide PPII content. With respect to the local dihedral correlations, we find that
these are well described in terms of the so-called odds-ratio statistic. Expressed in terms of free energy language, the PPII

content based on the odds-ratio of the relevant residues correlate well with the experimentally measured PPII content.

INTRODUCTION

The left-handed polyproline II (PPII) helix plays an impor-
tant role in cell processes such as transcription, signal
transduction, and cell motility. Proline’s ability to form
left-handed helices is crucial for cellular structural integrity
(in particular for plant cell wall proteins and collagen). PPII
helices are also believed to play an important role in protein
denatured states (1), even in molecules that do not contain
a single proline, such as diverse Ala-based peptides.

Initially, the left-handed PPII conformation was
proposed as an alternate to the random coil model for
disordered peptides and unfolded proteins by Tiffany and
Krimm in 1968 (2). This hypothesis arose from the exper-
imentally observed similarities between the ultraviolet
circular dichroism (CD) spectra of denatured proteins and
that of PPII (3). This proposition was revived in the last
10 years, with a common consensus that indeed PPII
conformations are a part of the denatured states, but with
dissent with regard to the manifestation of these PPII states
versus the others. Thus, for Ala-rich peptides, the two con-
trasting views are that Ala has a very high PPII propensity
(between 80% and 100%) (4—11); or that the PPII confor-
mation is just one of many similar, local conformational
states (12-22).

Experimentally, there has been considerable emphasis on
deriving an intrinsic PPII propensity scale for individual
amino acids in a proline-rich host-guest environment
(23-29). This scale is based on host-guest experiments,
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which is a powerful tool for probing the overall structural
characteristics of peptides, such as their a-helix (30,31)
and (-sheet (32,33) content. In the proline-based experi-
ments, a guest residue, X is inserted in a short polyproline
peptide. Because a proline guest (X = P) is expected to
form a stable PPII helix in aqueous solution, deviations
from this conformation induced by non-proline guests are
expected to provide a measure of their PPII propensity.
With CD experiments, it was found that the presence of
non-proline guests decreases the PPII helical content,
although the range of PPII helical content is relatively
narrow. The all-proline peptide was found, on average, to
be 67% PPII helical, and other amino acids such as Gln,
Ala, and Gly were deemed to have high PPII propensity in
this context (24-26). The assumption here is that all the
proline residues should be in their frans conformation,
because in the cis conformation the carboxyl oxygen atoms
tend to lie parallel to the backbone hidden from the water.
Moreover, these studies were taken as further proof that
Ala has a relatively high PPII propensity, based on the
following rationale. While a proline can restrict its
preceding residue through steric interactions (34), the Ala
guest was deemed not to have much effect in the preceding
proline. Thus, this unconstrained proline is expected to
adopt all assessable conformations. In that case, the esti-
mated PPII content should decrease considerably below
that measured for PAP, unless Ala itself contributed to this
content by means of an intrinsic PPII propensity.
Subsequently, Vila et al. (16) investigated this problem
theoretically, obtaining PPII contents for the different
host-guest peptides in qualitative agreement with the
experimental numbers. Specifically, they noted a reduction
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in the PPII helical content with respect to the all-proline
peptide. They concluded that there is no propagation of
the PPII conformational preference into the guest for the
host-guest peptides they analyzed (X = Ala, Gln, Gly,
Val). Furthermore, the notion that a solvated proline-rich
peptide take on its optimal trans conformation only, was
deemed an oversimplification. Instead, the dynamical
changes associated with the cis/trans isomerization of the
proline residues (16) need to be accounted for, and the
notion of an intrinsic PPII propensity would need revision.

Intrigued by these studies and the on-going debate con-
cerning the intrinsic PPII propensity, we have reexamined
this problem using new free energy methods in combination
with classical molecular dynamics with state-of-the-art
force fields to study the structural characteristics of
proline-based oligopeptides with guest amino acids. Specif-
ically, we have extended the list of guests to cover all
20 amino acids, and carried out a comprehensive popula-
tion analysis of their structural characteristics inside
the proline host. In terms of the latter, we examined the
conformational preferences associated with the cis/trans
isomerization of the prolyl bonds, the puckering of the
pyrrolidine rings, and the secondary structural motifs
associated with the dihedral angles of the Ramachandran
plots of the different residues. Our host-guest simulations
leverage-off of our previous investigations of the free energy
and cis/trans isomerization studies of pure proline oligo-
mers (35-37).

Our chief conclusions are the following. We find that the
average PPII content of the host-guest oligopeptides is in
qualitative agreement with their experimental values. We
find that these peptides share similar structural features,
and that a population analysis of secondary structure motifs
(residue by residue) is in agreement with the results of Vila
et al. (16) in the sense that the guest residues (other than Pro)
do not favor the F region. We find that there is no need to
invoke an intrinsic PPII propensity to explain the experi-
mental results. Rather, these may be understood in terms
of the following.

1. As it is well known (34,38), proline peptides are confor-
mationally restricted by their pyrrolidine rings, and by
steric interactions with neighboring prolines. In fact,
a proline restricts the dihedrals of a preceding residue
to 50° < ¢ < 180° (except for Gly), forcing the
preceding residue to be in either a (- or F region, accord-
ing to the value of ¢. In the present host-guest setup,
there is a statistical, Boltzmann-weighted distribution
of conformations, with the highest percentage of the
guest population found in the (§-region.

2. The cis/trans proline ratio depends on the sequence
surrounding the proline residue (34). For this particular
set of host-guest peptides, we find that every guest
(Pro, Tyr, and Trp excepted) increases the trans content
of the prolyl bonds. The guest amino acids therefore
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are not characterized by any PPII propensity, but instead
collaborate with their own intrinsic trans propensity to
destabilize the cis isomers of the proline hosts, which
results in a de facto net PPII increase.

3. There is a local correlation between the dihedral angles
of the guest and the proline residue immediately
preceding the guest. We find that the degree to which
the guest influences this proline (and vice versa) is
conveniently described in terms of an odds-ratio
analysis.

This article is organized as follows. Methods provides
information as to our simulation methodology and analysis.
Specifically, we briefly discuss the simulation details,
the odds-ratio analysis, and the quantification of the PPII
content of a peptide. Next, we present our results with
a focus on the structural characteristics of the host-guest
conformers and the odds-ratio analysis for the proline-guest
correlations. A discussion of our results and a comparison to
experimental data is given in the Discussion, whereas the
Conclusion is reserved for a short summary of this work.

METHODS

In this section, we provide all relevant simulation details and review the
odds-ratio (39) construction used to describe the correlation between
residues. For a discussion of our sampling protocol, including the adap-
tively biased molecular dynamics (ABMD) method (40) and Hamiltonian-
Temperature replica exchange molecular dynamics (HT-REMD) (41)
methodology and the protocal for quantifying the PPII content of a peptide,
please see the Supporting Material.

Simulation details

The simulations were carried out for the following peptides:

1. Ace — (Pro); — X — (Pro); — Gly — Tyr —-NH, (denoted as PXP), with the
guest X taken from the following list of amino acids: P(Pro), Q(Gln),
D(Asp), A(Ala), R(Arg), E(Glu), K(Lys), G(Gly), L(Leu), F(Phe),
S(Ser), M(Met), C(Cys), H(His), N(Asn), T(Thr), I(Ile), V(Val),
W(Trp), and Y(Tyr).

2. Ace — (Pro) 3 — X — (Pro); -NH, peptides (denoted here as PXP’) with
X = P, A, V. For histidine, which exists in different protonated states,
we considered two versions of the PHP peptide: a charged one with an
additional proton at the d-position, and a neutral version without such
a proton.

In each case, we shall refer to the first three proline residues as Py, P,, and
P3, and to the last three as Py, Ps, and P, respectively. For PXP, the residues
are then labeled as Ace— Py — P, —P3—X —P4—Ps—P¢—Gly—Tyr—NH,.

We use this notation even when the guest is another proline, that is, for
the heptamers PPP and PPP’. We note that the choice of PXP peptides is
motivated by the experiments (24-26,29); from a theoretical point of
view, the simulation of PXP' peptides is more appealing, because these
lack the —Gly-Tyr-NH, tail.

Applicability of regular MD to this system is limited because of the slow
cis/trans isomerization of the prolyl bonds. These transitions correspond to
the changes of the w-torsion angles (see Fig. S1 in the Supporting Material)
between w = 0° (cis) and w = 180° (trans). The all cis configuration is asso-
ciated with the right-handed polyproline (PPI) helix. We thus capture the
different patterns of the cis/trans conformations with the collective
coordinate
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Q = E COSWy,
b

where the sum runs over all the prolyl bonds (35-37). Clearly, for
a proline-rich peptide with n prolyl bonds, Q takes on the values from —n
(PPII) to n (PPI), and describes the net balance of the cis/trans states.

All the ABMD and HT-REMD simulations were carried using an implicit
water model based on the generalized Born approximation (42,43). Initial
configurations consisted of the unfolded peptides, which were generated
using the LEAP program of the AMBER V.9 simulation package. The simu-
lations used the ff99SB version of the force field of Hornak et al. (44),
whose equilibrium structures are consistent with the experimental results
(37,45) (see the Supporting Material for a discussion). The leap-frog algo-
rithm with a 1-fs timestep was used along with the Langevin dynamics and
a cutoff of 18 A for the nonbonded interactions.

The simulations took place in two stages: we used ABMD to generate
suitable biasing potentials, and then used these for the HT-REMD runs
that generate 107 equilibrium samples at 7= 300 K for each peptide. Please
see the Supporting Material for the simulation details.

The odds ratio

To quantify the changes in the conformational preferences of the peptides
implied by different guest amino acids, we made use of the so-called
odds ratio (39) (OR) construction. The OR is a descriptive statistic that
measures the strength of association, or nonindependence, between two
binary values. The OR is defined for two binary random variables (denoted
as X and Y) as

_ P11Poo
,Dlopm7

where p,, = p(X = a, Y = b) is the probability of the (X = a, Y = b) event
(with a and b taking on binary values of 0 and 1). For the purposes of this
work, we can think of X and Y as being some characteristic properties
describing the conformations of different residues. For example, the
variables could be assigned values of 0(1) depending on whether the corre-
sponding prolyl bond assumes a cis (rans) conformation.

The usefulness of the OR in quantifying the influence of one binary
random variable upon another can be readily seen. If the two variables
are statistically independent, then p,;, = p, pp, so that OR = 1. In the oppo-
site extreme case of X = Y (complete dependence), both py and pg, are
zero, and the OR is infinite. Similarly, for X = Y, poo =pi1 =0, rendering
the OR equal zero. To summarize, an OR of unity indicates that the values
of X are equally likely for both values of Y (i.e., Y = 1,0); an OR greater than
unity indicates that the X = 1 is more likely when Y = 1, while an OR less
than unity indicates that X = 1 is more likely when ¥ = 0.

It is convenient to recast the log of the OR in terms of the language of free
energies. If one expresses the probability of the (X = x, Y = y) events in
terms of a free energy Gy,

OR

6]

—Gy/kgT
Py e v /kp ,

then the ratio of probabilities p.,/p.. translates into a free energy difference:

n}% = —(Gy — Gy.) /T,

Clearly, the logarithm of the OR then maps onto the difference of those
differences, i.e.,

AAG = kgT In OR. 2

For the case of statistically independent properties, AAG = 0; otherwise,
this quantity takes on either positive or negative values, whose magnitude
depends on the mutual dependence between the two variables. While this
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development may be thought of as being purely notational, the use of an
OR analysis couched in terms of free energy language provides for a useful
and intuitive measure of the host-guest correlations.

RESULTS

Having collected equilibrium samples of the host-guest
peptides with the HT-REMD runs, we have analyzed their
structural properties, with a focus on their PPII content.
The results are summarized in Tables 1-4 and Figs. 1-3 as
well as Table S1 and Table S2 and Fig. S2, Fig. S3,
Fig. S4, Fig. S5, and Fig. S6 in the Supporting Material.
For ease of presentation, we separate the discussion of the
structural characteristics of the conformers, and the statistics
of the proline-guest correlations.

Structural characteristics of host-guest
conformers

Ramachandran plots for selected residues are shown in Figs.
1 and 2. On Fig.1 a, we have marked the relevant regions,
i.e., the F, ag, oz, and B-regions. On these grayscale plots,
each pixel represents a 1° x 1° bin, whose intensity is
related to the dihedral population ranging from 0% (white)
to 0.09% (black) out of a total population of 103 samples.
Table 1 quantifies the F and PPII content of each residue
for all the PXP and PXP’ peptides.

Because steric interactions constrain the structure of
neighboring prolines, all the proline residues which are fol-
lowed by another proline, i.e., Py, P, P4, and Ps5 (and P; in
PPP and PPP'), are restricted to the F region of their Rama-
chandran plots. As a typical illustration of this, Fig. 1 a gives
the results for residue P; of PPP. Table 1 shows that ~99 +
1% of these residues fall into the F-region, and these
numbers drop by 15-30% when the PPII content is consid-
ered (i.e., when the cis isomers are excluded). Py is also not
followed by another proline, and its corresponding dihedrals
are distributed between the F and o regions (Fig. 1 ¢). Table
1 gives the variation of the F (PPII) contents of Ps, which
ranges between 35 (32) and 47% (46), depending on the
guest. For the PXP’ peptides, the F and PPII contents of
the P¢ residue are consistently 10-20% higher, indicating
that the presence of Tyr and Gly in the tail decreases the F
(PPII) contents. When P3 is followed by a guest X # P,
its F and PPII content decreases dramatically.

Fig. 1 b shows typical results for the P; residue in PAP,
PGP, and PVP, which now feature a significant az content.
Fig. 1 d shows Ramachandran plots for the terminal Gly
and Tyr for the PPP and PAP peptides. Because Gly is quite
flexible, it explores more regions of the Ramachandran plot,
with now only 6 = 1% in the F region. For Tyr, all four
regions are available, and ~31-37% of these residues fall
in the F region. There appears to be little variation of these
numbers with respect to the type of guest, presumably
because of the relatively large distance of the peptide tail

Biophysical Journal 100(4) 1083—-1093
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TABLE 1 F and PPII content of all residues as a percentage

Peptide P,P,,P,4,Ps P; X Pe G Y Average
PPP 99(74) 100(70) 99(51) 46(41) 6 32 76(55) [67]
PPP/ 100(75) 100(71) 100(67) 56(52) — — 93(70)
PQP 98(81) 25(19) 23 35(32) 6 36 57(49) [66]
PDP 100(71) 28(19) 10 47(45) 5 33 58(44) [63]
PGP 98(77) 44(34) 16 45(41) 6 32 59(49) [58]
PAP 98(81) 17(13) 21 40(36) 5 35 57(48) [61]
PAP' 99(79) 26(20) 35 56(51) — — 73(60)
PKP 98(76) 29(17) 30 42(36) 7 32 59(47) [59]
PSP 99(82) 19(15) 22 43(39) 5 35 58(50) [58]
PEP 99(78) 16(11) 19 42(39) 5 33 57(47) [61]
PHP* 99(81) 24(18) 21 46(40) 8 35 59(50) [55]
PFP 99(74) 25(14) 26 41(38) 6 34 59(46) [58]
PCP 99(80) 23(17) 27 40(36) 6 34 58(49) [55]
PNP 99(78) 22(17) 13 43(41) 5 37 57(47) [55]
PRP 98(81) 34(18) 19 46(32) 7 33 59(48) [61]
PMP 98(76) 27(18) 30 36(33) 6 33 58(47) [55]
PLP 98(77) 23(16) 18 39(35) 6 34 57(46) [58]
PHP! 99(74) 23(14) 18 42(38) 6 33 58(45)
PTP 99(81) 20(15) 27 41(37) 7 34 58(49) [53]
PWP 99(72) 34(14) 38 38(35) 6 34 60(46)
PIP 98(79) 18(12) 22 39(34) 6 35 57(47) [50]
PVP 100(79) 21(16) 23 56(52) — — 71(58)
PVP 98(80) 17(12) 19 37(34) 6 34 56(47) [49]
PYP 98(72) 28(14) 30 40(37) 6 32 59(45)

Parenthesized and bracketed values correspond to computational and experimental (25) estimates of PPII content, respectively while the rest of numbers

correspond to computational estimates of F content.
*His is assumed to be protonated.
"His is assumed to be neutral.

to its center. Finally, we turn to the Ramachandran plots for
the guest residue itself, shown in Fig. 2 for PXP peptides. It
is clear that only a very small population falls outside the F-
@ regions, which merge. The exception here is Gly, which is
characterized by a large population falling outside of this
region. Table 1 gives a quantitative measure of the F content
of the guest residue, which is obtained via the fitting tech-
nique discussed in the Supporting Material. The F content
of the guest in PAP’ and PWP is 35% and 38%, respectively,
and then it is <30% for all the other single-guest residues
with X # P (in particular, it is only 21% for PAP).

To summarize, we have measured the F and PPII contents
of each of the residues for all host-guest peptides. In terms of
the average F (PPII) content of all PXP peptides, PPP has
a maximum F (PPII) content of 76% (55%). For the rest of
the PXP peptides, the average F (PPII) content varies between
56% and 60% (44% and 50%). Because of the absence of the
non-proline tail, PXP’ peptides have an even higher F (PPII)
content, with an average of 93% (70%) for PPP".

The results of a sequence-based analysis of the peptides is
presented in Table S1. The population of the structures based
on the number of cis isomers for each peptide is given (first
column). From this table, it is clear that the presence of a guest
diminishes the number of cis bonds present within a peptide.
This is further confirmed by Table 2, which gives the trans
content (as a percentage) of all the prolyl bonds. This table
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shows that a general trend (with some exceptions) is that
the least trans content is associated with the P,—P; and
X-P,4 bonds, and the highest trans content with P,—P, and
P,—Ps. For the particular case of PPP, the least trans content
is associated with the proline guest, i.e., P3—P which is 51%.
The presence of the guest (except when X is Pro, Tyr, or Trp)
increases the trans content of the individual peptides, and this
content is increased even more when a second guest is added.
The increase of the total trans content for each peptide has
a local and a nonlocal component.

The replacement of the Pro guest by any other amino acid
immediately eliminates the residue with highest cis content
in PPP. There is also a nonlocal effect, as the PPII contents
for most prolyl bonds also increase. Note that Table 2 shows
the average PPII content for prolyl bonds, i.e., not counting
Ps—X, when X # Pro. Furthermore, we can look at the most
populated patterns (data not shown). For instance, a structure
with all #rans prolyl bonds was found to have a population of
10% in PPP. This all trans population increases with guest
amino acids (e.g., 21% in PQP, 17% in PAP, etc.). For
structures with a single cis prolyl bond, a very common
pattern is for the single cis bond to be located at either Pj
or P4. Table S1 (second column) also gives the populations
of the structures based on the number of residues in the F
region (for this calculation, the terminal Gly-Tyr residues
are ignored).
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TABLE 2 Trans-content of all the prolyl bonds as
a percentage

Peptide Ace-P; P,-P, P—P; X-Py P4Ps Ps—Ps Average
PPP 76 80 70 (51)* 64 80 79 71
PPP 76 80 71 (67)* 61 85 86 75
PQP 79 91 62 78 84 81 79
PDP 76 85 74 29 96 93 75
PGP 78 88 71 75 75 79 78
PAP 76 90 58 79 84 80 78
PAP’ 76 90 67 71 82 87 79
PKP 77 89 64 69 77 77 76
PSP 76 92 60 83 83 85 80
PEP 75 85 64 76 83 86 78
pHP! 74 91 56 80 80 80 77
PFP 75 87 64 50 85 81 T4
PCP 77 90 68 77 80 77 78
PNP 75 90 70 60 88 87 78
PRP 79 89 55 75 86 65 75
PMP 75 87 66 63 85 72 75
PLP T4 87 66 67 87 79 77
PHP! 75 88 62 46 89 84 74
PTP 78 90 75 79 81 78 80
PWP 75 85 60 44 89 79 72
PIP 75 88 73 80 82 79 79
PVP 73 87 71 77 82 84 79
PVP T4 90 69 80 82 77 78
PYP 74 87 61 45 86 82 72

*The bracketed values belong to the P3-P bond.
"His is assumed to be protonated.
*His is assumed to be neutral.

Clearly, the number of residues in F decreases with the
introduction of the guests. In particular, structures with all
seven residues in the F regions become quite rare. Peptides
with guests typically have four or five residues in the F
region. The last column in Table S1 shows the two most
probable patterns and their populations as a percentage,
considering the regions in the Ramachandran plot. The
most probable patterns (for X # P) from P, to Ps are
FFagBFF for all single-guest peptides; there are only differ-
ences in Pg except for Gly that the second most probable
structure is FFFNFF, in which the guest is in none of the
a, B, or F regions (denoted as N).

The data presented so far indicates that—except for the
peptide tail—all the variations in the Ramachandran plot
occur on P3;—X. This is somewhat similar to the recent
conclusions based on the evaluation of sequential nearest-
neighbor effects on quantum-chemical calculations of
13C* chemical shifts for the nucleic-acid binding protein
in which shows the sizeable nearest-neighbor effects are
seen only for residues preceding proline (47). Thus, we
further examine the conformation of these particular two
residues. The populations (in percentages) of the different
conformations are given in Table S2. The most relevant
conformations are obtained by combining F and « states
(both cis and trans) for Pro with F and 8 states for X,
ie., F.F,F(,F.F,F.8,aF,apf, aF, and a.; all other
possible patterns represent only 0-3% of the population,
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TABLE 3 Pro-X odds ratio and conditional probabilities

p(X € F), given P; QOdds ratio AAG PPII

PPII' Content’

PQP 51 14 51 52 17 8 6.64 520 1.13 098 66
PDP 20 7 23 14 9 1 341 3.64 073 0.77 63
PGP 58 33 63 38 44 14 286 346 063 0.74 58
PAP 41 17 40 44 25 7 342 303 073 0.66 61
PAP 53 29 54 51 39 14 274 261 060 0.57 —
PKP 39 27 48 25 36 8 176 2.61 034 0.57 59
PSP 41 19 38 50 25 10 3.01 250 0.66 0.5 58
PEP 34 16 32 38 23 5 265 214 058 045 61
PHP® 34 18 28 49 24 12 242 157 053 027 55
PFP 37 22 33 41 27 11 205 155 043 0.26 58
PCP 40 24 34 56 27 17 2.13 147 045 023 55
PNP 17 12 18 17 16 4 151 147 025 023 55
PRP 27 15 24 31 17 11 218 146 047 0.22 61
PMP 37 28 36 39 37 9 153 138 025 0.19 55
PLP 25 17 23 31 20 10 1.70 135 032 0.18 58
PHPY 24 16 21 29 22 5 173 129 033 0.15 —
PTP 36 25 32 49 31 8 1.69 129 031 0.15 53
PWP 44 35 42 45 44 14 145 122 022 0.12 —
PIP 31 20 22 50 22 13 1.78 1.01 034 0.01 50
PVP 28 22 23 43 27 10 140 1.00 020 000 —
PVP 23 19 16 41 24 6 129 075 0.15 —-0.17 49
PYP 27 32 18 35 44 9 0.78 045 -0.14 —0.47 —

Peptide F o F, F. a a. F* PPIl F*

The table presents conditional probability (as a percentage) for the guest
residue to be in the F region given different states of the preceding Pj
residue, along with the odds ratio and AAG (in kcal/mol).

*Calculations based on the Zimmerman regions of the Ramachandran plot,
independently of the ¢/t states of prolines.

fCalculations based on both the Zimmerman regions and the ¢/ pattern of
prolines.

iReponed by Rucker et al. (25) for 7= 5°C based on CD experiments.
$His is assumed to be protonated.

THis is assumed to be neutral.

except for Gly. As illustrated in Fig. 2, Gly results are
very scattered and therefore these other patterns account
for 55% of the total. It is clear that not only is the F content
of the guest low, but also that its 8 content is relatively high,
in agreement with Table S1. For instance, the contents for
these guests are 23% F and 77% @ for PQP; 10% F and
87% (B for PDP; 21% F and 77% ( for PAP; and 20% F
and 81% @ for PVP.

Proline-guest correlation

Because P; and the guest residue X show the most signifi-
cant variation in terms of the F and PPII content, it is natural
to explore the correlation between the two neighboring resi-
dues. Here, we conveniently express the correlation in terms
of the OR construction reviewed in the Methods, although
other approaches are also possible (48).

Given the wealth of the HT-REMD data, we have carried
out a full population analysis, and calculated important
conditional probabilities and OR numbers (for qualitative
insight into the P3;—X correlation, please see the Supporting
Material). For instance, one can calculate the probability

Biophysical Journal 100(4) 1083—-1093
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TABLE 4 Grouping of amino acids according to their nature
and the strength of the P3-X correlation

Charged
OR* (=) +) Polar Hydrophobic ~ Small
OR > 2 ED K QS — AG
1<OR<2 — RH' H'NTC LEMW —
0<ORX<L 1 — — — VYI —

*OR has been computed based on the PPII population.
"His is assumed to be protonated.
HHis is assumed to be neutral.

of X € F (via the explained fitting technique), given that
P; € F or P; € «. These are conditional probabilities,
p(XeF|PseF), and p(Xe F|P3eF). It is also possible to
take into account the cis/trans isomerization of the Pj
residue. Thus one can find the probability of X € F condi-
tioned on P3 being in four different conformations denoted
as F, (or PPII), F. (or PPI), o, and «, All these conditional
probabilities for all PXP peptides (X # P) are presented in
the second and third columns in Table 3.

One possible measure of the correlation is to take the
ratio of these conditional probabilities. Considering the
second column in Table 3, the results range from PQP at
the top of the list with a 51:14 ratio and a 66% experi-
mental value for PPII content, to PVP close to the bottom

Moradi et al.

We note here that because of technical complications,
there is no experimental data available for PYP or PWP
peptides (25), although we have no trouble measuring their
correlations with our HT-REMD  simulations. Now
consider the third column in Table 3. A comparison
between the «, and «. data shows that the conditional
probability for «. is less than half of «,, indicating that
an «, proline reduces the probability of a guest PPII
conformation considerably. Thus, populations of o« F
vary between 0% and 5%, while populations of o F vary
between 5% and 20% (Table S2).

Considering that the relevant populations for P3X are
F.F F.8,F.F,F.3,0F, a0, aF, and a0 as given in Table
S2, we calculate the OR based on two properties chosen as
follows:

We set the property to be 1 [0] (see The Odds Ratio,
above), as (P; € F) [(P; & F)] for the first index and (X
€ F) [(X & F)] for the second index. Thus,

P00 = Paa T Pag + Ppa + Psss
Por = Par + Dgr,

P10 = DFa +pF67 and

with a 23:19 ratio and 49% experimentally observed value. Pu = DFr.
-160 -110 20 20 160 3
p | F
14120 S
F .
O
2 L PPP PAP
0.09
> o0 BPP 1@ g
1 50 I I 0.08
120 . . 0.07 FIGURE 1 Typical examples of
B F 6 Ramachandran plots for different resi-
; ; 7 | PGP PVP 0.0 dues (a) P; in PPP peptide, (b) P; in
-160 -110 220 20 160 0.05 PPP, PAP, PGP, and PVP, (¢) Ps in
(p (p PPP, PAP, PPP, and PAP, and (d)
a p, b P, 0.04  ending Gly and Tyr (boldface) in PPP
and PAP. Note that the definitions of
% 5 0.04 the areas F, (8, ag, and oy are high-
- - H H | 0.03 lighted in panel a. Each pixel represents
S S ’ a 1° x 1° bin in the Ramachandran plot
Y Y % LY (0.02 and its intensity represents the number
of times visited in our sampling, scaled
RPP BAP PREPPPEEY PPPAPFREY 0.01 (as given on right) from 0% (white) to
0.09% (black) of the whole population
. | L] | | | 0.00 (10°).
> a " =3
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FIGURE 2 Ramachandran plots of all 20 guest residues
in PXP peptides. See Fig. 1 for the definitions. Note that
‘ | ‘ histidine in PHP is assumed to be protonated.
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Py | |- . ]
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If we discard the conformations whose populations are
negligible, we are simply left with

(Poo, Po1s P10 P11) = (paﬂapaF;pFﬁprF)~

If we consider the cis/trans states and look for the PPII
(F,) content, then

(Poos Pot, P10, P11) = (Pa,/i + PF.g + Pagy PoaF + Do
+Dr, ,FapF,[hpF,F)-

Numbers for both OR and AAG = log(OR) are given in
Table 3, which list PXP and PXP’ results next to each other;
the other entries are ranked according to AAG (PPII) values.
Although the values for PXP and PXP’ differ slightly, in
terms of proline-guest correlation, the behavior of PXP’
peptides is similar to that of the PXP ones.

DISCUSSION

Overall, our results are in qualitative agreement with the
experiments. The far-UV CD spectrum of PPP has

a maximum at 228 nm which signals the presence of
a left-handed PPII helical conformation, and a minimum
at 205 nm which may be considered characteristic of this
conformation as well, but only in conjunction with the
maximum because disordered peptides also possess
a minimum in this region of the spectrum, making it
a poor choice for determining the PPII helical content
(25). It is therefore assumed that the percentage of PPII
helical content is proportional to the maximum molar ellip-
ticity at 228 nm. As such, this involves some simplifications
as readily acknowledged by the authors (24). Thus, when
making comparisons between the experimental and the
simulation data such as shown in Fig. 3 (for instance), it is
sensible to say that our AAG correlates linearly with the
maximum molar ellipticity (which is related to PPII content,
but is not exactly proportional to it).

While we are encouraged by the qualitative agreement
with the experimental results, our interpretation of these
results is rather different. First, we consider how the exper-
imental notion of an intrinsic PPII propensity in the case of
Ala comes about (24). Because the CD spectra only reflect

Biophysical Journal 100(4) 1083-1093
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PPII Content (%)

1 L L

-0.5 0 0.5 1 1.5

FIGURE 3 Experimental values (25) of the PPII content plotted against
AAG, computed from the odds ratio of PPII for the P; and X residues in
PXP peptides (X # P,Y,W). Labels identify the guest amino acids. Simula-
tion data for PYP and PWP is not shown, because no experimental data is
available for these peptides. Data for PPP is also excluded because of the
substantive differences between the P-P correlation as compared to the
P-X (X # P) correlation. The correlation coefficient is R = 0.85. Note
that the histidine in PHP peptide is assumed to be protonated.

statistical ensemble averages, it is not possible to uniquely
infer the properties of individual residues from these aver-
ages, unless some assumptions are made. In brief, it is
assumed that:

1. From the CD measurements for PPII content, it is esti-
mated that a well-behaved PPII residue will contribute
~11% to the overall PPII content. Thus, a lower bound
of the PPII content will be 44%, attributed to the contri-
butions of P54 5.

2. Because the proline closest to the C-terminal (i.e.,
residue Pg) is not restricted by a following proline, it is
assumed that this residue is free to adopt any conforma-
tion available to proline. Thus, the expectation is that Pg
does not contribute much to the overall PPII content.

3. The C-terminal Tyr is not expected to contain any signif-
icant PPII content, while the case of the C-terminal Gly
is unclear.

4. Alanine is not expected to have much effect on its
preceding proline. Thus, the P; residue is expected to
adopt all conformations generally accessible to proline,
unless long-range interactions (which extend beyond the
nearest neighbor residues) favor a PPII helical conforma-
tion. The latter is not considered as a possibility.

5. Because the experimentally measured PPII content is
61% for PAP, of which 44% is accounted for by Py, P,,
P4, and P, and because all the other residues are not ex-
pected to make any significant contribution to the PPII
content, “one is left to conclude that an isolated alanine
has a high propensity to adopt this conformation” (24).

By contrast, simulations can produce extensive and accu-
rate statistical data on each residue, and therefore serve to
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highlight the pitfalls of inferring individual system proper-
ties from a statistical ensemble average. Consider the
F (PPII) content of PAP at 27°C, which was found to be
57% (48%), respectively.

How do our observations differ from those of the
experiments?

1. Indeed, residues P;, P,, P,, and Ps5 all make similar
contributions. These are 11% (9%) per residue, and
therefore account for 77% (63%) of the total F (PPII)
content of the PAP peptide at 27°C.

2. Residue Pg contributes 4.4% (4%); or 7.8% (8.3%) of the
total peptide F (PPII) content.

3. The C-terminal Tyr also has a considerable PPII content:
4% for the residue, which represents 8.3% of total
peptide PPII content. However, the C-terminal Gly has
a negligible PPII content: 0.5% for the residue, which
represents 1% of total peptide PPII content.

4. Residue P; contributes 2% (1.4%), which represents
3.5% (2.9%) of the total peptide F (PPII) content.

5. Finally, the Ala residue contributes only 2.3%, or 4.8% to
the total peptide PPII content.

In other words, when each residue is considered individ-
ually, then the contribution of the Ala guest to the overall
PPII content of the peptide is seen to be relatively modest,
in agreement with the previous calculations of Vila et al.
(16). Indeed, as already noted, for PAP only 21% of the
guest Ala is to be found in the F region, while 77% is found
in the §-region.

So, rather than invoking an intrinsic PPII propensity for
the guest residues, we argue that the behavior of amino acids
in a proline host environment may be explained in terms of
the following two properties which so far have not been
considered:

1. A local correlation between the dihedral angles of
residues P3 and X, which may be described in terms of
an OR.

2. A nonlocal correlation between the cis/trans conformers
of the peptide bonds.

By using the word “correlation”, we clearly mean not
an intrinsic property of the guest amino acid itself, but
a property of the guest in the context that the guest finds
itself (49).

Turning to the local correlations between residues P3 and
X, we note that these are quantified by OR (or equivalently
AAG) results. As may be expected, the OR computed for the
F and PPII contents track each other reasonably well. Based
on the numerical values, one can classify the guests as
having strong, intermediate, or weak correlations by means
of (arbitrary) introduced cutoffs. Using the PPII-based
OR, we define guests as being strongly correlated if their
OR > 2. Guests with intermediate correlations are those
with 1 < OR < 2; and weakly correlated guests are those
with0 < OR < 1.
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Table 4 summarizes the resulting grouping of guest amino
acids according to their nature. Typically, negatively charged
amino acids, positively charged Lys, and the polar amino
acids Gln and Ser make for highly correlated guests, while
the rest of the polar amino acids and Arg are guests with inter-
mediate correlations. Hydrophobic amino acids result in
guests of intermediate or weak correlations, except for Gly
and the small hydrophobic amino acid Ala, which show quite
strong P3-X correlations. For those amino acids whose OR
falls near the cutoffs, the character of the correlation should
only be taken as indicative, because their classification is
obviously sensitive to the chosen cutoffs, which may be
altered, for instance, in the presence of explicit waters.
Finally, we note that an OR less than unity indicates a de facto
anticorrelation, as observed for instance in Tyr.

We have compared the experimental PPII content (25)
against the corresponding AAG values based on PPII for
the PXP peptides (see the Supporting Material for a brief
discussion of other measures of P;—X correlations). Specif-
ically, Fig. 3 shows a linear correlation between the two data
sets, with a correlation coefficient of R = 0.85. We note that
this correlation—which is strictly based on the P3-X OR—
does not include any nonlocal cis/trans isomerization
effects. By contrast, the average PPIl content from the
HT-REMD simulations as reported in Table 1 does not
reflect a strong correlation with either the experimental
CD-based PPII contents or our computed P3-X correlations
based on AAG.

With respect to the trans content, given as a percentage in
Table 2, the peptide with the least frans content belongs to
PPP (71%) because its central guest proline can easily
take on the cis conformation (36,50). Indeed the trans pop-
ulation of the P;—P bonds is only 51%. We find that the pres-
ence of the guest (except when X is Pro, Tyr, or Trp)
increases the frans content in the prolyl bonds of the indi-
vidual peptides, and this content is increased even more
when a second guest is added. The increase in the total trans
content for each peptide is due to both a local effect (switch-
ing the guest P by any other amino acid eliminates the
residue with highest cis content in PPP), and a nonlocal
effect, because the PPII contents of most of the prolyl bonds
also increases. For instance, in PQP every single prolyl bond
except that associated with P,—P5 increases its frans content
with respect to PPP.

For a visual illustration of this effect, see Fig. S6. Thus,
instead of contributing to an intrinsic PPII propensity,
the guest amino acids bring in their own intrinsic trans
propensity with the net effect of diminishing the number of
cis bonds and thereby de facto increasing the PPII content
of the peptide.

Finally, for a truly quantitative comparison between
the experimental data (25) and our computed data, one
needs to take into account that the experimental values of
Rucker et al. (25) are for T = 5°C, while our calculated
results are for 7 = 27°C. While the experimental values at
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this temperature are not known individually, the trends
show that:

1. The difference in PPII content between PPP and the other
PXP peptides increases with increasing temperatures, so
that at higher temperatures, one can expect a 5-10%
difference between the PPII contents of PPP and the
other host-guest peptides.

2. The PPII content decreases for all PXP peptides with
increasing temperature. Given these differences, we
believe that there is reasonable agreement in the trends
observed between the available experimental data and
our computed PPII content.

CONCLUSIONS

In summary, we have investigated the structural characteris-
tics of proline-based oligopeptides in a host-guest setting.
Specifically, the equilibrium structures of PXP and PXP’
peptides, as obtained from HT-REMD simulations, were
analyzed. The features probed include the cis/trans isomer-
ization of the prolyl bonds, the puckering of the pyrrolidine
rings of the proline residues, and the secondary structural
motifs associated with the distribution of dihedral angles
of the Ramachandran plots for each residue. The cis/trans
isomerization of each peptide structure was explicitly
tracked when calculating the PPII content. We do not find
significant evidence of an intrinsic PPII propensity for the
guest amino acids.

The experimentally observed changes in the height of the
maximum molar ellipticity at 228 nm of the CD spectra,
assumed proportional to the PPII content, may be explained
in terms of the following observations:

1. Steric interactions produced by the proline rings (34,38)
cause a given proline to restrict the preceding residue to
50 < ¢ < 180 (except for Gly), forcing the preceding
residue to be in either a - or F region, according to
the value of ¢.

2. The net increase in prolyl #rans content introduced by
guests (other than Pro, Tyr, and Trp) in the host peptide
precludes some of the PPP cis isomers and effectively
results in a net (trans) PPII increase.

3. There is a local correlation between the dihedral angles
of the guest, and the proline residue immediately
preceding the guest. It is natural to probe the P;—X corre-
lations with an OR analysis.

The latter is specifically designed to describe the strength of
association between two binary variables, and may be
thought of as characteristic conformational property (such
as the cis/trans states) of these peptides. In terms of the
P5;-X OR results, the guests may be roughly divided into
three categories that depend on the nature of the amino
acid. There is a good positive linear correlation between
the AAG numbers based on the P5-X OR analysis and the
experimental CD spectroscopy results.

Biophysical Journal 100(4) 1083—-1093
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