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Abstract: Flory’s random coil model assumes that conformational fluctuations of amino acid residues
in unfolded poly(oligo)peptides and proteins are uncorrelated (isolated pair hypothesis, IPH). This
implies that conformational energies, entropies and solvation free energies are all additive. Nearly
25 years ago, analyses of coil libraries cast some doubt on this notion, in that they revealed that
aromatic, but also B-branched side chains, could change the 3J(HNHC%) coupling of their neighbors.
Since then, multiple bioinformatical, computational and experimental studies have revealed that
conformational propensities of amino acids in unfolded peptides and proteins depend on their
nearest neighbors. We used recently reported and newly obtained Ramachandran plots of tetra- and
pentapeptides with non-terminal homo- and heterosequences of amino acid residues to quantitatively
determine nearest neighbor coupling between them with a Ising type model. Results reveal that,
depending on the choice of amino acid residue pairs, nearest neighbor interactions either stabilize
or destabilize pairs of polyproline II and 3-strand conformations. This leads to a redistribution of
population between these conformations and a reduction in conformational entropy. Interactions
between residues in polyproline II and turn(helix)-forming conformations seem to be cooperative in
most cases, but the respective interaction parameters are subject to large statistical errors.

Keywords: Ramachandran distributions; isolated pair hypothesis; nearest neighbor interactions;
model peptides; intrinsically disordered proteins

1. Introduction

The unfolded state of proteins still attracts substantial interest of protein biophysicists
and biochemists. There are several reasons for the increased focus on what for a long period
of time was considered a subject of minor interest because of its assumed irrelevance for
protein function and the notion that available theories had provided a sufficiently thorough
understanding of its basic properties [1-3]. One of the motivations for the paradigm change
was the discovery of so-called intrinsically disordered proteins (IDPs) which were found
to perform important biological functions, particularly in cellular contexts, in spite of
the absence of any well-defined secondary structures [4-6]. Some of these proteins (and
peptides) are prone to self-assembly into amyloid fibrils which are thought to be involved
in neurological diseases such as Alzheimer’s, Parkinson’s and Huntington’s disease [7,8].
Alternatively, the self-assembling of IDPs can lead to liquid-liquid demixing and the sub-
sequent formation of intracellular bio-molecular condensates [9-11]. In addition to fully
disordered proteins, a plethora of semi-disordered proteins have been discovered for which
disordered segments play a very important functional role [12,13]. Very much in parallel to
the increasing research on disordered proteins and peptides, multiple lines of experimental,
computational and bioinformatic evidence have emerged for the notion that the conforma-
tional space sampled by individual amino acid residues in unfolded /disordered peptides
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and proteins do not sample the entire sterically allowed region of the Ramachandran
plot (Figure 1) and that the twenty natural amino acid residues exhibit different confor-
mational propensities for the sampling of basins associated with well-known secondary
structures [14-22]. Generally, work on unblocked GxG type tripeptides (x: guest residue)
and related blocked dipeptides has revealed that amino acid distributions differ in terms of
their population of polyproline II (pPII) and (3-strand conformations, with alanine strongly
preferring the former, while valine, isoleucine and, surprisingly, protonated aspartic acid
residues were found to prefer the latter [23-29]. Right-handed helical conformations are
generally less populated than assumed for the construction of random coil distributions of
polypeptides and proteins. GXG peptides with x-residues exhibiting hydrogen bonding
capability were shown to additionally sample conformations that appear in type II' /I -,
inverse y- and so called asx-turns [24,30]. Overall, the results obtained with short peptides
suggest that unfolded and disordered proteins might exhibit much less conformational
disorder than generally assumed. A similar picture has emerged from the studies of some
coil libraries, but differences between corresponding coil library and peptide distributions
are noteworthy [31,32].
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Figure 1. Sterically allowed ¢, space proposed by Ramachandran [33]. Solid lines enclose regions
allowed by hard-sphere bumps at standard radii; dashed lines show regions allowed with reduced
radii; dotted lines add regions allowed if T (N-C-C’) is relaxed slightly. ¥ and ¢ values run from
—180° to 180°. Taken from ref. [34].

If, as Flory assumed, the Gibbs energy landscape of unfolded proteins in an ideal
random coil state was defined by the superposition of energy surfaces of their individual
residues (isolated pair hypothesis, IPH), the above cited Ramachandran distributions could
be used to calculate their conformational distributions in the absence of any non-local
interactions [1]. This should indeed be the case in an ideal random coil state where attrac-
tive non-local interactions are exactly neutralized by excluded volume effects. Non-local
interactions would also be absent if solvent-protein/peptide and repulsive intraprotein
interactions favor an extended state in which the surface accessible area of residues is
maximized. Interestingly, however, several lines of evidence suggest that even in the
absence of non-local attractive interactions, nearest neighbors and potentially even second
nearest neighbors are structurally not independent. Early NMR studies suggest that highly
branched and aromatic amino acid residues impose a shift towards more 3-strand-like
conformations of their neighbors [35,36]. However, conclusions from these studies rely
in part on changes of only a single NMR-coupling constant *J(HNH*)) and of chemical
shifts for which different causes could be invoked. Jha et al. deduced nearest neighbor
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interactions (NNIs) from distributions in coil libraries [16]. For alanine, they clearly showed
that conformational distributions do not only depend on the nature of neighbors but even
more on their adopted conformation and their position (upstream or downstream on the
polypeptide chain). For 3-branched neighbors of alanine, NNIs are more pronounced if
positioned upstream, while aromatic neighbors interact more efficiently if positioned down-
stream. Their data indicate the presence of cooperative and anti-cooperative interactions
between pPII, 3-strand and right-handed helical conformations. A very comprehensive
coil library-based NNI analysis of a large number of amino acid pairs was carried out by
Ting et al. [17]. They removed all residues in regular (3-sheets and «-helices from their en-
semble. Their Ramachandran plots suggest a massive influence of NNIs on conformational
distributions. While alanine, for example, exhibits a high pPII propensity in the presence
of downstream proline, substituting the latter with phenylalanine, valine or glutamine
substantially increases the right-handed helical conformations at the expense of pPIIL. The
very same effect was observed for various types of upstream neighbors.

Computational studies of NNIs in short oligopeptides are noteworthy as well. Some
results suggest that NNIs involve peptide-solvent interactions. Garcia, for instance, showed
that preferred solvation underlies the cooperative interactions between pPII conformations
of alanine in oligoalanine peptides [22,37]. Avbelj et al. performed electrostatic calculations
to show that the replacement of an alanine by another amino acid residue in oligo-alanine
sequences causes changes of the conformational energies of neighbors by solvent-mediated
interactions. Pappu and Rose obtained sterically induced NNI for neighbors in helical
conformations [38]. Tran et al. used Monte Carlo simulations of blocked host-guest
peptides of different lengths. They found that NNIs due to steric repulsion have a tendency
to produce more extended structures by favoring conformations in the upper over those
in the lower left quadrant of the Ramachandran plot [39]. Zaman et al. observed that the
use of different force fields produces rather different NNIs [40]. Since they used an implicit
water model, the role of solvation might have been underestimated.

Thorough experimental investigations of NNIs are rare. Cho and coworkers used
UVCD spectroscopy and 3J(HNH*) coupling constant data to investigate NNIs in blocked
tripeptides in aqueous solution [41,42]. They interpret spectroscopic data obtained for up-
stream aromatic neighbors as indicative of shifts towards more extended structures, but the
observed changes of 3J(HNH®) coupling constant data could reflect changed propensities
as well as changes of basin positions or a combination of both. This issue was explicitly
addressed by Toal et al. who used a large set of five J-coupling constants combined with
amide I’ profiles in IR, Raman and vibrational circular dichroism spectra to elucidate NNIs
in a selected set of unblocked tetrapeptides [43]. They found that the pPII propensity of
alanine is indeed reduced by more sterically demanding nearest neighbors, particularly by
valine. However, contrary to the observations of Ting et al., the results of Toal et al. indicate
a concomitant stabilization of 3-strand rather than of right-handed helical conformations.
For aspartic acid, NNIs were found to cause the very opposite effect, a stabilization of pPII
over [3-strand and different types of turn-supporting conformations. For other pairs of
amino acid residues (e.g., KL, LK, VK, etc.) they observed that NNIs changed the position of
basins rather than their population. More recently, Milorey et al. augmented these studies
by investigations of homopeptide sequences in tetra- and pentapeptides (GDDG, GDDDG,
GRRG and GRRRG) [44,45]. For R, the presence of like-neighbors produces a stabilization
of 3-strand conformations, while conformations generally found in i + 2 residues of type I
or II' B-turns are stabilized by D neighbors.

While the above studies provide valuable information, their results have not yet
entered the realm of thermodynamic models and computational studies. Regarding the
latter, recent MD simulations for GRRG and GRRRG indicate that currently used force
fields and water models do not account for NNI-type cooperativity [44]. As far as theory is
concerned, a first attempt of thermodynamic modeling has recently been undertaken by
Schweitzer-Stenner and Toal [46]. They found that the above NNIs of alanine and aspartic
acid residues with various neighbors are indicative of cooperativity between pPII and
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[-strand conformations which can actually be read as anti-cooperativity between pPII
conformations of adjacent residues. Such effects seem to be even more pronounced at high
temperatures, at which one generally observes thermal unfolding of proteins.

In the current study we extend the model of Schweitzer-Stenner and Toal by con-
sidering a larger number of nearest neighbor interaction parameters and by adding the
peptides investigated by Milorey et al. [44,45] to the data pool of Toal et al. [43]. The latter
is augmented further by a conformational analysis of GAFG, GFAG and GKKG peptides
which relies on a set of J-coupling constants. The results reveal a complex pattern of NNIs
which very much depend on the nature of the interacting residues. Generally, our results
confirm the relevance of pPII-f interactions. Furthermore, we found that interactions
between pPII and right-handed helical conformations play a role in arginine and aspartic
acid residues containing peptides.

2. Materials and Methods
2.1. Materials

The Ramachandran plots and conformational propensities of most peptides inves-
tigated in this study were determined in earlier studies [43—45]. Here we augment this
data set with experimentally determined J-coupling constants of the cationic tetrapeptides
glycylalanylphenylalanylglycine (GAFG), glycylphenylalanylalanyl glycine (GFAG) and
glycyllysyllysylglycine (GKKG). Peptides used for 'H NMR experiments were custom
synthesized by Genscript. Isotopically labeled peptides were synthesized as described by
Milorey et al. [44]. The purified peptides were dissolved at a concentration of 5-10 mM
in a 90%H,0/10%D,0 solvent. The used D,0O solution contained 0.1%4,4-dimethyl-4-
silapentanesulfonic acid (DSS) which was used as an internal standard.

2.2. NMR Spectroscopy

E.COSY and J-modulated HSQC measurements were acquired to determine the fol-
lowing set of coupling constants: 3SIHN,CY), 3J(H*,C), ]J(HN,CP) and 1J(N,C%). Details
can be found in the paper of Milorey et al. [44] 3J(HN,H%) constants were determined from
'H NMR experiments with unlabeled peptides as described by Toal et al. [25].

Analysis of NMR data. The Gaussian model used to analyze the experimental J-coupling
constant has been described in detail in earlier papers [23,47]. Briefly, we construct Ra-
machandran plots as superpositions of two-dimensional Gaussian distributions associated
with basins that represent different secondary structures. The position, halfwidths and
statistical weights of these Gaussian distributions were varied in an optimization procedure
for which we calculated conformational averages of J-coupling parameters with published
Karplus equations for the five J-coupling constants [48-50]. Details of the optimization
procedure are given in the Results and Discussion sections.

2.3. Determination of Nearest Neighbor Interaction Energies

A first version of the theory utilized in this study was recently published by our
group [46]. In this paper we introduced a one-dimensional Ising model where we consid-
ered changes of residue propensities by NNIs between pPII and (3-strand conformations
induced downstream by the i on the (i + 1) residue. To this end, we considered condi-
tional probabilities which reflected the probability for the y-residue in GxyG to adopt pPII
or 3-strand in dependence of whether the x-residue adopted any of these conformations.
We did not explicitly consider any NNIs involving helical or turn-like conformations. The
transfer matrices used in our model are reminiscent of the helix-coil model of Zimm and
Bragg [37].

For the current investigation of NNI we present a more complete model which consid-
ers interactions between up to four conformations of adjacent residues. In addition to pPII
and -strand, we consider right- and left-handed helical/ turn-like conformations. We do
not consider changes of the basin positions of pPII and (3-strand. Because helix and turn
basins are generally weakly populated (with an exception of asx-turns and type I/II'f3 turn
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forming conformations in the Ramachandran plot of D residues) [30,45], we combined the
mole fraction of conformations with very similar ¢ but somewhat different \-values e.g.,
right handed helical, type I/I’ 3-turn (i + 2) forming and inverse y conformations from the
left as well as left-handed helical asx- and y-turns from the right half of the Ramachandran
plot. Hence, we employ 4 x 4 transfer matrices for the calculation of the partition sum of
the considered tetra- and pentapeptides. They read as:

(pPH|pPIL); (pPIL|B); (pPIt); (pPHlt);

o (B[pPII); (BIB)ji (Blt)ji (Bltr)ji

e (ti[pPIT);; {t[B)ji (tiltr) i (ti]tr) i
<tr|PPH>ji <tr|f5>ji <t7|tl>ji <t7|t7’>ji

)

where the matrix elements represent the conditional probability for the j residue to adopt
the conformation K while the i residue is in conformation L. Non-extended conformations
in the left and right part of the Ramachandran plot are denoted as ¢; and t,. They can be
expressed int terms of the Boltzmann factors:

Grx + 8Grk ji
(LIK); = exp( PG

where G ; is the Gibbs energy of the conformation L in residue j and 6G ; is the NNI
energy between residue 7 in state K and residue j in state L.
The partition sum for the considered peptides can be written as:

()

Zr=p-Tio-Tor-q1 3)

Zp=p-Tip-Toz-T3p-To1 - 1 4)

where the subscripts T and P represents tetra- and pentapeptides, respectively. It should be
noted that terminal residues are not taken into account. The vectors g; and p are written as:

exp (((;pPH,l / R;)
_ exp G,B,l /RT 5
N exp(Gy,1/RT) ©®)
exp(Gy,1/RT)
and
p=(1111) (6)

A mistake in ref. [46] should be noted in this context: As p in Equation (6), the end
vector gy (N denotes the N residue) therein should have been written as unit vector.

The main difference between the approach in ref. [46] and the current one is that the
above formalism takes into account mutual interactions, while the one in the earlier paper
solely accounts for a transfer from the N- to the C-terminal. To illustrate the point, let us
consider a GxyG peptide. In our former approach the Boltzmann factors for the confor-
mation of the y-residue depends on the conformations of the respective x-residue of the
peptide. Hence, we solely considered transfer matrix elements of the type in the partition
sum. The current approach adds conditional probabilities that account for the dependence
of statistical weights of residue x conformations on the conformation adopted by residue y.
The more restricted approach was chosen in ref. [46] to allow for an analytical approach to
be used for the calculation of NNI-parameters from experimentally observed mole fractions.
This differs from the below described optimization used for the current investigation.

In order to obtain interaction parameters 6Gk j; we calculated mole fractions of indi-
vidual residues and minimized the difference with experimentally determined values from
an iterative least square fitting procedure for which 6G; g ;; were used as free parameters.
The Gibbs energies Gg ; and G j were obtained from the experimentally determined mole
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fractions of residue conformations in GxG peptides [23,24,30,31]. To this end the Gibbs

energies of pPII conformations were set to zero. Hence, all Gibbs energies in this study are

in fact differences between the Gibbs energy of the considered conformation and pPII.
Individual mole fractions of residue conformations were calculated as:

J . i i “‘,,
[GL +Yk Zz(szJF‘sGLK/t)‘)/]:tl]
RT

exp

XLj = 7)

Y exp ( [Grj+Xk Zi(GIk{,%‘HSGLK,ji)‘sj,jil] >
where J;.1 ; is the Kronecker symbol. We would like to reiterate in this context that the
terminal glycine residues of the considered GxyG and GxyzG peptides were not included
in the analysis. Hence, for GxyzG, there are no j + 1 contribution for z (j =3) and noI — 1
contribution for x (j = 1).

Once NNIs were determined, the mole fraction of peptide conformations could be
calculated, for tetra- and pentapeptides, respectively:

exp{(Gr2 + Gk1 + Gk 21 +0Gkr,12)/RT}

XLK = 7r (8)
_exp{(Gms + Gro + Gk +0Grr 1 + 0Gk,120 +0Gmr23 +0Gumr32) /RT}
XMLK = Zp 9)

Note that M is the superscript for considered conformations of the third residue (z) in
the pentapeptide.

In order to further assess the influence of NNIs on the thermodynamics of the inves-
tigated peptides, we calculate the conformational entropy based on amino acid residue
propensities in GXG and the isolated pair hypothesis with the conformational entropy in
the presence of NNIs. For the former, we used the equation:

N / 4
Sipr = —R) ( Y. (XiKlnXiK)> (10)

i=1 \K=1

where (Gix /RT)
exp(G;
Kik = =D K (1)
Yik—1exp(Gik/RT)
is the population of the K™ conformation of the i residue. In the presence of NNIs, the
entropy must be calculated by utilizing the x;x and xrxp values of Equations (8) and (9),
for tetra- and pentapeptides, respectively:

Mu;

4
tetm _
NNI —R Z

(xxLInxxr) (12)
K=1L=1
4 4 4
skint = —R Yo Y Y (xkemlnxkim) (13)
K=11=1M=1

The indices K, L, M are defined above.

3. Results

This section of the paper is organized as follows. First, we describe the results of the
NMR-based conformational analysis of GAFG, GFAG and GKKG. Second, we compare
mole fraction of corresponding residue conformations in GxG, GxyG and GxyzG peptides
to illustrate the measurable effect of NNIs. Third, we describe our analysis of these data in
terms of interaction parameters G ;.
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3.1. Conformational Analysis

We augmented the already existing data sets obtained for a rather large number of tetra-
and pentapeptides by GAFG and GFAG to further explore the influence of aromatic residues
on their neighbors. In our recent study we showed that phenylalanine as neighbor has a
tremendous and unexpected influence on the Ramachandran distribution of protonated
D residues (and vice versa). Since alanine and aspartic acid residues stand out due to
their extraordinary conformational sampling (pPII for A; 3-strand, 3-turn forming and
asx-turns for D), we wondered how phenylalanine would affect alanine neighbors and vice
versa. Therefore, we determined the values of the J-coupling constants listed in Materials
and Methods for the tetrapeptides GAFG and GFAG. The results are listed in Table S1. It
should be noted that we could not obtain reliable values for the 'J(HN,C’) constants of
GAFG. We used the Isquarefit module of Matlab 2019b to perform the following fitting
procedure. For each individual residue, we started with the statistical weights and basin
coordinates obtained for GAG and GFG [23,31]. We allowed the statistical weights of pPlII,
-strand, inverse v, right- and left-handed helical conformations to vary in a fit to the
coupling constants in Table S1. In a second step we optimized the fit by varying the basin
coordinates of the considered conformations. Since J(HN,C’) values are not available for
GAFG, we used the corresponding values obtained for GFG and GAG [23,31]. We did not
vary the \-coordinates for this peptide. The thus obtained J-coupling parameters and the
reduced x,2 values of the fit are all listed in Table S1. Apparently, the reduced chi-square
values indicate that the fitting reproduced the coupling constants of GFAG much better
than the ones of GAFG. The unusually large values mostly reflect the differences between
experimental and calculated 31(HN,C") values. For the F-residue the latter is lower than
the lowest possible value that can be calculated with the corresponding Karplus equations.
We observed similarly low values for arginine containing peptides [44]. Apparently, the
empirical Karplus equation is less accurate for @-values close to its minimum at —100°. We
are not too concerned about the discrepancies regarding *J(HN,C’) because our fits account
at least qualitatively for the difference between the respective values of F and A (Table S1).

The obtained mole fractions are listed in Table 1 together with the corresponding
mole fractions of the residues in GxG. The Ramachandran plots of the peptides are shown
in Figure S1. The respective positions of the basins are listed in Table S2. Interestingly,
phenylalanine has a very limited influence on alanine when positioned downstream,
while it stabilizes 3-strand over pPII as expected when positioned upstream. Alanine
as downstream neighbor of phenylalanine stabilizes pPII over (3 while it produces the
opposite effect when positioned upstream. In addition, we observed a slight increase of
left-handed helical conformations for all residues. This is a little bit surprising, but we
found that omitting this conformation from the list led to a deterioration of the overall
quality of the fit.

Table 1. List of statistical weights of conformations constituting the Ramachandran plots of the
indicated peptides. The values for GAG and GFG have been taken from refs. [23,31].

Conformation  GAG GAFG GFAG GFG GFAG GAFG
pPII 0.8 0.8 0.64 0.45 0.61 0.37
B-strand 0.1 0.05 0.27 0.45 0.32 0.57
iy/type I1 B 0.03 0 0 0 0 0
rh 0.03 0 0 0.05 0 0
1h 0.04 0.15 0.07 0.05 0.06 0.06

We also measured and analyzed the J-coupling constants of cationic GKKG. The
experimental and calculated J-coupling constants are listed in Table S3. The mole fractions
of the considered conformations are listed in Table S4. Below, we will discuss these results
only in passing, because a limited number of coupling constants were used for the reference
system GKG. The Ramachandran plots of the K-residues in these peptides are shown in
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Figure S2. Interestingly, the plot for the C-terminal K-residue is very similar to the GKG
Ramachandran, which indicates a weak influence from the upstream neighbor. On the
contrary, the downstream neighbor shifts the N-terminal distribution much towards pPIL

3.2. Homopeptides

Figure 2 compares the statistical weights of pPII, 3-strand, the combined mole frac-
tions of inverse y-turns, type I/II’ (i + 2) B-turn and right-handed helical as well as the
combination of asx-turns, left-handed helical and y-turns for homopeptide segments con-
taining alanine, protonated aspartic acid [45] and arginine [44]. The numerical values are
listed in Table S6.

0.90
0.68
0.45

0.23

000 - H =
GA'G GA'AG GAA'G AATAA AAA'A
WPl B Wrh+iy+typel’'B8 " Ih+y

0.70
0.53

0.35

0.18

GD*'G GD*'DG GDD*G GD*DDG GDD*DG GDDD*G
WPl B Wrh+iv+typel'8 I asx-tum

0.00

0.70
0.53
0.35

0.18

0.00 Il

GR'G GR'RG GRR'G GR*RRG GRR*RG GRRR*'G
WpPl 0B W rh+iy+typel’8  asx-tun

Figure 2. Statistical weights of the indicated residue conformations in the Ramachandran distribution
of alanine, aspartic acid and arginine-based tetra- and penta-homopeptides. The respective residue
for which the statistical weights are plotted is labeled with an asterisk. The respective values have
been taken from refs. [44,45].
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For alanine, the differences between the statistical weights are nearly within their
limits of accuracy, but it seems that the combined influence of alanine on both sides
slightly enhances the pPII propensity of the central alanines in AAAA, in agreement with
predictions from MD simulations [22]. For aspartic acid residues containing peptides,
three aspects of NNI caused changes which are most remarkable. First, the downstream
D-residue in GDDG is heavily affected by its neighbor in that the latter causes a significant
stabilization of -strand at the expense of pPII and a slight stabilization of this residue’s
peculiar population of type I/II" 3-turn forming conformation. Second, the combined
influence from both neighbors on the central residue in GDDDG causes a nearly canonical
random coil supporting distribution with the sole difference of the right-handed helix
basin being replaced by one associated with conformations found at the i + 2 position of
type I/1I’ 3-turns. Asx-turns are no longer sampled by this residue. Third, NNIs in all
D-peptides favor type I/II’ 3-turn forming structures over asx-turns. The presence of the
former in coil library-based Ramachandran plots of aspartic acid residues is noteworthy in
this context [45].

Interestingly, NNIs in the investigated arginine-based peptides also cause some sort of
conformational randomization. The Ramachandran plot of GRG is clearly dominated by
pPII sampling, which is mostly maintained for the most upstream R-residue in GRRG and
GRRRG. However, the Ramachandran plots of the second and third arginine residues look
vastly different, in that they are indicative of a significant 3-strand stabilization. Compared
with D-Ramachandran plots, the distributions are indicative of a larger sampling of the
basins in the upper left quadrant of the Ramachandran plot.

We used our thermodynamic model outlined in the theoretical section of this paper to
determine the NNI parameters by adopting the following fitting procedure. Our analysis
was based on the assumption that NNIs are dominated by interaction between pPII and
[-strand conformations of adjacent residues. Hence, we calculated mole fractions as a
function of the interaction parameters 0Gppiig,ji and 6Ggppyy ji for all residues. Respective chi-
square functions reflecting the differences between calculated and experimentally obtained
mole fractions were minimized. In a second step, the chi-square values were minimized
further by considering interactions between helical/turn conformations and pPII/3-strand.
Some of the obtained interaction parameters carry a rather large statistical uncertainty due
to very flat chi-square functions. In line with Schweitzer-Stenner and Toal we generally
did not consider pPII-pPII and (3-f interactions since the experimental ones are clearly
indicative of pPII-B strand correlation [46]. The intrinsic Gibbs energy differences were
calculated from the mole fractions reported for GxG peptides [23,24,30,31,51].

The analysis of interactions involving the central residue in GRRRG and GDDDG is
complicated by the fact that it is influenced by two neighbors. Here, we assumed that the
parameters describing the influence of the first on the second guest residue can be taken
from the corresponding GxxG parameters for the above D- and R-containing peptides. We
then minimized the difference between experiment-based and calculated mole fractions
by varying the parameters for the interaction between the second and third residue. In
addition, we still varied the parameters reflecting the influence of the central residue
on its upstream neighbor. In an ideal case, namely the absence of any second neighbor
interactions, this step would be superfluous. Its necessity indicates that these interactions
are in fact present. They are not explicitly considered in our model.

It should be mentioned that we did not carry out this analysis of the alanine pep-
tides because NNI-induced changes are small. The observed changes of statistical weights
indicate some type of pPII-pPII cooperativity, in agreement with computational predic-
tions [22,52].

The obtained values for all pPII-3 and 3-pPII interactions are displayed in Figure 3.
Note that we added up the values of interaction parameters that affect the same state
of residue dimers, e.g., JGE}&B = 0Gpp11p12 + 0Gpp1ip 21, where {12} just indicates the
residues constituting the considered dimer. A complete set of all individual parameters is
listed Table S7. Positive and negative NNIs indicate a stabilization and a destabilization of
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pPII-B and B-pPII pairs, respectively. To assess the significance of obtained NNI parameters,
the thermal energy (~2.5 k] /mol) should be used as a benchmark. Generally, only values of
more than one half of this value are considered as significant.

2.00 5.00
1.00
m EN .
0.00
2.50
-1.00
-2.00 1.25
-3.00
0.00
-4.00 GRRG
GoDG W 5G(12)pPIB M 8G{12)BpPIl
M 5G(12)pPIB W 5G(12)BpPIl W 5G{12)tipPIl 5G{12}pPIitl
W 5G{12}tipPII 8G{12)}pPIItl
4.00
3.00
2.00
= 1 e
0.00
-1.00
-2.00
-3.00
GDDDG
M 5G{12}pPIIp M 5G{12)ppPIl M SG{12}tIPII
6G{12}PIitl M 6G{23}pPII3 M 5G{23}BpPIl
3.00
225
1.50
0.00
-0.75

GRRRG

M 5G{12}pPIIB 1 6G{12)ppPIl

I 5G{23}pPIIB 5G{23)BpPII
Figure 3. Bar plots of nearest neighbor interaction Gibbs energy parameters (in units of k] /mol) for
aspartic acid and arginine residues in GDDG, GDDDG, GRRG and GRRRG. For these diagrams
we combined the interaction Gibbs energies reflecting the influence of the i residue adopting
conformation K on the energetics of conformation L of residue j and the (influence of the j residue
adopting conformation L on the energetics of conformation K of residue i) to display the total
contribution of NNIs to a pair of residues j and i adopting conformations LK, respectively.

The charts in Figure 3 indicate that NNIs are rather different for pairs of aspartic acid
and arginine residues. For DD, the pPII-f3 state is slightly stabilized while the 3-pPII state
is significantly destabilized. This leads to the observed increase of the 3-strand population
of the second D-residue. t;-pPII and pPII-t] dimers are both stabilized. However, the
NNI-parameters for the latter are subject to pronounced statistical errors (Table S7). In
GRRG, however, pPII-3, 3-pPIL, t;-pPII and pPII-t; pairs are all stabilized by NNIs. The
cooperativity between pPIl and 3 conformations leads to balanced pPII-p distributions
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in the Ramachandran plots of GRRG. NNI patterns are different in the corresponding
pentapeptides. In GDDDG, the D1D2 dimer interactions resemble the ones observed
for GDDG, while pPII- conformations of D2D3 are clearly stabilized. Hence, NNIs
between D1 and D2 are in part neutralized by interactions between D2 and D3. Interactions
involving helical and turn conformations of D2 and D3 were not considered due to their
large statistical errors. In GRRRG, pPII- and 3-pPII dimers are all stabilized.

It is noteworthy in this context that the conformational analysis of GKKG reveals a
significant positive pPII-p strand interaction between the first and second K-residue in
GKKG (~3 kJ/mol). This value is indicative of a strong stabilization of pPII-f3 pairs, which
is in line with our results for GRRG. Thus, the results obtained for the positively charged
homodimers point in the same direction.

3.3. Heteropeptides

Figure 4 exhibits the statistical weights (mole fractions) of alanine, aspartic acid and
valine without and with different neighbors. The data were taken from ref. [43], with the
exception of DF and FD that can be found in ref. [45]. Values for AF and FA are reported in
this paper (Table 1).

0.80
0.60
0.40
0.20

0.00
GA*G GSA'G GDA*G GA*"VG GA'LG GA'FG GFA'G

0.60
0.45
0.30
0.15

0.00
GD*G GD*FG GFD*G  GD*'LG  GD*AG  GD*VG

0.60
0.45
0.30
0.15

0.00
GV'G GAV*G GDV*G GSV'G

M pPIl B MW rh+iy+typel'B Ih+y

Figure 4. Statistical weights of the indicated residue conformations in the Ramachandran distribution
of alanine, aspartic acid and valine based hetero-tetrapetides. The respective residue for which the
statistical weights are plotted is labeled with an asterisk. The respective values have been taken
from ref. [53].

Apparently, the pPII and 3-strand values of alanine and aspartic acid are substantially
changed by neighbors. For alanine, NNIs are particularly prominent for V, S and to a lesser
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extent for F (FA). Aspartic acid is significantly affected by all its investigated neighbors. On
the contrary, valine is much less influenced by its neighbors.

Figure 5 shows the pPII-p interaction parameters for residue pairs in tetrapeptides.
They are listed in Table S8, together with some statistically meaningful pPII-turn/helix
interactions. Interaction parameters affecting the same dimer sequence were again added
up (vide supra). The figure is organized in a way that it shows the influence of alanine,
aspartic acid and valine on a set of different neighbors and vice versa.

4.00
3.00

2.00
1.00

0.00 S— R .
H - B
-1.00

-2.00

-3.00
AV DA AL AF FA

B 5G{12)}pPIIB I 8G{12)BpPII

6.00

4.50

3.00

50 I. l

0.00  m— == - — R
-1.50 - .
-3.00

-4.50
DA DV DD DL FD DF

W 5G{12)pPIIB W 5G{12)BpPII

3.00
2.00
1
0.00

AV Sv DV
W 6G{12] pPIIB I 6G{121BpPII

Figure 5. Nearest neighbor interaction Gibbs energy parameters (in units of k] /mol) for the indicated
residue pairs in tetrapeptides as obtained from the optimization procedure described in the text. For
these diagrams we combined the interaction Gibbs energies reflecting the influence of the i" residue
adopting conformation K on the energetics of conformation L of residue j and the (influence of the jt"
residue adopting conformation L on the energetics of conformation K of residue i) to display the total
contribution of NNIs to a pair of residues j and i adopting conformations LK, respectively.
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For the alanine-containing series, pPII- sequences are mostly destabilized by V but
stabilized by F irrespective of its position. 3-pPII conformations are stabilized for AV and
AL but destabilized by F in both AF and FA dimers. This leads to the above described
rather opposite influence of the up- and downstream F on A. The parameters in Table S8
reveal that the interaction parameters in Figure 5 predominantly reflect the influence of
neighbors on alanine. The NNI parameters of D-containing tetrapeptides suggest that
pPII-p dimers are stabilized by all of the considered neighbors, though to a different extent.
F, V and L are very effective in this regard. A, D and L as neighbors destabilize 3-pPII,
while V stabilizes it moderately. For V-containing peptides, pPII- and 3-pPII dimers are
stabilized, pPII-3 of GAVG being the sole exception.

Taken together, the results of our analysis suggest a rather prominent role of pPII-3
interactions. If positive it stabilizes pPII-p pairs, while it stabilizes pPIl and/or 3 pairs if
negative. pPII-3 dimers are stabilized for the majority of the considered pairs, while the
NNI effects on -pPII conformations can be stabilizing or destabilizing, depending on the
type and the sequence of the two residues. While alanine has a limited effect on neighbors
(F being the very significant exception), V is not much influenced by it.

4. Discussion

Our analysis of experimentally determined conformational propensities of amino
acid residues in tetra- and pentapeptides was based on a statistical mechanics model that
assigned changes of intrinsic propensities (i.e., populations of basins in the absence of any
NNIs) solely to cooperative effects between neighboring residues. The term ‘cooperativity”’
means that changes of propensities depend on the conformation the neighbors of a residue
adopt. Earlier obtained anti-correlations between pPII and {3-strand propensities of residues
in tetrapeptides suggest that NNIs are to a significant extent cooperative in nature [46].
In the presence of cooperative (conformation-dependent) NNIs, the statistical weights
of amino acid conformations have to be replaced by conditional probabilities. In this
study we did that by utilizing an approach that resembles a one-dimensional Ising model.
While the latter considers only two states per unit (i.e., magnetic moments associated with
magnetic spin quantum number 5 and —14), our model contains four states per residue.
However, our results strongly suggest that NNIs between pPII and (3-strand are dominant
at least in short peptides. The Ising model is generally used to describe either ferro- or anti-
ferromagnetism. In other words, the system is either cooperative or anti-cooperative. In our
model we allow for combinations of cooperative and anti-cooperative NNIs. Combinations
of the two depend very much on the amino acid residue sequence. A stochastic combination
of anti-ferromagnetism and ferromagnetism is generally considered a spin glass [54]. While
spin-glass-like behavior has long been identified as part of the protein folding process, [55]
its relevance for an understanding of unfolded peptides and proteins still has to be explored.
In what follows, we will focus on two aspects of the obtained NNIs, namely the stabilization
of sequences with mixed conformations and the implications for conformational entropy.

4.1. Peptide Conformations

In the absence of NNIs, the statistical weight of individual peptide conformations
would just be the product of mole fractions of individual residues. In the presence of NNIs,
the probability of a residue to adopt a certain conformation depends on the conformation
of its neighbors. Hence, one has to use Equation (6) to calculate peptide conformations.
Figure 6 compares the statistical weight of peptide conformations adopted by GxxG and
GxxxG peptides calculated with and without NNIs. For the former, we used the mole
fractions reported for the corresponding GxG peptides. For GDDG, NNIs increase the pop-
ulation of 3-pPII and pPII-tl populations. NNIs in GRRG stabilize pPII-f3, 3-pPII and pPII-tl
conformations by concomitantly destabilizing the all 3-strand and pPII states, respectively.
Thus, NNIs cause a larger degree of equipartition among the different conformational
sequences. It should be noted that t; represents mostly type I/Il’ 3-turn supporting confor-



Biomolecules 2022, 12, 684

14 of 20

mation for GDDG while the respective basins of GRRG lie in the right-handed helical region.
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Figure 6. Statistical weights (mole fractions) of conformations of GxxG and GxxxG peptides in the
absence (left) and presence of nearest neighbor interactions (right). The X-sign indicates a summation
over all conformations with the indicated number of residue conformations.

For GxxxG peptides, Figure 6 compares the fraction of all-pPlIl, all-B-strand and the
combined fraction of conformations with 2 pPII/1f and pPII/2{, respectively. In GDDDG,
NNIs clearly enhance the population of conformations with a mixture of pPIl and 3, in part
at the expense of turn-supporting conformations not displayed in Figure 6. For GRRRG,
we obtained a significant enhancement of conformations with two pPII and one 3-strand
conformation at the expense of conformations dominated by (3-strand and of sequences
with asx-turns (not displayed). It is noteworthy that fpPIIpPII contributes most to the
2pPII1f3 ensemble (~0.2), followed by pPIIppPII (~0.14).

Figure 7 compares the statistical weight of GxyG peptide conformations for series
with alanine, aspartic acid and valine neighbors. It is noteworthy that NNIs enhance the
-pPII population in a majority of these peptides, namely GDAG, GFAG, GDVG, GDLG,
GSVG, and GDLG. pPII-p populations are enhanced for GFAG, GDFG and GFDG. For the
alanine series the substantial NNI-induced increase of 3-pPII in the distribution of GDAG
and GFAG is particularly remarkable.

Taken together, our analysis confirms the expectation that NNIs increase the popu-
lation of mixed pPII-B conformations. The increase of pPII-t; populations in GDDG and
GRRG is noteworthy but not reproduced in the investigated pentapeptides, where confor-
mational entropy distributes residues adopting a t)- or even a t; conformation over many
different sequences with residues adopting pPII and 3-strand conformations. On one side,
the increased populations of mixed structures seem to produce more random distribu-
tions for a single residue. On the other side, the correlation between the conformational
dynamics of residues seems to reduce randomness. This notion is tested further in the
subsequent section.
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Figure 7. Statistical weights (mole fractions) of conformations of GxyG peptides in the absence (left)
and presence of nearest neighbor interactions (right).

4.2. NNIs and Entropy

We calculated the conformational entropy using the mole fraction of the considered
residues in GxG (absence of NNIs) and the mole fractions calculated for peptide confor-
mations in the presence of NNIs. It should be noted that the calculated values should not
be taken as absolute since we do not consider the population of individual basins in the
Ramachandran plot. However, since the widths of respective distributions are not very
different, the difference between corresponding entropy values provides a meaningful
measure of the NNI-induced entropy changes. The room temperature Gibbs energy values
corresponding to the differences between these entropies are displayed in Figure 8. The
entropy values were calculated using Equations (8) and (9). With a few exceptions (GAVG
and GALG), NNIs reduce the conformational entropy. Difference values of GxyG peptides
lie mostly in the 10? J/mol range at 300 K, but some values are larger than 1 kJ/mol (GSVG
and GFDG). For the two investigated pentapeptides, the difference is more pronounced
(2.4 kJ/mol for GRRRG and 4.0 k] /mol for GDDDG). Even if values for corresponding
heteropeptides might be lower, these values indicate that the entropy reduction for longer
polypeptides could be substantial. Our results show that generally Ramachandran plots of
individual residues cannot be used to estimate conformational entropies since this might
lead to a substantial overestimation. MD results that seem to confirm the additivity of
conformational entropies should be considered with great caution [56], since recent MD
simulations of GRRG and GRRRG with a CHARMMS36m force field and a TIP3P water
model did not yield any substantial nearest neighbor effects, in clear contrast to experimen-
tal data [44]. This was attributed to the inability of the used water model to account for
cooperative interactions between the hydration shells of adjacent residues. However, the
results of Zaman et al. strongly suggest that the choice of the force field also matters [40].

While NNIs seem to randomize Ramachandran distributions of residues by reducing
propensity differences between pPII and 3-strand and by increasing right-handed helical
or turn-supporting conformations in some (homopeptide) cases, they actually reduce the
conformational entropy of peptides. The analyses of unfolded proteins by Baxa et al.
suggest that this view can be generalized [53]. Assessing the entropy of unfolded states is a
relevant topic in the context of intrinsically disordered proteins owing to their involvement
in binding and allosteric processes which involve either disorder—+order or order—disorder
transitions [6,13,57].
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Figure 8. Differences between the Gibbs energy contributions of conformational entropies (in k] /mol)
at 300 K associated with the indicated peptide segments in the absence and presence of nearest neigh-
bor interactions. Negative values indicate a lower entropy for the indicated peptide conformations in
the presence of NNIs.

The question arises how to estimate the conformational entropies of entire unfolded
proteins and longer polypeptides. In principle, this task could be accomplished by molecu-
lar dynamics calculations [58-60]. However, conformational sampling and the inadequacy
of current forcefields for a modelling of disordered proteins might produce serious ob-
stacles [40,44,51,61]. Moreover, Baxa et al. showed that the use of covariance matrices
derived from MD simulations actually leads to an overestimation of the conformational
entropy of unfolded proteins [53]. These authors presented the combined use of coil library
data and MD simulations as a remedy which worked quite well. The differences between
conformational distributions of amino acid residues in short peptides and coil libraries
might indicate that the latter do not fully represent residues in denatured or unfolded
proteins [31,32].

What are the pros and cons of using short model peptides to elucidate NNIs? Some
advantages are obvious. First of all, one can be assured that the determined conformational
distributions are not subject to outside constraints such as non-local interactions and in-
tramolecular hydrogen bonding. Second, residue-specific interactions can be identified and
quantified, as done in this paper. This provides some fundamental insight into the statistical
thermodynamics of statistical coils in general and about how NNIs affect conformational
distributions in particular. However, in order to extrapolate the findings achieved with
model peptides to longer polypeptides and even proteins, one might need data for a larger
number of nearest neighbor combinations. Obviously, investigating even a complete set of
e.g., GxyG peptides with the techniques used by Toal et al. [43] appears as an impossible
task. A sensible solution might be to confine choices to representative amino acid residues.
Alanine should be considered as a category of its own. Aspartic acid could represent
all residues with side chains capable of forming hydrogen bonds [24]. Phenylalanine is
certainly a suitable representative of aromatic residues. Valine, which has a major impact on
some neighbors, could represent residues with branched side chains such as isoleucine and
even threonine [25,32]. Arginine and/or glutamic acid could represent charged side chains.
Proline and glycine are in their respective own categories. Confining future investigations
to combinations of these residues is a more doable task owing to the already available data.

Some unanswered conceptual questions deserve to be emphasized. Whereas our
analysis has revealed that sequences with mixed pPII- and 3-pPII conformations might
be frequently stabilized over homogeneous sequences containing residues with the same
conformation, the question arises about the persistence length of protein segments with dis-
tinct conformational sequences. Answering this question is relevant because it determines
to what extent the conformational entropy of a statistical coil deviates from the sum of en-
tropies of individual residues. Moreover, it is unclear to what extent NNIs between pPII/f3-
and right-handed helical states as well as between right-helical states become relevant
with increasing length of an oligopeptide. The canonical Zimm-Bragg model suggests just
that [62]. As a matter of fact, the validity of this model actually requires the break-down
of the isolated pair hypothesis, since it assumes that the probability for a residue to adopt
a helical conformation depends on whether its neighbor is in a coil or helical state. It is
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therefore obvious that some longer oligopeptides must be investigated as well in order
to explore the admixture of helical conformations to individual Ramachandran plots. An
early structural analysis of salmon calcitonin and Af31_53 shows how this goal could be
achieved [63].

5. Summary

Nearest neighbor interactions in unfolded and denatured proteins were a rather pop-
ular subject for some time after NMR data provided hints for their existence [35,64]. The
work of the Sosnick group provided compelling evidence for the notion that NNIs must be
considered in order to account for conformational distributions of unfolded proteins [65].
Most analyses of NNlve thus far been based on coil library distributions of amino acid
residues [17,66]. However, it is unclear whether these distributions fully represent the statis-
tical coil of unfolded and denatured proteins in good solvents [31]. An alternative approach
utilizes short peptides for which it is easier to obtain quantitative information about NNI
energies [41—45]. The analysis of experimentally observed amino acid residue propensities
in tetra- and pentapeptides presented in this paper provide compelling evidence for the
notion that conformational motions of neighboring residues are correlated. We showed
that NNIs between adjacent amino acid residues are cooperative/anticooperative in nature
as well as residue and sequence dependent. Gibbs interaction energies vary over a range
that exceeds the thermal energy at room temperature.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom12050684 /s1, Figure S1: Ramachandran plots of alanine
and phenylalanine containing peptides; Figure S2: Ramachandran plots of lysine containing peptides.
Table S1: Experimental and calculated J-coupling constants of GAFG and GFAG; Table S2: Positions
of Gaussian sub-distributions of alanine and phenylalanine containing tetrapeptides; Table S3: Experi-
mental and calculated J-coupling constants of GKKG; Table S4: Statistical weights of sub-distributions
of GKG and GKKG; Table S5: Positions of Gaussian sub-distributions of GKG and GKKG; Table Sé:
Statistical weight of peptide conformations in homopeptide sequences; Table S7: Nearest neighbor
coupling parameter values of homopeptides; Table S8: Nearest neighbor coupling parameter values
of heteropeptides.

Author Contributions: Conceptualization, R.S.-S.; methodology, R.S.-S., B.M. and H.S.; software,
R.S.-S.; formal analysis, B.M. and R.S.-S.; investigation, B.M.; resources, H.S.; data curation, B.M.;
writing—original draft preparation, R.S.-S.; writing—review and editing, B.M. and H.S.; visualization,
R.S.-S.; supervision, R.S.-S. and H.S.; project administration, R.S.-S. and H.S.; funding acquisition,
R.S.-S. and H.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Foundation, grant number MCB-1817650.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant NNI interaction parameters are presented in the paper
or in the Supporting Information. Additionally, published data sets have been used and properly
referenced. Text files of the Ramachandran plots of GAG, GFG, GAFG, GFAG, GKG, and GKKG were
deposited at Schweitzer-Stenner, Reinhard (2022), “Ramachandran Plots of Amino Acid Residues”,
Mendeley Data, V1, https:/ /doi.org/10.17632/7fwh6j8rn8.1, accessed on 28 April.

Acknowledgments: We would like to thank Nichole O’Neill for critically reading the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/biom12050684/s1
https://www.mdpi.com/article/10.3390/biom12050684/s1
https://doi.org/10.17632/7fwh6j8rn8.1

Biomolecules 2022, 12, 684 18 of 20

References

1. Flory, PJ.; Volkenstein, M. Statistical Mechanics of Chain Molecules; Wiley & Sons: New York, NY, USA, 1969; Volume 8. [CrossRef]

2. Brant, D.A; Flory, PJ. The Configuration of Random Polypeptide Chains. I. Experimental Results. J. Am. Chem. Soc. 1965, 87,
2788-2791. [CrossRef]

3.  Kauzmann, W. Some Factors in the Interpretation of Protein Denaturation. Adv. Protein Chem. 1959, 14, 1-63. [CrossRef] [PubMed]

4. Uversky, V.N,; Dunker, A K. Why Are We Interested in the Unfolded Peptides and Proteins? Protein Pept. Fold. Misfolding
Non-Fold. 2012, 1-54. [CrossRef]

5. Uversky, V.N. What Does It Mean to Be Natively Unfolded? Eur. J. Biochem. 2002, 269, 2-12. [CrossRef]

6. Dunker, A.K.; Obradovic, Z. The Protein Trinity—Linking Function and Disorder. Nat. Biotechnol. 2001, 19, 805-806. [CrossRef]

7. Rochet, J.C.; Lansbury, P.T. Amyloid Fibrillogenesis: Themes and Variations. Curr. Opin. Struct. Biol. 2000, 10, 60-68. [CrossRef]

8.  Dobson, C.M. Protein Misfolding, Evolution and Disease. Trends Biochem. Sci. 1999, 24, 329-332. [CrossRef]

9.  Vaiana, S.M.,; Palma-Vittorelli, M.B.; Palma, M.U. Time Scale of Protein Aggregation Dictated by Liquid-Liquid Demixing. Proteins
Struct. Funct. Genet. 2003, 51, 147-153. [CrossRef]

10.  Shin, Y.; Brangwynne, C.P. Liquid Phase Condensation in Cell Physiology and Disease. Science 2017, 357, eaaf4382. [CrossRef]

11. Harmon, T.S.; Holehouse, A.S.; Rosen, M.K.; Pappu, R.V. Intrinsically Disordered Linkers Determine the Interplay between Phase
Separation and Gelation in Multivalent Proteins. eLife 2017, 6, €30294. [CrossRef]

12. Mohan, A ; Oldfield, C.J.; Radivojac, P.; Vacic, V.; Cortese, M.S.; Dunker, A K.; Uversky, V.N. Analysis of Molecular Recognition
Features (MoRFs). J. Mol. Biol. 2006, 362, 1043-1059. [CrossRef] [PubMed]

13. Oldfield, CJ.; Cue, B.; Dunker, A.K.; Uversky, V.N. Binding Promiscurity of Unfolded Peptides. In Protein and Peptide Fold-
ing, Misfolding and Non-Folding; Schweitzer-Stenner, R., Ed.; Wiley & Sons, Inc.: Hoboken, NJ, USA, 2012; pp. 241-278,
ISBN 978-0-470-59169-7.

14. Serrano, L. Comparison between the ¢ Distribution of the Amino Acids in the Protein Database and NMR Data Indicates That
Amino Acids Have Various ¢ Propensities in the Random Coil Conformation. J. Mol. Biol. 1995, 254, 322-333. [CrossRef]
[PubMed]

15.  Swindells, M.B.; Macarthur, M.W.; Thornton, ].M. Intrinsic ¢, Propensities of Amino Acids, Derived from the Coil Regions of
Known Structures. Nat. Struct. Biol. 1995, 2, 569-603. [CrossRef] [PubMed]

16. Jha, AK,; Colubri, A.; Zaman, M.H.; Koide, S.; Sosnick, T.R.; Freed, K.F. Helix, Sheet, and Polyproline II Frequencies and Strong
Nearest Neighbor Effects in a Restricted Coil Library. Biochemistry 2005, 44, 9691-9702. [CrossRef] [PubMed]

17. Ting, D.; Wang, G.; Shapovalov, M.; Mitra, R.; Jordan, M.L.; Dunbrack, R.L. Neighbor-Dependent Ramachandran Probability
Distributions of Amino Acids Developed from a Hierarchical Dirichlet Process Model. PLoS Comput. Biol. 2010, 6, €1000763.
[CrossRef] [PubMed]

18. Shi, Z.; Chen, K,; Liu, Z.; Kallenbach, N.R. Conformation of the Backbone in Unfolded Proteins. Chem. Rev. 2006, 106, 1877-1897.
[CrossRef]

19.  Avbelj, F. Solvation and Electrostatics as Determinants of Local Structural Order in Unfolded Peptides and Proteins. In Protein and
Peptide Folding, Misfolding, and Non-Folding; Schweitzer-Stenner, R., Ed.; John Wiley & Sons: Hobocken, NJ, USA, 2012; pp. 131-158,
ISBN 9780470591697.

20. Avbelj, F; Baldwin, R.L. Role of Backbone Solvation and Electrostatics in Generating Preferred Peptide Backbone Conformations:
Distributions of Phi. Proc. Natl. Acad. Sci. USA 2003, 100, 5742-5747. [CrossRef]

21. Toal, S.; Schweitzer-Stenner, R. Local Order in the Unfolded State: Conformational Biases and Nearest Neighbor Interactions.
Biomolecules 2014, 4, 725-773. [CrossRef]

22. Garcia, A.E. Characterization of Non-Alpha Helical Conformations in Ala Peptides. Polymer 2004, 45, 669—-676. [CrossRef]

23. Hagarman, A.; Measey, T.].; Mathieu, D.; Schwalbe, H.; Schweitzer-Stenner, R. Intrinsic Propensities of Amino Acid Residues in
GxG Peptides Inferred from Amide I’ Band Profiles and NMR Scalar Coupling Constants. J. Am. Chem. Soc. 2010, 132, 540-551.
[CrossRef]

24. Hagarman, A.; Mathieu, D.; Toal, S.; Measey, T.].; Schwalbe, H.; Schweitzer-Stenner, R. Amino Acids with Hydrogen-Bonding
Side Chains Have an Intrinsic Tendency to Sample Various Turn Conformations in Aqueous Solution. Chem.—A Eur. |. 2011, 17,
6789-6797. [CrossRef] [PubMed]

25. Toal, S.E.; Verbaro, D.J.; Schweitzer-Stenner, R. Role of Enthalpy-Entropy Compensation Interactions in Determining the
Conformational Propensities of Amino Acid Residues in Unfolded Peptides. J. Phys. Chem. B 2014, 118, 1309-1318. [CrossRef]
[PubMed]

26. Grdadolnik, J.; Grdadolnik, S.G.; Avbelj, F. Determination of Conformational Preferences of Dipeptides Using Vibrational
Spectroscopy. J. Phys. Chem. B 2008, 112, 2712-2718. [CrossRef] [PubMed]

27. Grdadolnik, J.; Mohacek-Grosev, V.; Baldwin, R.L.; Avbelj, F. Populations of the Three Major Backbone Conformations in 19
Amino Acid Dipeptides. Proc. Natl. Acad. Sci. USA 2011, 108, 1794-1798. [CrossRef]

28. Shi, Z.; Chen, K,; Liu, Z.; Ng, A.; Bracken, W.C.; Kallenbach, N.R. Polyproline II Propensities from GGXGG Peptides Reveal an
Anticorrelation with (3-Sheet Scales. Proc. Natl. Acad. Sci. USA 2005, 102, 17964-17968. [CrossRef]

29. Eker, E; Griebenow, K.; Cao, X.; Nafie, L.A.; Schweitzer-Stenner, R. Erratum: Preferred Peptide Backbone Conformations in the

Unfolded State Revealed by the Structure Analysis of Alanine-Based (AXA) Tripeptides in Aqueous Solution. Proc. Natl. Acad.
Sci. USA 2004, 101, 10054-10059. [CrossRef]


http://doi.org/10.1002/bip.1969.360080514
http://doi.org/10.1021/ja01091a002
http://doi.org/10.1016/s0065-3233(08)60608-7
http://www.ncbi.nlm.nih.gov/pubmed/14404936
http://doi.org/10.1002/9781118183373.ch1
http://doi.org/10.1046/j.0014-2956.2001.02649.x
http://doi.org/10.1038/nbt0901-805
http://doi.org/10.1016/S0959-440X(99)00049-4
http://doi.org/10.1016/S0968-0004(99)01445-0
http://doi.org/10.1002/prot.10306
http://doi.org/10.1126/science.aaf4382
http://doi.org/10.7554/eLife.30294
http://doi.org/10.1016/j.jmb.2006.07.087
http://www.ncbi.nlm.nih.gov/pubmed/16935303
http://doi.org/10.1006/jmbi.1995.0619
http://www.ncbi.nlm.nih.gov/pubmed/7490751
http://doi.org/10.1038/nsb0795-596
http://www.ncbi.nlm.nih.gov/pubmed/7664128
http://doi.org/10.1021/bi0474822
http://www.ncbi.nlm.nih.gov/pubmed/16008354
http://doi.org/10.1371/journal.pcbi.1000763
http://www.ncbi.nlm.nih.gov/pubmed/20442867
http://doi.org/10.1021/cr040433a
http://doi.org/10.1073/pnas.1031522100
http://doi.org/10.3390/biom4030725
http://doi.org/10.1016/j.polymer.2003.10.070
http://doi.org/10.1021/ja9058052
http://doi.org/10.1002/chem.201100016
http://www.ncbi.nlm.nih.gov/pubmed/21547966
http://doi.org/10.1021/jp500181d
http://www.ncbi.nlm.nih.gov/pubmed/24423055
http://doi.org/10.1021/jp7096313
http://www.ncbi.nlm.nih.gov/pubmed/18260662
http://doi.org/10.1073/pnas.1017317108
http://doi.org/10.1073/pnas.0507124102
http://doi.org/10.1073/pnas.0402623101

Biomolecules 2022, 12, 684 19 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rybka, K.; Toal, S.E.; Verbaro, D.J.; Mathieu, D.; Schwalbe, H.; Schweitzer-Stenner, R. Disorder and Order in Unfolded and
Disordered Peptides and Proteins: A View Derived from Tripeptide Conformational Analysis. II. Tripeptides with Short Side
Chains Populating Asx and p-Type like Turn Conformations. Proteins Struct. Funct. Bioinforma. 2013, 81, 968-983. [CrossRef]
Schweitzer-Stenner, R.; Hagarman, A.; Toal, S.; Mathieu, D.; Schwalbe, H. Disorder and Order in Unfolded and Disordered
Peptides and Proteins: A View Derived from Tripeptide Conformational Analysis. I. Tripeptides with Long and Predominantly
Hydrophobic Side Chains. Proteins Struct. Funct. Bioinforma. 2013, 81, 955-967. [CrossRef]

Schweitzer-Stenner, R.; Toal, S.E. Construction and Comparison of the Statistical Coil States of Unfolded and Intrinsically
Disordered Proteins from Nearest-Neighbor Corrected Conformational Propensities of Short Peptides. Mol. Biosyst. 2016, 12,
3294-3306. [CrossRef]

Ramachandran, G.N.; Ramakrishnan, C.; Sasisekharan, V. Stereochemistry of Polypeptide Chain Configurations. J. Mol. Biol.
1963, 7, 95-99. [CrossRef]

Richardson, ].S. Ramachandran Plot.  Available online: https://upload.wikimedia.org/wikipedia/commons/8/85
/Ramachandran_plot_original_outlines.jpg (accessed on 30 April 2022).

Penkett, C.J.; Redfield, C.; Dodd, I.; Hubbard, J.; McBay, D.L.; Mossakowska, D.E.; Smith, R.A.G.; Dobson, C.M.; Smith, L.]. NMR
Analysis of Main-Chain Conformational Preferences in an Unfolded Fibronectin-Binding Protein. J. Mol. Biol. 1997, 274, 152-159.
[CrossRef] [PubMed]

Peti, W.; Hennig, M.; Smith, L.J.; Schwalbe, H. NMR Spectroscopic Investigation of 1\ Torsion Angle Distribution in Unfolded
Ubiquitin from Analysis of 31(Ca,Co) Coupling Constants and Cross-Correlated I'ynnic «HoC Relaxation Rates. J. An. Chem.
Soc. 2000, 122, 12017-12018. [CrossRef]

Gnanakaran, S.; Garcia, A.E. Helix-Coil Transition of Alanine Peptides in Water: Force Field Dependence on the Folded and
Unfolded Structures. Proteins Struct. Funct. Genet. 2005, 59, 773-782. [CrossRef] [PubMed]

Pappu, R.V;; Srinivasan, R.; Rose, G.D. The Flory Isolated-Pair Hypothesis Is Not Valid for Polypeptide Chains: Implications for
Protein Folding. Proc. Natl. Acad. Sci. USA 2000, 97, 12565-12570. [CrossRef]

Tran, H.T.; Wang, X.; Pappu, R.V. Reconciling Observations of Sequence-Specific Conformational Propensities with the Generic
Polymeric Behavior of Denatured Proteins. Biochemistry 2005, 44, 11369-11380. [CrossRef]

Zaman, M.H.; Shen, M.Y;; Berry, R.S.; Freed, K.F; Sosnick, T.R. Investigations into Sequence and Conformational Dependence of
Backbone Entropy, Inter-Basin Dynamics and the Flory Isolated-Pair Hypothesis for Peptides. J. Mol. Biol. 2003, 331, 693-711.
[CrossRef]

Jung, Y.S.; Oh, K.I.; Hwang, G.S.; Cho, M. Neighboring Residue Effects in Terminally Blocked Dipeptides: Implications for
Residual Secondary Structures in Intrinsically Unfolded /Disordered Proteins. Chirality 2014, 26, 443—452. [CrossRef]

Oh, K.-I; Lee, K.-K.; Park, E.-K.; Jung, Y.-S.; Hwang, G.-S.; Cho, M. A Comprehensive Library of Blocked Dipeptides Reveals
Intrinsic Backbone Conformational Propensities of Unfolded Proteins. Proteins Struct. Funct. Genet 2012, 80, 977-990. [CrossRef]
Toal, S.E.; Kubatova, N.; Richter, C.; Linhard, V.; Schwalbe, H.; Schweitzer-Stenner, R. Corrigendum: Randomizing the Unfolded
State of Peptides (and Proteins) by Nearest Neighbor Interactions between Unlike Residues. Chem. Eur. J. 2015, 21, 5173-5192.
[CrossRef]

Milorey, B.; Schweitzer-Stenner, R.; Andrews, B.; Schwalbe, H.; Urbanc, B. Short Peptides as Predictors for the Structure of
Polyarginine Sequences in Disordered Proteins. Biophys. J. 2021, 120, 662-676. [CrossRef]

Milorey, B.; Schwalbe, H.; O’Neill, N.; Schweitzer-Stenner, R. Repeating Aspartic Acid Residues Prefer Turn-like Conformations
in the Unfolded State: Implications for Early Protein Folding. J. Phys. Chem. B 2021, 125, 11392-11407. [CrossRef] [PubMed]
Schweitzer-Stenner, R.; Toal, S.E. Anticooperative Nearest-Neighbor Interactions between Residues in Unfolded Peptides and
Proteins. Biophys. |. 2018, 114, 1046-1057. [CrossRef] [PubMed]

Schweitzer-Stenner, R. Distribution of Conformations Sampled by the Central Amino Acid Residue in Tripeptides Inferred from
Amide i Band Profiles and NMR Scalar Coupling Constants. J. Phys. Chem. B 2009, 113, 2922-2932. [CrossRef] [PubMed]

Wang, A.C.; Bax, A. Determination of the Backbone Dihedral Angles ® in Human Ubiquitin from Reparametrized Empirical
Karplus Equations. J. Am. Chem. Soc. 1996, 118, 2483-2494. [CrossRef]

Wirmer, J.; Schwalbe, H. Angular Dependence of 1J(Ni,Cai) and 2J(Ni,Ca(i-1)} Couplings Constants Measured in ]-Modulated
HSQCs. J. Biomol. NMR 2002, 23, 47-55. [CrossRef] [PubMed]

Ding, K.; Gronenborn, A.M. Protein Backbone THN-13C « and 15N-13Ca Residual Dipolar and ] Couplings: New Constraints for
NMR Structure Determination. J. Am. Chem. Soc. 2004, 126, 6232-6233. [CrossRef]

Zhang, S.; Schweitzer-Stenner, R.; Urbanc, B. Do Molecular Dynamics Force Fields Capture Conformational Dynamics of Alanine
in Water? |. Chem. Theory Comput. 2020, 16. [CrossRef]

Gnanakaran, S.; Garcia, A.E. Validation of an All-Atom Protein Force Field: From Dipeptides to Larger Peptides. J. Phys. Chem. B
2003, 107, 12555-12557. [CrossRef]

Baxa, M.C.; Haddadian, E.J.; Jha, A.K.; Freed, K.F; Sosnick, T.R. Context and Force Field Dependence of the Loss of Protein
Backbone Entropy upon Folding Using Realistic Denatured and Native State Ensembles. J. Am. Chem. Soc. 2012, 134, 15929-15936.
[CrossRef]

Wang, ].S.; Selke, W.; Dotsenko, V.S.; Andreichenko, V.B. The Critical Behaviour of the Two-Dimensional Dilute Ising Magnet.
Phys. A Stat. Mech. Its Appl. 1990, 164, 221-239. [CrossRef]


http://doi.org/10.1002/prot.24226
http://doi.org/10.1002/prot.24225
http://doi.org/10.1039/C6MB00489J
http://doi.org/10.1016/S0022-2836(63)80023-6
https://upload.wikimedia.org/wikipedia/commons/8/85/Ramachandran_plot_original_outlines.jpg
https://upload.wikimedia.org/wikipedia/commons/8/85/Ramachandran_plot_original_outlines.jpg
http://doi.org/10.1006/jmbi.1997.1369
http://www.ncbi.nlm.nih.gov/pubmed/9398523
http://doi.org/10.1021/ja001390s
http://doi.org/10.1002/prot.20439
http://www.ncbi.nlm.nih.gov/pubmed/15815975
http://doi.org/10.1073/pnas.97.23.12565
http://doi.org/10.1021/bi050196l
http://doi.org/10.1016/S0022-2836(03)00765-4
http://doi.org/10.1002/chir.22285
http://doi.org/10.1002/prot.24000
https://doi.org/10.1002/chem.201406539
http://doi.org/10.1016/j.bpj.2020.12.026
http://doi.org/10.1021/acs.jpcb.1c06472
http://www.ncbi.nlm.nih.gov/pubmed/34619031
http://doi.org/10.1016/j.bpj.2018.01.022
http://www.ncbi.nlm.nih.gov/pubmed/29539392
http://doi.org/10.1021/jp8087644
http://www.ncbi.nlm.nih.gov/pubmed/19243204
http://doi.org/10.1021/ja9535524
http://doi.org/10.1023/A:1015384805098
http://www.ncbi.nlm.nih.gov/pubmed/12061717
http://doi.org/10.1021/ja049049l
http://doi.org/10.1021/acs.jctc.9b00588
http://doi.org/10.1021/jp0359079
http://doi.org/10.1021/ja3064028
http://doi.org/10.1016/0378-4371(90)90196-Y

Biomolecules 2022, 12, 684 20 of 20

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Bryngelson, J.D.; Wolynes, P.G. Spin Glasses and the Statistical Mechanics of Protein Folding. Proc. Natl. Acad. Sci. USA 1987, 84,
7524-7528. [CrossRef] [PubMed]

Ohkubo, Y.Z.; Brooks, C.L. Exploring Flory’s Isolated-Pair Hypothesis: Statistical Mechanics of Helix—Coil Transitions in
Polyalanine and the C-Peptide from RNase A. Proc. Natl. Acad. Sci. USA 2003, 100, 13916-13921. [CrossRef] [PubMed]

Drake, J.A ; Pettitt, B.M. Thermodynamics of Conformational Transitions in a Disordered Protein Backbone Model. Biophys. ].
2018, 114, 2799-2810. [CrossRef] [PubMed]

Schlitter, J. Estimation of Absolute and Relative Entropies of Macromolecules Using the Covariance Matrix. Chem. Phys. Lett.
1993, 215, 617-621. [CrossRef]

Baron, R.; van Gunsteren, W.; Hunenberger, P. Estimating the Configurational Entropy from Molecular Dynamics Simulations:
Anharmonicity and Correlation Corrections to the Quasi-Harmonic Approximation. Trends Phys. Chem. 2006, 11, 87-122.
Andricioaei, I.; Karplus, M. On the Calculation of Entropy from Covariance Matrices of the Atomic Fluctuations. J. Chem. Phys.
2001, 115, 6289-6292. [CrossRef]

Andrews, B.; Zhang, S.; Schweitzer-Stenner, R.; Urbanc, B. Glycine in Water Favors the Polyproline II State. Biomolecules 2020,
10, 1121. [CrossRef]

Zimm, B.H.; Bragg, ] K. Theory of the Phase Transition between Helix and Random Coil in Polypeptide Chains. J. Chem. Phys.
1959, 31, 526-535. [CrossRef]

Schweitzer-Stenner, R.; Measey, T.; Hagarman, A.; Eker, E; Griebenow, K. Salmon Calcitonin and Amyloid (3: Two Peptides with
Amyloidogenic Capacity Adopt Different Conformational Manifolds in Their Unfolded States. Biochemistry 2006, 45, 2810-2819.
[CrossRef]

Peti, W.; Smith, L.].; Redfield, C.; Schwalbe, H. Chemical Shifts in Denatured Proteins: Resonance Assignments for Denatured
Ubiquitin and Comparisons with Other Denatured Proteins. J. Biomol. NMR 2001, 19, 153-165. [CrossRef]

Debartolo, J.; Jha, A.; Freed, K.E; Sosnick, T.R. Local Backbone Preferences and Nearest-Neighbor Effects in the Unfolded and
Native States. In Protein and Peptide Folding, Misfolding, and Non-Folding; Schweitzer-Stenner, R., Ed.; Wiley & Sons: Chichester,
UK, 2012; pp. 79-98, ISBN 9780470591697.

Jha, AK,; Colubri, A.; Freed, K.F; Sosnick, T.R. Statistical Coil Model of the Unfolded State: Resolving the Reconciliation Problem.
Proc. Natl. Acad. Sci. USA 2005, 102, 13099-13104. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.84.21.7524
http://www.ncbi.nlm.nih.gov/pubmed/3478708
http://doi.org/10.1073/pnas.2334257100
http://www.ncbi.nlm.nih.gov/pubmed/14615586
http://doi.org/10.1016/j.bpj.2018.04.027
http://www.ncbi.nlm.nih.gov/pubmed/29925017
http://doi.org/10.1016/0009-2614(93)89366-P
http://doi.org/10.1063/1.1401821
http://doi.org/10.3390/biom10081121
http://doi.org/10.1063/1.1730390
http://doi.org/10.1021/bi052282r
http://doi.org/10.1023/A:1008307323283
http://doi.org/10.1073/pnas.0506078102
http://www.ncbi.nlm.nih.gov/pubmed/16131545

	Introduction 
	Materials and Methods 
	Materials 
	NMR Spectroscopy 
	Determination of Nearest Neighbor Interaction Energies 

	Results 
	Conformational Analysis 
	Homopeptides 
	Heteropeptides 

	Discussion 
	Peptide Conformations 
	NNIs and Entropy 

	Summary 
	References

