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The relevance of short peptides for an
understanding of unfolded and intrinsically
disordered proteins

Reinhard Schweitzer-Stenner

Over the last thirty years the unfolded state of proteins has attracted considerable interest owing to the

discovery of intrinsically disordered proteins which perform a plethora of functions despite resembling

unfolded proteins to a significant extent. Research on both, unfolded and disordered proteins has

revealed that their conformational properties can deviate locally from random coil behavior. In this

context results from work on short oligopeptides suggest that individual amino acid residues sample the

sterically allowed fraction of the Ramachandran plot to a different extent. Alanine has been found to

exhibit a peculiarity in that it has a very high propensity for adopting polyproline II like conformations.

This Perspectives article reviews work on short peptides aimed at exploring the Ramachandran

distributions of amino acid residues in different contexts with experimental and computational means.

Based on the thus provided overview the article discussed to what extent short peptides can serve as

tools for exploring unfolded and disordered proteins and as benchmarks for the development of a

molecular dynamics force field.

1. Introduction

For a long period of time one of the central dogmas of protein

biochemistry stipulated that to perform a biological function a

polypeptide chain has to fold into a specific structure. For a

monomer, this structure is the three-dimensional arrangement

of so-called secondary structures (helices, b-strands and sheets,

b and g-turns) connected by unordered loop segments where a

segment adopts none of the canonical secondary structures

while individual residues adopt a specific backbone structure.

This arrangement is generally termed tertiary structure. For

some functions, monomers become the subunits of highly

symmetric blocks of proteins which constitute the quaternary

structure.1 Human hemoglobin is a canonical example where

functionality involves an interplay between changes of the

tertiary and quaternary structure.2,3

While the relationship between protein structure and func-

tion has been the focus of biochemical and biophysical

research for a long period of time, the respective unfolded

state has attracted only scant attention. This attitude rooted in

the belief that the high degree of disorder depicted by unfolded

proteins is mostly independent of the amino acid residues

composition and that the manifold of sampled conformations

can be described properly by the random coil model imported

from polymer physics (vide infra).4–7 This view of structure as a

requirement for function and the biological irrelevance of

unfolded proteins was severely challenged by the discovery of

intrinsically disordered proteins (IDPs) capable of performing

multiple functions mostly in a cellular context.8–11 Disordered

means that each residue sample different backbone conforma-

tions similarly to what happens in unfolded proteins. In addi-

tion to completely disordered proteins many partially folded

proteins with functionally relevant disordered regions (IDR)

have been identified.12,13 In this context so called short linear

motifs (SLiMs) play an important role in molecular recognition

processes.14–16 Estimates of the fraction of biologically relevant

IDPs vary. In eukaryotic cells up to 30% of eukaryotic proteins

are at least partially disordered.17 In many cases IDPs or

disordered segments of otherwise folded proteins are involved

in molecular recognition processes which involve disorder -

order transitions.12,13,18,19 In less frequent cases a reverse

process occurs, namely an order- disorder transition.20 IDPs

are also involved in the self-assembly of proteins into oligo-

meric, protofibrillar and fibrillar structures that have been

implicated in several neurological diseases. Alternatively, inter-

actions between IDPs can cause a phase separation and the

formation of membraneless organelles.21–23

One of the questions that must be answered for a thorough

understanding of IDPs is to what extent their structural proper-

ties resemble that of unfolded proteins. Fig. 1 compares the

occurrences of amino acid residues in IDRs (IDPs) and in
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globular proteins. The diagram reveals that all residue types

with polar as well as positively (R, K) and negatively charged (D,

E; at neutral pH) side chains occur in excess in IDPs and

IDRs.11,24,27 Obviously, this is not the case for unfolded states

of foldable proteins. However, if as assumed by the canonical

random coil model the conformational ensemble of unfolded

proteins is sequence independent one is tempted to assume the

same for IDPs and intrinsically disordered segments.

From the very beginning of protein biophysical and bio-

chemical research very short peptides have served as model

systems for exploring the conformational space that proteins

can sample.6,25,28–30 In this context the alanine dipeptides has

played a major role for a long period of time.30–35 Fig. 2 shows

the Ramachandran plot for the backbone coordinates of the

alanine residue in N-acetyl-alanyl-N-methylamide. This plot is

just based on an exploration of steric and electrostatic interac-

tions. It displays the sterically allowed and the favored regions

for the backbone coordinates of the alanine residue. The

depicted distribution should be compared with a Ramachan-

dran plot representing adopted conformations of all types of

residues (with the exception of proline and glycine) (Fig. 2).

Obviously, the distributions depicted in Fig. 2 are very similar

which leads to the conclusion that it is representative for all

non-glycine and non-proline residues. Hence, one arrives at the

conclusion that steric constraints and electrostatic effect are

sufficient to describe the conformationally accessible space of

polypeptide/protein residues in the unfolded state. In this

context the alanine dipeptide can be used as a benchmark

system, a sort of hydrogen atom for amino acid residues. Over

time the modeling of alanine dipeptides has become more

sophisticated in that more advanced force fields and solvent

models were utilized. While all these studies agree that an

aqueous solvent has a substantial influence on the Ramachan-

dran distribution of alanine the resulting distributions were

significantly different. On a qualitative level they can be divided

into two types of conformational distributions. One type is very

heterogeneous and suggest a broad nearly isoenergetic region

in the upper hand quadrant of the Ramachandran plot (Fig. 2),

which was entirely denoted b-strand. Conformations sampling

this region are lower in energy than the ones in the right-

handed and left-handed helical region. According to Tobias

and Brooks this energy difference is substantially reduced due

to peptide–solvent interactions.36 The second type of studies

yielded more structured and less inhomogeneous distributions

with basins in the canonical b-strand region (j-values below

�1001) and in a region generally associated with the polypro-

line II (pPII) conformation (Fig. 3).34 For some force fields and

water models pPII becomes the most stable conformation.

These comparatively recent results reflect an experimentally

supported trend in the literature which suggest that the classi-

cal random sampling of the sterically allowed region in the

Ramachandran plot is too simplistic. It is the goal of this

Fig. 1 Amino acid residue enrichment in intrinsically disordered regions

of proteins. The enrichment is displayed as 100 � (%amino acid residue in

IDRS � 100% � amino acid residue content). Taken from ref. 24.

Fig. 2 Left: Schematic representation of the sterically allowed region of the Ramachandran plot of the depicted alanine dipeptide. Taken from

Hermans,25 open access. Right: Ramachandran plot of 105 residues in published protein structures produced by J. S. Richardson.26
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Perspectives article to outline the use of short peptides for the

development of a more realistic picture of Ramachandran

distributions of individual residues which differ much more

from each other than expected for a long period of time. These

peptides allow for an elucidation of conformational distribu-

tions of amino acid residues in the absence of non-local (mostly

hydrophobic) interactions, which one can still expect to occur

in unfolded proteins. The comparison of peptides of different

length allows for the exploration of how nearest neighbors

affect conformational distributions.

This article is structured as follows. Section 2 will be used to

state the problem, namely the applicability of the random coil

concept to unfolded and disordered peptides and proteins. In

this context we will follow an earlier articulated concept that

distinguishes between local and global aspects of the random

coil theory.37 Section 3 provides an overview of published

experimental data that were interpreted as indicating that

alanine has a high propensity for pPII conformations in oligo-

peptides. In Section 4, we describe the results that emerged

from an extension of these structure analyses to non-alanine

residues in blocked peptides including dipeptides. Section 5

provides a summary of investigations on unblocked tripeptides

that utilized a broad data set of NMR and vibrational spectro-

scopy data (in blocked peptides the terminal carboxylic acid

and ammonia groups of unblocked peptides are generally

replaced by esters and methyl groups). The contribution of

water to the stabilization of backbone conformations is briefly

discussed in Section 6. Section 7 introduces the concept of

nearest neighbor interactions to account for the observed

context dependence of Ramachandran plots of amino acids

even in short peptides. Section 6 discusses how results

obtained with short peptides could be used in the future for

force field development and for an understanding of local order

in conformational entropy of unfolded and intrinsically dis-

ordered proteins. A Summary and outlook section finishes this

article.

2. Stating the problem: is the state of
unfolded proteins and IDPs a random
coil

Even a superficial screening of the literature will inform the

reader that the term ‘random coil’ is being used as a synonym

for an unfolded state. If for instance, researchers observe UVCD

spectra like those shown in Fig. 4 which can be described as a

superposition of a negative Cotton band (below 200 nm) and a

Fig. 3 Contour plot of the Ramachandran probability distribution of an

alanine dipeptide in water obtained from MD simulations with an Amber

ffParm 99 force field. The indicated contour values represent the logarithm

of the normalized probability function. Individual basins are related to the

indicated secondary structure conformations (C5: extended b-strand like,

P8: polyproline II, aR and aL: right- and left handed a-helical, ap: right-

handed helical conformation close to the p-helix region, Cex
7 : region of the

Ramachandran plot associated with (sterically forbidden)) inverse polypro-

line II and b-strand conformations. Reprinted with permission from ref. 34,

2008, American Chemical Society.

Fig. 4 UVCD spectra of three disordered protein segments measured at the indicated temperatures. Left: Activation domain of the thyroid hormone

activator, (center) the cytosolic C-terminal distal tail of the human sodium–proton exchanger; (right) the S-phase delayed protein. Reprinted from ref. 38,

open access.
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shallow saddle point between 210 and 220 nm they interpret it

as random coil indicator without paying much attention to

different intensities in spectra of different proteins.39 Other

spectroscopic indicators (amide I wavenumber at 1640 cm�1 in

IR-spectra,40 chemical shifts of amide protons and 13C that are

close to the ones observed for short peptides) are generally

interpreted in a similar manner.41 Strictly speaking, however,

the term random coil solely applies to long polymers formed

with rigid building clocks (peptide groups) and freely rotatable

linkers.7,42 Its length dependence can be described by a power

law for the radius of gyration and the mean radius of hydration,

i.e. hRhi H Nn. If different proteins behaved as an ideal random

coil, the exponent would assume the random walk value of 0.5.

A more realistic self-avoiding random walk model which takes

the excluded volume into account predicts an exponent of

0.59.42

Deviations from these scaling laws are possible and have

been frequently observed. The self-avoiding random walk

(excluded volume) model seems to be suitable for proteins

denatured in urea.43 However, the behavior of unfolded pro-

teins and IDPs depends very much on the respective solvent–

protein and intramolecular interactions. Only if both interac-

tions are perfectly balanced and exactly cancel out does the

protein exhibit ideal random coil behavior (y-point). If protein–

protein interactions exceed protein–solvent interactions (poor

solvent), the unfolded or disordered protein adopts a more

compact structure with much less conformational flexibility.

Consequently, the exponent n becomes significantly smaller

than 0.5.42 On the contrary, in a good solvent protein–solvent

interactions would be predominant and the exponent would

exceed 0.5. For foldable proteins, water is a poor solvent at

room temperature. The addition of large amounts of urea and

guanidine chloride (GmdCl) generally denatures folded pro-

teins. A common scaling factor of 0.59 seems to indicate a self-

avoiding random coil in a good solvent, though this notion has

recently been questioned by Holehouse et al., who showed that

denaturation in urea and GmdCl involves a combination of side

chain and preferential binding effects.44 Regarding IDPs which

normally contain a higher fraction of ionizable residues than

foldable proteins11,45 it is important to note that the value of

the exponent n increases with increasing net charge and can

even exceed 0.6.46,47

The above discussion reflects the global aspect of the ran-

dom coil theory, namely the size dependence of the polymer as

a function of internal and external parameters. Locally, the

random coil model assumes that rigid building blocks are

connected by freely rotatable links. In the case of polypeptides

the rotatable links are the N–Ca and Ca–C
0 bonds of an amino

acid residue.37,42 As we know from the above introduced

Ramachandran plots the rotational motions around these

bonds (associated with the dihedral angles j and c) are

restricted mostly for steric reasons. However, the sterically

allowed conformational space as shown in Fig. 1 is large

enough to justify that locally unfolded peptides behave like

random coils, irrespective of side chain composition and the

choice of the solvent.

While the evidence in favor of the random coil concept

seems to be overwhelming, experimental and bioinformatical

evidence gathered over the last twenty-five years cast some

doubts on its full applicability to unfolded proteins and IDPs.

First, an ideal random coil state would not depict any residual

structure. However, some very thorough NMR studies on dena-

tured proteins and IDPS such as a-synuclein and tau provided

compelling evidence for the occurrence of local (transient)

helical and sheet structures most likely facilitated by non-

local intra-protein interactions.48–51 Second, starting with some

(at that time) provocative work on oligo-alanine peptides,

evidence has been gathered for conformational preferences of

individual amino acid residues.37,52,53 These results suggest

that the conformational ensemble sampled by an unfolded

protein or IDP depends on the amino acid residue composition.

The dependence of power law exponent on the net charge

already points in this direction.46,47,54 However, current the-

ories treat charges as increasing the excluded volume of a

polypeptide chain rather than worrying about their influence

on individual Ramachandran distributions.46,54 Overall, the

above mentioned results imply that the conformational entropy

of IDPs might be less than what one would expect for an ideal

random coil which would be of importance for any modeling of

protein dynamics in water. In what follows in the next section

an overview is provided of how short peptides have been used

to explore intrinsic conformational propensities. Results of

these studies are compared with related studies of coil libraries.

3. Conformational preferences of
amino acid residues I: oligo-alanine
peptides

Two papers that both appeared in 2002 triggered a discussion

and various types of investigations of intrinsic properties of

amino acid residues. The first one was published by Kallenbach

and colleagues.55 They investigated an oligopeptide with the

sequence AcX2A7O2-NH2 (X: aminobutyric acid, O: ornithine)

termed XAO. The authors measured the UVCD spectra of the

peptide as a function of temperature. The shape of the spec-

trum at room temperature (Fig. 5) resembles the one in Fig. 4,

so a conventional view would interpret it as indicating a

random coil. However, the very pronounced temperature

dependence and the apparent existence of an isodichroic point,

which is diagnostic of a two-state transition, argue against such

a view, in particular because the difference spectrum in Fig. 5

looks very much like that of a b-strand or b-sheet conformation.

In addition, the authors extracted 3J(HNHCa) for all seven

alanine residues from the 1H NMR spectrum of the peptide.

This coupling constant can be obtained from the splitting of

amide proton signals. Its dependence on the dihedral angle j

can be described by a Karplus equation the most general form

reads as:

J(Z) = A�cos2(Z + y1) + B�cos(Z + y2) + C (1)

Perspective PCCP
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where Z = j, c, depending on which type of coupling constant

is analyzed. The amplitudes A, B, C and the phases yi are

empirical parameters that researchers have obtained from

fits to J-coupling constants observed for proteins for which

high quality crystal structures or NMR-based structures are

available.56,57 A discussion of these parameters and their

uncertainties is given in Section 8. The experimental values

Shi et al. obtained for the seven alanine residues cluster all

around 5.5 Hz at room temperature (Fig. 5). Such a value

suggests that their conformational distributions reflected by

the measured average 3J(HNHCa) value at room temperature are

dominated by the sampling of right-handed helical and/or in

the polyproline II (pPII) region of the upper left quadrant (cf.

Fig. 1). Since the UVCD data ruled out the former, the authors

opted for the latter and reported that alanine predominantly

samples the pPII region of the Ramachandran plot. The notion

of a pPII dominance was further supported by nuclear Over-

hauser effect (NOE) measurements, which ruled out a major

sampling of right-handed helical conformations. All 3J(HNHCa)

constants increase with temperature (Fig. 4), which is consis-

tent with the notion of conformational redistribution from pPII

to b-strand indicated by the CD spectra. The inset in Fig. 5

(right) exhibits a van’t Hoff plot of the Gibbs energy difference

between pPII and b-strand extracted from the depicted
3J(HNHCa) data by employing a simple two-state model.

Generally, pPII is a structure associated with poly-L-proline

with all its peptide group in the trans-conformation.58 In its

crystalline state the corresponding j and c-values are �751 and

1501. For proline residues, it is highly preferred for steric

reasons. When the XAO data were published there did not

seem to be any obvious reason why alanine should prefer the

same conformation.

The conclusions drawn from the XOA study imply that its

UVCD spectrum is diagnostic of a pPII conformation and not of

a random coil supporting distribution. This notion agrees with

the fact that poly-L-proline shows a very similar UVCD spec-

trum, just with its extrema at slightly different positions. This

similarity between the polyproline II CD spectrum and the

spectra of ionized poly-L-lysine and poly-L-glutamic acid had

been noticed at an early stage by Tiffany and Krimm, who

arrived at the conclusion that the unfolded state of these

peptides contains a predominant fraction of pPII.59 After a

controversial debate60,61 the scientific community decided to

ignore such an inconvenient truth.

The second work that must be mentioned in this context is

the femtosecond two-dimensional IR study of Woutersen and

Hamm on trialanine in acidic aqueous solution.62 Femtose-

cond pump–probe experiments allowed them to determine the

strength of the excitonic coupling between the amide I0 modes

of the two peptide groups which in D2O and the angle between

the transition dipole moment of these amide modes. Thus, the

authors identified a representative structure at j and c values

of �601 and 1401 which puts it right into the pPII region, thus

confirming the results of Shi et al.55

The results of Shi et al. provoked a very controversial debate

which mostly focused on the interpretation of their experi-

mental results.63,64 Interestingly, the critics of this study mostly

overlooked the confirming results of Woutersen and Hamm. I

am referring the interested reader to earlier reviews that

provides more details of the debate.37,53,65 Here, I confine

myself on spectroscopic studies that resolved the debate very

much in favor of Shi et al.

Graf et al. used a set of seven NMR scalar coupling constants

to determine the conformational distribution of several

unblocked oligo-alanine peptides, including trialanine (A3).
66

In addition to 3J(HNHCa) the authors utilized the j-dependent
3J(HNC0), 3J(HCaC0), 3J(C0C0), 3J(HNHCb), the c-dependent
1J(N,Ca) and 2J(N,Ca) and the j and c dependent 3J(HNCa)

coupling constants. Fig. 6 depicts several Karplus curves for

the j-dependent 3J coupling constants. The different Karplus

curves result from empirical fits to different data sets and from

DFT-calculations for alanine residues. Graf et al. employed the

parameters reported by Hu and Bax.57 Since the Karplus curves

for the utilized 3J-coupling constant are very different, their

combined use enables a reliable assessment of conforma-

tional distributions along the j-coordinate axis. In addition

Fig. 5 Left: UVCD spectrum of the heptapeptide XAO measured at the indicated temperatures. The inset shows the difference spectrum calculated by

subtracting the spectrum measured at 1 1C from the one measured at 55 1C. Note that the y-scale which is already blurred in the original figure ranges

from �100 to 300 deg cm2 dmol�1. Right: 3J(HNHCa) coupling constants of the indicated alanine residues plotted as a function of temperature. The inset

exhibits a plot depicting the result of a two-state van’t Hoff analysis described in ref. 55 from where the figure was taken (open access).
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the c-dependence of 1J(N,Ca) facilitates the differentiation

between extended (pPII and b-strand) and right handed helical

conformations. In order to analyze their data, the authors first

used molecular dynamics simulation with a GROMOS96 force

field and a SPC water model to obtain basins in the pPII, b-

strand and right-handed helical region of the Ramachandran

plot. In a second step the authors used the mole fractions

associated with these three basins as free parameters in a fit to

the experimental coupling constants. For the central residue of

A3, the obtained mole fractions were wpPII = 0.92, wb = 0.08 and

wa = 0. For longer oligo-alanine peptides the results suggest a

slight stabilization of b-strand. For A7, wpPII varies between 0.83

and 0.86. The population of right-handed helical states was

found to be negligible for all non-terminal alanine residues.

Thus, the work of Graf et al.,66 by using a much broader data set

than the preceding works, fully confirmed the results of Shi

et al.55 They added considerable value to the debate by their

quantitative determination of conformational propensities.

4. Conformational preferences of
amino acid residues II: comparison of
residues in blocked glycine-based
host–guest peptides

The results of the studies on alanine-based peptides led

researchers to wonder whether similar deviations form random

coil supporting behavior exist for other amino acid residues.

Three different experimental investigations on blocked short

(and ultrashort) peptides have addressed this issue. Kallenbach

and associates investigated a complete guest series of the

oligoglycine AcG2xG2NH2 (abbreviated as G2xG2 in the follow-

ing), where x presents one of 19 natural amino acid residues

(x = G was not investigated).69 These authors used again the

experimental protocol of their XAO studies. With the exception

of the peptides with x = H, Y, W and F all UVCD spectra

qualitatively resembled the one observed for XAO. The devia-

tions for aromatic residues can be expected owing to the

electronic interactions between backbone and side chain

transitions.70,71 Since the CD spectra exhibit isodichroic points,

the authors assumed that the different 3J(HNHCa) coupling

constants observed for different x, which span from 5.7 to 7.8

Hz, solely reflect the presence of two states. For their analysis,

they obtained representative 3J(HNHCa) coupling constants for

the pPII and b-strand conformations of individual residues

from coil library distributions reported by Aveblj and

Baldwin.72 Thus, they obtained the pPII propensity diagram

in Fig. 7 which suggests that only the Ramachandran space of

histidine is not dominated by pPII. A total of 4 residues (A, S, V

and W) have propensities for pPII above 0.7 which puts the

Fig. 6 Karplus curves of the indicated j-dependent J-coupling constants

calculated with different Karplus parameters. Solid black and red dashed:

Hu and Bax,57 dashed green: Wang and Bax,56 derived from crystal

structures, blue dashed-dot, Wang and Bax,56 from X-ray and NMR data,

dashed-dot green and dark green: Case et al., DFT1 and DFT2,67 respec-

tively. Reprinted with permission from ref. 68, 2020, American Chemical

Society.

Fig. 7 (A) Bar diagram depicting the pPII-fraction of the guest residue in

Ac-G2xG2-NH2 a derived from the respective 3J(HNHCa) coupling constant

as explained in the text. (B) Correlation between the Gibbs energy

difference between the pPII and b-strand structures of the indicated guest

residues and b-sheet propensities reported by Kim and Berg.181 The figure

was taken from ref. 69 (open access).
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Gibbs energy differences between pPII and b close to RT at

room temperature. 11 residues exhibit pPII propensities above

0.6. Alanine is on top of the list with 0.83. Hence, these results

suggest that the Ramachandran plots of individual amino acid

residues are mostly dominated by pPII and that helical con-

tributions are negligible.

A different approach has been undertaken by Grdadolnik

et al. who investigated 19 different amino acid dipeptides.73 In

addition to the respective 3J(HNHCa) coupling constants they

utilized the band profile of amide III in the Raman and IR

spectra of the investigated peptides. They assigned three sub-

bands underlying the amide III profile to pPII, a-helical and b-

strand. Fig. 8 illustrates the pPII, b- and right-handed helical

fractions reported by Gradadolnik et al. The pPII population

spreads from 0.6 for alanine (significantly lower than the value

Shi et al.55 reported for G2AG2) to 0.38 for histidine. The helical

fractions are generally weak (below 0.1). The b-strand fraction is

considerable for H, protonated D, N, T, C, I and V (all above

0.5). Thus, the values reported by Grdadolnik at al. match much

more expectations that the ones of Shi et al., since they are

more in line with established propensities for b-sheets.74

Despite the quantitative differences between the propensity

values that emerged from the above studies their results both

indicate that the conventional wisdom of a residue indepen-

dent Ramachandran distribution of amino acid residues does

not withstand experimental scrutiny. Both studies agree in

suggesting that all residues sample predominantly pPII/b-

strand in the upper quadrant of the Ramachandran plot, which

is at variance with rather high population of right-handed

helical structures deduced from models that solely consider

steric hindrance and electrostatic effects.4,6,28,29 This implies

that locally residues are less random than assumed for the

random coil model.

While the works discussed in this section deserve credit for

shedding light on intrinsic structural properties of amino acid

residues in aqueous solution, they leave several issues unre-

solved. First, all the respective NMR analyses of 3J(HNHCa)

constants were based on the unproven assumption that the

centers of the basins for pPII and b-strand in the Ramachan-

dran space of coil libraries are representative for short peptides

in solution. As shown below this is not the case (Section 8).

Second, the conventional Ramachandran distributions of

amino acid residues were replaced by just two (Shi et al.55) or

three points in the configuration space (Grdadolnik et al.73)

spanned by the backbone dihedrals. This would not be realistic

even for folded proteins. Third, it seems to be unlikely that

residues solely sample the upper left quadrant of the Rama-

chandran plot. Fourth, relying predominantly on a single J-

coupling constant is problematic since the respective Karplus

curve suggests several solutions for the same coupling constant

value (vide infra). Fifth, in spite of its convincing results the

spectral analysis of the amide III profile carried out by Grada-

dolnik et al. ignores the multiplet structure of this band which

arises from vibrational mixing with CH bending modes of the

backbone and particularly aliphatic side chains.75–77

5. Conformational preferences of
amino acid residues III: comparison of
residues in unblocked tripeptides

In addition to their analysis of oligo-alanine peptides Graf

et al.66 also investigated the conformational distribution of

the central residues in the tripeptide V3 in order to determine

to what extent hydrophobicity and steric demand of a side

chains matter regarding the population of different basins in

the Ramachandran plot. A comparison of mole fractions of

alanine (in A3) and valine is shown in Fig. 9. Apparently, the

conformational distribution of valine is quite different form the

one of alanine. The authors obtained fractions of 0.29, 0.52 and

0.19 for pPII, for b-strand and right-handed helical conforma-

tions of valine, respectively. These values are also clearly dis-

tinct for the one that Shi et al. reported for G2VG2. The

discrepancy is less pronounced for the distribution Grdadolnik

et al.73 reported for the IR/Raman based valine dipeptide values

(0.47, 0.51, and 0.02).

Fig. 8 Bar diagram depicting the mole fractions of pPII, b-strand and

right-handed helical conformations of the indicated dipeptides. The data

were taken from ref. 73. The values represent averages of the mole

fractions obtained with IR and Raman spectra of the investigated peptides.

Fig. 9 Conformational propensities for the indicated conformations

sampled by the central residue of cationic A3 and V3. The data were taken

from Graf et al.66
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The above work of Graf et al. triggered a series of investiga-

tion of tripeptides that combined their use of NMR coupling

constants with the analysis of amide I0 profiles in IR, polarized

Raman and vibrational circular dichroism (VCD) spectra.

Amide I0 (the prime symbol indicates that the amide group is

deuterated) is predominantly a CO stretching mode.78 In a

polypeptide chain amide I modes are coupled via orientation

dependent electrostatic interactions. They cause a delocaliza-

tion of the excited vibrational states and thus a change of amide

I0 band profiles and positions.79,80 In order to simultaneously

analyze amide I profiles and J-coupling constants Schweitzer-

Stenner constructed Ramachandran plots as a superposition of

two-dimensional Gaussian functions positioned at basins of

the Ramachandran plot81 (termed Gaussian model in the

following). Positions, halfwidths and statistical weights were

used as adjustable parameters. The author combined the

amide I0 profiles of cationic A3 and V3 with the J-coupling

constants of Graf et al. to obtain the Ramachandran plots in

Fig. 10. Bar diagrams in Fig. 10 (right) compare mole fractions

obtained from this analysis with the ones of Graf et al.66 With

regard to A3, the results were very similar. The pPII fraction

reported by Schweitzer-Stenner is slightly lower (0.84). In addi-

tion to pPII and b-strand (0.08) he identified small populations

of right-handed helical and inverse g turn structures (0.04

each). Despite these minor differences this analysis confirmed

the notion that alanine has an unexpectedly high pPII propen-

sity. For valine, the results of Schweitzer-Stenner suggest a

higher b-strand propensity (0.68) than Graf et al. Hence, his

results further widened the gap between the conformational

distributions of alanine and valine.

He et al. argued that the use of unblocked peptides might be

problematic because electrostatic end effects could influence to

the conformational distributions at least for very short peptides

such as A3 and A4,
83 thus reiterating earlier reported

skepticism.84 The authors cited the fact that four guest residues

in GxG, AcGxGNH2, and AcGGxGGNH2, and the respective

dipeptides show slightly different 3J(HNHa) coupling constants

at different pH as an argument for the influence of terminal

groups.83

This issue was addressed by Toal et al., who compared the

structural distributions of the three protonation states of A3

and combined their analysis with MD simulations.85 For the

conformational analysis of A3, they employed the above-

described combination of J-coupling constants and amide I0

band profiles. In addition to A3 the authors analyzed data for

the alanine dipeptide. They could draw the following conclu-

sions from their data: first, the influence of the terminal

charges on the conformational distribution of the central

residue of A3 is negligible. Second, the conformational distri-

bution of the alanine dipeptide resembles that of alanine

residue in GAG, for which the pPII fraction is slightly lower

than observed for the central alanine residue in AAA. Third, the

results of the MD simulations strongly suggested that pPII of

alanine is stabilized by backbone and side chain hydration, in

line with results of earlier computational studies.86–89 The

relationship between conformational propensities and hydra-

tion is discussed in more detail in Section 6.

To obtain a more complete picture of how conformational

propensities of amino acid residues depend on the character-

istics of the side chains Schweitzer-Stenner, Schwalbe and

associates investigated a representative series of cationic GxG

peptides by combining NMR and vibrational spectroscopic

measurements.90–93 The data were analyzed with the above

introduced Gaussian model. Results of the studies have been

the subject of earlier reviews.37,53 Fig. 11 compares the obtained

mole fractions for pPII and b-strand with corresponding values

of G2xG2 and respective dipeptides. Most of the GxG data were

obtained with multiple coupling constants. Contrary to Shi

et al.,69 the values depicted in Fig. 11 suggest that besides

alanine, only a very limited number of amino acid residues

exhibit pPII propensities above 0.5, namely M, L, E, C and R.

Results of the above work on dipeptides suggest that the pPII

propensities of K, R, L, M and E exceed this value, which

demonstrates substantial overlap between the two studies.

Two particularly remarkable results of the GxG work should

be emphasized here. First, the extremely low pPII propensity of

protonated GDG (it is slightly higher in the ionized state) and

second, the population of turn-supporting conformations for

GxGs with side chains capable of either donating or accepting

hydrogen bonds.90,93 The total fraction of the pPII-b-strand

population varies between 0.7 and 0.9.

In order to assess the significance of the displayed numbers

Fig. 12 plots the Gibbs energy difference between pPII and b-

strand as a function of the pPII fraction for different total

Fig. 10 Three-dimensional Ramachandran plots of the central residues of cationic A3 (left) and V3 (middle) obtained from a global analysis of J-coupling
constants reported by Graf et al. and amide I profiles of Eker et al.82 The plots were reprinted with permission from ref. 81, 2009, American Chemical

Society. Right: Bar diagram comparing the mole fractions of the central residues of A3 and V3 reported by Graf et al.66 and Schweitzer-Stenner.81
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fractions of residues sampling the upper left quadrant of the

Ramachandran plot. In all four curves plotted in Fig. 12 the

Gibbs energy decreases from ca. 5.8 and to �5.8 kJ mol�1 with

an increase of wpPII from 0.1 to 0.9 (alanine) if only pPII and b-

strand are sampled. For protonated D, the fraction of turn-

supporting structures is comparatively high (0.23).93 Thus,

changing the pPII fraction from 0.7 to 0.2 (obtained value for

GDG), moves the Gibbs energy from ca. 2.2 to �4.3 kJ mol�1.

These changes of the Gibbs energy are significant in that they

exceed the thermal energy.

6. Conformational preferences of
amino acid in coils libraries

Over the last twenty years coil libraries have emerged as an

alternative source of data from which the conformational

propensities of amino acid residues could potentially be deter-

mined. Coil libraries are constructed from dihedral angles of

residues incorporated in unordered protein segments (e.g. loop

regions).94–99 The hypothesis behind this strategy is that any

long-range interactions can be averaged out by using a large

data set of such residues. To ensure a sufficient statistical

quality, Ramachandran plots of individual amino acid residues

are generally obtained by adding the data points for all nearest

neighbors in the data set, thus ignoring the possible influence

of nearest neighbors. To my best knowledge, only the publicly

available coil library set of Sosnick and coworkers provides the

means to obtain Ramachandran for GxG segments which could

be directly compared with the above discussed experimental

data.100 The number of data points in the corresponding plots

is rather limited. Noteworthy differences and similarities

between x-distributions in GxG peptides and in the Sosnick

library are discussed in the literature.92 Here, I just mention the

high pPII propensity of alanine and the extraordinary propen-

sity of aspartic acid residues for turn-supporting structures

(type I/II0 (i + 2) b-turn) which are both on display in the GxG

and coil library-based Ramachandran plots.101 As the experi-

mental data obtained with short peptides coil library distribu-

tions reveal that Ramachandran distributions of amino acid

residues can be quite distinct from each other. However, in

most cases coil library distributions indicate a more pro-

nounced sampling of right-handed helical structures than the

experiment-based Ramachandran plots of corresponding GxG

peptides.92

7. Relevance of conformational
propensities of amino acid residues

How do the results of peptide studies discussed in this section

affect our understanding of unfolded and disordered proteins?

If one assumes the absence of nearest neighbor and non-local

interactions, one arrives at the conclusion that their conforma-

tional entropy should be significantly lower than in the case of

a random sampling of the sterically available conformational

space.97,102 Moreover, Gibbs energy differences between differ-

ent peptide/protein conformations would be more pronounced

than in the random coil case. Scheraga and coworkers, who

recognized at an early stage that sterically allowed backbone

conformations differ energetically, suggested to replace ran-

dom coil with the term statistical coil.103

Fig. 11 Bar diagrams comparing the mole fractions of pPII and b-strand

obtained for GxG (black), blocked dipeptides (red) and the host residue of

G2xG2 (green). Data were taken from ref. 69, 73 and 90–93.

Fig. 12 Gibbs energy difference between pPII and b-strand as a function

of the pPII fraction calculated for different fractions occupying the region

above c = 1001 in the right-hand half of the Ramachandran plot.
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Two issues deserve to be addressed at this point. First, it

should be emphasized that the thus far presented results on

conformational propensities of amino acid residues should not

be construed as indicating the occurrence of ordered secondary

structures in unfolded and disordered states. Such a notion is

not supported by the reported propensity values. Even if the

pPII propensity of alanine is 0.9 as reported by Graf et al.,66 the

probability for the hepta-alanine segment of XAO to adopt a

pPII helix would be just 0.39. As shown by Toal et al.,85

conversions between pPII and b-strand conformation occurs

on a picosecond time scale, which significantly curtails the

lifetime of such a pPII segment. Hence, the use of the term

‘pPII helices’89,104–106 should be avoided. Some articles claimed

that pPII helices formed by poly-alanines melt at higher tem-

perature in the same way regular helices do.107 While pPII

helices are indeed formed if a polypeptide contains a lot of

proline residues, there is no evidence that such a secondary

structure can be adopted by unfolded/disordered proteins in

the absence of any stabilizing non-local interactions. An exam-

ple for the latter is the snow flea antifreeze protein, where 46%

of the residues are glycines.108 It does not have a classical

hydrophobic core, yet it is fully folded with the structure

comprising six pPII helices. The occurrence of pPII helical

segments has been proposed for the N-terminal Ab1–9 based

on 3J(HNHCa) constants and the respective UVCD spectrum.109

The temperature dependence of the latter was interpreted as

suggesting a melting of the pPII helix into a random coil at high

temperatures. However, as shown by Schweitzer-Stenner and

Toal, the reported NMR and CD data can well be understood

with a statistical coil model that considers nearest neighbor

interactions (vide infra).110

The second issue is directly related to the proposed pPII

helices. The claim of its existence in unfolded/disordered

proteins led to the so-called reconciliation problem.111–113

The argument reads as follows. If unfolded proteins are really

composed of pPII-helical segments, wouldn’t that imply a

conflict with the experimentally verified random coil behavior

of non-compact fully denatured proteins that generally obey a

scaling law with an exponent of 0.59–0.6? Interestingly, how-

ever, Fitzkee and Rose demonstrated that the global behavior

reflected by this exponent does not rule out an even heavily

exaggerating model that describes an unfolded state as an

ensemble of rods connected with flexible linkers.113 Their

result is important irrespective of the discussion about pPII

helices in that it demonstrates the necessity to distinguish

between local and global aspects of the random coil concept,

as suggested earlier,42 but it should be kept in mind that the

proposed reconciliation problem does not exist.

8. Conformational propensities and
hydration

While the work of Shi et al.55 and the concomitant corrobora-

tion by Woutersen and Hamm62 ignited the discussion about

conformational propensities of amino acid residues in general

and the pPII propensity of alanine in particular,63,114 the latter

had already been up in a less noticed paper by Han et al.115

These authors used DFT calculation on the alanine dipeptide N-

acetyl-L-alanine-N-methylamide to calculate vibrational spectra

(Raman, VCD, Raman optical activity) for different conforma-

tions of the peptide. They were obtained by geometry optimiza-

tion in implicit and explicit water. For the latter case, they

considered four water molecules hydrogen bonded to the

functional peptide groups (CO and NH). The authors found

the stabilization of a novel structure in the presence of four

water molecules, for which they obtained dihedral angles of j =

�93.551 and c = 127.621. Though somewhat different from the

canonical pPII structure, it was close enough to earn this

designation. In the absence of explicit water the g-turn like

structure Ceq
7 emerged as the most stable conformation. In

other words: this work already suggested that in water pPII

might indeed be the most stable conformation that alanine can

adopt in aqueous solution.

As mentioned above water had not been originally consid-

ered for the construction of Ramachandran plots.4,29 Later MD

simulations filled that gap but results seemed to be even more

random coil like than the original distributions.36 However,

after the XAO results were reported a lot of computational

work focused on the role of water. In a remarkable study

Garcia performed MD simulations with a modified AMBER

force field to show that the high preference of alanine for pPII

in unblocked oligo-alanine peptides results from a favorable

packing of water molecules around the peptide backbone.87,116

A more specific picture arose from the MD studies of Mezei

et al. who investigated conformational preferences of a 12-

residue poly-L-alanine peptide with CHARMM 22 and TIP3P

water.117 They found that pPII is favored over three other

conformations (antiparallel and parallel b-strand, right-

handed helical) by backbone-water hydrogen bonding. In the

b-strand conformation hydration water adopts entropically

unfavorable bridge structure reminiscent of cages around

hydrophobic groups. While compelling, this view is at variance

with multiple thermodynamic studies on XAO oligo-alanines,

G2xG2 and GxG that all clearly suggest that b-strand is entropi-

cally favored over pPII, while the latter is enthalpically

favored.66,69,118,119 A different view was presented by Avbelj

and Baldwin based on electrostatic calculations.120 They

demonstrated the shielding role of hydration water which

diminishes electrostatic interactions between peptide units

which in the absence of water would prefer a more extended

b-strand population.

DFT-based calculations for unblocked tripeptides in water

strongly supported the view that water–peptide interactions

stabilize pPII. In this context the work of Lanza and Chiacchio

is particularly remarkable.121–123 The authors investigated the

role of hydration water regarding the stabilization of backbone

conformations of cationic trialanine. They added a total of 37

water molecules to the peptide’s hydration shell. Fig. 13 shows

some of their peptide–water complexes. In addition to the

central residue, they also considered the conformation of the

C-terminal residue. They found that pPII–pPII dimers become
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increasingly stabilized with increasing number of water mole-

cules, which reflects a more efficient intermolecular hydrogen

bonding. This notion was corroborated by more recent

DFT calculations on four GxG peptides (x = A, V, L, I) where

explicit hydration was only modeled with 10 water

molecules.124 This study was more limited in its goals in that

it focused on pPII and b-strand conformations. It had been

triggered by the surprising finding that the enthalpic and

entropic difference between these two conformations is

particularly large for the aliphatic residues V and I (B40 and

60 kJ mol�1, respectively).119 The respective Gibbs energy

difference was found to be small (o1 kJ mol�1) due to

enthalpy–entropy compensation. The results of the DFT study

reproduced the thermodynamic results at least on a qualitative

level. They clearly revealed a stabilization of pPII via peptide–water

interactions. Regarding both, enthalpy and entropy, vibrational

mixing between peptide and water modes in the region below

700 cm�1 was found to be of particular importance.

A very detailed MD investigation of the influence of hydra-

tion on the conformations of tripeptides has been carried out

by Urbanc and coworkers. They explored the conformational

sampling of GxG and AAA in water with different combination

of force fields and water models.68,85,125,126 A comparison of

force fields based on these and the works of other research

groups can be found in the next section of this article. Here I

focus solely on hydration effects. Irrespective of the force fields

the results obtained by these authors revealed differences

between peptide hydration in pPII and b-strand. Toal et al.

showed that a reduced hydration of the central alanine residue

can explain the slightly lower pPII propensity of the alanine

dipeptide compared with trialanine.85 In another study Meral

et al. investigated the conformational ensemble of 15 different

GxG peptides.125 They observed that pPII orientations are

associated with an increased population of water oriented

parallel to the side chain surface (Fig. 14). In contrast, b-

strand conformations exhibit more heterogeneous water

orientations. These findings suggest that b-strand might be

entropically favored over pPII, in full agreement with thermo-

dynamic studies.69,119,127 A comparison of GAG and AAA by

Zhang et al. revealed that substituting the two terminal glycines

of GAG by alanines leads to an increase of the average number

of water molecules as well as of the number of water–water

interactions.68

While most of the studies performed to elucidate conforma-

tional propensities of amino acid residues emphasized the role

of hydration exceptions from the rule deserve to be

mentioned.35 Drozdov et al. performed Monte Carlo simula-

tions with OPLS parameters and the TIP5P water model to

explore how hydration affects the energy landscape of an

alanine dipeptide. They arrived at the conclusion that pep-

tide–water interactions favor compact (i.e. right-handed helical)

rather than extended conformations such as pPII. Preference

for the latter is associated with a minimum of the combined

torsional and van der Waals interaction energy. In other words:

pPII is populated because steric conflicts are avoided. The

results of this study are at variance not only with the above

Fig. 13 Optimized molecular structures of A3 imbedded in complexes of water molecules with the indicated numbers of water molecules. All peptides

shown adopt a b-strand conformation. The numbers represent the corresponding internal energies in kcal mol�1 calculated with a 6-31+G* and a aug-

cc-pVTZ level of theory. Reprinted with permission from ref. 121, 2016, American Chemical Society.
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cited computational study but also with available experimental

data. First of all, they can hardly explain the experimentally

established stabilization of b-strand at high temperatures.

Second, they contradict the fact that pPII is destabilized in

non-aqueous solutions.128–130

One might wonder whether the exceptionally high pPII

propensity of alanine could be due to the special properties

of its methyl side chain. The work of Meral et al.125 seems to

support such a view in that it reveals a cage like water structure

in the pPII conformation of the alanine residue. However, a J-

coupling/amide I0 analysis of cationic GGG reveals a pPII

propensity of the central glycine residue that is comparable

with the one of alanine in GAG (with the pPII fraction equally

partitioned between the right and left half of the Ramachan-

dran plot).131 MD simulations with Amber ff14SB, OPLS-AA and

CHATMM36m reproduce this pPII dominance qualitatively,

though to a different extent. The result of this study shows

that the propensity for pPII is engrained in the backbone and

that it is modified by individual side chains of residues. These

results might explain the above mentioned observation of 6

pPII helix fold of the crystallized snow flea antifreeze protein

which contains 46 glycine residues.108 Apparently, alanine just

stands out because it’s methyl group accommodates hydration

water as computationally demonstrated.87,125

9. Nearest neighbor interactions

The random coil model is based on the assumption that the

conformational dynamics of individual residues are

uncorrelated. This is generally called the isolated pair hypoth-

esis (IPH).7 However, multiple lines of evidence gathered over

the last 30 years invalidate this assumption. This has far-

reaching consequences for our understanding of unfolded/

disordered proteins and the thermodynamics of protein folding

which have not yet fully recognized and appreciated in the field.

Since this author has recently published a review article

summarizing the evidence for nearest neighbor interactions,132

this section confines itself to a brief summary of experimental

results obtained with short peptides. Basically, there are two

types of nearest neighbor interactions which ought to be

distinguished. In one scenario, it does not matter whether

the neighbor adopts pPII, b-strand or turn-supporting confor-

mations; it is just its steric and physicochemical properties that

affect the Gibbs energy landscape of a residue. In this case the

IPH is not violated because conformational ensembles of

residues are still uncorrelated. However, if the interaction

energy depends on the conformation of neighbors, the IPH

breaks down. As a consequence thermodynamic parameters

like conformational enthalpy and entropy and Gibbs solvation

energy are no longer additive.132 The additivity of solvation

energies of residues is generally being assumed for estimating

the solvation energy contribution to protein folding.133

Several studies of nearest neighbor effects in coil libraries

have led to the conclusion that particularly aromatic neighbors

shift conformational distributions towards b-strand.95,134

Per se, such observations do not allow the identification of

the type of nearest neighbor interactions. Avbelj and Baldwin

provided some theoretical evidence for the notion that under-

lying changes of the solvation free energy are indeed

Fig. 14 Left: Illustration of the angles Z and y describing the water orientation in the hydration layer of tripeptides. (a) Z is the angle between the normal

(n̂) on the solvent accessible surface of the peptide and the symmetry axis of water (ŵ), (b) y is the rotational angle with respect to this symmetry axes. (c)

The water orientation plot for the central A in AAA in the pPII conformation. Regions A, B, and C are outlined alongside the respective water orientations

relative to the normal to the SAS of the peptide, n̂. Right: Hydration properties of AAA, GAG, and AdP as obtained with the TIP3P water model. (a) Water

orientation plots showing distributions of Z and y angles of water surrounding the side chain of (central) A in pPII (top) and b (bottom) conformations. (b)

Radial distribution functions of water with respect to CO (top) and NH (bottom) groups of the central A in pPII conformations (black curves), b (red curves)

conformations, and the corresponding pPII to b-strand differences (green curves). Reprinted with permission from ref. 125, 2015, American Chemical

Society.
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conformation dependent.135 Sosnick and coworkers con-

strained MD simulations with coil library information.136,137

In their thermodynamic model conformational changes

between neighbors are correlated, in violation of the IPH. They

clearly demonstrated that e.g. residual dipole coupling data

obtained for apo-myoglobin in 10% acrylamide can only be

sufficiently reproduced if conformation dependent nearest

neighbor interactions are taken into account.97 Computational

work of Pappu et al. suggested some nearest neighbor inter-

action between residues in helical conformations.112 Results

from Monte Carlo simulations on host–guest peptide systems

showed that non-glycine residues populate the upper left

quadrant at the expense of right-handed helical conformations.

A systematic and residue specific investigation of nearest

neighbor interactions in short peptides has been carried out by

Toal et al.138 and more recently by Milorey et al.101,139,140 These

authors combined an analysis of J-coupling constants and

amide I0 profiles to obtain Ramachandran plots of amino acid

residues in unblocked tetra- and pentapeptides for different

upstream and downstream neighbors. For the sake of brevity, I

focus here on the influence of neighbors on alanine and

arginine. Alanine is of fundamental importance because of its

high abundance in proteins and its particularly high propensity

for pPII. Arginine is a frequent contributor to intrinsically

disordered segments of proteins (e.g. in protoamine

sequences).46 Fig. 15 compares the pPII, b-strand and turn-

supporting fractions of alanine in various tri- and

tetrapeptides.141 The turn-supporting fraction encompasses

all residue conformations that appear in b-, g- and asx-turns.

While alanine neighbors slightly increase the pPII populations,

any of the investigated non-alanine neighbors stabilizes b-

strand over pPII. Nearest neighbor interactions are particularly

significant for GSAG and GAVG. A comparison of arginine mole

fractions in GRG, GRRG and GRRRG is shown in Fig. 16.139 The

data reveal that R2 is particularly affected by nearest neighbor

interactions which substantially stabilize b-strand over pPII.

Milorey et al. showed that based on their results the end to end

distance of a statistical coil of a poly-L-arginine peptide would

be more extended than a self-avoiding random coil.

Thus far I discussed only nearest neighbor induced changes

of conformational propensities. However, as shown in the

above cited papers they can affect the positions of the basin

centers as well. For alanine, serine and leucine as neighbors

decrease the c-values of both pPII and b-strand. Valine as

upstream neighbor shifts both basins to the left. For the R-

containing peptides, basin shifts are even more pronounced for

the j-coordinate of the b-strand basin which is moved sub-

stantially to the left. pPII and b-strand now appear very clearly

separated in the Ramachandran plot (Fig. 17). Toal et al.

reported a similar effect for leucine in GLyG and GxLG peptides

(x and y denote different guest residues).138 Interestingly, the

underlying nearest neighbor interactions do not have a signifi-

cant influence of on the conformational propensities of leu-

cine. As shown by Schweitzer-Stenner and Toal shifts of basin

coordinates can make Ramachandran distributions more dis-

similar than even rather significant changes of conformational

propensities.142

The influence of nearest neighbors on the position of basins

in the Ramachandran space described above is significant. This

observation leads to the conclusion that the use of coil library

distributions that average over the influence of nearest neigh-

bors are of limited usability for the structural analysis of guest

residues in glycine based host–guest systems like G2xG2 and

blocked dipeptides.69,73,143 Any attempt in this regard should

be exclusively based on experimental data obtained for the

investigated peptide as exemplified by the combined use of

complementary spectroscopic methods.66,90,91

Meta analyses of the above data provided strong evidence for

the notion that the nearest-neighbor interactions are predomi-

nantly governed by pPII-b interactions which can be coopera-

tive or anti-cooperative. For the cases discussed above, the

interaction is cooperative, i.e. pPII-b sequences are stabilized

over pPII–pPII and b–b sequences.110,140 The results of these

analyses have important implications. On a first glance nearest

neighbors seem to randomize distributions, i.e. increasing the

conformational entropy and making the Ramachandran dis-

tributions more ‘random coil’ like. However, such a picture

Fig. 15 Mole fractions of pPII (grey squares), b-strand (black rhombus),

and turn-supporting conformations (cross) of alanine in the indicated tri-

and tetrapeptides. The black triangle data points represent the sum of pPII

and b-strand populations. Reprinted with permission from ref. 138, 2015,

Wiley & Sons.

Fig. 16 Mole fractions of pPII, b-strand and right-handed helical con-

formations of arginine in the indicated peptides. The data were taken from

ref. 139.
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could be misleading since individual Ramachandran plots do

not tell us anything about inter-residue correlations which as in

the above systems can reduce the conformational entropy of the

entire peptide. For the guest residues of GxyG peptides the

reduction of the entropy contribution to the Gibbs energy gen-

erally lies in the 102 J mol�1 at room temperature, but for some xy

pairs (SV and FD) respective values are larger than 1 kJ mol�1. For

the homopeptides GRRRG and GDDDG the entropy reduction is

significantly more pronounced (2–4 kJ mol�1).140

10. Role of short unfolded peptides for
MD force field assessment and
development

Among the many purposes served by obtaining reliable

experiment-based data about conformational propensities of

amino acid residues is to facilitate the development of mole-

cular dynamics force fields. Despite of many advancements in

past two decades, MD force fields are still not accurate enough

to fully capture dynamics of unfolded and intrinsically disor-

dered proteins. Since the early days of the discovery of alanine’

pPII propensity attempts have been made to develop force

fields that are in line with experimental data. Gnanakaran

and Garcia made a brute force attempt in that they eliminated

the torsional force constants for j and c for an Amber 94 force

field to obtain very high pPII propensities for alanine in oligo-L-

alanine peptides.116 Less radical strategies have been pursued

since then, with very mixed results. In order to keep this section

brief I focus on attempts guided by published J-coupling

constants.

In what follows a yet not fully solved problemmust be briefly

discussed. Attempts based on optimizing force fields have been

focused on alanine owing to the availability of J-coupling

constants for a variety of oligo-alanine peptides from the work

of Graf et al.66 In order to demonstrate the quality of force field

improvement deviations between calculated and experimental

J-coupling constants relied on the reduced w2-function:

wR
2 ¼

1

N
�
X

N

i¼1

Ji;exp � Ji;calc

� �� �2

si2
(2)

where N is the number of considered J-coupling constants, Ji,exp
are the individual experimental coupling constant values,

hJiicalc are the values calculated for the final Ramachandran

distribution of a residue and si the statistical error of the

coupling constants. The use of eqn (2) would be straightforward

if reliable values were available for the latter. Generally, one

would associate such statistical errors with the experimental

data. In the case of J-coupling constant, the respective values

are generally small and would therefore allow for a high

precision assessment of calculated coupling constants. Unfor-

tunately, the main contribution to si is associated with the

calculated values because they depend on the accuracy of the

Karplus parameters in eqn (1). The amplitudes A, B, C and

the phases yi are empirical parameters that researchers have

obtained from fits to J-coupling constants observed for proteins

for which high quality crystal structures or NMR-based struc-

tures are available. Scattering of respective data sets can be

Fig. 17 Ramachandran plots of arginine residues in the indicated tetra- and pentapeptides obtained from a global analysis of J-coupling constants and

amide I0 profiles. Reprinted with permission from ref. 139, 2021, Elsevier.
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considerable, which leads to uncertainties of the empirical

parameters. Bax and coworkers derived error estimates for most

of the coupling constants used by Graf et al.66 from X-ray and

NMR structure data which seem to be an appropriate

choice.56,57 However, in many studies si was estimated from

the scattering of the data to which Karplus equation had been

fitted (vide infra). These values are often unreasonable large

(e.g. �0.5 Hz for 3J(HNHCa)), which in turn makes significant

deviation between experimental and computed coupling con-

stant looking satisfactory. The main problem with all these

approaches is that a set of coupling constants obtained either

from X-ray or NMR data set is not entirely a statistical ensem-

ble. There is no doubt that part of the scattering is statistical in

nature (uncertainties of J-coupling measurements for large

system like proteins and uncertainties of dihedral angles) but

an equal or even dominant part could reflect residue specific

deviations which remain unspecified. This means that for each

residue the error should be in part systematic in nature.

Computational chemists have tried to address the later issue

by using DFT calculations to determine the Karplus parameters

for alanine.67 Fig. 6 compares Karplus curves calculated with

different empirical and DFT-based parameters (for alanine).

Despite the differences between the empirical parameters the

corresponding Karplus curves are very similar, with the excep-

tions of the region around j = 1201 for 3J(HNCb) that lies in the

forbidden region of the Ramachandran plot. DFT based Kar-

plus curves are more pronounced at extrema for 3J(HNHCa),
3J(HNC0) and particularly for the �601 region of 3J(HNCb). Some

of these discrepancies can be explained by the avoidance of

dynamic averaging in DFT calculations,67 but it is difficult to

explain the behavior of 3J(HNCb) which puts values way outside

of any measured experimental value.

Best et al. used two modifications of the Amber force field

termed ff99SB and ff03w to reproduce the J-coupling constants

that Graf et al. reported for penta-alanine.144,145 The force field

modifications were based on quantum chemical calculations.

The theoretical coupling constants were calculated by means of

the Karplus equation with DFT based parameters (DFT2). The

conformational distributions obtained with the original and

the modified force fields were significantly different from the

ones reported by Graf et al.66 and Toal et al.85 For none of the

obtained Ramachandran plots did the pPII fraction exceed 0.5.

The obtained distributions are nearly random-coil like. While

the authors reported convincing wr
2-values (all below 2), they

did not provide a direct listing of the computed coupling

constants. In a response to this work Verbaro et al. used the

IR and VCD amide I0 profiles and end to end distance measure-

ments with fluorescence resonance energy transfer to show that

the results Best and Hummer reported for A5 do not capture the

properties of A5W, which were found to sample significantly

more extended structures.146 Not surprisingly, an analysis of

the spectroscopic data, which included the J-coupling constants

of Graf et al., yielded a much higher pPII content.

In parallel to the above cited work Nerenberg and Head-

Gordon used the AMBER ff99SB forcefield in conjunction

with TIP3P and newer water model TIP4P-Ew to produce

conformational ensembles of cationic AAA, GGG and VVV

for different temperatures.147 As Best and coworkers, they

utilized DFT Karplus equation for their calculation of ensemble

averaged coupling constants in addition to the empirical para-

meters of Hu and Bax.57 For A3 they found a slight stabilization

of pPII in TIP4P-Ew water (compared with TIP3P). No specifics

about conformational distributions were provided for GGG and

VVV. The authors confined themselves on comparing reduced

chi-square values (eqn (1)). For simulation at room tempera-

ture, they obtained wr
2-values between 1.95 and 2.92 if the

coupling constants were calculated with empirical Karplus

parameters. Comparatively low values were obtained with both

DFT-based parameters sets. For G3, the wR
2-values were high for

all Karplus parameter sets, but a substantial improvement was

obtained if 3J(C0C0) and 2J(N0Ca) were not considered. For V3,

the omission of 3J(C 0C0) led to a substantial reduction of wR
2 (i.e.

below 2) for the empirical set and DFT2. In addition, the

authors performed replica exchange MD simulations with

TIP4P-Ew for five GxG peptides. To improve the agreement

with the experimental data of Hagarman et al.,91 the authors

reduced the n = 2 potential term in the respective expressions

for dihedral angles. Here, only the Hu and Bax Karplus

parameters57 were used. The authors reported quite satisfactory

wR
2-values, but unfortunately no specifics about conformational

distributions.

One of the latest revisions of Amber force fields was carried

out by Tian et al.149 Their force field termed Amber ff19SB. The

authors obtained torsional j/c-parameters by means of fits to

energy surfaces obtained from DFT calculations for different

amino acid residues (glycine, alanine, valine, leucine). The

latter were carried out in an implicit solvent.

Fig. 18 compares the Ramachandran plots for the alanine

and valine dipeptide obtained with Amber ff14SB and Amber

ff19SB. The distributions obtained with the former are hardly

distinguishable, both a dominated by pPII, at variance with

experimental data (vide supra). With ff19SB, however, clear

differences emerge, i.e. a redistribution of sampling from pPII

to b-strand for valine. A similar result was obtained for leucine.

This means that ff19SB at least accounts for residue specific

conformational propensities. The authors used 3J(HNHCa) para-

meter of 19 dipeptides (proline excluded) reported by Avbelj

et al.143 to compare ff14SB and ff19SB further. The results are

actually mixed. The latter performed better for some residue

(besides V and L), for protonated H, C, N and protonated K, but

ff14SB yielded a better fit for quite a large set of residues.

Over the last 10 years Urbanc and colleagues undertook a

systematic investigation of different force field – water model

combinations. Contrary to most of the work described above

they used unblocked GxG peptides as benchmark systems.

Thus, they could take advantage of a much larger set of

experimental data, i.e. five different J-coupling constants as

well as amide I0 profiles. They compared the performance of the

investigated force fields with the one achieved by the above

cited Gaussian model of Schweitzer-Stenner.81 The main results

of their works can be summarized as follows. First, for alanine

(GAG and AAA) none of the investigated force fields (Amber
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ff14SB, ff99SBnmr, ff03ws, OPLS-AA/L, OPLS-AA/M and CHARMM36)

reproduces experimental data as well as the Gaussian model.68

Second, among these force fields ff14SB with TIP3P water produces

the best J-coupling constants and amide I0 profiles. Fig. 19 compares

the Ramachandran plots obtained with the above force fields. Third,

regarding the J-coupling constants, CHARMM36m produces results

close to the one obtained with the Gaussian model. Fourth, in

another study from this laboratory, OPLS-AA/M, CHARMM36m,

Amber ff14SB and the more novel Amber ff19SB were used to

produce Ramachandran plots of various GxG peptides for which J-

coupling constants and amide I0 profiles had been reported.126

None of the force field performed satisfactorily. However, ff19SB at

least captured a trend displayed by the varying pPII propensities of

the investigated amino acid residues. Since the other force fields

were optimized for alanine, they failed to account for these

differences.

Finally, we mention an approach to MD simulations that

differs conceptually from the ones discussed above. Rather

than dealing with explicit water models, Vitalis and Pappu

developed a continuous solvation model.150 Here, the transfer

from the gas phase to solution is accounted for by direct mean

field interactions and the screening of interactions between

polar groups. They combined this solvation model with mod-

ified versions of classical force fields where the torsional

potentials were omitted. In that regard their work resembles

the one of Gnanakaran and Garcia.86 As others, they used the
3J(HNHCa) of dipeptides for validation. Irrespective of the

utilized force field the calculated J-coupling constants all

cluster in the region between 7 and 7.5 Hz, which is clearly at

variance with the experimental data. The authors gained some

confidence in their model by a comparison with earlier results

of DFT calculations. However, it is unclear how this can

reconcile the discrepancy between theory and experiment.

A very radical approach by Elcock and coworkers deserves to

be mentioned. They produced various extensions of the Amber

ff99SB force field with an increasing number of modifications

to capture side chain specifics.151,152 The final version termed

RSFF2 were found to reproduce 3J(HNHCa) coupling parameters

of blocked tripeptides reported by Cho and coworkers.153 The

authors judged the suitability of their force field solely by

regression coefficients obtained from correlation plots of cal-

culated and experimental J-coupling constant. In order to gain

more credibility, this force field should be applied to much

larger sets of J-coupling constants described above.

Fig. 18 Ramachandran plots of alanine, valine and leucine dipeptides obtained from MD simulations with Amber ff14SB + OPC water (upper panel), a

coil library (middle panel, data from Lovell et al.148) and MD simulations with Amber ff19SB + OPC water. Each contour line represents a doubling in

population. Reprinted with permission from ref. 149, 2020, American Chemical Society.
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Very recently, Yuan and Wang reported a DFT based analysis

of the dialanine peptide and zwitterionic unblocked oligo-

alanine peptides for which they considered hydration implicitly

by employing the conductor-like screening model.154 They

constructed a Born–Oppenheimer type energy surface by using

the so-called adaptive force matching method. Based on the

reported wR
2-values they managed to account for the J-coupling

constant values of Graf et al.66 but computed coupling con-

stants were not explicitly reported. It is remarkable, however,

that the obtained force field produced pPII fractions above 0.9

which is good agreement with results obtained with the Gaus-

sian model.68,85 From a comparison of force fields obtained

with and without the above implicit solvent model the authors

arrived at the conclusion that pPII and right handed helical

conformations are stabilized by solvent polarization over b-

strand conformations. Apparently, the developed force field is

residue specific. It remains to be seen whether similar strate-

gies lead to a better understanding of different residue propen-

sities and nearest-neighbor interactions.

Other approaches aimed at force field development utilized

coil library distributions. Since this article focusses on the use

of short peptides, we just refer the interested reader to the

relevant literature.155–158

11. The usability of short peptides:
assessment and outlook

Thus far this article has provided mostly a critical overview of

how short peptides have been used to determine residue

specific propensities for backbone conformations and their

dependence on solvation and nearest neighbors. In this con-

cluding chapter I briefly discuss to what extent short peptides

are and could be used as reference systems for the investigation

of IDPs and unfolded proteins. To this end I focus current

structural analyses of IDPs by NMR spectroscopy, the relevance

of nearest neighbor interactions, the conformational dynamics

of side chains and force field development.

11.1 Short peptides as reference systems for the use of

secondary chemical shifts

Are short peptides useful for developing an understanding of

unfolded proteins and intrinsically disordered proteins? One

might be doubtful about this idea, because the environment of

amino acid residues in water might not be identical with the

one in unfolded/denatured systems for which the scaling

exponent lies below 0.5. Proteins denatured in good solvents

(let’s assume for a moment that classical denaturing reagents

fall into this category) seem to show similar scaling laws

irrespective of their amino acid residue composition. For IDPs

with a high net charge global parameters like the radius of

gyration or the end to end distance seem to be describable

solely by their charge balance.46

There are several lines of arguments in favor of short peptide

investigations. First, from a physical chemistry point of view,

they are ideal systems to study the interplay between backbone,

side chain and solvent the detailed knowledge of which is

crucial for an understanding of unfolded states and of fold-

ing/unfolding processes. Blocked dipeptides and unblocked

GxG typed tripeptides are suitable tools to explore the intrinsic

Fig. 19 Ramachandran plots of cationic GAG obtained from MD simulations with the indicated force field and water model combination. The rectangles are

mesostates associated with pPII, b-strand and right-handed helical conformations. Reprinted with permission from ref. 68, 2020, American Chemical Society.
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propensities of amino acid residues. Detailed and reliable

information about the latter allow the construction of a refer-

ence system based on which any additional interactions in

more complex molecular environments can be determined.

Second, and this is a corollary of the first argument, they are

ideal benchmark systems to assess the quality of molecular

dynamics force fields that are used to model the behavior of

unfolded/intrinsically disordered peptides. Third, knowing

intrinsic propensities of amino acid residues can be helpful

to calculate the entropy of unfolded/disordered systems, which

is important for an understanding of disorder to order transi-

tions of all kinds.97

Besides being directly relevant for the analysis of unfolded/

disordered proteins the results of the above reviewed work on

short peptides should be also of importance for the NMR-based

structure analyses of these systems. In addition to J-coupling

constants chemical shifts (CS) of 1H, 13C and 15N nuclei are

frequently used for the analyses of their structures. To this end,

CS values of guest residues in short model glycine base pep-

tides are used as reference values which are thought to repre-

sent the (local) random coil state of these residues.41,159,160

Hence, any statistically significant deviation from these CS

values is interpreted as indicating local deviations from the

random coil distribution. These changes are termed secondary

chemical shift. Even if one uses the more appropriate term

statistical coil the concept underlying this approach looks

convincing, since by utilizing individual values for each residue

differences between their Ramachandran distributions are

automatically taken into account. However, two issue remain

unresolved. First, the CS depends on the environment. Differ-

ences between e.g. pH and temperature can be accounted for by

measuring the CS of the reference peptides as a function of

these parameters.160,161 However, at least the CS of 1H have

been shown to depend on the solvent exposure of the respective

functional group.162,163 Therefore, the CS can change if a

residue is moved from the (good) solvent into the hydrophobic

interior of a collapsed but unfolded protein. This change is

likely to reflect changes of the respective conformational dis-

tributions as well as intrinsic electronic effects. Second, the CS

can be expected to be sensitive to nearest neighbor interactions.

These interactions involve physical effects (shielding and

deshielding) and structural dependencies as discussed in this

article. The influence of nearest neighbor ion chemical shifts

has been recognized at a very early stage. Attempts to quantify

such effects involved the use of e.g. unblocked GGxA peptides

where the influence of the guest residue x on the CS on alanine

was determined.161,164 Another approach used GGxGG peptides

to obtain the influence of x on glycine.165 A more recent attempt

utilized QQxQQ,166 since Q was thought to be more represen-

tative of amino acid residues. In view of the above results that

emerged from studies on tetra- and pentapeptides it seems to

be questionable whether the structural part of nearest neighbor

interactions is sufficiently represented by these peptides. A

much broader approach has recently been taken that utilized

the distribution of chemical shifts in the spectra of intrinsically

disordered proteins.167 It would be of interest to explore

whether the obtained result show any correlation with the

nearest neighbor interactions in short peptides.

11.2 Nearest neighbor interactions

The above cited NMR studies emphasize the relevance of

nearest neighbor interactions. This issue, however, has thus

far been only incompletely addressed. If, as results have shown,

these interactions depend on residue conformations, they

invalidate the isolated pair hypothesis. Strictly speaking this

means that the use of the term random coil is not permissible

irrespective of a protein’s global behavior. Attempts have been

made to infer nearest neighbor interactions from coil

libraries96,98,135,136,155 but specific information about the

underlying mechanism and residue specificity have not

emerged from these studies. It should be mentioned, however,

that Sosnick and coworkers demonstrated their relevance for

unfolded proteins.97,137 The first attempt to specifically inves-

tigate nearest neighbor interactions by Toal et al. and Milorey

et al. provided some useful information about the nature of

residue pairs and their respective conformations determine

nearest neighbor interactions.101,138,139,140 To my best knowl-

edge these works are the only ones that were based on a

sufficiently large set of experimental data that allowed for the

construction of Ramachandran plots and a quantitative assess-

ment of nearest neighbor interactions. Schweitzer-Stenner and

Toal provided evidence for their applicability to rather large

denatured and intrinsically disordered proteins. However,

owing to the amount of work that must be invested in deter-

mining nearest neighbor interactions the data set is still rather

limited. Extended it to all combinations of residues with

upstream and downstream neighbors is out of question. It

would make sense instead to continue the above experimental

work with representatives of different residue groups (i.e.

aliphatic, aromatic, dipolar, ionized). Nearest neighbor inter-

actions can significantly change the conformational

entropy.97,140 What this means for an entire protein has still

to be explored. Generally, investigating nearest neighbor inter-

actions has run out of steam, most likely because their explicit

consideration would significantly increase the complexity of

models for unfolded and disordered proteins.

Nearest neighbor interactions discussed thus far generally

do not account for the local formation of hydrogen bonding.

The above work on tri-, tetra and pentapeptides yielded evi-

dence for the population of turn-supporting conformations

which require the interpeptide hydrogen bonding.90,93,101 How-

ever, the examination of the formation of e.g. classical b-turns

would require longer peptides.168 It is noteworthy in this

context that the Zimm–Bragg as well as the Lifson–Roig theory

predict an increase of helical content with increasing peptide

length.169,170 For alanine, which exhibits the highest propensity

for right-handed helices,171,172 This notion is corroborated by

MD simulations of oligo-alanines and experimental data.86,146

Obviously, any theoretical approach has to go beyond nearest

neighbor interactions for longer oligopeptides and certainly

also for unfolded and disordered proteins.
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11.3 Structural heterogeneity of side chains

An additional complication which has not even been addressed

in this article arise from the structural heterogeneity of side

chains which can populate different rotamers regarding differ-

ent dihedral angles wi, i = 1–4, depending on the length of the

side chain (Fig. 20). For the sake of brevity, I confine myself on

discussing solely w1. The three rotamers regarding this angle

are illustrated in the left part of Fig. 20. Analyses of coil libraries

and MD simulations have clearly revealed that different amino

acid side chains differ in terms of the population of these

rotamers and that these populations depends on the backbone

conformation.155,174–177 Experimental work exploring the rota-

mer populations of residues in short peptide is practically non

existing. The only exception I am aware of is the paper of Rybka

et al., who measured 3J(HCaHCb) coupling constant of the two

Cb-protons to determine the rotamer distributions of GNG,

protonated and ionized GDG and of the protonated blocked

tetrapeptide Ac-GDG. In all these cases the �601 rotamer was

found to be the most populated one with mole fraction ranging

from 0.51 for Ac-GDG and 0.74 for ionized GDG. The substan-

tial population of the 1801 was found to be consistent with a

significant sampling of asx-turns by protonated D. While the

601 rotamer was found to be preferred in pPII and b-strand

conformations, the �601 rotamer coexists with turn II0 bi+2

conformations which have been shown to be disproportional

populated by protonated and ionized D-residues.93,101,178 In an

earlier reported analysis of coil libraries Jiang et al. found that

D and N combined show a preference for pPII, a combined

region of right handed helical and turn II0 bi+2 and for left

handed helical conformation for the g+ (w1 = 601 and 1801)

conformation. On the contrary, the Ramachandran plot for t

conformations (w1 = �601 and 1801) is rather peculiar in that it

is mostly populated in a region comprising pPII and type II bi+1
turn conformations. The coil library distributions show some

similarities with the ones obtained for GDG and GNG, but

differences are also noteworthy. This is not surprising since D

is significantly affected by it nearest neighbors.139,141,178

There is no doubt that a complete understand of conforma-

tional preferences of amino acid residues in unfolded and

disordered proteins requires a more thorough analysis of the

relationship between side chain and backbone conformations.

Short peptides and NMR spectroscopy would be ideally suited

for this goal. The necessity to explore the mutual dependence of

side chain and backbone conformations has been recognized

by Sosnick and coworkers.179 They showed the folding of

ubiquitin is associated with a side chain entropy loss that

contributes 20% to the overall decrease in conformational

entropy. The question arises to what extent backbone depen-

dent conformational propensities of side chains play a role in

nearest neighbor interactions. Exploring the interplay between

backbone conformations, side chain rotamer populations and

hydration is a still to be carried out project the results of which

will be essential for an understanding of unfolded and dis-

ordered proteins and peptides.

11.4 Force fields for IDPs

Obviously, experimentally determined conformational propen-

sities of amino acids are ideally suited for developing molecular

dynamics force fields. The success claimed by some researchers

was mostly built on very limited data sets and/or rather

generous assessments of statistical errors of coupling constant

(the larger the error the better even insufficient reproductions

of experimental data). The work of the Urbanc group has clearly

shown that currently none of the already optimized force fields

is capable to sufficiently reproduce the J-coupling constants

and amide I profiles of GxG peptides. Only the new Amber

ff19SB does at least capture differences between amino acid

residues with regard to their pPII propensities.126,180 It seems to

be obvious that optimizing a force field for one amino acid

residue (alanine) produces poor results for other residues. The

situation becomes worse for longer peptides where current

force fields are incapable of catching nearest neighbor interac-

tions. This is a serious and thus far underestimated problem,

which is likely to reflect the insufficient description of coopera-

tivity between the hydration shells of residues. Generally, one

should be skeptical about attempts to develop force field based

on DFT calculations in implicit water. Work of Wong, Lanza

and their respective coworkers have clearly show that implicit

water cannot catch conformational propensities the way expli-

cit water does.121,124 Even though computational expensive,

calculations with explicit water will be necessary to obtain

reliable energy surfaces in the Ramachandran space. The role

of the solvent in nearest neighbor interactions has been

demonstrated by Toal et al., who showed that even in the

absence of strong interactions at room temperature entropic

effects can completely change the picture at temperatures at

Fig. 20 Left: Illustration of dihedral rotamer angles of the blocked tripeptide lysyltyrosine.173 Right: Newman projection of the three rotamers associated

with the dihedral angle w1 ((C
0–Ca–Cb–Hbi

i = 1, 2) for pro R and pro S, respectively; 601: g�, g+ for R and S, 1801: g+, t for R and S,�601, t, g� for R and S; g:
gauche, t: trans). Reprinted with permission from ref. 93, 2013, Wiley & Sons.
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which many proteins melt.138 The physical reasons for these

observations remain elusive.
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