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Abstract Understanding intrinsic conformational prefer-
ences of amino-acids in unfolded proteins is important for
elucidating the underlying principles of their stability and
re-folding on biological timescales. Here, to investigate the
neighbor interaction effects on the conformational pro-
pensities of amino-acids, we carried out '"H NMR experi-
ments for a comprehensive set of blocked dipeptides and
measured the scalar coupling constants between alpha
protons and amide protons as well as their chemical shifts.
Detailed inspection of these NMR properties shows that,
irrespective of amino-acid side-chain properties, the dis-
tributions of the measured coupling constants and chemical
shifts of the dipeptides are comparatively narrow, indicat-
ing small variances of their conformation distributions.
They are further compared with those of blocked amino-
acids (Ac—X-NHMe), oligopeptides (Ac—-GGXGG-NH,),
and native (lysozyme), denatured (lysozyme and outer
membrane protein X from Escherichia coli), unstructured
(Domain 2 of the protein 5A of Hepatitis C virus), and
intrinsically disordered (hNlg3cyt: intracellular domain of
human NL3) proteins. These comparative investigations
suggest that the conformational preferences and local sol-
vation environments of the blocked dipeptides are quite
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similar to not only those of other short oligopeptides but
also those of denatured and natively unfolded proteins.
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Introduction

The definition of the unfolded state of proteins is critical
for understanding their stability and folding mechanism.
Despite prolonged and extensive efforts over the decades,
the underlying principle and hidden nature of denatured
and intrinsically disordered proteins remains unclear. Par-
ticularly, even though the chemical diversity of natural
amino-acid side-chains has been a key to the understanding
of tertiary structures, dynamics, and functions of native
proteins, it is not clear whether the same chemical diversity
of side-chains plays any role in determining the struc-
tures and free energy landscapes of unfolded or intrinsi-
cally disordered proteins. An important and compelling
hypothesis regarding to the backbone conformational dis-
tribution of unfolded proteins was suggested by Krimm and
coworkers, which has been known as the PPy hypothesis,
i.e., ‘the backbone conformations of unfolded proteins are
not random coils but include short stretches of polyproline
II (PPy) structural motifs interspersed with turns and
bends’ (Avbelj et al. 2006; Eker et al. 2002; Shi et al.
2002a, b; Tiffany and Krimm 1968).

This PPy hypothesis has been examined by numerous
workers for a variety of oligopeptides and remains contro-
versial (Avbelj et al. 2006; Dukor and Keiderling 1991;
Eker et al. 2002; Hahn et al. 2004; Lee et al. 2006, 2007;
Makowska et al. 2007; Oh et al. 2006, 2010; Schweitzer-
Stenner and Measey 2007; Shi et al. 2002a; Shortle and
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Ackerman 2001; Wright et al. 1988; Zagrovic et al. 2005;
Zanni et al. 2001). There is experimental evidence sug-
gesting that unfolded proteins are fairly compact and often
contain residual secondary structure elements. However, for
short oligopeptides, they exhibited strong propensities to
adopt extended conformations such as PPy; and f-strand. It
has been shown that the PPy conformer is enthalpically more
stable than the f-strand conformer while the f-strand con-
former is entropically more stable than the PPy;. Thus, at a
low temperature, the PPy left-handed helix population is
large with a little or no a-helical and f-strand structures. On
the origin of the energy difference between PPy and f5-strand
structures, a variety of hypotheses have been suggested and
quite a large number of theoretical studies were reported
before. For instance, Brant and Flory (Brant and Flory 1965)
emphasized the importance of steric clash, dipole—dipole
interactions, and torsional potentials of the dihedral internal
rotation about the backbone peptide bonds. Sreerama and
Woody (1999) found that water molecules actively partici-
pate in preferentially stabilizing the PPy structure. Pappu
and Rose (2002) emphasized the effects of steric clash and
excluded volume on preferred backbone conformations of
blocked alanine peptides, where the repulsive part of van der
Waals potential was taken into consideration to explain such
phenomenon. More recently, Raines and coworkers have
shown that an electronic effect due tothen — 7* interaction
between neighboring peptides on the stability of PPy
structure in unfolded proteins is quantitatively important and
they pointed out that such electronic interactions have been
completely ignored in the molecular mechanical studies of
proteins (Woolfson et al. 2010).

Despite that conformational preferences of a few series
of blocked amino-acids and oligopeptides have been
studied before, we have carried out NMR, CD, and MD
simulation studies for a complete set of 400 blocked
dipeptides (Ac—X;X;—NH,) recently (Oh et al. 2012).
There, to avoid any possible complications due to the
zwitterionic terminal groups and their interactions with
amides and amino-acid side-chains, we specifically con-
sidered blocked dipeptides whose N- and C-terminal
groups are acetylated and amidated, respectively. Such
dipeptides constitute a comprehensive library of ideal
model systems and possibly they can be considered to be
minimal size building units of unfolded proteins as long as
their conformational preferences are similar to those of the
amino-acids in unfolded proteins. However, the latter
possibility has not been thoroughly examined before.
Recently, performing extensive spectroscopic studies of the
dipeptides, we were able to extract critical information
on the neighboring peptide—peptide interaction-induced
effects on the intrinsic backbone conformational prefer-
ences of amino-acids and found that both PPy; and f-strand
conformers are preponderant. The experimental results
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indicate that the dipeptide conformations are different from
coils and that their aqueous solution structures are weakly
dependent on the amino-acid side-chain properties. This
suggests that the backbone peptide solvation and electronic
effect are important in determining conformational distri-
butions of unfolded proteins instead of side-chain proper-
ties and chemical diversity of amino-acids.

In the present paper, we specifically focus on the HN-H*
scalar coupling constants and their chemical shifts, denoted
as dyn and Oy, respectively, of the dipeptides and shall
present comparative investigation results. The coupling
constant, denoted as 3JHN“, of the two protons in a given
HN-N—C*-H” group is determined by its dihedral angle ¢.
In addition to such investigations utilizing experimentally
measured 3JHN0< values, chemical shift-based method was
also shown to be of use to identify secondary structural
elements (Pastore and Saudek 1990; Wishart et al. 1991a, b,
1992; Wishart and Sykes 1994a, b; Williamson et al. 1995;
Osapay and Case 1994), to estimate the secondary structural
propensities of short peptides (Rizo et al. 1993; Shin et al.
1993; Merutka et al. 1995), and to understand and quantify
main chain flexibility (Wishart et al. 1991a). A critical set of
ingredients for the success of chemical shift-based tech-
niques is the data on the chemical shifts of amino-acids in
coil structures. Often, they were specifically defined as
those in the context of a polypeptide that is free to access all
sterically allowed regions of conformational space. In this
regard, an old notion is that short and simple peptides, such
as blocked or unblocked GGXA (Bundi and Wuthrich
1979), GXG, GGXGG, and GGXAGG, are excellent
models of random coils in a variety of solvent conditions.
For instance, Plaxco et al. (1997) studied the effects of
chemical denaturant, guanidine hydrochloride, on the
amino-acid conformational preferences in a series of
blocked pentapeptides GGXGG, examining the ¢ angle-
sensitive coupling constants and ROESY cross peak
intensities. They found that the denaturant does not signif-
icantly perturb intrinsic backbone conformational prefer-
ences, whereas Avbelj et al. (2006) showed that the
denaturant affects backbone conformational preferences of
blocked amino acids whose side chains are polar. None-
theless, the notion that short peptides have no secondary
structure elements has proven to be invalid. A series of
NMR and CD studies on alanine-based oligopeptides over
the last decade have clearly shown that short oligopeptides
have strong propensities to form PPy and f-strand con-
formers (Graf et al. 2007; Shi et al. 2002a, 2006; Makowska
et al. 2006; Schweitzer-Stenner and Measey 2007), though
there could exist small but non-negligible populations of
various turn conformations in some cases (Schweitzer-
Stenner et al. 2011). Here, we shall show that the con-
formational preferences exhibited by selected sets of
dipeptides among the complete 400 dipeptides are in
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excellent correlations with those of amino-acids in un-
blocked and blocked GGXGG oligopeptides studied by
Merutka et al. (1995) and Plaxco et al. (1997), respectively.
Furthermore and more importantly, the HY and H* chemical
shifts of the present dipeptides are directly compared with
those of denatured, unstructured, and intrinsically disor-
dered proteins to establish a possible relationship between
the backbone conformational preferences of amino-acids in
dipeptides and those in such unfolded proteins. Here, we
show that the two chemical shifts dyy and Oy, are partic-
ularly good indicators on the extent of protein unfolding. In
this regard, it is highly instructive to examine the H" and H*
chemical shifts of both native and denatured hen egg white
lysozymes, which were reported by Redfield and Dobson
(1988) and Schlob et al. (2005), respectively (see Fig. 1).
The distributions of dyn and Oy, chemical shifts of the
native lysozyme are significantly broad, which reflect the
conformational heterogeneity of the constituent peptides in
the native form. On the other hand, the narrow distributions
of dyn and dy, values of the denatured lysozyme indicate
that the local solvation environments and possibly back-
bone conformations of the peptides are quite similar to one
another and homogeneous. In fact, such narrowing or col-
lapsing of the (dyn, Jm.)-distribution upon increasing
denaturant concentration or temperature has been consid-
ered to be one of the most notable and quick diagnostic
NMR signatures of protein unfolding. Nevertheless, no
attempt to directly compare the (dyy, On)-distribution of
denatured proteins with that of blocked amino-acids or
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Fig. 1 NMR chemical shifts Jy, and Joyy of both native and
denatured hen egg white lysozymes. These data are taken from
Redfield and Dobson (1988) and Schlorb et al. (2005)

oligopeptides has been made before. Based on the present
comparative investigations along this line, we shall show
that the blocked dipeptides that are minimal size model
systems taking into account the neighbor interaction effects
can serve as a full collection of structural motifs that can be
used to describe conformational distributions of denatured
and unstructured proteins.

Materials and methods
Peptide synthesis

The syntheses and characterizations of all the dipeptides
were performed by Bead Tech (Seoul, Korea) with >95%
purity. The blocked dipeptides were synthesized on the
X-CTRa (Bead Tech, Seoul) with a LibrakitTM (Tokyo
Rikakikai) solid-state synthesizer. Fmoc-amino acids were
purchased from Bead Tech (Seoul, Korea). Fmoc-XX-OH
was taken HBTU coupling for 1.5-2 h. Peptides were
acetylated at the N terminus and amidated at the C termi-
nus. All couplings were monitored using a ninhydrin test.
Solvent washes with DMF, MeOH, CH,Cl,, and then DMF
were performed right after deprotection, coupling, and
capping. Peptide resin cleavage was performed with tri-
fluoroacetic acid (TFA). Purity of the peptide lyophilized
was determined using HPLC T1260 Infinity Micro-scale
Purification/Spotting System (Agilent).

NMR spectroscopy and sample preparation

All the "H NMR spectra of the dipeptide aqueous solutions
were measured on a Varian VnmrS 600 MHz NMR spec-
trometer equipped with a 5-mm "H{'*C/'*N} salt tolerant
triple resonance cold probe. The Noesypresat pulse
sequence was employed for water suppression to collect 1D
'"H NMR experiments, respectively. Temperature was
controlled with a L99 temperature controller (Varian) and a
TC-84 nitrogen air cooler (FTS Systems). Dipeptides were
dissolved in D,O/H,O (1:9, pH 2) solution with 10-15 mM
concentration at 25°C for 1D '"H NMR spectra. A set of
38,462 complex data points was collected and 64 scans
were averaged for aqueous solution. Before the Fourier
transformation, the original free induction decay (FID) data
were zero-filled to 524,288 points. The experimental NMR
results were analyzed with ACD/SpecManager (ACD/
Labs). The peak-to-peak frequency corresponding to *Jiny
was estimated by carrying out spectral lineshape analysis
with a Gaussian+Lorentzian function.

In total, we studied 361 (=19 x 19) blocked dipeptides
(Ac—Xaa—X,aa—NH,), where Xaa represents one of the
nineteen amino acids (A, C,D,E,F,G,H, [, K,L, M, N, Q,
R, S, T, V, W, Y) except for proline (P). In most cases, the
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aqueous solution pH was adjusted to be 2 except for those
containing acidic residues (D, E). In the latter cases, the
solution pH was adjusted to be in the range from 4.1 to 5.0
(see Table S2 in Supplementary Material). In the cases of
FF, FW, FV, FL, II, and MQ dipeptides, due to their low
solubility in water, their NMR spectra couldn’t be obtained.
In some other cases, a small amount of DMSO (less than
10%) was used to prepare the solution samples (see Table S1
in Supplementary Material). For those dipeptides containing
His residue, such as HH, KH, and TH, the two HY NMR
peaks of these dipeptides couldn’t be distinguished from the
HY peak of the His imidazole ring, which appears at
8.61 ppm, so that they were not taken into consideration in
the present data analysis. Furthermore, there are other cases
(see the blanks in Table S5) that the H* peaks of the
dipeptides overlap with water NMR peak so that their cor-
responding chemical shift values couldn’t be measured
accurately. Finally, the GG dipeptide was excluded.

Results and discussion

Among the 400 dipeptides, those having very low solu-
bility or containing Pro residue were excluded in the NMR
experiments so that the NMR scalar coupling constants and
chemical shifts were measured for 361 dipeptides (see
“Materials and methods” section and Table S1 in Sup-
plementary Material). In this paper, we present detailed
NMR results on the chemical shifts of HY and H* as well as
on the corresponding scalar coupling constants. We shall
also examine possible correlations of these NMR properties
with H-D exchange rates of amide protons, the dyyn and
Ony values of other host—guest peptides such as GGXGG,
and those of denatured and unstructured proteins.

Coupling constant 3JHN0<

Protein backbone structure is mainly determined by two
dihedral angles ¢ and iy. They can be determined by using
NMR method via measuring and analyzing the corre-
sponding spin—spin coupling constants that are related to
the dihedral angles by the appropriate Karplus equations. In
particular, the Jyn, coupling constant of HN-N —C*-H*
directly provides us quantitative information on the back-
bone dihedral angle ¢; (C;_I—Ni—Cf—C;). Thus, we car-
ried out "H NMR measurements for the blocked dipeptides
in D,O/H>0 (=1:9) at 25°C and measured the 3JHNOC values
of 361 dipeptides. For those dipeptides containing acidic
residues, the pH of the aqueous solution was specifically
controlled to be in the range from 4.1 to 5.0 to convert the
side-chain COOH group into COO™ anion (see Table S2 in
Supplementary Material). For varying pH at around the pK,
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of the side chain COOH group, we measured the 3JHN<,
coupling constants (see Table S3 in Supplementary Mate-
rial) and found that they only change less than 0.3 Hz. In
the present paper, we shall specifically consider those
dipeptide solutions in the pH range from 4.1 to 5.0.

For each dipeptide Ac—X;X;—NH,, there are two HN-N-
C*-H”* groups so that two >Jyn, values, denoted as
3J’QNW and 3J’£[Nw were extracted from the 'H NMR spec-
trum. To examine the peptide backbone conformational
distribution, we first plot the larger (orange circles) and
smaller (grey circles) *Jyn, of the peptides in Fig. 2. It is
found that they are in the range from 5.3 to 8.5 Hz and the
standard deviation (SD) is as small as about 0.59 Hz. For
the sake of comparison, we also plot the reference 3 TN
values, denoted as 3]5111\1“ and 3JﬁN1, respectively, of the
PPy and f-strand conformers of Gly-blocked amino-acids
(Shi et al. 2005). In that paper by Shi et al., the corre-
sponding ¢-angles of the two conformers were determined
by using the protein structures in coil library (Shi et al.
2005). Regardless of the side-chains of the amino-acids,
the reference scalar coupling constants of PPy and f-strand
conformers are about 5.5 and 9.6 Hz, respectively. This
indicates that the dipeptide backbone conformation is
mainly a mixture of PPy and f-strand structures, which is
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Fig. 2 *Jun, Coupling constants of 308 dipeptides. There are two
amide groups for each dipeptide so that two different *Jiyn, coupling
constants were obtained. Jyman (grey circles) and Jygge (orange
circles) refer to the smaller and larger coupling constants, respec-
tively. The average <3JHNO<> over all the *Jyn, coupling constants is
7.13 Hz and the corresponding standard deviation is 0.59 Hz. In this
figure, we also plot the reference >Jy,, coupling constants of amino-
acids in PPy, and f-strand conformations, which are denoted as 3J5L,
and SJEINOC in the main text. The average 3111_),'1'\11 and 3JﬁN:, values for all
the amino-acids are about 5.5 and 9.6 Hz. Thus, the fact that the 3JHN1
coupling constants of the dipeptides are distributed in the range from
5.5 to 9.6 Hz indicates that the backbone conformations of dipeptides
are mixtures of PPy and f-strand structures
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consistent with the experimental finding by Avbelj et al.
(2006) who showed that the fractional populations of PPy
and f-strand conformations are dominant in 19 blocked
amino-acids (N-acetyl-X-N'-methylamide) except for Gly.
In our previous work, we also showed that the CD spectra
of the blocked dipeptides can be described as a linear
combination of the CD eigenspectra of the PPy and f-
strand conformations (Oh et al. 2010, 2012) and further
examined the validity of a two-state approximation by
comparing our results with previous works done by other
groups (Hagarman et al. 2010, 2011). However, it should
also be emphasized that the fitting analysis method using
reference values of two representative conformations such
as PPy and f-strand is intrinsically approximate in nature.
The more general and probably ideal way to calculate an
ensemble average value is to fully utilize the corresponding
distribution function, which contains information on the
conformational population distribution. Unfortunately, it is
not possible to obtain the whole distribution function by
any means. Despite the fact that a number of molecular
dynamics simulation methods have been used to properly
sample conformations of proteins and peptides, the simu-
lated conformational distributions of short oligopeptides
are not always in quantitative agreement with experimental
results. Furthermore, none of the experimental methods
including NMR, vibrational spectroscopy, CD, etc. pro-
vides direct and quantitative information on the distribu-
tion. Thus, it is perhaps inevitable to use a certain fitting
analysis method using reference values corresponding to
discrete representative structures.

Since the *Jyn, values of various turn structures as well
as o-helices are quantitatively similar to those of typical
PPy conformers, much detailed studies for determining
conformational distributions of the dipeptides by using
other spectroscopic means including IR (Grdadolnik et al.
2011), Raman (Hagarman et al. 2010), and two-dimen-
sional IR spectroscopy (Cho 2008) need to be performed in
the future. In the present paper, we shall compare our
measured 3JHNa values of the dipeptides with those of other
short peptides to show that the conformational preferences
of a variety of blocked amino-acids previously studied by
other groups are in good correlation with those of even
simpler systems like blocked GX, XG, and XX dipeptides.

Chemical shifts of peptide HY and H*

The NMR chemical shift is one of the most fundamental
NMR parameters, and it provides structural information
because local conformation and environment contributes to
its magnitude. In fact, a number of experimental and
computational investigations revealed that the NMR
chemical shifts correlate with protein three-dimensional
structures (Cornilescu et al. 1999; Han et al. 2011; Oldfield

1995; Osapay and Case 1994; Pastore and Saudek 1990;
Shen et al. 2009; Szilagyi 1995; Williamson et al. 1995;
Wishart and Nip 1998; Wishart and Sykes 1994a; Wishart
et al. 1991a, b; Zhang et al. 2003). In particular, Wishart
and coworkers reported the chemical shift indices (CSI) for
amino-acids, which have been found to be useful to iden-
tify secondary structure contents of proteins (Wishart et al.
1992). They further established the RefDB (Re-referenced
Protein Chemical Shift Database) to help NMR spectros-
copists to derive chemical shift trends in proteins, where a
few computational tools such as SHIFTX, SHIFTCOR, and
SHIFTX2 were used (Han et al. 2011; Wishart and Nip
1998; Zhang et al. 2003). The NMR chemical shifts were
also found to be useful to predict protein backbone torsion
angles. Initially, Cornilescu et al. (1999) developed the
TALOS program utilizing empirical relations of the '*C,
N, and 'H chemical shifts with the backbone torsion
angles ¢ and . More recently, Shen et al. (2009) devel-
oped an improved version TALOS+ program to predict
protein backbone torsion angles from NMR chemical
shifts. Also, the relationship between the H" chemical shift
and the secondary structure propensity (SSP) for amino-
acids in solved proteins has been extensively discussed
before. Often, the difference HY chemical shift defined as
the difference between the observed chemical shift and that
of the random coil HY chemical shift had been considered
for theoretical and experimental studies (Oldfield 1995,
2002; Pastore and Saudek 1990; Wishart and Sykes 1994a;
Wishart et al. 1992; Zhang et al. 2003; Wishart and Nip
1998; Lacroix et al. 1998; Asakura et al. 1995).

Here, it should be emphasized that, despite the fact that
the term ‘random coil’ has been widely used before, its
meaning was found to be different in various literatures. In
old literatures, it was believed that the backbone confor-
mations of short peptides such as GGXA and GGXGG
should be random coils covering the entire Ramachandran
space except for sterically disfavored regions. Conse-
quently, the HY and H* chemical shifts and the corre-
sponding scalar coupling constants obtained from their 'H
NMR spectra were used as a set of reference values for
establishing relationships between such NMR properties
and polypeptide secondary structures. However, over the
last decade, it has been shown that the backbone confor-
mations of such oligopeptides are not random but adopt
PPy, f-strand, and some turn structures that are in dynamic
equilibria.(Avbelj et al. 2004, 2006; Cho et al. 2010; Pappu
and Rose 2002; Schweitzer-Stenner et al. 2002, 2010,
2011; Schweitzer-Stenner and Measey 2007; Shi et al.
2002a, b) Thus, the notion that the conformation of small
peptide in aqueous solution is a random coil has been
proven to be incorrect. Although the scalar coupling
constants of short peptides have been widely used to
quantitatively determine the backbone conformational
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distribution, the NMR chemical shifts of short peptide HY
and H” have not been fully explored to elucidate the rela-
tionship between the backbone conformational distribution
of unfolded proteins and that of short peptides. To achieve
this goal, after analyzing experimentally measured chemi-
cal shifts of the HY and H” of the dipeptides, here we
consider the average chemical shifts, defined as ogn =
(O + Okn)/2 and S, = (8%, + 0%,)/2, of the two H''s
and H”’s of each dipeptide Ac—X;X;~NH,—note that, for
series of GX and XG dipeptides, only X’s HY and H* NMR
peaks are taken into consideration.

The chemical shifts, dgn and Oy, of the dipeptides are
plotted in Fig. 3 (see Tables S4 and S5 in Supplementary
Material for the measured chemical shift data). From the
HN chemical shifts of the dipeptides, we found that the
average chemical shift is 8.30 ppm and the SD is as small
as 0.160 ppm. For the H* chemical shifts, the average and
the SD are found to be 4.39 and 0.181 ppm, respectively.
In Fig. 3, for the sake of comparison, we also plot the dgn
and Oy, values of amino-acids in the f-sheet, random coil,
and o-helical conformations in proteins whose structures
were previously determined (Zhang et al. 2003). Those
ensemble-averaged chemical shifts for amino-acids are
given in Table 1 for the sake of completeness. Here, the
random coil refers to a non-c-helical and non-f-sheet
conformation. For the chemical shifts for amino-acids in
the PPy conformation, we use the previously reported data
obtained from pl5 Fusion-Associated Small Transmem-
brane (FAST) protein (Top et al. 2011). As can be seen in
Fig. 3a, b, the dyN and Oy, values of the dipeptides are

A

Samait () Biarge (0) PPy (W) B (8) o (W) coil ()|

ACDEFGHIKLMNQRSTVWY

8HN

7'50 100 200 300

Dipeptides

Fig. 3 The experimentally measured oyn and Oy, values of the
dipeptides. There are two HY and H* protons for each dipeptide so
that we have two different Jyn and Oy, values experimentally
measured, respectively. Similarly, we could measure two different
3 Jino values for each dipeptide. In @ dgnan (black circles) is the HY
chemical shift of the amino-acid whose >Jy, value is the smaller one
among the two, whereas 6y, (red circles) is the HY chemical shift of
the amino-acid whose *Jyn, value is the larger one among the two.
We also plot the reference dyn values of amino-acids in the PPy,
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generally smaller than those of amino-acids in the f-sheet
conformation, whereas they are larger than those in the o-
helical conformation. However, the dygn and Oy, values of
amino-acids in the PPy and random coil conformations of
solved proteins are broadly distributed and their distribu-
tions significantly overlap with those of the dipeptides.
Since the ensemble-averaged chemical shifts for amino-
acids of solved proteins (Zhang et al. 2003) are available
(Table 1), we could calculate dun g, SuNrer OHN,a> OHops
OHure> and Oy, , values for a given dipeptide X;X,, where
onng = {0nnp(X1) + onnp(X2)}/2 for example. Here,
Omn,p(X1) and Jpn p(X5) are the chemical shifts of the HY
protons of the X; and X, amino-acids, which are given in
Table 1. In Fig. 4, we compare these six chemical shifts
with those of our dipeptides. In the cases of the HY proton
chemical shifts, our data are in excellent correlation with
the dyn,c values, where the correlation coefficient is 0.81.
On the other hand, our HY chemical shifts of the dipeptides
do not exhibit any correlation with those obtained from the
chemical shifts for amino-acids in the f-sheet or o-helical
conformation. This observation suggests that the HY
chemical shift is sensitive to backbone conformation and
the backbone conformation distribution of the dipeptides is
likely to be similar to that of the so-called random coils. In
contrast to the HY chemical shifts, the H* chemical shifts of
the dipeptides are in good correlation with all three dy, 4,
OHure» and Op,, values. This insensitivity of the H”
chemical shift on the backbone conformation suggests that
the H” chemical shift is mainly determined by its amino-
acid type instead of the backbone conformation. This is

B [ 5u(9) Sgoun(0) PPy (m) B (8) o (m) coil () |

5.5 ACDEFGHIKLMNQRSTVWY

50} = -

éﬂoo <

I.OO C

3.5
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Dipeptides

p-sheet, a-helical, and coil conformations of solved proteins (see the
main text). In b, d,,, (grey circles) and dqown (0range circles) are the
upfield and downfield chemical shifts of the two H* protons of each
dipeptide, respectively. The reference dy, values of amino-acids in
the PPy, f-sheet, a-helical, and coil conformations of solved proteins
are also plotted for the sake of comparisons. Here, the reference
chemical shifts are taken from Top et al. (2011) (for PPy;; conforma-
tion) and Zhang et al. (2003) (for f-sheet, o-helical, and coil
conformations)
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Table 1 Ensemble-averaged chemical shifts (in ppm) that were reported in Zhang et al. (2003) are given here for the sake of completeness and

comparisons
lHN IHQL
Random coil o-Helix p-Strand Random coil a-Helix f-Strand

A 8.15 (0.72) 8.08 (0.52) 8.44 (0.76) 4.26 (0.33) 4.03 (0.33) 4.77 (0.55)
C 8.25 (0.71) 8.20 (0.69) 8.80 (0.64) 4.65 (0.39) 4.15 (0.67) 5.15 (0.51)
D 8.36 (0.62) 8.18 (0.56) 8.51 (0.61) 4.60 (0.28) 4.43 (0.22) 4.94 (0.40)
E 8.37 (0.68) 8.22 (0.62) 8.53 (0.62) 4.28 (0.33) 4.01 (0.24) 4.78 (0.49)
F 8.17 (0.83) 8.18 (0.62) 8.75 (0.72) 4.54 (0.47) 4.16 (0.46) 5.09 (0.46)
G 8.33 (0.78) 8.29 (0.67) 8.34 (0.86) 3.96 (0.35) 3.81 (0.38) 4.20 (0.60)
H 8.21 (0.79) 8.10 (0.56) 8.62 (0.74) 4.53 (0.50) 4.33 (0.34) 5.06 (0.48)
I 7.98 (0.84) 8.02 (0.52) 8.68 (0.70) 4.15 (0.38) 3.67 (0.33) 4.68 (0.48)
K 8.23 (0.72) 7.99 (0.56) 8.48 (0.68) 4.26 (0.41) 3.99 (0.30) 4.69 (0.51)
L 8.08 (0.76) 8.05 (0.54) 8.60 (0.71) 4.36 (0.37) 4.00 (0.34) 4.82 (0.46)
M 8.18 (0.65) 8.09 (0.58) 8.64 (0.67) 4.38 (0.41) 4.07 (0.34) 4.96 (0.47)
N 8.40 (0.78) 8.22 (0.58) 8.60 (0.64) 4.66 (0.36) 4.48 (0.22) 5.06 (0.49)
Q 8.23 (0.65) 8.04 (0.55) 8.48 (0.66) 4.26 (0.34) 3.99 (0.28) 4.80 (0.49)
R 8.25 (0.67) 8.07 (0.55) 8.56 (0.64) 4.24 (0.43) 3.99 (0.32) 4.74 (0.50)
S 8.23 (0.65) 8.14 (0.56) 8.50 (0.67) 4.47 (0.35) 4.25 (0.25) 4.91 (0.48)
T 8.16 (0.69) 8.04 (0.51) 8.51 (0.61) 4.45 (0.36) 4.00 (0.34) 4.86 (0.46)
\% 8.04 (0.65) 8.02 (0.65) 8.62 (0.69) 4.12 (0.41) 3.58 (0.36) 4.60 (0.48)
w 7.92 (0.89) 8.12 (0.74) 8.59 (0.83) 4.55 (0.48) 4.38 (0.37) 5.19 (0.50)
Y 8.06 (0.77) 8.07 (0.62) 8.68 (0.76) 4.52 (0.44) 4.09 (0.39) 5.10 (0.54)

The values in parenthesis are the standard deviations

quite consistent with the previous works showing that the
H” chemical shift is highly dependent on ring currents,
torsion angles, H-bonds, nearest-neighbor effects, and
solvation (Han et al. 2011).

Next, in Fig. 5a we compare the H" chemical shifts with
the H* chemical shifts of the dipeptides. There appears no
meaningful correlation between the two data. This is not
surprising because the chemical shifts of the peptide HY
and H* are dependent not only on backbone conformation
but more strongly on solvent and other local environmental
effects such as ring currents, torsion angles, nearest-
neighboring effects, and so on. Therefore, we should rather
consider the chemical shift difference between the
observed chemical shift and the reference value. In the
above, we have calculated the dun g, Junres OuN> OHup
OHores and Oy, values for the dipeptides using the
ensemble-averaged chemical shifts for amino-acids in
solved proteins. Thus, the net chemical shift values after
correcting these reference values are to be compared with
each other to find out which reference data set serves as the
best reference chemical shifts for structural analyses.

In Fig. 5b, the difference chemical shift defined as
Adyy p = dpy — Onsp is compared with Adyn g (=0un —
Onn,p)- Hereafter, Ady g (Adp «) approximately represents the
net chemical shift of the H-proton without any contribution
from the chemical shift of 5-sheet (random coil) conformation

(see Tables S4 and S5 in Supplementary Material for all the
measured chemical shifts for the dipeptides). As can be seen in
Fig. 5b, the Ady, s values barely correlate with the Adyn g
values, where the Pearson correlation coefficient is about
0.64. However, as can be seen in Fig. 5c, d, there appear no
notable correlations between Adp, . (=0x, — Opore) and
Adunic(=0un — Ounie) as well as between Ady,, and
Adun,.- These correlation analysis results indicate that a single
set of reference chemical shifts is not sufficiently useful
enough to establish the relationship between the peptide HY
and H” chemical shifts and the corresponding backbone
conformations of the dipeptides and furthermore the dipep-
tides do not adopt a single dominant conformation but a
mixture of two or more conformations.

Peptide backbone conformations of Ac-X-NHMe, GX,
XG, XX, GGXGQG, and other coil libraries

Recently, we compared the NMR properties with those
extracted from some coil libraries (Oh et al. 2012). In this
paper, we additionally compare the >Jyy, values of the
dipeptides with those of the residues in the other coil libraries
of proteins (Serrano 1995; Swindells et al. 1995) as well as
those of short oligopeptides studied previousely (Avbel; et al.
2006; Bundi and Wuthrich 1979; Plaxco et al. 1997; Shi et al.
2005). Serrano (1995) reported the average 3JHN1-coupling
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constants for amino-acids in the random coil conformation.
We cannot directly compare their results with the experi-
mentally measured *Jin, values of the present dipeptides,
because the >Jyn, value of a given XX, dipeptide is the
average over the 3 Jun values of the two HY protons of the
dipeptide and it does not represent the average coupling
constant of a given amino-acid. Therefore, we need to cal-
culate the doubly averaged *Jiyn,-coupling constant for each
amino-acid. First, let us denote 3JHM(Xl, X5) to be the mean
coupling constant of the XX, dipeptide, which is the exper-
imentally measured value. Then, we could take an average
over X, (C-terminal amino-acids) for a fixed N-terminal
amino-acid Xaa as

1 Y
3‘]I§Not (Xaa) = ; Z 3JHNOC (Xaaa XZ) . (1)
Xo=A

@ Springer

Oy, (PPM): Dipeptides

Similarly, we calculated an average over X; (N-terminal
amino-acids) for a fixed C-terminal amino-acid Xaa as

| X
g (Xaa) = p Z 3TNy (X1, Xaa). (2)
Xi=A

Thus, SJENa(Xaa) and SJﬁNa(Xaa) are the average 3JHNa
values of the Xaa amino-acid when it is the N- and
C-terminal residue in the dipeptides, respectively. Then,
the mean value of 3JEINQC(Xaa) and 3Jf_:H\TOC(Xaa), denoted as
3Jung, does not depend on whether it is the N- or
C-terminal residue, and it is calculated by

Tia(Xaa) = I3, (Xaa) + Iy, (Xaa)} /2. 3)

The quantity 3Jyn, (Xaa) is in fact a doubly averaged *Jyny
coupling constant of Xaa.
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Now, we can make direct comparisons of our
3 TNy (Xaa) values with Serrano’s average 3JHNoc values for
amino-acids found in the random coil regions of solved
proteins (see the black circles in Fig. 6a). The mean
3J_HNO((Xaa) values extracted from the coupling constants of
our dipeptides are found to be in excellent correlation with
the random coil data and the correlation coefficient is as
large as 0.97. The red dots in Fig. 6a are those obtained by
using Karplus equation with average ¢ angles of the
amino-acids in the random coils of proteins. Again, the
correlation between the two data sets is quantitative. In
Fig. 6b—d, we compare the b-coil, B-coil, and f-strand
propensities of amino-acids, which were reported by
Swindells et al. (1995), with the 3Jyy, values of amino-
acids obtained from the *Jyn, values of the dipeptides.
Here, the b-coil refers to the conformations in the upper left
region of the Ramachandran plot and it corresponds to
typical f-sheet structures. The conformations around the
PPy, structure were referred to as p-coils. Then, the B-coil
region represents the sum of b-coil and p-coil regions.
From Fig. 6b, one can find that the doubly averaged *Jyny
values of amino-acids correlate with their b-coil propen-
sities (see Fig. 6b), whereas we couldn’t find meaningful
correlation between the 3Jyn, values and B-coil propensi-
ties or between the 3Jyn, values and S-strand propensities.
These observations indicate that the conformational dis-
tribution of the dipeptides, which is deduced by the doubly
averaged 3Jyn, values for amino-acids in the dipeptides, is

similar to those of random coils and b-coils (or extended
structures).

One of the most thoroughly investigated model systems
for elucidating backbone conformational propensities of
amino-acids in short peptides or denatured proteins is a
series of Gly-blocked amino-acids, e.g., GGXGG. Using
NMR methods, Wuthrich and coworkers examined amino-
acid conformational propensities by considering a series of
tetrapeptides, GGXA, because it was believed that such
short peptides could be good model systems for random
coil peptides at that time (Bundi and Wuthrich 1979).
Later, Merutka et al. (1995) studied GGXGG peptides with
free amino and carboxyl groups, whereas Plaxco et al.
(1997) and Shi et al. (2005) considered blocked GGXGG
pentapeptides. In the latter studies on the GGXGG penta-
peptides, the N-terminal amino group and the C-terminal
carboxyl group were acetylated and amidated, respectively,
to avoid possible complications originating from electro-
static interactions between charged terminal groups
(ammonium and carboxylate) and backbone peptide bonds
or polar side groups.

For the sake of direct comparisons, the GX, XG, and XX
blocked dipeptides are specifically considered here to
address the question about whether the longer peptides
studied before have similar conformational preferences of
even shorter dipeptides. First, the experimentally measured
oun's of the blocked GX, XG, and XX dipeptides are
compared with those of unblocked GGXGG pentapeptides
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Fig. 6 Doubly averaged coupling constants, 3Jyny, for amino-acids
that are obtained from the */in,-coupling constants of the dipeptides
are compared with (a) the ensemble-averaged 3JHN1 values for amino-
acids found in the random coil regions of solved proteins (black
circles) and with the calculated SJHN(X coupling constants for amino-

studied by Merutka et al. as well as with those of blocked
GGXGG peptides studied by Plaxco et al. (see Fig. 7a, b,
respectively). It is found that the HY chemical shifts of the
XG and GX series are in excellent agreement with those of
the unblocked GGXGG series studied by Merutka et al.—
note that the Pearson correlation coefficients are about 0.9.
Second, the oyn values of the GX and XG dipeptides also
correlate with those of the blocked GGXGG pentapeptides
studied by Plaxco et al. (Fig. 7b). These observations
indicate (1) that the N- and C-terminal amino and carboxyl
groups do not make notable differences in the backbone
conformational preferences of the middle amino-acids in
these series of Gly-blocked pentapeptides at all and (2) that
the local environmental and electronic effects on the HY
chemical shifts do not strongly depend on the blocking
groups for each amino-acid. Furthermore, it is believed that
the backbone conformational preferences of these short GX
and XG dipeptides are similar to those of the GGXGG
pentapeptides, irrespective of the additional blocking
groups at the amino- and carboxyl-terminals.

We next compare the average H chemical shifts of all
the homo-dipeptides (Ac—XX-NH,) with those of un-
blocked and blocked GGXGG pentapeptides in Fig. 7c.
Once the two amino-acids, Trp and Tyr, containing an
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acids (red circles) obtained by using the Karplus equation and
average ¢ angles of amino-acids in random coils (Serrano 1995). The
3 Juny values are also compared with the b-coil (b), B-coil (¢), and f-
strand propensities of all the amino-acids that are taken from
Swindells et al. (1995)

aromatic ring are excluded in the correlation analyses, the
relative correlation coefficients appear to be fairly large
(~0.9). The deviations found in the two cases of the Trp
and Tyr homo-dipeptides can be understood by noting that
the aromatic rings in the Trp and Tyr residues can signif-
icantly affect on the peptide backbone HN chemical shift
due to its ring current effect. More specifically, a given
aromatic side chain might influence the chemical shift of
the HY chemical shift of its neighbor residue, which is
absent in the cases of the GGXGG pentapeptides as well as
the GX and XG dipeptides.

Next, we compare the scalar coupling constants of the X
amino-acids in the GX, XG, and XX blocked dipeptides
with those of blocked GGXGG pentapeptides studied by Shi
et al. and Plaxco et al. in Figs. 8a, b, respectively. In Fig. 8c,
d, the coupling constants of the X amino-acids in the present
XX dipeptides and in the Ac—X-NHMe (Avbelj et al. 2006)
are compared with those in the GGXGG pentapeptides and
with our XG and GX dipeptides, respectively. Again, they
all show excellent correlations with one another, which
clearly indicates that the amino-acid backbone conforma-
tions and the local environments around the peptides in the
series of GX, XG, and XX blocked dipeptides are quite
similar to those of the GGXGG pentapeptides.
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Fig. 7 The HN chemical shifts of our blocked GX, XG, and XX
dipeptides versus those of unblocked and blocked GGXGG penta-
peptides. a The HN chemical shifts of amino-acids in a series of
unblocked GGXGG peptides, which were reported by Merutka et al.
(1995) are compared with those of the Ac-GX-NH, and Ac-XG-
NH, dipeptides studied in this work. Here, the cases that X = Gly and
Pro are not considered. The correlation coefficients are given in each
plot. b The HY chemical shifts for amino-acids in a series of blocked
Ac-GGXGG-NH, peptides, which were reported by Plaxco et al.
(1997) are compared with those of Ac-GX-NH, and Ac—-XG-NH,
dipeptides. ¢ The average HY chemical shifts for blocked dipeptides
(Ac—XX-NH,) are compared with those of unblocked and blocked
GGXGG peptides

Comparisons between chemical shifts and hydrogen
exchange rates

Another useful information about the structure and con-
formational dynamics of proteins can be extracted by
measuring the hydrogen exchange (HX) rates (Bai et al.
1993; Molday and Kallen 1972; Huyghues-Despointes
et al. 1999). The HX rate depends on how strongly the
corresponding peptide NH group is exposed to surrounding
water molecules or catalytic hydronium or hydroxide ion.
In particular, to extract structural information from the
measured HX rates, one should compare them with refer-
ence values obtained from coils or other appropriately
chosen reference peptide systems. Here, we shall compare
the experimentally measured chemical shifts, dgn and dy,
of our blocked dipeptides with the HX rates reported by
Bai et al. (1993).

Bai et al. carried out kinetic studies of the peptide
NH — ND exchange processes with blocked amino-acids
(Ac—X-NHMe). Since there are two N-H groups in each
blocked amino-acid, they measured the HX rates of the left
(L) and right (R) NH groups separately for varying pD. At
a low (high) pD, the acid (base) catalysis mechanism
dominates the HX process. Since the two (left and right NH
groups) HX rates were measured for varying pD, they were
able to obtain the acid-catalyzed, base-catalyzed, and
water-catalyzed HX rates separately. The base-catalyzed
process involves a direct abstraction of the HY by OD™ or
OH"™ ion in the aqueous solution, whereas the acid-cata-
lyzed HX reaction involves either deuteration or proton-
ation of the peptide NH group by D* or H" ion. Therefore,
these HX reactions regardless of acid- or base-catalysis are
a first-order kinetic process with respect to the concentra-
tion of OD~ (or OH™) or D (or H") ion in the aqueous
solution. Since such HX reactions require a chemical
encounter between peptide NH group and these reactive
ionic species, the HX rate reveals quantitative information
on the extent of exposure of the target peptide NH group to
solvent. In Bai et al. (1993), they particularly considered
the HX rate increments for varying amino acids in refer-
ence to the HX rates of blocked alanine in a logarithmic
form, i.e., log k.x(Xaa) — log k.x(Ala). Consequently, four
different sets of data were given in their paper, which are
(1) acid-catalyzed left (L) HY HX rates, (2) acid-catalyzed
right (R) HY HX rates, (3) base-catalyzed left (L) HY HX
rates, and (4) base-catalyzed right (R) HY HX rates.

In order to examine how strongly those difference HX
rates correlate with the two chemical shifts oy and dy, of
our blocked dipeptides, we plot them in Fig. 9. Figure 9a, b
depict the acid-catalyzed HX rates versus the doubly
averaged oyyn and Oy, values of the dipeptides, respec-
tively. They show no notable correlations at all. In Figs. 9c,
d, the doubly averaged chemical shifts for amino-acids
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Fig. 8 The 3 TN coupling constants of our GX, XG, and XX
dipeptides versus those of blocked GGXGG pentapeptides. a The
3 TN coupling constants for amino-acids in a series of blocked
GGXGG peptides, which were reported by Shi et al. (2005), are
compared with those of the Ac-GX-NH, and Ac—-XG-NH, dipep-
tides studied in the present work. b The 3 N coupling constants for
amino-acids in a series of blocked Ac-GGXGG-NH, peptides, which
were reported by Plaxco et al. (1997), are compared with those of the

obtained from those of the dipeptides are compared with
the base-catalyzed HX rate differences. There appears
meaningful correlation between the two data sets. Noting
that the base-catalyzed HX process occurs through a direct
attack of the OH™ or OD™ anion to the peptide NH group,
we believe that the present correlation analyses suggest that
the magnitudes of the HY and H”* chemical shifts are partly
determined by how strongly each peptide is exposed to
solvent. This result is in fact consistent with the observa-
tion made by Avbel;j et al. (2004), where they showed that
the H* chemical shift is related to the peptide backbone
solvation.

H™ and H* chemical shifts of dipeptides and denatured
proteins

Marsh et al. introduced the SSP score, which is obtained by
considering the difference between the observed chemical
shift and the reference chemical shift (¢-helix and f-sheet).
The sign and amplitude of the SSP score thus provides
information on the a-helical and f-sheet propensities. The
SSP score calculation method was used to explain the
different fibrilization tendencies of o- and 7y-synuclein,
which are intrinsically disordered proteins (Marsh et al.
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2006). In the present work, we show that the secondary
structure propensities of residues in peptides and proteins
can be compared with one another by plotting the distri-
butions of the experimentally measured Jy, and dyy data
for various peptides and proteins. More specifically, com-
paring the distribution of the experimentally measured g,
and Jyy values of the dipeptides with those of denatured or
intrinsically disordered proteins, we shall show that the
ensemble of the dipeptide conformations can be a repre-
sentative basis set for describing the local backbone con-
formations of various denatured or unstructured proteins.
Particularly, we make direct comparisons of the chem-
ical shifts dyn and Jy, of the dipeptides with those of
denatured lysozyme, denatured OmpX (outer membrane
protein X) from Escherichia coli, unstructured Domain 2 of
the protein SA(NS5A) of HCV (Hepatitis C virus), and
intrinsically disordered hNIg3cyt (intracellular domain of
human NL3). In Fig. 10, the distributions of the dipeptides’
oun and oy, data points (red circles) are directly compared
with those of the four proteins. In the same figure, we also
plot the dyn and Jy,, values of those peptides in o-helices
(yellow) and f3-sheets (cyan). Typically, the chemical shifts
Oun and dy,, of the peptides in native proteins are found to
be widely distributed, in comparison to those of denatured
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Fig. 9 The H-D exchange rate differences are compared with the
NMR chemical shifts of the HY and H* protons of the dipeptides
considered in this work. a The acid-catalyzed H-D exchange rate
differences (Bai et al. 1993) defined as log k. (Xaa) — log k.x(Ala) are
compared with the doubly averaged HY chemical shifts for amino-
acids that are obtained from the chemical shifts of the dipeptides.

proteins (see Fig. 1 for example). Thus, such narrowing of
the distribution of the chemical shifts dyn and Oy, has been
considered to be a direct signature of protein denaturation.
However, the hidden origin on such denaturation-induced
narrowing of the chemical shift distributions has not been
completely understood yet.

Now, for the sake of comparisons of the dyn and Jg,
values of our dipeptides with those of the four proteins, we
have used the following procedure. For a given protein
with N amino-acids, let us denote its primary sequence as
XX, Xy. Then, from the known primary structure of the
protein, one can consider N — 1 dipeptide fragments such
as X;X,, X,Xj3, and so on. For the jth dipeptide fragment,
X;X;+1, the corresponding dpn and gy, values of the pro-
tein are already known so that one can obtain the average
chemical shifts as 0" = (8/ + 0i)/2 and O =
(St (5’];1) /2. These values for the entire dipeptide frag-
ments of a chosen protein are then compared with the gy
and Jp, values of our dipeptides, Ac—X;X;;—NH, (see
Fig. 10). Similarly, the corresponding dyn and oy, values
of the peptides in a-helices and f-sheets shown in Fig. 10
were obtained by using the oy and dfy, values of the
amino-acids in Zhang et al. (2003), which are presented in
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b The acid-catalyzed H-D exchange rate differences are compared
with the doubly averaged H”* chemical shifts. ¢ The base-catalyzed H-
D exchange rate differences are compared with the doubly averaged
HN chemical shifts. d The base-catalyzed H-D exchange rate
differences are compared with the doubly averaged H” chemical shifts

Table 1. As can be seen in Fig. 10, one can immediately
find that the (0gn, On,)-distribution of the present dipep-
tides significantly overlaps with those of the denatured and
unstructured proteins—note that the x- and y-axis scales in
Fig. 10 are far much narrower than those in Fig. 1.

To calculate the overlap between a pair of distributions
in Fig. 10, we first obtain the distribution function for each
set of data points, where the two-dimensional frequency
distribution P(dyn, On,) is obtained by counting the num-
ber of data points in each two-dimensional grid with oy
and Jy, intervals of 0.1 ppm. Here, each individual 2D
distribution is normalized by dividing the un-normalized
distribution function with the total number of data points.
Then, the overlap, denoted as S, between two normalized
distributions is defined as > > Py (Jun, Oy ) P2 (0un, Ona)-

OHN Oy
Thus, the overlap S value is in between O and 1. The cal-
culated overlap S values are summarized in Table 2.
Although the four proteins are not homologous to one
another at all, meaning that their primary, secondary, and
tertiary structures are completely different from one
another, the distributions of the HY and H* chemical shifts
appear to be very similar (S > 0.5). Furthermore, the
S values between those of proteins and that of our blocked
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Fig. 10 Distributions of the
NMR chemical shifts of the H
and H” protons of the present
dipeptides, o-helix, ff-sheets,
denatured lysozyme (Schlorb

et al. 2005), denatured OmpX
(Tafer et al. 2004), unstructured
Domain 2 of the protein SA of
Hepatitis C virus (Liang et al.
2007), and intrinsically
disordered hNlg3cyt (Wood

et al. 2011). The amino-acid
sequence of each protein
considered here is already
known so that the primary
structure information is used to
obtain the chemical shifts of the
Jjth dipeptide fragment (X;X,.1)
(see the main text) for the sake
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Table 2 Calculated overlap (S) values, where S is defined as the product of a given pair of normalized P(dyn, On,) distributions

Dipeptides o-Helix f-Sheet OmpX Domain2 hNIg3cyt
Lysozyme 0.60 0.30 0.04 0.73 0.59 0.85
OmpX 0.85 0.18 0.10 1 0.63 0.75
Domain2 0.52 0.40 0.01 0.63 1 0.64
hNIg3cyt 0.59 0.27 0.04 0.75 0.64 1

OmpX is the denatured outer membrane protein X from E. coli, Domain 2 protein is the unstructured domain 2 of the protein 5A of Hepatitis C
virus, and hNIg3cyt is the intrinsically disordered intracellular domain of human NL3 protein

dipeptides are also fairly large, indicating conforma-
tional similarities. In contrast, the protein P(dyn, Omy)
distributions do not significantly overlap with those of
amino-acids in o-helical and f-sheet structures. In addition,
the S value between the P(0yn, On,) distribution of the
dipeptides and that of native lysozyme is found to be as
small as 0.20, which is in stark contrast with the S value of
0.60 between that of the dipeptides and that of the dena-
tured lysozyme.

Instead of the above overlap calculation analyses, one
can extract quantitative information about the degree of

@ Springer

conformational disorder or unfolding by examining the
mean values and SD’s of the measured Sy and Jdyy,, values.
In Table 3, the corresponding mean values, denoted as Oy
and dyn, and the SD’s are summarized. Furthermore, those
of the four proteins that are predicted by using our
dipeptide library are given in the same table. Interestingly,
the mean values, BHX and dyn, of the native lysozyme as
well as the native OmpX are quantitatively similar to those
of denatured and intrinsically disordered proteins. How-
ever, the SD’s of the native lysozyme and OmpX are sig-
nificantly larger than those of denatured and intrinsically
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Table 3 Mean values and standard deviations of the H” (upper half)
and HY (lower half) chemical shifts (in ppm)

Proteins Dipeptides

Mean value SD Mean value SD

Lysozyme (N)* 427 0459 - -

Lysozyme (U)° 4.36 0.159 434 0.120
OmpX 4.30 0.174 431 0.165
Domain2 4.26 0.146  4.33 0.121
hNIg3cyt 4.35 0.154 433 0.129
Dipeptides (present) — - 4.37 0.128
Lysozyme (N) 8.17 0513 - -

Lysozyme (U) 8.20 0.167 8.30 0.135
OmpX (N)* 8.44 0485 - -

OmpX (U) 8.29 0.132  8.29 0.119
Domain2 8.11 0.188  8.31 0.106
hNIg3cyt 8.24 0.141 833 0.093
Dipeptides (present) — - 8.31 0.134

 Native lysozyme (Redfield and Dobson 1988)
® Denatured lysozyme (Schlorb et al. 2005)
¢ Native OmpX (Fernandez et al. 2001)

disordered proteins. More specifically, the corresponding
SD’s of denatured lysozyme, unfolded OmpX, Domain 2,
and hNIg3cyt are significantly smaller than 0.2 ppm,
whereas those of the native lysozyme and OmpX are larger
than 0.45 ppm. Furthermore, the mean values and SD’s of
the dyn and Jy, distributions of unfolded (denatured and
intrinsically disordered) proteins, which were calculated
(not measured) by using the chemical shift values obtained
from our dipeptides, are in excellent agreement with those
of the four proteins considered here.

The present statistical analysis results therefore led us to
reach a conclusion that the peptide backbone conforma-
tional distributions and local environments of these four
denatured or unstructured proteins are quite similar to one
another as well as to those of the blocked dipeptides. For
the dipeptides, we have shown that the predominant con-
formations of dipeptides in aqueous solutions are enthalp-
ically stable PPy and entropically favored f-strand. At
room temperature, the population of PPy conformer is on
average larger than that of f-strand structure, though cer-
tain turn structures might be present in some cases. Thus,
the local peptide backbone conformations of denatured
proteins could have significant PPy content with a truly
unordered form in which the polypeptide chain samples all
of accessible Ramachandran space. In fact, the latter form
including turns and bends along a polypeptide chain has
been shown to play a role in making the unfolded or
denatured proteins relatively compact in shape.

In summary, the present comparative investigation
shows that the chemical shifts gy and Jy, that are

essentially determined by backbone structure and local
electronic and solvation effects become fairly uniform for
most of the residues in denatured and unstructured proteins
and that their distributions are similar to those of dipeptides
studied here. This indicates that, upon denaturation of a
given protein, (1) their backbone peptide conformations
become comparatively homogeneous with a significant
population of PPy conformation and (2) the ensemble-
average solvation environment around the peptides in
denatured and even natively unfolded proteins is similar to
that around blocked dipeptides. Thus, we anticipate that
detailed structural analyses of short peptides by using a
variety of spectroscopic methods will still provide invalu-
able information on conformational preferences of amino-
acids even in unfolded and intrinsically disordered
proteins.
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