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In unfolded proteins, peptide bonds involving Pro residues
exist in equilibrium between the minor cis and major trans
conformations. Folded proteins predominantly contain transPro bonds, and slow cis–trans Pro isomerization in the unfolded state is often found to be a rate-limiting step in protein
folding. Moreover, kinases and phosphatases that act upon
Ser/Thr@Pro motifs exhibit preferential recognition of either
the cis- or trans-Pro conformer. Here, NMR spectra obtained at
both atmospheric and high pressures indicate that the population of cis-Pro falls well below previous estimates, an effect
attributed to the use of short peptides with charged termini in
most prior model studies. For the intrinsically disordered protein a-synuclein, cis-Pro populations at all of its five X@Pro
bonds are less than 5 %, with only modest ionic strength
dependence and no detectable effect of the previously demonstrated interaction between the N- and C-terminal halves of
the protein. Comparison to small peptides with the same
amino-acid sequence indicates that peptides, particularly those
with unblocked, oppositely charged amino and carboxyl end
groups, strongly overestimate the amount of cis-Pro.

cis-Pro bonds and their slow isomerization to the trans state,
approximately 10@3 to 10@2 s@1 at room temperature, depending on the types of adjacent residues,[12] can be the rate-limiting step in protein folding,[2] as most non-native cis-Pro bonds
in the unfolded protein require isomerization to the native
trans conformations for folding to proceed. Indeed, a class of
molecular chaperones has evolved to catalyze cis–trans proline
isomerization in nascent polypeptides,[18] and in vitro refolding
studies have demonstrated that such peptidyl-prolyl isomerases, including the ribosome-localized trigger factor,[19] enhance
the rate of protein folding.[20]
The human proteome contains 6.3 % proline residues,[21] and
intrinsically disordered proteins (IDPs) generally contain primary sequences that are enriched in proline by nearly a factor
of two over folded proteins.[22] Biologically relevant post-translational modifications occur at numerous Ser/Thr@Pro motifs,
and some kinases and phosphatases specifically recognize
either the cis- or trans-Pro conformation.[23] Moreover, in chemically denatured proteins used for in vitro folding studies,
native trans-Pro bonds will isomerize to the cis state upon
denaturation and equilibration. For proteins with multiple Pro
residues, knowledge of the fraction of cis-Pro at each X@Pro
bond is critical for the resultant analysis of refolding, which
typically contains multiple phases. However, the quantification
of cis-Pro propensity in intact, denatured proteins has remained limited,[8, 14, 24] with most studies instead opting to
quantify cis-Pro populations in small, model peptides.[4–7, 9–13]
Despite the often low abundance of cis-Pro conformers,
NMR spectroscopy is well suited to characterize these states,
as cis–trans Pro isomerization is in the slow exchange regime
on the NMR timescale. Therefore, separate resonances for the
minor cis states are observable. Multidimensional NMR spectroscopy provides a spectroscopic probe at every backbone
amide moiety, which thereby enables the accurate, quantitative analysis of cis-Pro populations from multiple residues affected by the same Pro, as well as the structural impact of this
isomerization. Herein, we employed two- and three-dimensional solution-state NMR spectroscopy to quantify accurately the
fractions of cis-Pro at 15 different X@Pro bonds in three unfolded proteins, an IDP (i.e., a-synuclein) and two pressure-denatured proteins (i.e., a-crystallin domain of HSP27 (cHSP27) and
ubiquitin V17A/V26A). Comparison of these fractions to those
measured for small peptides of identical sequence reveal that
peptides tend to overestimate the fraction of cis-Pro, in particular if the peptides contain oppositely charged N-terminal
amino and C-terminal carboxyl groups. The relatively uniform
impact of cis-Pro on the chemical shifts of nearby residues will
facilitate identification of cis-Pro conformers in future NMR
spectroscopy studies of IDPs and intrinsically disordered regions (IDRs) of proteins.

Within proteins, the vast majority (> 99.5 %) of peptide bonds
not involving proline exist in the trans conformation, in which
the dihedral angle (w) is 1808. The lowly populated cis conformer requires 1808 rotation about the planar CO(i@1)@N(i) peptide bond (w = 08), but such a rotation induces steric clash between the Ca(i@1) and Ca(i) atoms. This creates a free-energy
difference between the trans and cis conformations of approximately 2–6 kcal mol@1 in non-Pro peptide bonds, and a high
energy barrier to rotation of the partial double bond ( & 20 kcal
mol@1) overwhelmingly favors the trans state.[1–3] However, in
peptide bonds between any amino acid (X) and proline (X@
Pro), the trans and cis conformers have a substantially lower
energy difference owing to the cyclic nature of the proline
side chain. Thus, cis-peptidyl-prolyl (cis-Pro) conformations in
unfolded polypeptide chains are populated to significantly
higher levels, with values that range from 5 to 80 % in model
peptides,[4–13] depending on the precise amino-acid composition, with virtually no detectable dependence on temperature.[11, 14] In folded proteins, local interactions around X@Pro
bonds typically induce 100 % population of either the cis or
trans conformation.[15–17]
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