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Abstract We present a program, named Promega, to
predict the Xaa-Pro peptide bond conformation on the basis
of backbone chemical shifts and the amino acid sequence.
Using a chemical shift database of proteins of known
structure together with the PDB-extracted amino acid
preference of cis Xaa-Pro peptide bonds, a cis/trans prob-
ability score is calculated from the backbone and '*C”
chemical shifts of the proline and its neighboring residues.
For an arbitrary number of input chemical shifts, which
may include Pro-'’C’, Promega calculates the statistical
probability that a Xaa-Pro peptide bond is cis. Besides its
potential as a validation tool, Promega is particularly useful
for studies of larger proteins where Pro-'*C” assignments
can be challenging, and for on-going efforts to determine
protein structures exclusively on the basis of backbone and
13¢P chemical shifts.

Keywords Backbone chemical shifts - CS-Rosetta -
NMR - Omega angle - Proline - Structure prediction

In proteins, the majority (~99.7%) of peptide bonds is
found to be in the trans conformation (Weiss et al. 1998),
which is energetically favorable due to (1) stronger
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favorable electrostatic interactions between O; and C';
and (2) the steric repulsion between the C*/H” atoms of the
two bonded amino acids in a cis conformation (Wedemeyer
et al. 2002). However, Pro residues exhibit a higher pref-
erence to form a cis Xaa-Pro peptide bond, attributed to the
steric similarity between the cis C.-'HI"!'/C!H! configu-
ration and the corresponding trans C; 'H'"'/C{HY form. In
proteins, the population of Pro residues engaged in a cis
Xaa-Pro peptide bond is about 5%, making the correct
identification of the Xaa-Pro peptide bond conformation an
important task during NMR protein structure determina-
tion. Proline isomerization plays an important role in pro-
tein folding and can modulate protein function, and
therefore remains the subject of active on-going research
(Jahn et al. 2006; Baldwin 2008; Lindfors et al. 2008;
Andrews et al. 2009; Day et al. 2009; Pascal et al. 2009;
Severin et al. 2009; Weininger et al. 2009).

When following standard NMR procedures, identifica-
tion of the cis or trans form of a Xaa-Pro peptide bond
generally relies on the observation of a strong H*-H” or
H*-H° sequential NOE (Wiithrich 1986). However, con-
sidering that the isomer-specific 'H*'H* or 'H*-'H° NOE
intensities can be difficult to quantify, due to the proximity
of such resonances to the intense water signal, the often
crowded nature of the 'H*'H° spectral region when con-
sidering larger proteins, and the absence of such signals
when studying fully perdeuterated proteins, identification
of the correct Xaa-Pro peptide bond conformation can
remain a non-trivial task (Torchia et al. 1989). An alternate
method for distinguishing cis and trans Xaa-Pro peptide
bonds relies on the empirical finding that the '*C chemical
shifts for Pro in cis and trans configurations differ signifi-
cantly, both in small peptides and in proteins (Dorman and
Bovey 1973; Siemion et al. 1975; Howarth and Lilley
1978; Schubert et al. 2002). In particular, the chemical shift
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difference between '>C* and '*C” has proven to be a reli-
able indicator for identifying the conformation of Xaa-Pro
peptide bonds (Siemion et al. 1975; Schubert et al. 2002).
In view of recent work aimed at determining protein
structures solely from backbone NMR chemical shifts
(Cavalli et al. 2007; Robustelli et al. 2008; Shen et al.
2008; Wishart et al. 2008; Shen et al. 2009b), it is partic-
ularly important to develop a robust procedure for identi-
fying cis-Pro peptide bonds without recourse to NOE data
or the often unavailable '>C” chemical shifts. The current
study aims to present such a procedure.

Nowadays, a large number of proteins with both NMR
chemical shifts and high-quality structures are available for
studying the relations between NMR chemical shifts and
local protein structure (Cornilescu et al. 1999; Neal et al.
2003; Shen and Bax 2007; London et al. 2008; Kohlhoff
et al. 2009; Shen et al. 2009a), providing a good basis to
further explore the relation between NMR chemical shifts
and the cis/trans state of Xaa-Pro peptide bonds. Here, we
first evaluate the relation between both the local amino acid
sequence as well as the chemical shift patterns of Pro and
its neighboring residues and the cis/trans state of the Xaa-
Pro peptide bond, using a database newly constructed from
proteins for which high resolution X-ray coordinates are
available in the PDB, and chemical shifts have been
deposited in the BMRB (Markley et al. 2008). Then, we
present a scoring function to calculate the probability of
any given Pro-centered tripeptide to contain a cis Xaa-Pro
peptide bond.

We explore the relation between residue sequence and
the probability of finding any given Xaa-Pro peptide bond
in the cis or trans configuration by using the protein data-
base originally developed for the CS-Rosetta program
(Shen et al. 2009b). This database contains 109,396 Pro-
centered tri-peptides of which 4,919 with a cis Xaa-Pro
peptide bond, spread over 9,446 proteins for which high-
resolution (52.5/&) X-ray structures are available. This
protein sequence database is about three times larger than
the database previously used for the same purpose, which
also had a less stringent X-ray resolution cutoff (Pahlke
et al. 2005), but shows quite similar amino acid preferences
for the residues neighboring cis and trans Pro (Table S1;
Figure S1). Analysis of these structures indicates that Gly
and the aromatic amino acids Phe, Trp, and Tyr are more
prevalent in the Xaa position preceding a cis-Pro, and Phe,
His, Trp, and Tyr are favored in the position following a cis
Xaa-Pro peptide bond. Asp, Ile, Leu, Val, and Met are
disfavored to precede a cis Pro, and Asp, Glu, and Ile are
disfavored to follow a cis Pro.

A second database, containing 1,746 Pro-centered trip-
eptides (114 with a cis and 1,632 with a trans Xaa-Pro
peptide bond), was constructed from 580 proteins for which
both a high-resolution X-ray structure and (nearly)
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complete BMRB chemical shifts (0'°N, 6'3C’, 6'3C*, 6'3C?,
0'H* and 6'HY) are available. The preparation of this
chemical shift database, including the calculation of sec-
ondary chemical shifts, chemical shift re-referencing,
exclusion of residues with large B-factors in the X-ray
reference structure, and exclusion of chemical shift outliers
follows the same procedure as was used for generating
TALOS (Cornilescu et al. 1999) and SPARTA (Shen and
Bax 2007) protein databases. Moreover, 89 proteins in the
database were found to be studied using perdeuterated
sample, with corresponding substantial “H isotope effects
on *C*P chemical shifts. Uniform corrections for these
isotope effects were applied for those proteins following the
same procedure described previously (Shen et al. 2009b).
Using this pruned database, the average secondary
chemical shift <A5’;‘j > , as well as the standard deviation
a?j , are calculated for each backbone atom x [x = (ISN,
B, Bee, BeP, "H* and "HY)] at position j [j =i — 1, i,
i + 1] of the Pro-centered tripeptides with Xaa-Pro peptide
bond conformation Y (Y = cis or trans), with results listed
in Table 1 and Supplementary Table S2, and shown in
Figures 1A and S2. For slightly more than half of the tri-
peptides in the data base (940, of which 45 have a cis Pro),
Pro "*C” chemical shifts were also available (Fig. 1D).
As previously found, our data show that the B¢h and
13C7 chemical shifts of Pro engaged in cis and trans Xaa-
Pro peptide bonds differ considerably (Fig. 1, Table 1). We
find 6'C” values for Pro with trans and cis conformations
at 31.8 £ 1.0 and 33.8 £ 1.2 ppm, respectively, while
013C” values fall at 274 + 0.9 and 24.4 + 0.7 ppm,
respectively, and therefore are much more discriminating.
When considering the difference of '°C* and 6'°C”, or
APy, our values of 4.5 £+ 1.2 and 9.4 + 1.3 ppm, respec-
tively, agree closely with those of previous studies
(Siemion et al. 1975; Schubert et al. 2002), confirming
their utility as an indicator for cis and trans Pro peptide
bonds. Furthermore, the 3¢’ chemical shifts are found to
be different for cis and trans Pro (Fig. 1b; Table 1), albeit

Table 1 Average secondary chemical shift and standard deviation
for backbone and *C* and *C” nuclei of Pro residues preceded by a
cis or trans peptide bond*

X <Ay, > ok <Ay > O ans
H* 0.17 0.53 —0.03 0.39
By —1.78 1.45 —0.26 1.58
Be~ —0.19 1.07 0.55 1.47
B¢k 2.42 1.27 0.21 0.97
Ber b 24.41 0.74 27.45 0.86

* Using the random coil chemical shifts used by TALOS+ (Shen
et al. 2009a)

° The regular chemical shift instead of the secondary chemical shift is
reported
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Fig. 1 Chemical shift distribution for Pro residues in folded proteins.
a Plot of the average 'H* '*C’, '’C* '3C’ and '3C? secondary
chemical shifts and their standard deviations for Pro with cis (red) or

trans (blue) Xaa-Pro peptide bond. A5'>C” are calculated using an
average chemical shift of 27.28 ppm provided by BMRB, all other

to a lesser extent than '>C” and '*C”. With the exception of
0'H* of the preceding residue, which is found to be more
up-field when this residue precedes a cis peptide bond, the
chemical shifts of the two Pro-neighboring residues cor-
relate only very weakly with the cis/trans form of the
peptide bond (Table S2; Fig. S2).

The above residue type and chemical shift analysis for
Pro and its immediate neighbors can be used to estimate the
probability for the Xaa-Pro peptide bond to be cis or trans.
Below, we describe the computational procedure used by
the program Promega to predict the Pro omega angle.
Promega utilizes a probability scoring function which
includes both the amino acid type and the chemical shifts
of a Pro-centered tripeptide to predict its Xaa-Pro peptide
bond conformation.

At first, a normalized relative occurrence H (Pahlke
et al. 2005) is defined to account for the occurrence of each
amino acid type (X) in the neighboring positions (j) of a Pro
residue at position i:

X =0 /NS j=[i—1,i+1]; Y = [cis, trans] (1)

where O’;Xstands for the observed occurrence of amino
acid X at position j of a given Pro-centered tripeptide, N¥ is
the natural occurrence of amino acid X in the database.

Next, assuming a Gaussian distribution for the chemical
shifts (Fig. 1 b—d), a chemical shift score function, PS5, is
generated to account for the compatibility of a given Pro-
centered tri-peptide with either a cis or trans Xaa-Pro
peptide bond:

CS Ox,i+n

Py = IJ_CIn:H.O,lPY (2)
where x = [°N, 3¢/, 3¢, 3C’, '"H* and 'H"] for the two
neighboring residues, x = [°C’, *C?, 3¢k TH* and 3C7 (if
available)] for the center Pro residue, Y = [cis, trans], and

2
A% —<on'j >
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— Y
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secondary chemical shifts are calculated relative to the random coil
values taken from TALOS+ program (Shen et al. 2009a). b-d
Histograms of *C’ (b), >C” (c) secondary chemical shifts and *C?
(d) chemical shifts of Pro residues preceded by a cis (red, right y-axis)
or trans (blue, left y-axis) peptide bond

where Aéz,{p is the experimental secondary chemical shift
(corrected for “H isotope shifts when applicable).

An overall score function, taking into account both the
amino acid type and the chemical shift patterns, is then
used to estimate the compatibility of the chemical shifts
and residue types of a given Pro-centered tripeptide Xaa-
Pro-Xbb with those of a cis or trans Xaa-Pro peptide bond:

total __ pCS residue T
PP = Py X PY Y = [cis, trans] (4a)
where

residue __ pyi—1,Xi—1 i+1.X;
Py =Hy x Hy ™ (4b)

The propensity of a given Pro-centered tri-peptide to
have a cis Xaa-Pro peptide bond is given by:

al al al
Py = P/ (P + Pl 5)

cis trans

Note that P., does not represent a normalized
probability, as it does not yet account for the fact that the
total likelihood of any given Pro to be in the cis form, in the
absence of chemical shift or residue type information, is
only ca 5%. The P_;, value of 0.5, corresponding to such a
case, simply indicates that the Pro residue has the database
average likelihood of 5% to be cis. Therefore, P, simply
signifies the above or below average likelihood for a Pro
residue to be in the cis form. P can be converted to a
normalized, true probability by:

prorm _ Ptota] ( Ptotal +19 Ptotal) (6)

cis cis cis trans

The effectiveness of P, to identify cis-Pro peptide
bonds is illustrated in Fig. 2. As expected on the basis of
previous results (Schubert et al. 2002), when 13C7 chemical
shifts are present along with the '*C’ chemical shifts
(Fig. 2a), the P score is an excellent indicator for the
Xaa-Pro peptide bond. Figure 2A shows that 42 out of 45
tripeptides with cis Xaa-Pro peptide bond having a P
score close to 1.0, and NOE data indicates that for at least
two of the three cis-Pro residues with low P,_;, scores the
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peptide bond differs in conformation from the crystal
structure (Table S3). For 846 out of 895 tripeptides with a
trans Xaa-Pro peptide bond, P.;; < 0.1, corresponding to
P™ < 0.006 (Fig. 2a).

Manual inspection of several of the prediction outliers,
for which additional NMR data were available, including
an NMR reference structures and/or NOE restraints (Table
S3), suggests differences between the crystal and solution
structures for at least a significant fraction of the outliers.
For example, the two tripeptide segments with smallest P,
score but with a cis Pro in the X-ray reference structure
(Fig. 2a; Table S3), exhibit strong sequential Hf"; to Pro-
H;° NOEs, characteristic of a trans peptide bond in the
NMR structure. Similarly, for a number of residues with
a high P value (>0.99) but a trans peptide bond in the
X-ray structure, NOE data strongly point to cis peptide
bonds (Table S3).

3C7 chemical shifts are often difficult to assign, in
particular for larger proteins and when using perdeuterated
samples. Therefore, the ability of P scores to identify cis
peptide bonds without recourse to 6'*C” is particularly
important. Such P,;, scores were calculated for all Xaa-Pro-
Xbb tripeptides contained in the chemical shift database
(Fig. 2b), and show that P, remains a strong indicator for
the Xaa-Pro peptide bond. For example, 66 out of 82
tripeptides with cis Xaa-Pro peptide bond have a P
score >0.8, and 969 out of 1,436 tripeptides with trans
Xaa-Pro peptide bond have a P_;; score <0.2. When viewed
in histogram format, the fraction of Pro residues with a cis
Pro peptide bond as a function of its P score closely

follows the expected P.™ probability of Eq. 6, i.e., the
actual probability for a cis Pro peptide bond (Fig. 2d).

When no chemical shifts are available, i.e., only the
residue type information is included in Eq. 4a, the ability
of Promega to identify cis Xaa-Pro peptide bonds is much
decreased, and with P values then falling in the 0.2-0.8
range (Figure S3), these values are only suggestive of
whether a given Pro residue has above (P, > 0.5) or
below (P, < 0.5) average likelihood to be in the cis
configuration.

Promega output serves as an alert to exercise caution
when building molecular models in the absence of com-
plete sets of NOE data, where the possibility of a cis
peptide bond is often ignored. In this respect, an important
application concerns the chemical shift based protein
structure generation process (Cavalli et al. 2007; Shen
et al. 2008; Wishart et al. 2008). These protocols rely on
empirically optimized search procedures to select protein
fragments from a protein database, followed by an
assembly and relaxation procedure. The character of the
Xaa-Pro peptide bond is generally not considered during
the fragment selection procedure and its chemical shifts
provide insufficient weight when selecting larger frag-
ments. Therefore, such fragment pools usually do not
differ significantly in the fraction that contains a cis Xaa-
Pro peptide bond from the database average of ~5%.
This makes it likely that true cis peptide bonds are not
identified during such procedures. Therefore, the MFR
fragment search procedure (Kontaxis et al. 2005) has been
adapted such that P functions as an additional term
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Fig. 2 Prediction of Xaa-Pro peptide bond conformation from NMR
chemical shifts by the program Promega. (a, b) Plot of the
crystallographically observed w angles, versus their probability score,
P, calculated by Eq 5, a for residues that included '*C? chemical
shift assignments, and b for all database residues with at least three
out of four (**C’, 13C*, 3¢k, 'H*) Pro assignments, and ignoring By
chemical shifts. Note that P., (Eq.5) corresponds to a relative
probability, i.e., P.;; = 0.5 refers to the case where the cis probability
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equals the average cis probability in the database (ca 5%). (c, d)
Histograms of the normalized, true probability score Pi™, calculated
by using Eq. 6 for Pro residues in the database in ¢ the presence and d
the absence of '>C” chemical shifts. The solid line in d corresponds to
Eq. 6. Note that in the presence of 13C7 chemical shifts the P,;, result
is essentially binary, and the below unity value observed in the
histogram for the highest P_;, bin largely reflects cases where solution
and crystal structures differ
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defining the w torsion angle, improving the quality of
input fragments for the CS-Rosetta protocol. As an
example, we consider the protein XcR50, for which
models were calculated in our original study of the
effectiveness of CS-Rosetta. (Shen et al. 2008) This
76-residue protein contains five Pro residues, of which
three have cis peptide bonds in the X-ray reference
structure (Table S5). Nine out of ten lowest energy
models of our previous CS-Rosetta study correctly iden-
tified cis-Pro®, but failed to identify cis-Pro*’. NOE and
chemical shift data indicate that the C-terminal residue
Pro’® is trans in solution. Including a Promega term in
MEFR fragment selection results in CS-Rosetta models that
have the correct cis conformations for both Pro*’ and

Pro®, and clearly identify the other three as trans. Even
though the local backbone rmsd with the Promega-term
included in MFR fragment selection removes the dis-
crepancy at Pro*’ (Fig. 3b), the impact on the overall
structure is minimal and the backbone rmsd relative to the
X-ray structure remains unchanged at 1.7 £ 0.3A.
Promega is written in the C++4 language, and reports
both the P.;; and normalized P}™ scores, calculated by
Egs. 4a—6. The backbone and 13CP chemical shifts of each
Pro-centered tripeptide, the '>C” chemical shift of the
center Proline residue if available, as well as the amino
acid types of the two neighboring residues, serve as input
for the prediction. A script is included to correct the '*C* b
chemical shifts for 2H isotope effects, if required.

3
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Fig. 3 Impact of adding Promega output to CS-Rosetta. a Backbone
RMSD of 200 MFR-selected CS-Rosetta fragments for protein
XcR50. Plots of the lowest (thin lines with dots) and average (bold
lines) backbone coordinate rmsd’s (N, C* and C’) between any given
segment in the experimental structure (PDB entry 1TTZ) and 200
fragments, as a function of starting position of the query segment
(note that the 68 is the last starting residue for a 9-residue fragment in
this 76-residue protein). Results from the standard MFR method with
chemical shifts are plotted in black, while those selected using the

MFR method that includes a Promega term (with no 6'3C” shifts
considered), are in red. The locations of five Pro residues are marked
by arrows. b Local accuracy of the XcR50 CS-Rosetta structures,
relative to the reference Xray structure (1TTZ). For the 10 lowest
energy CS-Rosetta models obtained using standard (black line) and
Promega-included MFR (red line), the average local backbone RMSD
(N, C*% (') values are plotted against the center residue number for
fragments of 3 residues
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In conclusion, the cis/trans configuration of Xaa-Pro
peptide bonds in proteins can be predicted with reasonable
accuracy on the basis of amino acid type and backbone and
3P chemical shifts. When both Pro '*C” and '*C’
chemical shifts are available, the Xaa-Pro cis or trans state
will be identified uniquely for the vast majority of cases. In
the absence of Pro '*C” chemical shifts, Promega merely
provides a statistical probability for the peptide bond in
question to be cis or trans.

Software availability

Promega and the CS-Rosetta package with its
updated MFR protocol can be downloaded from
http://spin.niddk.nih.gov/bax/.
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