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Abstract

The chemical shift difference (3['3CP] — 8['3CY]) is a reference-independent indicator of the Xaa-Pro peptide
bond conformation. Based on a statistical analysis of the '3C chemical shifts of 1033 prolines from 304 proteins
deposited in the BioMagRes database, a software tool was created to predict the probabilities for cis or trans
conformations of Xaa-Pro peptide bonds. Using this approach, the conformation at a given Xaa-Pro bond can be
identified in a simple NOE-independent way immediately after obtaining its NMR resonance assignments. This
will allow subsequent structure calculations to be initiated using the correct polypeptide chain conformation.

In peptides and proteins, the planar peptide bond
occurs predominantly in the trans conformation (Ra-
machandran and Sasisekharan, 1968). In general the
cis form is energetically less favorable due to the steric
repulsion of the C*/H* atoms of the two sequential
amino acids. However, in peptide bonds preceding
prolines (Xaa-Pro), the C?/H® in the pyrolidine ring
and the C*/H* atoms of the preceding residue experi-
ence a comparable repulsion and the energy difference
between the cis and the trans conformation is reduced.
Therefore an appreciable fraction of the Xaa-Pro pep-
tide bonds occur in the cis form. A recent survey
of a non-redundant database of 571 high resolution
protein structures found 5.2% of all Xaa-Pro peptide
bonds occur in the cis conformation, as compared to
only 0.03% of all Xaa-nonPro peptide bonds (Weiss
et al.,, 1998; Jabs et al., 1999). The latter numbers
may even be an under-estimate because in case of
low resolution data in X-ray crystallography or in the
absence of a characteristic NOE pattern for a cis pep-
tide bond in NMR spectroscopy the common programs
used for protein structure calculation by default as-
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sume a trans peptide bond conformation. Information
about the presence of a cis peptide bond thus has to
be provided as input for structure determination pro-
grams like, X-PLOR (Briinger, 1992; Badger et al.,
1999), DYANA (Giintert et al., 1997) or ARIA (Nilges
et al., 1997; Linge et al., 2001). Accordingly, a reli-
able identification of Xaa-Pro peptide bonds in the cis
conformation is highly desirable.

The spectroscopic identification of a cis peptide
bond with NMR traditionally has relied on the ob-
servation of a strong H*-H* NOE between the two
sequential residues (Wiithrich, 1986). Chemical shift
degeneracies and artifacts originating from insufficient
water suppression, however, frequently hinder the
identification of such NOE signals and thus a cis pep-
tide bond remains unnoticed. Depending on quality
and amount of the remaining restraints, structures with
a wrong conformation around the Xaa-Pro peptide
bond may result.

Alternatively, it has been noted that an indica-
tion of a Xaa-Pro cis conformation in proteins can
be obtained from'3C chemical shift data (Stanczyk et
al., 1989; Torchia et al., 1989). However, the lim-
ited amount of '>C chemical shift data available at
that time prevented an extensive statistical analysis
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Figure 1. Number of occurrence of Xaa-Pro peptide bond conformations as a function of the proline 13¢P and 13CY chemical shifts, plotted in

0.5 ppm intervals. The statistical values are listed in Table 1.

of this correlation. In contrast, 3C chemical shifts
have long been used to differentiate between cis and
trans Xaa-Pro peptide bonds in small peptides (Dor-
man and Bovey, 1973). Signature features of the cis
conformation include an upfield change in the '3CY
chemical shift and a downfield change in the '3CP
chemical shift. Thus, the chemical shift difference Ag,,
(Agy = S[13CP] — 3[13CY]) was proposed as an in-
dicator for cis or trans conformation (Siemion et al.,
1975).

The chemical shift differences can be explained
by different puckering of the pyrolidine ring, which
is flexible and dynamic on the ~10~'! — 10712 5
time scale (London, 1978; Schmidt et al., 1993),
interconverting mainly between two pucker conforma-
tions: the UP (CY-exo0) conformation and the DOWN
(CY-endo) conformation (Haasnoot et al., 1981). The
UP/DOWN equilibrium is influenced by the peptide
bond conformation. Prolines in cis peptide bonds pre-
fer the DOWN pucker due to a small energy difference
between UP and DOWN of estimated 1.1 kcal/mol
(Haasnoot et al., 1981). In contrast, the two states are
close to isoenergetic in a trans peptide bond. Ab initio
molecular orbital calculations on Ac-cis-Pro-NHCH3
(Kang, 1996) yielded a population of the DOWN con-
formation of approx. 85-90% in cis-Xaa-prolines and
approx. 50% in trans-Xaa-prolines, in close agree-

ment with the populations estimated by analyzing X-
ray structures of proteins (Milner-White et al., 1992)
and NMR experiments on Ac-cis-Pro-NHj in solution
(Haasnoot et al., 1981). The influence of the proline
pucker and the angle \ on the '3C chemical shifts and
thus on Ag, was analyzed by ab initio quantum me-
chanical calculations (Giessner-Prettre et al., 1987). In
agreement with the experimental findings by Siemion
et al., the DOWN conformation which is favored by
cis-Xaa-prolines shows a larger Ag, compared to the
UP conformation .

Chemical shift values of proteins are much more
dispersed in comparison to those of small peptides due
to their secondary and tertiary structures. Therefore, a
statistical analysis of the '3C chemical shift data of
prolines in proteins was carried out in order to verify
the applicability of using this information to deter-
mine the conformations of Xaa-Pro peptide bonds. A
Tcl/Tk-script was written to extract proline '3C? and
13CY chemical shifts, along with the protein identifi-
cation and the residue number, from the BioMagRes-
Bank (BMRB) database (http://www.bmrb.wisc.edu,
Seavey et al. 1991). 446 protein entries in the BMRB,
representing an overall number of 2051 prolines, were
included in the analysis. Paramagnetic proteins were
excluded. For only 1033 out of the 2051 prolines from
304 proteins both the '3CP and 13CY chemical shifts
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Figure 2. Two-dimensional plot of 13¢B and 13CY chemical shifts as a function of the Xaa-Pro peptide bond conformation. The solid line shows
approximately the border between the two clusters of cis and trans proline conformations. Eight data points resulting from trans Xaa-Pro peptide
bonds occur among the region of cis Xaa-Pro peptide bonds. It is possible that these reflect incorrectly assigned peptide bond conformations.
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Figure 3. Number of occurrence of the Xaa-Pro peptide bond conformation as a function of the chemical shift difference Ag,,

(Agy = 8[13C5] — 8[13 CY)), plotted in 0.5 ppm intervals. The statistical values are listed in Table 2. (a) both cis and trans conformation
are shown; (b) only the cis conformation is shown on a larger scale.
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Table 1. Summary of the statistical values of the 13 and 13CY chemical shifts for 1033 prolines in

cis or trans conformations

3CP protrans  13CP Procis  13CY Protrans  13CY Procis
Average value & (ppm) 31.75 34.16 27.26 24.52
Min value 3,jp, (ppm) 26.30 30.74 19.31 22.10
Max value 8max (ppm) 35.83 36.23 33.39 27.01
Standard deviation o (ppm) 0.98 1.15 1.05 1.09

and a crystal or NMR structure were available. Visual-
ization of the corresponding crystal or NMR structures
from the PBD database (http://www.pdb.org, Bern-
stein et al., 1977) revealed 1000 trans and 33 cis Xaa-
Pro peptide bonds. The smaller number of cis Xaa-Pro
bonds (3.18%) compared to the 5.2% in the litera-
ture (Weiss et al., 1998; Jabs et al., 1999) is mainly
due to missing '3CY chemical shift data. The chem-
ical shifts with the information on the conformation
were grouped in 0.5 ppm intervals for statistical analy-
sis as shown in Figure 1. Using the program Grace
(http://plasma-gate.weizmann.ac.it/Grace) all statisti-
cal standard parameters were calculated (for the result-
ing histograms/based on the frequency of occurrence),
e.g. average values d, standard deviation oy and ex-
treme values 8min, Omax, and are given in Table 1.
Visual inspection of the histograms in Figure 1 clearly
indicates that, on average, the 13¢P chemical shifts of
cis-Xaa-Pro are displaced upfield while '*CY chemical
shifts occur downfield compared to data for trans-Xaa-
Pro. There is, however, considerable overlap between
the chemical shifts of both conformations due to ad-
ditional structure-dependent effects in proteins. Thus,
consideration of only one chemical shift (8[13CV] or
S[13CPY) is not a reliable indicator of the peptide bond
conformation in proteins.

Figure 2 shows a two-dimensional landscape of
13¢Y versus 13CP chemical shifts. Because cis-Xaa-
prolines tend to have higher 3CP and lower 3CY
chemical shift values compared to trans-Xaa-prolines,
data for the two Xaa-Pro conformations form two
distinct clusters, separated by the approximately diag-
onal line drawn in Figure 2. Based on this clustering
the simplest method to monitor this separation is the
analysis of the difference Ap,, of both chemical shifts.
In addition, such an approach is a reference indepen-
dent indicator of Xaa-Pro peptide bond conformations.

The complete histogram showing the distribution
of Ay is presented in Figure 3. Ag, ranges from
8.0 to 12.5 ppm and from 0.0 ppm to 12.5 ppm for

Table 2. Statistical values of the chemical shift difference Ag,,
(Agy = ) [13CB] — 8[13CV]) as a function of the Xaa-Pro
peptide bond conformation

Agy Pro trans  Ag,, Pro cis

Average value A (ppm) 4.51 9.64
Variance GZA (ppmz) 1.37 1.62
Standard deviation oA (ppm) 1.17 1.27

Xaa-Pro bonds in the cis and trans conformation, re-
spectively. However, the numbers of occurrence for
these conformations differ distinctly in the overlap re-
gion. The histograms lead to average values A; and
standard derivations ciA (i = cis,trans) of 4.51 ppm
4+ 1.17 ppm and 9.64 ppm *+ 1.27 ppm for trans-
and cis-Xaa-prolines, respectively (Table 2). The pa-
rameters obtained from both histograms can be used
to derive a Gaussian distribution.

The density p(t) and the error integral F(x) of a
Gaussian distribution are defined as:

1 292
— —{(t-n)*/20%} 1
PU) ome M\
F(x) = / p)dt. )

Using the error integral it is possible to derive the
probability of a value x to be found in an interval
(x1, x2] (Bronstein and Semendjajew, 1985).

A Gaussian distribution with the average value
i and the standard deviation ¢ can be transformed
into a Normalized Gaussian distribution using the
relationship

A= T 3)



It is then possible to use tabulated values for the error
integral

n n
D) = f b(t)dt = /21 f 2 g (@)
0 0

in the calculations. The error integrals can in turn be
used to calculate the single probabilities of the cis or
trans conformer (Pg” (A) and P;f ans (A)) from a
given Agy. The resulting equations are

Pi(A) = d(ONY) — @O\ i(cis, trans).  (5)

In our application we chose an integration interval of
0.6 ppm, which leads to
’i’z = M, i(cis, trans). (6)
oA

After the standardization of both single probabili-
ties, values in the ranges from 0.0% to 100.0% (Py;s
(A) and Prrans (A)) can be derived from a given Ag,,.

In the range from 0.0 ppm to 4.8 ppm for Ag, the
peptide bond conformation is predicted to be 100%
trans, whereas from 9.15 ppm to 14.4 ppm it is 100%
cis. In the range from 4.8 ppm to 9.15 ppm, the predic-
tion is ambiguous and only probabilities can be given
for both conformers. If the data are ambiguous, the
conformation should be confirmed using the conven-
tional NOE-based method: a cis peptide bond Xaa-Pro
is indicated by a strong H*-H* NOE in NOESY spec-
tra whereas trans peptide bond by strong H*-H® NOE
(Wiithrich, 1986).

To ease the utilization of Ag, for the prediction of
the Xaa-proline peptide bond conformation the pro-
gram POP (prediction of proline conformations) was
created (The source code for POP is available under
http://www.fmp-berlin.de/~labudde). '3CP and '3CY
chemical shifts serve as input for the prediction. The
program calculates the chemical shift difference Ag,
and the single probabilities P§'* (A) and P{ "™ (A).
After standardization of both values the probabilities
of the cis and trans conformer, P.; (A) and P qps
(A), are reported.

In conclusion, we have shown that Xaa-Pro pep-
tide bond conformations in proteins can be derived
from 3CY and 3CP chemical shifts. With the help
of a standard statistical analysis, the densities and the
error integral of the distributions of cis and trans con-
formations were obtained. On the basis of the error
integral, the trans/cis conformation for an Xaa-Pro
peptide bond is predicted. In most cases the confor-
mation will be identified unambiguously. Because the
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only input to the program POP are chemical shift
data, the method can be easily implemented into
high-throughput protein structure determination pro-
cedures. The method provides an important parameter
for automated or manual protein structure calculation.
The a priori knowledge of the presence of a cis Xaa-
Pro peptide bond is crucial for automated structure
calculation programs, e.g., ARTA (Nilges et al., 1999;
Linge et al., 2001) or CANDID/DYANA (Herrmann
et al., 2002). Furthermore, in many cases, cis Xaa-Pro
peptide bonds occur in exposed loop regions, which
may be difficult to analyze structurally due to limited
NOE information and/or dynamic effects. Thus we an-
ticipate that use of chemical shift information will aid
in the identification and distinction of characteristic
turns like type VIa and type VIb.
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