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Abstract

Protein folding can introduce strain in peptide covalent geometry, including deviations from planarity
that are difficult to detect, especially for a protein in solution. We have found dependencies in protein
backbone 2JNC9 couplings on the planarity and the relative orientation of the sequential peptide planes.
These dependences were observed in experimental 2JNC9 couplings from seven proteins, and also were
supported by DFT calculations for a model tripeptide. Findings indicate that elevated 2JNC9 couplings
may serve as reporters of structural strain in the protein backbone imposed by protein folds. Such infor-
mation, supplemented with the H-bond strengths derived from h3JNC9 couplings, provides useful insight
into the overall energy profile of the protein backbone in solution.
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Measurements of small spin–spin couplings (<1 Hz) in
proteins by multidimensional-multinuclear NMR spectros-
copy have enabled the direct detection of weak interactions
that contribute to protein conformation and stability. The

most important example has been the discovery of spin–
spin couplings through hydrogen bonds (H-bonds) within
the protein backbone (Cordier and Grzesiek 1999; Cordier
et al. 1999, 2003; Cornilescu et al. 1999a). However, other
weak perturbations arising from a ‘‘hidden’’ strain (Karplus
1996) are potentially detectable. Such a strain may be mani-
fested in deviations of peptide covalent geometry from
planarity (Karplus 1996; MacArthur and Thornton 1996;
Edison 2001; Esposito et al. 2005), and can have important
consequences for protein structure.

Heteronuclear 15N-13C couplings between protein
backbone nuclei have proven to be especially useful,
because the relatively slow 15N-relaxation permits the mea-
surement of couplings in proteins of small to medium
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size (Delaglio et al. 1991). Particularly important are
the h3JNC9 couplings across H-bonds that enable the
direct detection of protein secondary structure in solution
(Cordier and Grzesiek 1999; Cornilescu et al. 1999a).
These couplings have been shown to depend on H-bond
distances and angles (Cornilescu et al. 1999b; Bagno
2000; Alexandrescu et al. 2001; Barfield 2002; Cordier
and Grzesiek 2002), on electronic polarization in H-bond
networks (Juranić and Macura 2001; Juranić et al. 2003,
2007; Salvador et al. 2004, 2007), and on protein
dynamics (Markwick et al. 2003; Bouvignies et al. 2005).
The protocols used in measuring h3JNC9 couplings also
afford the detection of 15N-13C couplings through
three different classes of covalent bonds (Fig. 1): peptide-
bond 1JNC9 couplings (Delaglio et al. 1991), intraresidue
2JNC9 couplings (Cornilescu et al. 1999a; Cordier et al.
2003), and intra-residue 3JNCg9 couplings (Delaglio et al.
1991). The peptide-bond 1JNC9 couplings have been shown
to correlate with H-bonding (Walter and Wright 1979;
Juranić et al. 1995), and the intra-residue 3JNCg9 couplings
have been shown to depend on protein side-chain con-
formation (Perez et al. 2001; Juranić et al. 2005).

However, 2JNC9 couplings in proteins have yet to be
interpreted in terms of peptide backbone structure. These
two-bond couplings are expected to be sensitive to the
relative orientations of adjacent peptide groups. For exam-
ple, the backbone 2JHH couplings of glycine in peptides
(Barfield et al. 1976) have been interpreted in terms of
the electronic hyperconjugation involving the p-orbitals
(Barfield and Grant 1962) of adjacent peptide groups, and
2JNC9 couplings in twisted amides (Yamada et al. 1997)
and oximes (Gopinathan and Narasimhan 1971) have
been correlated with the orientation of the nitrogen lone-
pair electrons. Because the coupled nuclei reside within
sequential peptide groups (Fig. 2), intra-residue 2JNC9 cou-
plings should be sensitive both to the local p-orbital
delocalization (peptide-bond twist angles v�1, v) and
to orientation-dependent hyperconjugation involving p-
orbitals of the sequential peptide groups (backbone dihe-
dral angles f and c). Measurable parameters sensitive to

peptide-bond twist angles are of particular interest because
small deviations of peptide geometry from planarity are
difficult to detect, especially for proteins in solution (Ulmer
et al. 2003).

Whereas the backbone dihedral angles of a protein
usually can be measured with good relative accuracy from
an X-ray or NMR structure, the peptide-bond twist
angles, being rather small, are reliably determined only
in X-ray structures of ultrahigh resolution (Esposito et al.
2005). For this reason, we have measured 2JNC9 couplings
in crambin, a protein for which an X-ray structure of
exceptionally high resolution (0.54 Å) has been reported
(Jelsch et al. 2000) and with an experimental NMR
solution structure identical within 0.77 Å RMSD (Ahn
et al. 2006). By interpreting the experimental results in the
context of DFT calculations for a model system, we have
identified correlations between 2JNC9 and peptide backbone
structure. This has enabled the interpretation of experimen-
tal 2JNC9 couplings determined here (crambin, GB3, holo-,
and apo-calmodulin) or available from the literature for
proteins of known structure.

Results and Discussion

Set of couplings analyzed

We assembled a set of intra-residue 2JNC9 coupling
constants for seven proteins of known structure (Supple-
mental Table S1): four measured here (crambin, GB3,
holo-, and apo-calmodulin), and three from the literature
(ubiquitin) (Cordier and Grzesiek 1999; Cornilescu et al.
1999a; Juranić and Macura 2001) holo-parvalbumin,
(Juranić et al. 2002), and apo-intestinal-fatty-acid-bind-
ing-protein (IFABP) (Juranić et al. 2002). For holo-
parvalbumin and apo-IFABP a few of the reported values
were corrected upon careful reexamination of spectra.
We also redetermined some of the 2JNC9, couplings for

Figure 1. Schematic representation of the four classes of 15N-13C

couplings that can be measured from data acquired in the J-HNCO

experiment used for the direct detection of H-bonds.

Figure 2. Backbone geometry of two residues in a protein chain. The

relative orientation of adjacent peptide planes is defined by the backbone

dihedral angles f and c. The planarity of the peptide groups, which

depends on the delocalization of p-electrons, is defined by dihedral angles

(atoms defining the dihedral planes): v�1(C a
i�1 � C9i�1 � Ni � C a

i ) and

v(C a
i � C 9i � Ni+1 � C a

i+1).

Protein backbone 2JNC9 couplings
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ubiquitin, because of inconsistencies in the data from the
literature (Cordier and Grzesiek 1999; Cornilescu et al.
1999a; Juranić and Macura 2001). Only ;30% of the
residues in these proteins yielded intra-residue 2JNC9

couplings larger than the detection threshold, which we
estimated to be at 0.1–0.2 Hz. For the majority of the
residues, spectral peaks were undetectable at the position
expected for 2JNC9 couplings; these couplings have 2JNC9

<0.2 Hz, and we set the value arbitrarily to 2JNC9 ¼ 0 Hz.
Couplings could not be determined from a smaller
number of residues whose expected peaks were over-
lapped with other signals so as to prevent coupling
measurement; in these cases we report no values for
2JNC9. For each protein, we report three numbers: (1) the
number of couplings with measurable nonzero values, (2)
the number of couplings determined to be below detection
threshold and reported as zero values, and (3) the total
possible number of observable peaks (number of resi-
dues, excluding prolines): crambin 17/17/40, ubiquitin
24/31/71, GB3 23/31/59, holo-parvalbumin 24/75/107,
holo-calmodulin 27/98/142, apo-calmodulin 28/95/142,
and apo-intestinal-fatty-acid-binding-protein (apo-IFABP)
21/91/130. The 2JNC9 couplings are reported here as
absolute values, because the method used for their
experimental determination (Cordier and Grzesiek 1999)
does not indicate the sign; however, 2JNC9 coupling con-
stants have been found to be negative (Cornilescu et al.
1999b).

Association of observed 2JNC9 couplings
with uncompensated H-bond acceptors

In all seven proteins studied, the majority of the larger
(> 0.5 Hz) 2JNC9 couplings occurred in turns or loops or at
the O-capping end of a-helices (Fig. 3). These are cases
where the backbone carbonyl oxygen lacks an intra-
protein H-bond. The largest 2JNC9 couplings observed
(e.g., 1.2 Hz for residue 30 of crambin and 1.0 Hz for
residue 34 of ubiquitin) appeared in the O-capping ends
of a-helices.

In the proteins studied, the tight reverse turn (3-turn, or
structurally similar turns) was the structural motif with
the highest frequency of detected 2JNC9 couplings (Fig. 4).
Within the reverse turn, the highest frequency of observed
2JNC9 couplings (80%) was at position 3, with the average
j2JNC9j ; 0.5 Hz. Notably, position 3 regularly lacks an
intramolecular H-bond at the O¼C< acceptor.

The association of larger 2JNC9 values with uncompen-
sated H-bond acceptors may signify a dependence on
peptide bond nonplanarity. The peptide bond planarity
has been explained by its partial double-bond character
(Corey and Pauling 1953; Edison 2001). H-bonding at
the peptide O¼C< acceptor enhances the double-bond
character, and hence the planarity, of the peptide bond

(Jeffrey et al. 1980; Juranić et al. 2002). The absence
of such an H-bond would facilitate peptide-bond twist-
ing under strain imposed, for example, by a tight reverse
turn.

Dependence of 2JNC9 couplings
on the backbone conformation

According to Figure 2, the relative orientation of p-orbi-
tals of the sequential peptide planes is determined by the
backbone dihedral angles (f, c). However, the relative
orientation of p-orbitals as a function of f and c has
redundancies because the same relative orientation can
be obtained with different choices of backbone dihedral
angles (for planar peptide groups, cos Q ¼ �cos f cos c �
sin f sin c cos a, where a is bond angle N–Ca–C9). If
the relative orientation of the p-orbitals is a major de-
terminant of 2JNC9, a better descriptor would be the
dihedral angle between the sequential peptide planes.
Indeed, rather than showing specific dependence on the
individual backbone dihedral angles, the 2JNC9 couplings
can be represented by a Karplus-type equation (Karplus
1963) in which the dihedral angle Q is that between se-
quential peptide planes (Fig. 5).

Figure 3. Sequential disposition of the intraresidue 2JNC9 couplings

in crambin (top) and in GB3 (bottom). Boxes at the bottom indicate the

detection threshold of 0.1 Hz; breaks indicate prolyl residues or residues

for which spectral overlaps prevented sampling of the couplings. Data are

also tabulated in Supplemental Table S1.
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The line in Figure 5 corresponds to the equation:

2JNC0
�
�

�
�;F2JNC Qð Þ=1:1cos2 Q

2
+0:8cos2 Q� 0:2 60:25Hz

(1)

The coefficients in this equation were determined by a
grid search for a minimal standard deviation from the
experimental data.

Equation 1 can be interpreted in terms of the relative
orientation of the p-orbitals of the peptide groups at the
coupled nuclei: The cos2 Q

2 term is consistent with parallel
orientation of p-orbitals enhancing the coupling, and the
cos2Q term is consistent with perpendicular orientation of
p-orbitals disfavoring 2JNC9 coupling. The scattering of
data around the proposed dependence (Fig. 5), which is
relatively large compared to the experimental error of the
coupling constant measurements (;0.1 Hz), suggests that
other parameters likely are important, such as peptide-
bond twist angles.

In 90% of the cases where the 2JNC9 couplings
were below the detection threshold, Q was in the range
85° < jQj < 125°; this corresponds to the region of a-
helix (jQj ;100°) and parallel b-sheet (jQj ;120°), and
also borders the region of the antiparallel b-sheet (jQj
;135°).

Dependence of 2JNC9 couplings on planarity
of the peptide-bond covalent geometry

It has been suggested that 2JNC9 coupling constants should
depend on the peptide-bond twist angle (Solkan and
Bystrov 1975); however, no formulation of this has been
put forward. Deviations of peptide-bond covalent geom-
etry from planarity generally are small; consequently, the
associated peptide-bond twist angle has to be known at a
precision of a fraction of a degree to test for any mean-
ingful relationship with 2JNC9 coupling. Because this level
of precision is practically unobtainable in experimen-
tally determined protein structures, we calculated 2JNC9

coupling constants in the tripeptide model system Ala3,
by applying the density function theory (DFT) procedure
described in our earlier work (Salvador et al. 2004). We
explored variations of both the v�1 and v twist angles
within 170°–190°, while fully optimizing the remaining
geometrical parameters of the model system. These var-
iations produced changes as large as �1.2 Hz in the cal-
culated coupling constants. The changes depended almost
exclusively on the twist angle v�1, with the calculated
2JNC9 couplings exhibiting a linear dependence on v�1

(Fig. 6). The gas-phase optimized structures of Ala3

preferentially adopt an extended conformation with Q

angle values in the range of 140°�170°; therefore,
according to Equation 1, the calculated 2JNC9 is expected
to have a rather small dependence on Q. Notably, the

Figure 5. Dependence of 2JNC9 couplings on Q, the angle formed between

the planes of sequentially adjacent peptide groups (planes are defined by

OC9N atoms). Dihedral angles are from the X-ray crystal structures of the

six proteins, 1ejg-model A (Jelsch et al. 2000), 1igd (Derrick and Wigley

1994), 1ubq (Vijay-Kumar et al. 1987), 5cpv (Swain et al. 1989), 1cll

(Chattopadhyaya et al. 1992), 1ifc (Scapin et al. 1992), respectively, at

resolutions of 0.54 Å, 1.10 Å, 1.8 Å, 1.6 Å, 1.7 Å, and 1.19 Å. Data for

apo-calmodulin were omitted, because its structure in solution differs from

that in the crystal (Schumacher et al. 2004). The regions of different

secondary structure are indicated above the Q-axis.

Figure 4. Compilation of 2JNC9 couplings from the tight reverse turns of

the seven proteins investigated here, classified according to an idealized

3-turn (data are tabulated in Supplemental Table S2). Average values of

the couplings are represented by the solid circles and standard deviations

by the error bars. The fractional frequency of observed couplings at

each reverse turn position is represented by the height of the rectangular

bar.
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