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Using chemical shifts for protein structure determination has been
a long-standing goal in structural biology, since these NMR
observables are measurable under very general conditions and with
great accuracy.1,2 One major obstacle, however, has been the
difficulty to understand in sufficient detail the complicated conformational dependencies of the chemical shifts. Since the early
recognition that chemical shifts can be closely associated with
secondary structure elements,3 accurate methods have been developed to use them to define the values of backbone dihedral angles.4
To extend these predictions to obtain complete tertiary structures,
it is key to first be able to solve the inverse problem - the prediction
of the chemical shifts corresponding to a given structure. This
subject has recently been studied intensively, and several methods
have become available for this purpose.5-8 With such tools it has
become possible to search the conformational space of proteins to
find structures whose predicted chemical shifts closely match the
experimentally measured ones. These developments have led to a
series of methods that enable the determination of the structures of
proteins and of protein complexes from chemical shifts at a resolution
often comparable to that provided by more standard NMR methods.9-14
The current expectation is that further advances in chemical shift based
structure determination could be made by increasing the accuracy and
speed of the predictions of the chemical shifts.
In this work we present a method, CamShift, in which the
complex conformational dependence of the chemical shifts is
approximated formally as a polynomial expansion of the interatomic
distances defining the structure of the protein. The chemical shift
of a given atom a is thus expressed in terms of a set of distances
between atom pairs (Figure 1).
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In eq 1, δapred is the predicted chemical shift of atom a, δarc is its
random coil chemical shift, and dbc is the distance between atoms
b and c; the sum is extended to a series of atom pairs in the vicinity
of atom a, including atom a itself. The Rbc and βbc parameters
depend on the atom and residue types; the full list of these
parameters and their numerical values are provided as Supporting
Information (SI, Table S6), together with the list of atom pairs over
which the sum in eq 1 is carried out. The atom types include the
atomic species (H, C, O, N, and S), the type within the residue
(CR, Cβ, etc.), the residue type (Ala, Val, etc.), and the hybridization
state. We considered two types of distances, depending on whether
atoms are covalently bonded or not. In the former case, the βbc
parameters are set to 1; in the latter we use two separate terms,
with the βbc parameters set to 1 and -3, respectively.
CamShift can also optionally consider three further specific contributions to the chemical shifts: backbone dihedral angles, H-bonding,
and aromatic ring currents. The H-bonding term was implemented
using an approach by Baker and co-workers15 (see SI), and for ring
currents we used the point-dipole method16 (see SI).
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Figure 1. Illustration of the distances used in the CamShift predictions.
We show the amino acid triplet centered around residue i, which contains
the query atom (in this case the CR atom); red circles indicate the atoms
for which CamShift can currently perform predictions. (A) Interatomic
distances are considered from the query atom to the backbone atoms shown,
as well as to the side-chain atoms of residue i. In addition, nonbonded
interactions are included for a series of atoms within a sphere of a 5 Å
radius, indicated by the thin black circle around the query atom. (B) A set
of additional distances is included independently from the query atom to
better capture the φ, ψ, and χ1 dihedral angle dependencies and side-chain
orientations. CamShift is freely available by uploading structures in PDB
format to a web server (http://www-vendruscolo.ch.cam.ac.uk/software.
html).

The parameters in eq 1 and those for dihedral angles, ring
currents, and H-bonding were fitted by maximizing the agreement
between predicted and experimental chemical shifts for a set of
proteins for which both structures and chemical shifts are known
experimentally. We used the RefDB17 database of chemical shifts
and corresponding Protein Data Bank (PDB) structures, from which
we extracted a total of 224 036 chemical shifts for HR, CR, Cβ,
C′, HN, and N backbone atoms. In creating the database we
considered only structures derived from X-ray procedures with a
resolution of 2.3 Å or better. As most of the X-ray structures in
the PDB do not contain the positions of hydrogen atoms, these
were added using the all-atom molecular simulations package
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almost (available for download at http://open-almost.org), in
accordance with the CHARMM22 topology file.18 We left out most
distances with very narrow distributions around their mean values,
which could lead to numerical instabilities in the prediction of
extreme outliers (see SI). We also left out distances to atoms that
are unlikely to contain accurate structural information because of
their dynamics, such as those involving methyl and hydroxyl groups
or amino H-atoms of side chains. Distances to atoms for which
different stereochemical conventions might result in inconsistencies
between different force fields, such as the branched γ carbons in
Val residues or the branched δ carbon atoms in Leu residues, were
fitted together with a single term with average distances.
The results of the chemical shift predictions for HR, CR, Cβ,
C′, HN, and N atoms are summarized in Figure 2, where we
compared the distance-based predictions provided by eq 1 with
those obtained by also using the contributions from disulfide
bridges, dihedral angles, ring currents, and H-bonding. We found
that the inclusion of these further terms improved slightly the quality
of the CamShift predictions. We also present comparisons with
SHIFTX6 and SPARTA8, which are two state-of-the-art chemical
shift predictors. All predictors were tested on two test sets. The
first set consists of seven structures previously used to compare
SHIFTX and SPARTA8. We excluded two of the nine structures
that were used in the original study,8 because no BMRB record
was defined (GB3) or an almost identical structure is contained in
the CamShift and SPARTA training databases (3CBS and 1CBS
with 0.4 Å backbone rmsd). Specific comparisons for each atom
type in each protein are reported in Table S3. The second test
comprises 28 structures from the RefDB database that were not
used in the CamShift fit and are not homologues (according to the
ASTRAL SCOP classification19) to any of the structures in the

CamShift, SHIFTX, or SPARTA training data sets. The 28-protein
test set therefore reduces the relative contributions from structural
homology. The results (Figure 2) show that, considering both the
7-protein and the 28-protein test sets, CamShift and SPARTA
provide an overall similar accuracy, although SPARTA seems to
provide better predictions for C and N atoms, and CamShift for H
atoms. Both methods provide a marginally better accuracy than
that of SHIFTX. For both test sets, the accuracy achieved by the
distance-only version of CamShift is closer to that of SHIFTX than
that of SPARTA.
In comparing the performances of the different methods we
observe that the results may depend considerably on the particular
set of proteins used for validation. We found that by repeating the
calculations for ten subsets of seven proteins extracted from the
28-protein test set, the results showed a variability ranging from
7% for HN atoms to 38% for C′ atoms (Table S4). These rather
large variations in the accuracy of the predictions can also be
observed from Table S3, which presents detailed results for each
protein in the 7-protein test set. We also considered the quality of
the predictions in different secondary structure elements, which
revealed that there are systematic differences. In all the prediction
methods that we considered, chemical shift predictions were better
in R helices than in β strands, and predictions in R helices and β
strands were much more accurate than those in turns and coil (Table
S5).
In summary, we have described the CamShift method for
predicting protein chemical shifts, which was introduced to have a
prediction procedure based on a differentiable function of the atomic
coordinates of a protein. This aspect makes the CamShift predictions
very rapid and suitable to define chemical shift restraints in
molecular dynamics simulations. We thus anticipate that the use
of CamShift will enable the determination of the structures of
proteins from chemical shift information in a similar manner in
which other standard NMR observables, such as NOEs, scalar
couplings, and residual dipolar couplings, are used.
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methods: SHIFTX , SPARTA , and two variants of CamShift (with all
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