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Abstract

Inconsistent 13C and 15N chemical shift referencing is a continuing problem associated with protein
chemical shift assignments deposited in BioMagResBank (BMRB). Here we describe a simple and robust
approach that can quantitatively determine the 13C and 15N referencing offsets solely from chemical shift
assignment data and independently of 3D coordinate data. This novel structure-independent approach
permitted the assessment and determination of 13C and 15N reference offsets for all protein entries
deposited in the BMRB. Tests on 452 proteins with known 3D structures show that this structure-inde-
pendent approach yields 13C and 15N referencing offsets that exhibit excellent agreement with those cal-
culated on the basis of 3D structures. Furthermore, this protocol appears to improve the accuracy of
chemical shift-derived secondary structural identification, and has been formally incorporated into a
computer program called PSSI (http://www.pronmr.com).

Introduction

Over the past 15 years, improvements in NMR
instrumentation and pulse sequence design cou-
pled with key developments in NMR assignment
software have greatly enhanced our ability to
rapidly and accurately assign protein chemical
shifts. As a result, a growing number of 13C,
15N, and 1H chemical shift assignments are now
being deposited into the BMRB (Seavey et al.,
1991). This comprehensive collection of chemical
shift data is giving biomolecular NMR spectros-
copists an unprecedented opportunity to com-
pare, explore and decipher the rich structural and
dynamic information encoded protein chemical
shifts. Indeed, it has been through the BMRB
and related chemical shift databases, that the cor-
relation between protein secondary structure and

chemical shifts was first identified (Wishart et al.,
1991; de Dios et al., 1993). Likewise, the BMRB
permitted better protocols for shift-based second-
ary structure identification to be developed and
tested (Wishart et al., 1992, 1994; Metzler et al.,
1993; Gronenborn and Clore, 1994). Similarly,
the BMRB has enabled the detailed exploration
of nearest-neighbor effects on protein backbone
chemical shifts (Wang and Jardetzky, 2002b) as
well as the development of new and improved
methods to predict 1H, 13C and 15N chemical
shifts from 3D structure coordinates (Le and
Oldfield, 1994; Xu and Case, 2001; Neal et al.,
2003; Wang 2004; Wang, and Jardetzky, 2004).

Despite of the increasing importance of
BMRB, the value of its chemical shift data is
diminished somewhat by the inconsistency in 13C
and 15N chemical referencing for many protein
entries. Indeed, this problem has been periodi-
cally noted for quite some time (Iwadate et al.,
1999; Wishart and Case, 2001). A recent study
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by Zhang et al. (2003) showed that a large num-
ber (�25%) of BMRB entries with 13C and 15N
chemical shift assignments deviate significantly
from established IUPAC/IUB referencing con-
ventions (Wishart et al., 1995; Markley et al.,
1998). Since the structural and dynamic informa-
tion contained in chemical shifts is exquisitely
sensitive to chemical shift referencing, ‘inconsis-
tently’ referenced chemical shifts can easily mis-
lead NMR spectroscopists in their interpretation
or utilization of these data for secondary struc-
ture identification or 3D structural refinement.
Given the prevalence of this problem, we believe
there is a clear need for a simple method or com-
puter program to allow protein NMR spectrosco-
pists to easily identify and correct inconsistently
referenced chemical shift assignments. One
approach for correcting chemical shift referencing
errors has already been described (Zhang et al.,
2003). However, this method requires that the
3D structure be known in order to determine if
there has been a chemical shift referencing error.
Ideally it would be better to identify any 13C or
15N referencing errors prior to determining or
refining the 3D structure.

Here we wish to describe a simple and effec-
tive approach to 13C or 15N chemical shift refer-
ence correction, which does not require prior
knowledge of the 3D structure. The concept is
based on the observation that 1H shifts are
almost always correctly referenced and the fact
that inconsistent secondary structure assignments
generated by 1H, 13C and/or 15N chemical shift
methods are strongly indicative of incorrectly ref-
erenced 13C or 15N chemical shifts.

Materials and methods

As stated earlier, our main objective was to
develop a simple, structure-independent protocol
which would determine the necessary chemical
shift corrections or chemical shift offset that must
be added or subtracted to all 13C and/or 15N
shifts to ensure they are consistently referenced
to IUPAC/IUBMB standards. In general terms,
the method involves iteratively calculating chemi-
cal shift derived secondary structures and the
corresponding 13C or 15N chemical shift reference
offsets using a set of observed and expected (or
idealized) shifts. Specifically, the chemical shift

reference offset (defined as Ddoffset) is determined
using the following three steps (Figure 1).

Step 1. Secondary structure identification. As has
been shown previously (Zhang et al., 2003), pro-
tein 1H chemical shift assignments are not gener-
ally prone to referencing offset problems. This is
likely due to the much better established protocols
and inherently simpler methods used for 1H refer-
encing than for 13C or 15N referencing. In light of
this fact, the secondary structure for each residue
in the protein is first determined via the PSSI pro-
gram (Wang and Jardetzky, 2002a) using only the
1Ha chemical shifts. PSSI is a chemical shift-based
method for secondary structure determination that
uses nearest neighbor information to improve the
quality of its secondary structure ID. This 1H
‘only’ approach avoids the inclusion of inconsis-
tently referenced 13C or 15N assignments that
might adversely affect the secondary structural
identification.

Step 2. Calculation of Ddoffset and < Ddoffset >. The
13C and 15N reference offsets are then calculat-
ed using the secondary structural information

chemical shifts assignments

BMRB

contain1H  

Yes
1H

secondary structure

< offset >

13C & 15 N reference adjustment 

13C, 15N

No

13C, 15N, 
1H

Figure 1. An outline of protocol described in this study for the
determination of 13C and 15N referencing offsets. The secondary
structures are determined from chemical shifts using the pro-
gram PSSI (Wang and Jardetzky, 2002a).
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obtained in step 1 using the following equation
(for each residue in the protein):

Ddoffset ¼ daveðriÞ � dobs;

where, daveðriÞ is the statistically averaged chemi-
cal shift for each nucleus (13CO, 13Ca, 13Cb, and
15N) for each of the 20 amino acids categorized
according to their secondary structural states; ri

represents the three secondary structural states (b-
strand, random coil, and a-helix) and dobs is the
observed chemical shift. In this calculation we
used the averaged, secondary structure-dependent
13CO, 13Ca, 13Cb, and 15N chemical shifts for dave

as reported by Wang and Jardetzky (2002a).
The averaged Ddoffset over all residues in the

protein, < Ddoffset >, is then calculated for each
backbone nucleus (13Ca, 13Cb, 13CO and 15N).
This value is used as an initial estimate of that
nucleus’ chemical shift referencing offset. During
the calculation of < Ddoffset >, unusually large
Ddoffset values (e.g., greater than three standard
deviations away from the running mean) are
excluded to avoid the inclusion of typographical
or assignment errors that might affect the overall
for a given nucleus.

Step 3. 13C and 15N referencing adjustment and
back calculation of < Ddoffset >. In this step, all
observed 13C and 15N chemical shift assignments
are initially adjusted using the nucleus-specific ref-
erence offsets, < Ddoffset > obtained in step 2. Sub-
sequently the secondary structure is re-evaluated
using the original 1Ha chemical shifts and the ref-
erence-adjusted 13C and 15N chemical shifts. A
new set of reference offsets, Ddoffset and their corre-
sponding averaged value < Ddoffset > for each
nucleus are then re-calculated. This step is
repeated twice to minimize the effects arising from
inconsistent referencing. More specifically, the
requirement for a double iteration was determined
through a series of tests in which it was found that
the reference offsets, < Ddoffset > always converged
to steady state values after two iterations.

Since the reference offsets, < Ddoffset > are
determined on the basis of an iterative statistical
procedure, the reliability of this method clearly
depends on the number of chemical shifts that are
being averaged for each nucleus. As a rule of
thumb, the minimum number of chemical shifts
required to determine a reference offset for a given

nucleus should be greater than 25. This suggests
that short peptides (25 residues) are less likely to
be correctly re-referenced using this method.

The protocol described here has been imple-
mented into a newly updated version of a freely
available computer program called PSSI, a prob-
ability-based protein secondary structure identifi-
cation program that uses a comprehensive set of
derived protein chemical shift data (Wang and
Jardetzky, 2002a,b; http://www.pronmr.com). To
assess the performance of this structure-indepen-
dent approach to reference offset calculation, we
decided to compare it to the structure-dependent
approach originally described and validated by
Zhang et al. (2003). A total of 452 protein entries
were selected from the BMRB for which match-
ing PDB entries could be identified (Wang,
2004). The structure-derived Ddoffset values were
calculated using a protocol similar to that used
by Zhang et al. (2003). More specifically, the 13C
and 15N chemical shifts were first predicted from
the observed backbone and side chain torsion
angles (/w and v1) using the RSS (Wang, 2004)
and PRSI (Wang and Jardetzky, 2003) shielding
surfaces. The structure-derived 13C, 15N Ddoffset

values were then determined by averaging the dif-
ference between the observed and the RSS-pre-
dicted chemical shifts for each nucleus. Offsets
calculated using the RSS method or other struc-
ture-based shift prediction methods such as
SHIFTX (Neal et al., 2003) or SHIFTS (Xu and
Case, 2002) were found to be essentially identical.
Once the structure-dependent offsets were deter-
mined, we then calculated the structure-indepen-
dent 13C and 15N chemical shift offsets using the
protocol described here for the same 452 pro-
teins. Direct comparison between the two sets of
predicted reference offsets yielded an excellent
agreement (Figure 2). The correlation coefficients
between the two sets of data are 0.96, 0.96, 0.98,
and 0.93 for 13CO, 13Ca, 13Cb, and 15N shifts
respectively, with the rmsd values being just 0.16,
0.16, 0.17, and 0.31 ppm. The averaged
differences between the two sets data are less
than 0.15 ppm and for 13C (13CO, 13Ca, and
13Cb,) and less than 0.50 ppm for 15N shifts.
These offset differences are statistically and struc-
turally insignificant for the purposes of interpret-
ing protein chemical shifts.

Interestingly, several proteins were found to
have significant differences between the Ddoffset
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calculated using the protocols described in this
manuscript and those derived from the corre-
sponding 3D coordinates. BMRB #4272 (Syna-
ptobrevin II) stands out for having the largest
discrepancies between the two sets of predicted
reference offsets. The structure-dependent refer-
ence offsets calculated from 3D structure for this
protein are 1.59, 2.52, )0.67, and )1.60 ppm for
13CO, 13Ca, 13Cb, and 15N shifts respectively;
whereas those calculated using our structure-
independent approach are )0.13, 0.07, )0.08,
and )0.77 ppm. A further investigation revealed
that the IUPAC/IUB recommended referencing
procedure (i.e., using DSS as a direct reference
for 1H, and an indirect reference for 15N and 13C
nuclei) was indeed followed during NMR mea-
surement for this protein. We believe the offset
differences are likely due to significant solution
vs. crystal structure differences. For BMRB
#5158 (apoMb), the reference offsets calculated
from the 3D structure are 0.89 and 1.19 ppm for
13CO and 13Ca shifts respectively. These values
are very close to those reported in RefDB (1.09
and 1.21 ppm), but differ significantly from those
calculated using our new structure-independent
method ()0.15 ppm for 13CO shifts; and
0.03 ppm for 13Ca shifts). Further investigation
revealed that these differences are likely due to
the fact that the PDB files used to calculate the
structure-dependent reference offsets are quite

different from the protein samples used to gener-
ate the NMR assignments. Specifically, the PDB
file (from a crystal structure) used for this protein
exhibits a very high helix content; but the NMR
data clearly indicates the protein was partially
unfolded (Hazzarda et al., 1999; Cavagnero
et al., 2001). These two examples (apoMb and
Synaptobrevin II) underline one potential disad-
vantage of using 3D structures to calculate the
chemical shift reference offsets. Namely, the dif-
ferences between crystal and solution structures
can significantly influence calculated reference
offsets. Obviously the structure-independent
approach introduced here avoids this pitfall.
Another advantage to the structure-independent
approach to reference offset correction is that it
can be applied to proteins where no 3D structure
is available. This situation applies to more than
50% of protein entries in the BMRB.

To more completely assess this approach to
chemical shift reference correction, we decided to
calculate the 13C and 15N chemical shift reference
offsets for all protein entries deposited in the
BMRB. At the time of this writing there were a
total of 2982 protein entries (with more than 25
residues) in the BMRB. Of these, 664, 986, 895,
and 1141 were found to have 13CO, 13Ca, 13Cb,
and 15N chemical shift assignments respectively.
Interestingly, the largest 13CO referencing offset
identified was 4.47 ppm for BMRB #5514. The
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Figure 2. Graph showing correlation between 13CO (a), 13Ca(b), 13Cb (c) and 15N (d) reference offsets, < Ddoffset > determined from
chemical shifts and those from 3D structures. The slope and correlation coefficients of the linear regression fitting for the two sets of
data are shown the bottom right corner of each graph.
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largest offset correction for 13Ca and 13Cb shifts
were 7.82 and 6.91 ppm for BMRB #4431,
whereas the largest 15N reference offset correction
was 4.70 ppm for BMRB #4127. In total, we
found that 160 (13CO), 309 (13Ca), 309 (13Cb) and
243 (15N) BMRB entries had significant referenc-
ing offsets (>0.5 ppm for 13C; >1.0 ppm for 15N).
Thus, 24% (13CO), 31% (13Ca), 35% (13Cb), and
21% (15N) of BMRB entries appear to be inconsis-
tently or incorrectly referenced. The BMRB acces-
sion numbers and the corresponding Ddoffset values
for all proteins (646 in total) with significant refer-
encing offsets (>0.5 ppm for 13C; >1.0 ppm for
15N) are listed in the Supplementary Material.

The distribution of the 13CO, 13Ca, 13Cb, and
15N reference offsets (< Ddoffset >) for all proteins
analyzed in this study are plotted in Figure 3. As
can be clearly seen among all 13C (< Ddoffset >)
plots there is a small, but distinct shoulder or
secondary peak at �2 ppm. This appears to be
due to the continuing (or inadvertent) use of
TMS/dioxane as a 13C reference since this value
is consistent with the �1.7 ppm offset correction
for TMS noted by Wishart et al. (1995). A more
detailed analysis indicates that 64 (13CO), 104
(13Ca), and 97 (13Cb) of our BMRB entries have
positive reference offsets of above 1.0 ppm.
Assuming they all arise from the use of TMS/
dioxane as a 13C reference, we believe that con-
tinued use of TMS or dioxane referencing may
account for approximately 1/3 of the inconsis-
tently referenced 13C BMRB entries.

These results are not entirely unexpected. Ear-
lier studies by Zhang et al. (2003) demonstrated
that heteronuclear chemical shift referencing
problems were especially widespread for protein
entries made before 1995 (when TMS was widely
used). Despite the introduction of detailed chemi-
cal shift referencing recommendations (Wishart
et al., 1995; Markley et al., 1998) some 8 years
earlier, Zhang et al. found that �20% deposited
protein entries are still incorrectly referenced.
Even with the introduction of their structure-
dependent reference correction software in 2003,
the referencing problem still persists. Our latest
data indicate that approximately 25% of the
protein chemical shift assignments deposited in
2003–2004 are still inconsistently referenced.
Hopefully, the introduction of this structure-
independent approach to reference offset adjust-
ment will help correct this situation.

As a further check of the robustness of our
method we also evaluated the internal consistency
of our calculated reference offsets. That is, the cal-
culated 13CO, 13Ca, and 13Cb(especially the 13Ca,
and 13Cb) reference offsets should be approxi-
mately equal to each other for any given protein
or BMRB entry. For the most part we find these
13C offsets actually agree with each other quite
well. However, �3% of the BMRB entries we
tested show significant (>1.0 ppm) differences
between their calculated 13Ca and 13Cb reference
offsets (these are marked in the supplementary
material and will be flagged in our reference offset
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program – PSSI). These discordant 13Ca/13Cb
shifts may reflect differential shifting due to deu-
teration, limited sampling of one nucleus relative
to the other, incorrect instrumental calibration,
shift biasing (due to TROSY effects, for example)
or possibly assignment errors. Because it is almost
impossible to know the cause of these discrepan-
cies or to consistently correct for them, we have
chosen to treat the calculated reference offsets for
13CO, 13Ca, and 13Cb nuclei independently. Users
are obviously free to average the calculated 13Ca,
and 13Cb (and even the 13CO) offsets to produce a
consensus 13C offset, if they wish.

Consistent chemical shift referencing clearly
has an impact on how much structural and
dynamic information an NMR researcher can
recover from their chemical shift assignments. To
illustrate this point we used the newly updated ver-
sion of PSSI to show how this program can auto-
matically identify and adjust inconsistently
referenced 13CO, 13Ca, 13Cb, and 15N chemical
shift assignments (Figure 3a). Using data from the
Copper-transporting ATPase 1 (BMRB #6130) the
new version of PSSI was able to automatically
determine the necessary reference offsets for this
protein – 2.43 ppm for 13CO, 2.0 ppm for 13Ca,

1.99 ppm for 13Cb, and 0.91 ppm for 15N (Fig-
ure 4). As expected, such large reference offsets
completely alter results of the secondary structures
that would be derived from the chemical shifts. As
shown in Figures 3b and c, this mixed a/b protein
was initially mis-identified as a pure b-sheet pro-
tein using the original incorrectly referenced chem-
ical shift assignments.

Supplementary material to this paper is available
in electronic form at http://dx.doi.org/10.1007/
s10858-004-7441-3.
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Figure 4. Graphic outputs from PSSI showing the secondary
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