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Abstract

Although a significant number of proteins include bound metals as part of their structure, the identification of
amino acid residues coordinated to non-paramagnetic metals by NMR remains a challenge. Metal ligands can
stabilize the native structure and/or play critical catalytic roles in the underlying biochemistry. An atom’s
chemical shift is exquisitely sensitive to its electronic environment. Chemical shift data can provide valuable
insights into structural features, including metal ligation. In this study, we demonstrate that overlapped 13Cb
chemical shift distributions of Zn-ligated and non-metal-ligated cysteine residues are largely resolved by the
inclusion of the corresponding 13Ca chemical shift information, together with secondary structural informa-
tion. We demonstrate this with a bivariate distribution plot, and statistically with a multivariate analysis of
variance (MANOVA) and hierarchical logistic regression analysis. Using 287 13Ca=13Cb shift pairs from 79
proteins with known three-dimensional structures, including 86 13Ca and 13Cb shifts for 43 Zn-ligated cysteine
residues, alongwith corresponding oxidation state and secondary structure information, we have built a logistic
regression model that distinguishes between oxidized cystines, reduced (non-metal ligated) cysteines, and
Zn-ligated cysteines. Classifying cysteines/cystines with a statisical model incorporating all three phenomena
resulted in a predictor of Zn ligation with a recall, precision and F-measure of 83.7%, and an accuracy of
95.1%. This model was applied in the analysis of Bacillus subtilis IscU, a protein involved in iron–sulfur cluster
assembly. Themodel predicts that all three cysteines of IscU aremetal ligands.We confirmed these results by (i)
examining the effect ofmetal chelation on theNMR spectrum of IscU, and (ii) inductively coupled plasmamass
spectrometry analysis. To gain further insight into the frequency of occurrence of non-cysteine Zn ligands, we
analyzed the Protein Data Bank and found that 78% of the Zn ligands are histidine and cysteine (with nearly
identical frequencies), and 18% are acidic residues aspartate and glutamate.

Introduction

A large number of proteins include metal atoms,
such as zinc (Zn), as part of their structures. For

example, at least 3% of the protein sequences
inferred from the Caenorhabditis elegans and hu-
man genomes are predicted to contain Zn binding
motifs (Clarke and Berg, 1998; Lu et al., 2003). In
fact, Zn-fingers are the most commonly observed
structural motifs in transcription factors, and
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among the most common protein structural motifs
in the human proteome (Venter et al., 2001;
Clamp et al., 2003; Bateman et al., 2004). Zinc’s
electronic configuration allows for a flexible
coordinate geometry and enhances the nucleophi-
licity of thiol substrates (Zhou et al., 1999). It can
participate in enzymatic reactions and regulatory
functions (Berg and Shi, 1996; Lipscomb and
Strater, 1996; Hernick and Fierke, 2005). Since Zn
is commonly coordinated by four or more ligands,
it can also bridge together and stabilize disparate
regions of protein structure (Klug and Rhodes,
1987; Krishna et al., 2003; Kwon et al., 2003).

64Zn, 66Zn and 68Zn are the three most natu-
rally abundant isotopes of Zn (Coplen et al.,
2002). They have an even number of protons and
an even number of neutrons and are therefore non-
NMR active (spin I =0). As a consequence, Zn
ligands may be undetected in the course of deter-
mining a protein’s structure using solution NMR
methods. Histidine and cysteine are the two most
common Zn ligands. Once the metal ligation status
of a protein has been established, the metal-coor-
dinating residues can sometimes be identified with
techniques involving metal displacement with
113Cd (spin I=1/2) followed by NMR experiments
that measure 113Cd–1H scalar couplings (Neuhaus
et al., 1984; Vasak et al., 1987). Nitrogen-15 NMR
experiments that resolve the histidine tautomer
present in some Zn binding sites can also be used
to deduce the nitrogen coordinating a Zn (Pelton
et al., 1993; Ramelot et al., 2004). In addition,
there are several examples of histidine 13Cd2 res-
onances undergoing characteristic downfield shifts
upon Zn binding (Ramelot et al., 2004), but this
phenomenon has not been systematically analyzed.

Sharma and Rajarathnam (2000) have reported
that the 13Ca and 13CbðCa=CbÞ chemical shifts of
metal-ligated cysteines of metalloproteins are
within the chemical shift distribution of
reduced non-metal-ligated cysteine Ca=Cb reso-
nances. While providing some indication that the
bivariant Ca=Cb chemical shift plots can provide
some discrimination of reduced and metal-ligated
cysteine residues, this study was based on a limited
database of metalloprotein chemical shift data,
and did not identify the metalloprotein nor the
associated metal. Two recent advances warrant an
updated analysis of metal ligated cysteine Ca=Cb
shift distributions. First, in 2003, David Wishart’s
group published SHIFTCOR and the Reference-

Corrected Database (RefDB) of chemical shifts
(Zhang et al., 2003), providing refined chemical
shift data for proteins using self-consistent refer-
encing procedures. Secondly, the number of metal
complexed protein NMR structures with both
Protein Data Bank (PDB) and BioMagResBank
(BMRB) depositions, have significantly increased
since 2000; over the last five years, Zn-complexed
NMR structures with BMRB chemical shift
depositions have increased by more than three-
fold.

In this study we demonstrate that cysteine
residues with coordinated metal, in this case Zn,
can be reliably identified given (i) a well-referenced
chemical shift data base, and (ii) the secondary-
structure of the cysteine residue. Once identified,
the presence of ligated metal can be validated by
examining the effect of metal chelation on NMR
spectra of the subject protein, and confirmed by
quantitative inductively coupled plasma mass
spectrometry. We demonstrate the utility of this
approach for identifying and validating Zn-ligated
cysteines on the iron–sulfur complex assembly
protein U (IscU), a metalloprotein from Bacillus
subtilis involved in iron–sulfur cluster (Fe–S) bio-
synthesis.

Methods

Non-metal-ligated reduced cysteine and oxidized
cystine Ca=b chemical shift datamining

The RefDB database (http://redpoll.pharmacy.ual-
berta.ca/RefDB/ref.data) used in this study was
downloaded on December 6, 2004. Two Perl scripts
facilitated collation and analysis of cysteine/cystine
Ca=Cb shifts. The first Perl script searches each
RefDB entry for a metal ligand by examining val-
ues reported for the following definitions:
‘‘_PDB_code’’, ‘‘_Abbreviation_common’’, and
‘‘metal ligand’’. It then creates a list of RefDB en-
tries to exclude from further analysis entries for
which ‘‘Ca’’, ‘‘Zn’’, ‘‘Cu’’, ‘‘Mg’’, ‘‘Cd’’, or ‘‘Fe’’ are
reported in any of the above definitions. The second
Perl script gathers information for each entry,
including: BMRB ID, protein sequence, cysteine/
cystine Ca=Cb shifts, PDB files and ‘‘_Mol_thiol_
state’’ definitions. Entries with their ‘‘_Mol_thiol_
state’’ defined as ‘‘all free’’, ‘‘all disulfide bound’’, or
‘‘fully oxidized’’ are then classified as reduced or
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oxidized. The script then retrieves the PDB entry
associated with each RefDB entry, extracts the
protein sequence and secondary structure annota-
tion, compares the RefDB sequence to the PDB
sequence, and if verified to be the same in numbering
and residue, assigns the secondary structure to each
residue as defined in the PDB structure file. Num-
bering inconsistencies were resolved manually,
allowing proper assignment of secondary structure
information provided in the PDB structure file. If
the secondary structure was not defined in the
header of the PDB structure file, it was determined
using the DSSP algorithm (Kabsch and Sander,
1983) functionality of the program MOLMOL
(Koradi et al., 1996). These 13C chemical shifts were
then binned in 1.0 ppm increments, and statistics
compiled as a final automated step of this second
Perl script. Histograms based on these populated
shift classes were then constructed with Kaleida-
graph v.3.5 and Microsoft Excel.

Zn-ligated cysteine Ca=Cb shift datamining

All NMR structures containing both (i) BMRB
cross references and (ii) Zn HET atom annotations
were downloaded from the PDB on December 8,
2004. These protein coordinate sets were then
screened for cysteine Sc atoms within 3 Å of a Zn
atom, and the corresponding Ca=Cb chemical
shifts extracted from the BMRB. Numbering
inconsistencies between BMRB and PDB data
were resolved manually. The Zn Ca=Cb shifts
from BMRB data sets of Zn-containing proteins
were referenced with a procedure analogous to
that used in creating the RefDB chemical shift
database, using the SHIFTCOR 1.0 proce-
dure (http://redpoll.pharmacy.ualberta.ca/shift-
cor/) (Zhang et al., 2003), so that these values
could be compared with chemical shifts of non-
metal-coordinated Cys residues reported for pro-
teins in the RefDB data set. Ca and Cb chemical
shift mean and standard deviations were calcu-
lated, and the data binned in 1.0 ppm increments.

Zn ligand datamining

The entire PDB was downloaded on May 12, 2005
and analyzed for (i) all atoms within 3 Å of a Zn
atom, (ii) the corresponding amino acid residue,
(iii) the secondary structure of the corresponding
residue specified in the PDB file, (iv) the distance

to the Zn atom, and (v) the name of the PDB
structure file. This information-rich output
enabled us to determine the frequencies of the
various residue ligands, by tallying the residues
containing atoms within 3 Å of a Zn atom. Cys-
teine ligands were then further classified based on
their corresponding secondary structure.

Linear modeling and logistic regression analysis

The multivariate analysis of variance (MANOVA)
functionality within the General Linear Modeling
(PROC GLM) procedure of SAS 8.2 was used to
assess the ability of Ca and Cb chemical shifts to
distinguish reduced cysteine from Zn-ligated cys-
teine residues, as well as to distinguish between
oxidized and non-oxidized cysteines. We employed
a logistic regression model (PROC LOGISTIC in
SAS 8.2) with our Ca=Cb chemical shift pair data
(summarized in Supplemental Table S1) and cor-
responding secondary structure data as input. To
more faithfully reflect the nature of the distinction
between oxidized, reduced and Zn-ligated cyste-
ines (as the Zn-ligated cysteines are a special class
of reduced cysteines), as well as to ensure a
numerically robust result, two logits were modeled
sequentially: (i) the log odds ratio of a cysteine
being oxidized as opposed to not oxidized, and (ii)
the log odds ratio of a non-oxidized cysteine
coordinating Zn as opposed to being in an unli-
gated, reduced state. The MANOVA analysis, and
fit to the hierarchical logistic regression model,
included all data obtained from the data mining
procedure described above, with the exception of
data with outlying chemical shifts identified by
Chauvenet’s criterion (Taylor, 1997). We also
excluded data from five cysteines in proteins with
PDB IDs 1G03 and 1GH9, in which Zn binding
was suspected but could not be confirmed with
confidence.

Cloning, expression and purification of IscU

DNA coding the full length iron sulfur cluster
metallochaperone protein IscU from Bacillus
subtilis (Swissprot locus: NIFU_BACSU) was
cloned into a pET21d (Novagen) derivative pos-
sessing a C-terminal hexa-His tag (Acton et al.,
2005). The resulting plasmid was transformed into
Escherichia coli strain BL21 (DE3) pMGK (Nov-
agen) cells, grown up in 1 l of uniformly 15N-enriched

261



MJ9 minimal media (Jansson et al., 1996), in-
duced, expressed, and purified using standard
procedures described elsewhere (Acton et al.,
2005). The resulting sample was buffer exchanged
into NMR Buffer (50 mM sodium phosphate,
50 mM NaCl, 10 mM DTT, 5% D2O, 0.02%
NaN3, pH 6.5) at a protein concentration of
�0.7 mM.

Metal analysis

NMR spectra were recorded using 350 ll samples
in 5-mm Shigemi susceptibility-matched NMR
tubes, at 20 �C, on a 600 MHz Varian Inova
spectrometer. 2D 1H–15N HSQC NMR spectra
were recorded prior to and after the addition of
10 mM EDTA. Following these NMR measure-
ments, the EDTA-treated sample was buffer
exchanged (Amicon Ultra-4 concentrator, Milli-
pore) to remove dissociated metal. These EDTA-
treated and untreated samples were then analyzed
for Zn metal content by inductively coupled plas-
ma mass spectrometry (ICP-MS) (Rea, 2003) using
an Agilent Technologies 4500 ICP-MS system at
the Pacific Northwest National Laboratory,
Richland, WA.

Results

BMRB and RefDB chemical shift datamining
summary

Chemical shift data for non-metal-coordinated
cystine/cysteine residues were extracted from Ref-
DB chemical shift lists. Of the 601 protein chemi-
cal shift files in RefDB at the time of this analysis,
85 identified as possibly containing bound metals
were excluded from this analysis. The resulting
516 protein chemical shift files provided data for
557 Ca or Cb cysteine/cystine chemical shifts. The
number was reduced to 554 shifts of non-metal-
ligated cysteine/cystine residues, when one cysteine
Ca and two cysteine Cb shifts were omitted be-
cause they exhibit unusual values that failed
Chauvenet’s criterion.

Following outlier detection (and identification
of chemical shifts associated with zinc ligated
cysteines, as explained below) the Ca=Cb shift
distributions of Cys residues were plotted to visu-
alize the data at hand (Figures 1 and 2). Analysis

of the initial Ca=Cb shift distributions of non-
metal-ligated Cys residues, when compared with
Ca=Cb shifts of documented Zn-ligated Cys resi-
dues, allowed identification of an incorrectly
annotated protein structure, 3-methyladenine
DNA glycosylase (1LMZ) (Drohat et al., 2002),
for which chemical shift data for two Cys residues
indicated metal ligation that was not evident in the
atomic coordinate data. We further recognized
that the same lab that deposited 1LMZ subse-
quently redeposited the protein coordinates in a
Zn-ligated form (1NKU) (Kwon et al., 2003),
confirming our suspicion that 1LMZ does in fact
include two Zn-ligated cysteine residues. As our
recognition of zinc binding in 1LMZ/1NKU oc-
curred before finishing the compilation of the
training data, we included the data associated with
this protein (which chemical shift data and sec-
ondary structure results did not change between
the 1LMZ structure and the 1NKU structure).
This correct identification of 1LMZ as ‘‘Zn-bind-
ing’’, which was not initially annotated as a zinc-
binding protein, supported our proposal that Cys
Ca=Cb chemical shift values are indeed useful in
identifying metal-ligated Cys residues.

Chemical shift data for Zn-ligated cysteines
were obtained by cross-referencing Zn-containing
protein structures listed in the PDB with BMRB
NMR chemical shift files. The resulting cysteine
carbon-13 chemical shifts were then refined by the
SHIFTCOR procedure, as described in Methods.
This analysis provided eight cross-referenced pro-
teins, from six different SCOP families (summa-
rized in Supplementary Table S2) and ranging in
size from 51 to 182 residues long, containing
82 Zn-ligated cysteine Ca or Cb shifts (41 Ca=Cb
pairs). RefDB data for the two cysteines of
3-methyladenine DNA glycosylase (1LMZ),
described above, were added to this set, bringing
the total of Zn-coordinated cysteine Ca or Cb
shifts to 86 (43 Ca=Cb pairs) and increasing the
SCOP fold families (Murzin et al., 1995) repre-
sented to seven. These chemical shift data include
38 Zn-coordinated cysteine residues in loops or
turns, and five residues in helices. None of these
Zn-coordinated residues occur in b-strands.

This data mining and refinement process thus
provided a total of 325 Ca shifts and 311 Cb shifts,
collected from 215 RefDB and eight BMRB files.
These include 287 Ca=Cb shift pairs for 79 pro-
teins for which a 3D structure is available in the
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PDB (Supplemental Table S1), along with
corresponding secondary structure information.
Statistics for these Ca and Cb chemical shift dis-
tributions for oxidized, reduced and Zn-coordi-
nated Cys residues are tabulated in Table 1. The
mean of oxidized and reduced Ca=Cb shifts
resemble (approx. ±0.5 ppm) previously reported
values (Sharma and Rajarathnam, 2000; Zhang
et al., 2003). Cb shift distributions for oxidized,
Zn-coordinated, and non-metal-ligated reduced
Cys residues are shown in Figure 1. The Cb shift
distribution for Zn-coordinated cysteines is
slightly downfield of the reduced non-metal-ligated
distribution, and upfield of the oxidized shift dis-
tribution (Figure 1a–c). Consistent with previous
results, the Zn-coordinated cysteine Cb shift is
significantly overlapped with the reduced non-
metal-ligated distribution (Figure 1d–e). However,
as shown in Figure 2, when the corresponding Ca
chemical shift data for Ca=Cb pairs are plot to-
gether with these Cb shift data, the Zn-ligated
distribution forms a largely distinct cluster. This
analysis (Figure 2) demonstrates that combined
analysis of Ca=Cb pair chemical shift data can
distinguish reduced from Zn-ligated cysteine resi-
dues.

PDB Zn ligand datamining summary

One thousand six hundred and fifty nine out of
30,763 PDB entries (5.4%) are annotated with Zn
‘‘HET’’ atoms and 7484 residues possess atoms
within 3 Å of a Zn atom. Statistics for the distri-
butions across residue types for these potential Zn
ligands are summarized in Table 2. Histidine and
cysteines are the most commonly found potential
Zn ligands, collectively occurring �78% of the
time with nearly equal frequencies. The acidic
residues aspartate and glutamate are the second
most frequent set, occuring � 18% of the time.
The remaining residue types of Zn ligands consti-
tute less than 4%. In the set of Zn-containing

proteins used as training data in this paper (Sup-
plementary Table S2), Zn was ligated either to
cysteine alone or to cysteine and histidine, with the
exception of a single case in which the zinc was
ligated to both cysteine and aspartic acid.

In Table 3, these Zn-ligated cysteine residues
observed in the PDB are segregated into groups
based on their secondary structure. This analysis
shows that the distribution of secondary structure
annotations for Zn-coordinated cysteine residues
observed in the complete PDB is similar to that of
subset of Zn-coordinated proteins cross referenced
in both the PDB and BMRB and used in the
datamining study described above (summarized in
Table 1); most Zn-ligated cysteines (�72%) occur
in non-regular structures, fewer (�22%) in helical
structures, and a very small number (�6%) in
b-strands. Visual inspection of several representa-
tive structures from this latter group revealed that
Zn-ligated cysteines in b-strands generally occur at
the ends of b-sheets, immediately adjacent to loop
or turn regions.

Factors predicting cysteine oxidation/ligation state

MANOVA (Everitt and Dunn, 2001) provides
statistical quantification of the results depicted
graphically in Figures 1 and 2. The Ca=Cb chem-
ical shift vectors of oxidized cystines are signifi-
cantly different from those of non-oxidized cystines
(Wilks’ Lambda, described, e.g., in Everitt and
Dunn, 2001, equals 0.22, p<0.0001). Treated
separately, the Ca and Cb shift distributions of
oxidized cystines are still significantly different
from non-oxidized Ca and Cb shift distributions
(0.01% level by the appropriate univariate F-tests
as performed in standard Analysis of Variance,
ANOVA – Miller, 1997.). While there is consider-
able overlap between the Cb shifts of Zn-ligated
cysteines and reduced non-metal-ligated cysteines,
there is none-the-less significant difference in Cb
shift values between these two populations (again

Table 1. Statistics for 13Ca and 13Cb chemical shifts of oxidized, reduced and Zn-coordinated Cys residues

Thiol state Ca shift (ppm) mean (st. dev.) No. of Ca shifts Cb shift (ppm) mean (st. dev.) No. of Cb shifts

Oxidized 55.57 (2.46) 179 41.17 (3.93) 166

Reduced 59.25 (3.06) 103 28.92 (2.11) 102

Zn coord. 59.27 (2.12) 43 30.89 (1.01) 43

Total 325 311
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at the 0.01% level by the appropriate F-test). The
Ca chemical shift of Zn-ligated cysteines, when
considered independently of any other variable, is
not significantly different from those of reduced,
non-metal ligated cysteines (F-test probability of
no difference is 0.73). However, Zn-ligated cysteine
Ca=Cb chemical shift pairs are indeed significantly
downfield shifted relative to the Ca=Cb chemical
shift pairs of reduced non-metal ligated chemical
shifts (Wilks’ Lambda = 0.66, p<0.0001). In
other words, where their Cb shift distributions
overlap (27 ppm <dC13b< 34 ppm, Figure 1), Zn-
ligated and reduced non-metal ligated Cys residues
can be distinguished by Ca chemical shift data; in
this Cb chemical shift range, Ca chemical shifts for

Zn-ligated Cys residues are usually downfield of Ca
chemical shifts for reduced non-metal ligated Cys
residues (as shown in Figure 2).

Logistic regression models shed additional light
on the dependence of the Ca and Cb chemical
shifts of a cysteine and that cysteine’s ligation and
oxidation state. For example, while the Ca shifts
of Zn-ligated cysteines are not significantly differ-
ent from those of non-metal-ligated reduced
cysteines, logistic regression shows that the likeli-
hood of a cysteine being reduced and unligated as
opposed to coordinating Zn depends signifi-
cantly on the Ca chemical shift of that cysteine
(p = 0.0003 by Wald’s test). Indeed, including Ca
chemical shift as an independent variable results in

Figure 1. (a–d) Histograms and (e) normal distribution curves for 311 cysteine/cystine Cb shifts grouped into three categories based
on three states of the thiol; (a) 102 from reduced non-metal-ligated cysteines, (b) 166 shifts from oxidized cystines, and (c) 43 from Zn-
ligated cysteines.
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a significantly better model for the prediction of
Zn ligation than those models resulting when Ca
chemical shift is not included (likelihood ratio v2

15.74, p<0.0001). Wald’s test and the likelihood
ratio v2 test show that the odds of Zn ligated
cysteine versus reduced non-metal-ligated cysteine
are significantly dependent on both Cb shift and
secondary structure.

In distinguishing oxidized from non-oxidized
cysteines, logistic regression demonstrates that all
three parameters, Ca shift, Cb shift, and secondary
structure are necessary to reliably predict the oxi-
dation state of a given cysteine. We also observe
that the linear regression model predicting oxida-
tion state from these variables performs better
than the non-linear models tested. Indeed, no un-
ique maximum likelihood main effects model
(model considering all independent variables, but
without any higher order terms) could be fit as the
data were so separated in the space of Ca=Cb
chemical shift values and secondary structure
classification that multiple models distinguished

oxidized from non-oxidized cysteines equally well.
The data provide a clear distinction between oxi-
dized and non-oxidized cystine/cysteines, and only
one Zn-ligated cysteine, Cys-161 (in an a-helix) of
protein 1IYM, has Ca and Cb chemical shift val-
ues characteristic of an oxidized cysteine.

Prediction of cysteine oxidation and Zn binding
state from logistic regression models

While the consideration of higher order terms
could not improve the ability of logistic regression
to predict cysteine oxidation state from Ca shift,
Cb shift and secondary structure data, the con-
sideration of interaction/quadratic terms does im-
prove the ability to predict whether a non-oxidized
cysteine bound Zn, or was reduced but uncoordi-
nated by a metal ion. Of all the possible second
order terms, only the square of the Cb chemical
shift proved to allow for a model which predicted
the binding state of non-oxidized cysteines signif-
icantly better than did the model considering only
linear terms as predictors. This logistic regression
model, given by the equation

K1 ¼ logðp reduced=p zinc boundÞ
¼ 569:8� 0:8018 � ðCa chemical shiftÞ
� 32:2621 � ðCb chemical shiftÞ þ 0:4995

� ðCb chemical shiftÞ2 þ f0; if b-sheet;

� 5:0799; if a-helix;�5:2055; otherwiseg;

was able to recognize, among the non-oxidized
cysteines in the training data set, Zn-ligated as
distinguished from reduced non-metal-ligated
cysteines with an accuracy of 95.0%, a recall rate
of 86.0% and a precision of 84.1%.

Combining two logistic regression models, one
modeling the log odds ratio of a cysteine being
oxidized versus not oxidized –

K2 ¼ logðp oxidized=p non- oxidizedÞ
¼ �271:2� 2:623 � ðCa chemical shiftÞ
þ 12:1211 � ðCb chemical shiftÞ
þ f0; if b-sheet; 20:0356; if a-helix;

� 10:7391; otherwiseg

– and the other, whose optimally parameterized
formula is given above, modeling the log odds
ratio of a cysteine being Zn-ligated versus re-
duced non-metal ligated, into a single hierarchical

Figure 2. Bivariant plot of 287 Cys Ca/Cb chemical shift pairs
from 79 proteins, consisting of oxidized (green), reduced non-
metal-ligated (blue) and Zn-ligated (red) thiols. The corre-
sponding secondary structure context is indicated by boxes
(helix), triangles (b-strand), or circles (non-regular structure).

Table 2. Potential Zn ligand frequencies by residue type

Residue Percentage Number

Histidine 42 3140

Cysteine 36 2669

Aspartate 11 859

Glutamate 7 537

Other 4 279

Total 7484
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logistic regression model allows for the predic-
tion of whether a given cysteine is (i) oxidized,
(ii) coordinating Zn or (iii) reduced but not
bound to a metal ion. Considering these possi-
bilities as the only three, and the requirement
that probabilities of mutually exclusive and
exhaustive states sum to unity, the two logistic
regression models provide a system of three lin-
ear equations in three unknowns which can be
solved to provide expressions for the probabili-
ties that a given Cys residue is oxidized (p_oxi-
dized), Zn-ligated (p_zinc_ligated), or reduced
non-metal-ligated (p_reduced) as a function of
Ca shift, Cb shift and secondary structure. In
terms of the logits presented above, K1 and K2,
these probabilities are

p oxidized¼ðeK1eK2þeK1Þ=ð1þeK1þeK2þeK1eK2Þ
p reduced¼ eK2=ð1þeK1þeK2þeK1eK2Þ
p zinc ligated¼1=ð1þeK1þeK2þeK1eK2Þ

These probability countours are plotted in
Figure 3a–c.

Our modeling assumes (i) three Cys states:
oxidized, non-metal ligated reduced, and ‘‘other’’,
and (ii) similar positions of these states with
respect to one another in the Ca=Cb plots for each
secondary structure type (alpha, beta, and non-
regular). To allow the relative positions of the
states to be different would require a much more
complicated model, which is not indicated by the
available data. For alpha and non-regular sec-
ondary structure the data fit well taking the
‘‘other’’ state as the Zn-ligated reduced state (Fig-
ure 3b,c). The corresponding region of the b-
strand plot (Figure 3a) with low probability of
being either oxidized or reduced non-metal ligated
is predicted to be the region characterizing the Zn-
ligated reduced state. Inspection of Figure 2 or
Figure 3c (non-regular secondary structure, for
which the most Zn-ligated Cys chemical shift data

Table 3. Cysteine Zn ligand frequencies segregated by second-

ary structure

Secondary structure Percentage Number

Helix 22 590

Sheet 6 168

Other 72 1911

Total 2669

Figure 3. Cys oxidation/ligation state probabilities as a function of Ca and Cb chemical shift and secondary structure. Each contour
plot depicts oxidized (OX), reduced non-metal-ligated (RED), and Zn-ligated probabilities from the optimally fit logistic regression
models. The contours were derived from Ca and Cb cysteine chemical shifts residing within (a) b-strand, (b) a-helical and (c) non-
regular structures. The training data (same data as Figure 2) are superposed. Also superimposed, in the appropriate panel by
secondary structure, are the data points indicated by d, which comprise Cys41 (59.9, 32.2 ppm), Cys66 (56.9, 31.1 ppm) and Cys128
(63.7, 29.6 ppm) from the test protein, B. subtilis IscU. These probability surfaces infer Cys residues with Ca/Cb shifts on the left side
of the plot to be oxidized, those on the right side as reduced non-metal-ligated, and those toward the upper-center as Zn-ligated
cysteines. The three linear contours just left of center on each plot denote, from left to right, Ca/Cb pair values having 90%, 50% and
10% probability, respectively, of arising from oxidized cystines. The other contours mark the transition, going from bottom to top,
from 90% probability of being reduced non-metal-ligated through an equal likelihood of being non-metal-ligated or Zn-ligated, to a
10% probability of being non-metal ligated.
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are available), indicates that in the Cb chemical
shift range characteristic of Zn-ligated Cys
residues (27 ppm <dC13b<34 ppm, Figure 1) the
corresponding Ca values of Zn-ligated Cys are
downfield relative to Ca values in reduced non-
metal ligated Cys residues. Thus, characteristic Cb
shifts (27–34 ppm) and anticipated downfield (rel-
ative to reduced non-metal ligated Cys values) Ca
shifts for Zn-ligated Cys residues in b-strands are
completely consistent with the available data.
However, this is indeed just a prediction based on
data available for Cys residues in alpha and non-
regular secondary structures, which is yet to be
verified by experimental data. None-the-less, the
probability surfaces Cys residues in b-strands
(Figure 3a) can be estimated based on the data
for reduced (non-metal-coordinated) and oxidized
b-strand Cys residues, as well as all of the data for
the three classes of Cys residues in helical and non-
regular structures. Classifying cysteines with
the model incorporating all three parameters ( Ca
shift, Cb shift, and secondary structure class)
resulted in a predictor of Zn ligation and cysteine/
cystine oxidation state with a recall, precision and
F-measure of 83.7% and an accuracy of 95.1%.

Test protein

The predictive value of the probability surfaces
shown in Figure 3 were tested using the Bacillus
subtilis protein IscU (Swissprot locus: NIFU_-
BACSU). This protein provides a molecular scaf-
fold for the construction and delivery of Fe–S
clusters (Zheng et al., 1998; Agar et al., 2000). It is
widely known that many iron ligated proteins are
capable of binding Zn (Becker et al., 1998; Dauter
et al., 1996; Fujii et al., 1997; Lipscomb and
Strater, 1996). Indeed it has been shown that this is
the case with Haemophilus influenzae IscU (Liu
et al., 2005; Ramelot et al., 2004). B. subtilis IscU
has three cysteines: Cys128, Cys66 and Cys41.
Cys128 is in an a-helical secondary structural ele-
ment and the other two cysteines are found in
loop/turn regions. Our final hierarchical logits
model, and the probability surfaces shown in
Figure 3, predicted all three cysteines of IscU to be
Zn-ligated. The one helical cysteine, Cys128, has a
Ca=Cb chemical shift vector residing within
the >50% Zn-ligated probability region (Fig-
ure 3e). The two remaining cysteines, Cys41 and
Cys66 which correspond to loop/turn regions,

reside in the >90% and >50% Zn-ligated prob-
ability regions, respectively (Figure 3f). The fact
that all three cysteine residues are predicted to be
‘‘Zn-ligated’’ indicates a very high likelihood of
metal ligation by IscU. Moreover, preliminary
IscU structure calculations (carried out without
any metal-binding constraints) place all three
cysteines within 5 Å of each other.

To further validate the presence of a metal
ligand in IscU, we added EDTA to the NMR
sample (10 mM final concentration). If IscU pos-
sessed a metal which was susceptible to chelation
by EDTA, then addition of EDTA could lead to
structural destabilization. Figure 4a shows a well-
dispersed 2D 1H–15N HSQC NMR spectrum col-
lected on native IscU, indicative of a well-folded
structure. After adding EDTA, the spectrum col-
lapses (Figure 4b) in a manner indicative of global
destabilization due to metal chelation. Finally,
inductively coupled-plasma mass spectrometry
(ICP-MS) identified stoichiometric amounts of Zn
(0.9 mol Zn: mol IscU) and trace amounts of Fe
(<0.12 mol Fe: mol IscU). No appreciable
amounts of other metals (Mg, Al, Ca, Ti, Mn, Co,
Ni, Cu and Cr) were detected.

Discussion

Zn increases the nucleophilicity of thiol ligands by
functioning as a Lewis acid, biasing the thiol:thi-
olate equilibrium towards thiolate (Zhou et al,
1999). Greater nucleophilicity implies increasing
electron density on the sulfur atom, due to the
formation of a coordinate covalent bond to the
bound metal ion (Glusker et al., 1999). It therefore

Figure 4. 1H–15N HSQC spectra of (a) Zn-bound [U-15N] IscU
(�0.7 mM) in 20 mM Na2PO4, 50 mM NaCl, 10 mM DTT,
0.02% NaN3 at pH 6.5 and temperature of 20 �C, and (b) after
addition of 10 mM EDTA.
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seems plausible that the electron density around
both the adjacent Cb and Ca atoms of zinc-ligated
cysteine is reduced relative to a fully reduced non-
metal ligated cysteine. This de-shielding effect
would account for the observed downfield shift of
both Ca and Cb resonances of Zn-ligated Cys
residues.

Zn-coordinated cysteine residues can be iden-
tified by analysis of a combination of NMR data
including 13C chemical shift, secondary structure
and initial fold information. If a protein possesses
more than one Cys Ca=Cb chemical shift vector
within the >50% Zn distribution probability
contours shown in Figure 3, it is very likely that
the protein contains a cysteine-bound metal. In
this case, additional steps are required to validate
metal-ligation and to determine the nature of the
bound metal. First, based on our experience with
H. influenza IscU (Ramalot et al. 2004) and
B.subtilis IscU, we suggest that metal coordination
can often be validated by adding EDTA to chelate
out the divalent cation. If the 2D 1H–15N HSQC
NMR spectrum changes and/or the protein pre-
cipitates, then there is probably a divalent cation
functioning in a structural capacity. Second, if an
initial fold can be obtained (without using metal-
binding distance constraints), the potential metal-
binding site can sometimes be identified as three to
four potential ligands converging on one area of
the structure. In the case of Zn binding, the
metal binding site is generally anionic, and the
Zn-coordinating ligands are commonly cysteine,
histidine, and (less commonly) acidic residues (see
Table 2) and water (Lipscomb and Strater, 1996).
Finally, if these results support the identification
of a bound metal, ICP-MS can be used to deter-
mine the stoichiometry and type of metal present.

While the data available in the BMRB are
sufficient for the analysis of chemical shift data
characteristic of Zn-coordinated cysteine residues,
there are yet not sufficient data to characterize
effects on chemical shift of ligation by other met-
als. In particular, ‘‘Zn-ligated’’ Cys residues iden-
tified by carbon-13 chemical shift data, as
described here, may actually ligate metals other
than Zn. Definitive identification of the coordinating
metal must be made by follow-up analytical meth-
ods, such as ICP-MS.

As the quantity, quality, and variety of NMR
structures increase, so will the opportunity to
datamine structurally characteristic chemical shift

trends. Databases and tools such the RefDB
(Zhang et al., 2003), SHIFTCOR (Zhang et al.,
2003), and resonance assignment validation
methods (Moseley et al., 2004) are necessary to
address referencing and assignment errors. Using
these tools, together with the invaluable data re-
sources of the PDB and BMRB, additional
chemical-shift-based methods for characterizing
protein structure features can be expected in the
coming years.

Electronic supplementary material is available
at http://dx.doi.org/10.1007/s10858-006-0027-5.
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