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ABSTRACT: Escherichia coli and related bacteria require nickel for the synthesis of hydrogenases, enzymes
involved in hydrogen oxidation and proton reduction. Nickel transport to the cytoplasm depends on five
proteins, NikA-E. We have previously reported the three-dimensional structure of the soluble periplasmic
nickel transporter NikA in a complex with FeEDTA(H2O)-. We have now determined the structure of
EDTA-free NikA and have found that it binds a small organic molecule that contributes three ligands to
the coordination of a transition metal ion. Unexpectedly, His416, which was far from the metal-binding
site in the FeEDTA(H2O)--NikA complex, becomes the fourth observed ligand to the metal. The best
match to the omit map electron density is obtained for butane-1,2,4-tricarboxylate (BTC). Our attempts
to obtain a BTC-Ni-NikA complex using apo protein and commercial reagents resulted in nickel-free
BTC-NikA. Overall, our results suggest that nickel transport in vivo requires a specific metallophore
that may be BTC.

INTRODUCTION

Nickel, a rare element generally present at only nanomolar
concentrations in the environment (1), is nevertheless es-
sential for a variety of microorganisms having enzymes such
as NiFe hydrogenases, ureases, acetyl coenzyme A synthases
and one class of carbon monooxide dehydrogenases (1, 2).
In Escherichia coli and other related Gram negative bacteria,
high affinity Ni transport depends on the nikA-E operon. The
corresponding proteins, which are only expressed under
anaerobic conditions (3), belong to the family of ABC-type
transporters, generally involved in nutrient and peptide import
processes (4). The nik operon encodes two pore-forming
integral inner membrane proteins (NikB and C), two inner
membrane-associated proteins with ATPase activity (NikD

and E) and a periplasmic Ni-binding protein (NikA). The
expression of the Nik proteins is under the direct control of
the nickel-binding NikR, a DNA-binding protein whose
activity is, in turn, indirectly controlled by the availability
of molecular hydrogen (5, 6). In E. coli, three homologous
hydrogenases are Ni-containing enzymes, which activities
depend on Ni transport by proteins coded by the nik operon.

NikA is a 56 kDa protein of known three-dimensional
structure (7, 8) that was initially reported to bind a single
Ni(II) ion. Heddle et al. (8) described the metal binding site
of NikA as being a pocket rich in aromatic residues that
lodged a Ni(H2O)5

2+ species. However, work from our
laboratory has shown that, unexpectedly, aerobically ex-
pressed, recombinant NikA binds Fe(III)EDTA(H2O)- with
high affinity when purified in the presence of the metal
chelator (7). We have also shown that the same applies to
the structure deposited by Heddle et al. who used EDTA
during purification and a crystallization protocol very similar
to the one reported by us (7, 9). The high affinity binding of
the aminocarboxylate chelator EDTA to the Ni-binding site
of NikA suggested to us that a chemically similar, natural
metallophore could be involved in periplasmic Ni transport.
Initially, this proposition seemed to be at odds with EXAFS1
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results that indicated Ni binding to recombinant apo NikA
(10). However, in a recent report, Addy et al. have explained
this apparent contradiction (11): using X-ray crystallography
and other techniques these authors have identified a second
NikA Ni-binding site, far from the supposedly physiological
one that we found can bind FeEDTA. It has also been
reported that NikA binds heme, and a physiological role in
the transport of this molecule has been postulated (12).

Here, we report the 2.5 Å resolution crystal structure of
periplasmic NikA extracted using an EDTA-free protocol
(13). An electron density omit map indicates that, under these
conditions, NikA binds Ni and other metal ions chelated by
a small organic molecule of unknown origin and structure.
Based on the shape and size of the electron density and by
comparison with FeEDTA binding to NikA we postulate that
the small chelator is either butane-1,2,4-tricarboxylate (BTC)
or, less likely, propane-1,2,3-tricarboxylate (tricarballylate).
Indeed, a mass spectrometric (MS) analysis favors BTC as
the endogenous metal chelator. In addition, the conforma-
tionally very similar crystal structure of N-[(carboxyl-
atomethyl)aspartate(3-)]-(ethylenediamine)cobalt(III) tri-
hydrate (14) also lends support to our proposition that the
NikA-bound putative endogenous chelator has three metal-
bound carboxylate groups. We also have found that com-
mercial racemic BTC binds apo NikA at the same chelator
site but without metal, even in the presence of excess Ni.

Based on the results reported here, we postulate that the
novel protein-chelator complex we observe in chloroform-
extracted NikA crystals may correspond to a natural
NikA-Ni-metallophore species.

EXPERIMENTAL PROCEDURES

Periplasmic NikA Expression and Purification. Periplasmic
NikA was overproduced by growing 5 L of BL21(DE3)
carrying the IPTG-inducible expression vector pET22b-nikA
(a kind gift from Dr. Long-Fei Wu) in rich LB medium at
37 °C. The periplasmic NikA was extracted by stirring the
cells in a solution containing 2.5 mL of chloroform per gram
of cells (wet weight) and complete antiprotease cocktail
(Roche) at 37 °C for 3 h (13). The extraction was stopped
by adding 10 volumes of 40 mM Tris, pH 7.4 (buffer A)/
volume of chloroform, the cell debris was spun down at
15,000 rpm for 45 min at 4 °C and the supernatant solution
was adjusted to 40% (w/v) ammonium sulfate. The resulting
soluble fraction was concentrated by precipitation with 80%
(w/v) ammonium sulfate and resolubilization in buffer A.
The solution was then dialyzed and further purified by two-
step anion-exchange chromatography using Q-Sepharose and
Resource Q columns, equilibrated with buffer A. NikA was
eluted with an ascending sodium chloride gradient. A total
of approximately 5 mg of pure NikA per L of culture was
obtained by this procedure. The protein was concentrated to
8.0 mg/mL in buffer A.

Cytoplasmic Apo NikA Expression and Purification. Cy-
toplasmic NikA (CA-NikA) was overproduced in E. coli
BL21(DE3) strain using the IPTG-inducible vector pET28b
(a kind gift from Dr. Jeremy Tame) in LB medium at 37
°C. Cells were resuspended with buffer A containing a
protease inhibitor complex (Roche) and passed twice through
a French press. Cell debris was removed by centrifugation,
and the NikA-containing soluble extract was treated as

described above. A total of approximately 75 mg of pure
NikA per liter of culture was obtained.

Protein Concentration Determination. NikA concentration
was determined by either OD measurements at 280 nm using
an ε ) 72.83 mM-1 cm-1 (15) or by using a standard curve
obtained from BSA solutions titrated with rose bengal.

Crystallization. Hexagonal prisms of chloroform-extracted
NikA (CE-NikA) were obtained using the conditions initially
described in Charon et al. (9). The best crystals were obtained
when 1 µL from the reservoir solution, containing 1.5 M
ammonium sulfate in 100 mM sodium acetate, pH 4.7, was
mixed with 4 µL of an 8.0 mg/mL CE-NikA solution and
the resulting hanging drop was equilibrated against 1 mL of
the reservoir solution at 20 °C. In the case of the NikA/Ni/
BTC experiment the crystallization conditions were similar
to the ones described above except that (1) the 8.0 mg/mL
CA-NikA solution was preincubated with 5 molar equiv of
BTC and 2.5 molar equiv of NiCl2 (relative to the protein
concentration) and (2) three molar equiv of BTC and 1.5
molar equiv of NiCl2 were added to the reservoir solution
before mixing it with the protein solution while setting the
hanging drops.

X-ray Fluorescence Measurements. The X-ray fluores-
cence from periplasmic CE-NikA crystals was monitored
with a solid state Röntec XFlash detector operating at the
BM30A beam line (Figure 1). The detector was placed at
90° from the incident X-ray beam to minimize scattering.
The device server to run the detector on ESRF beam lines
and the Graphical User Interface to monitor the X-ray
fluorescence have been developed by A. Beteva (ESRF) and
J. Joly (BM30A), respectively.

Mass Spectrometry. Noncovalent MS measurements of
CE-NikA were performed using a Q-TOF Micro mass
spectrometer (Micromass, Manchester, U.K.) equipped with
an electrospray ion source. It operated with a needle voltage
of 3.0 kV, sample cone and extraction cone voltages of 150
and 2 V, respectively. (Backing Pirani pressure was set at
6.48 mbar.) The mass spectra were recorded in the 2700-6000
mass-to-charge (m/z) range. Sample concentration was 27
µM in 20 mM ammonium acetate and continuously infused
at a flow rate of 7 µL/min. Data were acquired in the positive
mode, and calibration was performed using a solution of 0.5
mg/mL CsI in water/isopropyl alcohol (1/1 v/v). Mass spectra
were acquired and data were processed with MassLynx 4.0
(Micromass) (Figure 2).

Data Collection and Structure Solution. A native data set,
here called λ4 (λ ) 0.9330 Å), was collected from a
hexagonal CE-NikA crystal to 2.5 Å resolution at the ID14-
EH2 beam line of the European Synchrotron Radiation
Facility (ESRF) (Table 1). The structure was solved by the
molecular replacement method using the atomic coordinates
of the NikA-FeEDTA(H2O)- complex previously reported
by us (PDB code 1zlq) and the program PHASER (16). A
well-contrasted solution was obtained with three NikA
molecules per asymmetric unit (not shown).

In order to identify the nature of the metal bound to CE-
NikA, three additional sets were subsequently collected from
a single crystal at the following X-ray wavelengths: λ1 )
1.7450 Å and λ2 ) 1.7392 Å (low- and high-energy sides
of the iron absorption edge, respectively) and λ3 ) 1.4852
Å (maximum f′′ for nickel) at the ESRF French BM30A
beam line (Tables S1 and S2a in the Supporting Information).
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Additional X-ray diffraction data collected from a crystal
grown in the presence of excess Ni showed significant
substitution of Fe and Zn by that ion (Table S2b in the
Supporting Information).

A 2.8 Å resolution data set was collected at the ID14-
EH3 beam line of the ESRF from a CA-NikA crystal grown
in the presence of BTC (Chem Service, West Chester,
England) and NiCl2. The structure of the resulting complex
was solved as described above for the CE-NikA crystals.
All the data sets were collected at 100 K using crystals
soaked in the crystallization solution with 25% (v/v) glycerol
added as a cryoprotectant.

Crystallographic Refinement. CE-NikA Crystals. The three
CE-NikA molecules in the asymmetric unit were refined with
REFMAC (17) and programs from the CCP4 suite (18)
without applying noncrystallographic symmetry (the three
molecules display different conformations, see below). The
model was periodically examined using computer graphics
and the program Coot (19). Solvent was progressively added

using ARP/WARP (20) (Table 1). CA-NikA Crystals. An
equivalent procedure was used for the refinement of the
structure from CA-NikA crystals soaked with BTC and NiCl2

(Table S3 in the Supporting Information).

RESULTS

Crystal Structure of CE-NikA. In order to determine the
structure of NikA without the tightly bound FeEDTA
complex, we extracted the overexpressed protein from E.
coli periplasm using chloroform (13). This allowed us to
reproduce the hexagonal crystals obtained several years ago
(9), before we switched to an EDTA-based periplasmic
extraction. Surprisingly, the refined 2.5 Å resolution struc-
tures of the three independent molecules from these hex-
agonal crystals have conformations that are less open than
the ones observed for the apo protein (8) and the
FeEDTA(H2O)--NikA complex (7) (Figure 3). Furthermore,
the three molecules in the asymmetric units are not equiva-

FIGURE 1: X-ray fluorescence spectrum measured on a single hexagonal NikA crystal at beam line BM30A of the ESRF. Note the detection
of nickel, iron and zinc. We confirmed the presence of these ions in the crystal structure in X-ray anomalous difference electron density
maps (see Supporting Information).

FIGURE 2: Noncovalent mass spectrum of as-prepared CE-NikA. Peak A corresponds to the metal-free protein whereas peak B matches a
Ni-butane-1,2,4-carboxylate-Cl--NikA complex within experimental error.
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lent: due to less tight packing, molecule C has a Baverage )
60 Å2 compared to values of 48.5 Å2 and 46.8 Å2 for
molecules A and B, respectively (see Supporting Informa-
tion).

Metal Content. X-ray fluorescence indicated the presence
of Ni, Fe and Zn in the original CE-NikA crystals (Figure
1). Consequently, we calculated three anomalous scattering
difference Fourier maps with X-ray diffraction data collected
at four different wavelengths (see Experimental Procedures).
The maps had (λ2-λ1), (λ3-λ2) and (λ4-λ3) coefficients to
determine the presence of Fe, Ni and Zn, respectively. These
results are summarized in Table S2a in the Supporting
Information. Molecules A and B seem to contain mixtures
of Fe, Ni and Zn at the metal-binding site whereas molecule
C lacks Fe. A subsequent experiment where X-ray data were
collected from a CE-NikA crystal grown in a drop containing
a saturating concentration of NiCl2 indicated that Ni signifi-
cantly displaced Fe and completely substituted Zn at the
NikA metal-binding site (Table S2b in the Supporting
Information).

Electron Density Corresponding to a NoVel Chelator and
Geometry at the Ni-Binding Site in CE-NikA. Only molecule
B will be discussed here because it is the most ordered one
(Table S4 in the Supporting Information) and provided the
clearest omit map. The electron density surrounding the metal
ion in this map seems to correspond to a small organic
molecule. (Corresponding maps for molecules A and C are
depicted in Figure S1 in the Supporting Information). As
we previously proceeded with the FeEDTA-NikA complex
(7), we attempted the interpretation of the electron density
by a stepwise approach. The presence of at least two
carboxylates was suggested by the omit electron density map
shape near Arg97 and Arg137 which bind the FeEDTA
complex (7) (Figures 4 and 5). Furthermore, the remaining
electron density was compatible with a third carboxylate also

positioned as in the Fe EDTA-NikA complex. The cation-π
interaction with Trp398 we noticed in the FeEDTA-NikA
complex (7) is also present in the CE-NikA structure, with
an indol-to-metal distance of 5.5 Å and a θ0 angle of 16°
which fall within expected values (21). The absence of a
fourth carboxylate moiety in NiMP allows His416 to form
a direct bond to the metal ion. The interaction with a histidine
side chain is the only direct metal-NikA contact observed
so far. The three carboxylates and histidine ligand form a
square planar coordination around the metal ion (Figure 5).
A similar coordination of a nickel ion is observed in the E.
coli repressor NikR, involving three histidine and one
cysteine ligand (22). The His416 approach to the Ni ion
results from the relative movement of the “lower” lobe of
the protein toward the “upper” lobe forming the least open
structure yet described (Figure 3). His416 is respectively 8.5
Å and 5.6 Å closer to the metal binding site in the CE-NikA
and Fe-EDTA-NikA complexes than in the apo-structure
(Figure S2 in the Supporting Information). The interactions
around the metal ion in CE-NikA are summarized in Fig-
ure 6.

The best fit to the omit electron density map for the
putative Ni metallophore (NiMP) was obtained with the
chiral R-BTC (Figure 5) followed by tricarballylate (Fluka)
(not shown). Indirect evidence that the NiMP in CE-NikA
could be BTC or a closely related molecule was obtained
from mass spectrometry. Peak A in Figure 2 corresponds to
apo NikA with 56,306.9 ( 6.8 g/mol whereas peak B
represents a mass of 56,588.0 ( 5.6 g/mol. The difference
between apo-NikA and the species that gives rise to peak B
is 280.1 g/mol. If we assume a mass of 58 Da for the Ni ion
and of 187 Da for BTC, there is an excess of 35.1 Da that
needs to be accounted for. The most likely candidate to
explain this difference is Cl-, with an average mass of 35.5
Da. Indeed, by lowering the contour level from 3.0 to 1.0 σ
in the omit electron density map, it is possible to observe
the hint of a fifth ligand which would make the Ni
coordination square pyramidal (Figure S3 in the Supporting
Information).

Formation of a BTC-NikA Complex Using Apoprotein
and Racemic Butane-1,2,4-tricarboxylate. A mass spectro-
metric experiment indicated that the cytoplasmic overex-
pressed, EDTA-free NikA is mostly in the apo form with a
small fraction of acetate-protein complex (∆ mass ) 70
Da) but no indication of a NikA-NiMP complex (not shown).
Attempts to crystallize this material in our laboratory have
been unsuccessful. On the other hand, we obtained hexagonal
crystals when a CA-NikA solution was preincubated with
commercial racemic BTC and NiCl2 (see Experimental
Procedures). Unfortunately, the structure derived from these
crystals shows only metal-free BTC bound at the site
occupied by FeEDTA in our previous structure (Figure S4
in the Supporting Information). Similar results were obtained
with tricarballylate (not shown). This means either that the
putative NiMP is not one of these two molecules or that
under our experimental conditions the formation of their Ni-
containing complexes with NikA is not possible. In spite of
the limited 2.8 Å resolution, the shape of the electron density
suggested that both BTC enantiomers bind to NikA. Con-
sequently, the S- and R-racemates of this small molecule were
modeled into the omit map (Figure S4 in the Supporting
Information). The BTC carboxylate in position 1 occupies a

Table 1: Data Collection and Refinement Statistics for the CE-NikA
Structurea

wavelength (Å) 0.9330
space group P62

unit cell (Å) a ) b ) 158.6; c ) 134.9
resolution range (Å) 20.0-2.5 (2.6-2.5)
Rmerge

b (%) 4.6 (27.8)
Rmeas

c (%) 5.3 (32.6)
I/σ 18.6 (5.4)
completeness (%) 97.0 (92.7)
redundancy 3.7 (3.7)
Nmeasured 474 337 (50 477)
Nunique 127 391 (13 530)

R factor/Rfree factor (%) 19.9/27.0
no. of protein atoms 12 094
no. of water molecules 265
average B-factor (Å2):

all atoms 51.0
protein atoms 51.3
solvent atoms 48.8
ligand atoms (BTC + Ni) 58.9

rms deviations
bonds (Å) 0.019
angles (deg) 1.963

Ramachandran plot:
residues in most favorable regions (%) 87.9
residues in additional allowed regions (%) 10.9
residues in generously allowed regions (%) 1.0
residues in disallowed regions (%) 0.2

a Last resolution shell shown in parentheses. b Rsym ) Rmerge ) ∑h |Îh

- Ih,i|/∑h∑inhIh,i. c Rmeas ) ∑h�[nh/(nh - 1)]∑inh|Îˆh - Ih,i|/∑h∑inhIh,i with
Îh ) (1/nh)∑inhIh,i.
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region also modeled as a NiMP carboxylate in CE-NikA and
the FeEDTA-NikA complex (Figures 4 and 5). As in the

former, His416 approaches the Ni-chelator binding site
where, however, in the absence of Ni, it forms a hydrogen

FIGURE 3: Stereopair of the superposition of apo (blue) (8), Fe-EDTA-containing (green) (7) and chloroform-extracted (CE) NikA (red).
The PDB codes are 1uiv, 1zlq and 3dp8, respectively. The polypeptide chains are depicted as tubes. The angle formed between the two
protein lobes is of 26°, 18° and 11° for the apo, Fe-EDTA and CE-NikA, respectively. The corresponding number of hydrogen bonds
between the lobes is 10, 14 and 21. Figures 3, 4 and 5 were prepared with PyMol (28).

FIGURE 4: Stereopair depicting the FeEDTA(H2O)--NikA complex (7).

FIGURE 5: CE-NikA Ni-binding site structure with butane-1,2,4-tricarboxylate modeled into the omit electron density map (the nickel ion
was included in phases and structure factor calculations). The bonds between nickel (green ball), the three putative carboxylate functions
and His416 are depicted as thin lines. The putative Cl- is not shown (see Figure S3 in the Supporting Information).
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bond with the carboxylate function in position 2 of BTC.
Finally, the BTC carboxylate in position 4 seems to have
two different conformations depending on the enantiomer.
In S-BTC it interacts directly with both Arg137 and Tyr402,
whereas in R-BTC, as in the FeEDTA-NikA and CE-
NikA-NiMP complexes (Figures 4 and 5), the interaction
with Tyr402 is mediated by a water molecule (Figure S4 in
the Supporting Information). So, although the conformations
of nickel-bound NiMP and added BTC are different, except-
ing Tyr382, the same NikA residues are involved in the
binding in both cases.

DISCUSSION

Taken together, our results clearly indicate that NikA can
bind at least two different metal-chelator complexes. When
the periplasmic extraction is carried out using EDTA, NikA
crystallizes in the P212121 orthorhombic space group, as a
FeEDTA-protein complex (7). We have shown that Heddle
et al. obtained a similar metal-EDTA crystalline complex
when the protein was overexpressed in the cytoplasm and
EDTA was added during the purification procedure (7, 8).
Also, several years ago when we added an excess of EDTA
to the CE-NikA crystallization solution, we obtained orthor-
hombic crystals that we can conclude now contained a
metal-EDTA complex. Thus regardless of whether EDTA
is added initially for the periplasmic extraction or later during
either purification or crystallization, it binds to NikA as
metal-EDTA(H2O)- and the protein yields orthorhombic
crystals of this complex. The hexagonal crystals we reported
earlier (9) could only be now reproduced from a sample
where the periplasmic extraction of NikA was performed
using chloroform and in the absence of EDTA. It was
surprising to find that under these conditions CE-NikA binds
nickel in complex with a putative endogenous NiMP because
we expected the hexagonal crystals to correspond to the
apoprotein. When CE-NikA-containing drops were equili-
brated in the presence of up to a 20-fold molar excess of

EDTA, only the hexagonal, NiMP-containing crystals were
obtained (even when the solutions were seeded with orthor-
hombic microcrystals). However, at 50-fold molar EDTA
excess, orthorhombic microcrystals used as seeds could be
grown, as was the case with NikA extracted in the presence
of EDTA. No hexagonal crystals could be obtained under
these conditions. This experiment suggests that NiMP can
be displaced by a (relatively) high concentration of EDTA.

Our finding that, besides Ni, Fe and Zn bind to the
metallophore in NikA is intriguing. This may be due to the
fact that the amount of periplasmic NikA produced during
its overexpression is larger than the amount of nickel ions
available. Excess NikA would then bind the metallophore
in complex with either Fe or Zn, which are common ions
and will be found as traces in media and buffers. One
indication that the metallophore may have a better affinity
for nickel than for Fe or Zn is the fact that the former
displaced the latter in our crystals.

Attempts to extract and characterize NiMP have been
unsuccessful so far. Alkylation of extracts obtained by
denaturation of CE-NikA followed by gas chromatography
did not produce any species that could be assigned to a
derivative of BTC (J. Lorquin, personal communication). MS
experiments of denatured CE-NikA were also inconclusive.
One of the major problems has been to obtain enough NiMP
from the protein samples, as it appears very difficult to
dissociate it from NikA. As mentioned above, we know it
can be done with a large excess of EDTA but then this
chelator will severely interfere with subsequent characteriza-
tion experiments.

Biological tricarboxylates such as citrate, isocitrate and
aconitate appeared as obvious candidates to be the NiMP.
However, they do not fit well in the electron density because
(1) the endogenous molecule seems to be slightly longer (also
a problem for tricarballylate), (2) the OH group of citrate
and isocitrate does not have matching density, and (3) the
double bond in aconitate makes this molecule incompatible
with the observed omit map electron density shape. BTC
displays the best fit to the omit map. Although in E. coli
there is no described metabolic pathway for the synthesis of
BTC, a puzzling observation by White et al. (23, 24) may
be relevant to this problem: E. coli cell extracts overexpress-
ing the product of the MJ0503 gene from Methanococcus
jamaschii synthesized trans-homoaconitate and R-homoci-
trate when supplied with 2-ketoglutarate and acetyl-CoA.
This was a surprising result because these molecules had
not been previously described as metabolites. The authors
concluded that native E. coli aconitase-like enzymes cata-
lyzed the synthesis of these molecules (23). trans-Homoa-
conitate could then be reduced to BTC by a fumarate
reductase-like enzyme. Evidence for the biosynthesis and
utilization of the (less well-suited) tricarballylate by micro-
organisms has been found in the digestive tract of rumin-
ants (25, 26). Tricarballylate can complex magnesium ions,
which are then excreted with pathological consequences for
the animal. Although E. coli does not normally synthesize
tricarballylate (26), it could import it (or a precursor) from
the medium.

In summary, we have shown that in the hexagonal crystals
NikA can bind an unidentified chelator most likely containing
three carboxylate functions that may come from the culture
medium or it is endogenous to E. coli. Indeed we have found

FIGURE 6: LIGPLOT (29) drawings depicting the putative
BTC-Ni-NikA interactions.
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that the structure of N-[(carboxylatomethyl)aspartate-
(3-)]-(ethylenediamine)cobalt(III) trihydrate (14) bears
significant similarities with our model of BTC in the CE-
NikA structure (Figure S5 in the Supporting Information).
Determination of nature and origin of NiMP will have to
wait for further investigations. In an effort to better under-
stand the possible physiological relevance of a nickel
metallophore we have started a site-directed mutagenesis
program of residues involved in Ni and NiMP binding,
including His416.

One may wonder why nickel transport should require a
metallophore. NikA belongs to a family of periplasmic
transporters that bind peptides and other organic molecules
(4, 27). Maybe evolution could not modify the binding site
of such transporters to coordinate a naked metal ion but it
was possible to adapt the site to bind a small organic
chelator-metal complex.
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position of His416 in apo, FeEDTA and CE-NikA, (3)
the final omit map with a small peak corresponding to the
putative Cl-, (4) the binding of added BTC to NikA and (5)
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N-[(carboxylatomethyl)aspartate(3-)]-(ethylenediamine)co-
balt(III) trihydrate. This material is available free of charge
via the Internet at http://pubs.acs.org.
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