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A n estimated one-third of all proteins bind metal
ions (1−3). Essential metal ions, including cal-
cium, iron, copper, and zinc, are imported first

into the cell and then further into various cellular com-
partments, as they are carefully directed into the correct
metalloproteins. Exactly how the “right” metal gets to
the “right” spot is not well understood, and it is likely
to depend on the protein in question. In select path-
ways, metal homeostasis is accomplished by partner-
protein specific metallochaperones (1, 2), and these
proteins clearly play an important role. Yet, metal ion
availability can also exert a controlling influence on the
activity of metalloproteins, overriding even the thermo-
dynamics of coordination chemistry through the estab-
lishment of kinetically trapped states (3). In any case, it
appears likely that the intracellular distribution and spe-
ciation of metals is a dynamic process that is influ-
enced by external stimuli and physiological factors. Re-
cent improvements in our ability to visualize biological
metals at the cellular level have brought us a new under-
standing of the dramatic extent to which the organiza-
tion of metals within the cell may change during physi-
ological events. For example, copper extensively
relocalizes in endothelial cells during the morphogenic
process of angiogenesis (4), and there are significant
changes in elemental distributions and concentrations
within aorta endothelial cells when exposed to oxidative
stress associated with cardiovascular disease (5) and
to neurons in models of stroke (6).

In addition to the above-mentioned factors, the physi-
ology of metal ion distribution among proteins may be
perturbed by metallopharmaceuticals (7) and environ-
mental pollutants (8). Both types of metal compounds
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ABSTRACT Growing evidence points toward a very dynamic role for metals in bi-
ology. This suggests that physiological circumstance may mandate metal ion redis-
tribution among ligands. This work addresses a critical need for technology that
detects, identifies, and measures the metal-containing components of complex
biological matrixes. We describe a direct, user-friendly approach for identifying and
quantifying metal�protein adducts in complex samples using native- or SDS-
PAGE, blotting, and rapid synchrotron X-ray fluorescence mapping with micro-
XANES (X-ray absorption near-edge structure) of entire blots. The identification
and quantification of each metal bound to a protein spot has been demonstrated,
and the technique has been applied in two exemplary cases. In the first, the spe-
ciation of the in vitro binding of exogenous chromium to blood serum proteins was
influenced markedly by both the oxidation state of chromium exposed to the se-
rum proteins and the treatment conditions, which is of relevance to the biochem-
istry of Cr dietary supplements. In the second case, in vivo changes in endogenous
metal speciation were examined to probe the influence of oxygen depletion on
iron speciation in Shewanella oneidensis.
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interact extensively with proteins, including the binding
of platinum and ruthenium anticancer drugs to blood se-
rum proteins (7, 9, 10) and detoxification of cadmium
and mercury ions by metallothioneins (8). A specific ex-
ample may be seen in chromium biochemistry (11).
Chromium in its highest oxidation state (Cr(VI)) is a rec-
ognized human carcinogen (12) and one of the most
widespread industrial and environmental pollutants
(11). The most stable oxidation state of Cr (Cr(III)), on
the other hand, is considered by many nutritionists as
an essential trace element involved in glucose metabo-
lism in humans (13), although this has been questioned
(14, 15). The balance of toxic and beneficial actions of
Cr compounds is likely to be determined by their inter-
actions with biomolecules, primarily proteins and endo-
genous oxidants (H2O2, organic peroxides, etc.), both
within cells and in the extracellular space (14, 15).

Clearly, in order to understand better the roles of met-
alloproteins in living systems, it is necessary to under-
stand their chemistry under conditions that are as close
to in vivo biochemistry as possible, ideally capturing
the dynamics of metal occupancy that accompany
physiological events. The most straightforward way to vi-
sualize the metal�protein interactions is through imag-
ing. Imaging of 2-D electrophoresis gels is a “gold stan-
dard” of analysis in proteomics. This could be an ideal
initial step to unraveling the challenge of capturing
changes in metal occupancy. Yet, up to this point, we
cannot image or map the metals bound to proteins
separated in this way as readily as we can stain and im-
age the proteins themselves. Many unique challenges
exist. The very low levels of metals in typical biological
samples demand exceptionally high sensitivity for metal
determination. Low-relative-abundance metalloprotein
components of complex mixtures may correspond to
mere picograms of detectable metal, even when the
maximum resolvable protein loads are separated on a
given gel.

Several metal detection methods useful at these con-
centrations exist; these include atomic absorption spec-
trometry, inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and inductively coupled plasma
mass spectrometry (ICP-MS) (16, 17). Such techniques
are very useful for measuring the total quantity of a
metal of interest in a solution sample but typically not
the spatial distribution of elements within samples. A
notable exception to this is laser-ablation inductively
coupled plasma mass spectrometry, in which a laser

source is used to vaporize selectively an area of sample
(18−22), thus allowing some spatial discrimination,
and some respectable progress has been made to marry
these techniques (3, 23). On the other hand, synchro-
tron X-ray fluorescence microprobe detection (XRF) is re-
markably well-suited to the task as a nondestructive
technique that provides both high sensitivity and in situ
sample measurement in a true raster-scan imaging, or
mapping, modality with quantitative detection of low-Z
elements such as sulfur to enable direct complementary
and simultaneous quantification of the proteins them-
selves (24). Further, it presents the opportunity to inter-
rogate the chemical state of metal cofactors using X-ray
absorption spectroscopy (XAS) (25). This precise combi-
nation of properties makes it attractive for develop-
ment as a mapping technique to pair with gel
electrophoresis.

Previous experiments have used XRF to identify the
positions of metalloproteins on one-dimensional iso-
electric focusing materials (16, 26−34) or on native or
denaturing polyacrylamide gel electrophoresis (SDS-
PAGE) substrates (16, 31−35) to demonstrate the feasi-
bility and sensitivity of this technique. The high-
throughput identification of metalloproteins is a long-
standing goal (36−38), and advances in imaging or
mapping of metals at the cellular level have only rein-
vigorated interest in its fulfillment. In this context, we
now describe an approach that combines
metalloprotein-friendly separations with rapid XRF scan-
ning at newly dedicated, publicly available facilities at
beamline 8-BM of the Advanced Photon Source at Ar-
gonne National Laboratory. The use of these tools to ad-
dress the interactions of chromium with serum proteins
in an in vitro setting and to demonstrate the ability to
monitor endogenous metals at levels present in vivo by
observing changes in the speciation of iron during oxy-
gen depletion in S. oneidensis are reported.

RESULTS AND DISCUSSION
Observing the Use of Metals: a Mapping Approach.

All living systems depend on metalloproteins (1, 2, 16,
17, 39−41). Considering that metals themselves are
fluorescent when excited at X-ray energies, we sought
to enable combined XRF and XAS characterization of
metalloprotein molecules separated by electrophoresis
to create a user-friendly and rapid technique for the
study of metalloproteins. To this end, a simple but rapid
mapping apparatus (Figure 1) was assembled. In this
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prototype instrument, undulator-generated hard X-rays
were monochromatized and passed through a pinhole.
An incident energy of 10 keV was chosen to excite ele-
ments up to Z � 30 (zinc), but the energy range can be
easily adjusted to incorporate higher values to enable
detection of higher-Z elements (e.g., Se), at the cost of
somewhat reduced sensitivity for the lower-Z elements.
Full X-ray fluorescence spectra, including data on all el-
ements from sulfur through zinc, were collected using a
single-element detector as the blot was raster-scanned
through the X-ray beam. Using this instrument, a native-
PAGE separation of metalloproteins (to prevent disrup-
tion of metal ion coordination by denaturation) was ex-
amined initially to obtain the map shown (Figure 2). The
top right panel shows a photograph of the PVDF blot,
which includes prestained molecular weight standards,
in order to facilitate the visual orientation of the sample
at the beamline. Hemoglobin (Hb) bands are visible in
this picture due to their natural brown color. Other pan-
els in Figure 2 include selected elemental distribution
maps of the blot obtained by XRF mapping, including
those for iron, copper, and zinc. Zinc is clearly present
in the carbonic anhydrase (CA) band but is not detected
in any other bands. Likewise, only hemoglobin con-
tains measurable iron. Copper is present both in the ty-
rosinase (Tyr) band as well as faintly in two bands of the
carbonic anhydrase sample, possibly due to the partial
replacement of Zn(II) with Cu(II) during isolation and pu-
rification of the protein. Subsequent mapping of a gel
containing only a carbonic anhydrase isoform II sample
from Sigma showed that it did not contain any copper
(as in Figure 3) and migrated as one band. Finally, the far
right lane (mix) shows that each metalloprotein may be
individually resolved when separated from each other in
a mixture.

Perhaps equally critical to the success of this ap-
proach was the method of separation that was de-
signed to minimize changes in speciation. As can be
seen in Figure 3, classical denaturing SDS-PAGE com-
pletely removes the metals from the proteins we tested.
Native-PAGE is certainly nothing new, and comparison
of results we obtained making our own gels with Milli-Q
water did not afford significant advantages over com-
mercially available products. However, all of the equip-
ment used had to be kept rigorously clean and manipu-
lated only with clean plastic tweezers, and unnecessary
reductants or chelating agents had to be avoided. Stain-
ing techniques, which tend to utilize acidic solutions

that may disrupt the coordination of metal ions, were en-
tirely avoided prior to mapping by XRF. We found signifi-
cant advantages to mapping blots over mapping the
gels themselves. Not only does the PVDF provide a lower
background level of fluorescence, but it is stringently
flat, making it possible to keep the sample to detector
distance constant during scanning (and thus avoid po-
tential artifacts in metal quantification).

It may be argued that native separations do not pro-
vide adequate resolution in some situations. Certainly,
the use of detergent (SDS), reductants, and chelating
agents to remove the influence of shape and charge on
separation has its advantages. As we continue to study
the way that metalloprotein complexes are affected by
separation methods, we hope to find ways to address
further the difficult task of separating proteins from each
other without separating them from their metals. In the
case of interactions of chromium with serum proteins,
described in detail later, some improvements in resolu-
tion with minimal loss of chromium were achieved
through the addition of SDS alone. It is likely that we
were able to observe this interaction despite the pres-
ence of SDS because these exogenous metal com-
pounds bind adventitiously to exposed donor groups
on the surface of the protein (42). Approaches like this
may be useful in other cases.

Figure 1. Prototype instrument for XRF scanning of electrophoretic
separations. Undulator generated X-rays are monochromatized and
passed through a pinhole. The sample was raster-scanned through the
X-ray beam, and emitted X-ray fluorescence was collected at 90°. The
signal was then deconvolved pixel-by-pixel to produce elemental maps
of the sample for each metal. The abbreviation MW is used to mark
lanes where molecular weight marker was applied.
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Detection Limits and Experimental Sensitivity. In or-
der for this approach to be of general utility, its sensitiv-
ity must be well matched to the questions at hand.
Many experiments, such as those looking at overex-
pressed or semipurified metalloproteins, may be well
within the sample concentrations that were examined
in the experiment depicted in Figure 2. Others, such as
those in which low-relative-abundance metalloproteins
within complex natural samples are interrogated, may
have higher demands. The sensitivity of our technique
was evaluated by assessing the minimal detectable lev-
els of metalloproteins under the currently available ex-
perimental conditions.

In establishing experimentally the minimal detect-
able levels of metalloproteins, a dilution series of jack
bean urease was run by loading a series of wells with
23, 7, 2.3, and 1.1 �g of the protein. The native Tris-
glycine gel was then run, blotted to PVDF, and mapped
by scanning XRF (Figure 4). Both nickel, the natural co-
factor of this protein, and sulfur, which is mainly present
in cysteine and methionine residues, were visualized.
Selecting the protein bands in the map as regions-of-
interest (ROIs) using MAPS software (43), the signal from
the protein bands was compared with the background
from a similar region away from any protein. The thresh-

old at which the signal surpassed three times the noise
corresponded to 225 ng of protein (or 2.5 pmol) for sul-
fur, and 60 ng of protein (or 0.6 pmol) for nickel, reflect-
ing the fact that our methods are more sensitive for
nickel. Many factors affect this value, which is yet to be
fully optimized. Trace metal contamination of the PVDF
substrate and buffers may be further addressed. Addi-
tionally, the planned installation of a helium-filled
sample chamber will reduce X-rays scattering off air
that contributes to background through incomplete
charge collection. It will also significantly reduce absorp-
tion of emitted low-energy X-rays and thus greatly im-
prove the sensitivity of the instrument for low-Z ele-
ments, such as sulfur and phosphorus. The latter is
important in determining the positions of phosphory-
lated proteins. It should be noted that comparison of
identical urease samples directly applied to the PVDF
membrane relative to those run through native-PAGE
and blotted indicate that roughly 50% of the analyte
metalloprotein may be lost during native-PAGE and blot-
ting. While some losses are likely to be unavoidable, fur-
ther optimization of electrophoretic methods, as dis-
cussed earlier, may reduce them. We have begun to
investigate the effects of varying running voltage, tem-
perature, and buffer systems. Future work is planned to

Figure 2. XRF map of a one-dimensional native-PAGE blot of multiple metalloproteins. (Upper right) Photograph of
blot. (Upper left) Zinc map shows zinc present in carbonic anhydrase (CA). (Lower left) Iron map shows iron
present in hemoglobin (Hb). (Lower right) Copper map shows copper present in tyrosinase (Tyr), as well as a con-
taminant in carbonic anhydrase. Maps displayed are quantified, with threshold values in �g/cm2.
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address, in a systematic manner, the many factors af-
fecting the preservation of metal�protein complexes
during electrophoresis and further improve the overall
experimental sensitivity.

Analysis of Chromium Binding to Blood Serum
Proteins. Metallopharmaceuticals and environmental
pollutants introduce metals into biological systems, cre-
ating changes that we need better tools to character-
ize. In an in vitro study, we spiked blood serum with
chromium(III) and chromium(VI) compounds to mimic
its role as a pharmaceutical or environmental pollutant
(Figure 5 and Figure 6) (7, 8). While native-PAGE per-
formed on these samples showed poor protein migra-
tion (see Supporting Information), the addition of SDS
appeared to cause minimum disruption to the
chromium�protein interactions while allowing better
migration of the protein bands. This is likely to be asso-
ciated with the inert nature of Cr(III)�ligand bonds com-
pared to those of more labile metal ions. Figure 5,
panel a shows that the two main protein bands in mini-
mally disruptive SDS-PAGE of albumin-depleted bovine
serum are those of the monomer bovine serum albumin
(BSA, �65 kDa) and the BSA dimer (�130 kDa) linked
by a disulfide bond formed by air oxidation of the single
cysteine residue in each of the monomer units (44). As-
signment of the latter band is supported by its partial re-
duction in the presence of a cellular reductant, gluta-
thione (lanes 4 and 5 in Figure 5, panel a) and by its
complete disappearance in the presence of a stronger
reductant, dithiothreitol (5.0 mM, data not shown). The
presence of Cr binding did not cause any obvious
changes in the speciation of protein bands or the rela-
tive migration of the proteins on the gel (Figure 5,
panel a).

The Cr distribution among separated proteins
(Figure 5, panel b) differed markedly depending on the
type of Cr compound used and the treatment conditions.
No measurable Cr signals were observed in the un-
spiked sample, a sample spiked with Cr(VI) ([CrO4]2�,
1.0 mM) only, and a sample spiked with glutathione
(GSH, 5.0 mM) only (lanes 1, 3, and 4, respectively,
Figure 5, panel b). This lack of significant binding of
[CrO4]2� to most biological macromolecules in the ab-
sence of strong reductants, except for the electrostatic
binding to positively charged proteins such as histones,
is in agreement with the literature data (11, 45). Reduc-
tion of Cr(VI) (1.0 mM) to Cr(III) with GSH (5.0 mM) (45) in
the presence of serum proteins caused significant

Cr�protein binding (primarily to the BSA band, lane 5
in Figure 5, panel b), in agreement with the literature
data on the formation of protein�Cr(III)�GSH cross-
links under these conditions (46), although it could also
be due to the reduction of the disulfide to the thiol,
which could then bind to Cr(VI) or Cr(V) en route to form-
ing inert Cr(III) BSA species by similar mechanisms as
observed for GSH reactions (11, 47, 48). By contrast, the
reaction of serum proteins with the preformed
Cr(III)�GSH complexes (products of Cr(VI) reduction
with GSH) under the same conditions caused signifi-

Figure 3. Separation by native-PAGE preserves metal content, whereas
conventional SDS-PAGE does not. Identical samples of carbonic anhy-
drase (50 �g) and tyrosinase (50 �g) were run either by native-PAGE
(left panels) or SDS-PAGE according to the method of Laemmli (61)
(right panels), blotted, and mapped at the same time. Zinc and copper
are present in carbonic anhydrase and tyrosinase, respectively, under
native conditions but not following conventional SDS-PAGE. The bottom
panels display the sulfur content, clearly showing that similar levels of
protein are present in both samples.

ARTICLE

www.acschemicalbiology.org VOL.5 NO.6 • 577–587 • 2010 581



cantly lower Cr�protein binding, which occurs primarily
in the high-MW region (lane 6 in Figure 5, panel b). This
difference is consistent with the formation of reactive
species (Cr(V/IV) complexes and/or reactive Cr(III) inter-

mediates) during the reduction of Cr(VI) in biological sys-
tems, which are thought to be responsible primarily for
the toxicity and carcinogenicity of Cr(VI) (11, 14, 15, 45,
49).

The capacity of Cr(III) complexes (particularly those
containing reactive aqua ligands) to bind to proteins
was further demonstrated for [Cr(OH2)6](NO3)3 and
[Cr3O(OCOC2H5)6(OH2)3](NO3) (1.0 mM Cr, lanes 2 and
7, respectively, Figure 5, panel b). The former complex
binds to proteins to a lower extent (probably due to its
rapid hydrolysis with the formation of insoluble hydrox-
ido complexes) (11, 14, 15) and primarily to the BSA
band (lane 2, Figure 5, panel b), whereas the latter com-
plex binds extensively to high-MW proteins (lane 7,
Figure 5, panel b). These data are particularly notable
with regard to the suggested use of
[Cr3O(OCOC2H5)6(OH2)3](NO3) (Cr(III) propionate) as a
supposedly safer alternative to a popular nutritional
supplement, Cr(III) picolinate (50). This complex was re-
ported to be stable in extracellular media and to enter
cells unchanged, where it was postulated to act as a
specific activator of insulin receptors in order to explain
its antidiabetic activity (51). However, the data of
Figure 5, panel b support our earlier findings (52) on
the extensive binding of this and other Cr(III) complexes
to blood serum proteins prior to Cr entering cells. The re-
sultant Cr(III)�protein adducts are capable of reactions
with H2O2 and other biological oxidants present in the
blood serum (particularly under pathological conditions,
such as inflammation or diabetes) with the formation
of Cr(VI) (14, 15, 52, 53). The antidiabetic activities of
these Cr(III) complexes can then be explained by the ac-

Figure 4. XRF map of a separation of urease for sensitivity measurements. Letters a, b, c, and d denote
lanes with 23, 7, 2.3, or 1 �g of protein, respectively. (Left) Sulfur map shows sensitivity of this
technique for the sulfur component of amino acids. (Right) Nickel map shows sensitivity of the tech-
nique in response to decreasing analyte concentration. The wide dynamic range of our data is not well
rendered in an 8/24-bit image; for this view the upper and lower threshold values have been ad-
justed to optimally display the low intensity information. Images are displayed as total counts.

Figure 5. Protein map (a) and Cr map (b) for Cr compounds binding to
albumin-depleted bovine serum proteins. The main protein bands at
�65 and �130 kDa correspond to monomeric and dimeric forms of
BSA, respectively (44), total protein content in each lane is �10 �g.
Lane 1: no Cr compounds added. Lane 2: [CrIII(OH2)6](NO3)3 (1.0 mM).
Lane 3: Na2CrVIO4 (1.0 mM). Lane 4: GSH (5.0 mM), no Cr added. Lane 5:
Na2CrVIO4 (1.0 mM) � GSH (5.0 mM). Lane 6: Cr(III)-GSH complex
(1.0 mM, generated by the reaction of 10 mM Na2CrVIO4 with 50 mM
GSH in water at pH �7 for 2 h at 310 K immediately prior to the addi-
tion to serum proteins) (45, 46); Lane 7: [Cr3

IIIO(OCOC2H5)6(OH2)6](NO3)
(Cr(III)-propionate, 1.0 mM). All Cr compounds were incubated with se-
rum proteins (1.0 mg protein per mL in 20 mM HEPES buffer, pH 7.4) for
2 h at 310 K prior to the separation by SDS-PAGE.
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tion of the resultant Cr(VI) as a nonspecific inhibitor of
protein tyrosine phosphatases (which is similar in action
to a well-known insulin-mimetic agent, V(V), which is

isoelectronic to Cr(VI) (14, 15, 53)). However, the chronic
presence of low concentrations of Cr(VI) caused by long-
term consumption of Cr(III) nutritional supplements is a
matter of potential concern due to the well-known carci-
nogenicity of Cr(VI) (11, 14, 15). In summary, the re-
sults presented in Figure 5, panel b are consistent with
our view of Cr(VI) toxicity and the antidiabetic action of
Cr(III) as closely linked biological activities, involving the
same reactive intermediates (14, 15).

The Cr(III)�-protein adducts detected by XRF map-
ping (Figure 5, panel b) were further analyzed by XAS
(using the near-edge or XANES region, Figure 6), made
possible by relatively high Cr contents in some protein
bands. This analysis relied on the previously developed
method of multiple linear regression analysis of XANES
spectra of Cr(III) speciation in biological media, using li-
braries of spectra of model Cr(III) complexes (52, 54).
Figure 6, panel a illustrates typical XANES spectra of
model Cr compounds (52, 54, 55), with Cr(III) complexes
obviously distinguished from Cr(VI) by lower edge ener-
gies and the absence of a sharp pre-edge feature at
�5993 eV (due to the 1s ¡ 3d electronic transition)
(55). There are also more subtle differences in the edge
energies and postedge features of various Cr(III) com-
plexes (52, 54), including increased absorbance at
�6010 eV for a Cr(III)�albumin adduct (prepared by
the reaction of Cr(III)-propionate with the protein at pH
7.4, followed by the removal of unbound Cr(III) by mem-
brane filtration) (52). Rat serum albumin was used for
the published data (52), but a Cr(III)�BSA adduct pre-
pared under the same conditions had a practically iden-
tical spectrum (A. Levina, unpublished results). Figure 6,
panel b shows that similar XANES spectra were ob-
tained for the reactions of serum proteins with either
Cr(III) propionate or the Cr(VI) � GSH mixture (in the lat-
ter case, no measurable quantities of the oxidation
states higher than Cr(III) were detected). Figure 6,
panel c shows that the spectra of the resultant
Cr(III)�protein adducts are closer to that of a previ-
ously reported Cr(III)�albumin adduct (52) than to those
of the original complexes (e.g., Cr(III) propionate). These
observations were supported by the results of multiple
linear regression analysis (Supporting Information),
which showed that the spectra of Cr(III) species in lanes
3 and 7 (Figure 5, panel b) were best fitted with a com-
bination of those of a Cr(III)�albumin adduct
(65�84%), Cr(III) amino acid complexes (12�28%,
modeled as [Cr(asp)2]�, where asp � L-aspartato(2�))

Figure 6. XANES spectra of Cr-containing protein bands on
a PVDF membrane and model Cr compounds. Spectra of
model Cr(VI) and Cr(III) compounds (52, 54, 55): a) typical
XANES spectra of Cr-containing protein bands (correspond-
ing to Figure 5panel b); b) comparison of a spectrum of a
protein adduct (�65 kDa) formed during the reaction of
Cr(III)-propionate with serum proteins (lane 7 in Figure 5,
panel b) with those of the original Cr(III)-complex and c) a
Cr(III)-albumin adduct (52).
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(54), and Cr(III) hydroxido complexes (5�8%, modeled
as [Cr(OH)6]3�) (54). Fitting results for the Cr(III) species
found in the �65 kDa regions of both lanes 5 and 7
(Figure 5, panel b) were the same, within experimental
error, while the fit for the species found in the �130 kDa
region of lane 7 (Figure 5, panel b) was distinguished
by a higher content of a coordination environment simi-
lar to the Cr(III)-albumin component (84 � 2% vs 65 �

2%, see Supporting Information). These results empha-
size the possibility of Cr(III) binding to various functional
groups of different proteins, which could not be de-
tected in the previous studies (52). On the whole, the fit-
ting results were similar to those obtained previously
for the bulk samples of Cr(III) reaction products with
blood serum (52), which confirms the suitability of the
combination of XRF and XAS techniques for studies of
MW distribution and chemical speciation of
metal�protein complexes separated by gel
electrophoresis.

Analysis of Iron in Cell Lysates. Purified proteins
and in vitro systems present an ideal case for this analy-
sis. Yet, natural biological samples are remarkably com-
plex and are likely to contain numerous metallopro-
teins of widely varying relative abundance. One might
ask, will this method work well in such cases?

In seeking an answer, we examined the facultative
anaerobe Shewanella oneidensis MR-1. S. oneidensis
MR-1, in the absence of oxygen, is capable of utilizing
a diverse array of final electron acceptors, among them
iron, chromium, plutonium, and uranium, through dissi-
militory metabolism (56). These capabilities have made
it of considerable interest for the remediation of
radionuclide-contaminated sites. Reduction of some
contaminants, such as U(VI), changes their environmen-
tal mobility such that movement into rivers and ground-
water is minimized, and cleanup is facilitated (57). Al-
though much work has been done to characterize the
metabolism of this organism on both a systems (56) and
proteomic level (58, 59), a fuller picture of the key play-
ers in its respiration of these metals would be useful for
development of biotechnological applications. Some of
the proteins upregulated by S. oneidensis MR-1 under
anoxic conditions are known iron proteins (58, 59). To
verify our ability to detect this change in endogenous

metalloprotein content, cell pellets from both oxygen-
deficient and oxygen-replete cultures were lysed into na-
tive sample loading buffer. Following native-PAGE elec-
trophoresis and blotting to PVDF, the lysates were
mapped by XRF (Figure 7). While some faint bands of
iron are detected in both samples, one of the iron bands
is strongly present in only the anaerobic sample. This
is consistent with published proteomics studies of
MR-1, which found that several iron proteins of this
mass are highly expressed only under anaerobic condi-
tions (59). Though not possible from this 1-D separation,
future work, utilizing 2-D gel electrophoresis and mass
spectrometry, will begin to identify individual proteins
involved. Yet, the novelty of this technique, in directly
and quantitatively visualizing the iron itself, opens up
new questions. For example, we may now ask, which of
the proteins are responsible for binding most of the
iron? How does this change with time? How does the
iron:protein ratio change with the extent of oxygenation?
Can we identify new iron proteins involved? Answers to
questions such as these now lie much more readily
within our grasp.

METHODS
Evaluation of Substrates for XRF. Substrates were evaluated

by mapping strips of blotting membranes, including nylon, poly-

vinylidene fluoride (PVDF), and nitrocellulose from several
manufacturers, including Osmonics, GE Healthcare, Millipore,
and Exapure. Immobilon-PSQ PVDF (Millipore) was selected for

Figure 7. XRF map of a one-dimensional native-PAGE blot
of Shewanella oneidensis lysates. (Lanes A and B) Positive
control samples of hemoglobin. Lanes C and D: Lysates
from aerobically (C) and anaerobically (D) grown
Shewanella oneidensis MR-1. Maps displayed are
quantified, with threshold values in �g cm�2.
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its relatively low X-ray fluorescence background at iron, copper,
and zinc emission energies.

Electrophoresis of Purified Metalloproteins. Commercially
available metalloproteins (all from Sigma), including bovine car-
bonic anhydrase (CA), bovine carbonic anhydrase isoform II
(CAII), mushroom tyrosinase (Tyr), bovine hemoglobin (Hb), and
jack bean urease (Ur) along with Novex Sharp prestained molec-
ular weight marker (Invitrogen) or Kaleidoscope prestained stan-
dards (Bio-Rad) were variously subjected to discontinuous na-
tive polyacrylamide gel electrophoresis (native-PAGE) as
described for each figure. Prior to gel separations, all equip-
ment was thoroughly rinsed with Milli-Q water. The samples
were applied as approximately 10 mg mL�1 solutions in Tris-Cl
buffer, pH 6.8, to either 4�15% gradient Tris-Cl Ready Gels (Bio-
Rad) or 4�20% Novex Tris-glycine mini gels (Invitrogen) and
were subjected to electrophoresis at 100 V for 1 h in standard
Tris-glycine running buffer (25 mM Tris, 192 mM glycine, pH 8.3;
made with Milli-Q water) (60). After assembling the blotting cas-
sette in a glass tray using only Teflon tweezers to manipulate
the materials, gels were blotted to a PVDF membrane using a wet
transfer system with Tris-glycine running buffer, at 0.35 A for
1 h. Blots were then gently rinsed in the same buffer, carefully
dried free from dust, and stored covered prior to mapping.

In one experiment, for the purpose of comparison, native-
PAGE of 50 �g of tyrosinase and 50 �g of carbonic anhydrase
was run as above, while in parallel, equal amounts of each pro-
tein were run using standard SDS-PAGE techniques according
to the method of Laemmli (61).

Preparation of Chromium-Exposed Serum Samples and Their
Separation by SDS-PAGE. Albumin-depleted bovine serum was
prepared using Affi-Gel Blue columns from Bio-Rad (resin vol-
ume, �2 mL). Cell-culture-grade fetal calf serum from Invitro-
gen (0.10 mL) was diluted with a low-salt buffer (0.30 mL,
20 mM HEPES, pH 7.4) and passed through an equilibrated col-
umn. The column was then eluted with the low-salt buffer
(0.40 mL), and the eluate was diluted to 1.0 mg mL�1 protein us-
ing the same buffer. Determination of the protein content in di-
lute solutions was performed by the Bradford method, using bo-
vine serum albumin (BSA, Sigma) as a standard. Stock solutions
of Cr(VI) or Cr(III) compounds (1.0 �L, 10 mM Cr) and/or gluta-
thione (GSH, 50 mM, 1.0 �L) were added to the dilute serum so-
lutions (10 �L), which were then incubated for 2 h at 37 °C.
The reactions were stopped by cooling the reaction mixtures to
0 °C followed by the addition of a sample buffer (3.0 �L, Nu-
PAGE, from Invitrogen), after which the samples were loaded
into a 1-mm thick NuPAGE 4�12% bis-Tris gel (Invitrogen).
Native-PAGE was run as described above for purified proteins.
A minimally disruptive variation of SDS-PAGE and blotting of pro-
teins to a PVDF membrane were performed using the Novex mini-
gel system and blot module according to the manufacturer’s in-
structions (62), except that the running buffer (50 mM MES,
50 mM Tris, 0.1% SDS, pH 7.3) and the transfer buffer (25 mM
bicine, 25 mM bis-Tris, pH 7.3) did not contain EDTA or other
strong complexants, including reducing agents, and the
samples were not heated. All of these factors are important in or-
der to prevent the cleavage of metal ions from the protein com-
plexes. Molecular weights (MW) of the proteins were determined
using the SeeBlue Plus2 prestained standard from Invitrogen.
Two parallel gels were run for each experiment, and one of the
resulting PVDF membranes was stained with a Ponceau S dye
solution (Sigma) for 15 min for protein visualization, while the
second membrane was left unstained for elemental mapping.

Cell Lysate Preparation and Electrophoresis. The facultative
anaerobe Shewanella oneidensis MR-1 was cultured under both
high and low oxygen conditions as previously described (59).
The pellets were thawed on ice, and 0.6 mg of each pellet was
suspended into 60 �L of standard 2x native loading buffer (60).

The pellets were then lysed with three cycles of freezing and
thawing. Cell debris was pelleted by centrifugation in a micro-
centrifuge at 13,000g for 2 min. Ten microliters of each superna-
tant was loaded onto a Novex 4�20% Tris-glycine native-PAGE
gel (Invitrogen) next to lanes of molecular weight marker (MW;
Novex Sharp Prestained protein marker, Invitrogen), and 10 �g
each of carbonic anhydrase (CA), hemoglobin (Hb), and tyrosi-
nase (Tyr), all from Sigma, and a mixture of 10 �g of each of
these three proteins. The native gel was run and blotted as de-
scribed above for purified metalloproteins.

X-ray Fluorescence Scanning. Scanning was performed in air
using the instrument shown (Figure 1) at beamline 2-ID-E of Sec-
tor 2 at the Advanced Photon Source (APS). This instrument
has now been placed at a permanent home at beamline 8-BM
of Sector 8, where it is publicly available through the general
user proposal system. Undulator generated hard X-rays (10.0
keV) were monochromatized and passed through a pinhole
(spot diameter on sample, 0.5 mm). Full X-ray fluorescence
spectra were collected at each raster-scan step using a single el-
ement silicon drift detector (Vortex EX, SII NanoTechnology).
Spectra were fitted against NIST standards NBS1832 and
NBS1833 using per-pixel peak fitting algorithms with MAPS soft-
ware (43). This fitting creates maps of the gel specific for each el-
ement of the periodic table with atomic numbers ranging from
phosphorus (Z � 15) to zinc (Z � 30), with spatial resolution
limited by the beam spot size, as well as the chosen sampling.
Scanning of an entire mini-gel blot typically took between 4�8 h
depending on pixel resolution and dwell times. For X-ray absorp-
tion near edge spectroscopy (XANES), selected protein bands
were cut out of PVDF membranes mapped previously at 2-ID-E.
XANES spectra were then acquired at beamline 2-ID-D of the APS
using a millimeter-sized beam, monochromatized by a silicon
�111� double crystal monochromator (Kohzu Precision). XAS
were acquired in fluorescence mode with a silicon drift detec-
tor (Vortex, SII NanoTechnology), 2s dwell time per pixel, and
0.5-eV steps. The XAS data were processed with the use of XFit
(63) and Origin (64) software, as well as libraries of spectra of
model Cr(III) compounds, as described previously (52, 54).

Metal:Protein Ratio Determination. The protein concentration
of each sample was measured by Quant-IT protein assay (Invitro-
gen) using a microplate reader. For ICP-AES, stock samples of
each protein standard were diluted approximately 1:1000 into
Milli-Q water that was acidified with ultrapure nitric acid and
analyzed using a Thermo-Jarrell Ash inductively coupled plasma
atomic emission (ICP-AES) spectrometer relative to a manual
one-point standardization. Additionally, stock solutions of pro-
teins were blotted onto PVDF directly in a dot blot for quantifica-
tion of the concentration of metals in the samples prior to elec-
trophoresis by XRF. These dot blots were mapped by XRF in a
manner identical to that employed for the blotted gels. The
quantity of metal in the protein bands was determined by inte-
gration of the fitted fluorescence data for a metal of interest over
an area corresponding to the protein band, with subtraction of
background fluorescence intensity integrated at the same en-
ergy over the same area. The ratios of metal to protein in the
samples prior to electrophoresis were determined both by com-
parison of the ICP-AES data to the protein concentration, as
well as independent comparison of the XRF dot blot analysis to
the protein concentration. XRF measurements of the dot-blotted
protein and ICP-AES of the same solution produced similar
results.
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