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SUMMARY

Exposure to nickel has been shown to cause damage to the testis in several animal models. It is not
known if the testis expresses protein(s) that can bind nickel. To test this, we used a nickel-binding
assay to isolate testicular nickel-binding proteins. We identified glutamate—ammonia ligase
(GLUL) as a prominent nickel-binding protein by mass spectrometry. Protein analysis and reverse
transcriptase polymerase chain reaction showed that GLUL is expressed in the testis,
predominantly in interstitial cells. We determined that GLUL has a higher affinity for nickel than
for its regular co-factor manganese. We produced an enzymatically active, recombinant GLUL
protein. Upon binding, nickel interferes with the manganese-catalyzed enzymatic activity of
recombinant GLUL protein. We also determined that GLUL activity in testes of animals exposed
to nickel sulfate is reduced. Our results identify testicular GLUL as the first testicular protein
shown to be affected by nickel exposure.

INTRODUCTION

Nickel is important in lipid metabolism, iron absorption and the action of biotin, folate, and
vitamin B12 (Stangl and Kirchgessner, 1996; for review, see Nielsen, 1984). In animals,
nickel deficiency has been linked to retarded growth, reduced reproduction rates, and
alterations in serum lipids and glucose (Nielsen et al., 1974; Barceloux, 1999). Nickel
deficiency may also diminish sperm quantity and movement in rats ('Yokoi et al., 2003). In
humans, the deficiency-related pathology has not been clearly defined. In contrast, studies of
overexposure to nickel compounds have indicated that nickel may constitute a major
challenge to human health. Workers exposed to nickel were found to have an elevated
incidence of lung and nasal cancers (Doll, 1958; Grimsrud et al., 2003). In addition, nickel
exposure has been linked to skin allergies (Hostynek, 2006). Nickel is widely used in many
industrial and consumer products, including stainless steel, magnets, coinage, plating, and
special alloys, and hence may constitute an important source of environmental pollution
(Bruske-Hohlfeld, 2009). Nickel pollution takes four different forms: water soluble, sulfidic,
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oxidic, and metallic. The water-soluble form may pose the highest risk to human health as
this form is believed to be responsible for cancer development reported in a group of
Norwegian nickel refinery workers (Grimsrud et al., 2002). Animal studies of nickel toxicity
have shown various pathogenic effects of nickel. In adult male Sprague—-Dawley rats treated
for 13 days with low dosage of nickel sulfate in drinking water, no or minor effects were
found, but when animals were treated with a high dosage, body-weight loss and a significant
decrease in aspects of metabolism and cellular activities were noted (Obone et al., 1999; Das
and Dasgupta, 2000). Biochemical analysis of bronchoalveolar lavage fluid and lung tissue
showed lung damage at the high dosage (Obone et al., 1999). Noticeably, nickel compounds
were found to accumulate in many organs, with testis as one of the major sites of
accumulation (Whanger, 1973; Severa et al., 1995). Obone et al. (1999) reported that testis is
the second accumulation site among a number of organs tested, preceded by kidney, and
followed by lung and liver.

When accumulated, nickel may affect human reproduction. Incubation of ejaculated
spermatozoa with nickel in vitro has shown a concentration-dependent, biphasic effect of
nickel on expression of mannose receptors (Benoff et al., 2000a): at a low concentration,
nickel stimulated mannose receptor expression, but at high concentrations, nickel exposure
resulted in decreased mannose receptor expression. Mannose receptors are involved in the
binding of human sperm to carbohydrate residues on the zona pellucida of oocytes, initiating
the acrosome reaction. For other transition and heavy metals, such as cadmium (Cd?*) and
lead (Pb2*), occupational exposure is associated with decreased semen quality and male
subfertility (Benoff et al., 2000b and reference therein).

In rodents, experimental data have shown that accumulation of nickel in the testis can cause
damage to the reproductive system. After exposure to the metal, male rats exhibited
reductions in sperm motility, sperm count, and fertility, and their offspring displayed male-
mediated, dominant lethal types of mutations (Xie et al., 1995; Das and Dasgupta, 2000;
Doreswamy et al., 2004). Examination of the testis from nickel-treated animals revealed that
nickel induced diverse pathological manifestations, depending on dosage and route of nickel
administration, which include changes in the ratio of organ-to-body weight (testis and
epididymis vs. body weight), degeneration, shrinkage and edema of seminiferous tubules,
changes in sperm morphology, and reduction in the number of basal spermatogonia (Hoey,
1966; Mathur et al., 1977; Xie et al., 1995; Pandey et al., 1999; Das and Dasgupta, 2000;
Doreswamy et al., 2004).

Although nickel effects on mammalian testis are well documented, there is little information
regarding testicular proteins that can bind nickel and on how exposure to this metal can
modify the function of these proteins in terms of fertility and/or hormone production. To
identify proteins that bind nickel in testis, we used a nickel-binding assay and mass
spectrometry for identification. We found that glutamate—ammonia ligase (GLUL) is a
prominent and novel nickel binding protein, and that nickel binding to GLUL significantly
inhibits its enzymatic activity. In vivo, nickel treatment causes a reduction in testicular
GLUL enzyme activity in testis of treated rats.
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Identification of Glutamate—Ammonia Ligase as a Major Nickel Binding Protein in Rat

Testis

Studies in rats have shown that the testis is one of the organs that accumulate nickel
following exposure (e.g., Obone et al., 1999). Experimental data have shown that
accumulation of nickel in rat testis can cause damage to the reproductive system. To identify
which proteins in the testis can bind nickel, we used a modified metal-chelate affinity
chromatography protocol followed by protein separation by SDS—PAGE. Pre-cleared rat
testis extracts were incubated with nickel agarose beads. Proteins bound to nickel beads
were eluted, fractionated by SDS-PAGE, and stained by Coomassie blue G-250. The results
shown in Figure 1A demonstrate that rat testis expresses several proteins that bind to nickel,
the most prominent of which has an apparent molecular mass of 42 kDa (Fig. 1A, arrow).
Gel slices containing this protein were excised and analyzed for identification by mass
spectrometry. A MASCOT search of the Matrixscience database by peptide mass
fingerprinting demonstrated that peptides derived from the 42 kD protein match GLUL,
which has a nominal mass (M) of 42,259 and a calculated pl value of 6.83 (Fig. 1B).

Rat Testis GLUL is a Nickel-Binding Protein

It is possible that more than one protein was present in the 42 kD band taken from SDS—
PAGE gels for mass spectrometry identification, and that a protein different from GLUL
binds nickel. Therefore, to exclude this possibility and to demonstrate that rat testis GLUL is
able to bind nickel, we cloned rat testis GLUL and produced a recombinant glutathione S-
transferase (GST)-GLUL protein for analysis of its nickel-binding capability. The GST—
GLUL fusion protein was extracted from bacteria using a urea-solubilization and dialysis
process. The GST-GLUL fusion protein was incubated with nickel agarose beads, and
bound proteins were eluted and examined by SDS-PAGE. Figure 2 shows that GST-GLUL
binds to nickel beads (Fig. 2A, panel GST-GS, lane 2). A poly(His)-tagged sperm tail
protein was used as positive control for this assay and GST protein was used as negative
control. As expected, the positive control binds to nickel beads (Fig. 2A, panel PolyHis, lane
2) while GST does not (Fig. 2A, panel GST, lane 2).

To further demonstrate that GLUL is a bona fide nickel-binding protein, the GST-GLUL
fusion protein was pre-incubated with various concentration of NiSO,4 before incubation
with nickel beads. The results show that, as a result of competition by NiSOy, the binding of
GST-GLUL to the nickel beads decreased (Fig. 2B). These results confirm the original
characterization and demonstrate for the first time that testicular GLUL has the capability to
bind nickel.

Expression of GLUL Protein in Rat Testis

In many tissues the expression of GLUL is not homogeneous, but highly cell-type specific.
In rat liver, for instance, the expression of GLUL is restricted to cells adjacent to central
veins (Gebhardt and Mecke, 1983; van Straaten et al., 2006). In mouse testis and epididymis,
GLUL protein was reported to be expressed in Leydig cells and in epithelial cells of caput
epididymis (van Straaten et al., 2006).
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To examine the site(s) of GLUL protein expression in rat testis, we first performed Western
blot analysis of total testis and interstitial tissue fractions using an anti-GLUL antibody to
confirm its specificity. Our result shows that the 42 kDa GLUL protein is present in both
whole rat testis extracts and interstitial tissue fractions (Fig. 3). Next, we used the anti-
GLUL antibody in immunofluorescence to examine the distribution of GLUL protein within
rat testis. The results from immunohistochemistry shown in Figure 4 indicate that GLUL is
predominantly expressed in interstitial cells (Fig. 4, panels A and B) in agreement with
previous publications. Negative controls showed that anti-GLUL antibody pre-incubated
with recombinant GST-GLUL protein did not produce a signal (Fig. 4, panels C and D).
The pre-immune serum also did not produce signal (not shown).

Nickel Inhibits GST-GLUL Recombinant Protein Enzymatic Activity

Next, we tested if the GST-GLUL recombinant protein displays GLUL-specific enzymatic
activity. GLUL catalyses the formation of L-glutamine from glutamate and ammonia. As
well, this enzyme also has a glutamyl-transferase activity that produces gamma-glutamyl-
hydroxamate from glutamine and hydroxylamine (Meister, 1985). The gamma-glutamyl-
transfer reaction is commonly used to determine GLUL enzymatic activity by a simple
colorimetric assay (Minet et al., 1997). In its native state, active mammalian GLUL
holoenzyme requires two divalent metal ions (magnesium, manganese or cobalt) per subunit
for activity, and among these, manganese has the higher affinity for GLUL (Eisenberg et al.,
2000). We therefore analyzed the activity of GST-GLUL in the presence or absence of its
required co-factor Mn2*. Our results shown in Figure 5A indicate that in the absence of
Mn2* GST-GLUL recombinant protein only displays low basal glutamyl-transferase
activity. Addition of Mn2* at 0.5 mM, a concentration commonly used for measuring GLUL
enzymatic activity (Monder, 1965), results in a significant increase in glutamyl-transferase
activity of the recombinant protein. This indicates that the recombinant GST-GLUL protein
is enzymatically active.

We next asked if nickel can compete with manganese for binding to GLUL and can affect
the enzymatic activity of GLUL. We incubated GST-GLUL protein with an optimal amount
of Mn2* and increasing amounts of nickel sulfate, and then determined enzymatic activity.
Figure 5B shows that GLUL enzymatic activity is significantly inhibited by nickel in a dose-
dependent fashion (£ <0.01). Our results also show that the 50% inhibitory concentration
(ICsp) of NiSO4 for GLUL activity is ~200 pM, significantly below the optimal manganese
concentration (500 uM). Thus, our results indicate that nickel inhibits GLUL enzymatic
activity in the micromolar range.

The GLUL Nickel-Binding Domain Overlaps With the Catalytic Domain

Nickel has been found to bind to a number of enzymes, including urease, hydrogenase, CO-
dehydrogenase, methyl-coenzyme M reductase, Ni-superoxide dismutase, glyoxalase I, and
cis-trans isomerase (for review, see Wattt and Ludden, 1999). For these metalloenzymes,
nickel binding is essential for their activity and the nickel binding site, which contains the
amino acids histidine and cysteine, spans the active site of these enzymes. To determine the
nickel binding domain of GLUL, we first performed a bioinformatics analysis of rat testis
GLUL protein: this indicated that (a) GLUL has 12 histidine residues distributed throughout
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the entire protein and (b) the catalytic domain is predicted to be very large, and located in a
region from amino acid residue 110 to residue 361 (Fig. 6A, Wt). This domain contains 10
of the 12 His residues.

To identify the nickel binding domain, we prepared a series of deletions in GLUL protein
(shown in Fig. 6A). Wild type (Wt) and deletion mutants were incubated with nickel agarose
beads. After elution and fractionation, the intensity of each band was quantified. The results
of the binding assays are shown in Figure 6B and quantitation represented in Figure 6C. This
demonstrates that compared to full length GLUL protein, deletion mutants A, B, and C show
a gradual decrease of 74%, 48%, and 18% of Wt binding activity, respectively. Importantly,
the region deleted in mutant C corresponds to the hypothetical catalytic domain of GLUL
protein. This result suggests that the nickel-binding domain is spread out over the central
and C-terminal regions of GLUL, which overlaps with the catalytic domain of GLUL, rather
than being defined by a small motif.

It is known that in its native state as holoenzyme, mammalian GLUL protein forms an eight-
subunit oligomer (Eisenberg et al., 2000 and references therein). Thus, Wt GST-GLUL
holoenzyme should have a molecular weight of at least 400 kDa (for Wt GST-GLUL
protein, the molecular weight of the holoenzyme is 69 x 8 kDa). The observed reduction in
nickel-binding capability of mutant GLUL proteins may thus result from an inability to form
oligomers. To explore this, we set out to analyze the size of non-denatured Wt and mutant
protein GLUL proteins using native polyacrylamide gel electrophoresis. Proteins with a
native molecular weight larger than 300 kDa are unable to enter into the gel under our
conditions. Bacterially expressed Wt and mutant GLUL proteins were extracted and
renatured as for the above nickel-binding assay. Samples were analyzed on a 5% native
polyacrylamide gel. The results are shown in Figure 7A and indicate that neither Wt nor any
of the mutant GST-GLUL proteins entered the gel while the control (GST protein only)
migrates as expected. To exclude the possibility that Wt and mutant proteins were degraded
during preparation, the same samples were denatured and analyzed on a 12% denaturing
polyacrylamide gel (Fig. 7B). The results demonstrate that all proteins were intact. Thus, the
decrease in nickel-binding activity of mutant GLUL proteins is not the result of an inability
to form oligomers.

Determination of the Dosage of Nickel That Causes Pathological Changes in Rat Testis

The GLUL analyses so far have been done in vitro. We next wanted to compare these in
vitro results with data obtained in vivo using a rat animal model. We first determined the
dose of nickel required to produce pathological effects in the testis of rats treated with nickel
administered intraperitoneally. Throughout the treatment, food and water consumption did
not differ between treated and control groups, and weight loss was not observed in treated
animals. After euthanization, measurement of organ weight indicated that there was no
significant change in either average weight of testes or the ratio of testis and whole body
weight. Histological examination of testes of treated and control animals showed changes in
animals treated with the medium (2.5 mg/kg) and high dose (5.0 mg/kg) (Fig. 8): vacuoles
were found inside seminiferous tubules close to the basement membrane at the medium
dosage (Fig. 8, panels C and D, arrows). The germ cell layer appeared in several instances to
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be interrupted (Fig. 8, panels E-H, arrows). Also, at medium and high dosages, detached
germ cells were observed inside the lumen of seminiferous tubules (Fig. 8, panels F, G, and
H, arrowheads): these cells appeared to have abnormal chromatin staining (Fig. 8, panel I,
arrowhead). We used the high dosage for subsequent animal GLUL activity experiments.

Nickel Inhibits the Activity of Rat Testicular GLUL Protein

We next measured the effect of nickel on GLUL activity in testes of nickel-treated rats. We
treated animals at the high dosage with nickel for 10, 20, and 30 days. We then determined
the nickel concentration in testes of treated animals in comparison with controls receiving
saline, and measured GLUL activity in testes extracts of these animals. The results (Fig. 9A)
indicate that, on average, testes of treated animals contained approximately three times more
nickel than controls at all time points. Nickel concentration did not increase with prolonged
time of treatment. Determination of GLUL enzyme activity showed that enzyme activity was
significantly reduced in testes of animals treated with nickel for 30 days in comparison to
mock controls (P <0.05) (Fig. 9B). No significant decrease was observed at earlier time
points (see Discussion Section). Together with our in vitro analysis of GLUL, these data
indicated that testicular GLUL is capable of binding nickel, and that its activity is inhibited
by nickel.

DISCUSSION

While there is evidence showing that humans exposed to nickel develop skin allergies and
lung cancer, there are no reports on the effects of nickel exposure on the human male
reproductive system. Animal studies, however, have shown that nickel deficiency can
diminish sperm quantity and sperm tail movement in rats (Yokoi et al., 2003) whereas over-
exposure can cause a number of pathologic changes to testicular structure (Pandey et al.,
1999; Das and Dasgupta, 2000; Doreswamy et al., 2004). This suggests that nickel can
accumulate in testis and affect proteins in various but poorly understood ways, for example,
through changes in protein interactions, protein post-translational modifications, and
enzymatic activity. Here we identify, for the first time, a testicular protein capable of binding
nickel, viz. GLUL. In mammals, GLUL is expressed in every tissue, including testis (Lie-
Venema et al., 1997 and references therein). In rat testis, GLUL is expressed predominantly
in interstitial cells with possibly a very low level of expression in germ cells. GLUL requires
manganese for optimal activity, and we show that it binds more efficiently to nickel, which
inhibits its activity both in vitro using a recombinant, enzymatically active GLUL and in
vivo for testicular GLUL.

Although there has been no report documenting nickel toxicity for the human male
reproductive system, rodents have been used as models to analyze such toxicity (Hoey, 1966;
Mathur et al., 1977; Pandey et al., 1999; Das and Dasgupta, 2000; Doreswamy et al., 2004).
Perhaps as a result of the different routes and dosage of administration, tested animals
displayed different manifestations. There appeared, however, to be a correlation between
higher dosage and a longer duration with more severe damage (Mathur et al., 1977). In this
study, we observed pathological changes to rat testis at high dosage, including disturbance of
the germ cell layer close to the basement membrane of seminiferous tubules and the
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presence of detached germ cells inside the lumen of seminiferous tubules. These latter cells
may be related to the observation of necrotic material in the ductuli of nickel-treated rats
reported previously (Hoey, 1966). It remains unknown how nickel causes these changes in
testis, but several possibilities present themselves. First, nickel accumulation can result in
production of reactive oxygen species, which could mediate oxidative damage to
macromolecules. In somatic tissues, nickel has been found to enhance lipid peroxidation,
which could trigger a free radical oxidation process and produce highly reactive lipid
hydrogenperoxides, H,O,, hydroxyl radicals, and malondialdehyde (e.g., see Athar et al.,
1987; Kasprzak and Hernandez, 1989; Chen et al., 1998). Lipid peroxidation activity has
been found in the testis of rats treated with nickel (Doreswamy et al., 2004). A second
possibility is that nickel accumulation in testis interferes with the activities of enzymes.
Pandey et al. (1999) reported that there are significant alterations in the activities of marker
testicular enzymes, such as sorbitol dehydrogenase (decrease), lactate dehydrogenase
(increase), and gamma-glutamyl transpeptidase (increase). Iscan et al. (2002) demonstrated
that, when given a single dose of nickel chloride, reductions were seen in the activity of the
testicular enzymes 7-ethoxyresorufin O-deethylase and GST. A third mechanism is
represented by proteins that depend on the association of a protein with a metal for activity:
one group of these is metalloenzymes that use a different metal as a cofactor, but can bind
nickel resulting in either an increase or decrease in their activity. Mouse aminoacylase 3 is
an example of this, and when expressed in E. coli contains approximately 0.35 zinc atoms
per monomer. Incubation with nickel increased activity of aminoacylase 3 several times
(Tsirulnikov et al., 2009). It remains to be discovered how nickel toxicity relates to
reproduction. The effects could be multiple, including effects in interstitial cells that affect
spermatogenesis, as well as effects in caput epididymis where high levels of GLUL activity
had been reported (Kvidera and Carey, 1994).

Using a nickel-binding affinity protocol and mass spectrometry we discovered that rat testis
GLUL is a protein that is capable of binding nickel. GLUL holoenzyme is a multimer and
catalyzes a variety of reactions. It requires two divalent metal ions (manganese preferred)
per subunit for optimal activity (Ginsburg and Stadtman, 1970; Tholey et al., 1987;
Eisenberg et al., 2000). We prepared an enzymatically active recombinant GLUL protein in
bacteria and used it to show that (1) GLUL appears to have a higher affinity for nickel than
for manganese, (2) upon nickel binding manganese-catalyzed enzymatic activity of GLUL is
significantly reduced, and (3) nickel binding is not limited to one small motif within GLUL
protein, but instead is conferred across the larger catalytic domain, a finding that mirrors that
of mouse aminoacylase 3 whose metal binding domain also overlaps with its enzymatically
active site. To relate these in vitro findings with effects in whole testis, we next investigated
the effect of nickel on the endogenous GLUL enzyme in testis of nickel-treated and control
rats. The results from the in vivo experiments (carried out under conditions that cause
pathological abnormalities in rat testis) corroborate the in vitro data: the testis accumulates
nickel and GLUL activity is significantly reduced. Although the testicular nickel
concentration is high even at early time points, we did not observe a significant inhibition of
GLUL enzyme until 30 days of treatment. Possible explanations include the likely presence
of several nickel-binding proteins in cells that also express GLUL, thus effectively lowering
the availability of nickel to GLUL, and unknown factors that may prevent a reduction in
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GLUL activity in vivo, including detoxification, de novo synthesis of GLUL, etc. Be that as
it may, to our knowledge, this is the first report that demonstrates that testicular GLUL
enzyme activity is inhibited by nickel.

We do not know if and how the inhibition of GLUL may be correlated to the observed
nickel-induced testicular abnormalities, but we show that in rat testis, GLUL is present at
high levels in interstitial cells and in elongating spermatids. GLUL has several key roles.
GLUL plays an important role in the removal of glutamate and/or ammonia, hence
contributing to the detoxification of testis. This is supported by evidence from mice where it
was demonstrated that in organs with a high cellular concentration of GLUL, it functions
primarily in the detoxification of glutamate and/or ammonia, whereas in organs with a low
cellular GLUL concentration it is predominately involved in synthesis of glutamine (van
Straaten et al., 2006). GLUL was also shown to be important for cell proliferation: inhibition
of GLUL activity resulted in decreased cell proliferation (DeMarco et al., 1999). Rotoli et al.
(2005) found that inhibition of GLUL activity can trigger cell apoptosis. Based on our
results, a direct link between nickel exposure, decreased GLUL activity and induced testis
abnormalities should be investigated.

MATERIALS AND METHODS

Animals

For histology studies, forty 8-week-old male Wistar rats were randomly divided into four
groups. One group was used as control and treated with saline, while the other three groups
were administered intraperitoneally with NiSO,4 (Sigma, St. Louis, MO) at doses of 1.25,
2.5, or 5.0 mg/kg for 30 days. For nickel concentration and GLUL enzyme activity assay, 36
rats were divided into two groups: a mock treatment control group of 9 animals (3 animals
per time point of 10, 20, and 30 days of treatment) and an experimental group of 27 animals
(9 animals treated for each time point of 10, 20, and 30 days with 5.0 mg/kg nickel). After
treatment, the animals were euthanized, and the testes of the animals were removed for
histological and GLUL activity examinations as well as nickel concentration measurement.
All animal studies were carried out in accordance with the regulations of the Canadian
Council for Animal Care.

Screening of Nickel-Binding Proteins in Rat Testis

Rat testis was homogenized in buffer A (50 mM NaH»-PO,, 300 mM NaCl, 10 mM
imidazole, pH 8.0) using a Pellet Pestle® Motor (Kimble Kontes LLC, VWR, Edmonton,
AB). The homogenates were prepared by sonication for 2 min at 4°C. The lysate was
centrifuged at 10,000 rpm for 10 min at 4°C and the supernatant was collected and pre-
cleared by incubating with 10% agarose at 4°C. This was repeated four times. Nickel
chelating nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Mississauga, ON) was equilibrated
with buffer A and incubated with the precleared supernatant at 4°C for 2 hr. The Ni-NTA
resin was then washed extensively with buffer B (50 mM NaH,PO,4, 300 mM NaCl, 20 mM
imidazole, pH 8.0). The column-bound Ni2*-binding proteins were eluted from Ni-NTA
agarose with buffer C (50 mM NaH»-POg4, 300 mM NaCl, 250 mM imidazole, pH 8.0) and
resolved by SDS-PAGE. Identification of gel-separated proteins was done by mass
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spectrometry analysis (MALDI-MS) at the Southern Alberta Mass Spectrometry Centre
(University of Calgary).

Protein Quantification

Protein concentrations were determined by the Bradford method using a commercially
available reagent (Bio-Rad Laboratories, Mississauga, ON) and bovine serum albumin.

Cloning of Glutamate—Ammonia Ligase cDNA

Rat GLUL mRNA (GenBank accession no. BC072694) was polymerase chain reaction
(PCR)-amplified from a rat testis cDNA library (custom-made by Invitrogen, Burlington,
ON) using the following forward primer 5’-
TCTGGCAGATCTACATGGCCACCTCAGCAAGT-3’ and reverse primer 5'-
CAGCGAGATCTGTCGACGTTCTTGTATTGGAAGGG-3’. The PCR product was
purified, digested with Bg/11/Sall, and ligated into the pGEX-5X-1 vector (GE Healthcare,
Piscataway, NJ) to yield the recombinant plas-mid pGEX-5X-1-GLUL.

For mapping of the Ni2*-binding domain of GLUL, several primers were designed to make
deletion constructs of GLUL by PCR. For mutants A, B, and C, the forward primer was the
same as shown above, while the reverse primers were 5’-
ATTAGTCGACATGGCCTCCTCAATGCACCTC-3',5’-
ATTAGTCGACTCCTATCTGGAATTCCCACTG-3',5’-
ATTAGTCGACCTGGCTGCTCACCATGTCCAT-3’, respectively. The PCR fragments
were cloned into the pGEX-5X-1 plasmid.

Expression of Recombinant Protein

E. coli cells were transformed with plasmids encoding GST (pGEX-5x-1), GST-GLUL,
GST mutants, and His-tagged GST, respectively, and cultured to log phase (ODggg = 0.6).
The expression of the GST or the GST-GLUL fusion protein was induced with 0.15 mM
isopropyl-p-D-thiogalactoside (IPTG) and incubated at 37°C for 3 hr. Bacteria were
harvested and resuspended in Buffer A. Cells were lysed by sonication for 2 min. The lysate
was centrifuged at 10,000 rpm for 10 min at 4°C. The recombinant GST-GLUL protein is
not soluble in this buffer, and remained in the resulting pellet. Eight molar urea was used to
solubilize the protein, followed by dialysis in buffers containing decreasing concentrations
(4, 2,1, and 0 M) of urea in buffer A at 4°C for 4 hr, respectively.

Nickel-Binding Assay

The recombinant proteins (GST-GLUL and GST-GLUL mutants) were incubated with Ni-
NTA agarose for 1 hr at 4°C. Control samples (GST as negative control and His-tagged GST
as positive control) were incubated under the same condition. After extensive washing with
buffer B, proteins bound to Ni-NTA agarose were eluted with buffer C. Eluted proteins were
resolved by SDS-PAGE and stained with Coomassie Blue G-250.

To demonstrate that binding of GLUL to Ni-NTA beads was specific and dependent on
nickel, solubilized GST-GLUL protein was incubated for 60 min at 4°C with Ni-NTA beads
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in the presence of increasing concentrations of NiSOy4 (0, 0.125, 0.25, 0.50, 1.0, and 2.0
mM). The Ni-NTA binding assay was performed and analyzed as described above.

Assay for Glutamate—Ammonia Ligase Enzymatic Activity

The enzymatic activity of GLUL was determined using the procedures described previously
(Meister, 1985; Minet et al., 1997). In brief, for bacterial recombinant protein, solubilized
GST-GLUL was incubated for 30 min at room temperature with different concentration of
nickel sulfate at 0, 50, 100, 200, 400, or 800 yuM, or with manganese chloride at 0, 12.5, 25,
50, 100, or 200 mM. Seventy to 80 pl of each solution were mixed with 0.8 ml of assay
buffer (50 mM imidazole, 50 mM hydroxylamine, 100 mM L-glutamine, 25 mM sodium
arsenate dibasic heptahydrate, 0.2 mM ADP, 0.5 mM manganese chloride, pH 6.2) and
incubated for 30 min at 37°C. The reactions were terminated with the addition of 0.2 ml of
0.37 M FeCls, 0.3 M trichloroacetic acid, and 0.6 M HCI. The precipitate was removed by
centrifugation. The absorbance of the supernatant was measured with a spectrophotometer at
520 nm. For each assay, blank controls containing the complete incubation mixture lacking
ADP and sodium arsenate dibasic heptahydrate were done. A standard curve of L-y-
glutamylhydroxamic acid (Sigma) was prepared in buffer A and incubated in parallel with
the experimental samples. The enzyme activity is defined as the amount of L-y-
glutamylhydroxamic acid produced and the unit of GLUL activity is expressed as pM/mg
protein/min. In the assay, three parallel samples in every group were used to measure
enzyme activity. Enzyme inhibition (%) was calculated using the following equation:
Enzyme inhibition (%) =(GLUL ¢ontrol — GLULsample)/GLUL control — 100%, where

GLUL control represents the enzyme activity in reaction buffer and GLULgampje represents the
enzyme activity after treatment with different concentrations of nickel sulfate and
manganese chloride.

For determination of GLUL protein activity in rat testis, one testis from each animal was
weighed, and homogenized using a Wheaton glass douncer to make a 2% (w/v) tissue
suspension in TES buffer (10 mM Tris—HCI, pH 7.4, 0.1 mM EDTA, 10 mM sucrose, and
150 mM NaCl). The suspension was sonicated for 2 min with a micro-tip and spun at 2,000
rpm for 20 min. The supernatant was used for protein concentration measurement and for
GLUL enzyme activity assays.

Western Blot Analysis of GLUL in Rat Testis

Western blot analysis was carried out essentially as described previously (Fitzgerald et al.,
2006). In short, proteins were boiled in loading buffer, separated on 10% polyacrylamide
SDS gels, electrophoretically transferred onto a polyvinylidene fluoride membrane
(Amersham Biosciences, GE Healthcare, Piscataway, NJ), blocked overnight at 4°C in
blocking buffer (54 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40, 0.05%
Tween-20, 5% nonfat dry milk), and analyzed using primary antibodies followed by HRP-
conjugated secondary antibody. Prestained Protein Ladder SM0671 (Fermentas, Burlington,
ON) was used as a size marker. ECL solution (GE Healthcare) was used to develop the blot.
The antibody to GLUL was purchased from Sigma.
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Rat Testis Histology, Immunohistochemistry, Cryo-Sectioning, and Immunofluorescence

A standard protocol was used for preparation and sectioning of testes and hematoxylin and
eosin staining. In short, rat testes were cut into two pieces, fixed for 24 hr in 10% formalin,
dehydrated through baths of progressively more concentrated ethanol and finally through
xylene to remove ethanol. The tissue was then infiltrated with molten paraffin wax, and the
embedded sample was cut into 5 pm sections. The sections were rehydrated and stained
using the Sigma hematoxylin and eosin staining kit. For mounting, stained sections were
dehydrated in 95% and absolute ethanol, cleared in xylene, and mounted onto microscope
slides using Cytoseal (EMS, Hatfield, PA).

For cryo-sectioning and immunofluorescence, testis was quick-frozen in OCT compound
and sectioned to 5 um in thickness. The sections were thawed on ice, fixed in cold methanol
for 20 min, rinsed with PBS, and stained with rabbit anti-GLUL antibody (Sigma) and a
secondary goat-anti-rabbit antibody conjugated with Cy3 fluorescence dye (Sigma). The
tissue sections were counter-stained with 4”,6-diamidino-2-phenylindole (DAPI) to indicate
cell nuclei of the testis, and were mounted in 90% glycerol containing
paraphenylenediamine. The testis sections were examined and photographed under light
microscopy, and the images were combined and aligned using Adobe Photoshop.

Determination of Nickel Concentration in Rat Testis

One testis from each rat was weighed, and digested overnight in a 10 ml solution containing
four parts of nitric acid and one part of perchloric acid. There was no significant change in
either average weight of the testes or the ratio of testis weight and whole body weight. To
further solubilize the testis, the digest was subjected to the following sequential treatments:
100°C for 5 hr, 120°C for 3 hr, and 150°C for 1 hr. After this treatment, the testis suspension
was allowed to cool down to room temperature and continue for an overnight incubation.
The next day, the testis suspension was heated to 180°C for 8 hr. After cooling down, the
final volume of the suspension was adjusted to 25 ml with double-distilled water. The
content of nickel in the testis suspension was measured using a Graphite Furnace Atomic
Absorption Spectrophotometer (Varian, Inc., Santa Clara, CA).

Statistical Analysis

Data are presented as means + SE. The significance of differences between two groups
(control vs. treated) was determined by the Student’s #test. Data from three and more
groups was calculated by the one-way analysis of variance (ANOVA). £<0.05 was
considered statistically significant.
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Abbreviations

GLUL glutamate—ammonia ligase
GST glutathione S-transferase

Ni-NTA nickel chelating nitrilotriacetic acid
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Identification of testicular nickel-binding proteins. A: Rat testis homogenates were prepared.
The protein extracts were pre-cleared with 10% agarose to remove non-specific binding
proteins and analyzed directly (lane 2) or were incubated with Ni-NTA agarose after which
bound protein(s) were analyzed (lane 3). The arrow indicates a prominent 42 kDa band that
was subsequently identified by mass spectrometry as containing glutamate—ammonia ligase.
Protein markers are shown in lane 1. B: MASCOT Search identification of glutamate—
ammonia ligase. Proteins in the 42 kDa gel slice were analyzed by mass spectrometry.
Matched peptides are shown in bold. The match to GLUL was highly significant with a
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score of 149, expect 8.6E-11 and number of peptides matched 12 among 31 searched.
Glutamate—ammonia ligase has a nominal mass of 42,259 and a calculated pl value of 6.83.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 2.
Glutamate—-ammonia ligase is a Ni2* binding protein. A: Recombinant 68 kDa GST-GLUL

protein was prepared in bacteria and analyzed for its capability to bind nickel by incubation
with Ni-NTA agarose beads. GST-GS, recombinant 68 kDa GST-GLUL protein. GST, GST
protein as a negative control. PolyHis, a poly(His)-tagged sperm tail protein used as a
positive control. Lane 1, input protein; lane 2, proteins bound to Ni-NTA agarose beads; lane
3, unbound material (flow-through). B: Ni2* competes with glutamate—ammonia ligase
binding to Ni-NTA agarose beads. GST-GLUL recombinant protein was incubated with
different amounts of nickel sulfate before incubation with Ni-NTA agarose beads. Then,
GST-GLUL and nickel were incubated with Ni-NTA agarose beads and the bound protein
was analyzed by SDS-PAGE. Top panel: Lane 1, 0 mM Ni2*; lanes 2-6, 0.125, 0.25, 0.50,
1.0, and 2.0 mM Ni2*, respectively. Bottom panel: Quantitation of the results is shown as a
graph. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 3.
Glutamate—ammonia ligase protein expression in testis and interstitial cells. Western blot

analysis was done using anti-GLUL antibodies. Lane 1, total testis; lane 2, interstitial cell
fraction. Molecular sizes of marker proteins are indicated on the left.
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Figure 4.

Expression of glutamate—ammonia ligase in testis. Detection of GLUL protein expression in
testis by immunofluorescence microscopy. Rat testes were frozen in OCT and sectioned.
Testis sections were stained with an anti-GLUL antibody followed by a secondary antibody
conjugated with Cy3. Panel A: Sections were stained using anti-GLUL antibody. Panel B:
The same section was stained with DAPI. Panel C: Sections were stained using anti-GLUL
antibody that was first blocked with GST-GLUL recombinant protein (negative control).
Panel D: The same section was stained with DAPI.
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Figureb.
Recombinant GST-GLUL protein is enzymatically active. A: Recombinant GST-GLUL

protein was incubated without Mn?* or with 0.5 mM Mn2* for 1 hr at room temperature.
Next, GLUL activity was detected by a spectrometry assay described in Materials and
Methods. Values are the mean +SE from six independent analyses. The asterisk indicates a
significant difference between the two groups, £<0.01. B: Recombinant GST-GLUL
protein was incubated in the presence of 0.5 mM manganese and different concentrations of
NiSOy4 (0, 50, 100, 200, 400, and 800 uM) for 1 hr at room temperature. Next, GLUL
activity was measured using the spectrometry assay. Values are the mean + SE from 6
independent assays. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure6.
Determination of the Ni2*-binding domain of glutamate—ammonia ligase protein. A:

Diagram showing the positions of histidine residues in GLUL. Indicated are the sizes of
recombinant deletion mutant proteins produced. Vertical lines, histidines. The GLUL
catalytic domain is indicated. B: Nickel affinity binding and SDS-PAGE. Lanes 1-3, GST-
GLUL protein mutant C (41 kDa, spanning nucleotides 1-380). Lanes 4-6, GST-GLUL
protein mutant B (50 kDa, spanning nucleotides 1-620). Lanes 7-9, GST-GLUL protein
mutant A (57 kDa, spanning nucleotides 1-820). Lanes 10-12, GST-GLUL full length (68
kDa, spanning nucleotides 1-1,119). Lanes 1, 4, 7, and 10, input protein samples. Lanes 2,
5, 8, and 11, protein bound to Ni-NTA agarose beads. Lanes 3, 6, 9, and 12, flow through
proteins. C: Quantification of nickel-binding activity of deletion mutants and full length
GLUL protein. After nickel binding and SDS-PAGE, the intensity of each fractionated
protein band was quantified. The diagram shows the average ratio of the intensity of each
eluted protein band vs. the input protein band from three 