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The Arabidopsis genome contains 14 genes encoding the serine protease DegP. Products of four of these genes are located
in the chloroplast: three in the thylakoid lumen and one on the stromal side of the membrane. We expressed the gene
encoding DegP1 as a His-tagged fusion protein in Escherichia coli, purified the protein by affinity chromatography, and
characterized it biochemically. Size-exclusion chromatography suggested that DegP1 eluted from the column as a mixture
of monomers and hexamers. Proteolytic activity was characterized using �-casein as a model substrate. DegP1 demonstrated
concentration-dependent activity, a pH optimum of 6.0 and increasing activity at elevated temperatures. DegP1 was capable
of degrading two lumenal proteins, plastocyanin and OE33, suggesting a role as a general-purpose protease in the thylakoid
lumen. The results of this work are discussed in the context of the recent elucidation of the structure of the E. coli homolog
and the possible physiological role of the protease in the chloroplast lumen.

Intracellular proteolysis plays two major roles in all
organisms. As a component of the protein quality
control system, together with molecular chaperones,
proteases ensure protein quality by either remodel-
ing denatured or damaged ones, or degrading them
to free amino acids (Wickner et al., 1999). The second
role is fine-tuning of proper levels of regulatory pro-
teins (Gottesman, 1996; Hershko and Ciechanover,
1998). As a semiautonomous organelle, the chloro-
plast is expected to have these two functions fulfilled
by organelle-located proteases (Adam, 2000). The
chloroplast contains a proteolytic machinery com-
posed of different families of proteases, distributed
in the different compartments of the organelle. The
ATP-dependent Ser protease Clp is located mostly in
the stroma, where it can degrade both soluble and
membrane-bound substrates (e.g. Shanklin et al.,
1995; Halperin and Adam, 1996; Majeran et al., 2000).
It is composed of the proteolytic subunit ClpP and
the regulatory ATPase ClpC, which form oligomeric
structures (Sokolenko et al., 1998; Peltier et al., 2001),
both encoded by multiple genes (Adam et al., 2001;
Zheng et al., 2002). Another ATP-dependent protease
is FtsH, which harbors both its proteolytic and AT-
Pase domains in the same polypeptide. This is a
metalloprotease that is bound to the thylakoid mem-
brane, exposing its functional domains to the stromal
side of the membrane (Lindahl et al., 1996). It has
been implicated in the degradation of unassembled
thylakoid membrane proteins (Ostersetzer and
Adam, 1997), and degradation of the D1 protein of

photosystem II reaction center after photoinhibition
(Lindahl et al., 2000; Bailey et al., 2002). This protease
is also encoded by multiple enzymes (Adam et al.,
2001), and one of its isomers, FtsH2, is apparently
involved in chloroplast development as well (Chen et
al., 2000; Takechi et al., 2000). SppA was recently
identified as another thylakoid membrane-bound Ser
protease facing the stroma (Lensch et al., 2001). In
addition to these proteases, several processing and
amino peptidases, capable of limited proteolysis, are
found in chloroplasts (for review, see Sokolenko et
al., 2002).

The innermost compartment of the chloroplast, the
thylakoid lumen, contains more than 80 proteins
(Peltier et al., 2002; Schubert et al., 2002). Proteolytic
degradation of only a few of these has been previ-
ously documented. In Chlamydomonas reinhardtii, the
copper-containing electron carrier plastocyanin (PC)
is rapidly degraded in the lumen when the alga is
grown in a copper-deficient medium (Merchant and
Bogorad, 1986; Li and Merchant, 1995). Further sup-
port for the existence of a proteolytic machinery in
the lumen comes from the demonstration of the short
half-life of truncated forms of the 23-kD subunit of
the oxygen-evolving complex (Roffey and Theg,
1996). Although the identity of the protease(s) in-
volved is still unknown, the existence of one family
of proteases in the lumen is now established. The Ser
protease DegP1 has been identified as a protease that
is tightly associated with the lumenal side of thyla-
koid membranes, and its level appears to increase
transiently in response to exposure of plants to heat
(Itzhaki et al., 1998). This protease is encoded in
Arabidopsis by a family of genes; the products of at
least four of them are targeted to chloroplasts (Adam
et al., 2001). Two isomers, highly similar to DegP1,
DegP5, and DegP8, were recently identified together
with DegP1 in a proteomic study of lumenal proteins
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(Schubert et al., 2002). Another isomer, somewhat
less conserved, designated DegP2, was found associ-
ated with the stromal side of the thylakoid mem-
brane and was implicated in the initial cleavage of
the D1 protein of photosystem II reaction center
(Haussuhl et al., 2001).

As a first step toward understanding the physio-
logical functions of thylakoid proteases, we overex-
pressed DegP1 in Escherichia coli and characterized its
proteolytic activity. Here, we demonstrate that re-
combinant DegP1 is proteolytically active toward
both model and lumenal substrates, and we charac-
terize its activity with respect to enzyme concentra-
tion, pH, and temperature.

RESULTS

Expression and Purification of Plant DegP1 from E. coli

In an initial attempt to express plant DegP1 in E.
coli, we subcloned the cDNA encoding the mature
protein into the expression vector pT7–7. Upon in-
duction with isopropylthio-�-galactoside (IPTG), the
protein was expressed. However, this system was
very inefficient because only small amounts of the
protein could be observed. Attempts to express
DegP1 as a fusion protein with an intein and a chitin-
binding domain also failed. In this case, only a mu-
tant of the cDNA, in which the active Ser residue was
replaced by a Gly, was expressed correctly, whereas
the wild-type fusion protein was much smaller, prob-
ably as result of self-degradation (data not shown).

A third attempt to overexpress the protein was
made with the pET-15b vector. The 5� end of the
DegP1 cDNA fragment was ligated to the 3� end of
the His-tag-encoding domain of the vector, to yield
mature DegP1 with a His-tag at its N terminus. Two
hours after induction of expression with IPTG, a
band of approximately 37 kD was observed, whose
level decreased 2 h later (Fig. 1A). Because this was
the only extra band that appeared after induction and
its size was in the range of the expected protein, we
suspected that the overexpressed protein had under-
gone degradation. To test this possibility, we took
samples from the culture at different times after in-
duction and subjected them to immunoblot analysis,
using an antibody against the His tag. As shown in
Figure 1B, a His-tagged protein accumulated 1 h after
induction with IPTG, but its level gradually de-
creased with time, suggesting that this protein is
unstable in the bacteria.

After sonication of the bacterial cells, followed by
centrifugation, DegP1 was found equally distributed
between the soluble and insoluble fractions (data not
shown). The soluble fraction was subjected to affinity
purification on a nickel column. As shown in Figure
2A, most proteins did not bind to the column (lane F).
After two washes with a buffer containing 20 mm
imidazole, no more proteins come off the column
(lane W2). DegP1 was eluted from the column with a

buffer containing 250 mm imidazole. Most of the
protein was found in the first two eluted fractions,
with the remainder coming out in the third and
fourth fractions (lanes E1–E4). The first two eluted
fractions contained three additional minor bands,
two smaller and one larger than DegP1. Immunoblot
analysis with an antibody against DegP revealed
cross-reaction with all four bands (data not shown),
suggesting that the smaller bands may represent deg-
radation products of DegP1, whereas the larger one
may be an oligomeric form.

To estimate the native size of the affinity-purified
His-tagged enzyme, we performed size-exclusion
chromatography on a Sephacryl S-200 column. The
elution profile presented in Figure 2B shows two
main peaks with calculated molecular masses of 200
and 40 kD, respectively. Given the mass of DegP1, 35
kD, and the 2.5-kD N-terminal tag, this suggested
that the enzyme is found in a mixture of monomeric
and hexameric forms.

Recombinant DegP1 Is Proteolytically Active

To test whether the recombinant DegP1, containing
a His tag at its N terminus, was proteolytically active,

Figure 1. Expression of DegP1 in E. coli. A, BL21-DE3 cells, trans-
formed with pET-15b-DegP1, were induced with 0.5 mM IPTG.
Samples were taken at the times indicated, normalized to cell den-
sity, and subjected to SDS-PAGE on a 12% (w/v) acrylamide gel. The
location of an induced protein, suspected to be DegP1, is indicated
by an arrow. B, Immunoblot of a similar gel with an anti-poly-His
monoclonal antibody.
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we incubated it with the model substrate �-casein.
Equal volumes of the four eluted fractions, contain-
ing different amounts of DegP1, were incubated with
equal amounts of substrate. From the results pre-

sented in Figure 3, it appears that DegP1 in all four
eluted fractions can degrade the protein substrate.
However, it should be noted that degradation in the
more dilute fractions (E3 and E4) was more efficient.
Thus, all four fractions were combined and used for
further characterization of the enzyme. Interestingly,
when fractions from the size-exclusion chromatogra-
phy were assayed for proteolytic activity, both the
oligomeric and monomeric fractions were active
(data not shown). Given the purity of the affinity-
purified enzyme, further characterization was done
with this preparation.

When 50 pmol of �-casein was incubated with 0.5
to 50 pmol of DegP1, we observed concentration-
dependent degradation of the substrate (Fig. 4, A and
B). Interestingly, it appears that DegP1 itself under-
goes self-degradation during the incubation (Fig. 4A,
compare lanes 1 and 2). During a 2-h incubation,
approximately 2 pmol of the enzyme was sufficient
for degradation of 50% of the substrate (Fig. 4B). The
rate of degradation progressed linearly with time for
2 h, and then started to level off even before the
substrate had been completely degraded (Fig. 4C).
We also tested whether the presence of the His tag
has any effect on proteolytic activity. For that pur-
pose, the His tag was cleaved from the fusion protein
with thrombin and the remaining DegP1 was puri-
fied. Removal of the tag did not increase the activity
of the protein (data not shown). Thus, we continued
the characterization with the His-tagged enzyme.

Effect of pH and Temperature on Degradation Rate

�-Casein degradation by DegP1 was tested at dif-
ferent pH values in the range of 5.5 to 9.0. As shown
in Figure 5A, degradation was most efficient at pH
values between 5.5 and 7.0, with highest activity
observed at pH 6.0. At slightly basic pHs, degrada-
tion rate dropped dramatically. DegP1 is a resident of
the thylakoid lumen, and optimal activity at pH 6.0 is

Figure 2. Purification of DegP1. A, BL21-DE3 cells, transformed with
pET-15b-DegP1 (U), were induced with 0.5 mM IPTG for 1 h (I). Cells
were harvested, sonicated, and centrifuged to obtain a soluble frac-
tion (S). This fraction was mixed with nickel-nitrilotriacetic acid
(Ni-NTA) agarose and loaded onto a column, and the flow-through
liquid was collected (F). The column was then washed twice (W1 and
W2), and eluted four times (E1–E4) with 250 mM imidazole. Samples
were resolved by SDS-PAGE on a 12% (w/v) acrylamide gel followed
by Coomassie Blue staining. B, The pooled fractions E1–E4 were
concentrated and loaded onto a Sephacryl S-200 column, and the
A280 of the eluted protein was monitored. Relative migration of
standard proteins and their molecular mass in kilodaltons is indicated
by arrowheads.

Figure 3. �-Casein degradation by purified DegP1 fractions. Frac-
tions eluted from the Ni-NTA agarose column (5 �L each) were
incubated with 1 �g of �-casein for the times indicated. At the end of
the incubation, reaction mixtures were subjected to SDS-PAGE on a
12% (w/v) acrylamide gel. The locations of DegP1 and �-casein are
indicated on the left.

Lumenal DegP1 Protease
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consistent with the slightly acidic pH found in this
compartment.

Because bacterial DegP is essential for survival at
elevated temperatures (Lipinska et al., 1990) and be-
cause levels of plant DegP rise in response to expo-
sure to heat (Itzhaki et al., 1998), we tested the activ-
ity of DegP1 at different temperatures. Within the

range of 15°C to 42°C, degradation of �-casein rose
gradually (Fig. 5B). Degradation at 55°C was even
higher (data not shown). At this stage, it is not clear
whether the enzyme itself operates better at higher
temperatures or whether heat induces unfolding of
the substrate, thereby making it more accessible to
the protease. However, it should be noted that even
after boiling the enzyme for 5 min, it remained par-
tially active (Fig. 4A, compare lane 8 with lanes 1
and 7).

Figure 5. pH and temperature dependence of �-casein degradation
by DegP1. A, �-Casein (50 pmol) was incubated with 5 pmol of
DegP1 in buffers with pH values ranging from 5.5 to 9.0. Percentage
of �-casein degradation is presented. B, �-Casein degradation assays
were carried out at different temperatures. Means � SE of three
experiments are presented.

Figure 4. Concentration and time dependence of �-casein degrada-
tion by DegP1. A, �-Casein (50 pmol) was incubated with 0.5 to 50
pmol of DegP1 for 2 h, after which the reaction mixtures were
subjected to SDS-PAGE. A reaction containing 50 pmol of preboiled
DegP1 is also included in the experiment. B, The experiment pre-
sented in A was repeated three times and the �-casein bands were
quantified. Means � SE are presented. C, �-Casein (50 pmol) was
incubated with 5 pmol of DegP1 for the indicated times, and the
remaining �-casein was quantified. Means � SE of three experiments
are presented.
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Degradation of Lumenal Proteins by DegP1

To test whether DegP1 is capable of degrading
residents of the lumen compartment, we incubated
the enzyme with in vitro synthesized PC. Degrada-
tion of three variants of the protein were tested: the
wild-type PC and PC containing either a normal
(ANDENYALAA) or mutated (ANDENYALDD)
SsrA tag (Keiler et al., 1996) at its C terminus. The
results in Figure 6A show that wild-type PC and the
two C-terminal-extended proteins are equally sus-
ceptible to DegP, whereas in the absence of the pro-
tease, the proteins are stable. Although the C termi-
nus of PC appears to play no role in its degradation,
these results demonstrate that DegP can indeed de-
grade a lumenal protein.

To further test the ability of DegP to degrade lu-
menal proteins, we incubated it with the 33-kD sub-
unit of the oxygen-evolving complex (OE33) that had
been overexpressed in E. coli. Here again, the protein
was degraded, although degradation appeared to
slow down after 1 h of incubation (Fig. 6B). Why
degradation did not proceed further is not known,
but it is conceivable that different forms of the over-
expressed protein have differential stability. How-
ever, the ability of DegP1 to degrade both PC and
OE33 suggests that it may be involved in complete
degradation of lumenal proteins in vivo.

DISCUSSION

A common feature of all our attempts to express
plant DegP1 in E. coli was its instability in the bacte-
rium (Fig. 1B). Although the amount of protein ac-
cumulated 1 h after induction was sufficient for fur-
ther purification and characterization, the reason for
the observed instability remains unclear. Circum-
stantial evidence suggests that the recombinant pro-
tein is prone to self-degradation. Under conditions in
which DegP1, fused to an intein and a chitin-binding
domain, did not accumulate, a protein containing a
single amino acid substitution at the active site did
(data not shown). Some degree of self-degradation
was also evident in the in vitro activity assay of the
purified protein (Fig. 4A, compare lanes 1 and 2).
This observation is consistent with partial cleavage of
the overexpressed bacterial protein (Lipinska et al.,
1990) and its self-degradation observed at elevated
temperature (Kim et al., 1999). Whether plant DegP1
is unstable in vivo as well is not yet known, but it
should be noted that upon continuous exposure of
pea (Pisum sativum) seedlings to elevated tempera-
tures, we observed a transient increase in the level of
the protein, followed by a decrease to the basal level
within 16 h (Itzhaki et al., 1998). Whether this has any
functional significance remains to be determined.

DegP1 appears to be well suited for activity in the
thylakoid lumen, because its pH optimum deter-
mined here was slightly acidic (Fig. 5A). Its increased
activity at elevated temperatures (Fig. 5B), a charac-
teristic of the E. coli enzyme as well (Skorko-Glonek
et al., 1995; Kim et al., 1999; Spiess et al., 1999), is also
consistent with its proposed role in response to heat.
Why this enzyme, unlike most others, becomes in-
creasingly active with increasing temperature was a
mystery until very recently. Elucidation of the three-
dimensional structure of the bacterial enzyme (Krojer
et al., 2002) offers a clue to this question. At low
temperature, access to the active site is blocked be-
cause of a twist in one of the loops that compose this
site. Thermal motion of this loop may give the sub-
strates access to the active site, and catalysis ensues
(Krojer et al., 2002). Whether the structure of DegP1
is identical to that of the E. coli enzyme is not yet
known, but the high similarity between the amino
acid sequences in the region of the active site sug-
gests similar structures. Thus, the reason for thermal
activation of both enzymes may be the same.

In addition to DegP1, two other DegP homologs,
DegP5 and DegP8, have been identified in the lu-
men (Schubert et al., 2002). DegP1 and DegP8 are
very similar, having calculated molecular masses of
35.2 and 37.2 kD, respectively, whereas DegP5 is
shorter, with a molecular mass of 23.5 kD. The main
difference between these proteins and their bacterial
homolog is the number of PDZ domains. PDZ do-
mains have been implicated in protein-protein inter-
actions, including protease-substrate recognition, in
different biological systems (Saras and Heldin, 1996;

Figure 6. Degradation of PC and OE33 by DegP1. A, In vitro syn-
thesized PC and its derivatives were incubated for 1 h with or without
DegP1, followed by SDS-PAGE and imaging of the radioactive pro-
tein by phosphor imager. B, Overexpressed OE33 was incubated
with DegP1, followed by SDS-PAGE and staining.

Lumenal DegP1 Protease
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Levchenko et al., 1997; Ponting, 1997; Beebe et al.,
2000; Sheng and Sala, 2001). Whereas E. coli DegP
contains two PDZ domains in tandems in its C ter-
minus, DegP1 and DegP8 contain only the first do-
main, and DegP5 has none. This may have implica-
tions for substrate recognition and specificity of the
three thylakoid lumen enzymes.

The finding that DegP1 forms hexamers is consis-
tent with the oligomeric form of E. coli DegP. Al-
though it was previously demonstrated that the bac-
terial enzyme forms a six-member ring-like structure
(Kim et al., 1999), the crystal structure shows a stag-
gered association of two trimeric rings (Krojer et al.,
2002). Similar discrepancy between previous molec-
ular and biochemical work and the crystal structure
relates to the role of PDZ domains in oligomeriza-
tion. Deletion of these domains from the bacterial
enzyme results in smaller oligomers, either dimers or
trimers, leading to the conclusion that the PDZ do-
mains are important for the hexameric structure (Sas-
soon et al., 1999). In contrast, the crystal structure
shows that the PDZ domains are oriented toward the
perimeter of the ring, and do not contribute to the
packing (Krojer et al., 2002). Thus, the high similarity
between the protease domains of the three lumenal
enzymes suggests that they may interact. The ques-
tion of whether they form hetero-hexamers in vivo or
whether the formation of homo-oligomers is favored
remains to be determined experimentally.

To test the activity of DegP1 on lumenal proteins,
we used PC and OE33 as substrates. Both could be
degraded by the protease, suggesting that their deg-
radation in vivo may be mediated by DegP1. In ad-
dition, we tested the effect of the SsrA tag on PC
degradation. Proteins tagged with SsrA peptide have
been previously shown to be rapidly degraded both
in vitro and in vivo. Tagged �cI repressor was de-
graded by both E. coli Clp protease (Gottesman et al.,
1998) and FtsH (Herman et al., 1998). Thus, the iden-
tity and conformation of the C termini of protein
substrates appear to be important for their recogni-
tion and degradation by proteases. However, the
presence of wild-type versus mutated tags did not
affect PC degradation by DegP1, and thus it seems
that the C terminus of PC does not play a role in its
degradation. It was recently shown that that the C
terminus of the short-lived bacterial �32 is similarly
not involved in its degradation by FtsH (Tomoyasu et
al., 2001). This differential behavior suggests that
different substrates interact differently with the same
proteases and that multiple domains on the surface
of the protease may be involved with substrate rec-
ognition and binding.

Here, we demonstrate the capability of DegP1 to
degrade both model and lumenal protein substrates.
Its lumenal location and membrane association sug-
gest that DegP is involved in the degradation of
integral membrane proteins as well. The current un-
derstanding of the mechanisms involved in the deg-

radation of integral membrane proteins that span the
membrane several times is very limited. It is plausi-
ble that enzymes from both sides of the membrane
cooperate in the degradation of such substrates, as
has been shown in mitochondria for a model sub-
strate that spans the membrane only once (Leonhard
et al., 2000). In the context of thylakoids, DegP could
cleave lumenal loops, thus facilitating translocation
and degradation of trans-membrane helices by ATP-
dependent proteases such as FtsH on the stromal side
of the membrane. The purification and characteriza-
tion of DegP1 reported here will allow us to deal
experimentally with this question and with the ques-
tion of degradation of heat-denatured proteins in the
thylakoid lumen.

MATERIALS AND METHODS

Subcloning, Overexpression, and Purification of DegP1

A fragment encoding the mature portion of DegP1 was generated by
PCR, using the cDNA in pSPORT (Itzhaki et al., 1998) as a template. A codon
for Met and the NdeI restriction site was added by using the oligonucleotide
5�-GGAATTCATATGTTTGTAGTTAGT-3� as one primer in the reaction and
SP6 as the second primer. The PCR product was cut with NdeI and BamHI
and inserted into the corresponding sites in the plasmids pT7–7 and pET-
15b. Escherichia coli BL21-DE3 cells were transformed with the vectors con-
taining the DegP1 insert. Cultures were grown at 37°C to an OD600 of 0.3 to
0.4, and expression of DegP1 was induced by the addition of 0.5 mm IPTG.
Cultures were then further grown for 1 to 4 h, and the cells were harvested
by centrifugation at 5,000g for 5 min and assayed for expression by resus-
pension in 4� solubilization buffer followed by SDS-PAGE. To confirm the
identity of the expressed protein, we excised the suspected band from the
gel and subjected it to digestion with trypsin, followed by electrospray
ionization-mass spectrometry analysis. The amino acid sequences of seven
peptides were obtained, and all of them matched the sequence of DegP1.
These peptides gave 24.3% coverage of the mature protein sequence, and
given the fact that they originated from different regions of the protein,
including its C terminus, the identification of the expressed protein as
DegP1 was beyond doubt.

For purification of DegP1, cells from a 500-mL culture were harvested 1 h
after induction with IPTG and resuspended in 10 mL of a buffer containing
50 mm NaH2PO4 pH 8.0, 300 mm NaCl, and 20% (w/v) glycerol (buffer A)
containing 10 mm imidazole. lysozyme was added to a final concentration of
1 mg mL�1, and the solution was sonicated in a ice bath three times for 3
min each with 1-min intervening cooling periods. The sonicated cells were
centrifuged at 5,000g for 5 min, the supernatant was mixed with a 1/4
volume of Ni-NTA agarose (Qiagen USA, Valencia, CA), and the mixture
was gently agitated for 1 h at 4°C. The mixture was then loaded onto a
column and washed twice with 4 mL of buffer A containing 20 mm imida-
zole, followed by four elutions with 0.5 mL of buffer A containing 250 mm
imidazole. For assessment of the size of DegP1, fractions E1 to E4 were
pooled, concentrated by lyophilization, and loaded onto a Sephacryl S-200
column. The column was then eluted with 10 mm Tris-HCl, pH 8.0, 150 mm
NaCl, and 1 mm EDTA, and absorbance of the eluant at 280 nm was
monitored.

Proteolytic Degradation Assays

To assay proteolytic activity of DegP1, a standard reaction mixture
included 5 pmol of DegP1, 50 mm MES, pH 6.0, and 50 pmol �-casein
(Sigma-Aldrich, St. Louis) in a total volume of 10 �L. The mixture was
incubated for 1 h at 37°C and subjected to SDS-PAGE (see below) after the
addition of 10 �L of 4� solubilization buffer. Where indicated, different
amounts of DegP1 (0.5–50 pmol) were added, or the duration of incubation
(30–150 min), pH (5.5–9.0), or incubation temperature (15°C–42°C) was
changed. Degradation of OE33 was assayed in the same reaction mixture,
except that �-casein was replaced with 15 pmol of OE33 that had been
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overexpressed in E. coli as previously described (Betts et al., 1994). Degra-
dation of PC and its derivatives was measured in the same manner, except
that the substrate in the reaction was in vitro synthesized protein (TNT
coupled wheat germ extract system, Promega, Madison, WI), equivalent to
50,000 cpm.

Miscellaneous

SDS-PAGE was performed on 12% or 15% (w/v) acrylamide gels as
described previously (Adam and Hoffman, 1993). Gels were stained with
Coomassie Blue R-250, and degradation of �-casein was quantified using
image analysis software (Image Master 2D Elite v3.01, Amersham Bio-
sciences AB, Uppsala). For visualization and quantification of radioactive
PC and its derivatives, gels were analyzed using a phosphor imager
(Bas 1000, Fuji Photo Film, Tokyo). Western blot was performed with a
monoclonal anti-poly His antibody (Sigma-Aldrich) at a 1:3,000 dilution,
which was visualized using a chemiluminescence kit (Pierce Chemical,
Rockford, IL).
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