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Nectarin I, a protein that accumulates in the nectar of
Nicotiana sp., was determined to contain superoxide
dismutase activity by colorimetric and in-gel assays.
This activity was found to be remarkably thermostable.
Extended incubations at temperatures up to 90 °C did
not diminish the superoxide dismutase activity of nec-
tarin I. This attribute allowed nectarin I to be purified
to homogeneity by heat denaturation of the other nectar
proteins. By SDS-polyacrylamide gel electrophoresis,
nectarin I appeared as a 29-kDa monomer. If the protein
sample was not boiled prior to loading the gel, then
nectarin I migrated as 165-kDa oligomeric protein. By
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry, the protomer subunit was
found to be a 22.5-kDa protein. Purified nectarin I con-
tained 0.5 atoms of manganese/monomer, and the super-
oxide dismutase activity of nectarin I was not inhibited
by either H2O2 or NaCN. Following denaturation, the
superoxide dismutase activity was restored after Mn21

addition. Addition of Fe21, Cu21, Zn21, and Cu21/Zn21

did not restore superoxide dismutase activity. The qua-
ternary structure of the reconstituted enzyme was ex-
amined, and only tetrameric and pentameric aggregates
were enzymatically active. The reconstituted enzyme
was also shown to generate H2O2. Putative nectarin I
homologues were found in the nectars of several other
plant species.

Floral nectars are often considered as being little more than
sugar water. However, closer examination reveals a complex
mixture of components. Although simple carbohydrates (i.e.
sucrose, glucose, and fructose) make up the most significant
solutes in nectar, other substances such as amino acids, organic
acids, terpenes, flavonoids, glycosides, vitamins, phenolics,
oils, and metal ions have also been found in various nectars (1).
Enzymatic activities such as invertase, transglucosidase, tyro-
sinase, phosphatase, oxidase, esterase, and malate dehydro-
genase have been suggested to occur in nectars (1). However,
these reports have primarily been undetailed investigations,
failing to identify the proteins responsible for the respective
activities. Only a few investigations have clearly identified the
activities of defined nectar proteins (2–5).

We have previously demonstrated the presence of a limited
number of proteins, termed nectarins, that are secreted into
the nectar of tobacco flowers (2). The most highly expressed of
these proteins, nectarin I, is found only in nectary tissues and
to a much lower level in the ovary. Its expression is develop-
mentally regulated, accumulating only at times when nectar is
being actively secreted. Following the isolation and character-
ization of the nectarin I gene, this protein was identified as a
germin-like protein (GLP).1 Germin was first identified in ger-
minating wheat embryos (6). It is a large molecular-weight
protein composed of five (6) or six (7, 8) monomer subunits.
GLPs have subsequently been identified in all species exam-
ined to date from mosses to gymnosperms and dicots to mono-
cots (9–12). Germin is an oxalate oxidase that degrades oxalic
acid into H2O2 and CO2 (13–15). Despite the high sequence
identity between nectarin I and germin, nectarin I lacks oxa-
late oxidase activity (2) and consequently has an unknown
function. Many other GLPs also lack oxalate oxidase activity (9,
10, 16–19).

Recently, a superoxide dismutase from the moss Barbula
unguiculata, BuGLP, was isolated and identified as a GLP (9).
This fortuitous discovery has led us to examine whether the
germin-like protein, nectarin I, is also a superoxide dismutase.

EXPERIMENTAL PROCEDURES

Materials

The plants used for the production of nectarin I have been described
previously (2). Additional species examined for the presence of nectarin
I are presented in Table I. These plants were obtained from green-
houses on the Iowa State University campus. The species were con-
firmed at the Iowa State University Herbarium.

Several different superoxide dismutases including the MnSOD from
Escherichia coli (20), the FeSOD from E. coli (21), and the Cu/ZnSOD
from bovine erythrocytes (22) were obtained from Sigma and were used
without further purification. All other materials were of the highest
purity available and were obtained from either Sigma or Fisher.

Purification of Nectarin I

Nectar was collected as described previously (2). The nectarin I
protein was obtained in pure form as follows; 12 ml of fresh nectar
collected from approximately 500 flowers from 12–15 plants was di-
vided into 600-ml aliquots in 1.5-ml microcentrifuge tubes. The 600-ml
aliquots were placed in a 90 °C water bath for 45 min, followed by a
30-min centrifugation at 12,000 3 g. To avoid contamination from the
pellet, the top 500 ml of nectar was removed, and 10 ml of 100%
(NH4)2SO4 was added to each 1.5 ml of nectar (87% final concentration
of (NH4)2SO4) and incubated for 1 h in 15-ml Corex tubes. Following
incubation, the tubes were centrifuged at 10,000 3 g for 15 min. The
pellets were resuspended in a minimal volume (150 ml each) of distilled
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water or 10 mM sodium phosphate, pH 7.8, and dialyzed against 2 L of
10 mM sodium phosphate, pH 7.8, two times. In early studies, partially
purified nectar proteins were produced by ammonium sulfate precipi-
tation of raw nectar.

Metal Ion Analysis

Metal ion analysis was performed by flame ionization atomic absorp-
tion spectroscopy at the Metal Analysis Laboratory on the Iowa State
University campus. All preparations were performed with nitric acid-
washed glassware.

Enzyme Assays

Oxalate Oxidase—The procedure described by Sugiura et al. (23) was
used for the assay of oxalate oxidase activity in solution, using a
commercial preparation of barley oxalate oxidase as a positive control.

Superoxide Dismutase—A colorimetric assay (24) using cytochrome c
as the detector and xanthine-xanthine oxidase as a superoxide gener-
ator was utilized in the characterization of purified nectarin I and in the
thermostability studies.

SDS-PAGE, Western Blots, and In-gel Staining

SDS-PAGE was performed according to the methods of Laemmli (25).
Western blotting was conducted according to methods of Timmons and
Dunbar (26). Anti-nectarin I antibodies were described previously (2).
Protein concentration was determined by the method of Lowry et al.
(27).

Detection of Hydrogen Peroxide in Nectar—Hydrogen peroxide in
nectar was evaluated as follows. Fifty microliters of nectar was added to
1.95 ml of distilled water, and then 1 ml of developing solution was
added. The developing solution contained 80 mg of 4-aminopyrine, 13
units of horseradish peroxidase and 0.2 ml of N,N-dimethylanaline in
0.1 M sodium phosphate buffer, pH 5.5. After a 10-min incubation at
37 °C, the absorbance was read at 550 nm.

In-gel Staining for Superoxide Dismutase—Negative staining of in-
gel SOD activity was performed with nitro blue tetrazolium according to
methods outlined by Flohé and Ötting (24). Following electrophoresis,
SDS-containing gels were washed in 100 ml of 10 mM sodium phos-
phate, pH 7.8 (with or without 50 mM MnSO4), three times for 30 min
each prior to SOD activity staining.

Positive staining of in-gel SOD activity was performed with 4-chloro-
1-naphthol. Following SDS-PAGE, gels were washed (three 20-min
washes) in 10 mM MOPS, pH 7.0 (with or without 50 mM MnSO4).

Staining for H2O2 production was performed by incubating the washed
gels in a staining solution containing: 20 mM MOPS, pH 7.0, 28 mM

riboflavin, 5 units/ml horseradish peroxidase (Sigma), 500 ng/ml
4-chloro-1-naphthol, 10 mM TEMED, and 60% ethanol. Gels were incu-
bated in staining solution in transparent trays on a light box with
gentle shaking. Staining was performed for 16–24 h.

Periodic Acid Schiff (PAS) Staining—PAS staining following SDS-
PAGE (28) was used to examine nectarin I glycosylation.

Matrix-assisted Laser Desorption/Ionization
(MALDI) Mass Spectrometry

MALDI mass spectrometry was used for determining the molecular
mass of the purified nectarin I protein. Protein samples of 1–2 ml
containing approximately 2–4 ng of protein were loaded with 1–2 ml of
freshly prepared sinapinic acid matrix onto a time-of-flight mass ana-
lyzer (Lasermat 2000 MALDI; Finnigan, Madison, WI). The collected
data were analyzed using data processing software (Lasermat 2000).
Bovine serum albumin was used as an internal calibration standard.

RESULTS

To evaluate whether nectarin I might be a superoxide dis-
mutase, we initially examined whether raw nectar contained
any superoxide dismutase activity. However, the high concen-
trations of ascorbate present raw nectar interferes with the
SOD assay (24), so nectar proteins were precipitated from raw
nectar by ammonium sulfate precipitation, and the SOD assay
was performed on the partially purified nectarins. Fig. 1 dem-
onstrates that increasing amounts of partially purified nectar
proteins result in decreased superoxide-dependent reduction of
cytochrome c, confirming that the partially purified nectar
proteins do indeed contain superoxide dismutase activity.

Because superoxide dismutase activity was identified with
the nectar proteins, we next attempted to determine whether

this superoxide dismutase activity was associated with necta-
rin I. We ran aliquots of ammonium sulfate-precipitated nectar
proteins on native gels and demonstrated that the major nectar
protein was stained for superoxide dismutase activity with
nitro blue tetrazolium (data not shown).

We have demonstrated previously that even in the presence
of SDS the nectarin I protein migrates as an oligomer if the
protein samples were not boiled prior to SDS-PAGE (2). We
reasoned that if the nonboiled nectarin I protein maintains its
oligomeric quaternary structure, perhaps it might also main-
tain its enzymatic activity. Therefore, we also examined SDS-
PAGE gels for superoxide dismutase activity. Fig. 2 (lane 2)
shows the protein profile of ammonium sulfate precipitated
nectar proteins. When the protein samples are prepared in
Laemmli buffer without boiling and run on SDS-PAGE gels,
the nectarin I migrates as a 165-kDa oligomer. As shown in
lane 3, Western blotting using antiserum raised against necta-
rin I identifies the 165-kDa nectarin I oligomer. When a dupli-
cate gel was stained for superoxide dismutase activity (lane 4),
a band of enzyme activity was observed that corresponded with
the 165-kDa nectarin I protein. Thus, nectarin I has superoxide
dismutase activity.

We next decided to purify nectarin I and evaluate superoxide
dismutase activity on the purified protein. Because GLPs are
known for their thermostability (29), and heat precipitation
steps are extremely good first steps in the purification of many
proteins (30–32), we explored thermostability for the purifica-
tion of nectarin I from crude nectar proteins. Ammonium sul-
fate-precipitated nectar proteins were resuspended in 10 mM

sodium phosphate buffer, pH 7.8, and dialyzed against this
same buffer. Aliquots of these nectar proteins containing 17 mg
of total protein were incubated at various temperatures for 5
min and evaluated for superoxide dismutase activity. As ob-
served in Fig. 3 (panel A), the superoxide dismutase activity of
nectarin I is remarkably stable over all temperatures up to
90 °C. Above 90 °C, superoxide dismutase activity rapidly de-
clines. We also examined the kinetics of this stability. Aliquots
of nectarin I were incubated at temperatures between 80 °C
and 95 °C for varying periods of time and immediately placed
on ice. The remaining activity of superoxide dismutase was
evaluated. As shown in Fig. 3 (panel B), nectarin I shows
remarkably stable superoxide dismutase activity at tempera-
tures of 90 °C and below. Even for periods as long as 1 h at
90 °C, 85% of superoxide dismutase activity is retained.

When we evaluated the protein profile of the heat-treated,
ammonium sulfate precipitated nectar proteins, we were sur-
prised to find that this single thermal denaturation step re-
sulted in the precipitation of all nectar proteins except for
nectarin I. This resulted in a two-step, near quantitative puri-
fication of nectarin I. We moved the thermal denaturation step

FIG. 1. SOD activity in raw nectar. Nectar proteins purified from
raw nectar by ammonium sulfate precipitation were resuspended in 10
mM sodium phosphate, pH 7.8, and dialyzed against the same buffer.
SOD activity of crude nectar proteins was then determined by cyto-
chrome c reduction according to methods outlined (24). Each point
represents the average 1/(DA550/min) of three repetitions at 500, 1000,
1500, and 2000 ng of raw nectar proteins.
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prior to the ammonium sulfate precipitation to reduce manip-
ulations. As can be seen in Table I, the recovery of enzyme
activity was nearly quantitative. A final specific activity of

2,543 units of superoxide dismutase activity/mg of protein was
found for the purified protein. This level of specific activity is
similar to that observed with the E. coli manganese superoxide
dismutase (20).

The purity of the thermostable nectarin I preparation was
evaluated by SDS-PAGE. Fig. 4 shows the protein profile of
crude nectar in lanes 1 (nonboiled) and 2 (boiled) and of the
purified nectarin I preparation in lanes 3 (nonboiled) and 4
(boiled). As can be observed, in nonboiled nectar, the nectarin I
oligomer migrates at 165 kDa, whereas the monomer migrates
at 29 kDa (compare lanes 1 and 2). The purified nectarin I
preparation also gives a single 165-kDa band on the gel when
nonboiled (lane 3) and a single 29-kDa band following boiling
(lane 4). Based upon these observations, we concluded that
nectarin I was pure.

This figure also demonstrates that the oligomeric form of
nectarin I binds Coomassie Blue much less effectively than the
monomeric form. Each pair of these lanes, 2 and 3, or 4 and 5,
contains the same amount of protein, but clearly the mono-
meric form gives greater interaction with the Coomassie Blue
stain.

The SDS-PAGE analysis of nectarin I shows a molecular
mass of 29 kDa. However, the MALDI-TOF analysis of purified
nectarin I showed a M1 peak of 22,533 6 58 (n 5 5). The M2

1

peak was also readily detected with a mass of 45,184 6 131
(n 5 5). Larger complexes are not observed. This discrepancy in
molecular masses between the SDS-PAGE and MALDI likely
results from the extreme stability of the nectarin I protein
during electrophoresis. If the protein is not completely unfolded
and coated with SDS, then the protein would be expected to run
slower than expected, producing an artificially high molecular
mass on the SDS-PAGE.

The molecular mass of the mature nectarin I protein pre-
dicted from the amino acid sequence is 21,062 Da (2). The
difference between the predicted molecular mass and that
found by mass spectrometry, 1,471 Da, is unaccounted for.
However, it is known that GLPs are glycosylated (33). All
GLPs, including nectarin I, contain a conserved site of N-
glycosylation (2, 10, 11, 16, 17, 19, 33). PAS staining (28)
demonstrated the presence of carbohydrate on the purified
nectarin I protein (Fig. 4, lanes 6 and 7). Jaikaran et al. (33)
have reported the structure of the N-linked glycan from wheat
germin. That structure is a biantennary nonasaccharide with
the composition (GlcNAc)4:Man3:Xyl:Fuc. This nonasaccharide
has a molecular mass of 1,576 Da, which corresponds well with
the mass differences observed between the MALDI-TOF anal-
ysis and the cDNA-predicted molecular mass (1,471 Da).
Therefore, we expect that the nectarin I glycan is highly similar
to the N-linked glycan present on wheat germin.

To determine whether the purified nectarin I had superoxide
dismutase activity, we next evaluated the ability of the purified
nectarin I to remove superoxide generated by xanthine-xan-
thine oxidase. As can be seen in Fig. 5, the purified protein was
indeed able to dismute superoxide in a dose-dependent man-
ner. Therefore, we conclude that the superoxide dismutase
activity associated with tobacco nectar is due to the presence of
nectarin I.

Based upon the type of metals that they contain, there are
three known families of superoxide dismutases: FeSOD, Cu/
ZnSOD, and MnSOD. To determine the type of superoxide
dismutase family to which nectarin I belongs, we analyzed the
purified nectarin I protein for metal ions. This analysis dem-
onstrated the presence of 0.5 mol of manganese/mol of nectarin
I monomer. Iron and copper were present in trace amounts at
or near the limits of detection.

To confirm that nectarin I was a manganese superoxide

FIG. 2. In-gel SOD activity. Nectar proteins purified from raw nec-
tar by ammonium sulfate precipitation were resuspended in 10 mM

sodium phosphate, pH 7.8, and dialyzed against the same buffer. These
proteins were electrophoresed on a 10% SDS-PAGE. After electrophore-
sis, the gel was either stained with Coomassie Blue (lanes 1 and 2) or
processed for Western blot using anti-nectarin I antiserum (lane 3) or
processed for in-gel staining of SOD (lane 4). The standards used in lane
1 were: myosin (200 kDa), b-galactosidase (116 kDa), phosphorylase B
(97.4 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), car-
bonic anhydrase (31 kDa), and soybean trypsin inhibitor (21.5 kDa).

FIG. 3. Thermostability of nectarin I. A, nectar proteins purified
from raw nectar by ammonium sulfate precipitation were resuspended
in 10 mM sodium phosphate, pH 7.8, and dialyzed against the same
buffer. Aliquots representing approximately 17 mg of total nectar pro-
teins were incubated at the indicated temperatures for 5 min and cooled
on ice. Superoxide dismutase activity was determined by the method of
Flohé and Ötting (24). B, kinetics of inactivation was determined by
evaluating the superoxide dismutase activity following various times of
incubation at the indicated temperatures.
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dismutase, hydrogen peroxide inhibition studies of enzyme ac-
tivity were performed. Manganese superoxide dismutases are
stable in the presence of 5 mM H2O2, whereas copper/zinc and
iron superoxide dismutases lose activity following this treat-
ment (34, 35). Because nectarin I retains superoxide dismutase
activity following SDS-PAGE (see Fig. 2, lane 3), we examined
this inhibition following gel electrophoresis. Lanes 1 and 3 of
Fig. 6 contain a mixture of commercially available superoxide
dismutases, including the manganese superoxide dismutase
from E. coli (20), the iron superoxide dismutase from E. coli
(21), and the copper/zinc superoxide dismutase from bovine
erythrocytes (22). Lanes 2 and 4 contain purified nectarin I.

The nonboiled proteins were all separated on SDS-PAGE gels
and stained for superoxide dismutase activity with nitroblue
tetrazolium (24). As can be observed in lanes 1 and 2, each of
the nonboiled proteins retains superoxide dismutase activity
following SDS-PAGE. Treatment of these proteins for 1 h with
5 mM H2O2, however, results in the loss of activity of the iron
and copper/zinc superoxide dismutases. In contrast, both the
manganese superoxide dismutase from E. coli and the nectarin
I superoxide dismutase remain active following this treatment.
Similarly, NaCN is capable of inactivating Cu/Zn superoxide
dismutases (34, 35). Incubation with NaCN did not inhibit the
enzymatic activity of nectarin I (data not shown).

Although nonboiled nectarin I retains its quaternary struc-
ture and its superoxide dismutase activity during SDS-PAGE,
it decomposes to its monomeric form following boiling. This
monomeric form does not retain the superoxide dismutase ac-
tivity after boiling (compare lanes 1 and 2 of Fig. 7). We there-
fore decided to test whether we could reactivate the superoxide
dismutase activity following metal ion replacement. As shown
in Fig. 7, the addition of 50 mM FeSO4, CuSO4, ZnCl2, or
CuSO4/ZnCl2 to the gel wash solutions failed to reactivate the
superoxide dismutase activity (lanes 3, 4, 5, or 6). In contrast,
addition of 50 mM MnSO4 produced active enzyme (lane 7).
Thus, only manganese was able to reconstitute enzyme activ-
ity, confirming that the nectarin I is a manganese superoxide
dismutase.

The studies illustrated in Fig. 7 do not provide information
about the quaternary structure of the active form of nectarin I
following metal ion replacement. To examine this in more de-
tail, we first inactivated the superoxide dismutase activity by
boiling. After separating the monomeric form on an SDS-PAGE
gel, we renatured the enzyme as in lane 7 of Fig. 7. The
renaturation was verified by staining the gel for superoxide
dismutase activity (data not shown). Subsequently, duplicate
slices of the active protein were excised from the gel and re-

TABLE I
Purification of nectarin I

Nectar was harvested as described under “Experimental Procedures.”

SOD
activitya Proteinb

Recovery Specific
activity Purification

Activity Protein

units mg % units/mg
protein

-fold

Raw nectarc 1,048 1.35 100 100 845 1.00
Heat treatment 1,048 0.79 100 63.7 1377 1.57
(NH4)2SO4 precipitation 966 0.38 92.2 30.6 2543 3.01

a Superoxide dismutase activity was evaluated by the method of Flohé and Ötting (24). One unit of activity is defined as the amount of enzyme
resulting in 50% inhibition of cytochrome c reduction under standard conditions.

b Protein was evaluated by the method of Lowry (27).
c To quantitate recovery for this purification, raw nectar was initially dialyzed versus 10 mM sodium phosphate buffer, pH 7.8, to remove

materials that interfere with the Lowry protein assay. This dialysis is not required for the purification of nectarin I.

FIG. 4. Purification of nectarin I. Nectarin I was purified from
nectar by heat precipitation of the other nectar proteins as described
under “Experimental Procedures.” Crude nectar, nonboiled and boiled
(lanes 2 and 3, respectively), and 20 mg of pure nectarin I, nonboiled and
boiled (lanes 4 and 6 and lanes 5 and 7, respectively) were subjected to
12% SDS-PAGE and stained with Coomassie Blue (lanes 4 and 5) or by
PAS (lanes 6 and 7). The standards used in lane 1 were: myosin (200
kDa), b-galactosidase (116 kDa), phosphorylase B (97.4 kDa), bovine
serum albumin (66 kDa), ovalbumin (45 kDa), and carbonic anhydrase
(31 kDa), and soybean trypsin inhibitor (21.5 kDa).

FIG. 5. SOD activity of purified nectarin I. Nectarin I was puri-
fied from nectar as described under “Experimental Procedures.” SOD
activity of purified nectarin I was then determined by cytochrome c
reduction according to methods outlined (24). Each point represents the
average 1/(DA550/min) of three repetitions at 250, 500, 750, and 1000 ng
of purified nectarin I.

FIG. 6. Nectarin I SOD activity is insensitive to treatment with
H2O2. Lanes 1 and 3 contain 30 units each of the MnSOD from E. coli
(20), the FeSOD from E. coli (21), and the Cu/ZnSOD from bovine
erythrocytes (22). Lanes 2 and 4 contain 25 mg of purified nectarin I.
The proteins were electrophoresed on duplicate 10% SDS-polyacryl-
amide gels. Following electrophoresis, the gels were bathed for 1 h in
either 10 mM sodium phosphate, pH 7.8 (lanes 1 and 2), or 10 mM

sodium phosphate, pH 7.8, containing 5 mM H2O2. Following incuba-
tion, the gels were stained for superoxide dismutase activity (24).
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electrophoresed on a second SDS-PAGE.
Fig. 8 (panel A) shows the Coomassie staining of the rena-

tured protein. Clearly the majority of the enzyme is still pres-
ent in the monomeric form. However, a significant amount of
the protein has reassociated into dimer, trimer, tetramer, and
pentamer forms. This ladder of assembly is best observed if
b-mercaptoethanol is included in the original boiling step (lane
2). If the b-mercaptoethanol is not included in the original
boiling step, the intermediate forms are reduced but the pen-
tameric form is present in higher amounts. Inclusion of b-mer-
captoethanol results in increased accumulation of the dimeric
and trimeric forms of the reassociated protein. When we exam-
ine the enzymatic activity of these forms (lanes 4 and 5), we
observe that only the tetrameric and pentameric forms have
enzymatic activity. Thus, the reconstitution of the superoxide
dismutase activity of the nectarin I enzyme requires the re-
multimerization of the nectarin I monomers.

Interestingly, when the nectarin I monomers are incubated
in the absence of manganese, a small portion of the monomeric
form reassociates to form a multimeric form (lane 3); however,
without manganese, this reassociated form is not active (lane
6).

Superoxide dismutase converts O2
. into H2O2. The superox-

ide dismutase assay used in all of the above in-gel studies (24)
monitors the clearance of riboflavin-generated superoxide. To
further confirm the superoxide dismutase activity of nectarin I,
we also examined whether the manganese-reactivated enzyme
was capable of generating H2O2.

Fig. 9 shows the results of these studies. In panel A, we
monitored the dismutation of flavin-generated superoxide by
the native 165-kDa form of nectarin I (lanes 1 and 3) and of the
manganese-reactivated form (lane 4). In panel B, we used a
4-chloro-1-naphthol stain to show the direct generation of
H2O2. The pattern of hydrogen peroxide staining in panel B
correlates exactly with loss of superoxide in panel A, confirming
both the loss of the substrate, superoxide, and the generation of
the product, H2O2, for both the native and the manganese-
reactivated enzymes.

Because the dismutation of superoxide results in the gener-
ation of H2O2, we examined whether plant nectar contains
H2O2. We examined nectar from mature, opened flowers from a
series of 10 greenhouse-grown plants. These plants showed a
range of H2O2 accumulation from ,20 mM to .4000 mM with a
mean value of 771 mM. This is significantly higher than the
levels of H2O2 (10–100 mM) that are normally toxic to cells (36).
SDS-PAGE analysis demonstrated that nectarin I was present
in the nectars of each of these 10 plants.

Finally, to investigate whether nectarin I proteins are found
in other plant species, we visited all greenhouses present on the
Iowa State University campus and obtained nectar from all
plants that produced nectar in sufficient quantities for analy-

sis. These nectar samples were electrophoresed on SDS-PAGE
gels, and nectarin I immuno-cross-reactive material was visu-
alized by Western blot analysis using antibodies raised against

FIG. 7. Manganese ions restore SOD activity. For each lane, 20
mg of purified nectarin I was run on a 10% SDS-PAGE following boiling
for 3 min in Laemmli buffer (25) lacking b-mercaptoethanol. Lane 1 was
not boiled. Subsequently, each gel was washed (three 30-min washes) in
10 mM sodium phosphate buffer, pH 7.8, containing either no metals
(lane 2) or 50 mM FeSO4 (lane 3), CuSO4 (lane 4), ZnCl2 (lane 5), both
CuSO4 and ZnCl2 (lane 6), or MnSO4 (lane 7). Following incubation, the
gels were stained for superoxide dismutase activity (24).

FIG. 8. Quaternary structure of nectarin I following Mn21 re-
placement. Twenty-five micrograms of purified nectarin I was boiled
in Laemmli buffer with or without b-mercaptoethanol and subjected to
10% SDS-PAGE. Duplicate gels were then washed in 10 mM NaPO4
(three 30-min washes) either with or without 50 mM MnSO4 followed by
SOD activity staining (24). The duplicate activity/protein bands were
excised from the gels and incubated in 13 Laemmli buffer for 20 min
and again subjected to 10% SDS-PAGE (3 mm thick) and either stained
for SOD activity (panel B) or stained with Coomassie Blue R-250 (panel
A). Lanes 1 and 4 contain samples that were boiled without b-mercap-
toethanol (prior to the first SDS-PAGE) and were reconstituted with 50
mM MnSO4 (prior to activity staining of the first SDS-PAGE). Lanes 2
and 5 contain samples that were boiled with b-mercaptoethanol and
were reconstituted with 50 mM MnSO4. Lanes 3 and 6 contain samples
that were boiled without b-mercaptoethanol and were not reconstituted
with 50 mM MnSO4.

FIG. 9. Manganese-reconstituted nectarin I generates hydro-
gen peroxide. Panel A, 25 mg of purified nectarin I was electrophore-
sed on duplicate 10% SDS-PAGE either without boiling (lanes 1 and 3)
or following boiling for 3 min in Laemmli buffer (25) lacking b-mercap-
toethanol (lanes 2 and 4). Following electrophoresis the gels were
washed in 10 mM sodium phosphate buffer, pH 7.8, containing either no
metals (lanes 1 and 2) or 50 mM MnSO4 (lanes 3 and 4) and stained for
superoxide dismutase activity (24). Panel B, the gels were prepared in
an identical manner as in panel A. Following electrophoresis, the gels
were washed (three 20-min washes) in 100 ml of 10 mM MOPS, pH 7.0,
either without metals (lanes 1 and 2) or containing 50 mM MnSO4 (lanes
3 and 4). The gels were then stained for nectarin I-generated H2O2 as
follows. After washing in MnSO4-containing buffer as above, the gel
was briefly washed (15 min) in buffer without any added metals, and
then a staining solution, containing 20 mM MOPS, pH 7.0, 28 mM

riboflavin, 5 units/ml horseradish peroxidase, 0.5 mg/ml 4-chloro-1-
napthol, 10 mM TEMED, and 60% ethanol was added. The gels were
incubated in this staining solution in transparent trays on a light box
with gentle shaking. Staining continued for 16–24 h.
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nectarin I (2). In this analysis we examined 15 species from 11
different plant families (Table II). Six different plant families
(Araceae, Nepenthaceae, Sarraceniaceae, Solanaceae, Strelizi-
aceae, and Theaceae) showed nectarin I-cross-reactive pro-
teins. These cross-reactive proteins were either 29-kDa necta-
rin I-like proteins or were .150 kDa. The .150-kDa proteins
were observed in at least three different species, Sarracenia
purpurea, Nepenthes superba, and Strelitzia reginae.

DISCUSSION

Nectarin I is a germin-like protein that has manganese su-
peroxide dismutase activity. This enzymatic activity is remark-
ably thermostable, maintaining high activity even when incu-
bated at 90 °C for 1 h. This thermostability allowed for a facile
purification of the nectarin I protein. The purified nectarin I
protein contained manganese, and the superoxide dismutase
activity was resistant to inhibition by both H2O2 and NaCN,
compounds that inhibit the activity of iron and copper/zinc
superoxide dismutases but not manganese superoxide dis-
mutases. Following disassociation of the nectarin I protein into
monomers, the enzymatic activity could be reconstituted upon
the addition of manganese, but not with iron, copper, zinc, or
copper/zinc. Taken together, these data indicate that nectarin I
is a manganese superoxide dismutase.

Further, this manganese superoxide dismutase is uncom-
monly stable. Not only is it highly resistant to thermal dena-
turation, but it also maintains both its quaternary structure
and enzymatic activity when electrophoresed in the presence of
SDS. Only by boiling were we able to disassociate nectarin I
into its monomeric components.

Following removal of SDS and addition of manganese, these
monomers readily reassociated into oligomeric forms of the
enzyme. The predominant forms of the reassociated enzyme
could be influenced by the disassembly procedure. If the disas-
sembly of the enzyme was performed by boiling in the absence
of b-mercaptoethanol, the predominant form of the reassoci-
ated enzyme was the pentamer. However, if disassembly was
performed by boiling in the presence of b-mercaptoethanol,
dimer and trimers were the principal reassociated forms. These
smaller forms lacked enzyme activity. Only the tetrameric and
pentameric forms of the reassociated enzyme showed superox-
ide dismutase activity. The reason why addition of b-mercap-
toethanol in the disassembly process results in the smaller
reassociated forms is not clear; however, the nectarin I protein

does contain a pair of cysteine residues at positions 10 and 25
of the mature protein. Apparently, reduction of this disulfide
pair results in a nectarin I that inhibits the formation of the
higher multimeric forms.

Based upon conservation of sequence identity among a large
number of GLPs, the location of the metal binding site has been
proposed to consist of a cluster of three histidine residues,
numbered His-85, His-87, and His-131, in the mature nectarin
I protein. Two models for oxalate oxidase have been published,
based upon the structure of vicilin (7), and on the C-terminal
domain of jack bean canavalin (37). Both of these models pre-
dict that these three histidines lie on neighboring anti-parallel
b-strands, and that the side chains form a cluster that is
reminiscent of other metal-binding sites. Both models also pre-
dict that the side chain of a glutamate residue lies close to the
histidine cluster and may function as a fourth ligand of the
manganese. This glutamate is also conserved in the mature
nectarin I protein as Glu-92. Wheat germin and nectarin I
share 51.7% identity, rising to 60.7% if conservative substitu-
tions are permitted. Although nectarin I is clearly a germin-
like protein, despite repeated efforts, we have found that nec-
tarin I does not have oxalate oxidase activity. Similar
observations have been made for a number of other GLPs (9,
10, 16–19). We have also tested wheat oxalate oxidase for
superoxide dismutase activity and have found none. Therefore,
if the conserved histidines and glutamate are involved in the
oxalate oxidase activity of the wheat germin, then other factors
that are missing in nectarin I must also participate to result in
the oxidation of oxalic acid and likewise in the dismutation of
superoxide.

The GenBanky contains at least 70 full-length or near full-
length sequences encoding germin-like proteins. Our analysis
of 73 GLP sequences (see Fig. 10) has identified five phyloge-
netic clades (38). The true germin clade contains most of the
wheat and barley germins along with one Arabidopsis, one rice,
and one maize GLP (total of 14 sequences). We also identify a
small clade of three sequences, referred to as the gymnosperm
GLPs. This clade contains the Pinus sp. GLPs and one Arabi-
dopsis GLP (GLP7). With the exception of a single outlier, all of
the remaining plant GLPs fall into three families: subfamily 1
(31 members), subfamily 2 (11 members), and subfamily 3 (13
members).

The wheat and barley germins (true germin clade) have

TABLE II
Phylogenetic identification of nectarin I-like proteins

Speciesa Common nameb Family Nectarin I-positive

Abutilon hybridum c Malvacea 2
Burgmansia xcandida Angel’s trumpet Solanaceae 1
Camellia japonica Yabu-Tubaki Theaceae 1
Columnea longifolia Woundwort Gesneriaceae 2
Ixora chinensis Pechar periok

(broken pot)
Rubiaceae 2

Kohleria bogotensis c Gesneriaceae 2
Nepenthes superbad Monkey slipper Nepenthaceae 1
Nicotiana alata Flowering

tobacco
Solanaceae 1

Nicotiana plumbaginifolia Wild tobacco Solanaceae 1
Nicotiana tabacum Common

tobacco
Solanaceae 1

Philodendron domesticum Philodendron Araceae 1
Rhoeo spatheae Barquito Commelinaceae 2
Sarracenia purpuread Saddleplant Sarracenlaceae 1
Strelizia reginae Bird of paradise Streliziaceae 1
Thunbergia affinis Akar Acanthaceae 2

a Species names were confirmed by the Iowa State University Herbarium.
b Common names were obtained from the EthnoBot data base available from the United States Department of Agriculture web site.
c Common name was not available.
d The nectar from the pitcher plants was nonfloral nectar.
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oxalate oxidase activity. Outside of the true germin clade,
oxalate oxidase activity has not been reported, although the
number of proteins tested is still quite small. The moss GLP (9)
that is a superoxide dismutase and has no detectable oxalate
oxidase activity is a member of subfamily 1. Nectarin I, which
also has superoxide dismutase activity and no detectable oxa-
late oxidase activity, is a member of subfamily 2. The peach
auxin-binding protein and a barley GLP, both belonging to
subfamily 3, have been tested for oxalate oxidase activity, and
none could be detected (17, 19). Likewise, no oxalate oxidase
activity could be detected for the Pinus caribaea GLP (gymno-
sperm GLP clade) (16). These three proteins have not been
tested for superoxide dismutase activity.

Based upon this limited analysis, it appears that oxalate
oxidase activity is associated with only one group of GLPs
representing only 15% (11/70) of all GLPs. It is too soon to tell
whether superoxide dismutase activity is common among the
GLPs. Nevertheless, the finding that members of two separate
clades (subfamilies 1 and 2) of the phylogenetic tree contain
GLPs with superoxide dismutase activity implies that super-
oxide dismutase activity may be widespread throughout this
protein family.

The biochemical role of germin-like proteins in plants has
received much attention. Numerous functions have been pro-
posed for GLPs, including desiccation and hydration (39), re-
structuring of cell walls (13), salt and heavy metal response
(40), and plant defenses (15, 41, 42). Because GLPs represent a
large family of extracellular proteins, some of which have su-
peroxide dismutase activity, we propose a novel function for
these proteins in mediating the oxidative burst during the
wound response.

When plants are wounded, they respond by activating a large
number of genes that function to close and seal the wound site,

alter hormonal homeostasis, inhibit photosynthetic transla-
tion, and to activate proteinaceous and phytoalexin defense
responses (43). Very early in this response, NADPH oxidase is
activated, which releases O2

. into the extracellular compart-
ment (44). The dismutation of O2

. into H2O2 is a necessary
intermediate step in this process because the oxidative burst is
completely inhibited by catalase (45, 46). Despite the impor-
tance of superoxide dismutase activity in this pathway, en-
zymes catalyzing this step have not yet been identified. Be-
cause of the extracellular localization and the near ubiquitous
distribution throughout plant tissues, GLPs could provide the
superoxide dismutase activity required for the production of
H2O2.

In addition to the functional role of GLPs throughout the
plant, we propose that nectarin I has an additional role in
nectar, to protect the reproductive tissues from microbial at-
tack. Nectar is offered by plants to insect and avian pollinators
to increase the efficiency of seed set. Nectar is secreted from the
nectary, a ring of cells surrounding the base of the ovary, and
bathes the gynoecium. Indiscriminate floral visitation by pol-
linators must certainly transfer microorganisms. Although the
rich milieu of nectar nutrients would make an ideal growth
medium for microbes, microbial colonization of the fluid bath-
ing the ovary would be evolutionarily disfavorable. We propose
that the high level of H2O2 in nectar functions to protect the
reproductive tissues from microbial infection. H2O2, is gener-
ally toxic to cells at relatively low levels; on the order of 10 to
100 mM (36). The levels that we have observed in the nectar of
tobacco plants are significantly higher than this (,20 mM to
.4000 mM).

That nectarin I-immunoreactive proteins were identified in
the nectars of a number of other plant families indicates that
this method of protection may be widespread within the plant

FIG. 10. Phylogenetic analysis of 73 germin-like protein sequences. Those proteins that have been analyzed for enzymatic activity are marked. An
asterisk indicates that the protein has superoxide dismutase activity and no oxalate oxidase activity. Open circles indicate that the protein has no oxalate
oxidase activity but has not been assayed for superoxide dismutase activity. Closed circles indicate that the protein has oxalate oxidase activity. The
GenBanky accession numbers of the sequences analyzed are: OsGLP10, AF051156; OsGLP5, AF032975; HvGLP1, Y15962; BnGLP, U21743; AtGLP1,
U75206; PpABP19, U79114; PpABP20, U81162; AtGLP3a, U75188; AtGLP3b, U75195; SaGLP, X84786; PsGLP, AJ222979; PvGLP1, AJ276491; PnGLP,
D45425; PcGER1, AF039201; PrGLP, AF049065; AtGLP7, AF170550; HvGER, L15737; HvOxo1, P45851; Ta28, M63223; TaGLP2, Y09916; TaGLP3,
Y09917; Ta38, M63224; TaGLP4, Y09918; TaGLP1, Y09915; ZmGLP2, AF261942; AtGLP1, U75206; AtGLP13a, AAF79304; AtGLP13b, AAF79303;
AtGLP12, AAD55294; OsGLP7, AF072694; AtGLP11, AF058914; AtGLP8, U75207; OsGLP4, AF032974; ZmGLP1, AF261941; OsGLP8, AF072695;
AtGLP10, U95036; PsGER1, AJ250832; LeGLP, AB012138; StGLP, AF067731; Nectarin I, AF132671; AtGLP4, U75187; AtK15E6.13, AB009048; BuGLP,
AB028460; BuGLP2, AB028454; AlGLP, AB024338; McGLP, M93041; OsGLP16, AF042489; OsGLP3, AF032973; OsGLP2, AF141879; OsGLP6,
AF032976; HvGLP2, X93171; TaGLP2a, AJ237942; TaGLP2b, AJ237943; OsGLP1, AF141880; PsGLP2a, AJ250833; PsGLP2b, AJ250834; AtGLP2a,
U75192; AtK3K3.4, AB010694; AtK3K3.1, AB010694; AtMXF12.11, AB016892; AtGLP2b, X91957; AtK3K3.2, AB010694; AtMXF12.12, AB016892; At-
MXF12.10, AB016892; AtGLP6, U75194; AtMXF12p4, AB016892; AtMXF12.9, AB016892; AtK15E6.11, AB009048; AtK15E6.12, AB009048; AtK15E6.9,
AB009048; AtK15E6.14, AB009048; AtGLP9, U81294; AtMAC9.4, AB010069.
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kingdom. The high levels of H2O2 found to be present in nectar
also correlates with the finding that peroxidase and catalase
activity are abundant in the gut and malpighian tubules of
insects (47–50).
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