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Ornamental tobacco (Nicotiana langsdorffii X N. sanderae) secretes a limited array of proteins (nectarins) into its floral nectar.
Careful sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of tobacco nectar revealed that a broad protein
band from 61 to 65 kD actually consists of five discrete protein bands. N-terminal sequencing and tryptic peptide mass
spectrometry fingerprint analysis demonstrated that the upper three bands are isoforms of the same protein, NEC5 (Nectarin
V), whereas the lower two bands, NEC4 (Nectarin 1V), are related to each other but not to NEC5. Reverse transcription-
polymerase chain reaction (RT-PCR) based upon N-terminal sequence of NEC5 generated a short cDNA that encoded the N
terminus of the NEC5 protein. Two rounds of inverse-PCR using genomic DNA permitted the isolation of approximately
one-half of the coding region of the nec5 gene along with 787 nucleotides of the 5'-flanking region. This DNA fragment was
used as a probe to isolate a near full-length nec5 clone from a nectary-derived cDNA library. BLAST analysis identified the
nec5 cDNA as a berberine bridge enzyme-like protein. Approximately 40% of the cDNA sequence corresponded to peptides
that were identified by tryptic peptide mass spectrometry fingerprint analysis of the NEC5 protein, thereby confirming that
this cDNA encoded the NEC5 protein. In-gel assays also demonstrated that NEC5 contains a covalently linked flavin, and
it possesses glucose oxidase activity. RT-PCR-based expression analyses showed that nec5 expression is limited exclusively
to the nectary gland during late stages of floral development.

During evolution, many angiosperms have devel-
oped a remarkable reproductive strategy that relies
on animal pollinators to transfer pollen between
plants. These plants attract pollinators with floral
rewards that encourage insect, avian, and mamma-
lian visitors. Perhaps the primary reward for many
species that visit angiosperms is floral nectar. Floral
nectar is produced from a terminally differentiated
organ frequently located at the base of the flower.
Nectar is principally an aqueous carbohydrate solu-
tion, containing most frequently sucrose, glucose,
and fructose. However, nectars are also known to
contain amino acids (Baker and Baker, 1973), organic
acids (Baker and Baker, 1975), vitamins (Griebel and
Hess, 1940), oils (Vogel, 1969), biological cations
(Heinrich, 1989), and proteins (Carter et al., 1999;
Carter and Thornburg, 2000, 2003; Thornburg et al.,
2003).

Over the past 5 years, our work has demonstrated
the presence of a limited array of five proteins,
termed nectarins, that are secreted into the nectar of
ornamental tobacco (N. langsdorffii X N. sanderae)
(Carter et al., 1999). We have demonstrated that the
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major protein, NEC1 (Nectarin I), is a novel germin-
like protein (Carter et al., 1999) that functions as a
superoxide dismutase, producing high levels (up to 4
mwM) of hydrogen peroxide (Carter and Thornburg,
2000). These levels are antimicrobial (C. Carter and
R.W. Thornburg, unpublished data) and have led to
the hypothesis that a heretofore unrecognized func-
tion of the nectary gland is a defense of the gyno-
ecium from microbial attack (Thornburg et al., 2003).
The expression of the nectarins is also tightly regu-
lated. In the case of Nectarin I, the protein is ex-
pressed uniquely in the nectary gland and only at
times when nectar is actively being secreted from the
nectary gland (Carter et al., 1999; Carter and Thorn-
burg, 2003). Furthermore, recent analyses of the necl
promoter indicate that multiple elements are re-
quired to achieve this nectary-specific pattern of ex-
pression (Carter and Thornburg, 2003).

The identification of the other nectar proteins has
remained elusive until recently. NEC2 (Nectarin II)
has been identified as a breakdown product of NEC3
(Nectarin III), which is a dioscorin-like, multifunc-
tional protein with carbonic anhydrase and monode-
hydroascorbate reductase activities (C. Carter and
R.W. Thornburg, manuscript in preparation). Here,
we describe NEC5 (Nectarin 5) as flavin-containing
berberine bridge enzyme (BBE)-like protein. Al-
though plant nectar has been considered by many to
be a simple sugar solution, our work has demon-
strated that nectar is a complex biological fluid con-
taining a significant biochemistry.
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RESULTS

Attempts to identify and characterize the tobacco
nectar proteins were undertaken to evaluate their
possible functions within nectar. Our strategy to
characterize these proteins was to isolate and subject
them to N-terminal sequencing analyses. Based upon
N-terminal sequences, efforts were initiated to isolate
a corresponding gene for further analysis.

Identification of NEC5 as a BBE-Like Protein
N-Terminal Sequencing of NEC5

Nectar proteins were separated on an 18-cm, 8%
SDS-PAGE and stained with Coomassie Blue R-250.
Figure 1 demonstrates that the broad protein band
that runs at 61 to 65 kD, formerly termed Nectarin IV
(Carter et al., 1999), actually consists of five distinct
protein bands. A separate identical gel was blotted
onto polyvinyl difluoride (PVDEF), and each of these
protein bands was excised and subjected to
N-terminal sequencing at the Iowa State University
Protein Facility (Ames). This analysis revealed that
the top three protein bands (NECba, 5b, 5c) share the
same N-terminal sequence (see Fig. 1). The composite
sequence of the upper three bands was determined to
be XVQKKFLQXLSVSDQXFPIYTT, where X is un-
known. BLAST analysis of this N-terminal sequence
failed to identify any potential homologs. The
N-terminal amino acid sequencing of the two lowest
molecular mass proteins (Nectarin IVa and IVb) of this
complex yielded no useful sequence information, and
we concluded that these N termini are likely blocked.
At this point, these protein bands were renamed
NEC4a, 4b, NECba, 5b, and 5c in order of increasing
molecular mass (see Fig. 1).

Isolation and Characterization of the NEC5 cDNA

Based upon the N-terminal sequence of the NEC5
proteins, degenerate oligonucleotides for reverse
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Figure 1. SDS-PAGE analysis of Nectarin 4/5 complex. One hundred
microliters of crude nectar was electrophoresed on a 12% Laemmli
gel and stained with Coomassie Blue. The inset shows a similar
amount of crude nectar run for 12 h on an 18-cm 8% Laemmli gel.
The names of the individual proteins are indicated. The N-terminal
sequences of each of the peptides are also presented.
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Figure 2. Strategy for the isolation of the nec5 gene and cDNA. The
N-terminal amino acid sequence permitted the preparation of degen-
erate primers used for production of a small cDNA, pRT507. Se-
quence of pRT507 permitted the preparation of specific primers for
two rounds of inverse PCR. The insert of pRT516 was used to screen
a nectary cDNA library.

transcription-polymerase chain reaction (RT-PCR)
amplification were designed, and a strategy was es-
tablished for the isolation of the NEC5 coding se-
quence (Fig. 2). Sequences of the degenerate oligonu-
cleotides are shown in Table I. Total RNA was
isolated from mature (Stage 12) nectaries and reverse
transcribed using oligo(dT). After first strand synthe-
sis, PCR was used to generate a partial cDNA. This
fragment was blunt-end cloned into the Hincll site of
pUCS to generate clone pRT507. This partial cDNA
was 65 nucleotides in length and matched the first 22
amino acids of the mature protein. The sequence of
pRT507 is shown in Figure 3A. The translated amino
acid sequence of this clone is compared with the
N-terminal sequence of NECb5c.

Attempts to use this fragment as a probe to screen
a Nicotiana plumbaginifolia genomic library were un-
successful. Therefore, we performed inverse PCR us-
ing oligonucleotides (NecV-INV1 and NecV-INV2
see Table I) that were designed from the internal
sequence of the partial cDNA. Genomic DNA, iso-
lated from ornamental tobacco, was subsequently
digested with Sau3A I and self-ligated using T4 DNA
ligase. Inverse-PCR yielded a 538-nucleotide frag-
ment. This fragment was completely sequenced, and
a new set of primers, NecV-FOR1 and NecV-REV1
(Table I), was designed. A second round of inverse-
PCR was carried out after digestion of genomic DNA
with Tagl and self-ligation. The second round of
inverse-PCR resulted in a 1.6-kb fragment that was
blunt-end cloned into the Hincll site of pUC119 to
generate the clone pRT517. This genomic fragment
contained about one half of the NEC5 coding region
along with 787 nucleotides of flanking sequencing
upstream from the ATG start codon. This sequence
was deposited into GenBank (accession no.
AF503442). Comparison of the amino acid sequence
encoded by pRT517 with homologous proteins indi-
cated that this genomic fragment contained no in-
trons. The 5'-flanking regions of nec5 were also ana-
lyzed for potential transcription start sites using the
neural network promoter prediction site (http://
www. fruitfly.org/seq-tools/promoter.html). This
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Table I. Oligonucleotides used in this study

Oligo Name Sequence? Purpose

Nec5-5 GCN-GTN-CAR-AAR-AAR-TT Degenerate RT-PCR
Nec5-3' GTN-GTR-TAD-ATN-GGR-AA Degenerate RT-PCR
NecV-INV1 TTA-GTG-ACC-AAA-AAT-TCC-CC First round inverse-PCR
NecV-INV 2 CAG-ATA-AGC-ATT-GAA-GGA-AC First round inverse-PCR
NecV-FOR1 CAA-ATG-GGA-CGG-GAA-AAA-TGT-G Second round inverse-PCR
NecV-REV1 GAT-CCT-CTG-ATA-CAT-AAG-AAA-GGC Second round inverse-PCR
N5-FOR2 CTC-AGT-ACA-ACA-ACT-AGA-AGG Internal Primer for RT-PCR
N5-REV GAG-GAA-TAT-AGA-GAC-GAA-TG Internal primer for RT-PCR

NM=GC+A+T+CR=GC+AD=A+T+C.

tool, which correctly predicted the necl transcription
start site (Carter and Thornburg, 2003), predicts a
single site at A-603 as the transcription start site with
high probability.

This larger, inverse-PCR fragment was used to
screen a cDNA library derived from mature nectary
tissue. A single, strongly hybridizing plaque was
taken through two rounds of screening. The plasmid
was excised from the phage using the BM25.8 strain
of Escherichia coli (CLONTECH, Palo Alto, CA). This
clone was then designated as pRT522 and was com-
pletely sequenced. This ¢cDNA sequence has been
deposited in GenBank (accession no. AF503441).

The isolated cDNA lacked approximately 360 nu-
cleotides at the 5" end including the first 105 amino
acids. However, when the inverse-PCR fragments
were aligned with the cDNA, the full open reading
frame was revealed (see Fig. 3B).

Characterization of the NEC5 Protein

The full-length nec5 gene encodes a protein of 523
amino acids. The PSORT online analysis tool (Nakai
and Kanehisa, 1992) predicted a 21l-amino acid
N-terminal signal peptide that correctly identified
the mature N terminus of NEC5. The mature NEC5
protein has a predicted mature mass of 57,188 D and
a pl of 6.40. Also, there are five potential sites of
N-glycosylation at N49, N64, N127, N257, and N476.

Tryptic Peptide Mass Fingerprint Analysis of the
NECS5 Protein

To confirm that the NEC5 gene encoded the ob-
served proteins, we performed tryptic peptide finger-
print mass spectrometry (MS) on each of the NEC5
proteins. From the initial analysis of the NEC5c pro-
tein band, we identified 22 peptides that matched the
predicted masses derived from the translated se-
quence of the NEC5 gene. These peptides covered
39.4% of the total amino acid sequence of the mature
protein. Figure 3B and Table II show these identified
peptides.

The mass peaks of peptides that were predicted to
be N-glycosylated were all absent in the fingerprint
analysis of the NEC5c isoform. This suggested that all
five sites may be glycosylated (see Table II). If we
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assume an average mass of 1,500 D per site of glyco-
sylation (Jaikaran et al., 1990), then the predicted
mass of the NEC5c protein [57.1 + (5 X 1.5) = 64.6
kD] very closely matches the observed mass from
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Figure 3. Sequences of nec5. A, Sequence of the pRT507 is pre-
sented, along with the sequence of the degenerate oligonucleotides
(Nec5-5" and Nec5-3’), the translation of the pRT507 insert, and the
N-terminal amino acid sequence. B, Derived amino acid sequence of
the composite NEC5 protein along with the mature N-terminal se-
quence are presented. The shaded residues indicate the sequences of
peptides that correspond to the trypsin fingerprint MS-identified pep-
tides (Table Il). The sites of amino acid modification are also indi-
cated. Dots, Sites of N-linked glycosylation; triangle, site of flavin
modification. C, Conservation of the predicted flavin-binding region
between Nectarin 5 and the EcBBE.
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Table Il. Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF) peptide analysis of the NEC5 protein

Mass Amino Acid
Peak No.
Observed Predicted Sequence® Range
1 1,817.842 1,817.896 TAWVETGSTIGELYYK 136-151
2 1,668.856", © 1,668.870 NYSSVLQFSIQNLR 49-62
3 1,600.817 1,600.815 LYAHMEPLVSTSPR 444457
4 1,445.685 1,445.688 FEQMIFTPYGGR 388-399
5 1,376.738 1,376.732 GGGGNTFGLVLAWK 222-235
6 1,324.636 1,324.635 SMGEDLFWAIR 211-221
7 1,277.647 1,277.648 YGLAADNVIDAR 187-198
8 1,175.623 1,175.631 GLPPTLYSEAK 351-361
9 1,097.613 1,097.563 FPIYTTNNK 40-48
10 1,057.588 1,057.579 LHQDLYIR 272-279
11 b.d 1,045.552 NITINLDDK 127-135
12 b.d 939.453 GNTSYAQAK 475-483
13 933.481 933.479 VDPSNVFR 504-511
14 b.d 904.473 TLEQNATK 253-260
15 897.463 897.447 WQYVSSK 265-271
16 888.477 888.479 GESLDVLR 341-348
17 870.444 870.447 AAYINYR 437-443
18 827.471 827.437 ESSIHVR 92-98
19 776.378 776.372 LMDANGR 199-205
20 665.299 665.300 NNFDR 492-496
21 610.344"¢ 610.320 FNTTK 63-67
22 602.387 602.366 VWGIK 484-488

? Predicted sites of N-glycosylation are shown in bold (peptides 2, 11, 12, 14, and 21).

¢ Peptide observed only in NEC5a and NEC5b isoforms.
in NEC5a isoform.

4 Peptide not observed in any of the NEC5 isoforms.

b Contains a predicted site of N-glycosylation.
¢ Peptide observed only

SDS-PAGE of 65 kD. The NEC5a and NEC5b proteins
contained an additional peptide peak (Peak 21 in
Table II) that was not observed in the NEC5c isoform.
This peptide corresponds to amino acids F63 to K67,
which contains the N-glycosylation site at NN64-64.
The identification of this peptide in the NEC5a and 5b
isoforms suggests that this position is not glycosy-
lated in these proteins. In addition, the NEC5a iso-
form also contained a second peptide peak (Peak 2 in
Table II) that was not observed in the NEC5b or
NECbc isoforms. This peptide corresponds to amino
acids N49 to R62, which contains the N-glycosylation
site at N49. The identification of this peptide in the
NECba isoform suggests that the NEC5a isoform lacks
additional glycosylation. Cumulatively, data for the
various NEC5 isoforms (5a, 5b, and 5c¢) indicate that
these proteins are encoded by the same gene product,
and the observed differences in masses result from
differential N-glycosylation. The two protein bands
that appear directly below the NEC5 isoforms
(NEC4a and 4b) were also subjected to MALDI-TOF
MS tryptic fingerprint analysis. The peptides pro-
duced from these proteins are similar to each other
but are significantly different from those produced
from the NEC5 isoforms and could not be correlated
with the sequence of the nec5 cDNA. These data
coupled with the finding that the N termini of the
NEC4 isoforms appear to be blocked suggests that
NEC4 isoforms are not related to the NEC5 gene
product.

Plant Physiol. Vol. 134, 2004

Characterization of NEC5 as a Flavoprotein

BLAST searches (Altschul et al., 1990) of the full
translated NEC5 protein sequence identified it as a
BBE-like protein. BBE (reticuline oxidase) was origi-
nally identified in California poppy (Eschscholtzia
californica; Dittrich and Kutchan, 1991). It catalyzes
the conversion of S-reticuline into S-scoulerine and is
a major branch point of benzophenanthridine alka-
loid biosynthesis in plants (Dittrich and Kutchan,
1991; Bird and Facchini, 2001). A large family of
related proteins has been identified in other plants,
and in Arabidopsis there are 27 potential homologs
(Fig. 4). The three known BBE homologs form an
outlying clade in this analysis, and this suggests that
the function of most of the BBE-like proteins may not
be closely related to the function of these three en-
zymes. To examine whether NEC5 may be involved
in alkaloid biosynthesis in nectar, a Dragendorff test
was performed on freshly collected nectar (Baker and
Baker, 1982). The negative results indicated that al-
kaloids are not present in detectable amounts in the
nectar of ornamental tobacco and suggest that NEC5
is not likely to be involved in alkaloid biosynthesis in
nectar.

Examination of the best characterized of the BBEs
(Kutchan and Dittrich, 1995) revealed that these pro-
teins contain a conserved, covalently bound FAD
moiety that is required for activity. The translated
NECS5 sequence also contains a homologous consen-
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Figure 4. Alignment of BBE-like protein sequences. The tobacco NECS5 is indicated by an asterisk. The three known BBEs
form a separate clade and are underlined and indicated as “True BBEs.” The sequences used were: EcBBE, California poppy
BBE (GenBank accession no. AF005655); PsBBE, opium poppy (Papaver somniferum) probable reticuline oxidase
(AF025430); BsBBE, barberry (Berberis stolonifera) BBE (AF049347); VuCPRD2, cowpea (Vigna unguiculata) drought-
induced protein (AB056448); NspNEC5, Nicotiana sp. Nectarin V (AF503441/AF503442); HaCHOX, sunflower (Helianthus
annuus) carbohydrate oxidase (AF472609); LsCHOX, lettuce (Lactuca sativa) carbohydrate oxidase (AF472608); and 27
Arabidopsis genes (At1g01980, Atlg11770, At1g26380, At1g26390, At1g26400, At1g26410, At1g26420, At1g30700,
At1g30710, At1g30720, Ar1g30730, Atlg30740, Atlg30760, Atlg34575, Ag34790, A2g34810, At4g20800, At4g20820,
At4g20830, At4g20840, At4g20860, A5g44360, At5g44380, At5g44390, At5g44400, At5g44410, and At5g44440).

sus flavin-binding domain (Fig. 3C). To test whether
NEC5 is a flavoprotein, we purified the protein by
ion-exchange chromatography. The presence of a fla-
vin cofactor in the purified NEC5 protein was veri-
fied spectroscopically (Fig. 5A). The purified pro-
tein’s fluorescence spectra were recorded (Fig. 5B).
The excitation maximum was found to be 314 nm
with a resultant emission maximum at 631 nm. These
spectra are consistent with the flavin fluorescence of
BBE from California poppy (Kutchan and Dittrich,
1995). To determine whether the cofactor is co-
valently associated with the protein, both crude nec-
tar and ammonium sulfate precipitated nectar pro-
teins were subjected to standard 12% SDS-PAGE.
After electrophoresis, the gel was visualized on a
transilluminator at 366 nm. The resultant fluores-
cence corresponded to the approximately 65-kD
NECS5 isoforms (Fig. 5C). These results confirm that
NEC5 contains a covalently bound flavin as do the
classical BBEs. Further, the tryptic peptide (5101 to
R126) that contains the predicted FAD attachment
site (H104) is missing from the MALDI-TOF analysis
of each of the NEC)5 isoforms, suggesting that the
mass of this peptide is altered in the mature NEC5
proteins.

Characterization of NEC5 as a Glc Oxidase (GOX)

In addition to characterization of NEC5 as a BBE-
like protein, BLAST searches also identified two ho-
mologous proteins described simply as carbohydrate
oxidases. These proteins were derived from lettuce
(AF472608) and sunflower (AF472609). These pro-
teins are labeled LsCHOX and HaCHOX in Figure 4,
respectively. Although these proteins are still dis-
tantly related to NEC), the identification of these
proteins led us to examine nectar for carbohydrate
oxidase activity.

To determine whether nectar contains carbohy-
drate oxidase activity, crude nectar (25 uL) was ap-
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plied to an 8% native PAGE and incubated in GOX
substrate solution containing 100 mm Glc as de-
scribed in “Materials and Methods.” This analysis,
shown in Figure 6A, revealed a strongly staining
band in the presence of glucose (lane 1). Similar
experiments were also performed using galactose
and mannose as carbohydrate substrates (Lanes 2
and 3). These sugars resulted in no observable activ-
ity bands.

To verify that this activity is associated with NEC5,
the protein bands that positively stained with Glc
were excised from the native gel, incubated in SDS-
PAGE loading buffer, boiled, applied to standard
12% Laemmli gel, electrophoresed, and stained with
Coomassie Blue. The results (Fig. 6B, lane 3) indi-
cated that NEC5 is the only protein observed from
the activity band.

Temporal and Spatial
Expression of the nec5 Transcript

To evaluate the temporal and spatial patterns of
NECS5 expression, RT-PCR was performed. Total
RNA was isolated from all major tobacco tissues and
from nectaries at various stages of development. This
RNA was reverse transcribed using the SMART
cDNA synthesis kit (CLONTECH). PCR was then
performed using 1 uL of each RT reaction with in-
ternal oligonucleotides specific for nec5 (Table I).

Tobacco floral development can be divided into 12
discreet stages that were defined by Koltunow et al.
(1990). During the process of floral development, the
nectary also undergoes a series of discrete develop-
mental stages. The initiation of the nectary occurs at
a primordial floral stage, when the flower bud is still
quite small. By floral Stage 1 the nectary is a well-
differentiated ring of cells surrounding the primor-
dial gynoecium. The filling stage of nectary develop-
ment is characterized by an engorgement of the
nectary gland, during which the nectary characteris-

Plant Physiol. Vol. 134, 2004
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Figure 5. NEC5 is a flavoprotein. A, SDS-PAGE analysis of purified
NECS5 protein. Lane 1, M, standards; lane 2, 15 ug of purified NEC5
protein. B, Fluorescence excitation and emission spectra of the pu-
rified NEC5 protein. C, UV fluorescence of NEC5 proteins. Lane 1,
One hundred microliters of crude nectar; lane 2, ammonium sulfate
precipitated nectar proteins from 1 mL of nectar were electropho-
resed on a 12% SDS-PAGE gel and exposed to UV light on a
transilluminator (approximately 366 nm), and the illuminated gel
was photographed.

tically enlarges severalfold, beginning at early stages
and continuing until through floral Stage 7 (approx-
imately 6 d). Ripening begins about floral Stage 6 and
continues through floral Stage 9. During this time
frame, the nectary gland turns from green to bright
orange because of the synthesis and accumulation of
B-carotene (A.B. Barua and R.W. Thornburg, unpub-
lished data). Finally, nectary maturation occurs from
floral Stage 9 through floral Stage 12, during which
nectar proteins begin to be synthesized. Nectar flow
begins at late Stage 10, approximately 12 h before
floral opening. Anthesis occurs at Stage 12. The du-
ration of the maturation stage is approximately 12 h.
The post-maturation stage comprises all stages that
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occur after anthesis and lasts as long as the flower is
receptive to pollination. During this time, nectar flow
continues; however, the flow is stronger at early
times and weakens the longer the flower remains
open. This stage can sometimes last 6 to 8 d if the
flower is not pollinated. Successful pollination leads
to fruit development, whereas unpollinated flowers
are eventually dropped from the plant. We examined
Stage 2 (small floral bud), Stage 6 (immature nectary,
green color), Stage 8 (immature nectary, starting to
turn yellow/orange), Stage 10 (presecretory), and
Stage 12 (mature, secretory) nectaries. Figure 7A
demonstrates that the nec5 transcript is not expressed
in the immature nectary gland (Stages 2-8) but is
found in Stages 10 and 12. After pollination, no necb
transcript was detectable.

To determine spatial expression patterns of NECS5,
all major floral and vegetative organs were examined
by RT-PCR (Fig. 7B). nec5 transcript expression was
limited solely to the nectary tissues. All vegetative
organs and all floral organs with the exception of the
nectary gland lacked nec5 transcript expression.
These studies demonstrated that necs is expressed
exclusively in the nectary gland. Both the spatial and
temporal expression profiles of NEC5 very closely
mirror those of NECI (Carter et al., 1999; Carter and
Thornburg, 2003).

A B

1 2 13 1 2 8

Figure 6. NEC5 has GOX activity. A, Assay for carbohydrate oxidase
activity. Twenty-five microliters of crude nectar was electrophoresed
on an 8% native page and stained for carbohydrate oxidase activity
with 100 mm glucose (lane 1), 100 mm mannose (lane 2), or 100 mm
galactose (lane 3). B, Positively staining GOX band processed for
Laemmli gel analysis and electrophoresed on a 12% SDS-PAGE
stained with Coomassie Blue: lane 1, protein standards; lane 2, 100
pL of crude nectar; lane 3, GOX activity bands excised from native
page, applied to SDS-PAGE, and stained with Coomassie Blue.
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Figure 7. NEC5 expression patterns. Whole RNA was isolated from
the indicated tissues, and RT-PCR was performed as in “Materials and
Methods.” A, Temporal expression of nec5 transcript in ornamental
tobacco nectaries. The stage of the tissue that was the source of the
RNA are: lane 1, stage 2; lane 2, stage 6; lane 3, stage 8; lane 4, stage
10; lane 5, stage 12; lane 6, nectary tissues post-fertilization. B,
Spatial expression of nec5 transcript in ornamental tobacco tissues.
The floral organ or vegetative tissue that was the source of RNA are:
lane 1, nectary; lane 2, ovary; lane 3, style; lane 4, stigma; lane 5,
floral tube; lane 6, anther/filament; lane 7, petal; lane 8, sepal; lane
9, receptacle; lane 10, leaf; lane 11, stem; lane 12, root.

Promoter Comparison Analysis

Because the expression patterns of NEC5 so closely
resembled those of NEC1, we next evaluated the 787
nucleotides of nec5 promoter for similarities with the
necl promoter. To compare these sequences, we ini-
tially searched for identity between the two promot-
ers; however, no significant identity between these
promoters was found. Recent analysis of the necl
promoter reveals that multiple DNA elements are
involved in generating the nectary-specific pheno-
type. One of these elements limits expression of the
gene in the petals, whereas another element controls
the temporal expression (Carter and Thornburg,
2003). This second, temporal regulatory element con-
tains a consensus MYB-binding site. Therefore, we
searched the isolated nec5 promoter for consensus
MYB-binding sites. This search verified that the nec5
promoter did contain a consensus MYB-binding site
(Table III). This site, located at nucleotides 207 to 215
(—395 to —387 relative to the predicted transcription
start site) is very similar to MYB-binding sites
present in other floral promoters.

DISCUSSION

We previously described a small set of proteins
that are expressed in the nectar of tobacco plants.

These proteins are termed nectarins. NEC1, a 29-kD
monomer, the most abundant nectar protein, was
identified as a manganese-containing, germin-like,
superoxide dismutase (Carter et al., 1999; Carter and
Thornburg, 2000). The necl promoter was later iso-
lated, and reporter constructs demonstrated that the
gene is expressed exclusively in actively secreting
nectary tissue (Carter and Thornburg, 2003). NEC3 is
a dioscorin-like polyfunctional protein that has car-
bonic anhydrase and monodehydroascorbate reduc-
tase activity (C. Carter and R.W. Thornburg, manu-
script in preparation). We now have identified the
NEC5 protein, determined enzymatic activities, iso-
lated the corresponding cDNA/gene, and resolved
its patterns of expression.

N-terminal sequencing of NEC5 isoforms did not
reveal any potential homologs, but the N-terminal
amino acid sequence permitted us to isolate cDNAs
and genomic clones that encode the NEC5 proteins.
BLAST analysis of the cloned fragments identified
NEC5 as a BBE-like protein. BBE catalyzes the con-
version of s-reticuline into s-scoulerine and is a major
branch point of benzophenanthridine alkaloid bio-
synthesis in plants (Dittrich and Kutchan, 1991; Bird
and Facchini, 2001). However, most BBE-like pro-
teins have unknown functions. Because the nectar of
ornamental tobacco lacks alkaloids, we concluded
that NEC5 likely had no role in alkaloid metabolism.
Major common characteristics of these BBE-like pro-
teins include putative signal peptides, sites of
N-glycosylation, and a conserved flavin-binding do-
main. The conserved flavin-binding domain in NEC5
is from amino acids 71 to 225, and a covalent site of
attachment is predicted at His-104. Fluorometric and
in-gel data confirmed the presence of a covalently
attached FAD to NECS5.

Previous studies on NECI demonstrated that the
presence of a signal peptide is likely required for the
observed extracellular localization (Carter et al.,
1999). N-terminal sequencing suggests that the NEC5
signal peptide that is cleaved between residues D23
and V24.

Flavin-containing proteins generally catalyze redox
reactions. The fact that NEC5 contains this cofactor at
a conserved site suggested that this protein may also
be involved in regulating the oxidative state of nec-
tar. Our analyses indicate that NEC5 contains GOX
activity and may function in generating the high

Table Ill. Conserved MYB sites in nectary expressed promoters
Nectary Expressed Promoter GenBank Accession No. Sequence Location

myb consensus NVACCWAMC?

necs AF503442 TCACCTAAA 207 to 215°
necl AF132671 TCACCTAAC —889to —891°
gPAL2 d TCACCTAAC —238 to —246°
Petunia (Petunia hybrida) Necl AX006361 TCACCTAAA 400 to 408
Petunia Necl AX006361 TCACCTAAA 1,621 t0 1,629°

*Where M = A/C and W = A/T.
site. d Not available (Sablowski et al., 1994).

b Relative to the first nucleotide in the GenBank accession.

¢ Relative to the transcription start
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levels of hydrogen peroxide found in nectar. GOX
catalyzes the oxidation of p-Glc to p-gluconic acid
and hydrogen peroxide (Pazur and Kleppe, 1964).
The best characterized form of the enzyme, from the
fungi Aspergillus niger, is a homodimer, contains two
non-covalently bound molecules of FAD, and is
highly specific for Glc (Pazur and Kleppe, 1964). The
functionally equivalent hexose oxidase (HOX) from
the red algae Chondrus crispus can use multiple
mono- and disaccharides, lacks FAD, and likely re-
quires copper for activity (Hansen and Stougaard,
1997). Interestingly, although both NEC5 and GOX
contain bound flavin, the enzymes share very little
identity with one another. Conversely, NEC5 shares a
small but significant 23% identity (39% including
conserved substitutions) with the copper-containing
HOX. Experiments are underway to characterize the
absolute requirements for NEC5 GOX activity.

With the high concentration of simple sugars
present in tobacco nectar (35% [w/v]), NEC5 GOX
activity likely contributes toward the antimicrobial
levels of hydrogen peroxide found therein. Interest-
ingly, honey is known for its antimicrobial nature
and has been used in wound dressings (Bang et al.,
2003). It is thought that GOX is secreted from the
hypopharyngeal gland of worker honeybees (Api-
smellifera) into collected nectar, and studies have
demonstrated that the hydrogen peroxide present in
honey is at least partly responsible for its antiseptic
powers (Bang et al., 2003). Thus, analogous systems
may exist in tobacco nectar and in honey for limiting
the growth of microorganisms.

Only a handful of BBE genes and their products
have been characterized to date (Kutchan and Dit-
trich, 1995; Facchini et al., 1996; Ikezawa et al., 2003).
The “true” BBE genes are involved in the production
of benzylisoquinoline alkaloids. Interestingly, there
are many BBE-like genes reported in plants that
do not contain these alkaloids (Arabidopsis alone
contains 27 BBE-like genes). This strongly suggests
that the BBE family of proteins is involved in multi-
ple capacities. This is not necessarily a unique find-
ing. For example, the germin gene family in plants
is found in large numbers (Arabidopsis has 35
germin-like protein family members and the re-
ported functions of these proteins include oxalate
oxidase, superoxide dismutase, auxin-binding, pro-
tease inhibitor, and ADP-Glc pyrophosphatase activ-
ities (Lane et al., 1993; Ohmiya et al., 1998; Carter and
Thornburg, 2000; Rodriguez-Lopez et al., 2001; Seg-
arra et al., 2003). It is likely with time that numerous
functions for the BBE gene family will be found.
Glucose oxidase appears to be one such function.

The patterns of NEC5 expression are very similar to
the patterns of expression of NECI. This suggests
that the promoters regulating these two genes may
share common mechanisms regulating their expres-
sion. Some floral-specific promoters are known to be
regulated by a MYB family member known as
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MYB305 (Sablowski et al., 1994). Similar MYB se-
quences are also found in the promoter of the petunia
Necl gene (Table III), an unrelated gene, whose prod-
uct may be involved in nectar secretion (Ge et al.,
2000). Finally, PsMYB26, which is a pea (Pisum sati-
vum) MYB305 homolog has been reported to bind in
vitro to the sequence TAACCTAAC (Uimari and
Strommer, 1997), further suggesting that MYB305
proteins may bind to and regulate the nectarin pro-
moters. Comparison of the nec5 promoter with the
necl promoter reveals the presence of similar MYB-
binding sites that have also been identified in other
nectary expressed genes (Table III). Further, the tem-
poral expression pattern is consistent with the ex-
pression being driven by a MYB-like factor. MYB
proteins are known to be expressed in tobacco flow-
ers at Stage 10 just before anthesis (Sablowski et al.,
1994). We recently have isolated several cDNA clones
encoding an MYB305-like protein that are expressed in
the mature (Stage 12) nectary gland (D.Y. Yin and
R.W. Thornburg, unpublished data). We are currently
expressing the tobacco MYB305-like protein to deter-
mine whether this protein can directly interact with
the MYB-binding sites of the necl and nec5 promoters.

MATERIALS AND METHODS
Reagents

Reagents and chemicals were obtained from Fisher Scientific (Pittsburgh)
or from Sigma (St. Louis) unless otherwise noted.

Plant Material

The line of ornamental tobacco plants used in this study was derived from
an interspecific cross between Nicotiana langsdorfii and Nicotiana sanderae. Both
of these species are diploid and belong to the Alatae section of Nicotiana.
These plants were previously used to study a genetic instability (Kornaga et
al., 1997) and the tobacco nectar proteins (Carter et al.,, 1999; Carter and
Thornburg, 2000). Nectar was collected as described (Carter et al., 1999).

N-Terminal Sequencing

Crude nectar protein (100 pg) was subjected to an 8% SDS-PAGE (Lae-
mmli, 1970), briefly stained with Coomassie Blue R-250, and electrophoreti-
cally transferred to PVDF membrane. The stained protein bands were
excised from the PVDF membrane and sequenced at the Iowa State Univer-
sity Protein Facility on a 477A protein sequencer/120A analyzer (PE-
Applied Biosystems, Foster City, CA) using sequential Edman degradation.

MALDI-TOF MS

Crude nectar protein (100 pg) was subjected to an 8% SDS-PAGE and
briefly stained with Coomassie Blue G-250. Corresponding bands were
excised, digested with trypsin, and analyzed by MALDI-TOF MS (Wang et
al., 2000). Masses were collected over a range of 600 to 4,000 D on a TOF
mass analyzer (Lasermat 2000 MALDI, Finnigan, Madison, WI).

c¢DNA Library Construction

Total RNA was isolated from Stage 12 nectaries by the method of Chom-
czynski and Sacchi (1987), and mRNA was isolated using the PolyATract
mRNA isolation kit (Promega, Madison, WI). Purified mRNA was then used
to create a cDNA library using the SMART cDNA library construction kit
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according to the manufacturer’s instructions (CLONTECH). The library was
packaged using Gigapack Gold III packaging extracts and amplified accord-
ing to the manufacturer’s instructions (Stratagene, La Jolla, CA).

Cloning of the NEC5 cDNA/Gene

Degenerate oligonucleotides, Nec5-5" and Nec5-3" (see Table I), derived
from the N-terminal amino acid sequence of NEC5 were used for RT-PCR
amplification of the nec5 cDNA. Total RNA was isolated (Chomczynski and
Sacchi, 1987) and reverse transcribed using oligo(dT) according to standard
methods (Ausubel et al., 1992). After first strand synthesis, PCR using the
degenerate oligonucleotides was performed according to standard protocols
(Erlich, 1989) to generate a partial cDNA. Other DNA methods were per-
formed according to standard protocols (Sambrook et al., 1989; Ausubel et
al., 1992). Genomic DNA was isolated from ornamental tobacco leaf tissue
according to Ausubel et al. (1992).

RT-PCR Determination of NEC5 Expression Patterns

RNA was isolated from fresh tissues (Chomczynski and Sacchi, 1987),
and 1 ug of total RNA was used for first strand cDNA synthesis according
to standard methods using oligo(dT) (Ausubel et al., 1992). Internal oligo-
nucleotides, N5-FOR2 and N5-REV1 (see Table I), were designed, and
standard RT-PCR was performed. PCR reactions were analyzed by 1%
(w/v) Tris-acetic acid-EDTA-agarose electrophoresis.

Carbohydrate Oxidase Assay

After native PAGE electrophoresis, gels were incubated at room temper-
ature overnight in a solution of 50 mm Tris (pH 8.1), 37% (v/v) ethanol
containing 0.5 mg mL~! 4-chloro-1-naphthol, 5 units mL~! horseradish
peroxidase, and either 100 mm glucose, mannose, or galactose. Activity
appeared as a blue band on a clear background. GOX from Aspergillus niger
was used as a positive control.

Purification of NEC5 from Crude Nectar

One milliliter of crude nectar was mixed with 100 uL of 0.1 M sodium
phosphate buffer (pH 5.8) and loaded onto a 1-mL CM-Sephadex column
(Amersham Biosciences, Piscataway, NJ) pre-equilibrated with 10 mm so-
dium phosphate buffer (pH 5.8). The column was then washed with five
1-mL volumes of 50 mm sodium phosphate buffer (pH 5.8), and each wash
was collected. The protein profile of each fraction was evaluated by SDS-
PAGE. Those fractions that contained only NEC5, as determined by SDS-
PAGE, were pooled and concentrated to approximately 100 uL with a 10,000
MWC UltraFuge ultrafiltration centrifuge filter (Osmonics, Minnetonka,
MN). Because of the limited complexity of the proteins in nectar, this simple
procedure permits the separation of NEC5 from the other nectarins.
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