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Abstract

A full-length cDNA encoding NADH-dependent hydroxypyruvate reductase (HPR), a photorespiratory
enzyme localized in leaf peroxisomes, was isolated from a Agtll cDNA library made by reverse
transcription of poly(A)* RNA from cucumber cotyledons. In vitro transcription and translation of this
clone yielded a major polypeptide which was identical in size, 43 kDA, to the product of in vitro translation
of cotyledonary poly(A)* RNA and subsequent immunoprecipitation with HPR antiserum. Escherichia
coli cultures transformed with a plasmid construct containing the cDNA insert were induced to express
HPR enzyme activity. RNA blot analysis showed that HPR transcript levels rise significantly in the first
eight days of light-grown seedling development. This closely resembles the pattern seen for HPR-specific
translatable mRNA. DNA blot analysis indicated that a single HPR gene is likely present per haploid
genome. Nucleotide sequence analysis revealed an open reading frame of 1146 bases which encodes a
polypeptide with a calculated molecular weight of 41.7 kDa. The derived amino acid sequence from this
open reading frame is 26 %, identical and 509 similar to the amino acid sequence of the E. coli enzyme
phosphoglycerate dehydrogenase, which catalyzes a similar reaction and functions in a related pathway.
Statistical analyses show that this similarity is significant (z > 10). The derived amino acid sequence for
HPR also contains the characteristics of an NAD-binding domain.

Introduction

NADH-dependent hydroxypyruvate reductase
(HPR, EC 1.1.1.29) is a leaf peroxisomal enzyme
[44, 39] which catalyzes the reduction of hydroxy-
pyruvate to glycerate with the simultaneous oxida-
tion of NADH to NAD * [48, 36]. This reaction
is part of the glycolate pathway involved in photo-

respiration [43]. Most of the enzymes involved in
this pathway are localized in leaf peroxisomes, a
specialized class of peroxisomes found in plant
photosynthetic tissues [18].

The cotyledons of greening cucumber seedlings
provide an excellent model system for the study of
peroxisome biogenesis and the regulation of the
corresponding genes [45]. During the first several

Sequence data will appear in the EMBL/GenBank/DDBJ Nucleotide Sequence Databases under the accession number X14609
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days of development, the seedling functions
heterotrophically, with the cotyledons serving as
the site of protein and lipid catabolism. Upon
emergence, the cotyledons green and become
photosynthetically active, with a concomitant
light-stimulated increase in both photosynthetic
and photorespiratory enzymes.

The appearance of HPR in the cotyledons of
cucumber seedlings is both developmentally and
light-regulated [ 16]. This pattern is seen for other
peroxisomal enzymes, including serine: glyoxylate
aminotransferase (SGAT) [16] and glycolate
oxidase [45]. Similar developmental profiles have
been found for leaf peroxisomal enzymes in the
cotyledons of sunflower [31], watermelon
[23, 24], mustard [17, 33], and wheat [8]. The
response of peroxisomal enzymes to light is regu-
lated at least partially by phytochrome [33],
although other photoreceptors have also been
implicated [37, 38, 8].

Previous research in our laboratory has shown
that the rise in HPR and SGAT activities in the
cotyledons of greening cucumber seedlings is
regulated at a pretranslational level [16]. Using
an immunoprecipitation assay, HPR protein
levels were found to rise in parallel with HPR
enzyme activity. Data from in vitro translation of
poly(A)* RNA followed by immunoprecipitation
with HPR antiserum indicated that the rise in
HPR protein depends on an increase in trans-
latable HPR mRNA.

In this paper we report the cloning and charac-
terization of a full-length cDNA clone encoding
NADH-dependent HPR from cucumber cotyle-
dons. Using this clone as a probe, we found that
HPR-specific transcript levels in cucumber
cotyledons rise during seedling development in
the light. Sequence analysis revealed that HPR is
significantly similar to the catalytically related
enzyme  phosphoglycerate  dehydrogenase
(PGDH) from Escherichia coli, and contains the
characteristics of an NAD-binding protein.

Portions of this work have been published in
abstract form [19].

Materials and methods
Sources

Cucumber seeds (Cucumis sativus cv. Improved
Long Green) were purchased from L. L. Olds
Seed Co., Madison, WI. Unless otherwise noted,
all enzymes were from New England Biolabs, all
E. coli strains and vectors were from Stratagene
Cloning Systems, and all reagents were from
Sigma Chemical Company.

Growth, harvesting and preparation of plant material

Cucumber seedlings were germinated and grown
either in continuous white light (150 yE, micro-
Einsteins) or in darkness at 24-26 °C on
vermiculite saturated with Hoagland’s solution
[15]. Harvesting of cotyledons and preparations
of tissue homogenates for RNA analysis were as
described previously [16].

Agtl1 cDNA library construction and immunological
screening

Total RNA was prepared from cotyledons of
seven-day light-grown cucumber seedlings by
homogenization in 4 M guanidine thiocyanate
and ultracentrifugation through a discontinuous
CsCl gradient [16]. Poly(A)* RNA was isolated
from total RNA by oligo(dT)-cellulose chromato-
graphy [21]. Double-stranded, blunt-end cDNA
was synthesized using the Amersham cDNA
synthesis system, which is based on the method
of Gubler and Hoffman [13]. The cDNA product
was methylated with Eco RI methylase, blunt-end
ligated to phosphorylated decameric Eco RI
linkers (New England Biolabs), digested with
Eco RI endonuclease, and size-fractionated by
Sepharose CL-4B chromatography [20]. cDNAs
greater than 500 bp in length were ligated to Agt11
DNA which had been cut and dephosphorylated
at the Eco RI restriction site. Ligation products
were packaged with lambda head and tail proteins
to produce viable phage particles. The resulting



library consisted of approximately 1 x 107 recom-
binant clones. One-third of the library was ampli-
fied on E. coli Y1090 (r—, m™) to allow multiple
screening [28].

The ¢cDNA library was screened for HPR-
specific clones using an antiserum previously
prepared against native HPR from cucumber
cotyledons [40]. Antibodies cross-reacting with
E. coli and lambda antigens were removed from
this serum by pseudoscreening [22]. To screen
with this antiserum, 5 x 10° phage were plated
out and overlaid with nitrocellulose filters satu-
rated with isopropyl-f-D-thiogalactopyranoside
(IPTG)[20]. HPR antigen was detected using the
Western blot technique of Burnette [3] as modi-
fied by Tokuhisa etal. [42]. Three positive
plaques were replated and rescreened (2-3
cycles) until all plaques yielded only positive
signals. The size of the cDNA inserts in these
three clones were determined by digestion of puri-
fied lambda DNA with Eco RI, and subsequent
agarose gel electrophoresis [28].

In vitro transcription and translation, and immuno-
precipitation

The largest cDNA (H18) was subcloned into the
Eco RI site of the plasmid vector Bluescribe
(pBS), such that it was flanked on either side by
the T7 and T3 RNA polymerase promoters.
Transcription reactions were performed using the
circular plasmid, T7 or T3 RNA polymerase, and
5" TmeGpppS5’'G according to Stratagene’s re-
commended conditions. Transcripts generated
in vitro and poly(A)* RNA were translated in a
reticulocyte lysate system from Stratagene. HPR
polypeptide was immunoprecipitated from the
in vitro translation mixture by the addition of anti-
native HPR serum and protein A-Sepharose [1].
Polypeptides labeled with [33S Jmethionine were
fractionated by electrophoresis through 109,
(w/v) polyacrylamide gels in the presence of
sodium dodecyl sulfate (SDS) [25].
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Extraction of E.coli proteins and HPR enzyme
assay

The H18 ¢cDNA was subcloned in both orien-
tations into the Eco RI site in the N-terminal
portion of the LacZ gene fragment of the plasmid
vector Bluescript (pKS). These constructs were
then used to transform E. coli XL-1 Blue com-
petent cells. 100-ml cultures were grown at 37 °C
with vigorous shaking. At late log phase
(Agoo = 0.6), IPTG was added to a final concen-
tration of 10 mM and the cultures were incubated
for two more hours. Cells were then harvested by
centrifugation at 2500 g for 10 min, and resus-
pended in 10ml of STET (0.1 M NaCl,
10 mM Tris-HCI pH 8, 0.1 mM EDTA, 0.59,
Triton X-100). Cells were lysed by the addition of
lysozyme to a final concentration of 1.0 mg/ml,
followed by two 10 sec sonication bursts [32].
Cellular debris and remaining intact cells were
removed by centrifugation at 10000 g for 10 min.
HPR enzyme activity in the resulting supernatant
was measured as previously described [40].

RNA blot analysis

Total RNA was prepared from cotyledons of
cucumber seedlings as described above, and
poly(A)* RNA was isolated by poly(U)-
Sephadex chromatography [16]. RNA was
fractionated through 1.29, agarose gels contain-
ing 2.2 M formaldehyde, transferred to nitro-
cellulose or Nytran (Schleicher and Schuell) by
blotting, hybridized at 42 °Cin 509, (v/v) forma-
mide, and washed, all according to the protocol of
Schleicher and Schuell. These blots were probed
with o[32P]dATP-oligolabeled H18 fragment
from the pBS subclone [9].

DNA blot analysis

Total cellular DNA greater than 50 kbp in length
was isolated from frozen cucumber leaves accord-
ing to the procedure of Dellaporta et al. [7]. The
DNA was digested with Eco RI or Hind III,
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fractionated by agarose gel electroporesis (0.6%,
agarose, 1 x TBA at 25V for approximately
20 h), and stained with ethidium bromide [28].
The stained gel was irradiated on a UV lightbox
for five minutes to facilitate transfer of large DNA
fragments. The DNA was denatured and trans-
ferred to a Nytran membrane according to the
manufacturer’s protocol.

The DNA blot was hybridized with a single-
stranded DNA probe produced by primer exten-
sion in the presence of o[ *?P]dATP [5]. The tem-
plate used for this reaction was a deletion deriva-
tive (H18.1-3) of the H18 clone lacking the
poly(A) tail and 18 bases on the 3’ end of the
cDNA (produced as described below ‘DNA
sequencing and sequence analysis’). Hybridiza-
tion was at 42 °C overnight in hybridization solu-
tion containing 50% formamide. The blot was
washed twice at room temperature in 2 x SSC,
0.1% SDS for 15 min, and once at room tempera-
ture in 0.1 x SSC, 0.1% SDS for 1.0h [28].

DNA sequencing and sequence analysis

The H18 ¢cDNA was subcloned in both orien-
tations into the Eco RI site of the M13 phage
vector Phagescript. A series of nested deletions
was produced for both orientations using Exo-
nuclease III and S, nuclease as described by
Henikoff [14] with the addition of a phenol-
chloroform extraction and ethanol precipitation
between the S; nuclease digest and the Klenow
polymerase fill-in reaction. The S; reaction was
terminated with 40 ul of stop buffer (200 mM
NaCl 40 mM Tris-HCI 7mM EDTA, pH 9.0).
The fill-in reaction was carried out in 20 ul of
Klenow mix (60 mM Tris-HCl, 10 mM MgCl,
0.25 p/ul Klenow polymerase, pH 7.5) to which
30 ul of ligase mix was added. The dideoxy-
nucleotide chain termination method was used for
sequencing a series of overlapping clones in both
orientations with either Sequenase polymerase or
the Klenow fragment of DNA polymerase I, and
17-mer M13 primer (United States Biochemical)
[30].

Sequence analysis was carried out with GCG

sequence analysis software [6] or software devel-
oped by Pearson and Lipman [29]. Propensity
measures for the formation of alpha-helixes and
beta-sheets for the derived HPR polypeptide
sequence were determined by the GCG program
PepPlot, which uses the algorithms of Chou and
Fasman [4]. The derived HPR amino acid
sequence was compared with the National
Biomedical Research Foundation (NBRF) pro-
tein sequence database using the GCG Word-
Search program and with a fusion of the
Genebank and EMBL nucleic acid sequence
databanks using TFASTA [29]. An amino acid
sequence dot-matrix plot was generated by a
program written in our laboratory for IBM perso-
nal computers (program available upon request).
An alignment of the derived amino acid sequences
for HPR and PGDH was produced with the
GCG program BestFit using a gap weight penalty
of 3.0 and a gap length penalty of 0.1. Mismatches
were scored based on the evolutionary distance
between the amino acids as measured by Dayhoff
and normalized by Gribskov and Burgess [12].
The program RDF2 [29] was used to deter-
mine the statistical significance of the similarity
between the derived amino acid sequences for
HPR and PGDH. The PGDH sequence was
shuffled 100 times, either globally or locally in
windows of 10. (A global shuffle scrambles the
sequence by shuffling individual residues, while a
local shuffle scrambles blocks of residues. The
latter method negates the effect of locally biased
amino acid composition which may be due to
patches of hydrophobic or charged amino acid
residues.) Each shuffle was then compared with
the HPR sequence. The scores from these com-
parisons were then used to determine the signifi-
cance of the genuine sequence similarity by calcu-
lating the z value [z = (genuine similarity score —
mean of random similarity scores)/(standard
deviation of random similarity scores) [26].



Results

Identification and isolation of hydroxypyruvate
reductase cDNA clones

A Jgtll cDNA library was generated from
poly(A)* RNA that was isolated from cotyledons
of seedlings grown for seven days in continuous
light. HPR cDNA clones in this library were
identified by immunological screening with an
anti-HPR polyclonal serum. Of 5 x 10° cDNA
recombinant phage screened, approximately 100
plaques reacted positively with the anti-HPR
serum. Since one-sixth of the ¢DNA inserts
would be expected to have the proper orientation
and frame for expression, we estimate that
approximately 0.12%, of the phage in the library
contained an HPR ¢DNA insert. The 20 plaques
which gave the strongest signals were picked, and
three of these were plaque-purified to homo-
geneity. These three clones contained inserts with
sizes of 0.8, 1.0 and 1.5 (kbp).

The identity of the largest clone, AH18, was
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Fig. 1. Comparison of the H18 cDNA transcription-trans-
lation product with hydroxypyruvate reductase polypeptide.
[3*S]methionine-labeled polypeptides were synthesized by
in vitro translation using cotyledonary poly(A)* RNA from
seedlings grown for seven days in the light (lanes 1-3), RNA
transcribed from the H18 ¢cDNA (lanes 4-6), RNA tran-
scribed from pBS vector (lane 7), or no RNA (lane 8). Pro-
ducts of translation were immunoprecipitated with anti-HPR
serum (lanes 3 and 6), or with preimmune serum (lanes 2 and
5). Samples were subjected to electrophoresis through 10%
polyacrylamide gels in the presence of SDS.

143

confirmed in two ways. For initial confirmation,
the H18 insert was subcloned into the plasmid
vector Bluescribe (pBSH18) and used as a tem-
plate for in vitro transcription and translation.
Figure 1 shows an SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis of the poly-
peptide products from these reactions. Using T7
RNA polymerase, the reactions produced a major
polypeptide with an apparent molecular weight
(M,) of approximately 43 kDa and a minor poly-
peptide of 33 kDa (lane 4). Reactions using T3
polymerase did not produce any detectable poly-
peptide (not shown). The products of the T7 poly-
merase reaction were identical in size to those
produced by in vitro translation of poly(A)* RNA
from cotyledons of seven-day light-grown
seedlings followed by an immunoprecipitation
with anti-HPR serum (lane 3). In addition, the
polypeptide products from the T7 polymerase
reactions were precipitated with anti-HPR serum
(lane 6), but not with the corresponding pre-
immune serum (lane 3).

For further confirmation, the H18 insert was
subcloned into the plasmid vector Bluescript in
both orientations (pKSH18-1 and pKSH18-2).
E. coli cultures transformed with these constructs
were induced to produce fusion protein contain-
ing the HPR polypeptide and the amino terminus
of pB-galactosidase. Table 1 shows the HPR
enzyme activities associated with these cultures.
Induced cultures containing the H18 insert in the

Table .1 HPR activities in H18 transformed E. coli cultures.

Culture® Induction® HPR activity®
(units/ml)
pKSHI18-1 + 0.25 + 0.01
pKSHI8-1 - 0.09 + 0.01
pKSH18-2 + 0.08 + 0.00
pKS + 0.02 + 0.00

* Cultures of E. coli were transformed with wild-type plas-
mid (pKS) or with plasmid containing the H18 insert in
either of the two orientations (pKSH18-1 or pKSH18-2).

® Cultures were either induced with IPTG at late log phase
(+ ) or left uninduced (- ).

¢ The supernatants from lysates of these cultures were
assyed for HPR activity.
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Fig. 2. Developmental accumulation of poly(A)* RNA and
HPR transcript in the cotyledons of light-grown and dark-
grown cucumber seedlings. A. Amounts of poly(A)* RNA
per cotyledon for light-grown and dark-grown cucumber
seedlings. B. Relative amounts of HPR transcript per ug of
poly(A)* RNA in cotyledons from light-grown and dark-
grown seedlings. Cotyledonary poly(A)™ RNA (1.5 pug) was
subjected to electrophoresis through agarose/formaldehyde,
blotted to Nytran, and probed with a[>2P]dATP-labeled H18
DNA. The RNA blot for light-grown seedlings is shown in
the inset; poly(A)* RNA from dark-grown seedlings yiclded
a single band with the same molecular weight (blot not
shown). The band in each lane of both blots was scanned
densitometrically, and all values were normalized to the peak
value (day 7 = 100 relative units). C. Relative amounts of
HPR transcript per cotyledon from light-grown and dark-
grown seedlings. Each of the densitometric values described

orientation which would yield fusion protein from
the fp-gal promoter (pKSH18-1) had levels of
HPR enzyme activity 12.5 times greater than
background levels for induced cultures trans-
formed with the pKS vector alone. Uninduced
cultures of pKSH18-1 and induced cultures with
the HI18 insert in the opposite orientation
(pKSH18-2) had HPR activity levels that were
only 4.0 and 4.5 times greater than background,
respectively. The HPR activity found in these two
cultures may be due to low levels of transcription
from the uninduced p-galactosidase promoter or
to transcription of the fusion gene from other
promoters on the plasmid.

Accumulation of HPR mRNA during seedling
development

The appearance of HPR mRNA during seedling
development in both the light and dark was
quantified by RNA blot analysis using the HPR
c¢DNA fragment H18 as a probe. The approxi-
mate size of the HPR transcript in cotyledons is
1.5 kb as determined from the RNA blot shown
in Figure 2 (inset). Each lane of the autoradiogram
of this blot was scanned densitometrically to
determine the relative amount of transcript pres-
ent at each time point (Fig. 2b). These values were
multiplied by the poly(A)* RNA content per
cotyledon (Fig. 2a) to determine relative amounts
of transcript per cotyledon (Fig.2c). This is
equivalent to expressing the data on a per-cell
basis, since the number of cells per cotyledon does
not change significantly during postgerminative
development [2].

HPR transcript is detectable by day 4 and rises
rapidly thereafter in the light, while remaining at
low levels in the dark. The increase in transcript
abundance in the light is due in part to the effect
of light on the level of poly(A)* RNA. However,
light also triggers a rise in the abundance of HPR-
specific transcript relative to poly(A)* RNA.

in (B) was multiplied by the appropriate poly(A)* RNA
content per cotyledon and normalized to the peak value
(day 7 = 100 relative units).



Similar results were found when these blots were
probed with a cDNA isolated with an antibody
against SGAT, while probes corresponding to
malate synthase and isocitrate lyase dedected
transcripts whose levels peaked and declined
beyond detection within the same time period
[19].

HPR genomic fragments

Figure 3 shows a DNA blot of total cellular DNA
from cucumber leaves, digested with either Eco RI
or Hind III endonuclease, and probed with
H18.1-3 DNA. Digestion with Eco RI resulted in
detection of a single major fragment, 14 kbp in
length, while Hind III digestion produced two
detectable fragments, 4.4kbp and 1.2 kbp.
Washes at higher stringency (65 °C instead of
room temperature) produced results similar to
those shown. Digestion with other restriction

kbp E H
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Fig. 3. Hybridization of HPR ¢DNA to endonuclease-
digested cucumber leaf DNA. DNA from cucumber leaves
was digested with éither Eco RI (E) or Hind III (H) endo-
nuclease, subjected to agarose gel electrophoresis, blotted to
Nytran and probed with «[**P]dATP-labeled H18.1-3 DNA.
The final wash was at 25 °Cin 0.1 x SSC,0.1%, SDS for one
hour. Washing at higher stringencies produced similar results
(data not shown). Molecular weights of DNA fragments were
determined by DNA standards run in parallel (not shown).
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nucleases which also recognize six-base oligomers
yielded only one or two fragments (data not
shown). These results suggest that a single gene
encoding HPR is present per haploid genome.
Sequence analysis (described below) of the
cDNA predicted the presence of a 0.3 kbp
Hind III fragment which was not detected on gels
designed to resolve DNA of this size (data not
shown). This finding suggests the presence of at
least one intron located between the two Hind 11
sites of the cDNA.

HPR c¢DNA and derived polypeptide sequences

A series of nested deletions was created through
the H18 insert in the M 13 vector Phagescript, and
a subset was sequenced. Figure 4 shows the nucle-
otide sequence and derived amino acid sequence.
The cDNA contains an open reading frame of
1146 nucleotides, flanked at the 5’ end by 40
bases of noncoding sequence, and at the 3’ end by
207 bases of noncoding sequence and a 44 base
poly(A) tail. All but the first two residues of
sequence at the putative translation start site
(TCCAATGGC; underlined in Fig. 4) match the
reported consensus sequence for this region in
plants (AACAATGGC) as described by Lutcke
etal. [27]. The derived amino acid sequence
from the open reading frame codes for a poly-
peptide of 382 amino acid residues with a calcu-
lated M, of 41.7 kDa. This is in good agreement
with the range of apparent M, from 39 to 44 kDa
found for the HPR polypeptide by SDS-PAGE
[40].

The 33 kDa polypeptide product of in vitro
transcription and translation of the H18 insert
(Fig. 1, lane 4) is consistent with secondary initia-
tion of translation at a downstream internal ATG
initiation codon. Six of the nine residues at this
putative translation start site (TAATATGGC;
underlined with dashes in Fig. 4) match the con-
sensus sequence. A polypeptide of 290 residues
with a calculated M, of 31.5 kDa is encoded by
this reading frame.
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Fig. 4. Nucleotide sequence of the HPR cDNA H18 and the derived HPR amino acid sequence. The derived amino acid sequence
is shown above the nucleotide sequence. The two internal Hind I11 sites are marked by arrow heads. The translation start site
for the reading frame coding for HPR is underlined, and the corresponding stop codon is marked with an asterisk. The putative
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internal translation start site for the minor polypeptide produced upon i vitro translation is underlined with dashes.

Amino acid sequence comparisons

The derived amino acid sequence from the H18
cDNA open reading frame described above was
compared with sequences in the NBRF and

Genebank/EMBL data bases. Both comparisons
revealed similarity between the derived amino
acid sequence from the HPR ¢DNA and that
from the E. coli gene serA, which encodes the
phospoglycerate

enzyme

Table 2. Statistical significance of the HPR/PGDH protein sequence similarity.

dehydrogenase

Comparison?® HPR/PGDH Mean of Standard deviation Statistical significance
Score® Scores of scores (z value)®
Initial scan 117 25.6 6.6 13.8
Randomized:
Global 148 38.4 7.8 14.1
Local 148 40.8 10.7 10.0

& Similarity scores for the HPR/PGDH match were compared to the scores for all other comparisons in the initial data-base

scan, or to the scores from 100 comparisons of HPR with either global or local randomizations of PGDH.
® The scores are expressed as initial values for the initial scan, and as optimized values for the randomized comparisons.
¢ z value = (HPR/PGDH score ~ mean score)/standard deviation. z > 10 denotes statistical significance [26].
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Fig. 5. Dot-matrix plot comparison of the derived amino
acid sequences for HPR and PGDH. The derived amino acid
sequence for cucumber HPR (residues 1-382; abscissa) is
compared with that for E. coli PGDH (residues 1-410;
ordinate). Each dot represents an identical match between a
single amino acid residue in HPR and a residue in PGDH.
A match was plotted only if it occurred within a window of
26 residues containing at least eight matches. Diagonals of
dots labeled a and b correspond to the alignment of HPR and
PGDH shown in Fig. 6.

(PGDH) [41]. Figures 5 and 6 show a dot-matrix
plot comparison and alignment, respectively, of
these two sequences. Using this alignment, the
derived sequences for HPR and PGDH were
found to be 25.7% identical and 50.09%
similar. Table 2 presents the results of a statistical
analysis of the similarity between the derived
amino acid sequences. This analysis shows the
similarity between HPR and PGDH to be signifi-
cant (z> 10) by the criteria of Lipman and
Pearson [26].

Crystallographic analyses of NAD-dependent
oxidoreductases have shown that these proteins
are functionally divisible into two domains, the
NAD-binding domain and the catalytic domain
[41]. Eleven amino acids in the NAD-binding
domain have been found to be conserved and are
believed to function in binding of the ADP moiety
of NAD [47]. The sequences in HPR and PGDH
(G. Grant, personal communication) correspond-
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Fig. 6. Alignments of the derived amino acid sequences for
HPR and PGDH. The derived amino acid sequence for
cucumber HPR (HPR-C) is aligned with the derived amino
acid sequence for E. coli PGDH and with the N-terminal
sequence for spinach HPR (HPR-S). Gaps inserted for opti-
mal alignment are represented by dots in the sequence.
Identical amino acid residue matches between two sequences
are connected by a solid line (|). Mismatches were scored
based on the evolutionary distance between two amino acids
with a score of — 1.5 for the greatest distance and 1.5 for the
least distance. Matches with a score of =0.5 < 1.5 are con-
nected by double dots (:), while matches with a score of
=0.1 < 0.5 are connected by a single dot (.). The HPR and
PGDH sequences believed to be involved in binding of the
ADP moiety of NAD are boxed. The reported amino acid
sequence fingerprint for this binding site is shown above the
cucumber HPR sequence. A triangle represents a basic or
hydrophilic residue, a square represents a small and hydro-
phobic residue, a circle represents an acidic residue, and G
represents glycine.

ing to this binding site are boxed in Fig. 6, and the
conserved amino acid sequence fingerprint is indi-
cated above the HPR and PGDH sequences. The
HPR sequence matches ten out of the eleven
fingerprint residues. The predicted secondary
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structure for this sequence in HPR (data not
shown) also matches the known faf-fold struc-
ture for NAD-binding domains [47].

A 14-residue amino-terminal polypeptide
sequence for HPR from spinach was provided by
Dr C.-H. Chen (personal communication). This
sequence was found to match an amino terminal
cucumber HPR sequence at 11 out of 14 positions
(Fig. 6). This match provides additional evidence
that the identified reading frame in the H18 frag-
ment codes for HPR.

Discussion

Immunological screening of the cDNA library
constructed from poly(A)* RNA isolated from
the cotyledons of seven-day light-grown cucum-
ber seedlings revealed that approximately 0.12%;
of the phage in this labrary contained an HPR
c¢DNA insert. This is in good agreement with our
findings that HPR-specific mRNA represents
0.13% of total translatable mRNA from the same
tissue [16]. One of the clones from this library,
AH18, contains an insert which is similar in size
(1.5 kbp) to the corresponding transcript as deter-
mined by RNA blot analysis. The identity of this
clone was verified by in vitro transcription and
translation, induction of HPR enzyme activity in
E. coli cultures transformed with the HPR
cDNA, and comparison of the N-terminal
sequence of spinach HPR with the corresponding
derived amino acid sequence from the cucumber
HPR cDNA.

HPR transcript levels in cucumber cotyledons
are regulated both developmentally and by light
(Fig. 2). After four days of seedling development,
HPR transcripts become detectable in cotyle-
dons. At this point, they either rise rapidly in the
light or remain at low levels in the dark. This
pattern is similar to that seen for HPR enzyme
activity, HPR protein, and HPR translatable
mRNA [16]. These findings substantiate our
earlier suggestion that both the initial appearance
of HPR enzyme and the subsequent enhancement
of its abundance in the light may be regulated at
the level of transcription [16]. To test this

hypothesis further, we plan to perform nuclear
run-on experiments.

A similar developmental profile was found
using a cDNA clone isolated with a serum against
another leaf peroxisome-specific protein, SGAT
[19]. Earlier results have shown that HPR and
SGAT protein synthesis are regulated in a parallel
fashion [16]. In contrast with the developmental
profile seen for HPR and SGAT, the transcript
levels for the glyoxysomal enzymes malate
synthase (MS) and isocitrate lyase rise rapidly
during seedling development in the light with a
peak at day five, and then decline below the limits
of detection by day eight [19]. These results are
similar to those reported by Smith and Leaver
[35] for MS in the cotyledons of germinating
cucumber seedlings and serve as positive controls
for RNA samples isolated from early time points.

Sequencing of the H18 cDNA fragment
revealed that it contains an 1146-base open read-
ing frame which codes for a polypeptide with an
M, of 41.7 kDa. This size is in good agreement
with SDS-PAGE determination of the apparent
M, of the HPR polypeptide. The similarity
between the translation start site for this open
reading frame and the reported consensus
sequence for this region in plants [27] is con-
sistent with the hypothesis that it codes for the
HPR polypeptide.

A computer search of sequence data bases
found a statistically significant similarity between
the derived amino acid sequence from the HPR
cDNA and the derived amino acid sequence from
the E. coli gene SerA, which encodes the enzyme
PGDH. PGDH and HPR have similar enzymatic
activities: HPR catalyzes the reduction of hy-
droxypyruvate to glycerate, while PGDH cataly-
zes the oxidation of phosphoglycerate to phos-
phohydroxypyruvate. Both enzymes function in
pathways involved in serine metabolism, and both
utilize NADH/NAD ™ as a cofactor. A putative
NAD-binding site was identified in the derived
HPR peptide sequence at the same location as the
proposed NAD-binding site for PGDH. These
sequence characteristics for HPR provide addi-
tional evidence that the identified open reading
frame in the H18 fragment codes for HPR and



should aid in the structure-function analysis of
HPR and NAD-dependent oxidoreductases in
general.

Putative peroxisomal targeting signals have
recently been identified by several laboratories.
Targeting signals of 27 amino acids or less have
been located at the carboxy termini of five dif-
ferent animal peroxisomal proteins [10, 11]. Each
of these signals contains the tripeptide sequence
Ser-Lys/His-Leu. This sequence is not found in
HPR. However, it is known that for at least one
other protein, acyl-CoA oxidase from Candida
tropicalis, this sequence is not necessary for import
into peroxisomes [34]. Volokita and Somerville
[46] reported a sequence similarity among the
plant peroxisomal proteins glycolate oxidase,
MS, and uricase I, which they speculate may be
aperoxisomal ‘sorting sequence’. This sequence is
also not present in HPR.

DNA blot analysis indicated that the HPR
gene in cucumber is likely present in a single copy
per haploid genome. We are in the process of
cloning genomic fragments containing the HPR
gene for use in the study of cis-acting elements and
trans-acting factors in the regulation of HPR pro-
tein synthesis. We are also using the HPR cDNA
clones to generate HPR polypeptide i vitro for
the study of targeting and transport of HPR into
peroxisomes.
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