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ABSTRACT The partial amino acid sequence of histidinol
dehydrogenase (L-histidinol:NAD+ oxidoreductase, EC
1.1.1.23) from cabbage was determined from peptide frag-
ments of the purified protein. The relative positions of these
peptides were deduced by aligning their sequences with the
sequence of the HIS4C gene product of Saccharomyces cerevi-
siae. cDNA encoding histidinol dehydrogenase was then am-
plified from a library using a polymerase chain reaction primed
with degenerate oligonucleotide pools of known position and
orientation. By using this amplified fragment as a probe, an
apparently fulD-length cDNA clone was isolated that is pre-
dicted to encode a proenzyme having a putative 31-amino acid
chloroplast transit peptide and a mature molecular mass of47.5
kDa. The predicted protein sequence was 51% identical to the
yeast enzyme and 49% identical to the Escherichia coli enzyme.
Expression of the cDNA clone in an E. coli his operon deletion
strain rendered the mutant able to grow in the presence of
histidinol.

In plants, the biosynthetic pathways of most of the amino
acids are poorly understood. Only a handful of enzymes
involved in amino acid biosynthesis have been purified from
plant sources, partly because of the small amount of these
proteins found in plant cells. To date, glutamate synthase,
glutamate dehydrogenase, and glutamine synthetase in the
glutamate pathway (1-3), aspartate kinase (4) and homo-
serine dehydrogenase (5) in the threonine pathway, dihy-
drodipicolinate synthase (6) in the lysine pathway, and 3-de-
oxy-D-arabinoheptulosonate 7-phosphate synthase (7) and
5-enoylpyruvyl shikimate-3-phosphate synthase (8) in the
aromatic amino acid pathway have been characterized and
purified from various plant species. cDNAs encoding several
of these enzymes have been cloned (8-12), as have genes for
other amino acid biosynthetic enzymes based on their struc-
tural or functional homology to microbial or mammalian
enzymes (13-17).
Although histidine biosynthesis has been elucidated in

several prokaryotic and eukaryotic microbes (18-22), the
biosynthetic pathway in higher plants is unknown (23). In-
direct evidence has indicated that the pathway follows a route
similar to that found in bacteria and fungi (24, 25). Recently,
histidinol dehydrogenase (HDH; L-histidinol:NAD+ oxido-
reductase, EC 1.1.1.23) was purified to homogeneity from
Brassica oleracea (cabbage; ref. 26), proving that the final
steps in histidine biosynthesis proceed in plants as they do in
prokaryotes and fungi.

In this report, we describe the isolation ofa full-length cDNA
encoding HDH from cabbage. The plant coding sequence¶ was
approximately 50o identical to known microbial genes. To

demonstrate function of the plant clone, the cDNA was ex-
pressed in an Escherichia coli strain lacking the histidine
operon. The cDNA was found to suppress the his deletion when
the bacteria were grown in the presence of histidinol.

MATERIALS AND METHODS
Plant Material and Bacterial Strains. Mature spring cab-

bage (Brassica oleracea L. var capitata L.) was purchased
from a local grocer in Japan. Phage vector A ZAP II and E.
coli VCS257 were obtained from Stratagene. E. coli WB353
(A[his-gnd]) is a derivative ofTA2043 (27) that has been cured
of A phage (28).

Peptide Preparation and Sequencing. HDH was purified
from cabbage as described (26). The purified HDH was
subjected directly to automated Edman degradation with an
Applied Biosystems model 470A gas-liquid-phase protein
sequencer (29) to derive amino-terminal sequence from the
mature enzyme. The phenylthiohydantoin amino acid deriv-
atives were separated and identified with an on-line phenyl-
thiohydantoin analyzer (Applied Biosystems) fitted with a
phenylthiohydantoin C18 column.

Peptides generated by lysyl endopeptidase (EC 3.4.21.50;
Wako Biochemicals, Osaka) digestion or CNBr cleavage
were separated by reverse-phase HPLC on an Aquapore
RP-300 (C8) column (2.1 x 220 mm). The column was eluted
with a linear gradient of 0-70% (vol/vol) acetonitrile in 0.1%
trifluoroacetic acid. Peptides were collected and analyzed by
automated Edman degradation as described above. Further
details of the peptide preparation and protein sequencing are
available from the authors on request.

Nucleic Acid Preparations. Total RNA was prepared by
phenol extraction essentially as described (30). Poly(A)+
mRNA was isolated from total RNA using a Poly(A) Quik
mRNA isolation kit (Stratagene). A cDNA library was con-
structed in the A ZAP II vector using a ZAP cDNA Gigapack
II Gold synthesis kit (Stratagene) according to instructions
supplied by the manufacturer. cDNA inserts were excised in
vivo as subclones in the pBluescript plasmid (Stratagene) and
sequenced as double-stranded templates using the dideoxy-
nucleotide chain-termination method (31). Sequences were
aligned using the GAP program (32). Phage DNA was pre-
pared with the LambdaSorb reagent (Promega) using instruc-
tions supplied by the manufacturer. Plant genomic DNA was
prepared as described (33).
Polymerase Chain Reaction. Phage DNA (10 jig) prepared

from the cabbage cDNA library was used as template in a
reaction mixture of 50 ,ul. The concentrations of the remain-
ing components were degenerate primers (each at 4 ,uM), 100
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FIG. 1. Amplification of the HDH cDNA. (A) Alignment of peptides from the cabbage enzyme (upper line) with portions of the translated
HIS4 coding sequence from yeast (lower line). Positions of identity are marked with dots. Amino acid numbers are given below the yeast
sequence. Oligonucleotide primers are shown above the amino acid sequences from which they were derived. (B) Ethidium bromide-stained
agarose gel showing the products of a polymerase chain reaction primed with EW25 and JR03 (lane 2). The template was total DNA extracted
from a cabbage cDNA library. The positions of molecular size markers (lane 1) are indicated in base pairs. (C) Autoradiogram of a filter blot
of the gel, shown in B, probed with the internal primer JR02.

,uM dATP, 100 ,uM dCTP, 100 ,M dGTP, 100 ,uM dTTP, 1.5 Blots and Filter Hybridizations. Plaque filter hybridizations
mM MgCl2, 50 mM KCI, 10 mM Tris-HCI (pH 8.3), and were performed as described (34). DNA was separated
Amplitaq DNA polymerase 50 units/ml (Perkin-Elmer/ electrophoretically on agarose gels and blotted to a nylon
Cetus). By using a Perkin-Elmer/Cetus thermal cycler, the membrane (GeneScreenPlus; NEN) in alkali (35). Hybrid-
reaction was incubated through 40 cycles of 45 sec at 94°C, ization and washing were performed as described (36, 37).
45 sec at 42°C, and 45 sec at 72°C, with 2 sec added to the 72°C RNA gel blot hybridization was essentially as described by
incubation period at each cycle. Payne et al. (34).

1 CACGAGCCTATTCGCCGGCGAACACACTCCTATSTGAGCAAACCCGGTGAGGATGTCATTCGATCTATCTCGTCTCTCCCTCACTTCCTCGCCTCGTCTC 100
M S F D L S R L S L T S S P R L

101 TCGTTTCTCACTCGCACTGCTACTAAGAAAGGATTCGTTAGGTGTTCGATGAAGTCGTACAGATTATCTGAACTTAGTTTCTCTCAAGTTGAGAACTTGA 200
S F L T R T A T K K G F V R C S M K S Y R L S E L S F S Q V E N L K

N-terminal(A/K) ----(I/S) ----------------------- (?) -----------------
LysC#17(K T) -----------(A/S K)

201 AGGCACGCCCTCGCATTGACTTCTCTTCCATTTTCACCACTGTTAACCCAATCATCGACGCTGTTCGTAGCAAAGGAGATACTGCTGTCAAAGAGTATAC 300
A R P R I D F S S I F T T V N P I I D A V R S K G D T A V K E Y T
----(? ? --

301 AGAGAGATTTGACAAAGTCCAGCTCAATA4GTGGTGGAGGATGTGTCCGAACTTGATATCCCTGAGCTCGACTCCGCAGTTAAAG00GCGTTTGATGTT400
E R F D K V Q L N K V V E D V S E L D I P E L D S A V K E A F D V

LysC#32 ------------------

401 GCGTATGACAACATTTATGCATTTCACTTTGcCCCATGiCACTGAGA'AGCGTTGAGAATATGAAGGTGTAAGATGTAAAAGGGTGTCGAGATCTA 500
A Y D N I Y A F H F A Q M S T E K S V E N M X G V R C K R V S R S I
-------------------------- (L) ------(K)

501 TTGGTTCTGTTGGTCTTTATGTGCCTGGTGGMCTGCTGTTTTGCCATCTACTGCTTTGATGCTTGCTATTCCTGCTCAGATTGCTGGATGTAAACAGT 600
G S V G L Y V P G G T A V L P S T A L M L A I P A Q I A G C K T V

CNBrJ18---- . -----(R) ---------
LysC18.--------

601 TGTCCTCGCAACTCCACCAACTAAGGAAGGAAGCATATGTAAGGAGGTGCTGTATTGTGCCAAGAGGGCTGGTGTAACTCACATTCTTAAAGCTGGTGGA 700
V L A T P P T K E G S I C K E V L Y C A K R A G V T H I L K A G G

701 GCACAGGCTATAGCTGCCATGGCCTGGGGGACAGATTCTTGTCCTAAGGTTGAGAAGATTTTTGGTCCTGGGAATCAGTATGTTACAGCTGCTAAGATGA 800
A Q A I A A M A W G T D S C P K V E K I F G P G N Q Y V T A A K M I

801 TTCTGCAAAACAGCGAGGCAATGGTTTCGATTGATATGCCTGCTGGCCCTTCAGAAGTTCTTGTTATCGCTGATGAACATGCTAGTCCAGTTTACATTGC 900
L Q N S E A M V S I D M P A G P S E V L V I A D E H A S P V Y I A

901 AGCCGACTTACTTTCTCAGGCTGAGCATGGTCCAGATAGTCAGGTTGTTCTTGTTGTTGTAGGCGATGGTGTAAATCTCMGCCATCGAGMGAAATT 1000
A D L L S Q A E H G P D S Q V V L V V V G D G V N L K A I E E E I

1001 GCTAAACAATGCAAAAGCCTTCCTAGAGGCGAGTTTGCTTCAAAGCTCT'AGTCACAGCTTCACAGTATTTGCTCGAGATATGATTGAGDCMTAACTT 1100
A K Q C K S L P R G E F A S K A L S H S F T V F A R D M I E A I T F

LysC#48----------------------------------------------------------

1101 TCTC12ACCTGTATGCACCTGAACACTTGATCATC0TGTCAAAGACGC0GAGATGGGAGGGACTGATAGAGAACGCAGGTTCGGTTTTCATAGGGCC1200
S N L Y A P E H L I I N V K D A E K W E G L I E N A G S V F I G P
-(K)________----------W

1201 GTGGACTCCTGAGAGTGTTGGTGATTACGCGAGCGGGACAAACCACGTTCTTCCMCGTACGGGTATGCDGAMTGTACAGTGGCGTCTCTCTCGACTCT 1300
W T P E S V G D Y A S G T N H V L P T Y G Y A R M Y S G V S L D S

1301 TTCCTGAAGTTCATGACTGTACAGTCCTTGACAGAGGAAGGTCTGCGA0CCTTGGTCCGTATGTTGCGACTATGGCTGAAATTG0GGTCTAGATGCAC'1400
F L K F M T V Q S L T E E G L R N L G P Y V A T M A E I E G L D A H
LysC#45.-----------------------------------.

CNBr#t6----------------------------

1401 ACAAGAGAGCCGTCACTCTCAGACTCAAGGATATCAAGCCAAACAGACCCCAAADGTGAAATGMTGGCTGTCTTCATATTCAAATGAGGTGACATT 1500
K R A V T L R L K D I E A K Q T Q T K

1 ______________------- (?)----------1

1501 GGTTTAAAGAGATAATAATMATMGAATAMTATAAGAGATGTTGTAACACTCTCTGTCATAATCTGGATTTTCTTTCAsTTATTGAAATTTGAATCCTTTC 1600

1601 ACGCGT 1606

FIG. 2. DNA sequence and deduced amino acid sequence of cDNA clone HDH7. Regions corresponding to the amino acid sequences of
eight peptides determined from the purified protein are underlined. Residues from the peptides that do not match the translated cDNA sequence
are indicated in parentheses. In cases where two ambiguous amino acids were detected, each is indicated, separated by a slash. Lysines or
methionines, inferred from cleavage by lysyl endopeptidase (LysC) or CNBr, respectively, are included at the beginning of each peptide.
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RESULTS AND DISCUSSION
HDH was purified to homogeneity by the method of Nagai
and Scheidegger (26). The sequences of peptides from the
purified enzyme were determined by automated Edman
degradation and were found to have a high degree of simi-
larity to the translated sequence of the yeast HIS4C gene,
which encodes HDH (38). By assuming that the sequences of
the plant and yeast enzymes were colinear, the relative
positions of the peptides in the plant enzyme could be
deduced by aligning them with the yeast sequence. Based on
this analysis, degenerate oligonucleotide primers were syn-
thesized that corresponded to two of the peptides in orien-
tations appropriate for amplification of the plant cDNA (Fig.
1A). A polymerase chain reaction (39) was performed using
DNA extracted from a phage A cDNA library constructed
from cabbage leaf tissue poly(A)+ RNA. Primers predicted to
lie approximately 1 kilobase (kb) apart generated several
products detectable by ethidium bromide stain (Fig. 1B). One
of these products was the expected length and hybridized
specifically to a probe predicted to lie between the terminal
primers (Fig. 1C). These data implied that the fragment
contained a portion ofthe HDH cDNA, which was confirmed
by DNA sequence analysis.
The 1-kb fragment from the polymerase chain reaction was

purified, radiolabeled, and used to probe approximately
300,000 plaques from the same cDNA library. Fifteen
strongly hybridizing clones were isolated and the size of their
inserts was analyzed. Of several clones analyzed by partial
DNA sequencing, one was found that appeared full-length.
The complete DNA sequence and predicted amino acid
sequence of this 1.6-kb clone are shown in Fig. 2.
The cDNA had an open reading frame of 469 codons,

beginning at a methionine residue 31 codons upstream of the
amino terminus of the mature protein coding sequence. The
predicted mature protein was 438 amino acids long, having a
calculated molecular weight of 47,474 and a calculated pl
value of 5.6. These values are in reasonable agreement with
measurements made on the purified protein that gave a
molecular weight of52,000 estimated by SDS/PAGE and a pl
value of 5.1-5.4 estimated by isoelectric focusing (26). Com-
parison of the translated open reading frame to the sequences
of eight peptides determined from the purified protein re-

B. oleracea
S . cerevisiae

E.coli
S .typhimurium

vealed matches at 151 out of 159 positions. It had previously
been shown (26) that the purified protein preparation contains
multiple electromorphs by isoelectric focusing gel electro-
phoresis that may correspond to multiple isozymes. The
occasional mismatched residues between the protein se-
quence and the translated DNA sequence therefore may be
due to the occurrence of multiple isozymes derived from
distinct coding sequences.
Comparing the translated open reading frame to the amino-

terminal protein sequence (Fig. 2) showed that HDH is
encoded as a proenzyme, with a 31-residue amino-terminal
peptide not present in the mature enzyme. The amino-
terminal extension had a sequence composition typical of
chloroplast transit peptides (40). Specifically, the peptide was
rich in serine and threonine (32%) and in lysine and arginine
(19%). Although the intracellular localization of histidine
biosynthetic enzymes has not yet been determined, other
amino acid biosynthetic pathways that have been studied in
greater detail in plants have been found in the plastid com-
partment (41). The putative chloroplast transit peptide found
on HDH, therefore, provides preliminary evidence that the
histidine biosynthetic pathway in plants also is localized in
the chloroplast.
The predicted mature protein sequence of the cabbage

clone was 49% identical to the E. coli protein sequence and
51% identical to the sequence from Saccharomyces cerevi-
siae. Overall, the sequences were of approximately the same
length and did not contain any apparent outstanding struc-
tural differences relative to each other (Fig. 3). Several
regions, one of which was 15 amino acids long, were abso-
lutely conserved across kingdoms. Interestingly, the cabbage
sequence contained a cysteine codon at position 143 of the
predicted protein coding sequence, which corresponds to an
identical residue known to function in binding histidinol in the
Salmonella typhimurium enzyme (42).
To test genetically whether the putative HDH cDNA clone

could encode a functional HDH enzyme, we transformed an
E. coli histidine auxotroph with a plasmid containing the
cDNA. The bacterial strain WB353 lacks the entire his
operon and can grow on minimal medium containing histi-
dinol only if it harbors a functional HDH gene (43). Fig. 4
shows that WB353 harboring either the empty plasmid vector
or a plasmid containing the cDNA clone could grow on

124
[iKSYRnJSELSFS---UIE ID F I v DEQLN--KgVEDVSILD--IPE SA DVY Y
TGPIHgJ3VVKASDKVGVQK IQK IMy I D VF FI VKLS--NPVLNAPFPEEYFEG NLSI E IRP
_ FNTIIDWNSCTAV2CR IS V INS KAR s FD TVTAL4eSAE-IIAAASER LSC K
j!1SFNjIDWNSCSPEXR iR SAIrpgr EVTALRMTPE- IAAAGAR TANV ET1

125 222
B.oleracea H STEK- M RKIEVGLCGRII V KE C HKLGAQAIA

S.cerevisiae HQ PTETL ETQPG RF IE GLYIPG MP KSDGKVS K SK L GAQA(V4AA
E.coli H LPPV-D ETQPGVR VGLYIPG S M L ----P[ I L DVFN GAQAIAA

S.typhimurium H LPPV- ETQPGVR Q S VGLYIPG M--l---IA I LC fEM NVGAQAIAA

223 320
B.oleracea K ILQN-SEAMVSIDMPAGPSEVLVIA HGPDSQ VG-GVNLKAI IAK>C

S.*cerevisiae T I KVDKIGPG V NDTQALCSIDMPAGPSEVLVIA FVASDLLSQAEHGIgpSQVI GVNLSEKK IQEIQ~K HN4
E.coli TE KVDKIFGPG V Q-RLDGAAIDMPAGPSEVLVIA DFVASDLLSQAEHGPDSQVI LTPAA 4A--RRV A R L

S.typhimurium KVDKIFGPG Q-RLDGAAIDMPAGPSEVLVIA DFVASDLLSQAEHGPDSQVI LTPDAMIA--RKV AR

321
B.oleracea K EE&KUS TVFA&IEAIT VK*:K KWEG E DYASNL YRVS&S.cerevisiae L PRDIVRKCIAHTIVLCDGYEEALE NOYAPEHL * D YVDNGS E DYSGTNHMLPT YARQY ;ANTA Q

E.coli AEOPR LIVTPRAQCVEI NQYGPEHL AIRE S[QTGSV E DYASGTNHVLPT YTATC L Q
S.typhimurium A NTPQJSLIVTflAQCVAI NQYGPEHLII R*DTAWT YTATCSLG Q

421 4469B.oleracea MTV RNLGPYV H KDIE--&KQTQTK*S.cerevisiae I ITP ENIGRAVMC VWEGJ S LFPKDFQ*
E.coli MTV SAVASTI HKNAVTL A~*Ed*S.typhimur1Um MTV K SALASTI HKNAVTADL<EQkE *

FIG. 3. Comparison among deduced HDH protein sequences from plant and microbial sources. Positions at which identical residues are
present in three or more of the sequences are outlined. Amino acid residue numbers from the cabbage histidinol dehydrogenase predicted
proenzyme sequence are indicated. The first amino acid in the Saccharomyces cerevisiae (S. cerevisiae) sequence shown corresponds to codon
number 354 in the HIS4 coding sequence (37). The first amino acids in the E. coli and Salmonella typhimurium (S. typhimurium) sequences
correspond to codon 1 of the respective hisD coding sequences. A dot over the sequences marks the position of a cysteine implicated in binding
histidinol in the Salmonella typhiumurium enzyme (42).
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A B C

vector oBSHDH7 vector pBSHDH7 vector pBSHDH7

FIG. 4. Suppression of histidine auxotrophy in E. coli by the
cabbage HDH. Cultures of strain WB353 (27) harboring either empty
pBluescript (vector) or pBluescript bearing the HDH cDNA (pB-
SHDH7) were streaked onto M9 minimal glucose agar (44) containing
ampicillin (100 ug/ml) and the following additives. (A) None. (B)
L-Histidine (130 ,LM). (C) L-Histidinol (250 ,uM).

minimal medium containing histidine. In contrast, the vector-
containing strain was completely unable to grow on histidi-
nol, whereas the strain containing the plant HDH cDNA
grew, although not as well as on medium containing histidine.
In the pBluescript plasmid, the HDH cDNA lies downstream
of the lac promoter, but its coding sequence is not in reading
frame with the native lacZ initiation codon in the vector.
Presumably, translation is able to initiate, albeit inefficiently,
at sequences within the 5' end of the cDNA, resulting in
quantities of HDH sufficient to promote growth of the
auxotroph on selective medium.
Northern blot analysis was performed on poly (A)' RNA

from cabbage leaf tissue to determine the size of the HDH
transcript. Fig. 5A shows that the cDNA probe detected a
single mRNA approximately 1.6 kb in length. This result
indicates that the clone is at least very close to a full-length
representation of the mRNA.
To estimate the number of genes for HDH present in the

cabbage genome, we digested cabbage DNA with various
restriction enzymes that lacked recognition sites within the
cDNA clone, separated the fragments by agarose gel elec-
trophoresis, and blotted the gel to nylon membrane (35). The
cDNA probe hybridized to more than one genomic fragment
(Fig. SB), indicating that the cabbage genome may contain
multiple genes for HDH. This finding is consistent with the
possibility that cabbage contains multiple HDH isozymes
encoded by different genes. Whether these genes are differ-
entially expressed can now be addressed using the cDNA
clone.

Several lines of evidence indicate that the clone we de-
scribe here encodes HDH. (i) The predicted amino acid
sequence is in close agreement with the sequence of peptides
from the purified protein. (ii) The sequence of the predicted

A B

-----9.49
-7.46

-4.40 23-
9.4-
6.6--

-2.37
4.4---

- 1.35
2.3-
2.0--

&J

ILAO0.24
FIG. 5. Analysis of the expression and genomic complexity of

HDH in cabbage. (A) Northern blot analysis of poly(A)+ RNA
extracted from mature cabbage leaves. The positions of RNA size
markers (in kb) are indicated. (B) Southern blot analysis of cabbage
genomic DNA digested with the enzymes indicated and probed with
the cDNA insert from plasmid subclone pBSHDH7. The positions of
DNA size markers (in kb pairs) are indicated.

mature protein encoded by the clone is homologous to the
yeast and bacterial sequences over its entire length. (iii) The
clone could complement an E. coli his deletion mutant in the
presence of the substrate histidinol. Thus, the plant HDH
appears to be conserved structurally as well as functionally
compared to the corresponding enzymes from prokaryotic
and eukaryotic microbes.
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