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Pyrrolizidine alkaloids are preformed plant defense compounds
with sporadic phylogenetic distribution. They are thought to have
evolved in response to the selective pressure of herbivory. The first
pathway-specific intermediate of these alkaloids is the rare poly-
amine homospermidine, which is synthesized by homospermidine
synthase (HSS). The HSS gene from Senecio vernalis was cloned and
shown to be derived from the deoxyhypusine synthase (DHS)
gene, which is highly conserved among all eukaryotes and archae-
bacteria. DHS catalyzes the first step in the activation of translation
initiation factor 5A (eIF5A), which is essential for eukaryotic cell
proliferation and which acts as a cofactor of the HIV-1 Rev regu-
latory protein. Sequence comparison provides direct evidence for
the evolutionary recruitment of an essential gene of primary
metabolism (DHS) for the origin of the committing step (HSS) in the
biosynthesis of pyrrolizidine alkaloids.

secondary metabolism u gene recruitment u initiation factor 5A u alkaloid
phylogeny u plant chemical defense

Pyrrolizidine alkaloids (PAs) are typical secondary com-
pounds that are constitutively expressed in species of highly

restricted phylogenetic distribution within the angiosperms.
They are preferably found in the plant families Asteraceae
(tribes Eupatorieae and Senecioneae), Boraginaceae (many
genera), Fabaceae (mainly the genus Crotalaria), and Orchi-
daceae (nine genera). More than 95% of the PA-containing
species investigated thus far belong to these four families. In
addition, PAs are also scattered in several other families, where
they sometimes occur in a single species (1) (Fig. 1). Thus, from
the evolutionary standpoint, PAs appear to be a relatively young
group of secondary compounds. Their skew occurrence among
angiosperms has been particularly puzzling, i.e., did the common
ancestor of all PA-producing plants possess the pathway, fol-
lowed by many independent losses, or did the PA-biosynthetic
pathway evolve several times independently in evolution in
distinctly separate lineages?

PAs produce dynamic interactions between PA-containing
plants and their herbivores. Though direct evidence of a pro-
tective role of PAs in plant defense is sparse, convincing
evidence comes from a number of insect herbivores that have
developed impressive adaptations. These not only overcome the
PA-mediated defense barrier, but sequester and utilize the
alkaloids for their own defense against predators. All PA-
adapted insects advertise their unpalatability to potential pred-
ators through their conspicuous warning coloration (2).

PAs are found in all plant organs, but in species of the
Asteraceae, such as Senecio and Eupatorium, they are synthe-
sized exclusively in the roots (3). From the roots, PAs are
translocated into the shoot by means of the phloem-path and
channeled to the preferential sites of accumulation, i.e., repro-
ductive organs and peripheral tissues (2, 3). Biochemical studies
revealed that the biosynthesis of the necine base, the basic
moiety of the PAs, is linked to primary metabolism by putrescine
and the aminobutyl moiety of spermidine, both of which are
derived from arginine (4). Homospermidine, the first pathway-

specific intermediate in PA biosynthesis (5), is formed by
homospermidine synthase (HSS) (EC 2.5.1.44) (Fig. 2A). HSS
catalyzes the NAD1-dependent transfer of an aminobutyl group
of spermidine to putrescine. In contrast to previous views (5, 6)
and in contrast to HSS from a bacterial source (7, 8), putrescine
cannot replace spermidine as an aminobutyl donor (R. Harms,
D.O., T.H., unpublished results).

The biosynthesis of PAs in Asteraceae is a strictly controlled
and coordinated process that is tightly linked to root growth, as
it is reduced or ceases when root growth stops (4, 9). PAs do not
undergo turnover except for diversification of their basic chem-
ical structures (10). Thus, HSS occupies a key regulatory position
in PA biosynthesis by controlling the formation of the total
amount of alkaloid in the plant.

In this article, we describe the purification of the HSS from
Senecio vernalis (Asteraceae), a typical PA-producing plant, to
apparent homogeneity, the microsequencing of the protein
resulting in four peptides and the cloning of HSS cDNA. The
sequence of HSS reveals a surprising evolutionary origin of the
biochemical pathway leading to PAs and may lead to a satisfac-
tory explanation of the scattered distribution of these com-
pounds across taxa.

Materials and Methods
Purification of HSS. Two-week-old root cultures of S. vernalis (5)
were used as starting material, and buffer A [50 mM KH2PO4y2
mM dithioerythritoly0.5 mM NAD1y0.5 mM spermidiney0.1
mM EDTA (pH 8.7)] was used as standard buffer in all
purification steps. Roots (approximately 500 g fresh weight)
were pulverized in a mortar in the presence of liquid nitrogen,
and the powder was extracted in buffer A supplemented with 20
mM ascorbate and 25% (wtywt of root mass) Polyclar AT
(Serva) by stirring at 4°C for 60 min. The extract was centrifuged
at 20,000 3 g for 30 min, frozen at 280°C, and concentrated by
lyophilization. The lyophilisate was dissolved in buffer A (1y25th
of the initial volume of the extract) and desalted with Sephadex
G-50 (Amersham Pharmacia). The desalted solution was applied
to a DEAE-Fractogel column (Merck) and eluted with a gra-
dient from 0 M to 0.2 M NaCl. Fractions containing HSS activity
were pooled, adjusted to a NaCl concentration of 1.5 M, and
loaded to a Phenyl Sepharose CL-4B column (Amersham Phar-
macia). After elution with modified buffer A (5 mM instead of
50 mM KH2PO4), the eluate was applied again to a DEAE-

Abbreviations: PA, pyrrolizidine alkaloid; HSS, homospermidine synthase; DHS, deoxyhy-
pusine synthase; eIF5A, eukaryotic initiation factor 5A; eifsv1, eIF5A precursor protein of
Senecio vernalis with unmodified lysine residue; RACE, rapid amplification of cDNA ends.
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Fractogel column, but was now eluted with a pH gradient from
pH 8.5 to pH 4.5 by using McIlvaine buffer (25 mM citric acid
and 50 mM Na2HPO4) supplemented with 2 mM dithioeryth-
ritol, 0.5 mM NAD1, 0.5 mM spermidine, and 0.1 mM EDTA.
Fractions containing HSS activity were pooled, rebuffered to
buffer A, and subjected to spermidine Sepharose affinity chro-
matography applying CH-Sepharose 4B (Amersham Pharmacia)
coupled with spermidine. HSS was eluted in the presence of 100
mM spermidine and was subsequently applied to a Superdex 200
HR 10y30 column (Amersham Pharmacia). Peak fractions were
loaded to a Mono Q column (Amersham Pharmacia) and eluted
with a gradient from 0 M to 1.0 M NaCl. Purified HSS was
separated by SDSyPAGE and transferred to poly(vinylidene
difluoride) membrane (Millipore). The band corresponding to
the HSS was subjected to microsequencing by using a method
described earlier (7).

RNA Isolation and cDNA Synthesis. Four-day-old root cultures and
young shoot tips of S. vernalis were frozen in liquid nitrogen and
stored at 280°C until use. Total RNA was extracted with the
RNeasy Plant Mini Kit (Qiagen, Chatsworth, CA), and 2 mg of
total RNA was used as template for reverse transcription as
described (11).

PCR with Degenerate Primers. According to an alignment of amino
acid sequences of deoxyhypusine synthase (DHS) from various
organisms (12), degenerated primers were synthesized (Table 1).
In a reaction volume of 25 ml, 1 ml of cDNA was amplified by
using all possible combinations of the forward primers P1–P3
and the reverse primers P4–P6. As temperature program, a
modified ‘‘touch-down’’ protocol (13) with decreasing annealing
temperatures from 55°C to 40°C (0.5°C per cycle, 40°C constant
for 10 further cycles) was used. With the primer pair P3–P6,
597-bp and 591-bp fragments were amplified from the cDNA
derived from root tissue and shoot tips, respectively. After

electrophoretic purification, the PCR products were subcloned
with the TA Cloning Kit (Invitrogen), according to the manu-
facturer’s protocol, and sequenced.

Generation of Full-Length cDNA Clones. To identify the 39 and 59
ends of the cDNA fragments, 39-rapid amplification of cDNA
ends (RACE) and 59-RACE techniques were used as described
(11). For this purpose, the gene-specific primers P7–P11 were
designed for the HSS-coding cDNA, and primers P12–P15 were
designed for the DHS-coding cDNA (Table 1). The resulting
685-bp and 900-bp fragments from 39 RACE contained the 39
end, including the poly(A) tail of HSS and DHS, respectively. 59
RACE yielded 535-bp and 740-bp fragments containing the
ATG start codon of HSS and DHS, respectively. To amplify the
full-length cDNA encoding HSS and DHS, two gene-specific
primer pairs were synthesized (P16–P17 and P18–P19, respec-
tively; Table 1). Using these primer pairs (0.4 mM each), the
HSS- and DHS-coding cDNAs were amplified with Native Pfu
DNA Polymerase (Stratagene). The reaction mixture of 100 ml
contained 4 ml of the same cDNA sample, which was successfully
used as template to amplify the corresponding cDNA fragment
with the degenerate primers. In the case of the HSS-coding
cDNA, the resulting 1,129-bp fragment was digested with NdeI.
For ligation, the expression vector pET3a (Novagen) was lin-
earized with BamHI, filled in with Klenow fragment of DNA
polymerase I, purified, and digested with NdeI. The ligation
constructs were transformed into Escherichia coli NM522 cells
(Stratagene), screened with primers P16 and P17 for the correct
insert, and purified for sequencing and for transformation of E.
coli BL21(DE3) (Stratagene) for overexpression. The 1,133-bp
cDNA fragment coding the DHS was digested with BamHI and
ligated in pET3a, as described above, with the exception that the
vector was linearized with NdeI and digested with BamHI after
treatment with Klenow fragment and that positive transformants
were screened with the primers P18 and P19.

Fig. 1. Families with pyrrolizidine alkaloid-
containing species within the angiosperms (modi-
fied from ref. 34).
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Purification of Recombinant HSS and DHS. The overexpressed pro-
teins were purified to apparent homogeneity by a simplified
purification procedure, as described for the purification of
recombinant tobacco DHS (11).

Cloning and Expression of cDNA Encoding eifsv1. Using an alignment
of amino acid sequences of all plant eukaryotic initiation factor

5A (eIF5A) precursor proteins from the database (BLAST
search), a degenerated primer was synthesized containing the
start ATG (P20). The amplification of 1 ml of S. vernalis root
cDNA was performed in a reaction volume of 25 ml with primer
P20 and an oligo(dT)17 primer (59-dGTCGACTCGAGAAT-
TC(T)17-39) with an annealing temperature of 60°C. The result-
ing fragment of 720 bp was subcloned after electrophoretic
purification with the TOPO TA Cloning Kit (Invitrogen). After
sequence analysis, two gene-specific primers were synthesized
that contained a NdeI restriction site together with the start ATG
(P21) and a XhoI restriction site together with the stop codon
(P22). The full-length eIF5A precursor protein cDNA was
amplified by using the root cDNA as template. The resulting
491-bp fragment was cloned into the pET-23b expression vector
(Novagen) and expressed with a C-terminal His-Tag motive, as
described for the cloning of the tobacco eIF5A (11). The
overexpressed protein was purified with Ni-NTA-agarose (Qia-
gen), according to the manufacturer’s instructions.

Enzyme Assays. HSS and DHS activity was measured as described
(11) with spermidine, eifsv1, and putrescine concentrations of 40
mM each (DHS assay; substrate saturation) and putrescine and
spermidine concentrations of 400 mM each (HSS assay; substrate
saturation).

Results and Discussion
Purification of HSS and Microsequencing. To purify the HSS of root
cultures of S. vernalis, a seven-step purification procedure was
established. Problems encountered in purifying HSS from other
Asteraceae that resulted in low specific activity and poor stability
(5) were overcome by freeze-drying the crude extract. The
lyophilisate could be stored at 220°C without significant loss of
enzyme activity over 3 mo and thus allowed us to accumulate
enough plant material. Moreover, this procedure allowed a
gentle and effective concentration necessary for purifying de-
tectable amounts of the enzyme. Fig. 3 shows an SDSyPAGE gel
of the different steps of the purification procedure, which
resulted in a single prominent band of an apparent molecular
mass of 44.5 kDa. Using isoelectric focusing and native PAGE
procedures followed by testing the sliced gel for HSS-activity, it
was shown that this protein is homogenous HSS (data not
shown). The purified enzyme exhibited a pH optimum between
9.0 and 9.5. By size exclusion chromatography on a Superdex 200
column, the molecular mass of the native HSS was determined
to be 174 kDa, indicating that Senecio HSS is probably a
homotetramer. Because microsequencing of the N terminus of
the purified HSS was not possible, the protein was digested with
endopeptidase LysC prior to sequencing. Four peptides were
obtained: 1, EAIDSARSNVFK; 2, XXLPGADLRSK; 3, (E)IN-
NETSYL(Q)GAYK; and 4, TEIIILEEELPK (amino acids
marked by an X could not be identified; those in parentheses
were uncertain).

Homology Analysis of the Protein Peptides. Of the resulting four
peptides, two (peptides 2 and 3) showed homology in database
searches to DHS, an enzyme involved in the posttranslational
activation of eIF5A (see below). DHS has been intensively
studied from human (14–16), different animal (17) and fungal
species (18–21), and very recently from tobacco (11). Compar-
ison of these two enzymes revealed striking similarities concern-
ing their reaction mechanisms and some further biochemical
properties. Both enzymes transfer, in NAD1-dependent reac-
tions, the aminobutyl moiety of spermidine to a primary amino
group of their respective substrates, either the diamine pu-
trescine (HSS) or the «-amino group of a specific lysine residue
in the eIF5A-precursor protein (DHS) (Fig. 2). Furthermore,
the in vivo activities of the two enzymes seem to be correlated
with cell growth (9, 22). Both enzymes consist of four subunits

Fig. 2. Reactions catalyzed by HSS (A) and DHS (B) in their metabolic
background. Both enzymes transfer an aminobutyl moiety of spermidine to
their individual substrates in an NAD1-dependent reaction. (A) HSS catalyzes
the first step in PA biosynthesis, generating homospermidine as the precursor
of the necine base, the typical backbone structure of PAs. (B) DHS commences
the posttranslational activation of eIF5A by modifying a protein-bound lysine
residue to deoxyhypusine, which is hydroxylated in a second step to hypusine
by deoxyhypusine monooxygenase.
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with a native molecular mass of approximately 180 kDa (14, 20)
and show a pH optimum between 9.0 and 9.5 (23).

Cloning, Expression, and Purification of Recombinant HSS and DHS.
Because of the striking similarities between HSS and DHS and
because of the homology of two of the peptides of HSS to DHS,
we generated an alignment of the highly conserved DHS amino
acid sequences from human, yeast, Neurospora crassa, and the
archaebacterium Methanococcus jannaschii (12) to design de-
generate primers for cloning and comparative biochemistry of
HSS and DHS. These were used with total RNA from different
tissues of S. vernalis for reverse transcription-PCR. From root
tissue and shoot tips, two different fragments (597 bp and 591 bp,
respectively) were amplified containing ORFs, both of which

showed high homology to the DHS amino acid sequences. Using
this sequence information, gene-specific primers were synthe-
sized for 39 and 59 RACE techniques, allowing the elucidation
of full-length cDNAs specific to both amplification products,
which later turned out to code for HSS and DHS, respectively.
For both cDNA sequences, a forward primer containing the
ATG start codon (primers P16 and P18) and reverse primers
containing the stop codon (primers P17 and P19) were con-
structed to amplify the full-length sequences with Pfu DNA
polymerase for overexpression and sequence confirmation. The
overexpressed proteins were purified with a simplified purifica-
tion procedure to apparent homogeneity. The biochemical char-
acterization of the purified proteins and the analysis of the
cDNAs for the peptides sequenced from purified HSS revealed
that the cDNA cloned from roots of S. vernalis encodes HSS and
the cDNA cloned from the shoot tips encodes for DHS.

Sequence Analysis of HSS and DHS cDNA. The cDNA clone encoding
HSS contains an ORF for a protein of 370 amino acids with a
molecular mass of 40.7 kDa. Of the four peptides sequenced
from the purified HSS, peptides 1, 2, and 3 were found in the
ORF, revealing that the ambiguous first two amino acids of
peptide 2 are phenylalanine (F) and serine (S) and that, in
peptide 3, the amino acids 10 and 11, of which one was uncertain,
could be identified as tyrosine (Y) and tryptophan (W) instead
of glutamine (Q) and glycine (G) (Fig. 4). Peptide 4 also contains
ambiguities in that the ORF contains glycine (G) instead of
glutamate (E) residues. That these differences are peptide
sequencing uncertainties and that the ORF encodes authentic
HSS was shown by expression of the ORF and biochemical
characterization of the overexpressed enzyme (see below). The
59- and 39-untranslated regions of the HSS cDNA are of 27 bp
and 106 bp in length, respectively, as determined by sequencing
the cDNA fragments resulting from 39- and 59-RACE methods.
Sequence analysis of the full-length cDNA revealed different
ORFs for each cDNA clone, which mainly differed in the third
position of the codons, indicating that more than one gene for

Fig. 3. Purification of HSS from roots of S. vernalis. Indian ink stain of an
SDSyPAGE on a 12% gel blotted onto a poly(vinylidene difluoride)-
membrane. A 10-kDa protein ladder (Life Technologies, Grand Island, NY)
(lane 1, the 50-kDa band is indicated by an arrow), crude extract (76.5 mg, lane
2), and the pooled fractions containing HSS activity of DEAE Fractogel (NaCl-
elution, 9.5 mg, lane 3), Phenyl Sepharose (1.6 mg, lane 4), DEAE Fractogel
(pH-elution, 1.5 mg, lane 5), spermidine-affinity chromatography and gel
filtration (0.6 mg, lane 6), and Mono Q (0.6 mg, lane 7).

Table 1. Nucleotide sequence, restriction sites, and purpose of all synthesized primers

Primer 59-nucleic acid sequence-39

P1 for 20 mer, 15363 degeneracy ACN ATH TTY YTN GGN TAY AC
P2 for 19 mer, 10243 degeneracy GN TAY YTN GTN CAR CAY AA
P3 for 18 mer, 10243 degeneracy GGN GGN MTN GAR GAR GAY
P4 rev 18 mer, 3843 degeneracy CAY CAY ATH GCN AAY GCN
P5 rev 19 mer, 10243 degeneracy TA NTC NGC NCC RTT NCK CA
P6 rev 18 mer, 10243 degeneracy CCA NSW NAC NGC YTC RTC
P7 for 39RACE (HSS) CGA GAC TTC ATA TCT GTA TTG GGC ATA TAA
P8 for 39RACE (HSS) (nested) AAC AGA TGG CTC TAT CGG AGA CAT GTT
P9 rev 59RACE (HSS) CCC TTT CGA TCT CAA AT
P10 rev 59RACE (HSS) (nested 1) TCT CAA ATC AGC TCC GGG TAA AGA A
P11 for 59RACE (HSS) (nested 2) GTG CTT GCT AGG CAT TTT ATG A
P12 for 39RACE (DHS) GAA TTG CGT TCG AAA GGA CTA AAT CGT ATT
P13 rev 59RACE (DHS) CGC ATT ATT AGT TTT GAT
P14 rev 59RACE (DHS) (nested 1) TTT GTT CTT CCA ACA CTT GGT CAA ATA
P15 rev 59RACE (DHS) (nested 2) GTT GTC ATT CGG CAC CAA CAA
P16 for full-length (HSS), NdeI TA TAT CAT ATG GCC GAG TCA AAC AAA GAA G
P17 rev full-length (HSS) TT ACC TGA TCA AAA ACC ATT GAC TTT AGA TGC
P18 for full-length (DHS) TA TCT AGA ATG GAA GAA TCT ATG AAA CAA G
P19 rev full-length (DHS), BamHI TAA GGA TCC TCA GGA ACT CGG CTC AGC
P20 for 20 mer, 643 degeneracy ATG TCN GAY GAR GAR CAY CA
P21 for full-length (eifsv), NdeI TA TAT CAT ATG TCG GAT GAG GAG CAC CA
P22 rev full-length (eifsv), XhoI TAA CTC GAG TTT TGG GCC AAT ATC CTT AAG AG

For the degenerated primers P1–P6 and P20 the following code was used: K 5 G 1 T, H 5 A 1 T 1 C, M 5 A 1 C,
N 5 A 1 T 1 C 1 G, R 5 A 1 G, S 5 C 1 G, W 5 A 1 T, Y 5 T 1 C. Restriction sites are underlined and the start-ATG
is shown in bold; for, forward primer; rev, reverse primer.
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HSS is expressed in Senecio roots. This is consistent with
Southern blots, which show several hybridizing bands for HSS (in
contrast to the DHS) (S. Moll, D.O., T.H., unpublished results).
The cDNA clone encoding DHS contains an ORF for a protein
of 371 amino acids with molecular mass of 41.4 kDa and 59- and
39-untranslated regions of 174 bp and 222 bp, respectively.

The amino acid sequence of DHS from S. vernalis shows high
homology to the amino acid sequences of DHS from tobacco
(80% identity) and human (61%) (Fig. 4), as well as DHS from
yeast (58%), Neurospora (60%), and Methanococcus (47%). The
amino acid sequence of HSS from S. vernalis fits precisely into
the DHS alignment (Fig. 4). It shows homology to DHS from
various sources: S. vernalis (79% identity), tobacco (74%),
human (61%), yeast (53%), Neurospora (56%), and Methano-
coccus (47%). This indicates that HSS (involved in alkaloid
biosynthesis) and DHS (involved in posttranslational modifica-
tion of a highly conserved translation initiation factor) are
related by means of gene duplication.

Cloning and Expression of S. vernalis eIF5A-Precursor Protein. It is
known from the literature that the eIF5A-precursor proteins from
different eukaryotic sources are not only similar at the sequence
level, but can substitute for each other functionally as well (24). To
compare the kinetic properties of HSS and DHS from S. vernalis,
we decided to use the authentic eIF5A-precursor protein from the
same organism as substrate for DHS, to avoid difficulties with
eIF5A-precursor proteins from unrelated eukaryotes. Thus, we
created an amino acid alignment of all eIF5A-cDNAs of a plant

source available in the database to design a degenerate primer
(P20) that contained the start-ATG because of high homology of
the sequences at the N terminus. Together with the oligo(dT)17-
primer, a 720-bp fragment was amplified, containing an ORF and
a 39-untranslated region of 220 bp. The ORF encodes a protein of
159 amino acids with a molecular mass of 17.3 kDa, which shows
91% amino acid identity to eIF5A-precursor protein from tobacco.
The cDNA coding this protein was cloned into pET-22b and
expressed in E. coli with a 6xHis-tag motive at the C-terminus,
allowing the purification of the expressed protein (subsequently
called eifsv1) by metal chelate-affinity chromatography for use as
substrate in DHS-activity assays.

Biochemical Characterization of Recombinant HSS and DHS. Overex-
pressed and purified HSS and DHS from S. vernalis were analyzed
in their efficiencies to transfer an aminobutyl moiety of spermidine
to eifsv1 and putrescine. Table 2 shows the specific enzyme activ-
ities, illustrating that DHS catalyzes the formation of both homo-
spermidine and deoxyhypusine with almost the same activity,
whereas HSS is inactive with eifsv1 but catalyzes the formation of
homospermidine with almost the same specific activity as DHS.
The observation that DHS from S. vernalis efficiently produces
homospermidine from putrescine is consistent with recent results
obtained for DHS from tobacco (11), a plant devoid of PAs.

Conclusions
This study describes the purification, microsequencing, cloning,
overexpression, and biochemical characterization of HSS and

Fig. 4. Alignment of the amino acid sequences of HSS and DHS from S. vernalis (Sv-HSS and Sv-DHS, respectively), DHS from tobacco (Nt-DHS), and DHS from
human (Hs-DHS). Identical amino acids in all sequences are shown in black boxes, conservative replacements according to the criteria of BLOSUM matrix (35) are
framed. The four peptides sequenced from the purified HSS of S. vernalis are indicated by black bars below the alignment. The amino acid sequence homology
of Sv-DHS to Nt-DHS and Hs-DHS is 80% and 61% identity, respectively. The amino acid sequence homology of Sv-HSS to Sv-DHS, Nt-DHS, and Hs-DHS is 79%,
74%, and 61% identity, respectively.
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DHS from the PA-producing plant S. vernalis, two enzymes
involved in totally different segments of plant metabolism. HSS
is the key enzyme for the biosynthesis of PAs, a group of
secondary compounds that accumulate constitutively as defen-
sive compounds against herbivory. DHS is involved in the
activation of a translation initiation factor and is ubiquitous
among eukaryotes and archaebacteria (12). This factor, eIF5A,
is activated by a two-step posttranslational modification of a
specific lysine residue [Lys-50 in the human eIF5A (25)] to the
unusual amino acid hypusine (Fig. 2B), which is one of the two
most specific posttranslational modifications known to date (26).
The first modification step is catalyzed by DHS, and the resulting
deoxyhypusine is hydroxylated by deoxyhypusine monooxygen-
ase in the second step. The factor and its activation mechanism
are conserved among all eukaryotes as well as in archaebacteria
(12). Active eIF5A is essential for cell viability in the yeast
Saccharomyces cerevisiae (27) and is a cellular cofactor required
for the function of the HIV type-1 (HIV-1) (28). Though the
function of eIF5A is not understood in detail (29), it was shown
that depletion of eIF5A from yeast cells causes an immediate
inhibition of cell growth but only a moderate inhibition of
protein biosynthesis, leading to the conclusion that this factor is
not required for global protein synthesis (30). It appears that
eIF5A may function as a specific factor promoting the expression
of a subset of genes (30) possibly involved in cell-cycle progres-
sion (31).

The sequences of the cDNAs coding for HSS and DHS from
S. vernalis show amino acid and nucleic acid identities of 79%
and 83%, respectively, demonstrating that the two enzymes are
closely related. Furthermore, the kinetic results show that HSS
and DHS are both able to synthesize homospermidine. These
data suggest that in PA-producing plants like S. vernalis, the HSS
gene evolved from the conserved DHS gene by gene duplication.
It may have survived under the selection pressure of herbivory,
to initiate the first step in PA biosynthesis. Because plant DHS
seems to possess HSS activity as an inherent property, as shown
for a non-PA-producing plant (11), there was no evolutionary
need to shape and optimize the preexisting DHS for its function
as HSS. The selection pressure for retaining the gene clearly rests
on its HSS activity, which, in turn, is the prerequisite for
synthesizing PAs in plant chemical defense. The HSS gene lost
its ability to aminobutylate the eIF5A precursor protein of about
17 kDa in size, probably because of some amino acid exchanges
that influence protein–protein interactions with eIF5A. The only
other known example of recruitment of a ubiquitous primary
enzyme for a secondary function is putrescine N-methyltrans-
ferase, an enzyme committed to nicotine biosynthesis in tobacco
(32). This enzyme shows higher sequence homology to spermi-
dine synthases from different plant sources as to spermidine
synthases from mammals and E. coli. Thus, it is suggested that
putrescine N-methyltransferase has evolved from plant spermi-
dine synthase (33).

These findings provide an unexpected link between conserved
essential cell functions (DHS) and secondary metabolism (HSS)
and allow a glimpse into the hitherto untouched area of evolution
of alkaloid biosynthetic pathways. The independent recruitment
of HSS from the essential gene for DHS in various angiosperm
lineages would provide a straightforward explanation for the sparse
occurrence of these defense compounds within the angiosperms.
To test this hypothesis of multiple independent origins of PAs,
work is in progress to identify cDNA sequences encoding HSS
and DHS from different PA-containing species and plant fam-
ilies to allow a sequence-based evolutionary analysis.
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Table 2. Specific enzyme activities of homogeneously purified
recombinant DHS and HSS from S. vernalis

Substrate
Specific activity

(pkat/mg)

Aminobutyl donor
(mM)

Aminobutyl acceptor
(mM) DHS HSS

Spermidine (40) eifsv1 (40) 318 ND*
Spermidine (40) Putrescine (40) 138 590
Spermidine (400) Putrescine (400) 737 3206

Enzyme assays were performed under identical conditions in the presence
of 1 mM NAD1 and two different substrate concentrations: (i) 40 mM, which
is saturating and optimal in the DHS assay with eifsv 1 as substrate (eifsv 1
concentrations .40 mM cause substrate inhibition), and (ii) 400 mM, which is
saturating in the HSS assay with putrescine (11).
*ND, not detectable.
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