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A mutant of Saccharomyces cerevisiae defective in the S-adenosylmethionine (AdoMet)-dependent methyl-
transferase step of diphthamide biosynthesis was selected by intracellular expression of the F2 fragment of
diphtheria toxin (DT) and shown to belong to complementation group DPHS. The DPH5 gene was cloned,
sequenced, and found to encode a 300-residue protein with sequence similarity to bacterial AdoMet:
uroporphyrinogen Il methyltransferases, enzymes involved in cobalamin (vitamin B12) biosynthesis. Both
DPH5 and AdoMet:uroporphyrinogen Ill methyltransferases lack sequence motifs commonly found in other
methyltransferases and may represent a new family of AdoMet:methyltransferases. The DPH5 protein was
produced in Escherichia coli and shown to be active in methylation of elongation factor 2 partially purified from
the dphS mutant. A null mutation of the chromosomal DPHS gene did not affect cell viability, in agreement with
other studies indicating that diphthamide is not required for cell survival. The dph5 null mutant survived
expression of three enzymically attenuated DT fragments but was killed by expression of fuly active DT
fragment A. Consistent with these results, elongation factor 2 from the dph5 null mutant was found to have
weak ADP-ribosyl acceptor activity, which was detectable only in the presence of high concentrations of
fragment A.

The diphthamide residue of elongation factor 2 (EF-2), a
modified histidine {2-[3-carboxyamido-3-(trimethylammo-
nio)propyl]histidine} (49), represents an intriguing example
of posttranslational modification of proteins. Both diphtheria
toxin (DT) and Pseudomonas aeruginosa exotoxin A cata-
lyze transfer of the ADP-ribose moiety of NAD specifically
to the diphthamide residue of EF-2, inactivating the factor
and causing a lethal blockage of protein synthesis (9).
Diphthamide is present in one equivalent per mol of EF-2
(and only EF-2) in all eukaryotic organisms examined (12)
but has not been found in eubacteria. There is also evidence
of diphthamide, or a precursor of diphthamide, in archae-
bacteria (35). While the function of diphthamide in toxin
action is well established, the residue's role in cellular
physiology remains obscure. The study reported here repre-
sents a step towards understanding the biosynthesis and
function of diphthamide in greater detail.
Mutant cells defective in diphthamide biosynthesis have

been selected in other laboratories by treating toxin-sensi-
tive cells with either DT or exotoxin A. Mutants of Chinese
hamster ovary (CHO) cells, isolated by Moehring and co-
workers, were found to be recessive and comprised three
complementation groups (30, 31). Similar mutants in Sac-
charomyces cerevisiae, selected by exposing spheroplasts to
DT, were also recessive and comprised five complementa-
tion groups (dphl, dph2, dph3, dph4, and dph5) (8). Diph-
thamide mutants isolated in this manner apparently grow at
an undiminished rate, and no distinctive phenotype besides
toxin resistance has been ascribed to them (8, 23, 30).
A biosynthetic pathway for diphthamide has been pro-

posed on the basis of labelling studies and biochemical
analysis of wild-type and toxin-resistant cells (Fig. 1). La-
belling studies with yeast suggest that diphthamide biosyn-
thesis begins with a rare 3-amino-3-carboxypropyl transfer
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from S-adenosylmethionine (AdoMet) to the imidazole C-2
of the precursor histidine residue in EF-2 (12). Trimethyla-
tion of the resulting amino group follows, with AdoMet as
the methyl donor, to produce diphthine 3 (7, 29). The final
step is an ATP-dependent amidation of the donated carboxyl
group, yielding diphthamide 4 (7, 31).

Despite the availability of various diphthamide mutants,
none of the genes of the diphthamide biosynthetic pathway
has been isolated heretofore. We now report the isolation
and sequencing of one such gene from S. cerevisiae. Evi-
dence that the protein product of this gene, DPH5, catalyzes
the methylation step of diphthamide biosynthesis is pre-
sented.

MATERIALS AND METHODS

Strains, genetic methods, and manipulations of yeast
strains. All S. cerevisiae strains used or constructed in this
work are derived from the laboratory collection of Fred
Winston, Harvard Medical School, and are derivatives of
strain S288C. Standard methods for mating, sporulation, and
tetrad analysis were used (2, 45). Rich medium (YPD) and
minimal medium (SD) were supplemented with relevant
amino acids and 2% glucose or galactose as a carbon source
(45). Sporulation medium was prepared as described previ-
ously by Sherman et al. (45), and GNA presporulation
medium contained 10 g of yeast extract, 30 g of nutrient
broth, 50 g of glucose, and 20 g of agar per liter. Growth rates
were determined by measuring the optical density at 600 nm.
For all experiments, yeast cells were grown at 30°C.

Preparation of yeast extracts. Extracts were prepared as
described elsewhere (39), with modifications. Cells were
grown to an optical density at 600 nm of approximately 1,
harvested by centrifugation, and washed with 1 ml of EB
buffer (200 mM Tris-HCl [pH 8.0], 400 mM ammonium
sulfate, 10 mM magnesium chloride, 1 mM EDTA, 10%
glycerol, 1 mM phenylmethylsulfonyl fluoride, and 7 mM
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FIG. 1. Proposed pathway of diphthamide biosynthesis (7, 30). The numbers below the structures refer to precursors described in the text.
Structures 3 and 4 have been given the trivial names of diphthine and diphthamide, respectively (49). The dashed arrow indicates the imidazole
nitrogen that is ADP-ribosylated by DT.

3-mercaptoethanol). The cell pellet was resuspended in 0.4
ml of EB buffer and vortexed four times (1-min intervals) at
4°C in the presence of 0.3 g of acid-washed glass beads
(0.45-mm diameter). The extracts were centrifuged for 15
min at 10,000 x g, and the supernatants were collected
and stored at -70°C. Protein concentrations were deter-
mined with Coomassie blue G-250 reagent (Pierce, Rock-
ford, Ill.).

Biochemical complementation of ADP-ribosyl acceptor ac-

tivity. Strains FY2, LMY10, and LMY11 were grown in 20
ml of YPD, and extracts were prepared as described above.
Extracts were desalted by passage over a G-50 spun column
equilibrated with 50 mM Tris-HCl [pH 7.5], 5 mM ,B-mer-
captoethanol, and 1 mM EDTA. The reaction buffer in-
cluded an energy-generating system as previously described
(7) and contained 80 mM Tris-HCl [pH 7.5], 5 mM magne-
sium acetate, 15 mM potassium chloride, 5 mM 3-mercap-
toethanol, 1 mM ATP, 10 mM creatine phosphate, 80 ,ug of
phosphocreatine kinase per ml, 10 ,uM AdoMet, and 10 ,uM

glutamine in a final volume of 40 RI. Each reaction contained
26 ,ug of total protein (13 ,ug of protein from each extract) and
was incubated for 4 h at 30°C. Afterwards, the reactions
were desalted on a G-50 spun column and tested for ADP-
ribosyl acceptor activity in the presence of 136 nM [adenine-
3H]NAD (29.3 Ci/mmol; New England Nuclear) and 590 nM
DT fragment A (see below).

Methyltransferase assay. Buffer conditions were the same
as for biochemical complementation of ADP-ribosyl accep-
tor activity, except that AdoMet and glutamine were re-

placed with 210 ,uM [methyl-3HjAdoMet (12.4 Ci/mmol;
New England Nuclear). After a 1.5-h incubation at 30°C, a

portion of the reaction was solubilized in sodium dodecyl
sulfate (SDS) sample buffer and proteins were resolved by
electrophoresis on an SDS-7.5% polyacrylamide gel (25).
Labelled proteins were detected by autoradiography. To test
for labelling of EF-2 by transfer of the 3-amino-3-carboxy-
propyl group from AdoMet, the 3H-labelled AdoMet was
replaced with [carboxyl-14C]AdoMet (53 mCi/mmol; Amer-

TABLE 1. Yeast strains

Strain Genotype Source

FY2 MATa ura3-52 F. Winston
FY69 MATa leu2Al F. Winston
LMY10 MATa ura3-52 dph5 This work
LMY11 MATa ura3-52 dph2 This work
LMY12 MATa ura3-52 leu2Al dph5 This work
LMY14 MATa ura3-52 trplA63 dph5 This work
LMY15 MATa ura3-52 trplA63 dph2 This work
0407 MATa leu2-3,112 his3Al trpl-289 ura3-52 met2 cyh2 dph5 J. W. Bodley
LMY16 MATa ura3-52 trplA63 This work
LMY20 MATa/MATa ura3-52/ura3-52 leu2Al/LEU2 TRPJ/trplA63 This work

dphS/DPH5
LMY23 MATa/MA Ta leu2A/lLEU2 URA31ura3-52 DPHSIdph5 This work
LMY28 MATa ura3-52 leu2Al::toxin-LEU2 dph5 This work
LMY36 MATa/Mata ura3-52/ura3-52 leu2Al/leu2Al trplA63/TRPI This work

HIS3/his3A200
LMY37 AL4Ta/MATTa dphS::LEU2/DPHS ura3-52/ura3-52 leu2Al/ This work

leu2AJl trplA63/TRPJ HIS3/his3A200
LMY38 MATa ura3-52 leu2Al trplA63 This work
LMY39 MATa dph5::LEU2 ura3-52 leu2Al his3A200 This work
LMY41 MATa ura3-52 trplA63 [DPHS-pLMY214-URA3] This work

VOL. 12, 1992



4028 MATfHEAKIS ET AL.

sham) or [methyl-14C]AdoMet (43 mCi/mmol; New England
Nuclear) at a concentration of 116 ,uM.

ADP-ribosyl acceptor activity. ADP-ribosylation of EF-2
was assayed in a final volume of 100 ,ul containing 50 mM
Tris-HCl [pH 8.2], 1 mM EDTA, 40 mM dithiothreitol, and
radiolabelled NAD and purified DT fragment A (5), as
indicated in the figure legends. After a 1-h incubation at
30°C, the reaction was terminated by applying duplicate
samples to trichloroacetic acid-impregnated paper (6) and
the samples were counted by liquid scintillation.

Plasmids. Plasmid pLMY101 was constructed by ligating a
1.2-kb BamHI fragment encoding the F2 fragment of DT to
the yeast 2,um plasmid, pRY131 (52). The 1.2-kb fragment
was isolated from ptacF2 (50) in which the HindIII site of
ptacF2 was first converted to BamHI with the Klenow
fragment and the linker d(CGCGGATCCGCG). Plasmid
pLMY109 was constructed by subcloning the 4-kb XhoI-
Sacl fragment from pLMY101 to a derivative of the yeast
integrative plasmid YIp351 (18) in which the SmaI site of
YIp351 was first converted to XhoI with the Klenow frag-
ment and the linker d(CCCTCGAGGG). Plasmid pLMY215,
containing the DPH5 gene under the transcriptional control
of the bacteriophage T7 promoter, was constructed by first
subcloning the 1.2-kb EcoRI-SacII fragment of pLMY198 to
the EcoRI-SmaI sites of M13mpl8 (51). By oligonucleotide-
directed in vitro mutagenesis (44), an NdeI site spanning
the DPH5 translation start codon (Met-1; see Fig. 5) was
created with the oligonucleotide d(AATAAAGCATATG
TCTCACT), yielding M13LM106. The replicative form of
M13LM106 was isolated, and the 1.2-kb NdeI-BamHI frag-
ment was subcloned to the same sites of the T7 promoter
plasmid pT7-7 (2).

Transformations and DNA isolation. Yeast cells were
transformed by the lithium acetate method (21). Eschenichia
coli HB101 (4) and XL1-Blue (Stratagene, La Jolla, Calif.)
were transformed by standard techniques (2). Plasmid DNA
from yeast was isolated by the plasmid rescue method (19),
and plasmid DNA from E. coli was isolated as previously
described (2). Genomic DNA from yeast was isolated from
spheroplasts as previously described (2).

Deletion analysis of the DPHS gene and DNA sequencing.
The 2.4-kb SphI-BamHI genomic fragment that comple-
ments the dphS mutant is carried by plasmid pLMY117, an
SphI deletion derivative of the YCp5O library plasmid
pLMY111. The SphI site of pLMY117 was converted to
EcoRI with synthetic linkers to yield pLMY128. Plasmid
pLMY128 was restricted with EcoRI (a second vector EcoRI
site flanks the BamHI site), and the 2.4-kb EcoRI fragment
was subcloned in both orientations to the EcoRI site of
pBluescript pKS (Stratagene), yielding pLMY136 and
pLMY137. Unidirectional, nested deletions of pLMY136
and pLMY137 were by the exonuclease III (ExoIII)-mung
bean system (Stratagene) after restriction at a unique SmaI
site on the vector. Deletion subclones were sequenced and
tested for complementation by restricting at the EcoRI and
vector SacII sites and subcloning the deletion fragments to
the same sites of pRS316 (46). Double-stranded sequencing
was by the method of Sanger et al. (43) using 3 S-dATP
(Amersham) and the Sequenase version 2.0 kit (U.S. Bio-
chemical Corp., Cleveland, Ohio). Computer analysis of the
nucleotide and protein sequence data was done by using the
Genetics Computer Group version 6.0 (11) and the Pustell
sequence analysis software (IBI, New Haven, Conn.).

Construction of dph5 null mutant. Plasmid pLMY210 was
constructed for the disruption of DPH5 as follows. The
1.2-kb EcoRI-SacIl restriction fragment from pLMY198

containing the DPHS coding sequence (see Fig. 4) was
subcloned to a derivative of pKS in which the HindIII site of
pKS was destroyed by filling in with the Klenow fragment
and religating. To construct the dph5 null allele, dphS::
LEU2, the 0.28-kb NcoI-HindIII restriction fragment inter-
nal to DPH5 was replaced with a 3.1-kb HindIII-AatII
restriction fragment from plasmid pRS305 (46) containing the
LEU2 gene. The resulting plasmid, pLMY212, was cleaved
at the unique SalI site and used to transform LMY36 to
leucine prototrophy. Strain LMY37 is a stable Leu+ trans-
formant resulting from recombination between the plasmid
and the genome, such that one copy of the DPHS gene was
replaced by the null allele. The structure of the DPHS loci of
strain LMY37 was verified by Southern blot hybridization
analysis using nitrocellulose as described elsewhere (27).
The probe used for hybridization was labelled with
[a-32P]dCTP by the random primer method (14).

Partial purification of EF-2 from the dphS null mutant.
Strain LMY39 was grown in 500 ml of YPD. At an optical
density at 600 nm of 3, cells were harvested, resuspended in
40 ml of cold EB buffer, and lysed by French press. Cell
debris were removed by centrifugation at 30,000 x g for 20
min. The resulting supernatant was adjusted to 0.5 M KCI
and centrifuged for 2.5 h at 45,000 rpm in a Beckman 70.1 Ti
rotor to pellet ribosomes. Proteins from the ribosome-free
supernatant were precipitated by addition of ammonium
sulfate to 70% saturation. The precipitate was collected by
centrifugation, resuspended in N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES) buffer (20 mM HEPES
[pH 7.5], 0.1 mM EDTA, 6 mM P-mercaptoethanol, 0.5 mM
phenylmethylsulfonyl fluoride, and 10% glycerol) and dia-
lyzed against the same buffer overnight. Approximately 1.5
mg of protein was applied to a Mono Q HR 5/5 anion-
exchange column (Pharmacia LKB Biotechnology Inc.)
equilibrated with HEPES buffer, and proteins were eluted
with a linear KCl gradient (0 to 1 M). Fractions (0.5 ml) were
collected, and proteins were resolved by SDS-polyacryl-
amide gel electrophoresis (PAGE). EF-2-containing frac-
tions were determined by comigration with a purified EF-2
standard and assayed separately for ADP-ribosyl acceptor
and methyl acceptor activities by using 20- and 5.5-,ul
samples, respectively. ADP-ribosyl acceptor activity was
determined as described in the legend to Fig. 9, and labelled
EF-2 bands were quantified by scanning (Phosphorlmager;
Molecular Dynamics, Sunnyvale, Calif.). Methyl acceptor
activity was determined as described above by using 10 ,ug of
protein from the recombinant DPHS extract, followed by
trichloroacetic acid precipitation and liquid scintillation
counting.

Nucleotide sequence accession number. The GenBank ac-
cession number for the DPHS sequence is M83375.

RESULTS

Isolation of toxin-resistant mutants. Yeast spheroplasts,
unlike intact yeast cells, are sensitive to the action of
exogenously added DT, and this sensitivity was used earlier
to isolate toxin-resistant mutants (8). To circumvent the
technical difficulties inherent in using spheroplasts to isolate
mutants, we instead expressed the gene for an enzymically
active DT fragment (F2) within yeast cells. DT is normally
secreted as a single polypeptide that is subsequently nicked
and reduced to release the A and B fragments. The A
fragment contains the catalytic site for ADP-ribosylation,
while B is involved in receptor binding and membrane
translocation. The F2 fragment, which has reduced enzymic
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FIG. 2. Construction of plasmids containing the F2 fragment of
DT under the yeast GALl promoter and integration of F2 at the
LEU2 chromosomal locus. (A) Construction of plasmid pLMY101.
(B) Plasmid pLMY109, containing the F2 toxin gene under GALI
control, was linearized at the unique BstXI site within the LEU2
gene and used to transform strain LMY12 to leucine prototrophy.
Stable Leu' transformants were selected, resulting in strain
LMY28.

activity relative to fragment A, comprises the entire A
fragment and part of B (48). We placed F2 under the
transcriptional control of the yeast GALl promoter, result-
ing in plasmid pLMY1l1 (Fig. 2A), and found that strain
FY2 carrying this plasmid grew on plates containing glucose
as the sole carbon source but was killed on plates containing
galactose instead. When unmutagenized FY2 carrying
pLMY101 was grown on galactose plates, colonies arose at
a frequency of about one in 107 cells plated. We tested
extracts of 15 survivors for ADP-ribosyl acceptor activity
and found 2 (LMY10 and LMY11) that had no detectable
activity. The remaining 13 presumably carried either host or

plasmid mutations that prevented functional expression of
the toxin and were not further characterized.

Biochemical characterization of a toxin-resistant mutant.
The absence of ADP-ribosyl acceptor activity in extracts

FIG. 3. AdoMet-dependent methyltransferase activity of wild-
type and toxin-resistant cells. Shown is an autoradiogram of reac-
tion products resolved by SDS-7.5% PAGE. Reaction conditions
are described in Materials and Methods and included 55 pg of total
protein from each extract. The following combinations of extracts
are shown: lane 1, FY2; lane 2, FY2 plus LMY10; lane 3, FY2 plus
LMY11; lane 4, LMY10; lane 5, LMY11; lane 6, LMY10 plus
LMY11; lane 7, control, no extract. The locations of molecular mass
markers are shown at the right.

prepared from strains LMY10 and LMY11, as determined
with DT fragment A under standard assay conditions, sug-
gested that the toxin resistance of the two mutants was
caused by lesions in one or more steps of diphthamide
biosynthesis or in EF-2 itself. Significant levels of ADP-
ribosyl acceptor activity appeared when we combined and
incubated the mutant extracts in the presence of an ATP-
generating system: no-extract control, 6 fmol of ADP-ribo-
sylated EF-2 per reaction; FY2, 436 fmol; LMY10, 5 fmol;
LMY11, 6 fmol; and LMY10 plus LMY11, 65 fmol. This
indicates that the mutant strains belong to different comple-
mentation groups. The activity of the complemented mutant
extracts was lower than that of wild type and may be caused
by an inefficient in vitro modification system.

EF-2-specific methyl acceptor activity has been demon-
strated in vitro in certain yeast and mammalian cell mutants
that are apparently deficient in methyltransferase activity (7,
29). To test for methyl acceptor activity, we incubated each
mutant extract with the other or with an extract from
wild-type cells and tested for incorporation of label into
protein from AdoMet radiolabelled at the methyl group. As
shown in Fig. 3, the LMY1O mutant extract contained a
protein of 100 kDa, the approximate molecular mass of EF-2
(24), that was labelled in the presence of extracts from
wild-type cells (FY2) or the LMY11 mutant. This result
suggested that wild-type or LMY11 mutant cells contain a
methyltransferase capable of methylating EF-2 in the
LMY10 extract. No labelling of EF-2 was detected in
wild-type extracts (Fig. 3, lane 1), presumably because
wild-type EF-2 is completely methylated and does not serve
as a substrate for the enzyme.

It was conceivable that diphthamide biosynthesis in the
LMY10 mutant was blocked at an earlier step and that the
observed methylation occurred secondarily, after generation
of the precursor 2 by 3-amino-3-carboxypropyl transfer in
vitro in the complemented extracts. We therefore repeated
the methyltransferase assay in the presence of AdoMet
containing 14C at the carboxyl or methyl group position.
Labelling of EF-2 in the LMY1O extract occurred only in the
presence of methyl-labelled AdoMet, indicating that 3-ami-
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FIG. 4. (A) Restriction map of the DPHS locus and location of the ExoIll deletion end point at nucleotide position 1191. Numbering of

nucleotides begins at the SphI site. (B) Restriction map and location of ExoIll deletion end points of the DPHS gene. The open rectangle
represents the predicted coding sequence of the DPHS product, with the contiguous lines representing flanking chromosomal and vector
sequences. The NcoI and HindIII sites shown were used to create the dphS null mutant. The lines below represent the boundries of subclones
used to test for complementation. Also listed is corresponding ADP-ribosyl acceptor activity of the wild-type control strain FY69 and dphS
mutant strain LMY12 after transformation with the various pRS316-derived plasmids. Plasmids pLMY132 and pLMY133 are XhoI deletion
subclones, and plasmids pLMY199 and pLMY203 contain ExoIII deletions that terminate at nucleotide positions 910 and 240, respectively.
Plasmid pLMY198 is described in the text, and plasmid pRY131 is a vector control (52). Strains were grown in 20 ml of SD medium, and
extracts were prepared and assayed for acceptor activity as described in Materials and Methods. ADP-ribosyl acceptor assays contained 26
SLg of total protein, 30 nM [adenine-3H]NAD (33.5 Ci/mmol; New England Nuclear), and 63 nM DT fragment A. A control reaction lacking
extract yielded an acceptor activity of 4.1 fmol of ADP-ribosylated EF-2.

no-3-carboxylpropyl transfer did not precede methyl transfer
in our assay. These results indicated that the LMY10 mutant
contained a lesion in the methyltransferase step of diphtha-
mide biosynthesis.

Genetic characterization of the methyltransferase mutant.
When strains LMY12 and LMY15 were crossed, the result-
ant diploid had ADP-ribosyl acceptor activity equal to that of
a wild-type diploid strain (LMY36) and indicated that both
strains belong to different complementation groups.

Previous studies have shown that one of the five yeast
complementation groups, DPHS, functions in the methyla-
tion step of diphthamide biosynthesis (7). To determine
whether our methyltransferase mutant belonged to the same
complementation group, we crossed our mutant strain
LMY14 with the dphS mutant strain 0407 (8). The resultant
diploid had no detectable ADP-ribosyl acceptor activity,
indicating that our mutant belonged to the same complemen-
tation group (DPHS). We also found, by a similar mating
assay using dphl, dph2, dph3, and dph4 mutant strains, that
our second diphthamide mutant (LMY11) belongs to com-
plementation group DPH2 (28).
The dphS mutant, LMY10, was crossed with the toxin-

sensitive strain FY69 to yield the heterozygous diploid
LMY23. Sporulation of LMY23 and tetrad analysis of nine
complete tetrads showed that ADP-ribosyl acceptor activity

segregated 2:2. Thus, the dphS mutation is a single, chromo-
somal mutation.
To test whether the dphS mutation is dominant or reces-

sive, we crossed LMY12 with LMY16 to yield the hetero-
zygous diploid LMY20. Transformation of LMY2O with
plasmid pLMY101 gave transformants which grew on plates
containing glucose but were killed on galactose-containing
plates. Thus, toxin resistance and the dphS mutation are
recessive, properties that are consistent with those of other
mutants defective in diphthamide biosynthesis (8, 30).

Cloning of the DPHS gene by complementation. Because
the dphS mutant grows at approximately the same rate as
wild-type cells in rich (YPD) or minimal (SD) medium, we
devised a selection scheme based on toxin sensitivity in
order to clone the DPHS gene. We first placed the toxin F2
gene under GALI control in a yeast integrative plasmid,
generating plasmid pLMY109. This plasmid was then inte-
grated at the chromosomal LEU2 locus of LMY12, yielding
strain LMY28 (Fig. 2B), which was used to screen for the
presence of the DPHS gene. Since the dphS mutation is
recessive, LMY28 should fail to grow specifically on galac-
tose medium when complemented by the correct gene. In
addition, the complementing gene should restore ADP-
ribosyl acceptor activity.

Strain LMY28 was transformed with the yeast YCp5O

A.
j 1 kb
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1 M L Y L I G L G L S Y
CGAACAGGATATAGAGTGAATAAAGGACAGTGAGAAAAATCA GATCGGACTTGGTCTCTCGTA

12 K S D I T V R G L E A I K K C S R V Y L E H Y
CAAATCAGACATTACCGTTCGTGGTTTGGAAGCTATTAAGAAATGTTCTAGAGTTTATCTAGAACACTAT

140

210

35 T S I L M A A S Q E E L E S Y Y G K E I I L A D
ACCAGTATCCTAATGGCTGCAAGCCAAGAAGAGTrAGAATCTTACTATGGTAAAGAGATC CTCTG 280

59 R E L V E T G S K Q I L N N A D K E D V A F L
ATAGGGAATTAGTTGAGACTGGrTCTAAGCAGATCCTAAATAACGCCGATAAGGAAGACG C?TTC 350

82 V V G D P F G A T T H T D L V L R A K R E A I
GGTCGTGGGCGATCCATGGTGCCACACACACAGATTTAGCTCAGAGCTAAACGTGAGGCAATT 420

105 P V E I I H N A S V M N A V G A C G L Q L Y N F
CCCGTCGAAATTATTCATAATGCGTCCGTTATGAATGCAGTTGGGGCATGTGGCCTACAACTATACAATT

129 G Q T V S M V F F T D N W R P D S W Y D K I W
TCGGTCAAACCGTTTTCATTIrCTTTACCGATAATTGGAGACCAGACTCATGGTACGACAAGATCTG

NcoI
152 E N R K I G L H T L V L L D I K V K E Q S I E

GGAAAATAGAAAAATTGGCCTTCATACTTTAGTGTTAGGACATCAAAGrrAAGGAAcAAAGcArrGAA

490

560

630

115 N M A R G R L I Y E P P R Y M S I A Q C C E Q L
AATATGGCCCGTGGCAGACTAATCTACGAACCACCAAGATACATGTCTATCGCTCAATGTTGTGAACAAT 700

199 L E I E E K R G T K A Y T P D T P A V A I S R
TATTAGAAATTGAAGAGAAAAGAGGTACAAAGGCATACACTCCTGATACTCCAGCAGTCGCAATTAGTAG 770

222 L G S S S Q S F K S G T I S E L A N Y D S G E
ATTAGG=TC2CTCCCAAA==AAGTCTGGTACCATAAGTGAGTTAGCCAATTACGATTCAGGAGAG 840

XhoI HindIII
245 P L H S L V I L G R Q C H E L E L E Y L L E F A

CCACTTCATTCGCTTGTCATCCTCGCAATTAT_TATCTGCTAGAGTTTG 910

269 D D K E K F G K D V A N D Q E Y F K P A A W V
CCGACGACAAAGAAAAGTGGAATGTGGCAATGACCAAGAGTACTTCAAACCTGCGGCATGGGT 980

292 P P T E D D S D E
CCCACCCACAGAAGACGACAGCGACGAGTAAAGGTAATGCACACGCCCATGT GTAGT TTrATAA

TGTATATTGAATAGATCCTTTCAGTCGGGTAACAATTCGATcCCAAACGAATCGGGcCcTAACGATATGT

1050

1120

1190

G

FIG. 5. Nucleotide sequence of the DPH5 gene and predicted amino acid sequence of its gene product. Nucleotides are numbered on the
right; amino acids are numbered on the left. The XhoI site used to create the deletion shown in Fig. 4B and the NcoI and HindIll sites used
to construct the dphS null mutant are shown.

genomic plasmid library (42), and Ura+ transformants were
selected on plates containing minimal medium supplemented
with glucose. Colonies were then replica plated to minimal
plates containing galactose and screened for growth. From
approximately 2,500 Ura+ transformants, we found 2 that
failed to grow on galactose plates, and both contained
significant ADP-ribosyl acceptor activity. For both isolates,
segregation of the complementing plasmid resulted in a loss
of detectable acceptor activity.

Plasmid DNA from both isolates (designated pLMY111
and pLMY112) yielded similar restriction fragment patterns,
and both plasmids complemented the dphS mutant strains
LMY12 and 0407 but not the dph2 mutant LMY15. Sub-
clones of pLMY111 in the yeast centromere plasmid pRS316
(46) were tested for complementation of strain LMY12 in
vitro by the ADP-ribosyl acceptor assay. A subclone con-
taining a 2.4-kb SphI-BamHI fragment was found to com-
plement the dphS mutant fully (Fig. 4A), and complementa-
tion by the 2.4-kb SphI-BamHI fragment occurred in both
orientations, indicating that the DPH5 regulatory region was
intact.

Sequence analysis of the DPH5 gene. The 2.4-kb SphI-
BamHI fragment containing the DPH5 gene was subcloned
into pBluescript, and nested deletions were created from

both ends of the fragment with ExoIlI (see Materials and
Methods). The nucleotide sequences of both DNA strands
were determined. The largest open reading frame was near
one end of the fragment and encoded a 300-amino-acid
protein with a predicted molecular weight of 33,845. To test
whether this open reading frame corresponded to the DPH5
gene, we subcloned various ExoIII deletions in pRS316 and
tested for complementation of LMY12 by the ADP-ribosyl
acceptor assay. The sequence of the smallest fragment that
still complemented LMY12 extended from the SphI site to
nucleotide position 1191 and contained the entire 300-amino-
acid open reading frame (Fig. 5). Plasmid pLMY198, carry-
ing this fragment, restored the ADP-ribosyl acceptor activity
of strain LMY12 to nearly the same level as the wild-type
strain, FY69 (Fig. 4B), indicating this sequence contains the
complete DPH5 gene. Any deletions that extended into the
open reading frame coding sequence destroyed acceptor
activity, suggesting that this sequence encodes the DPH5
protein.
We confirmed that pLMY198 contains the DPHS gene by

demonstrating that the cloned DNA directed integration of
a plasmid to the DPHS locus. The 1.2-kb EcoRI-SacII
fragment of pLMY198 was subcloned to the same sites
of pRS306 (46), a yeast integrative plasmid, to generate
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S.c.DPH5 1 M LYL I GLGnLS Y K S DIITIV R EIA I K K25
B.M. CobA 3 K VY LI V G A G P G DP DL IIT L K[jK AI Q Q28
M.i. Cor-A 2 V VYXLI V G AG P G D P E LIjTI L K A V N VL 2J26
P.d. cobA 16 SVVWILI VIGIA IGIPPG DP G L E T L HA A N ]L R Q40
E.C. cysG 217 E VVWIL VIGA P G DA G L LITL K LQ Q M QQ 241

S.c.DM5 26 C S R E]Y L E H Y T J-I Lj]A A S Q E EL E S Y 49
B.m. CobA 29 A D V I L Y D R L V N K D J E Y A K S D A D I I 53
M.i. corA 27 A D V M L Y D K P A N E E I L K Y A E G - A K L I 50
P.d. cobA 41 A D V I V H -D A L V N E D C L K L A R P G A V L E 65
E.c. cys 24 D V MVV Y D R L V (E D D I [EN L V R R D A D R V 266

S.c. DPH5 50 -GKE I I L A D R E L V ME T G S K Q I FL1N N A 73
B.m. cobA 54 CGKL P NY HTL KQ ETI N NF -L V KF A77
M.i. corA 51 VGKQ A G H H Y K S Q N E]I N T L - L V E E A 74
P.d. CobA 66 F A G K R G G K P S P K Q R D I S L R - L V E L A 89E..csG 67F V G K RA GYHC V P Q E I N QI -L R E JAI 290

SCP574 D W~D - VA Fr-nV V G V 96
B..Ob 78-IKLG K IjV T R ILIK G G D P FV F GR G GE EAA1

M.i. COrA 75 - J~N D L V V R ILIK G G D P F V F G R GG E E I 98
P.d. cobA 9O0RA G NR -IVILR ILIK G G DP FV FG RG G E EAA13
E.C. CYSG 291 Q [E G K R - Ijj V R LLJK G GDP I F G R G G E E L 314

S.c. DPH5 97 FL R A K R E3 A IjV W1IH N -ASV M N AV *GA 120
B.m. cobA 102 E A L V Q Q G SF ElV PG IT S G I A NA A A Y 126
M.i. CorA 99fM1A L V E Ml G [D F jjLV P G V T S§ A I G V P T T 123
P.d.cobA 114 JT L V E HQ V PJFTR D V PG IT AG IG G L AY 138
E.c.cycG315 E T LC N AG I PiF SV V PG ITA A SG C SAYY39

S.C. DPH5 121 C G L QJ[E]Y N F fJ]Q T V M~MV MF FinD N W RjfJD S 145
B.m. cobA 127 A IGj P V T H R E Y S A S F A Fj V A G H R K D S K 151
M.i. cor-A 124 I 1G P V T H R MG V A T LJF T V V rnG H E D [1 T K 148
P.d. cobA 139 A IGF P V T H R E V N H A V T Mj L T G H D S S G L 163
E.c. c.ycG 340 S ~ I P T H R D Y A Q MS V R L I G H L K T G G 364

S.c. DPH5 146 WyY Km-WE NR K I G L H T VL L D 165
B.M. CObAA152H HD DAI-W-W L A KLG VDTLA IYM 171
Mit. cozrA 149 C K K Q V G Wj D F K A DT IV 1 - - - M 166
P.d.cobA 164 V P MD1R M N WLQG I AS MGS P V I M YM 184
E.c. cyG35EL - - J L A K Q[ yF YM 382

S.c. DPH5 212 P D T - PF A V A I S R L G S S S Q~ S F K S G T I S 235
B.M. cobA 190 S AjT - P IIA L IH WG T CA DIQIRT VTIG TILG 213
M.i. CorA. 184 [ rL4 - P V C V WE N G T M E G QI R I I T G T L E 207P:.d. cobA 203 PDE - P1 V A F V C N A A T P Q IQI A V L E JTI L A 226
E.c. c.ysG 400 j~GE M [!J V A I V E N G T A V T R V I D [iJL T 424

S.c. DPH 236 ELA N Y MD S GIEP H S L V I L G R 254
B.m.cbA214TIV4DI VDKIVKEJQI E NP S MI IV 232
M.i. cozrA 208 N I [~ G K [o I - K [E P A -LV V MLj E M 224
P.d. cobA 227 R AE A D V A A A G M E P P A IV V V 245
E.c yG45Q EGELA Q ,I443

FIG. 6. Alignment of amino acid sequences of the DPHS gene product from S. cerevisiae (S.c.) to SUMT sequences from B. megaterium
(B.m.), M. ivanovii (M.i.), P. denitrificans (P.d), and E. coli (E.c.) (cobA, corA, cobA, and cysG gene products, respectively). Gaps were
inserted when necessary for optimal alignment. Open boxes indicate amino acid identity to DPH5, and asterisks refer to positions showing
conservative substitutions for all sequences. The numbers on the left and right refer to amino acid position.

pLMY214. Plasmid pLMY214 was linearized at the unique
BglIl site within the DPHS coding sequence and used to
transform strain LMY16 to uracil prototrophy. A Ura'
transformant (LMY41) was crossed to strain LMY12, and
tetrads were dissected. In eight four-spore tetrads, the Dph+
and Ura' phenotypes cosegregated in every tetrad, demon-
strating that pLMY214 DNA was tightly linked to the DPHS
locus.
A data base containing 113 known AdoMet-dependent

methyltransferases and other AdoMet-binding proteins was
searched for sequences similar to those of the DPHS protein
with the alignment method FASTA (37). Significant matches
were found with AdoMet:uroporphyrinogen III methyltrans-
ferases (SUMT) from Bacillus megaterium (41), Methano-
bacte.rium ivanovii (3), Pseudomonas denitrificans (10), and
E. ccli (36), enzymes that methylate the C-2 and C-7 of
urogen III in the cobalamin (vitamin B12) biosynthetic path-
way (3). The similarities to DPHS are most prominent within
residues 1 to 165 and 212 to 254 (Fig. 6). Amino acid identity
within residues 1 to 165 ranges from 21% for B. megaterium,
M. ivanovii, and E. coli to 15% for P. denitrificans. Con-
servative substitutions are 25, 30, 25, and 30%, respectively.
Residues 1 to 165 include the consensus sequence VXX
LXXGDPF (residues 78 to 87 of DPHS), which has not been

found in other AdoMet-dependent methyltransferases. Re-
gion 212 to 254 includes 30 and 25% amino acid identity to
sequences from M. ivanovii and E. ccli, respectively, and
16% identity to sequences from B. megaterium and P.
denitnificans. SUMT sequences from B. megaterium, M.
ivanovii, and P. denitrificans also have molecular weights
(25,800, 24,900, and 29,200, respectively) similar to that
predicted for the DPHS gene product (33,845). No other
sequences with significant similarity to DPH5 were found in
the protein sequence data base (National Biomedical Re-
search Foundation Protein Sequence, release 29.0) with the
BLAST alignment method (1).
A search of the nucleotide sequence data base (GenBank,

release 67.0) for similarities to the entire sequence of the
2.4-kb SphIl-BamHIl clone, with the BLAST program, re-
vealed a region identical to part of the yeast ubiquitin-
ribosomal protein S37 fusion gene UBI3 (16). The homology
covers the last 81 nucleotides of the 2.4-kb clone terminating
at the BamHI site (Fig. 4A) and the last 81 nucleotides
reported for the 3' noncoding sequence of UBI3 (34). The
sequence identity suggests that the coding sequences of the
UBI3 and DPHS genes are on opposite strands of the DNA,
and their respective translation stop codons are separated by
1,851 nucleotides. Further evidence that the DPHS gene is
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FIG. 7. Southern blot hybridization analysis of DPH5 gene dis-
ruption. Shown is an autoradiogram of Sall-digested genomic DNA
after hybridization to a 32P-labelled 1.2-kb EcoRI-SacII restriction
fragment from pLMY198. Lane 1, Leu- diploid strain LMY36; lane
2, Leu+ transformant of diploid strain LMY36; lane 3, Leu- haploid
segregant; lane 4, Leu+ haploid segregant. The wild-type DPH5
gene is contained in a 5.5-kb SalI fragment, and the disrupted gene
is contained in an 8.4-kb SalI fragment.

near the UBI3 gene is provided by our recent finding that
both genes are located on chromosome XII (28, 32).

Disruption of the DPHS gene. To determine whether the
DPH5 gene is required for cell viability, we constructed a

dphS null allele by gene disruption. The NcoI-HindIII re-
striction fragment internal to DPHS was replaced by the
LEU2 gene (Fig. 4; see Materials and Methods), and the
resulting dphS::LEU2 allele was integrated into the diploid
strain LMY36. Heterozygosity of the resulting strain for the
null allele was confirmed by Southern blot analysis (Fig. 7).
When this strain (LMY37) was sporulated and the tetrads
were dissected, all resulting spores were found to be viable.
Haploid strains from eight tetrads were grown, and extracts
were prepared and tested for ADP-ribosyl acceptor activity.
Segregation of acceptor activity was 2:2, with all toxin-
resistant cells being Leu+ and all toxin-sensitive cells being
Leu-. No differences in colony size on YPD plates were
detected between wild-type and dphS null strains. We con-
clude that the DPHS gene is not essential for cell viability.

ADP-ribosylation of EF-2 from the dphS null mutant. The
dphS mutant was selected by virtue of its resistance to the
intracellular expression of the F2 fragment of DT, a fragment
with reduced ADP-ribosyltransferase activity relative to that
of fragment A. To explore the effects of the DPHS lesion on
toxin sensitivity, we tested the resistance of the dph5 null
mutant to expression of the fully active A fragment of DT
and a series of attenuated, mutant forms of fragment A. In
other studies, we have constructed a series of GALl pro-
moter expression plasmids that contain the gene for the A
fragment of DT and several mutant derivatives of the active-
site residue, Glu-148 (17). Two of these mutants, containing
changes of Glu-148 to Asp and Glu-148 to Ser, have reduc-
tions in NAD:EF-2 ADP-ribosyltransferase activity of 100-
and 300-fold, respectively (50), while the third mutant,
containing a deletion of Glu-148, has approximately 10-6

times the activity of wild-type A fragment (22).
Wild-type yeast transformed with any of these plasmids

did not form colonies on minimal plates containing galactose

Vector Without
Plasmid

FIG. 8. Growth of the haploid dph5 null mutant (LMY39) and
plasmid-carrying strains of LMY39 on galactose minimal medium.
Transformed strains have either plasmid pRS316 or pRS316 deriv-
atives containing the coding sequences for wild-type or Glu-148
mutants of DT fragment A under GALl transcriptional control. lThe
following strains are shown: without plasmid; vector (pRS316);
E148 deletion (deletion of Glu-148); E148S (Glu-148 to Ser); E148D
(Glu-148 to Asp); and wild-type fragment A. Cells were grown at
30°C for 3 days and photographed.

1 2 3 4 5 6

_ 94 kd

67 kd

43 kd

FIG. 9. Autoradiogram showing ADP-ribosyl acceptor activity
of extracts from wild-type (lanes 1 to 4) and dphS null mutant (lanes
5 and 6) cells. Reactions included 35 ,ug of total protein from each
extract, 63 nM NAD [adenylate-32P]NAD (800 Ci/mmol; Amer-
sham), and serial dilutions of DT fragment A in a final volume of 50
,ul. After a 30-min incubation at 30°C, reactions were terminated by
trichloroacetic acid precipitation, and the pellet was solubilized in
SDS sample buffer. Samples were analyzed by SDS-7.5% PAGE
followed by autoradiography. Shown are reaction mixtures incu-
bated with the following approximate toxin concentrations: lane 1,
1.2 nM; lane 2, 120 pM; lane 3, 12 pM; lane 5, 120 ,uM. Samples from
reaction mixtures incubated in the absence of toxin are shown in
lanes 4 and 6. Densitometric scanning of the autoradiogram showed
that the intensity of the 100-kDa EF-2 band from lanes 1 to 3
correlated with toxin concentration. The lower-molecular-weight
bands presumably represent proteolytic fragments of EF-2, as
described previously (7), and were not further characterized. The
locations of molecular mass markers are shown at the right.
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FIG. 10. ADP-ribosylated peptides generated by digestion with
trypsin. Extracts prepared from wild-type (FY2) or dphS null mutant
(LMY39) cells were ADP-ribosylated as described in the legend to
Fig. 9 at final toxin concentrations of 120 pM and 120 p,M,
respectively, and then desalted with a G-25 spun column. Reaction
buffer for trypsin digestion included 50 mM Tris-Cl, [pH 7.5], 1 mM
EDTA, and 5 mM 3-mercaptoethanol in a final volume of 10 p.l.
Each reaction mixture, containing 1.75 jig of ADP-ribosylated
extract and the indicated trypsin concentration, was incubated at
37°C for 30 min. Samples were fractionated by SDS-11.25% PAGE,
and the gels were analyzed by scanning on a PhosphorImager
(Molecular Dynamics). Shown are the peptide patterns of extracts of
FY2 (lanes 1 to 4) and LMY39 (lanes 5 to 8) treated with trypsin at
final concentrations of 0 p,g/ml (lanes 1 and 5), 10 p,g/ml (lanes 2 and
6), 20 p,g/ml (lanes 3 and 7), and 50 p,g/ml (lanes 4 and 8). The
locations of molecular mass markers (in kilodaltons) are shown at
the right.

(17). The dphS null mutant, in contrast, survived after
transformation with any of the three mutant fragment A
plasmids but did not form colonies on galactose plates after
transformation with the plasmid expressing wild-type frag-
ment A (Fig. 8). This finding suggested that EF-2 from the
null mutant might have very weak ADP-ribosyl acceptor
activity which was undetectable under standard assay con-
ditions. We therefore tested extracts of wild-type cells and
the dphS null mutant for ADP-ribosyl acceptor activity over
a wide range of fragment A concentrations. ADP-ribosyla-
tion of a 100-kDa protein in dph5 null mutant extracts was
indeed observed in the presence of concentrations of DT
fragment A 106_ to 107-fold higher than were needed to
achieve the same level of ADP-ribosylation with wild-type
extracts (Fig. 9).
To confirm the identity of the 100-kDa protein present in

the dphS null extract as EF-2, we analyzed the ADP-
ribosylated proteins in wild-type and mutant extracts by
peptide mapping. Following ADP-ribosylation, extracts
were treated with various concentrations of trypsin, and the
radiolabelled cleavage products were analyzed by SDS-
PAGE. The peptide patterns of wild-type and dphS mutant
extracts were similar and included three bands with apparent
molecular masses of 44, 36, and 30 kDa (Fig. 10). We also
found that the peptide pattern after digestion with chymot-
rypsin was similar for wild-type and mutant extracts. These
results confirm that EF-2 from the dph5 mutant is ADP-
ribosylated and strongly suggest that ribosylation of the
mutant occurs at the same modified histidine residue as does
that of wild-type EF-2.

Functional expression of the DPHS protein. To probe the
possibility that the DPHS protein product participates di-
rectly in methylation of EF-2, we expressed the DPHS gene

1 2 1 2

- 94 kd
'-67 kd

I-43 kd

a-30 kd

- 20.1 kd

_- 106 kd

-80 kd

-49.5 kd

FIG. 11. Methyltransferase activity of the DPH5 gene product
overproduced in E. coli. Strain BL21 (DE3) (47) carrying plasmid
pT7-7 or pLMY215 was grown at 37°C in 50 ml of LB (2) supple-
mented with ampicillin (50 pLg/ml). At an optical density at 600 nm of
0.8, isopropyl-13-D-thiogalactopyranoside (IPTG) was added to a
final concentration of 1 mM, and growth continued for 1 h. Cells
were harvested by centrifugation, washed, and resuspended in 0.5
ml of sonication buffer (50mM Tris-Cl [pH 7.5], 2 mM EDTA, 6 mM
,B-mercaptoethanol, 5 jLg of phenylmethylsulfonyl fluoride per ml).
Cells were sonicated and centrifuged for 15 min at 15,000 x g to
isolate the soluble, cytosolic fraction. Equivalent amounts of extract
(10 ,ug of protein) prepared from cells carrying pT7-7 (lanes 1) or
pLMY215 (lanes 2) were analyzed for protein by Coomassie staining
(A) or methyltransferase activity (B). (A) Coomassie-stained pro-
teins resolved by SDS-11.25% PAGE. Shown on right are molecular
mass markers and an arrow indicating the DPH5 protein. (B)
Autoradiogram of methyltransferase reaction products resolved by
SDS-7.5% PAGE. Reaction conditions are described in Materials
and Methods and included 10 jLg of the LMY12 cytosolic extract.
Molecular mass markers are shown on right.

in E. coli, an organism lacking the diphthamide biosynthetic
pathway. A plasmid (pLMY215) containing the complete
DPHS coding sequence was constructed under the transcrip-
tional control of the bacteriophage T7 promoter (see Mate-
rials and Methods), and the soluble cytosolic fraction of
induced cultures carrying pLMY215 or the vector control
pT7-7 was analyzed for protein and EF-2 methyltransferase
activity. The extract from cells expressing DPHS showed
overproduction of a protein with a molecular mass (34.5
kDa) similar to the predicted value for DPH5 (Fig. 11A, lane
2). This extract was active in methylation of EF-2 when
tested in combination with the dphS mutant extract in the
methyltransferase assay (Fig. llB, lane 2). We also partially
purified EF-2 from the dphS null mutant LMY39 and found
that both methyl acceptor and weak ADP-ribosyl acceptor
activities coeluted in a single chromatographic peak (Fig.
12). These results imply that DPHS directly participates in
methylation of EF-2, although the possibility that an E. coli
protein is also required for activity cannot be ruled out.

DISCUSSION

Diphthamide is the most complex posttranslationally mod-
ified amino acid known to date (13). As a first attempt to
understand the genetics of diphthamide biosynthesis and its
possible role in protein synthesis, we have isolated a diph-
thamide mutation of S. cerevisiae, dphS, and characterized
the DPH5 gene and its protein product. The data presented
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FIG. 12. Methyl acceptor and ADP-ribosyl acceptor activities of EF-2 partially purified from the dphS null mutant strain LMY39. EF-2
purification and assay are described in Materials and Methods. Shown are Mono Q column fractions assayed separately for E. coli-produced
DPHS methyl acceptor activity (closed circles) and DT fragment A ADP-ribosyl acceptor activity (open circles).

demonstrate that the 300-amino-acid DPHS gene product is
involved in the AdoMet-dependent methyltransferase step of
diphthamide biosynthesis. We showed that EF-2 from the
mutant served as an acceptor for label from methyl-labelled
AdoMet but not from carboxyl-labelled AdoMet in extracts
complemented with extracts from wild-type yeast or the
dph2 mutant. Furthermore, the amino acid sequence of
DPH5 exhibited significant similarity to the sequences of
AdoMet-dependent methyltransferases (SUMT) from vari-
ous bacterial species. Finally, we showed that DPHS over-
produced in E. coli methylates EF-2 partially purified from
the dphS mutant.
DPH5 and SUMT may represent a distinct family of

AdoMet-dependent methyltransferases, unrelated or dis-
tantly related to other methyltransferases. The homology
between DPH5 and SUMT is greater than that found among
other AdoMet-dependent methyltransferases, and the se-
quence motifs common among other methyltransferases,
including those that act on DNA, RNA, or small molecules,
are absent or very weak in DPH5 and SUMT (20, 40). The
sequence similarities between DPH5 and SUMT are also
interesting in view of their functional differences (SUMT
methylates a carbon versus a nitrogen atom for DPH5) and
evolutionary differences (prokaryotic versus eukaryotic ori-
gin). Our development of an E. coli expression system for
DPHS should facilitate further studies on the functional role
of these conserved residues by site-directed mutagenesis.
One goal of this work was to construct and characterize a

yeast strain in which a chromosomal gene involved in
diphthamide biosynthesis was disrupted. Diphthamide mu-
tants that had been isolated earlier were selected solely on
the basis of toxin resistance, and it was conceivable that
there had been inadvertent selection for leaky mutants that
remained viable. We therefore created a null mutation of the
chromosomal DPHS gene, in which the middle third of the
DPHS coding sequence was replaced with a 3.1-kb LEU2
fragment, and tested the resulting mutant for viability and
loss of ADP-ribosyl acceptor activity. The results imply that

DPHS and diphthamide are not essential for cell viability, in
agreement with results of earlier studies with toxin-resistant
mammalian and yeast cells (8, 23, 30).
While intact diphthamide is not necessary for normal

protein synthesis, previous studies imply that the precursor
histidine is required (33). Omura and coworkers (33) used
site-directed mutagenesis to show that substitution of aspar-
tate, arginine, or lysine for the precursor histidine residue
715 in hamster EF-2 results in a loss of function of the factor
in vivo. Whether the histidine must be modified in any way
to function in protein synthesis remains unknown.
Although the dphS mutant was originally selected by

virtue of its resistance to expression of the F2 fragment of
DT, the mutant proved, surprisingly, to be sensitive to the
expression of wild-type fragment A. The dphS null mutant
also showed a similar difference in sensitivity to expressed
F2 and fragment A. These results suggested that EF-2 from
the dphS mutants might in fact show very weak ADP-ribosyl
acceptor activity. F2, which is less active enzymically than
fragment A, had thus been a fortuitous choice for our
selection of mutants. The magnitude of the enzymic deficit of
F2 is difficult to determine, since measurement of its activity
is highly sensitive to proteolytic attack and reduction at the
junction between fragments A and B. However, we found
that expression of fragment A containing a Glu-148 to Asp
mutation, a Glu-148 to Ser mutation, or a deletion of Glu-148
(100-, 300-, and 106-fold less active, respectively, than wild-
type fragment A) killed wild-type yeast but not the dphS null
mutant.

Subsequently we showed that EF-2 from the dphS null
mutant did indeed have weak activity as a substrate for
ADP-ribosylation, between 10-6 and 10-' times that of
wild-type EF-2. Our in vitro studies imply that the structure
of the diphthamide precursor in the dphS mutant includes the
four-carbon backbone from AdoMet (precursor 2) but is
missing at least one of the three donated methyl groups
found in the final diphthamide structure 4. It is generally
regarded that precursor 2 but not diphthine 3 can confer
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complete toxin resistance in vivo and in vitro (7, 31). Our
results imply, however, that complete methylation of pre-
cursor 2 is not absolutely essential for ADP-ribosyl acceptor
activity. Since previous studies found only a 33-fold de-
crease in the ADP-ribosyl acceptor activity of yeast EF-2
containing diphthine 3 compared with that of yeast EF-2
containing diphthamide 4 (7), the trimethylated amine may
play a significant role in ADP-ribosyl acceptor activity.
No physiological function for diphthamide has yet been

determined. It has been suggested that the residue may serve
as the target for an endogenous cellular NAD:EF-2 ADP-
ribosyltransferase (26) and that this reaction may serve some
function in regulating protein synthesis. Weak activity in
ADP-ribosylating EF-2 has been detected in a variety of
eukaryotic cells, including polyomavirus-transformed baby
hamster kidney cells growing under a low serum concentra-
tion (15). If diphthamide does indeed serve as a site of
physiological ADP-ribosylation, our data would suggest that
the rate of the reaction in the dph5 null mutant may be
greatly diminished but not abolished, since toxin-dependent
acceptor activity is still detectable.
Our approach for selecting diphthamide mutants in yeast

cells, which relies on the intracellular expression of toxin
(38), avoids the technical difficulties inherent in working with
yeast spheroplasts (8) and the potential selection of host
mutations affecting toxin entry. By expressing DT fragment
A derivatives that are attenuated to various degrees, it
should be possible to control the level of ADP-ribosyltrans-
ferase activity within cells over many orders of magnitude
and hence to isolate diphthamide mutants differing in toxin
resistance. Further biochemical and physiological analysis
of such mutants may reveal a functional role for this unique
biosynthetic pathway.
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