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ABSTRACT: Diphthamide, the target of diphtheria toxin, is a unique posttranslational modification on
eukaryotic and archaeal translation elongation factor 2 (EF2). Although diphthamide modification was
discovered three decades ago, in vitro reconstitution of diphthamide biosynthesis using purified proteins has
not been reported. The proposed biosynthesis pathway of diphthamide involves three steps. Our laboratory
has recently showed that inPyrococcus horikoshii (P. horikoshii), the first step uses a [4Fe-4S] enzyme PhDph2
to generate a 3-amino-3-carboxypropyl radical from S-adenosyl-L-methionine (SAM) to form a C-C bond.
The second step is the trimethylation of an amino group to form the diphthine intermediate. This step is
catalyzed by amethyltransferase called diphthine synthase or Dph5. Here we report the in vitro reconstitution
of the second step using P. horikoshii Dph5 (PhDph5). Our results demonstrate that PhDph5 is sufficient to
catalyze the mono-, di-, and trimethylation of P. horikoshii EF2 (PhEF2). Interestingly, the trimethylated
product from the PhDph5-catalyzed reaction can easily eliminate the trimethylamino group. The potential
implication of this unexpected finding on the diphthamide biosynthesis pathway is discussed.

Diphthamide, found in both eukaryotes and archaea (1-3), is
a unique posttranslationally modified histidine residue on trans-
lational elongation factor 2 (EF2), a GTPase required for
ribosomal protein synthesis (4). The histidine residues that are
modified are His699 in yeast EF2, His715 in mammalian EF2,
and His600 in Pyrococcus horikoshii EF2. Diphthamide is the
target of diphtheria toxin (5), which ADP-ribosylates diphtha-
mide and inhibits protein synthesis, leading to host cell death (6).
It has been indicated that diphthamidemay prevent the-1 frame
shift during protein synthesis (7). However, the physiological
function and biosynthesis of the modification are still not
completely understood (8), despite the fact that the modification
has been known for over three decades.Diphthamidemodification
has been proposed to involve three steps (Figure 1) (9). The first
step is the transfer of the 3-amino-3-carboxypropyl group from
S-adenosyl-L-methionine (SAM)1 to the C-2 position of the imid-
azole ring of the target histidine residue inEF2. The second step is
the trimethylation of the amino group to form an intermediate
called diphthine. The last step is theATP-dependent amidation of
the carboxyl group of diphthine. Genetic studies have identified
five proteins in eukaryotes required for the biosynthesis of
diphthamide, Dph1, Dph2, Dph3, Dph4, and Dph5. Dph1-4
are known to be required for the first step (6, 10-15), whereas
Dph5 (also called diphthine synthase) is known to be required for
the second step (16). The enzyme that catalyzes the last step has
not been identified yet. Diphthamide is also found in archaea.
However, among the five eukaryotic proteins required for

diphthamide biosynthesis, only two orthologues can be found
in archaea by BLAST search. One of them, Dph2, is homo-
logous to eukaryotic Dph1 and Dph2 (Dph1 and Dph2 are
homologous to each other), and the other one is the diphthine
synthase, Dph5.

Although five genes are known to be required for the first two
steps of diphthamide biosynthesis, it is not clear whether these
genes are sufficient. In fact, another gene, WDR85 (17), was re-
cently identified to be required for the first step of diphthamide
biosynthesis in eukaryotes, further demonstrating the complexity
of diphthamide biosynthesis. The same can be said about the
second step. One can similarly ask whether Dph5 alone is suffi-
cient to catalyze the trimethylation or additional proteins are
needed. Therefore, to fully understand diphthamide biosynthesis,
it is important to reconstitute the biosynthesis in vitro using puri-
fied proteins. Recently, we have successfully reconstituted the
first step of diphthamide biosynthesis using the Pyrococcus
horikoshii Dph2 (PhDph2) and EF2 (PhEF2) (18). We found
that PhDph2 forms a homodimer and can bind a [4Fe-4S]
cluster in one monomer with three conserved cysteine resi-
dues. PhDph2 is similar to the radical SAM superfamily (19)
in that both contain [4Fe-4S] clusters and are SAM-depen-
dent. However, PhDph2 does not contain the CXXCXXXC
motif (20) that is found in most radical SAM enzymes. Further-
more, we showed that PhDph2 likely generates a 3-amino-3-
carboxypropyl radical in the first step of diphthamide bio-
synthesis, instead of a 5-deoxyadenosyl radical. The successful
reconstitution of the first step of diphthamide biosynthesis sets
the stage for us to investigate the second step of diphthamide
biosynthesis by providing the substrate to test whether PhDph5
is sufficient for the trimethylation step in vitro. Herein we report
the reconstitution of PhDph5 activity. Our data suggest that
PhDph5 is sufficient for the second step of diphthamide bio-
synthesis and that it catalyzes the trimethylation in a highly pro-
cessive manner. Interestingly, we found that after the trimethyla-
tion step, the resulting diphthine product is not stable and can
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easily eliminate the trimethylamino group in a reaction similar to
Hofmann elimination or Cope elimination (21).

EXPERIMENTAL PROCEDURES

Cloning, Expression, andPurification of PhDph2, PhDph5,
and PhEF2. The cloning, expression, and purification of
PhDph2 and PhEF2 were reported (22). PhDph5 was amplified
by PCR from P. horikoshii genomic DNA (ATCC 700860D-
5TM) with AccuPrime Pfx DNA polymerase (Invitrogen) and
the primers (AGTCAGCATATGATGGTTTTGTACTTTAT-
TGGATTG and AGTCAGCTCGAGTTAAACATTAACCC
TTAATATCTC). Amplified PhDph5 was digested by NdeI and
XhoI (New England BioLabs) and then ligated into the pET-28a
(þ) vector by T4 DNA ligase (Invitrogen). The recombinant
plasmid was transformed to TOP10 competent cells (Invitrogen),
and colonies containing the plasmidwere selected by colony PCR
with EconoTaq DNA polymerase (Lucigen). The amplified plas-
mid was purified using a QIAprep SpinMiniprep Kit (QIAGEN),
and its sequence was confirmed by DNA Sequencing (performed
by Cornell University Life Sciences Core Laboratories Center).

The plasmid containing PhDph5 was transformed into the
Escherichia coli expression strain BL21 (DE3) with pRARE2.
The cells were grown in LB media with 100 μg/mL ampicillin at
37 �Cand induced at anOD600 of 0.8 with 0.1mM isopropyl-β-D-
thiogalactopyranoside (IPTG). The induced cells were incubated
in a shaker (New Brunswick Scientific Excella E25) at 37 �C
and 200 rpm for 3 h. Cells were harvested by centrifugation at
6,371 � g (Beckman Coulter Avanti J-E) and 4 �C for 10 min.
Cell pellets from 2 L of LB culture were resuspended in 30 mL of
lysis buffer (500 mMNaCl, 10 mMMgCl2, 5 mM imidazole, and
20mMTris-HCl at pH8.0). Cells were lysed using a cell disruptor
(EmulsiFlex). Cell debris was removed by centrifugation at
48,400� g (Beckman Coulter Avanti J-E) for 30 min. The super-
natant was incubated for 1 h with 1.2 mL of Ni-NTA resin
(Qiagen) that was prewashed and equilibrated with the lysis
buffer. The resin was then loaded onto a polypropylene column
and washed with 20 mL of lysis buffer. PhDph5 was eluted from
the column with 1.5 mL aliquots of buffers containing 100, 150,
and 200mM imidazole in the lysis buffer. The proteinwas buffer-

exchanged to 50 mM Tris-HCl, pH 8.0, with 50 mMNaCl using
a Bio-Rad 10-DG desalting column. The protein was further
purified by heating at 65 �C for 10 min and centrifugation at
39,191� g to remove the precipitate. Purified PhDph5was concen-
trated using anAmiconUltra-4 centrifugal filter device (Millipore).
Reconstitution of PhDph5 Activity in Vitro and Detec-

tion of Formation of S-Adenosyl-L-Homocystein (SAH) by
HPLC. The first step of PhEF2 modification was performed in
an anaerobic chamber (5% hydrogen, 95% nitrogen) (Coy
Laboratory Products). PhDph2 (240 μM) was incubated with
10 mM dithionite for 10 min first. PhEF2 (100 μM) and SAM
(200 μM)were added, and the reactionwas incubated at 65 �C for
40 min. After the first step of the modification, the reaction
mixture was buffer exchanged to PhDph5 reaction buffer (23)
(100 mM Tris-HCl, pH 8.0, 75 mM NaCl, 50 mM KCl, 1 mM
EDTA, 5 mMDTT, 5 mMMgCl2, with or without 2 mMADP,
10 mM creatine phosphate, and 80 pg/mL phosphocreatine
kinase) with a 10 kDa Amicon (Millipore) filter and then with
a Micro Bio-Spin 6 column (BioRad) to get rid of the leftover
SAM from the last step reaction. The PhDph5 activity assay was
carried out with 30 μM modified PhEF2, 60 μM PhDph5, and
SAMat different concentrations (0, 5, 10, 20, 30, and 50 μM) in a
total volume of 50 μL and incubating the reaction mixtures at
37 �C for 30 min. The reactions were stopped by 5% TFA. The
precipitated proteins were separated from the reaction mixture
by centrifugation. The supernatant was analyzed by HPLC
(Shimadzu) on a C18 column (HRSprite) monitored at 260 nm
absorbance, using a linear gradient from 0 to 40% buffer B in
20min at a flow rate of 0.3mL/min (bufferA, 50mMammonium
acetate, pH 5.4; buffer B, 50% (v/v) methanol/water). The PhDph5
reaction buffer used in this experiment was from ref 23.We found
that the ADP, creatine phosphate, and phosphocreatine kinase
are not required for the PhDph5 reaction. They are probably
required for the amidation step of diphthamide biosynthesis.
Therefore, in later reactions with PhDph5, these reagents were
not included.
Detection of PhEF2Modification byMethyl-14C-SAM.

Enzymatic reactions with methyl-14C SAM followed the similar
procedure as described above. Reactions were incubated at 37 �C

FIGURE 1: Proposed diphthamide biosynthesis pathway. The diphthamide residue is the target of bacterial ADP-ribosyltransferases, such as
diphtheria toxin andPseudomonas exotoxinA.TheADP-ribosylationof diphthamide by these toxins leads to inhibitionofprotein synthesis in the
eukaryotic host cells.
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for 30 min. The reaction mixtures were resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE,
12%acrylamide gel) without heating to denature the protein. The
dried gel was exposed to a PhosphorImaging screen (GE Health-
care, Piscataway,NJ) whichwas then scannedusing a STORM860
phosphorimager (GE Healthcare, Piscataway, NJ).
Characterization of PhEF2 Modification with Matrix-

Assisted Laser Desorption/Ionization Mass Spectrometry
(MALDI-MS) and Tandem Mass Spectrometry (MS/MS).
PhDph5 activity assay with normal SAM were carried out
following the same procedure as that used for the activity assay
with 14C-labeled SAM. The mixtures were separated by SDS-
PAGE (12% acrylamide gel) without heating to denature pro-
tein. The PhEF2 bands from the Coomassie blue-stained gel were
cut out and washed with water, 50% Ambic/acetonitrile, and
pure acetonitrile. Gel pieces dried in a ventilated fume hood were
digested by trypsin (10 μg/mL) overnight in a 30 �C incubator
(Fisher Scientific Inc.) to cleave the protein at the carboxyl side of
lysine or arginine into peptide fragments. Digested products were
extracted and cleaned up by Ziptip C4 (Millipore). MALDI-
MS was performed at the Proteomics and Mass Spectrometry
Facility of Cornell University on a 4700 Proteomics Analyzer
(Applied Biosystems). The instrument was operated in positive
ion reflector mode (20 kV). The matrix used was R-cyano-4-
hydroxycinnamic acid at 3 mg/mL in 60% acetonitrile/0.1%

TFA with 1 mM ammonium phosphate added to suppress low
m/z matrix adducts. The instrument was calibrated using a
calibration mixture obtained from the instrument manufacturer.
A total of 1200 laser shots (80 shots/location, 15 different
locations, and uniform firing pattern) were used to acquire the
survey spectrum fromm/z 700-4000Da. The peak of 1629.8 was
further analyzed by MS/MS.

RESULTS

Initial PhDph5 Activity Assay with 14C-Labeled SAM
Gave No Labeling. PhEF2 (83 kDa), PhDph2 (38 kDa), and
PhDph5 (30 kDa) were expressed in E. coli and purified as
described in the Experimental Procedures. Their purity and sizes
were checked by SDS-PAGE (Supplementary Figure 1 in the
Supporting Information).

By incubating PhEF2 with PhDph2 and SAM under anaero-
bic conditions, we first obtained PhEF2 with the 3-amino-3-
carboxypropyl (ACP) group attached to His600. The reaction
was monitored by MALDI-MS (Figure 2). The major observed
masses in Figure 2 are consistent with the calculated masses of
predicted peptide fragments as shown in Supplementary Table 1
in the Supporting Information. The peptide fragment containing
the His600 residue (LLDAQVHEDNVHR) in unmodified Ph-
EF2 has anm/z of 1545.80 (MHþ, calculated 1545.78, Figure 2a).
This peak was almost gone after reaction with PhDph2, and a

FIGURE 2: Monitoring PhDph2-catalyzed PhEF2 modification using MALDI-MS: (a) unmodified PhEF2 peptide residue withm/z 1545.8 and
(b) PhEF2 modified with the 3-amino-3-carboxypropyl (ACP) group. Two peaks showed in the spectrum: unmodified PhEF2 peptide withm/z
1545.8 and ACP-modified PhEF2 peptide with m/z 1646.8.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100812h&iName=master.img-001.jpg&w=504&h=377
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new peak with an m/z of 1646.84 appeared (Figure 2b), which
corresponds to the product of the PhDph2-catalyzed reaction
with the ACP-modified histidine residue (MHþ, calculated
1646.83).

To test the activity of the purified PhDph5, the first step
reaction mixtures were buffer exchanged to PhDph5 reaction
buffer. PhDph5 and excess methyl-14C SAMwere then added to
initiate the trimethylation reaction. To our surprise, no labeling
on PhEF2 was found (data not shown) by autoradiography.
We reasoned that additional proteins or other molecules other
than PhDph5 may be needed to reconstitute the second step,
since all the reported Dph5 activity assay were performed
in vivo or by using crude cell lysate (16, 23). However, it is also
possible that PhDph5 alone can catalyze the second step, but our
reaction conditions need to be optimized to get the reaction to
work.
Detection of SAH Shows SAM-Degrading Activity

Catalyzed by PhDph5. In the process to find out why no
14C-methyl group can be transferred to PhEF2, we tried other
methods to detect the product of the reaction catalyzed by
PhDph5. One product of methyl transfer reaction by SAM-
dependent methyltransferase is S-adenosylhomocysteine (SAH),
which can be used to indicatewhether themethyltransfer reaction
occurred or not. We monitored the SAH formation with HPLC
(Figure 3). Standard SAH was eluted at 10 min, as shown in
Figure 3 (dark blue line). In the reaction without PhDph5,
no SAH was detected (Figure 3, black line). In contrast, when
PhDph5 was present, the SAH peak increased (Figure 3, pink
line) even when no additional SAM was added (some left-over
SAM molecules were present from the first step PhDph2-
catalyzed reaction). With increasing concentrations of SAM,
the SAH peak increased first and then remained unchanged

(Figure 3, brown and green lines). Taken together, the data sug-
gest that PhDph5 is active since it can remove the methyl group
from SAM in the presence of the PhEF2 substrate.
MALDI-MS/MS of PhEF2 revealed an elimination

reaction that occurred to diphthine. The detection of the
SAM-cleavage activity suggests that PhDph5 is active under the
conditions used, although it remained unclear where the methyl
group of SAM ends up. To find out whether the methyl group is
transferred to PhEF2, we decided to use MALD-MS to monitor
themass of PhEF2. After incubation of PhEF2with PhDph5 and
SAM, the reaction mixture was resolved by SDS-PAGE and the
PhEF2 band was excised, digested, and analyzed by MALDI-
MS. We could not see any peaks for the mono-, di-, or
trimethylation products, which is consistent with our previous
results obtained with methyl-14C SAM. However, a new peak
with an m/z of 1629.77 was detected (Figure 4b), which was not
present in the control, the ACP-modified PhEF2 not subjected to
the Dph5 reaction (Figure 4a). Since the diphthine-containing
peptide has a calculated m/z of 1688.87 (Mþ), and a trimethyla-
mino group has an m/z of 59.1, the peak of 1629.77 corresponds
to the loss of the trimethylamino group from diphthine, the
trimethylated product. The peptide fragment containing the
elimination product has a calculated m/z of 1629.80 (MHþ).
To confirm that the trimethylamino group was eliminated and a
3-carboxy-2-propenyl group was formed on the histidine residue
after elimination (Figure 8), we analyzed the 1629.77 peak by
tandemMS. The mass difference between Y1 and Y2 ions is 221,
which is consistent with the presence of a 3-carboxy-2-propenyl
on the histidine residue (Figure 5). This result suggested that
PhDph5 can catalyze the trimethylation reaction, but the diph-
thine product cannot be detected due to the elimination of the
trimethylamino group.

FIGURE 3: HPLC analysis of the reaction product showed that PhDph5 catalyzes the formation of SAH. Absorption was monitored at 260 nm.
The description of each overlaid trace is provided on the right, and the identities of major peaks were indicated. In the reaction marked by /, no
extra SAMwas added. However, some SAM (less than 10 μM)was left from the PhDph2-catalyzed reaction tomakeACP-modified PhEF2 and
led to the formation of SAH when PhDph5 was added.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100812h&iName=master.img-002.jpg&w=460&h=278
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P. horikoshii grows optimally at 98 �C. For the in vitro re-
constitution, we normally carry out the reaction at 65 �C, which we
found to be optimal for the activity of PhDph2. One concern was
that the high temperature may contribute to the elimination. Thus
tominimize the elimination reaction, we later carried out theDph5-
catalyzed reactions at 37 �C. Similarly, when analyzing the reaction
by SDS-PAGE,we did not heat the sample to denature the protein.
However, even under these milder conditions, the elimination
always occurred based on both MS and the 14C-labeling experi-
ments (data not shown). The other concern is that the elimination
could occur duringMALDI-MS from absorbing the energy of the
laser. This is also unlikely because the elimination also happened in
the 14C-labeling experiments in which the reaction was detected by
autoradiography (Figure 6). These observations suggest the elim-
ination occurs readily under the reactions conditions.
Decreasing SAM Concentrations Allows the Detection

of 14C-Labeling on PhEF2. Although the above result sug-
gested that PhDph5 can catalyze the trimethylation reaction, the
actual methyl transfer to PhEF2 still needs to be proven. The eli-
mination of the trimethylamino group is similar to the Hofmann
elimination reaction that can occur with quaternary ammonium
hydroxide salts or the Cope elimination reaction that can happen
with tertiary amine oxides (21). InHofmannorCope elimination,
a quaternary ammonium functional group is required for the eli-
mination to occur. Thus, we reasoned that if we can stop the
PhDph5-catalyzed reaction at the mono- and dimethylation
stage, then no elimination reaction will occur and we may be
able to detect the methyl transfer to PhEF2. Therefore we re-
visited the labeling experiment using different concentrations of
methyl-14CSAM,hoping toaccumulate themono-anddimethylated
PhEF2. After the first modification reaction, the buffer was
exchanged to the methylation reaction buffer to make sure the
amount of leftover SAM from the previous step was as little as
possible. Different concentrations of 14C-SAM and PhDph5
were then added to allow the methylation to occur. The reaction
mixtures were resolved by SDS-PAGE, and the labeling was

detected by autoradiography. When no methyl-14C SAM was
added, no labeling was detected (Figure 6, lane 1). Labeling of
PhEF2 was observed when methyl-14C-SAM was added, and
the labeling increased when the ratio of SAM:PhEF2 increased
from 0.25:3 to 2:3 (Figure 6, lanes 2 to 5). However, the intensity
of labeling decreased when the ratio reached to 3:3 (Figure 6,
lane 6). When increasing the ratio of SAM:PhEF2 to 5:3, the
labeling disappeared (Figure 6, lane 7). These results demon-
strated that PhDph5 can transfer the methyl group from SAM
to PhEF2. In addition, the loss of the 14C label on PhEF2 at
high concentrations of methyl-14C SAM is consistent with the
prediction that the trimethylated PhEF2 can undergo the elimi-
nation reaction while the mono- and dimethylated PhEF2 cannot.
MALDI-MS of Reaction Products Confirmed the For-

mation of Mono- and Dimethylated PhEF2. To confirm the
formation of mono- and dimethylated PhEF2, we again relied on
MALDI-MS. The peptide fragment containing the ACP-mod-
ified His600 residue after PhDph2-catalyzed modification has an
m/z of 1646.84 (Figure 7a). After the reaction catalyzed by
PhDph5 with 2:3 and 3:3 ratio of SAM:PhEF2, two new peaks
appeared with m/z of 1660.83 and 1674.84 (Figure 7b,c), corre-
sponding to themasses of PhEF2with the addition of one (MHþ,
calculatedm/z 1660.84) and twomethyl groups (MHþ, calculated
m/z 1674.86). However, when the concentration of SAM was
higher than that of PhEF2 (5:3), no methylated product was
observed (Figure 7d). These results firmly established that
PhDph5 can catalyze the methyltransfer to PhEF2. When one
equivalent of SAM is used (Figure 7c), the major product is the
eliminated product after trimethylation of theACP groupwhile a
significant amount of unmethylated substrate is still present. This
result suggests that the trimethylation reaction catalyzed by
PhDph5 is highly processive.

DISCUSSION

P. horikoshii Diphthine IsNot Stable inVitro andReadily
Eliminates the Trimethylamino Group. Initially, when we used

FIGURE 4: MALDI-MSanalysis of PhEF2 in the PhDph5-catalyzed reaction: (a) PhEF2 fromcontrol reactionwithPhDph5and (b) PhEF2after
PhDph5-catalyzed reaction. The peak withm/z 1545.8 corresponds to unmodifed PhEF2 peptide, 1646.8 corresponds to ACP-modified PhEF2
peptide, and 1629.8 corresponds to the elimination product.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100812h&iName=master.img-003.jpg&w=354&h=245
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methyl-14C SAM to detect the methylation of PhEF2, no
methylation was detected. HPLC analysis of the small molecule
product showed that SAHwas formed in the reaction, suggesting
that PhDph5 was active. Using MALDI-MS, we detected a new
product with m/z of 1629.77. We attributed this peak to the
product resulting from the elimination of the trimethylamino

group from diphthine. The structure of the elimination product
was further confirmed byMS/MS. The mass difference of the Y2
and Y1 ions is 221, which is consistent with the presence of a
3-carboxy-2-propenyl group onHis600, the product of diphthine
after elimination of the trimethylamino group. The elimination
reaction is similar to the Hofmann elimination reaction or Cope
elimination reaction (21, 24). Given that such elimination reac-
tion will require the quaternary ammonium salt, we predicted
that the mono- and dimethylated PhEF2 should not undergo the
elimination product and thus should be stable and detectable.
Indeed, by lowering the concentration of SAM, mono- and
dimethylated PhEF2 were detected using methyl-14C-SAM
(Figure 6) and MALDI-MS (Figure 7). This result further
confirmed that elimination requires the trimethylamino
group and that Dph5 can catalyze the trimethylation reac-
tion. There are two possible mechanisms for the elimination
reaction (Figure 8). One mechanism uses an external base to
attack the proton on the β-carbon (Figure 8a), and the other
mechanism uses the carboxyl group as the intramolecular
base to deprotonate the β-carbon (Figure 8b). At present, it is
not known whether a similar elimination reaction also occurs
to eukaryotic diphthine. If it does happen to eukaryotic diphthine,
wewould favor the secondmechanism for the elimination reaction
based on the fact that when the carboxylate is converted to
the amide as in diphthamide, the trimethylamino group
becomes stable given that eukaryotic diphthamide has been
isolated and structurally determined (2, 25, 26).
PhDph5 Is Sufficient for the Trimethylation Step of Di-

phthamide Biosynthesis in Vitro. Genetic studies have shown

FIGURE 5: MS/MS of precursor 1629.81, which is from theMALDI spectrum of PhEF2 modified by PhDph5. The table lists calculated Y ions.
Observed Y ions in the spectrum are colored in red.

FIGURE 6: PhDph5-catalyzed PhEF2 methylation monitored using
methyl-14C SAM. The PhDph5 activity assays were set up with 30 μM
ACP-modified PhEF2, 60 μMPhDph5, and different SAMconcentra-
tions (0, 2.5, 5, 10, 20, 30, and 50 μM). The reactions were incubated at
37 �C for 30min. The bottom panel shows the Coomassie blue-stained
gel; toppanel shows the autoradiography.The ratiosofSAMtoPhEF2
were shown at the bottom of the image.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100812h&iName=master.img-004.jpg&w=499&h=337
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that PhDph5 is required for the trimethylation step of diphtha-
mide biosynthesis. However, whether PhDph5 is sufficient for the
trimethylation step was not clear (11). Our data presented above
demonstrated that PhDph5 is sufficient to catalyze the trimethy-
lation step. Mono- and dimethylated PhEF2 were detected by
MALDI-MS, while the trimethylated product cannot be detected
due to the facile elimination of the trimethylamino group.
Implication of the Instability of Diphthine on the Di-

phthamide Biosynthesis Pathway.Diphthamide structurewas
determined using eukaryotic EF2 (2, 25, 26). Whether the final
structure in archaea is the same or not is not clear. At this point,
we do not know whether the elimination reaction also occurs
physiologically. The elimination readily occurs in vitro even
though we have taken extra care to avoid harsh conditions, such
as heat denaturation, to minimize it. However, it is still possible
that the elimination reaction only occurs in vitro due to the lack of

the enzyme for the amidation step in the reaction. If diphthamide
is the final structure in P. horikoshii, given that P. horikoshii
diphthine readily eliminates, in order to form the final structure,
diphthamide, the last amidation step should occur very quickly in
P. horikoshii cells to avoid the elimination reaction.Alternatively,
it is possible that the amidation step occurs before the trimethyla-
tion step.

It would be interesting to know whether a similar elimination
reaction also occurs to eukaryotic diphthine, in vitro and in vivo,
and whether the elimination reaction affects the function of EF2
in protein synthesis. The genes required for diphthamide bio-
synthesis, dph1-dph5, were identified in yeast and mammalian
cells by screening for mutants that are resistant to diphtheria
toxin, which canADP-ribosylate diphthamide and inhibit protein
synthesis (6, 10-15). The enzyme for the amidation step has not
been identified yet using this genetic screening. The explanation

FIGURE 7: Detecting PhDph5-catalyzed PhEF2 methylation using MALDI-MS. Different ratios of PhEF2 to SAM were used to minimize the
formation and elimination of the trimethylated product. (a) PhEF2 modified with a 3-amino-3-carboxypropyl (ACP) group. ACP-modified
PhEF2 peptide has an m/z of 1646.8. (b) PhEF2 modified by PhDph5 with a SAM to PhEF2 ratio of 2:3. Three new peaks with m/z values of
1629.8; 1660.8; 1674.8 were observed, which correspond to diphthine with the trimethylamino group eliminated, monomethylated, and
dimethylated intermediates, respectively. (c) PhEF2 modified by PhDph5 with a SAM to PhEF2 ratio of 3:3. (d) PhEF2 modified by PhDph5
with a SAM to PhEF2 ratio of 5:3. Only the elimination product with a m/z of 1629.8 was observed.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100812h&iName=master.img-006.jpg&w=382&h=445
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for the inability to isolate the amidation enzyme is that diphtheria
toxin is able to ADP-ribosylate both diphthamide and diph-
thine (11). The elimination of the trimethylamino group from
diphthinemay provide an alternative explanation. If EF2 loses its
normal function in protein synthesis after the elimination of the
trimethylamino group from diphthine, then the disruption of the
gene required for the amidation step would lead to the accumula-
tion of diphthine, which will eliminate and stop protein synthesis,
giving a lethal phenotype. The lethality of disrupting the gene
may explain why it has not been identified in the genetic screen.
This hypothesis, if correct, may help the identification of the gene
required for the amidation step in eukaryotes.

ACKNOWLEDGMENT

We thank Dr. Sheng Zhang and Robert Sherwood in the
Proteomics and Mass Spectrometry of Cornell University for
help with the MS analysis.

SUPPORTING INFORMATION AVAILABLE

Coomassie blue-stained gel showing the purified proteins used
in the activity assay and table of major observed masses in the
PhEF2 MALDI-MS spectra and the peptide fragments. This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Robinson, E.A., Henriksen, O., andMaxwell, E. S. (1974) Elongation
factor 2. amino acid sequence at the site of adenosine diphosphate
ribosylation. J. Biol. Chem. 249, 5088–5093.

2. Van Ness, B. G., Howard, J. B., and Bodley, J. W. (1980) ADP-
ribosylation of elongation factor 2 by diphtheria toxin. NMR spectra
and proposed structures of ribosyl-diphthamide and its hydrolysis
products. J. Biol. Chem. 255, 10710–10716.

3. Van Ness, B. G., Howard, J. B., and Bodley, J. W. (1980) ADP-
ribosylation of elongation factor 2 by diphtheria toxin. Isolation and
properties of the novel ribosyl-amino acid and its hydrolysis products.
J. Biol. Chem. 255, 10717–10720.

4. Gomez-Lorenzo, M. G., Spahn, C.M. T., Agrawal, R. K., Grassucci,
R. A., Penczek, P., Chakraburtty, K., Ballesta, J. P. G., Lavandera,
J. L., Garcia-Bustos, J. F., and Frank, J. (2000) Three-dimensional
cryo-electron microscopy localization of EF2 in the Saccharomyces
cerevisiae 80S ribosome at 17.5 Å resolution.EMBOJ. 19, 2710–2718.
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