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ABSTRACT. The antineoplastic cyclic depsipeptide didemnin B (DB) inhibits protein synthesis in cells and
in vitro. The stage at which DB inhibits protein synthesis in cells is not known, although dehydrodidemnin
B arrests translation at the stage of polypeptide elongation. Inhibition of protein synthesis by DB in vitro
also occurs at the elongation stage, and it was shown previously that DB prevents EF-2-dependent
translocation in partial reaction models of protein synthesis. This inhibition of translocation displays an
absolute requirement for EFel however, the dependence upon Ekwas previously unexplained. It is
shown here that DB binds only weakly to EB/GTP in solution, but binds to ribosont&=-1o. complexes

with a dissociation constarkq = 4 uM. Thus, the inhibition of protein synthesis by DB appears to
involve an interaction with both EFeland ribosomes in which all three components are required. Using
diphtheria toxin-mediated ADP-ribosylation to assay for EF-2, it is demonstrated that DB blocks EF-2
binding to pre-translocative ribosonfig--1o. complexes, thus preventing ribosomal translocation. Based
on this model for protein synthesis inhibition by DB, and the proposed mechanism of action of fusidic
acid, evidence is presented in support of the Grasmuk model foroEEfiction in which this elongation
factor does not fully depart the ribosome during polypeptide elongation.

Inhibition of protein biosynthesis has been proposed to
account for the cytotoxicity of several potential antitumor
agents, including the didemnins-5), and bouvardins (RA-
peptides$, 7). While it is difficult to correlate in vitro data
with mechanisms of action in vivo, RA-VII, bouvardin, and
didemnin B (DB} (Figure 1) all inhibit protein synthesis in
cell-free assays as well as in cells, and mechanisms for these
inhibitors have been describe8—<10). One of the more
unusual mechanisms is displayed by DB. This naturally
occurring cyclic peptide inhibits protein synthesis at the
elongation stage by inhibiting EF-2-dependent translocation
of MRNA through the ribosomeB); however, inhibition is
dependent upon the presence of EE-land has been  Fgure 1: Structures of didemnin B (DB) and tritiated didemnin
proposed to be mediated through the binding of DB to this B (T»-DB).
factor (L1).
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According to the currently accepted model of eukaryotic
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1 Abbreviations: AcOH, glacial acetic acid; ADP, adenosirie 5 and is sgbs_equently released in a GTP dependgnt step prior
diphosphate; ATP, adenosiné-tfiphosphate; BOP, benzotriazol-1- 10 the binding of EF-2. Based on this model, it was not
yloxy-tris(dimethylamino)phosphonium hexafluorophosphate; DB, di- immediately obvious how a ligand that binds to Eé-dould

inhibit the function of EF-2. To answer this question, we

demnin B; DTT, dithiothreitol; EF-d, eukaryotic elongation factord
have examined the composition of DB-inhibited ribosomal

EF-2, eukaryotic elongation factor 2; ELISA, enzyme-linked immun-
osorbant assay; EtOAc, ethyl acetate; GTP, guanositrgohosphate;

GDP, guanosine 'Eiphosphate; GDPCP, guanylyl{-methylene)-
diphosphate; HRP, horseradish peroxidase; NMM, 4-methylmorpholine
N-oxide; NMR, nuclear magnetic resonance; PBS, phosphate-buffered
saline; RP-HPLC, reverse-phase high-performance liquid chromatog-
raphy; SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel
electrophoresis; THF, tetrahydrofuran.

complexes, with particular emphasis on the presence of
specific elongation factors. We have demonstrated that both
DB and EF-b are retained in the inhibited complex, and
that didemnin B prevents translocation by inhibiting EF-2
binding. Unexpectedly, while the binding of DB to ribosome
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EF-1a. complexes could be measured readily, the binding was added to a final concentration of 0.5 M. The mixture

of DB to EF-lo. alone was weak. Here, we propose a
mechanistic model for the inhibition of protein synthesis by
DB and use this inhibitor to probe the association of BF-1
with ribosomes during protein synthesis. In addition, we
present new evidence that EB-Temains associated with
ribosomes throughout the elongation cycle.

MATERIALS AND METHODS
The didemnin B used in this study was provided by the

was stirred on ice for 1.5 h, and then centrifuged in an 80
Ti rotor at 32 000 rpm for 12 h at 4C. The salt-wash sup-
ernatant obtained at this stage contains 95% of the previously
ribosome-bound EF-2. An aliquot (18.) of this salt wash
was added to a reaction mixture containing buffer C (100
mM KCI, 30 mM HEPES/KOH, pH 7.6, 2 mM magnesium
acetate, 1 mM DTT), diphtheria toxin f4j), and®?P-labeled
B-nicotinamide adenine dinucleotide (NAD500 pmol) in

a total volume of 5Q«L. This solution was incubated at 37

Drug Synthesis and Chemistry Branch of the Developmental °C for 60 min, and then precipitated with an equal volume
Therapeutics Program, Division of Cancer Treatment, Na- of acetone overnight at20 °C. The precipitate was collected

tional Cancer Institute. Fusidic acid arwsarcin were
purchased from Sigma (St. Louis, MO). Rabbit reticulocyte

by centrifugation and analyzed by SBBAGE. The result-
ing gel was visualized using a phosphorimager.

lysates (translation grade) were obtained from Green Hectares EF-2 Binding to Salt-Washed Ribosomes Probed Using
(Oregon, WI). Salt-washed ribosomes were obtained from [3?P]-GTP. Salt-washed ribosomes (15 pmol), with or

rabbit reticulocyte lysates as described previousdy. (
Elongation factor EF-d¢ was purified fromS. cereisiae
according to the literature proceduf). Elongation factors
EF-1a. and EF-2 from rabbit reticulocytes were provided by
Professor William C. Merrick (Case Western Reserve).
Rabbit anti-EF-#& was provided by Professor K. Chakraburt-
ty (Wisconsin School of Medicine). Mouse anti-EB-tvas
purchased from Upstate Biotechnology (Lake Placid, NY).

without rabbit EF-2 (80 pmol), in poly(U) buffer (20 mM
Tris-HCI, pH 7.5, 10 mM MgC, 1 mM DTT) were
incubated witho-[3?P]-GTP at 37°C for 10 min. This sol-
ution was diluted with the same buffer, and filtered through

a nitrocellulose filter. The filter was dried, and the amount
of bound®?P-labeled phosphate was measured by scintillation
counting. EF-2-dependent guanosine phosphate binding to
ribosomes was measured in the presence or absence of 50

Rabbit anti-EF-2 was a gift from Professor James Bodley uM DB. The binding of y-[3?P]-GTP to ribosomes was

(University of Minnesota). FC]-Phenylalanine (497 mCi
mmol?), y-[*?P]-GTP (30 Ci mmot?), a-[*?P]-GTP (800
Ci mmol™), [32P]-NAD (30 Ci mmol?), and F?P]-ATP
(3000 Ci mmot?) were obtained from New England Nuclear
(Wilmington, DE). y-[3?P]-GTP and o-[*?P]-GTP were
diluted prior to use to 440 and 513 dpm prmipkespectively.
Yeast tRNA"e(Sigma) was charged with*C]-phenylalanine

determined similarly.

[3H]-DB Binding to the Ribosomes in Rabbit Reticulocyte
Lysate Reaction mixtures (total volume 20Q.) contained
rabbit reticulocyte lysates supplemented with:@8 hemin
and 50ug mL™! creatine kinase (120L), 100 mM KOAc
(8 uL), 1.5 mM Mg(OAc) (12 «L), and FH]-DB (660 dpm
pmol). A “blank” assay was prepared without cell lysate.

using crude rabbit reticulocyte aminoacyl-tRNA synthetases The reaction mixtures were incubated at°&7 for 30 min,

as described previously8), Scintillation counting was
performed using 5 mL of Scintiverse/sample (Fisher Sientific;

Pittsburgh) in a Packard 1600 TR scintillation spectrometer.

and then cooled rapidly on ice. Next, the reaction mixtures
were layered on 1 mL of buffer A containing 0.75 M sucrose,
and centrifuged in an 80 Ti rotor at 32 000 rpnm Bh at 4

PBS refers to phosphate-buffered saline containing NaCl (200°C. The ribosome pellet obtained was resuspended in buffer

mM) and potassium phosphate (10 mM), pH 7.6. Poly(U)
buffer contains Tris-HCI (20 mM), pH 7.5, Mg&(10 mM),
KCI (100 mM), and DTT (1 mM). ABTS [2,2azino-di-(3-
ethyl-benthiazoline-6-sulfonic acid)] and ABTS buffer were

D (10 mM Tris/HCI, pH 7.6, 1 mM MgGt 200 uL), and
two aliquots (80uL each) were removed for scintillation
counting.

DB Binding to Rabbit Reticulocyte Ribosomes Measured

puchased from Calbiochem (San Diego, CA). The prepara- by Equilibrium Dialysis A microdialyzer (Bel-Art Products,

tion of T,-DB is described in the Supporting Information.
Analysis for EF-2 Binding to Inhibited Ribosomes from

Pequannock, NJ) was set up such that the two half-cells
(maximum volume 10QuL) were separated by a dialysis

Cell Lysate An active translation system was generated (total membrane (MW cutoff 10 000 Da). Two reaction mixtures

volume 100uL) by incubating supplemented rabbit reticu-
locyte lysate (4QuL), 2.5 M KOAc (4 uL), 25 mM Mg-
(OAC), (6 uL), and drug solution (L; final concentration
50 uM didemnin B or 3 mM fusidic acid or &M a-sarcin)
at 37°C for 30 min. In control assays, the carrier solvent
(EtOH or HO) was used in place of the drug solution. Each

(total volume 75uL each) were prepared containing-DB
(specific activity 0.73 Ci/mmol; concentrations ranging from
48 to 66uM), 18 mM GDPCP (luL), glycerol (8uL), buffer

E (3.8 uL; 500 mM Tris/HCI, pH 7.5 2 M KCI, 20 mM
DTT, 200 mM MgCl}), and either 43.4M rabbit EF-1o. or
buffer F (25 mM Tris/HCI, pH 7.5, 100 mM KCI, 1 mM

assay mixture was replicated 3 times, and the replicates wereDTT, 10 mM MgCh, 25% glycerol; 60uL). The reaction
pooled at the end of the incubation period. The combined mixtures were incubated at 3 for 10 min, and then briefly

assay mixture (40@L) was rapidly cooled on ice for 10
min, then layered on buffer A [20 mM Tris/HCI, pH 7.6, 2
mM Mg(OAc),, 5 mM g-mercaptoethanol; 2 mL] containing

cooled on ice. One assay mixture (#B) was introduced
into each half-cell. The dialysis chamber was placed on a
platform shaker (100 rpm) atC for 24 h. Aliquots (1Q:L

0.75 M sucrose, and centrifuged in an 80 Ti rotor at 32 000 each) were removed from each half-cell for scintillation
rpm for 3 h. (When 3 mM fusidic acid was used as the drug counting. To control for nonspecific binding, bovine serum

solution, buffer A also contained 3 mM fusidic acid.) The

albumin (BSA) was substituted for EFetlin the assay

sucrose-cushioned ribosomes were resuspended in buffer Bnixture.

[0.25 M sucrose, 70 mM KCI, 30 mM HEPES/KOH, pH
7.6, 2 MM Mg(OAc), 1 mM DTT; 110uL], and 4 M KCI

Analysis for EF-tx in DB-Treated Reconstituted Pre-
translocatve ComplexesRabbit reticulocyte ribosomes (400
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pmol), [*C]-Phe-tRNA (50 pmol), poly(U) (0.2 mg), EF- (OAc), (3 uL), drug solution (5uL; final concentration 50

la (200 pmol), GTP (1 mM), and DB (5&M) were uM DB or 3 mM fusidic acid), or the carrier solvent (10%
incubated in poly(U) buffer at 37C for 30 min. A sample aqueous EtOH or D) were incubated at 37C for 30 min.
(100 uL) of this mixture was removed and diluted in poly- The assay mixtures were cooled on ice, and then layered on
(V) buffer (300uL), and then filtered through a nitrocellulose  buffer A (250uL) containing 0.75 M sucrose and centrifuged
filter, rinsing with more poly(U) buffer (3<x 1 mL). This in a Type 35 rotor at 32000 rpm ifd h at 4°C. The
filter was dried (60°C, 10 min) and used to measure the ribosome pellet was briefly rinsed in buffer A, resuspended
amount of bound¥f'C]-Phe-tRNA by scintillation counting.  in 2x Laemmli buffer (8QuL), and then heated at 9C for

The remaining assay mixture was layered onto a sucroselO min. Twenty-two microliters of each assay was loaded
cushion (400uL) containing sucrose (0.25 M) in poly(U) on a Biorad mini-gel and the gel run under standard operating
buffer and centrifuged at 48 000 rpm in an 80 Ti rotor for conditions. After SDSPAGE, the protein was transferred
1.75 h. The clear pellet obtained was rinsed with poly(U) onto a nitrocellulose membrane by electroblotting. The
buffer (2 x 1 mL) and then resuspended in the same buffer membrane was soaked in reconstituted 2% nonfat dried milk
(250 uL). The amount of ribosomes in this suspension was in PBS buffer overnight at 4C to block nonspecific sites.
determined by measuring the absorbance at 260 nm. Sample$he membrane was washed twice with PBS buffer and then
of the suspension, each containing 10 pmol of ribosomes,incubated with EF-& antibody (200ug/166 uL; Upstate
were aliquoted into separate wells in a 96-well plate Biotechnology) as a 1:1000 dilution in PBS buffer containing
containing PBS (10@L per well) for analysis of the EFel 2% nonfat dried milk and 0.1% Tween 20 for 1.5 h at room
content. The plate was incubated at D for 90 min with temperature with gentle agitation. The excess antibody was
gentle shaking. Excess liquid was removed from the wells, washed off with 0.2% nonfat dried milk in PBS. Next, the
and the plate was blocked by incubating overnight with a membrane was incubated with horseradish peroxidase-
solution of PBS buffer containing 3% nonfat dried milk and conjugated IgG goat anti-mouse antibody (1 mg/mINEN
0.01% Tween 20 (10QL per well). The blocking solution  Life Science, Boston, MA) as a 1:10 000 dilution in PBS
was removed, and the wells were rinsed with PB& (200 buffer containing 2% nonfat dried milk and 0.1% Tween 20
uL). To each well was added a solution of anti-Eé&-1 for 1 h at room temperature with gentle agitation. The
antibodies in PBS containing 2% nonfat dried milk and 0.1% membrane was washed with PBS buffer, and then incubated
Tween 20. Following incubation at 3W for 90 min, the with a mixture of equal parts of Luminol/Enhancer solution
antibody solution was removed, and the wells were rinsed and peroxide solution (Pierce, Rockford, IL) for at least 5
with PBS (2 x 300 uL). Horseradish peroxidase (HRP)- min. The membrane was placed in protective plastic wrap

conjugated goat anti-rabbit antibodies in PBS (100 and exposed to autoradiographic film. The film was devel-
containing 2% nonfat dried milk and 0.1% Tween 20 were oped (Kodak developer/fixer solution) and dried. The relative
added, and the samples were incubated &C3tbr 90 min. band intensities were quantified using a densitometer and

The wells were drained and rinsed as before. A solution of analyzed using the ImageQuant software.
ABTS in ABTS buffer (100uL, Calbiochem; prepared as
described in the manufacturer’s instructions) was added, andRESULTS
the mixture was incubated at 37TC for 30 min. The DB Inhibits EF-2 from Binding to the Ribosome Complex
absorbance of the colored product was measured at 405 nmRibosome-associated EF-2 was measured by ADP-phospho-
Analysis for Guanine Nucleotide Binding to Reconstituted rylation using $?P]-NAD and diphtheria toxin as follows.
Pre-translocatie ComplexesA mixture containing J*C]- Ribosomes were isolated from rabbit reticulocyte lysate by
Phe-tRNA (50 pmol), EF-d (243 pmol), ribosomes (423  centrifugation through a sucrose cushion; then the bound
pmol), poly(U) (20Qug), DB (50uM), andy-[3?P]-GTP (100 EF-2 was released by treatment of the isolated ribosomes
uM) or a-[*?P]-GTP (100u«M) in poly(U) buffer (150uL) with 0.5 M KCI, and ADP-ribosylated according to the
was incubated at 37C for 30 min. This mixture was overlaid  procedure of Nygard and Nilssoih4). A single polypeptide
on a 0.25 M sucrose cushion in poly(U) buffer (2b0D) with molecular mass-100 kDa was radiolabeled under these
and centrifuged at 48 000 rpm in an 80 Ti rotor for 1.75 h. conditions, corresponding to ADP-ribosylated EF-2. Addition
The pellet obtained was washed with poly(U) buffer{23 of DB to the lysate consistently reduced the amount of EF-2
mL) and then resuspended in the same buffer (1.5 mL). Thedetected (Figure 2A). In control experiments, the addition
amount of ribosomes was determined by measuring theof fusidic acid increased the amount of EF-2 bound to
absorbance at 260 nm. The amount of labeled nucleotideribosomes as expected for this inhibitor, which prevents the
bound to the ribosomes was determined by scintillation release of EF-ZGGDP from ribosomes following a single
counting of an aliquot of this mixture using an energy round of translocation (Figure 2B1%—17). These results
window of 50-1700 keV. This window countS'C disinte- indicate that DB interferes with EF-2 binding to ribosomes
grations with approximately 10% efficiency. Given the much in whole lysate. In contrast, DB failed to inhibit EF-2 binding
lower specific activity of }*C]-Phe-tRNA vs }?P]-GTP, and to ribosomes stripped of translation factors by treatment with
the fact that thé“C-label is present in all of the samples, 0.5 M KCI (18), as determined by measuring EF-2-dependent
including the controls, the error in countifg due to the  guanosine phosphate binding (Table ). Thus, DB inhibits
presence of“C in these experiments is considered to be EF-2 binding to ribosomes indirectly.
negligible. DB Binds Weakly to EF<l in Solution Previous results
Western Analysis for EFell Associated with Ribosomes implicate EF-Ir as the translation factor responsible for
from Rabbit Reticulocyte Lysat®eaction mixtures (total —mediating the inhibition of EF-2 binding by DBS). To
volume 50uL) prepared using supplemented rabbit reticu- examine binding of DB to EF4, tritiated DB (T,-DB) was
locyte lysate (2QuL), 2.5 M KOAc (2 uL), 25 mM Mg- prepared synthetically as described in the Supporting Infor-
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(A) (B)

1 2 Table 2: ELISA Assa¥yfor Binding of EF- to Reconstituted

Pre-translocative Ribosomes

1 2
s “ * g absorbance at 405 nm (AU)

—DB 1.12+0.14
Ficure 2: Phosphorimaged analysis étf]-ADP-ribosylated EF-2 +DB 1.18+ 0.06
following PAGE. (A) A comparison of sample prepared with and
without DB. (B) A comparison of sample prepared with and without
fusidic acid. Rabbit reticulocyte lysate was incubated with (A) 50
uM DB (lane 1) or 10% EtOH (control; lane 2) and (B) 3 mM
fusidic acid (lane 1) or KD (control; lane 2) for 30 min at 37C.
Following isolation of the ribosome complex by ultracentrifugation, 1 2 3 4
ribosome-bound EF-2 was radiolabeled usif¢P-NAD* and
diphtheria toxin. The reaction mixtures were subjected to SDS
PApGE, and then phosphorimaged. The obtained image was analyzed T G G G—
by ImageQuant software. Intensity integrations are as follows: (A)
lane 1, 4.9 units; lane 2, 20.7 units; (B) lane 1, 30 units; lane 2, 8.5 FIGURE 3. Western-blot analysis of ribosome-bound Ed-fbl-

a Assays were performed as described under Materials and Methods.
The background absorbance measured in the absence of Efad
0.64+ 0.1 absorbance unit.

units. lowing SDS-PAGE. Rabbit reticulocyte lysate was incubated either
in the absence (lane 1) or in the presence (lane 2) oiNMDB,
. o P or in the absence (lane 3) or presence (lane 4) of 3 mM fusidic
gzlljtl-‘\e/vtsrifgegigcf)s%mg EF-2-Dependent GTP Binding to acid for 30 min at 37C. The ribosome complex was isolated by
ultracentrifugation, and then subjected to SEFAGE. The pres-
o-[¥2P]-GTP bound (pmol) ence of EF-i&x was detected by Western blot analysis and quantified
_ by densitometry. Intensity integrations, in arbitrary units, are as
DB (504M) +DB (504M) follows: lane 1, 2213; lane 2, 2401; lane 3, 3449; lane 4, 2863.
—EF-2 3.6 6.7
+EF-2 7.8 9.9

absence of DB. Rabbit reticulocyte lysate was incubated at
2 Results were obtained as described under Materials and Methods.37 °C for 30 min in the presence or absence of DB; then the
Data represent the mean of two independent determinations. ribosome-containing complex was isolated by ultracentrifu-
gation and subjected to SB®PAGE. The presence of EF-
mation. Binding then was assessed by equilibrium dialysis. 1 in the individual assay mixtures was detected by Western
Equal concentrations of,IDB and GDPCP were placed on  blot analysis and quantified by densitometry. As can be seen
either side of a dialysis membrane to achieve rapid ligand in Figure 3, the amount of ribosome-bound Ek-is the
equilibration, while a fixed concentration of rabbit EB-1 ~ same in both the DB-treated and the DB-free samples. This
(kindly provided by Prof. W. C. Merrick) was added only result confirms the presence of EB-Ih inhibited ribosomal
to one half-cell. Following equilibration, aliquots were re- complexes and indicates that DB has no significant effect
moved for scintillation counting from each half-cell. A slight on the binding of EF-& to ribosomes. When fusidic acid
increase (16-20%) in radioactive counts in the Efxdcon- was used in place of DB in the same assay, no significant
taining cell was consistently observed at the end of a 24 h difference was observed in the amount of EF{ound to
incubation period with no further increase in counts even ribosomes from fusidic acid-treated and untreated samples
after 48 h, suggesting that an EB-GDPCPDB complex (Figure 3).
had formed. The dissociation constdtt for the complex DB Binds to RibosomEF-1o. ComplexesThe extent of
was determined to be 211 83.8uM. This relatively high didemnin binding to ribosomEF-1o. complexes was ana-
Kq value indicates that there is only a weak association be-lyzed by titration of translation grade rabbit reticulocyte
tween DB and EF-4:GDPCP. In control experiments, no lysate with 5-DB, followed by isolation of the ribosomes
binding could be detected between DB and bovine serumpy centrifugation. The amount of ribosome-associated T
albumin. DB was determined by scintillation counting, and the data

Analysis for EF-&x Bound to Pre-translocate Ribosomes  were analyzed using a Scatchard plot as shown in Figure 4.
The weak association between DB and EFifh solution From this analysis, the dissociation constant for DB binding
could indicate that DB primarily recognizes ribosome-bound to the ribosomeEF-1o. complex isKy = 4.1 uM, and the
EF-lo. Previous mechanistic studies suggest that DB locks number of binding sites for DB on the ribosor&&-1o
ribosomes in a pre-translocative state. To further examine complex is 1.7. This analysis suggests that the stoichiometry
this model, we first attempted to establish whether [6F-1 of DB binding to ribosomes is approximately 2:1. To
remains bound to ribosomes that have been inhibited by DB. examine whether DB could bind to ribosomes alone, we
Using anti-EF-t antibodies in an ELISA format, EFedwas quantified the amount of JDB bound to salt-washed
detected in association with pre-translocative complexesribosomes (i.e., ribosomes stripped of all initiation and
prepared from ribosomes, Ef:1GTP, poly(U), and Phe-  elongation factors by treatment with 0.5 M KCI). The extent
tRNA (control samples contained no EB)L The addition of T,-DB binding to these salt-washed ribosomes was 10
of DB to these complexes did not significantly alter the 20% of the binding observed between-OB and the
amount of EF-ix detected. This result indicates that E€-1  complete translation complex. These results show that DB
is a component of the pre-translocative complex and is not binds to ribosomes with micromolar affinity in a translation
displaced by DB (Table 2). factor dependent manner.

EF-1a Remains Bound to Ribosomes from DB-Treated DB Does Not Inhibit EF-&-Dependent GTP Hydrolysis
Cell Lysate The effect of DB on EF-d binding to ribosomes  To analyze the guanosine phosphate bound to the pre-
in cell lysate was further evaluated by quantifying the amount translocative ribosomal complex, rabbit reticulocyte ribo-
of EF-lo. associated with ribosomes in the presence and somes were incubated with ERt1Phe-tRNA" poly(U),
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Ficure 4: Scatchard plot of DB binding to ribosomeEF-1o
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complexes. The dissociation constant for DB binding was obtained

from the slope of this plot, and the stoichiometry of binding is
indicated by thex-intercept.

and either-[3?P]-GTP ory-[*?P]-GTP, with or without DB
(50 uM). The pre-translocative complex formed from these

Biochemistry, Vol. 39, No. 15, 2000343

Table 3: Binding of Labeled Guanosine Phosphates to
Pre-translocative Ribosontes

ribosomes guanosine guanosine:ribosomes

DB (M) (pmol) phosphate (pmol) ratio
o-[*?P]-GTP

0 58 131 2.0

50 45 137 3.0

0 45 101 2.2

50 39 107 2.7
y-[32P]-GTP

0 118 179 15

50 112 189 1.7

0 61 56 0.9

50 55 50 0.9

a Experiments were performed as described under Materials and
Methods.

inhibit general protein synthesis in the same cet® (It is
active in the mixed-lymphocyte reaction at concentrations
below which it is cytotoxic toward lymphocytic cell2).

In addition, the DB analogue nordidemnin inhibitsyc
inositol uptake into WRK cells at concentrations that do
not significantly affect the expression of vasopressin recep-
tors 26). We have shown recently that inhibition of protein
synthesis is insufficient to induce apoptosis in DB-sensitive

components was isolated from free protein and nucleotidesce” lines @7). A report of didemnin binding to protein

by centrifugation through a sucrose cushion, rinsed, and

analyzed for GTP by nitrocellulose filter binding and

palmitoyl thioesterase may lead to the delineation of other
mechanisms that could explain these effects of didemnins,

scjntillation counting. The gmount of ribos_omes isolated by but the significance of this protein to didemnin function is
this procedure was determined by measuring the absorbanc%resently unclear2g, 29

at 260 nm of a sample of the ribosomal pellet. In the absence

of DB, the ratio of ?P-labeled guanosine phosphate to
ribosomes was approximately 2:1 when usin?P]-GTP
and 1:1 when using-[®?P]-GTP, suggesting that one of the

GTP molecules is cleaved to GDP prior to isolation of the

Although inhibition of protein synthesis may not explain
all of the biological properties of DB, we saw several reasons
to study this activity in more detail. First, the mechanism of
inhibition of protein synthesis by DB is unusual, making this
molecule a useful probe for studying the details of protein

complex (Table 3). The same results were obtained in the gy \hesis in eukaryotes. Second, the concentrations of

presence of DB, indicating that DB does not affect Ef-1

didemnins required to inhibit protein biosynthesis in vitro

dependent guanosine phosphate binding, or GTP hydrolysis, .o gimilar to the cytotoxic concentrations @Cof DB

on the ribosome.

DISCUSSION

determined in screens against 60 human tumor cell fiies.
the toxicity associated with the clinical use of didemnins is
related to the ability of these compounds to inhibit protein

The cyclic depsipeptide DB possesses several interestingsynthesis, then an understanding of how DB inhibits protein

biological activities §, 21). It is immunosuppressive and
inhibits T-cell blastogenesis at picomolar concentrati@a (
it prevents cell proliferation at nanomolar concentrati@$; (

synthesis may facilitate the design of less toxic didemnins
for therapeutic application. Third, the inhibition of translation
by DB is mediated by EFl, and this protein has been linked

and it is cytotoxic at nanomolar to micromolar concentrations to metastatic potentiaBQ, 31 and increased susceptibility

against a wide range of human tumor cell typ24)(The

to transformation32, 33; the expression of a closely related

observation that DB inhibits protein synthesis in cells led to protein is associated with a human hepatic carcina®4a (
the suggestion that this activity might represent the primary Together, these observations suggest that &Fay be an

mechanism of cytotoxicity for this ager24). Didemnins

appropriate target for novel antitumor or antimetastatic

inhibit protein synthesis in cell-free assays indicating that agents. With these considerations in mind, we have examined
they can interfere directly with the translational machinery the composition of the inhibited ribosomal complex resulting
(8, 29. Comparison of the inhibitory potency of various from treatment of rabbit reticulocyte lysate with DB, and
didemnin analogues (Ahuja et al., unpublished results), andwe have determined in more detail the mechanism by which
the identification of EF-& as a didemnin binding protein DB prevents ribosomal translocation.

(11, indicates that the inhibition of protein synthesis by  We envisaged two possibilities for the way that DB inhibits
didemnins occurs as the result of a specific recognition eventtranslocation: inhibition of EF-2 function or inhibition of
rather than through nonspecific interference with the ribo- EF-2 binding. Although only the latter possibility is consis-
some. However, several results indicate that the immuno-tent with the generally accepted model for eukaryotic
suppressive and the antiproliferative properties of didemnins elongation, some workers have provided evidence that this
in cells are mediated through a different mechanism. For
example, DB inhibits T-cell blastogenesis at concentrations 2| ¢ values for DB were determined by the Drug Synthesis and
approximately 3 orders of magnitude lower than required to Chemistry Branch of the National Cancer Institute.
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model may not be entirely correct (see below). In probes of
EF-2 binding to ribosomes in reticulocyte lysate, DB

Ahuja et al.

bound to a single DB molecule. Janssen and co-workers have
postulated that two EFelchains can associate with a single

consistently reduced the amount of EF-2 to background levelsribosome 87). Moreover, other studies have indicated that

similar to those obtained usingsarcir? (Figure 2;35, 36.
Thus, DB appears generally to inhibit translocation by
preventing EF-2 binding.

We have shown previously that ribosomal translocation
is not prevented by DB in the absence of Ek-$uggesting
that EF-2 binding to ribosomes may not be inhibited directly
(8). Consistent with this hypothesis, DB does not inhibit EF-

EF-Tu, the prokaryotic equivalent of EFlcan form a
pentameric complex containing 2 GTP molecules and 2
aminoacyl-tRNAs 88, 39.

According to the generally accepted model of eukaryotic
protein synthesisl@, 40, 4}, EF-1a functions similarly to
its prokaryotic analogue EF-Tu. A ternary complex is formed
between EF-&, GTP, and aminoacyl-tRNA, which delivers

2-dependent GTP binding to ribosomes stripped of translationthe aminoacyl-tRNA to the ribosomal A-site. Once the

factors using 0.5 M KCI (Table 1). Thus, the inhibition of
EF-2 binding by DB appears to be an indirect result of
interactions between didemnin B and a translation factor,
most likely EF-T. Further support for the formation of a
complex between DB and EFelis provided by the
demonstration thatl-Ac-DA binds to EF-1 (11). However,
using a variety of different approaches, including co-
immunoprecipitation and gel-filtration, we initially were
unable to detect any significant binding of DB to E&-1

aminoacyl-tRNA is bound to the ribosome, E&-ydrolyzes

a molecule of GTP to GDP and is released from the ribosome
as an EF-&-GDP complex. The GDP must be replaced by
GTP in the cytosol before the factor can bind and deliver
another aminoacyl-tRNA molecule. EF-2 is thought not to
bind to ribosomes when EFalis present at the ribosomal
A-site. Several pieces of evidence have been presented that
are consistent with the hypothesis that Ed-and EF-2
possess overlapping binding sites on the ribosae 42—

either in the presence or in the absence of GTP. After much 45).

experimentation to identify appropriate conditions, we
eventually were able to detect weak binding using microdi-
alysis. From these experiments, we determinéd, a 0.2
mM for DB binding to EF-B/GDPCP. In control experi-

ments, no binding was detected to bovine serum albumin.

This result is in contrast to the observation of Crews and
co-workers, who estimatedky = 15 uM for N-acetyl-DA
binding to EF-D/GTP by gel-filtration, and is higher than
may be expected based on thed@r inhibition of protein
synthesis by DB.

In contrast, DB binding to ribosomes isolated directly from
cell lysate occurs withq = 4 uM (Figure 4). This value is
similar to the IGo for inhibition of protein synthesis in vitro
(4.0 £ 0.5 uM)* and to theKy determined forN-Ac-DA
binding to EF-1 in solution (154M). The presence of EF-
la in association with these ribosomes was verified by

On binding to the ribosomEF-1o. complex, DB could
prevent EF-2 binding by inhibiting EFelrelease from the
ribosomal A-site. The observed stimulation in Phe-tRRA
binding to ribosomes as a function of DB would be consistent
with this hypothesis&). Since GTP hydrolysis is required
for EF-1a release from the ribosomal A-site, one way in
which DB could prevent EFd release is by inhibiting GTP
hydrolysis. Therefore, the effect of DB upon EE-inediated
GTP hydrolysis was examined by analyzing the nature of
the guanosine phosphate bound to ribosomes in anceF-1
dependent fashion in the presence and absence of DB. In
two independent experiments using eithef3?P]-GTP or
y-32P-labeled GTP, the total amount of guanosine phosphate
bound to ribosomes was found to be independent of DB.
Moreover, the ratio of GTP to GDP was unaltered by the
addition of DB (Table 3). This observation suggests that DB

Western analysis (Figure 3), and this result was supporteddoes not inhibit EF-&-dependent GTP hydrolysis. Indepen-
by data from reconstituted pre-translocative complexes (Tabledently, Crews and co-workers showed thddacetyl-DA

2). We did not observe significant binding of DB to salt-

stimulates GTP hydrolysis by EFedin vitro in the absence

washed ribosomes that are no longer associated with translaef aminoacyl-tRNA or ribosomes. Also, we have shown

tion factors, supporting the notion that DB binding is
elongation factor dependent. The stoichiometry of DB

binding to ribosomes was calculated to be approximately 2:1,

previously that peptide bond formation can still occur in the
presence of DB§). Since peptide bond formation does not
occur without prior GTP hydrolysisAg), it seems unlikely

which might explain the steep concentration dependencethat DB is an inhibitor of EF-& GTPase activity.

exhibited by didemnins in assays of protein synthesis
inhibition (8). We can speculate either that both DB
molecules bind to a single EFelmolecule or that while
one DB molecule binds to EFelthe other molecule binds
somewhere else on the ribosofBE-lo complex. Alterna-
tively, the 2:1 stoichiometry of binding could indicate the
presence of two molecules of Eftbn the ribosome, each

8 a-Sarcin prevents both EFedand EF-2 binding to ribosomeS).
However, at concentrations sufficient to completely inhibit protein
synthesis,a-sarcin failed to reduce to zero the amount of EF-2

associated with ribosomes. This result suggests that a subpopulation

of the ribosomes in the cell lysate are not participating in protein

We sought to probe more directly the effect of DB upon
EF-1o binding to ribosomes by quantifying the amount of
EF-1o. associated with the ribosome in the presence and
absence of the inhibitor. According to the accepted model
for polypeptide elongation, EFeland EF-2 possess overlap-
ping binding sites on the ribosome and bind in a mutually
exclusive manner. Therefore, we expected the amount of EF-
1o bound to ribosomes to increase in the presence of DB
since the amount of EF-2 decreased; however, as stated
above, we found instead that the amount of ribosome-bound
EF-1o. was the same for both DB-treated and DB-free
samples. To examine this result further, we used fusidic acid

synthesis and therefore are not susceptible to inhibition by either in place of DB in the same assay. Again, according to the

didemnin B ora-sarcin. These ribosomes may exist in an EF-2-bound
terminated state as proposed by Davydova and co-workgjs (
4This Kq value is slightly lower and more accurate than the

standard model, the retention of EF-2 on ribosomes by fusidic
acid should prevent EFel from associating with these

previously published value as a result of repeated determinations over'ibosomes; however, addition of fusidic acid did not alter

a 5 year period.

the amount of ribosome-bound Ele-1This result, together
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with the known mechanism of fusidic acid, is not compatible
with the classical model proposed for the association of EF-
lo. with the ribosome; hower, it is consistent with the
model proposed by Grasmuk and co-workéds, 48.
According to the Grasmuk model, Efe:1s not released from
the ribosome following aminoacyl-tRNA binding, but re-
mains bound throughout the elongation cycle, although not
necessarily at the ribosomal A-site. This view has been
supported by Crechet and Parmegia) (but is generally
disregarded in reviews of this ared?j. Retention of EF-

loe on the ribosome, throughout polypeptide elongation,
would explain the inability of both DB and fusidic acid to
alter the amount of ribosome-bound E&-1

Based on the totality of our data, we propose the following
model for the inhibition of protein synthesis by DB. DB binds
to ribosomeEF-1o. complexes in a manner that does not
inhibit the EF-i-dependent or ribosome-catalyzed reactions,
but that does inhibit EF-2 binding. We submit two possible
mechanisms by which DB may block EF-2 from associating
with the inhibited ribosome: (1fompetitive: DB binds
to EF-1a such that either DB or EFel physically occupies
the binding site on the ribosome where EF-2 normally binds;
i.e., DB/EF-Tn competes with EF-2 for the same binding
site. (2)Uncompetitive: DB binds to the ribosom&F-1a
complex and locks the complex in a conformation that
disfavors EF-2 binding. A similar mechanism has been
proposed for ricin§0). Either mechanism is consistent with
the observation that increasing the amount of EF-2 can
overcome DB inhibition ).

In conclusion, we have found that DB inhibits ribosomal
translocation by indirectly preventing EF-2 from binding to
ribosomes. The present work is consistent with the hypothesis
that EF-Tn is the principal site of action for inhibition of
protein synthesis by DB, but indicates that the part played
by EF-lo. is more complex than initially appreciated. Two

mechanisms have been proposed for how DB may prevent 25.

EF-2 binding. Both of these mechanisms invoke the Grasmuk
model for the role of EF-d during polypeptide elongation,

a model that is supported by our experiments. Contrary to
accepted dogma, EFedappears not to cycle on and off the
ribosome during polypeptide elongation.

SUPPORTING INFORMATION AVAILABLE

Experimentals for the preparation o$-DB and proton
and tritium NMR spectra for FDB (7 pages). This material
is available free of charge via the Internet at http:/
pubs.acs.org.
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