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ABSTRACT. Solving the crystallographic structure of the ring-shaped heptamer formed by protective antigen
(PA), the B moiety of anthrax toxin, has focused attention on understanding how this oligomer mediates
membrane translocation of the toxin’s A moieties. We have developed an assay for translocation in
which radiolabeled ligands are bound to proteolytically activated PA4P# the surface of CHO or L6

cells, and translocation across the plasma membrane is induced by lowering the pH. The cells are then
treated with Pronase E to degrade residual surface-bound material, and protected ligands are quantified
after fractionation by SDSPAGE. Translocation was most efficient (35%0%) with LRy, the N-terminal

PA binding domain of the anthrax lethal factor (LF). Intact LF, edema factor (EF), or fusion proteins
containing Lk fused to certain heterologous proteins [the diphtheria toxin A chain (DTA) or dihydrofolate
reductase (DHFR)] were less efficiently translocated (¥23%); and Lk fusions to several other proteins

were not translocated at all. kRwvith different N-terminal residues was found to be degraded according

to the N-end rule by the proteasome, and translocation @ffused to a mutant form of DHFR with a

low affinity for methotrexate (MTX) protected cells from the effects of MTX. Both results are consistent
with a cytosolic location of protected proteins. Evidence that a protein must unfold to be translocated
was obtained in experiments showing that (i) translocation gf0FA was blocked by introduction of

an artificial disulfide into the DTA moiety, and (ii) translocation of \IPHFR and LiyDTA was blocked

by their ligands (MTX and adenine, respectively). These results demonstrate that the acid-induced
translocation by anthrax toxin closely resembles that of diphtheria toxin, despite the fact that these two
toxins are unrelated and form pores by different mechanisms.

Although many bacterial toxins act by modifying cytosolic agent of anthrax. The three proteins are the following:
substrates within mammalian cells, it is not known in detail protective antigen (PA; 83 kDa), edema factor (EF; 89 kDa),
for any toxin how the enzymic moiety crosses a membrane. and lethal factor (LF; 83 kDa). Whereas any of the three
Most intracellularly acting toxins are bipartite proteins, proteins alone is nontoxic, injection of EF PA (a
consisting of separable enzymic (A) and delivery (B) combination termed “edema toxin”) causes edema in ex-
moieties. In general the B moiety facilitates attachment of perimental animals, and injection of L+ PA (“lethal toxin”)
the toxin to the cell surface by binding to cell surface causes deathl(2). EF and LF are alternative A moieties,
receptors, and in some toxins B also forms aqueous poresand PA serves as the common B moiety for delivery of these
in membranes. The actual mechanism by which the trans-proteins into cells X, 3). EF is a calmodulin-dependent
location occurs remains speculative. adenylate cyclasetl), and recent work has shown that LF is

Anthrax toxin (AT is a term used to describe a collection @ zinc metalloprotease that can cleave MAP-kinase-kinase

of three proteins secreted Bgcillus anthracisthe causative (5, 6, 7). Lethal toxin elicits overproduction of certain
lymphokines by macrophages, causing lethal systemic shock

8).
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1 Abbreviations: AT, anthrax toxin; DHFR, dihydrofolate reductase; forming a ring-shaped r_\eptamarO). The heptgmer, which
DT, diphtheria toxin; DTA, the catalytic subunit of DT; EF, edema We term the prepore, binds EF or LF competitively, and the
factor; LF, lethal factor; Lk, N-terminal 255 residues of LF; MES,  complex is internalized by receptor-mediated endocytosis and

4-morpholineethanesulfonic acid; MTX, methotrexate; nPA, trypsin- trafficked to an acidic compartment within the cell1}
nicked protective antigen; PA, protective antigenfN-terminal 20 '

kDa fragment of PA; P4, C-terminal 63 kDa fragment of PA; PAGE, ~ There, the low pH induces the prepore to insert into the
polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline.membrane, allowing EF/LF to cross the membrane and enter
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Ficure 1: Model of anthrax toxin entry into cells: 1, binding of
PA to its receptor; 2, proteolytic activation of PA and dissociation
of PAy; 3, self-association of monomeric BAto form the
heptameric prepore; 4, binding of EF/LF to the prepore; 5,
endocytosis of the receptor/Bfligand complex; 6, pH-dependent
insertion of PA3z and translocation of the ligand.

the cytosol 12, 13. It has been proposed that the pore
formed by PAs serves as a conduit for passage of the
partially or completely unfolded A moieties across the
membrane, but direct evidence for this is lacking.

In many respects the entry mechanism of AT closely
resembles that of diphtheria toxin (DT). Both toxins are
trafficked to an acidic intracellular compartmend4( 15;
in both, the translocation is pH-dependetf)(and is blocked
by lysosomotropic agentd4, 19; and in both, the B moiety
is capable of forming ion-conductive pores in cells and
artificial lipid bilayers under acidic conditiond [, 1§. AT
and DT are structurally unrelated, however, and their
insertion into membranes is mediated by entirely different
structural motifs. In DT, pore formation is a property of
thea-helical T (transmembrane) domaih7j. This domain
contains a buried hydrophobic helical hairpin, which inserts

Wesche et al.

or NEN-Dupont. Methotrexate was from Lederle Arznei-
mittel (Germany). Pronase E (Protease Type XIV from
Streptomyces griseysPMSF, andN-ethylmaleimide were
purchased from Sigma. HEPES medium consists of the
following: bicarbonate- and serum-free Eagle’s minimal
essential medium (for L6) or Ham’s F-12 (for CHOKZ1),
buffered with HEPES to pH 7.4. Dialysis buffer consists
of the following: 140 mM NaCl, 20 mM HEPES, and 2
mM CaCl, adjusted to pH 7.0 with NaOH. Lysis buffer
consists of the following: 0.1 M NaCl, 20 mM NaRO,,

10 mM EDTA, 1% Triton X-100, 1 mM PMSF, and 1 mM
NEM, pH 7.4. PBS consists of the following: 140 mM NacCl
and 10 mM NaHPO,, pH 7.4. MES/gluconate buffer
consists of the following: 140 mM NacCl, 5 mM sodium
gluconate, and 20 mM MES, adjusted with Tris to pH 4.8
or 7.0.

Plasmid Construction.The Escherichia colstrain DH5x
was used in the cloning procedures. To form pBei$iop,
the fragment encoding residues-255 of LF was cloned
into pBSN-1 by PCR using pET15b-kK24) as a template.
The forward primer (CAGTGCCATGGCGGGCGGTCATG-
GT) was used to introduce & Blcd site, and the reverse
primer (CAGTGTCTAGACTAGGATAGATTTATTTCTTG)
was used to introduce a stop codon after residue 255 and a
3 Xbd site. The fragment was cloned into pBSN-1 between
the Ncd and Xba sites. The same strategy was applied to
form pB-LRy-Fus except that instead of a stop codon, a linker
containing anApd site was introduced before thébal
site at the 3 end of Lk, using the following reverse
primer: CAGTGTCTAGATTGGGCCCCGGATAGATT-
TATTTCTTG. Fusion proteins were made by introducing
a 5 Apd site and a 3Asp718 site by PCR in the following
coding sequences: aFGF (primers: CAGTAGGGGC-
CCAAATGGCTAATTACAAGAAG and TCAGTGGG-
TACCTCAATCAGAAGAGACTGGCAG), bFGF (prim-
ers: CAGTAGGGGCCCAAATGGCAGCCGGGAGCATC
and TCAGTGGGTACCTCAGCTCTTAGCAGACATTG),
DHFR (primers: CAGTAGGGGCCCAAATGGTTCGAC-

and forms pores upon contact of the domain with negatively cATTGAAC and TCAGTGGGTACCTTAGTCTTTCT-

charged bilayers under low-pH conditions9). The mo-
lecularity of the DT pore remains uncertain, but there is
evidence suggesting that it is monome2€)( In contrast,
pore formation by AT is mediated by the heptamericsPA

TCTCGTAG), DHFR-L22R (primers: CAGTAGGGGC-
CCAAATGGTTCGACCATTGAACandTCAGTGGGTACCT-
TAGTCTTTCTTCTCGTAG), CNTF (primers: CAG-
TAGGGGCCCAAATGGCTTTCGCAGAGCandTCAGTGGG-

prepore 10), and recent evidence indicates that the prepore TACCCTACATCTGCTTATCTTTG), Tat (primers: CAG-

inserts by forming a 14-stranded transmembyabarrel like
that seen in the heptame&taphylococcus aurewshemo-
lysin pore @1, 22.

Availability of the crystallographic structures of native PA
and the PAs; heptamer Z3) has raised the prospect of

TAGGGGCCCAAATGGAACCAGTCGACCCTAG and
TCAGTGGGTACCCTATTCCTTAGGACCTGTC), Teta-
nus toxin light chain (primers: CAGTAGGGGCCCAAAT-
GCCAATAACCATAAATAAT and TCAGTGGGTACCT-
TATGCAGTTCTATTATATAAATT), and Botulinum toxin

understanding the AT translocation process in detail. To g light chain (primers: CAGTAGGGGCCCAAATGCCAA-
document more clearly that RAligands are in fact trans-  cAATTAATAGTTTTAAT and TCAGTGGGTACCT-
located to the cytosol and to examine various factors that TATTTCCTTATGCCTTTTACAG AAAC). The fragments
affect the AT translocation process, we have developed ayyere cloned into pB-Li-Fus between thapa and Asp718
protease protection assay for acid-triggered translocation bygjtes. To form pB-DHFR-LK, Ncd sites were introduced
AT across the plasma membrane. Here we describe thisgt the 5 and 3 ends of DHFR by PCR (primers: CAGT-
assay and its application, together with activity based assays GcCATGGTTCGACCATTGAAC and GCCCGCCATG-
to quantify AT translocation and to examine factors that GcGTCTTTCTTCTCGTAG AC). The fragment was cloned

affect the efficiency of the process.

EXPERIMENTAL PROCEDURES

Materials, Media, and Buffers.Translation-grade3®fS]
methionine andH] leucine were obtained from Amersham

into theNcd site in pB-LRy-Stop.

Pre-Arg-FLAG-LRy was constructed by PCR using pB-
LFn\-Fus as a template, the following forward primer:
CAGTGCCATGGCACATATCGAGGGAAGGCGATACAAGGAC-
GACGATGACAAGCTCGCGGGCGGTCATGGTGATGTAGGT,
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Ficure 2: Schematic presentation of fusion proteins. In the case of the X-FLA@Rants, a precursor containing a factor Xa recognition
sequence (underlined) was cleaved with factor Xa, thereby generating X-FLAG-LF

and the same reverse primer used in the construction of pB-the single mutation N58C. PCR products were cleaved with
LFn-Fus. The PCR product was digested witled and the restriction endonucleasemll andBanH| (New England
Bglll and cloned between thidcd and Bglll sites of pB- Biolabs) and introduced into the pET15bdIBTA construct
LFn-Stop. Pre-Met-FLAG-LK and pre-Phe-FLAG-L (10) by fragment exchange.

were constructed by similar approaches, but the underlined A constructs were verified by dideoxy sequencing, and

CGA triplet of the forward primer shown above had been schematic representations of the constructs used are in Figure
substituted by ATG and TTT, respectively. 2.

LF\DTA-CC2, containing the mutations N58C and S146C,  Cell Cultures CHO-K1 and L6 cells were obtained from
was constructed by PCR using the construct encoding DTA- the American Type Culture Collection. L6 (rat myoblast)
CC2 @25 as template, the forward primer GCAGAAGCAC- cells were propagated in Dulbecco’s modified essential
CACGTGGCGCTGATGATGTTGTTGAT and the reverse  medium (DMEM) supplemented with 5% FCS. CHO-K1
primer AAGCTTGGATCCTCATTAACGATTTCCTGCAG- (hamster ovary) cells were propagated in HAM’'s F12
AGGCTTGAGC, which also alters the natural cysteine at supplemented with 10% calf serum, 500 units/mL penicillin
DTA position 186 to a serine. The companion construct, G, and 500 units/mL streptomycin sulfate (Gibco BRL). Cells
LFNDTA-CS2, was made the same way but using as a were maintained at 5% GQn a humidified atmosphere.
template the construct encoding DTA-C25), to result in Cells were seeded into 12- or 24-well Costar (Cambridge,
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MA) microtiter plates 16-18 h preceding the experiments. (PA: pET22B-PA 22); LF\DTA proteins, as above).

In Vitro Transcription and Translatian Plasmid DNA was Overnight cultures were added 1:100 to Luria broth contain-
linearized downstream of the encoding gene and transcribeding 50ug/mL ampicillin. Cultures were grown with shaking
with T3 RNA polymerase. The mRNA was precipitated with at 37°C until an OQo0f 1.0 was reached. IPTG was added
ethanol and dissolved inJ® containing 10 mM DTT and  to 0.5 mM, and cultures were incubated with shaking at 37
0.1 unitikL RNasin. The translation was performed for 1 h °C for LFy\DTA proteins, 30°C for PA, for an additional 2
at 30°C in micrococcal nuclease treated rabbit reticulocyte or 4 h, respectively. LEDTA-containing cells were har-
lysate (Promega, Madison, WI). Radioactive proteins were vested by centrifugation and lysed by treatment with
made with lysates containingiM [*°S] methionine and the  lysozyme (10Q«g/mL) at 30°C for 30 min followed by brief
other 19 amino acids (26M). Labeled methionine was  sonication 80). Lysates were cleared by centrifugation and
replaced by 25:uM unlabeled methionine when making loaded to a charged Nicolumn (Novagen). Eluted proteins
nonradioactive proteins. Alternatively, plasmid DNA con- were desalted and further purified by fast-protein liquid
taining the gene for the protein of interest was prepared by chromatography, using the anion-exchange Mono Q column
midiprep (Qiagen) and followed by inclusion in the TNT (Pharmacia). LRDTA proteins were treated with Ctr
Coupled Rabbit Reticulocyte Lysate System with T7 poly- phenanthroline and dialyzed extensively versus 20 mM Tris,
merase, as per manufacturer instruction (Promega). ThepH 8.0, to ensure efficient formation of disulfide bon88)(
amount of protein in the nonlabeled lysates was estimated Periplasmic extracts were prepared from PA-containing
as earlier described2€) by translating in parallel a small  cells by suspension in 20% sucrose, 30 mM Tris, pH 8.0,
aliquot of the lysate in the presence qil [3*S] methionine.  followed by centrifugation and resuspension of the cellular
Labeled proteins were dialyzed overnight &Clto remove  pellet in 5 mM MgSQ. Extracts were concentrated and
unreacted $S] methionine. desalted by an Amicon hollow fiber ultrafiltration device.

SDS-PAGE Polyacrylamide gel electrophoresis in the PA was purified from periplasmic extracts by anion exchange
presence of sodium dodecyl sulfate was carried out in 12.5%ysing the Q-Sepharose column (Pharmacia), followed by
gels as described by LaemmR7). After electrophoresis  Mono Q purification (Pharmacia).
the gel was fixed for 30 min in 27% methanol/4% acetic  pyqtein Synthesis Inhibition AssayThis assay was
acid and then incubated for 30 mim1 M sodium salicylate/ performed essentially as previously descrit@g).( Briefly,

2% glycerol, pH 5.8. Kodak XAR-5 film was exposed 10 cHQ cells in 24-well plates were incubated withx210-8
the dried gel at-80°C. Gels examined by phosphorimager p nPA and varying concentrations of either WT \FTA,

were not treated with the enhancing solution. LFy\DTA-CC2, or LRDTA-CS2, from 1020 to 1075 M
Cell Binding and Translocation AssayCHO-K1 or LS for 24 h. Proteins were reduced, where specified, with 1
cells were incubated with trypsin-nicked P24f (2 x 10~ mM DTT prior to incubation with cells. Cells were washed

M) for 2 h at 4°C. The unbound PA was removed by gang incubated in leucine-free medium containingCli/mL

washing twice with PBS at 4C. Radiolabeled protein was  [3y] jeucine for 1 h. Cells were washed, and total cellular
added, and the cells were further incubatedZd at 4°C. protein was precipitated with 5% TCA. Tritium-incorporated
The cells were then washed three times with PBS and yrotein was measured by scintillation counting (LKB Wallac)

exposed to MES/gluconate buffer (3C) at pH 4.8 or 7.0 ang reported as a percentage of radioactivity incorporated
for 30 s to 2 min. The cells were then either lysed for 10 by cells untreated with toxin.

min in lysis buffer on ice or treated with protease type XIV
(Pronase E, 4 mg/mL) for 8 min at 3C. The cells, which
detach from the plastic during treatment with protease, were
collected in Eppendorf tubes and centrifuged. The pelleted
cells were washed with Hepes medium containing 1 mM
PMSF and 1 mM NEM and lysed for 10 min in lysis buffer
on ice. The nuclei were removed from the lysed cells by
centrifugation. Proteins were precipitated with 5% TCA for incubated for 2 days. The last 20 min of the incubation time
30 min on ice ".:md p_elleted by centrifugatipn. The pellet [®H] leucine was added. The cells were then washed twice
was washed twice .W'th ethyl.ether and subjected to S[.)S with 5% TCA and dissolved in 0.1 M KOH. The amount
PAGE under reducing conditions followed by phosphorim- of incorporated3H] leucine was estimated by liquid scintil-

aging or autoradiography. : : .
In Vitro Degradation of Lix Mutants. [**S] methionine- lation counting of the lysed material.

labeled Ly mutants obtained by in vitro translation were pEsyLTS

cleaved with 1ug of factor Xa/100uL of translocation

mixture far 2 h at 25°C. Freshly thawed reticulocyte lysate Pronase Protection Assay for Translocatiowhen cells

(12 uL) was added to L of the [¥°S] methionine-labeled  with surface-bound anthrax edema toxin are exposed to low

LFn mutants, and the mixture was incubated atG7(28). pH, one observes an elevation in the concentration of CAMP

Bestatin (40ug/mL) was present since this compound within cells, suggesting that some fraction of the bound EF

potentiates the effect of dipeptide inhibitoR9). At different is translocated across the plasma membrade 32. This

time points, aliquots were removed and analyzed by SDS s only indirect evidence for translocation, however, and does

PAGE as previously describe@§). not permit quantification of translocated EF. We therefore
Purification of PA and LRDTA Proteins. Proteins were  devised a direct assay for the translocation, involving

overexpressed and purified from tBecoli expression strain ~ protection of radiolabeled PA ligands from digestion by

BL21 (DE3) bearing the appropriate plasmid construct Pronase E.

Measurement of Methotrexate Toxicity6 cells growing
as monolayers in 24-well plates were incubated with increas-
ing amounts of methotrexate in DMEM. In the cases where
AT fusion proteins were added, the cells were preincubated
with the proteins for 3 h. After 2 days, the medium was
changed and the same amount of methotrexate and proteins
as before the change were added. The cells were further
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Ficure 3: Pronase protection assay for translocation. (A) L6 cells
were incubated with (lanes—®) or without (lane 1) nPA for 2 h

at 4 °C, washed, and incubated further with radiolabeleg Edt

2 hat 4°C. The cells were then in some cases lysed directly (lanes
1 and 2). In other cases they were briefly incubated at@with

a buffer of acidic (lanes 4 and 6) or neutral pH (lane 3 and 5), and
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N-End Rule Mediated Degradation as a Translocation
Marker. To obtain further evidence that the protected
material was in fact translocated to the cytosol, we prepared
mutants of LI that could be degraded at different rates by
the N-end rule pathway, which involves proteasomes and is
believed to occur in the cytosol (for review, see ref 33).
According to the N-end rule, the identity of the N-terminal
amino acid can strongly influence the intracellular half-life
of a protein. Prototypic destabilizing residues are bulky and
hydrophobic (i.e., Phe, Trp, Tyr, Leu) or charged amino
acids. N-end rule-mediated degradation in vitro can be
inhibited by a dipeptide with an N-terminal residue similar
to that of the substrate protei@q, 39.

Falnes and Olsnes have studied the N-end rule-mediated
degradation of DT mutant28). When a short peptide, the
FLAG epitope 85), containing an N-terminal Asp residue
was fused to the N-terminus of the DT A-fragment, the
resulting protein was unstable upon translocation to the
cytosol. Furthermore, when this N-terminal Asp was
replaced by other amino acids, a panel of mutants with a
wide range of intracellular stabilities was generated. The
FLAG peptide, with either destabilizing residues (Arg, Phe)
or a stabilizing residue (Met) at the N-terminus, was fused
to the N-terminus of Lk, and the constructs were expressed
in a rabbit reticulocyte lysate system. Since proteins
expressed in a reticulocyte lysate have an N-terminal Met
residue, each mutant was produced from a precursor protein
containing a factor Xa cleavage site, and the desired

in some cases subsequently treated with Pronase (lanes 5.and 6)N-terminal amino acid was exposed through cleavage with

Finally, the cells were lysed, the nuclei were removed, and the
proteins were TCA-precipitated from the cell lysate and analyzed
by SDS-PAGE followed by fluorography. (B) CHO-K1 cells were
incubated with nPA and EF and treated as in (A). (C) L6 cells
were treated as in (A), but the cells were exposed to buffers with
the indicated pH during the brief incubation at 32.

Trypsin-nicked PA was bound to CHO-K1 or L6 cells,
the cells were washed, and a PA-ligand protein that had bee
radiolabeled with S] methionine was bound to the cell-
associated PA. These steps were performed@ttd inhibit
endocytosis. The cells were then incubated at@7or 30
s with acidic (pH 4.8) or neutral (pH 7.0) buffer and

subsequently treated with Pronase E. Finally, the cells were
lysed, the nuclei were sedimented, and the TCA-precipitable

fraction of the supernatant was analyzed by SIPAGE.
As one example of a PA ligand, we usedn.fhe 255-

residue N-terminal domain of LF. Figure 3A shows that

radiolabeled Lk bound to the cells at 4C in the presence

factor Xa.

To test whether the mutants with destabilizing amino acids
at the N-terminus could be degraded by the N-end rule
pathway, we first studied the stability of the . Futants in
vitro in a reticulocyte lysate. We also tested whether the
degradation could be inhibited by dipeptides with N-terminal
amino acids similar to those of the substrate proteins.

nRadiolabeled Lk mutants were cleaved with factor Xa and

incubated for different time periods in the lysate. The two
mutants with destabilizing amino acids (Arg-FLAG-L.&nd
Phe-FLAG-LK) were degraded in the lysate, while the
mutant with an N-terminal Met (Met-FLAG-L{) was not
(Figure 4A). The dipeptide with a positively charged amino
acid at the N-terminus, His-Ala, inhibited the degradation
of Arg-FLAG-LFy, whereas the dipeptide Trp-Ala, with an
N-terminal bulky, hydrophobic amino acid, inhibited the
degradation of Phe-FLAG-L{(Figure 4A).

bound LK were incubated at 37C and then treated with

amino acids at the N-terminus could be degraded by the

Pronase E to digest surface-bound material, a protected band\-€nd rule pathway in living cells. Radiolabeled \.F

4.8, but not at pH 7.0. By quantifying the bands from Figure
3A by autoradiography, we estimated that 3556% of cell-
bound Lk was translocated. Translocation of \Mvas

cells were treated with buffer at pH 4.8 to induce translo-
cation of the mutants. LFwith a destabilizing N-terminal
amino acid (Arg-FLAG-Lkk, Phe-FLAG-LkK) was rapidly

measured as a function of pH and found to be maximal at degraded after translocation into the cells, whileylAth
pH 5.2 and below (Figure 3C); little translocation was N-terminal Met was stable (Figure 4B). These results
observed at pH 5.6 or higher. In other experiments, we found indicate that the Lk mutants are specifically recognized and

that 15%-20% of the surface-bound EF (Figure 3B) was
translocated. A similar efficiency was observed foryEF
DTA, a fusion protein of L with the enzymic A chain of
DT. Translocation did not occur when the low-pH pulse
took place at £C (data not shown).

degraded by the N-end rule pathway both in vitro and in
living cells.

The proteasome, a large cytosolic complex, is involved
in the degradation of proteins by the N-end rule pathway.
Degradation by the proteasome can be inhibited by lacta-
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v - ——— Ficure 5: Translocation of L fusion proteins. The experiments
were performed as in Figure 3A. Trypsin-nicked PA and radiola-
ATg o beled ligand were bound to cells af@, and then exposed to pH
- l-h--- 4.8 or 7.0. The cells were treated with Pronase where indicated
and analyzed by SDSPAGE and fluorography. The left panel was
Pl f— - exposed for a longer period than the others to visualize the
- [ — translocated fusion proteins.

Ficure 4: N-end rule-mediated degradation of X-FLAGq\.KA) ; ;
In vitro degradation of L mutants in reticulocyte lysates. After fo LFy, the resulting heterologous proteins are translocated

expression in a reticulocyte lysate, precursor proteins were cleavedt© the cytosol in a PA-dependent fashi@#(37-39). We
with factor Xa to generate the corresponding X-FLAGxlffoteins used the protease protection assay to test the translocation
(X = Arg, Phe, Met) (see Figure 2). A sample of translation mixture of a panel of LIy fusion proteins (see Figure 2).

was mixed with an excess of freshly thawed reticulocyte lysate Dihydrofolate reductase (DHFR), a cytosolic protein, was

and incubated at 37C. At the indicated time points aliquots were ) _ ; R ~
removed and analyzed by SB8AGE and fluorography. Similar fused N- or C-terminally to Lirto form DHFR-LRy or LFy

experiments were carried out in the presence of the dipeptides His-DHFR, and the fusion proteins were bound to the cells in
Ala and Trp-Ala (10 mM) as indicated. (B) In vivo degradation of the presence of PA. A Pronase-protected band was visible
X-FLAG-LFy in L6 cells. Trypsin-nicked PA and{S] methionine-  with both constructs when the cells were treated with buffer
labeled Liy mutants were bound to cells af@ as in Figure 3A. 4t |ow pH, implying that the fusion proteins were translocated

The cells were incubated for 2 min at 3C in MES/gluconate - -
buffer (pH 4.8) to induce X-FLAG-LF translocation, followed by~ ©© the cytosol. The translocation was most efficient when

incubation in growth medium for various time periods at°&7. DHFR was fused to the C-terminal end of \kFigure 5).
Finally, the cells were lysed, and the TCA-precipitable material Similar experiments were performed with DTA fused to
was analyzed by SDSPAGE and fluorography. Similar experi-  either terminus of L (DTA-LFy and LR-DTA) (24), and
ments were performed in the presence of the proteasome inhibitorj, this case as well. more material was protected from

lactacystin. In these cases, the cells were pretreated foat 37 -
°C with 20 uM lactacystin, which was also present during the Pronase when DTA was fused to the C-terminus of (data

binding of the L mutants to the cells, and during the incubation Not shown). These experiments suggest that the translocation
in growth medium at 37C following the low-pH treatment. (C)  of LFy fusion proteins is more efficient when the proteins

Binding of X-FLAG-LFy to cells. L6 cells were incubated with  gre fused to the C-terminus of LFhan to its N-terminus, a
nPA for 2 h at £C, washed, and further incubated with radiolabeled conclusion consistent with the findings of Arora and co-

X-FLAG-LFy mutants fo 2 h at 4°C. The cells were then lysed

in lysis buffer and analyzed by SB®AGE and fluorography. The Workersf 68). . . .
asterisk indicates a downstream initiation product that in all cases A fusion of ciliary neurotrophic factor to the C-terminus
has an N-terminal methionine. of LFy (LFN-CNTF) was also translocated to the cytosol

(Figure 5), whereas fusions of several other proteins were
cystin 36). As seen in Figure 4B, the degradation of Arg- not translocated: acidic fibroblast growth factor, tetanus toxin
FLAG-LFy and Phe-FLAG-Lk was inhibited by lactacystin,  light chain, basic fibroblast growth factor, HIV Tat protein,
indicating that the unstable proteins are degraded by theand botulinum toxin E light chain (data not shown).
proteasome and supporting the idea that the Pronase- A Mutant DHFR Inhibits the Cytotoxicity of Methotrexate
protected material actually has reached the cytosol. The datan L6 Cells Dihydrofolate reductase (DHFR) catalyzes the
in Figure 4C demonstrate the ability of the in vitro made reduction of dihydrofolate to tetrahydrofolate and is a key
protein to bind to cells. In addition to the main translation enzyme in the synthesis of DNA. Methotrexate (MTX), a
product, a slightly more rapidly migrating band was observed folate analogue, binds to DHFR and inhibits its enzymatic
(indicated by an asterisk). This represents a downstreamactivity. MTX is therefore used as a cytostatic agent to Kill
initiation product which will in all cases have an N-terminal dividing cells.
methionine. This protein, which lacks the FLAG peptide, We constructed a fusion betweeny .&nd a mutant DHFR
appears to be more easily translocated than the larger proteirthat has very low affinity for MTX (Lik-DHFR-L22R) @0).
(compare panels B and C). This protein was stable underAs shown in Figure 5, the fusion protein LBHFR
all conditions, thus representing an internal control in the translocated to the cytosol, and this was also the case for
experiments in panel B. LF\-DHFR-L22R. We reasoned that this mutant DHFR

Translocation of LIy Fusion Proteins.Evidence has been  fusion protein, after translocation into cells, could comple-
presented that when certain peptides and proteins are fusednent the endogenous DHFR inhibited by MTX.
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Ficure 6: Inhibition of MTX cytotoxicity by LR-DHFR-L22R.

L6 cells were incubated for 4 days with increasing concentrations
of MTX (filled circles). In parallel experiments, the cells were
incubated with MTX and 1@L of dialyzed in vitro translated L~
DHFR-L22R (open circles), 1@L of LF\-DHFR-L22R + nPA
(open triangles), and aL of LFy-DHFR-L22R + nPA (filled
triangles). Ten microliters of in vitro translated protein corresponds
to ~5 ng of the fusion protein. The last 20 min of the incubation
time, PH]leucine was present, and the incorporafét]lpucine was
estimated by liquid scintillation counting. The data shown are
representative of three experiments with similar results.

L6 cells were incubated with various amounts of MTX
(0—33 nM). Radiolabeled leucine was added 20 min before
termination of the incubation, and the incorporated radio-
activity was measured. A dose-dependent decrease in th
incorporated radioactivity demonstrated the toxicity of MTX
(Figure 6). In parallel experiments, we added\tBPHFR-
L22R together with PA. In this case, the toxicity of MTX
was inhibited. When the fusion protein was added in the
absence of PA, there was little or no inhibition of the toxicity

(Figure 6). The experiment was repeated three times with

similar results. The results imply that Wl/ODPHFR-L22R is
translocated to the cytosol of L6 cells, where its enzymatic
activity can complement the reduced activity of the endog-
enous DHFR.

Unfolding of a Protein is Required for its Translocation
Unfolding has been shown to be a prerequisite for the
translocation of DT to the cytosol. In one study, the
introduction of internal disulfide bonds in DTA inhibited
translocation of the toxin26); in another, translocation of a
fusion between DTA and DHFR was inhibited by metho-
trexate (MTX), which stabilizes the conformation of DHFR
and prevents unfolding4(Q).

To determine if unfolding is also required for AT trans-
location, we first examined the effect of liganding on\:F
DHFR translocation. As shown in Figure 7B, translocation
of LFy-DHFR and DHFR-LFy was inhibited by MTX,
whereas the ligand did not interfere with binding of the fusion
proteins to the cells (Figure 7A). With the mutant DHFR
fusion protein (Lk-DHFR-L22R), which has 270 times
lower affinity for MTX (40), translocation was not inhibited
by MTX (Figure 7B). Liganding of the DTA moiety of L
DTA also led to a blockage in translocation of this molecule.
When 300uM adenine Kq4 for DTA = 30 uM) (42) was
incubated with LRDTA during exposure to cells, translo-
cation of the fusion protein was severely impaired (data not
shown). Eighty micromolar NADK4 = 8 uM), a substrate
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of DTA, also blocked translocation, but less efficiently than
adenine 42). TheseKy values were measured at pH 8.2
and may not reflect the actully values at pH 4.8.

As a complementary approach to demonstrating that
unfolding is required for AT translocation, we used a fusion
protein containing Lk fused to the N-terminus of a mutant
DTA containing an internal disulfide bond (KFCC2).
Proteins with internal disulfides generally migrate faster than
their reduced counterparts in SBBAGE, and as seen in
Figure 7C, the oxidized form of LIFCC2 migrated faster
than the reduced form. A control mutant §-ES2) in which
one cysteine was changed to serine displayed the same
migration in the presence or absence of DTT (Figure 7C).
When LR-CC2 (oxidized) was tested for translocation in
the Pronase protection assay, no protected band was ob-
served, but when DTT was added to the protein to reduce
the disulfide bond prior to incubation with cells, a Pronase-
protected band was observed (Figure 7D). A similar
protected band was seen when the{ES2 construct was
used (Figure 7D). Thus the disulfide bond in DTA blocked
translocation of the fusion protein.

These results were corroborated by a functional assay.
LFNDTA had previously been shown to retain the catalytic
properties of DTA and to inhibit protein synthesis in
mammalian cells in a PA-dependent fashiad)( We
compared the abilities of WD TA, LFN\DTA-CC2, and Lk-
DTA-CS2 to inhibit protein synthesis as measured by the
capability of treated cells to incorporatéH] leucine into
newly synthesized proteins. As seen in Figure 7ELFA-

eCCZ was at least 100-fold less toxic than eithegxDFA or

LFN\DTA-CS2. However, when the disulfide bond was
reduced by the addition of DTT prior to incubation of the
mutant protein with cells, the activity was restored to that
of LFNDTA.

Taken together, these data indicate that at least partial
unfolding is necessary for the translocation of proteins via
the AT pathway.

DISCUSSION

The crystallographic structure of the BAprepore 23)
has given us for the first time the structure of a toxin B
moiety complex that mediates pore formation and translo-
cation. On the basis of this structure we have begun a quest
to understand the mechanism of translocation by this toxin
in detail. The main finding in the current work is that
translocation of protein into cells by the AT pathway requires
at least partial unfolding of the protein.

After binding to PAs at the cell surface, radiolabeled
ligands, including EF, LF, LE; and certain (but not all) L
containing fusion proteins, were found to become resistant
to Pronase E when the cells were exposed to acidic
conditions. A brief low-pH incubation (30 s) was sufficient
to induce this transition. Within the limits of the resolution
of SDS-PAGE, the sizes of the protease-protected translo-
cation products were unaltered from those of the original
proteins, implying that the proteins traverse the membrane
in intact form and become inaccessible to externally applied
Pronase.

Although protection from Pronase degradation does not
necessarily imply membrane traversal, the notion that
protected proteins are released into the cytosol is supported
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by additional data. Expression of the enzymic activities of introduction of an artificial disulfide bridge within the DTA
EF, DTA, and DHFR in vivo indicates that, at a minimum, moiety of LR-DTA, at a location that had been previously
the enzymic domains of these proteins fold correctly after shown to block the translocation of DTA by the B chain of
translocation and are able to recognize their respective DT (25), effectively prevented PA-dependent translocation.
substrates within the cytosol. The fact that DTA fused to This was demonstrated by both activity and protease protec-
either the N-terminus or the C-terminus of \Fnhibits tion assays. Reduction of the bridge permitted translocation.
protein synthesis in a PA-dependent manner implies that bothWe also showed that translocation of \-BHFR was
the N-terminal and the C-terminal domains of translocated blocked by the DHFR ligand MTX, whereas translocation
proteins become cytosolic and fold into an active fo#,( of a similar fusion containing mutant DHFR (DHFR-L22R)
38). Our data demonstrating that translocated lSsubject with a drastically reduced affinity for MTX was unaffected
to the N-end rule-mediated protein degradation pathway in by this ligand. Similarly, binding of adenine or NAD to the
vivo also support the concept of cytosolic delivery. The active site of DTA in LkDTA (47) blocked translocation
inhibitory effects of lactacystin on LiFdegradation, together  of the fusion protein. Thus either of two methods of
with the fact that LIy was selectively degraded on the basis stabilizing the native conformation of a protetmtroduction
of the stabilizing ability of its N-terminal residue, imply of an artificial disulfide bridge or ligandingcaused a similar
degradation by the cytosolic proteason3é)( inhibitory effect. Similar findings have come from studies
Efficiencies of translocation estimated from the protease of translocation by DTZ5, 41J).
protection assay depended on both pH and temperature. The As documented here and elsewhere, AT shows interesting

maximal rate of translocation observed at pH 5.2, similarities to DT in the functional aspects of translocation.
measured with L, is consistent with results reported earlier In both toxins, the B moiety forms a pore in membranes
for the permeabilization of the plasma membrané&®Rb" (12, 179, pore formation and translocation are pH-dependent

by nPA alone 10), suggesting that the insertion of the 8A  processes and show similar pH dependence profil2si(s,
prepore represents the major determinant of pH dependence48), and there is a requirement for A-chain unfoldir®)
A requirement of low pH for unfolding of the A moiety as In view of the dissimilar mechanisms of pore formation by
an integral step in translocation is not excluded, however. AT and DT, these functional similarities apparently illustrate
We found little or no translocation when the low-pH pulse the convergence of two different evolutionary pathways to
was conducted at 2C, although permeabilization 5Rb" a function enabling a protein to insert into and translocate a
by nPA was seen at this temperature in earlier wdi®, (  second, bound protein across a membrane under acidic
43). This discrepancy could reflect a temperature depen- conditions. Although it is uncertain whether the enzymic
dence of A-chain unfolding. moieties of these toxins traverse membranes via the aqueous
The efficiency of translocation of radiolabeled gAgand pores formed by their respective B chains, this remains a
under the chosen standard conditions (pH 4.8@)ranged viable model. It will be interesting to see how far the
between 35% and 50% (with JF and between 15% and parallels in translocation between the two extend as the
20% (with EF, LF, and Lk fusion proteins). These values structures of the pores of the two toxins are understood in
are similar to those observed in DT-mediated translocation greater detail.
across the plasma membradé (43. Although DTA and
DHFR were translocated when fused to either the N-terminus ACKNOWLEDGMENT
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