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The Low Lysine Content of Ricin A Chain Reduces the Risk of Proteolytic
Degradation after Translocation from the Endoplasmic Reticulum to the Cytosol
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ABSTRACT. Several protein toxins, including the A chain of ricin (RTA), enter mammalian cells by
endocytosis and subsequently reach their cytosolic substrates by translocation across the endoplasmic
reticulum (ER) membrane. To achieve this export, such toxins exploit the ER-associated protein degradation
(ERAD) pathway but must escape, at least in part, the normal degradative fate of ERAD substrates. Toxins
that translocate from the ER have an unusually low lysine content. Since lysyl residues are potential
ubiquitination sites, it has been proposed that this paucity of lysines reduces the chance of ubiquitination
and subsequent ubiquitin-mediated proteasomal degradation [Hazes, B., and Read, R. Bi¢thémistry

36, 11051-11054]. Here we provide experimental support for this hypothesis. The two lysyl residues
within RTA were changed to arginyl residues. Their replacement in RTA did not have a significant
stabilizing effect, suggesting that the endogenous lysyl residues are not the usual sites for ubiquitin
attachment. However, when four additional lysines were introduced into RTA in a way that did not
compromise the activity, structure, or stability of the toxin, degradation was significantly enhanced.
Enhanced degradation resulted from ubiquitination that predisposed the toxin to proteasomal degradation.
Treatment with the proteasome inhibitolastalactacysting-lactone increased the cytotoxicity of the
lysine-rich RTA to a level approaching that of wild-type ricin. The introduction of four additional lysyl
residues into a second ribosome-inactivating protein, abrin A chain, also dramatically decreased the
cytotoxicity of the holotoxin compared to wild-type abrin. This effect could also be reversed by proteasomal
inhibition. Our data support the hypothesis that the evolution of a low lysine content is a degradation-
avoidance strategy for toxins that retrotranslocate from the ER.

Ricin is a plant protein that is potently toxic to mammalian from where reduced RTA is translocated into the cytosol
cells because it irreversibly inhibits protein biosyntheg)s ( (3—6).

This results from the catalytic removal of a specific adenine  Export of the reduced toxin polypeptides to the cytosol is
residue from a highly conserved loop in 28S ribosomal RNA a poorly understood process, but evidence is accumulating
(Aszz4in the case of rat liver)d). Ribosomes containing ricin-  from both in vivo and in vitro studies to support the
modified 28S rRNA are unable to bind elongation factors contention that protein translocation from the ER involves
and, as a consequence, can no longer synthesize protein. the Sec61p translocons, (7). This conduit permits not only

Structurally, ricin is a heterodimer in which the catalyti- the import of nascent polypeptides but also the export of
cally active polypeptide (the A chain or RTAs covalently misfolded or orphan proteins for cytosolic degradation by
joined by a disulfide bond to a second polypeptide (the B the proteasome8(-10). Some native proteins can also be
chain or RTB). RTB is a galactose-specific lectin that dislocated to the cytosol as part of their cellular regulation
facilitates toxin binding to the surface of cells by interacting [e.g., HMG CoA-reductasel()] or as a result of viral gene
with terminal galactose residues present on surface glyco-expressionX?2). It is therefore plausible that toxins entering
proteins or glycolipids. Surface-bound ricin enters cells by the ER upon endocytosis are able to hijack the ER quality
endocytosis. The productive intracellular trafficking route that control system that normally serves to perceive and target
results in a toxic effect involves a small proportion of the such proteins to the Sec61p channels. The reverse translo-
endocytosed toxin reaching the endoplasmic reticulum (ER), cation of aberrant proteins to the cytosol is a process that is

normally tightly coupled to their cytosolic deglycosylation,

t Supported by a Wellcome Trust Program Grant to L.M.R. and ubiquitina_tion, and proteasomal c_iegradation_. This overgll

JM.L. process is known as ER-associated protein degradation
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expressed in all eukaryotic cells. The first step in the centration of 1 mM fo 4 h at 30°C. Cells were harvested
degradation of proteins by the proteasomes classically by centrifugation at 5000 rpm, resuspended in 15 mL of 5
involves the sequential, covalent linkage of multiple ubiquitin mM sodium phosphate buffer, pH 6.5, and broken by
molecules to target protein lysine(s) or sometimes to the sonication. Cell debris was removed by centrifugation at
amino terminus of the target®). This process involves the 15000 rpm for 30 min at £C and the RTA-containing
activation of ubiquitin by a specific activating enzyme (E1) supernatant loaded onto a carboxymethyl-Sepharose CL-6B
followed by its transfer to a ubiquitin carrier protein (E2). (Pharmacia) column equilibrated in the same buffer. The
Activated ubiquitin is then linked to the target lysine either column was washed with 1000 mL of buffer, followed by
directly or with the help of an ubiquitin ligase (E3). Although 100 mL of buffer containing 100 mM sodium chloride to
multiple E2 and E3 enzymes exist, there is thought to be remove unbound proteins. RTA was eluted with a 500 mL
only one E1 enzyme. The ubiquitinated protein is then NaCl gradient (106300 mM). Fractions containing pure
degraded by the 26S proteasomes (reviewed irl9gf RTA were identified by SDSPAGE, pooled, and stored at

Although posing as ERAD substrates provides an appeal-4 °C.
ing explanation as to how toxins might mechanistically ~ Cloning of the Abrin A Chain Gené 5 mm piece of
achieve export from the ER to the cytosol, to have a Abrus precatoriuseaf was boiled with 4QuL of 0.25 M
physiological effect at least a proportion of the exported NaOH for 30 s. Forty microliters of 0.25 M HCI plus 20
toxin must avoid subsequent proteasomal degradation. Thisof 0.5 M Tris-HCI, pH 8.0, and 0.25% Triton X-100 was
conundrum is made all the more tricky in that ubiquitination then added. This was boiled for a further 2 min and
(20) and proteolysisZ1) can be very tightly coupled to the ~ centrifuged in a microfuge at full speed for 5 min. The pellet

membrane translocation process. Interestingly, it has beenwas used in the following PCR reaction’ (&imer: GC-
noted that the A chains of toxins translocating from the ER GAATTC ATG CAA GAT CAA GTT ATT AAA TTC

have an unusually low lysine conter#?). In contrast, the =~ ACT ACT GAA GGA GCA ACT AGT CAA TCT TAT
lysine content of their corresponding cell-binding B chains, AAA CAATTT ATT GAA GCG CTT CGA GAG AG,; this

or of the A chains of toxins known to enter the cytosol from primer has modified codon usage to alleviate a possible loop
acidified endosomes (for example, the diphtheria toxin A structure which may inhibit protein synthesis. &imer:
fragment), is much more typical. This observation led to the CGGGATCC TTA ATT TGG CGG ATT GCA GAC AAA
proposal that the paucity of lysines permitted at least a AAG). A reaction mixture containing the above primers at
fraction of toxin to escape the fate of ubiquitin-mediated 1 #M, each deoxynucleotide at %M, Pwo buffer at X
proteolytic degradatior2@). Here we provide experimental  (supplied), and Pwo DNA polymerase (Roche Diagnostics)

evidence that this may well be the case. at 25 units/mL was added to the leaf tissue pellet described
above. Thirty cycles of 92C for 30 s, 60°C for 45 s, and
MATERIALS AND METHODS 72 °C for 1 min were followed by an additional 15 min at
) o 72 °C. The PCR product was digested wiEtoRIl and
Materials. [**S]Methionine was from Amershanslasto BarHI and ligated into the similarly digested pGEM3ZF

lactacystins-lactone was from Calbiochem, and ricin B chain yactor (Promega). Clones were sequenced and pJC466 was
was from Vector laboratories. Abrin holotoxin was provided f5nd to be in frame. Comparison of the deduced amino acid
by Dr. E. Wawrzynczak (Institute for Cancer Research, sequence with those held in the GenBank database showed
Sutton, U.K.). Ribophorin 1 antibodies and E36 and ts20 hat this was a new isoform of abrin A chain (ATA). It was
CHO cells were a kind gift from Dr. N. E. Ivessa (Depart-  termed abrin F (UK patent application no. GB0102951.1).
ment of Molecular Genetics, University and Biocenter a fyrther round of PCR was used to add a six-His tag at the
Vienna, Vienna, Austria). Trypsin (TPCK-treated, bovine N _terminus and introduce the clone into the expression vector
pancreas type Xlll) was from Sigma. pET12a (Novagen). This clone was termed pJC534.
Creation of Ricin A Chain VariantRicin A chain mutants Creation of Abrin A Chain Variant9JC534 was used as
encoding single or multiple amino acid substitutions were g template for PCR mutagenesis. The amino acid substitu-
generated by PCR mutagenesis and standard recombinanfons K6N, K18T, and K151R were introduced sequentially
DNA techniques. Using the RTA expression plasmid pUTA into the ATA sequence and encoded ATA-OK. The residue
(23) as a PCR template, appropriate base changes werechanges L32K and T61K were separately introduced to
introduced (individually) to encode for the single amino acid encode ATA-5K. Additionally, the residue changes Q122K
substitutions V38K, N132K, and S228K. The E67K mutation and N215K were separately introduced, and subsequently
was generated using the pUTA-RTA(V38K) construct as a anNsil/BamHI fragment was subcloned back into the ATA-
template for PCR mutagenesis. The single mutations were5K sequence to encode ATA-7K.
then each reintroduced into pUTA to create RTA-V38K/  Expression and Purification of AbtiF A Chain.Two 500
E67K (usingEcoRI/Nsil), RTA-N132K/S228K (usingClal/ mL cultures of plasmid-bearin. coli strain C41 24) were
BgIII and BgIII/ PSﬂ), and RTA-V38K/E67K/N132K/S228K. grown at 37°C to an ORgonmof 0.7. Expression was induced
The pUTA RTA-4R construct was created using exactly the with 1 mM IPTG for 18 h at 30C. Cells were harvested by
same approach. centrifugation at 300§ resuspended in 40 mL of 50 mM
Expression and Purification of Ricin A Chain Variants. Tris-HCI, pH 8, and sonicated. Cell debris was removed by
A 50 mL culture of plasmid-bearingscherichia coliTG2 centrifugation at 3100 for 1 h at 4°C, and the ATA-
was grown overnight at 37C. This starter culture was used containing supernatant was loaded onto a Q-Sepharose
to inoculate 500 mL of 2YT media and the culture grown (Pharmacia) column (140 mm 25 mm) which had been
for 2 h at 30°C. RTA expression was induced by addition preequilibrated in the same buffer. Fractions were collected,
of isopropy! 1-thiog-p-galactoside (IPTG) to a final con- and those containing ATA were pooled. NaCl (0.5 M) and
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imidazole (20 mM) were added, and the sample was applied PAGE gels and quantification using ImageQuant software.
to a 5 mLchelating Sepharose fast-flow (Pharmacia) column ATA and ATB were reassociated in the same way to
precharged with Ni" and equilibrated with 50 mM Tris-  regenerate abrin holotoxin.

HCI, pH 8, 0.5 M NaCl, and 20 mM imidazole. The column Determination of Holotoxin Interchain Disulfide Bond
was washed with increasing concentrations of imidazole, and Stability. Reassociated holotoxin (100 ng) was incubated with
His-tagged protein eluted with 500 mM imidazole. Fractions increasing concentrations (6:10 mM) of dithiothreitol for
containing pure ATA were pooled and dialyzed against 25 30 min at 37°C. Reactions were quenched by incubation
mM Tris-HCI, pH 8, with a stepwise decrease in imidazole with iodoacetamide (final concentration of 20 mM) for 10

concentration to prevent protein precipitation. Glycerol was

min at 37°C before being subjected to nonreducing SDS

added to a final concentration of 15% (v/v), and samples PAGE and silver staining.

were stored at-20 °C.

Production of Abrin B ChainAbrin (7 mg) was mixed
with 6% S-mercaptoethanol in a buffer of 50 mM Tris-HCI,
pH 8.0, and 0.1 M lactose overnight at’@. The mixture
was loaded omt a 7 mL cibacron-3GA (Sigma) column
preequilibrated with 50 mM Tris-HCI, pH 8.0, 0.1 M lactose,
and 6%5-mercaptoethanol. The ATA binds to the cibacron,
and the flow-through material containing abrin B chain

Maintenance of Tissue Culture Cell¥ero cells were
grown at 37°C in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 5% fetal calf serum (FCS), 2
mM glutamine, 100 units/mL penicillin, and 10©0g/mL
streptomycin sulfate in a humidified 5% GGncubator.
Chinese hamster ovary cells (E36 and ts20 cells) were grown
at the permissive temperature (30°E) in o minimal
essential medium supplemented with 10% FCS, glutamine,

(ATB) was collected. The sample was dialyzed against 25 penicillin, and streptomycin, as stated above for Vero cells,

mM Tris-HCI, pH 8.0, and 0.1 M lactose and then concen-
trated to 0.6 mL. Dithiothreitol (DTT) was added (1 mM

in a humidified 5% CQ incubator.
Cytotoxicity AssaysV/ero cells were seeded at a concen-

final concentration), and the sample was loaded onto a 17tration of 1.5 x 1 cells/mL into flat-bottomed 96-well

mm x 280 mm Sephacryl S200 (Pharmacia) column pre-

plates and grown overnight at 3Z. Cells were washed with

equilibrated in the same buffer. Fractions were collected, and PBS and then overlayed with 1¢Q. of DMEM containing

those containing ATB were pooled. The purified ATB
fraction did not contain significant contaminating abrin
holotoxin, since it was nontoxic to cells in cytotoxicity assays
(performed as described below).

Determination of the Catalytic Aclity of RTA Variants.
The catalytic activity of RTA variants was determined by
assessing their ability to depurinate 26S ribosomal RNA
(rRNA) of purified Saccharomyces cearisiaeribosomes. In
each 2QL reaction, a known amount of RTA was incubated
with 20 ug of ribosomes in 25 mM Tris-HCI, pH 7.6, 25
mM KCI, and 5 mM MgC} for 60 min at 30°C. Reactions
were stopped by addition of 18 of Kirby buffer (25)
and 200uL of phenol/chloroform (1:1 v/v), and rRNA was
recovered by ethanol precipitation. Four micrograms of RTA-
treated rRNA was incubated with acetic aniline for 2 min at

appropriate concentrations of ricin. After 4 h, the toxin was
removed, and the cells were washed twice with PBS before
the addition of 1uCi of [**S]methionine in 5QuL of PBS

and incubation for 2 h. Labeled proteins were precipitated
by three washes with 5% trichloroacetic acid, followed by
two washes with PBS. After addition of 2@ of Optiphase
“SuperMix” scintilation fluid (Wallac), the amount of
radioactivity incorporated was determined by scintillation
counting in a MicroBeta 1450 Trilux counter. For experi-
ments usingclastelactacysting-lactone, Vero cells were
pretreated at 37C for 1 h with 50uL of DMEM containing

the inhibitor at a concentration of 20M, and 4 h toxin
incubations were also performed in the presence of the
inhibitor. CHO E36 and ts20 cells were seeded at a
concentration of 6.5¢ 1P cells/mL into 96-well plates and

60 °C; rRNA was ethanol precipitated, resuspended in TPE grown at the permissive temperature of 30& for 24 h.

(3.6 mM Tris base, 3.0 mM NaiO,, 0.2 mM EDTA)-
60% (v/v) formamide, and heated to B0 for 2 min. rRNA
fragments were separated on 1.2% (w/v) agar@&®o (v/

v) formamide gels and visualized by ethidium bromide
staining @6).

Determination of Ricin A Chain Protease StabiliBTA
(500 ng) was incubated with trypsin (850 ug/mL) at 37
°C for 15 min in a volume of 2@L as described previously
(27). Proteolysis was terminated by boiling the reactions for
5 min in SDS-PAGE sample buffer, and protein fragments
were separated by SBFAGE and visualized by silver
staining.

Reassociation of Ricin A Chains with Ricin B Cha®TA
(501g) was mixed with 5@g of purified RTB (Vector Labs)
in a total volume of 1 mL of PBS containing 0.1 M lactose
and 2% f(-mercaptoethanol. The mixture was dialyzed
overnight against 0.1 M lactose in PBS af@ and then
against PBS over three nights at@. Reassociated holotoxin
was purified away from free RTA on a 0.5 mL lactese
agarose column as previously describ2®).(The concentra-
tion of holotoxin was determined by comparison with RTA
standards of known concentration on silver-stained SDS

After the cells were washed with PBS, they were incubated
at the permissive (30.8C) or the nonpermissive (40%)
temperature fo 1l h before toxin addition. Two hundred
microliters of toxin in MEM—a medium was added per well,
and the plates were incubated at the appropriate temperature
(30.5 or 40.5°C) for 16 h. Protein synthesis was determined
as described above for Vero cells.

Pulse-Chase Analysis of Ribophorin | (12§) Degradation
in Chinese Hamster @ary Cells.Both parental (E36) and
mutant (ts20) cells were seeded at a concentration 0k6.5
1 cells/dish into 3.5 cm dishes and grown for approximately
24 h before use at 30.5C in MEM—a. medium supple-
mented as before. Cells were then washed twice with PBS
before the addition of 1 mL of methionine-free media. Cells
were then incubated at either 30.5 or 40Gfor 1 h. The
medium was aspirated, and 1 mL of methionine-free medium
containing 4QuCi of [3*S]methionine was added (preequili-
brated to either 30.5 or 40.%5C). After a 5 min pulse at
30.5 or 40.5°C, the medium was removed and replaced with
1 mL of MEM—aq, and incubation was continued at the
appropriate temperature. At timed intervals the medium was
removed, and the cells were washed once with ice-cold PBS.
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120 LA B L L Table 1: Summary of the in Vitro Catalytic Activities of the RTA
o . Variants
100 — n RTA ICso relative
—_ = - protein (pgful) N-glycosidase activity
X
S 80 - - 0K 55 12
g L i wild type (2K) 65 1.0
= 4K1 90 0.7
g 60 -~ B 4K2 13 5.0
- L . 6K 32 2.0
h2 i 4R 50 1.3
o 40 [~
£ L i aRTA concentration required to obtain 50% of the maximum
20 observed depurination. Standard errors wefé%.
i ] RTA RTA-0K
0 Lol Lol 1
0 1 5 10 50 01 5 10 50
0.01 0.1 1 10
Toxin (ng/ml) __: - i | A

Ficure 1: Treating Vero cells with a proteasome inhibitor increases
their sensitivity to ricin. Cells were incubated with 2M clastc -
lactacystins-lactone in dimethyl sulfoxide (DMSOYY) or DMSO e
only (@) for 1 h at 37°C prior to the addition of ricin. The inhibitor
was present during toxin treatment. Cells were challenged with
increasing concentrations of ricin containing wild-type recombinant
RTA for 4 h at 37 °C and then give a 2 h pulse with FIGURE 2: Sensitivity of recombinant wild-type RTA and RTA-
[¥S]methionine. The amount of radioactivity incorporated into OK to trypsin. Samples (500 ng) of each protein were incubated
protein in toxin-treated cells was expressed as a percentage of thatith increasing concentrations of trypsin for 15 min at 7.
incorporated by untreated cells. Error bars represehstandard Samples were then boiled in reducing buffer, resolved by -SDS
deviation. PAGE, and silver stained. The upper arrow indicates the position
of RTA and the lower arrow that of trypsin.
Cells were lysed by the addition of 0.5 mL of lysis buffer
[95 mM NacCl, 3 mM EDTA, 2% (w/v) SDS, 25 mM Tris-
HCI, pH 7.4, 1 mM DTT, Complete protease inhibitors

Roche Diagnostics, GmbH)], and cell lysates were boiled S
]Eor 10 min p?ior balin 4di|l)J]tion with dilﬁtion buffer [95 untreated counterparts. The fact that ricin is potently cyto-

mM NaCl. 3 mM EDTA. 25 mM Tris-HCl. bpH 7.4. 1 mm  oxic to mammalian cells in the absence of proteasomal
DTT. O 2(;/0 (wiv) SDS ’ 1.25% (vIv) Tritbr? x-iob] cell inhibition clearly indicates that a proportion of RTA entering

debris was removed by centrifugation, and the supernatantsthe CYtOSOI from the ER a"o'qs immediate degrz.;\da.tfon.
were tumbled with 5QiL of pansorbin for 30 min at 4C. Native RTA Is Not an Effeaté Substrate for Ubiquitina-
Supernatants were transferred to fresh tubes containing 50ion. The observation that all toxins known to enter the
uL of protein A—Sepharose and 28 of polyclonal rabbit ~ cytosol from the ER have an extremely low lysine content
anti-ribophorin | antibody (approximately:8_ for every 16 may point to an evolutionary strategy for escaping ubiquitin
cells) and tumbled overnightat@. The protein A-Sepharose ~ conjugation 22). If correct, this might indicate that the two
matrix was washed twice with 1 mL of dilution buffer and lysyl residues naturally present in RTA have been retained
twice with 1 mL of PBS and then resuspended irngd0Oof because they are not effective substrates for ubiquitination.
sample buffer [20% (v/v) glycerol, 5% (w/v) SDS, 10 mM To test this, lysyl residues at positions 4 and 239 were
Tris-HCI, pH 7.4]. Immunoprecipitated protein was separated mutagenised to arginyl residues. The variant protein, des-
by SDS-PAGE and visualized by fluorography. ignated RTA-OK, was expressed i coli and purified to
Circular Dichroism. Far-UV CD spectra were recorded 0mogeneity as judged by SBgolyacrylamide gel elec-

using a Jasco J-715 spectropolarimeter attached to a PTCLroPhoresis (data not shown). The RTA-OK variant was
348 Peltier-heated cell holder. Spectra were accumulatedindistinguishable from native RTA in terms of its catalytic
from 190 to 250 nm usipa 1 mmpath length cuvette and activity (Table 1), its ability to reassociate with (and, when
RTA at a concentration of 6M in 5 mM sodium phosphate titrated with thiol reducing agents, dissociate from) RTB

pH 6.5. For temperature ramping experiments the temperature(d‘.'jlta not shpwn), and it; resistance .to ”YpSi!‘ trea_tment
was increased at a rate ofC per minute. (Figure 2). It is well established that native RTA is resistant

to proteases such as tryps2B) and proteinase K29), but
RESULTS when deliberately unfolded or destabilized by certain point

mutations, it becomes sensitive (for example, see28f

RTA Entering the Cytosol Is Degraded by Proteasomes. The data shown in Figure 2 suggest that RTA-OK has the

If a significant proportion of the RTA that enters the cytosol native, protease-resistant structure. In keeping with this, the
from the ER undergoes proteasomal degradation, thencytotoxicity of ricin obtained by reassociating RTA-OK with
treating Vero cells with the proteasome inhibitdasto RTB was identical to that of ricin reconstituted from wild-
lactacystin s-lactone might be expected to increase the type RTA and RTB (Table 2). The fact that removal of the
cytotoxic potency of the ricin holotoxin. As shown in Figure two endogenous lysines did not increase toxin potency
1, and in keeping with an earlier repo8)(Vero cells [and suggests that these residues are not targets for ubiquitination

other cell lines (not shown)] treated with the inhibitor were
approximately 3-fold more sensitive to ricin than their
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Table 2: Summary of the Iz Values of the Ricin Variants toward
Vero Cells

ricin ICso relative
protein (ng/mLy cytotoxicity (%)
0K 0.6 100
wild type (2K) 0.6 100
4K1 15.0 4
4K2 32.0 2
6K 50.0 1
4R 2.3 26

aStandard errors were10%.

Table 3: Summary of the Iz Values of Ricin Variants in the
Absence and Presence of the Proteasomal Inhibitor
clastoLactacysting-Lactone

ricin ICso ICs0 (ng/mL) + Increase in FIGURE 3: Superimposition of the-C backbone structures of RTA
protein (ng/mLy p-lactone Cytotoxicity (black) and pokeweed antiviral protein (PAP) (gray). Four of the
0K 0.6 0.4 1.5-fold lysyl residues in PAP and the corresponding residues in RTA that
wild type (2K) 0.6 0.3 2.0-fold were changed to lysines are shown space-filled.
4K1 14.0 1.5 9.3-fold
4K2 15.0 0.6 25.0-fold RTA RTA-GK
o Mo 1 o T suw s e

a Standard errors were10%.

-
+
enzymes. Treating cells withlastolactacystins-lactone

sensitized them to ricin containing RTA-0KL.5-fold (Table

3), indicating that proteasomal degradation of a proportion

of RTA-OK occurred. This supports the contention that during

normal cell entry native RTA is largely degraded by the FIGURE 4: Sensitivity of recombinant wild-type RTA and RTA-

proteasome, possibly in an ubiquitin-independ_ent manner. 6K to trypsin. Samples (500 ng) of each protein were incubated
Increasing the Lysine Content of RTW/e rationalized with increasing concentrations of trypsin for 15 min at 337.

that if the low lysine content of RTA permits degradation Samples were then boiled in reducing buffer, resolved by SDS
avoidance, then the introduction of additional lysyl residues PAGE, and silver stained. The upper arrow indicates the position
. . . " Lo of RTA and the lower arrow that of trypsin.
might increase predisposition for ubiquitination and the
consequent level of proteasomal degradation. To introduce
lysyl residues in positions that would not compromise other digestion (Figure 4). As in the case of RTA-OK, RTA-6K
properties of the resulting protein, the sites selected werereadily formed stable holotoxin upon reassociation with RTB
based on a detailed structural comparison of RTA with a (data not shown). The far-UV CD spectrum and intrinsic
closely related protein that does not enter the cytosol from protein fluorescence spectrum of RTA were unchanged for
the ER lumen. Pokeweed antiviral protein (PAP) is a single- all of the lysine variants described, suggesting that the
chain member of the ribosome-inactivating protein family introduced substitutions did not cause any significant struc-
that is structurally homologous to RTAE). Unlike ricin, tural changes (data not shown). We were concerned that the
PAP does not have a cell-binding B chain and is therefore introduced lysyl residues might have destabilized the protein
unable to enter cells with the same efficiency. In marked such that any observed decrease in apparent cytotoxicity
contrast to RTA, PAP contains a total of 20 lysyl residues. might have resulted from decreased stability rather than
By superimposing the structures of PAP and RT2L)( enhanced proteasomal degradation. Accordingly, we com-
(Figure 3), it is evident that the surface-exposed Val38, pared the temperature-induced unfolding of RTA with RTA-
Glu67, Asnl132, and Ser228 of RTA could be replaced by 6K as determined by far-UV circular dichroism. In fact, the
lysyl residues, since these occur in the equivalent positionsintroduced lysyl residues had a significant stabilizing effect
in PAP. Accordingly, the RTA variant designated RTA-6K on the protein, conferring a°C increase in thermal stability
was prepared along with two intermediates, in which just (Figure 5). A possible explanation for this increase in thermal
two additional lysine residues were introduced by replacing stability could be due to the replacement of a surface-exposed
either Val38 and Glu67 (RTA-4K1) or Asn132 and Ser228 hydrophobic residue (V38) with a charged hydrophilic group.
(RTA-4K2), respectively. None of the introduced lysyl We conclude that the introduction of additional lysyl residues

residues were positioned to interface with RTB. into RTA, based on their relative positions in PAP, was
Properties of RTA Lysine VariantRTA-6K, RTA-4K-1, without deleterious effect on the stability or catalytic
and RTA-4K-2 were purified to homogeneity froEh coli properties of the protein.

expression cultures (data not shown). We confirmed that the Lysine-Rich RTA Is More Susceptible to Proteasomal
introduced lysyl residues did not affect the stability of these Degradation.When the cytotoxicities of ricin containing
proteins but will only describe data demonstrating this for RTA-6K and ricin containing wild-type RTA were compared,
RTA-6K. RTA-6K and RTA were very similar in their  the former was found to be 2 orders of magnitude less
catalytic activities (Table 1) and their sensitivities to trypsin cytotoxic than the native toxin to Vero cells (Figure 6). The
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another RTA variant in which the same four residues were
- changed to arginine (RTA+ 4R). The catalytic activity

i (Table 1), stability, and the extent and stability of reasso-
ciation with RTB were identical when RTA- 4R was
compared with native RTA (data not shown). The cyto-
toxicity of ricin containing RTA+ 4R was only marginally

. lower than that of the native holotoxin but clearly distinct
- from that of RTA-6K (Table 2). The cytotoxicities of ricin

_ containing either RTA-4K-1 or RTA-4K-2 were intermediate
between toxin containing either RTA or RTA-6K, being
reduced 25- and 53-fold, respectively, when compared with
7 native holotoxin (Table 2).

= Active Ubiquitination Is Required for the Downregulation
of RTA-6K The ubiquitin/proteasome pathway has been
shown to mediate the degradation of a truncated form of
ribophorin | (Rksz; 20). To indirectly test whether an active
ubiquitination system affects ricin cytotoxicity, CHO cells

08 -
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04 -

Relative intensity

0 ! I |
20 30 40 50 60
Temperature (°C)

80

Ficure 5: Introduction of extra lysyl residues increases thermal i i .
stability of RTA. Changes in the far-UV CD of recombinant stably expressing B, (designated CHO-E36) were selected

wild-type RTA @) and RTA-6K ) (6 xM) were monitored as a parental cell line. CHO-ts20 cells, which express a

continuously at 208 nm, and the temperature was increased fromthermolabile ubiquitin-activating enzyme E32Z 33) and
25 to 70°C at 1°C per minute. Relative intensity was calculated which also express R, were chosen as the ubiquitination-

as 1— [(6n — 09/(6n — 0J)], wheref, 0., and; are the molecular  defective cell line. At the nonpermissive temperature of 40.5
ellipticities (208 nm) of the native protein, fully thermally unfolded °C, this mutation dramatically reduces (but does not elimi-
protein, and protein at temperaturecC, respectively. nate) ubiquitin-mediated proteasomal degradat2i). Here

we confirmed that Rk is rapidly degraded at the restrictive

LLRLLLLL I AL LA LI LLLL OO A AL AL B I A AL I B WAL
120 — — temperature in CHO-E36 cells, whereas it is stabilized in
- - CHO-ts20 cells (Figure 7a). Similar immunoprecipitations
_ 100 |32 - to track the kinetics of RTA degradation are not possible
S L . owing to the tiny amounts of RTA that actually reach the
2 80 4 ER lumen of intoxicated cells. However, since the extent of
£ L i ubiquitin-mediated proteasomal degradation can be moni-
g, 60 - _ tored by the toxic effect of protein escaping this fate,
£ | i cytotoxicity experiments were performed. At the permissive
% 40 i temperature (30C), where ubiquitination is unaffected in
~ N ) CHO-ts20 cells, ricin-6K had no significant cytotoxic effect
20 L i on either CHO-E36 or CHO-ts20. In contrast, when the
| temperature was increased to the nonpermissive temperature
i i R e o (40.5°C), where ubiquitination is blocked in CHO-ts20 cells
0 but unaffected in CHO-E36 cells while ricin-6K remained
0.01 0.1 1 10 100 1000 10000

nontoxic to CHO-E36 cells, it now possessed cytotoxicity
Toxin (ng/ml) toward CHO-ts20 cells (Figure 7b). At the nonpermissive
FiGURE 6: Extra lysyl residues introduced into RTA predispose it €Mperature when ubigitination is effectively blocked, ricin-
to proteasomal degradation. Vero cells were incubated with either 6K had an G, of ~40 ng/mL, at least 50-fold more toxic
20 uM clastolactacysting-lactone or its solvent DMSO for 1 h  than at the permissive temperature. Native ricin was ap-
Pt e St f i, e i e precri g orn_proimatly eyt 1 bt CHO-£30 and CHO 20
holotoxin fa 4 h at 37°C befor a 2 hpulse with F5S]methionine. cells at both the permissive and nonpermissive temperatures,
Protein synthesis by toxin-treated cells was calculated as aalthough there was almost an order of magnitude increase

percentage of that determined for untreated cells. Symb@: (  in toxicity for both cell types at 40.5C as compared to 30
ricin containing wild-type RTA; ©) ricin containing wild-type RTA ~ °C. This lack of effect of the ubiquitination mutation on ricin

in the presence of inhibitora() ricin containing RTA-6K; A) ricin

containing RTA-6K in the presence of inhibitor. Error bars represent

+1 standard deviation.

ICso (the concentration of toxin that caused a 50% reduction

in protein biosynthetic capacity) of ricin containing RTA-
6K was 50 ng/mL compared to 0.6 ng/mL for native ricin
(Table 2). The reduced cytotoxicity of ricin containing RTA-

toxicity was consistent with the earlier contention that ricin
is normally partially degraded in a ubiquitin-independent
manner.

The Low Lysine Content of Abrin A Chain Also Precludes
Extensie Proteasomal Degradationto broaden the evi-
dence that the low lysine makeup of toxins translocating from
the ER is physiologically relevant, we have applied the same

6K resulted from enhanced proteasomal degradation, sinceexperimental approach to study the fate of abrin A chain in
treating the cells with the specific proteasome inhibitor cells. Abrin is a heterodimeric plant toxin that is functionally
clastolactacystins-lactone restored potency close to the level related to ricin, and its A chain (ATA) contains three lysyl
seen with native toxin (Figure 6). residues. DNA encoding ATA34) was therefore muta-
That the reduced cytotoxicity did not simply result from genized to change the three lysine codons into the equivalent
the addition of positive charges was demonstrated usingcodons of ricin A chain (Lys6-Asn, Lys18-Thr, and Lys151-
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FiGure 7: Sensitivity of E36 and ts20 cells to ricin containing
RTA-6K. (a) Degradation of truncated ribophorin 1 {RJ in
parental and mutant CHO cells. Cells were preincubated at the
nonpermissive temperature (406) for 1 h before being labeled
for 5 min with [*®S]methionine and then chased for the times
indicated in methionine-free media. Cells were then lysed and the
lysates immunoprecipitated for ribophorin 1. Samples were analyzed
by SDS-PAGE and autoradiography. (b) Cells were incubated at
the permissive temperature (30°6) or the nonpermissive tem-
perature (40.5°C) for 1 h. Cells were then challenged with
increasing concentrations of ricin containing RTA-6K for 16 h at
either 30.5 or 40.5°C before receivig a 2 hpulse of P°S]-
methionine. Protein synthesis by toxin-treated cells was calculated
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Table 4: Effect ofclastoLactacysting-Lactone on the Cytotoxicity
of Substituted Abrin Variants

abrin ICso ICso (Ng/mL) + increase in
variant (ng/mLy p-lactone cytotoxicity

0K 2.0 1.3 1.5-fold
wild type (3K) 35 2.0 1.8-fold
5K 10.0 0.8 12.5-fold
7K >1000.0 20.0 >50.0-fold

a Standard errors were10%.
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Ficure 8: Extra lysyl residues introduced into ATA predispose it
to proteasomal degradation. Vero cells were incubated with either
20 uM clastolactacysting-lactone or its solvent DMSO for 1 h
prior to the addition of toxin. The inhibitor was present during toxin
treatment. Cells were challenged with increasing concentrations of
toxin for 4 h at 37°C befoe a 2 hpulse with B°S]methionine.
Protein synthesis by toxin-treated cells was calculated as a
percentage of that determined for untreated cells. Symb@3: (
abrin F containing wild-type ATA; ©) abrin F containing wild-

as a percentage of that determined for untreated cells. Symbols:type ATA in the presence of inhibitora() abrin F containing ATA-

(O) E36 cells at 30.5C; (@) ts20 cells at 30.5C; (O) E36 cells
at 40.5°C; (m) ts20 cells at 40.5C. Error bars representl
standard deviation.

Arg) in order to generate a protein product designated ATA-
OK. Additionally, ATA was made with two or four supple-
mentary lysyl residues [ATA-5K (Leu32-Lys and Thr61-
Lys) and ATA-7K (Leu32-Lys, Thr61-Lys, GIn122-Lys, and
Asn215-Lys), respectively] at positions equivalent to those
described in the generation of RTA-4K-1 and RTA-6K. The
ATA variants were purified to homogeneity frof. coli
expression cultures as determinmed by SIPAGE (data
not shown). As in the case of RTA, the ATA variants were
indistinguishable from native ATA in terms of their catalytic
activity, stability, and association/disassociation with ATB
(data not shown). The variant ATAs were reassociated with
purified ATB, and the holotoxin potencies were monitored
when applied to Vero cells. We found that the cytotoxicity
of abrin containing ATA-OK was identical to that of the
native toxin (Table 4). The cytotoxicity of abrin containing
ATA-7K was markedly reduced but could be restored to a
significant extent by pretreating cells wittastelactacystin
-f-lactone (Figure 8 and Table 4), while the cytotoxicity of
abrin containing ATA-5K was intermediate in potency
(Table 4).

7K; () abrin F containing ATA-7K in the presence of inhibitor.
Error bars representl standard deviation.

DISCUSSION

Ricin is one of several potent toxins able to undergo
retrograde transport to the ER of mammalian cells. Other
examples include the plant protein abrin and the bacterial
proteins cholera toxin, pertussis toxiPseudomonasxotoxin
A, Shiga toxin, andk. coli Shiga-like toxin 1 85). To
understand how toxins might accomplish the final transport
step across the ER membrane, it may be pertinent to draw
parallels with endogenous proteins that also undergo such
reverse membrane translocation. The ER is the site where
newly synthesized proteins normally fold into their native
conformation, assisted by resident ER chaperones, and, if
appropriate, assemble into oligomef36{38). Once the
native conformation has been achieved, proteins destined for
post-ER locations exit the ER as cargo packaged into ER-
to-Golgi transport vesicles3@). Proteins that fail to fold
correctly, or unassembled orphan subunits of oligomeric
proteins, do not leave the ER in transport vesicles. Rather
than simply accumulating in the ER lumen, however, such
aberrant proteins are eliminated by proteolytic degradation
as part of a stringent ER quality control system known as
ER-associated degradation (ERAD)O( 12). This entails
their perception as misfolded molecule40{42) with



3412 Biochemistry, Vol. 41, No. 10, 2002 Deeks et al.

subsequent export to the cytosol followed by proteasomal RERERRRRRRRA RN AR AR RAARARAAN
degradation. ERAD substrates are retrotranslocated across

the ER membrane via the Sec61p transloc&n9,(12) that 6
are also responsible for the import of nascent or newly
synthesized proteins into the ER3j. Once translocated,
these proteins are usually4), but not always 45),
predisposed for proteolytic destruction by ubiquitination: the
attachment of multiple molecules of the 76-residue protein
to the e-amino group of appropriate lysyl residues9).
Attachment of ubiquitin to the amino terminus may also
occur (L8). Such modification ensures efficient targeting to
the proteasomal cap structure that recognizes and unfolds
the protein in readiness for its entry into the proteasomal
core for degradation4g).

It has been proposed that catalytic subunits of toxins
arriving in the ER lumen can masquerade as ERAD
substrates3, 47). Indeed, experimental evidence has been Number of lysyl residues
presented to show that RTA introduced into the ER lumen Ficure 9: Lysine content of ribosome-inactivating proteins: open
of tobacco protoplasts48) and cholera toxin A fragment  bars, the A chains of 7 cytotoxic type 2 RIPs; gray bars, the A
introduced into ER microsomeg)( use the ERAD pathway chains of 9 nontoxic type 2 RIPs; black bars, 36 type 1 RIPs.
to translocate to the cytosol. Consistent with this, it has also
been shown that RTA export from mammalian ER and devioid of lysyl residues. In contrast, other toxins that enter
cholera toxin export from microsomes in vitro utilized the cytosol from endosomes away from the immediate
Sec61p translocon$,(7). However, it remains unclear how  vicinity of the ubiquitin/proteasome machinery have a more
RTA might become an unfolded/misfolded candidate for typical lysine content: diphtheria toxin A fragment, for
ERAD, though recent work with cholera toxin revealed a example, contains 16 lysyl residues. The hypothesis that the
role for protein disulfide isomerase as an unfolda4®).( low lysine makeup of toxins that retrotranslocate from the
Whatever the trigger, masquerading as ERAD substrates toER is an important factor in degradation avoidance correlates
accomplish transport across the ER membrane poses atwell with the occurrence of lysyl residues, not only among
obvious problem for toxin polypeptides in that such trans- the bacterial toxins referred to above but also within the plant
location is usually tightly coupled to processes on the trans ribosome-inactivating protein (RIP) family of structurally
side of the membrane. These include pephBglycanse- related proteins. RIPs which exhibit potent cytotoxicity to
mediated deglycosylatiori®, 50), ubiquitination 0), and mammalian cells as typified by ricin and abrin are classified
proteasomal degradatioRl). To exert a physiological effect, as type 2 RIPs. There is also a subgroup of type 2 RIPs,
it is clear that at least a proportion of the exported toxin exemplified by nigrin $1) and ebulin §2), which are
must escape this sequential processing. The finding here andelatively nontoxic to mammalian cells even though their A
elsewhere) that treating cells with a specific proteasome chains are as effective as the A chains of ricin and abrin in
inhibitor causes an-3-fold increase in the cytotoxic potency catalyzing 28S rRNA depurination in vitroThe most
of ricin indicates that a significant proportion of RTA common RIPs are type 1 RIPs such as PAP and gelonin that
entering the cytosol normally becomes degraded by protea-lack a cell-binding B chain and are thus not cytotoxic.
somes. Alternatively, some other cellular component that Comparing the primary sequences of the different type 1
mediates RTA degradation in the cytosol is itself subject to RIPs and the A chains of type 2 RIPs reveals that the A
proteasomal degradation. Regardless of whether the proteaehains of the seven toxic type 2 RIPs contain an average of
some is directly or indirectly responsible for RTA degrada- 2.3 4 0.8 lysyl residues per polypeptide. By contrast the A
tion, the data suggest that toxin degradation is at leastchains of nine nontoxic type 2 RIPs contain an average of
partially reduced when proteasomal activity is inhibited 7.4 4 3.2 (this may partly explain their poor cytotoxicity if
(Figure 1). Nevertheless, the fact that toxin potency remainsthey are indeed predisposed to ubiquitination/proteasomal
high in the absence of such inhibitors reveals that a lethal degradation). The 36 type 1 RIPs that do not normally enter
dose of translocated toxin always evades an encounter withcells after endocytosis to the mammalian cell ER contain an
this degradation machinery (Figures 1 and 6). average of 18.6: 6.9 lysyl residues (Figure 9).

The question we have addressed in the present study relates Removal of the two endogenous lysyl residues from RTA,
to how this fraction of toxin in the cytosol might avoid or the three from ATA, did not have any discernible effect
proteasomal proteolysis. Degradation of ERAD substrateson potency as judged by protein synthesis inhibition in
is usually facilitated by the conjugation of ubiquitin to lysyl comparison with native toxin. Though indirect, this lack of
residues once the proteins are delivered into the cytosoliceffect would suggest that attachment of ubiquitin to the
milieu (see refl4 for a review). However, it has been noted naturally occurring lysyl residues does not normally occur
that lysyl residues are very uncommon in the A polypeptides during cell intoxication. It also supports the notion that toxin
of all the toxins known to translocate across the ER degradation in the cytosol is not ubiquitin-mediated. There
membraneZ?2). For example, like RTA, choleratoxin Aand are precedents for ubiquitin-independent proteasomal deg-
Shiga-like toxn 1 A fragments also contain two lysyl radation in the case of ornithine decarboxylak® @nd the
residuesPseudomonexotoxin A has only thred. coli heat- cyclin-dependent kinase inhibitor p2% (16) in mammalian
labile enterotoxin has one, and pertussis toxin is completely cells and possibly pro-factor in yeast17). However, even

Number of sequences

0 5 10 15 20 25 30 35



Ricin A Chain Subverts ER-Associated Degradation

after removal of all lysyl residues, a fraction of RTA and
ATA may still be targeted for proteasomal degradation via
N-terminal ubiquitination 18).

In contrast, the introduction of four additional lysyl
residues into RTA (RTA-6K) and ATA (ATA-7K) predis-
posed the ER-exported toxins for ubiquitination and conse-
guent targeting to the proteasome. This occurred even though
the lysine-rich RTA exhibited greater thermal stability than
wild-type RTA (Figure 5). The observation that a CHO cell
line with a defect in the ubiquitin-activating enzyme EBILY
was less sensitive to intoxication by ricin containing RTA-
6K than were the parental CHO-E36 cells (Figure 7b)
strongly implicates the lysyl residues of RTA-6K as targets
for ubiquitination. The consequences of altering the lysine
composition of RTA and ATA, and the correlation between
low lysine content and the cell entry characteristics of the
toxin, clearly suggest that a dearth of lysine residues
attenuates what might otherwise be a most effective cellular
process for removing, and thereby disarming, this class of
toxin in the cytosol.
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