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The A1 subunits of Shiga toxin 1 (Stx1A1) and Shiga toxin 2 (Stx2A1) interact with the conserved C termini of ribosomal-stalk
P-proteins to remove a specific adenine from the sarcin/ricin loop. We previously showed that Stx2A1 has higher affinity for the
ribosome and higher catalytic activity than Stx1A1. To determine if conserved arginines at the distal face of the active site con-
tribute to the higher affinity of Stx2A1 for the ribosome, we mutated Arg172, Arg176, and Arg179 in both toxins. We show that
Arg172 and Arg176 are more important than Arg179 for the depurination activity and toxicity of Stx1A1 and Stx2A1. Mutation
of a single arginine reduced the depurination activity of Stx1A1 more than that of Stx2A1. In contrast, mutation of at least two
arginines was necessary to reduce depurination by Stx2A1 to a level similar to that of Stx1A1. R176A and R172A/R176A muta-
tions eliminated interaction of Stx1A1 and Stx2A1 with ribosomes and with the stalk, while mutation of Arg170 at the active site
reduced the binding affinity of Stx1A1 and Stx2A1 for the ribosome, but not for the stalk. These results demonstrate that con-
served arginines at the distal face of the active site are critical for interactions of Stx1A1 and Stx2A1 with the stalk, while a con-
served arginine at the active site is critical for non-stalk-specific interactions with the ribosome. Arginine mutations at either site
reduced ribosome interactions of Stx1A1 and Stx2A1 similarly, indicating that conserved arginines are critical for ribosome in-
teractions but do not contribute to the higher affinity of Stx2A1 for the ribosome.

Shiga toxin (Stx)-producing Escherichia coli (STEC) is an
emerging foodborne and waterborne pathogen responsible

for hemolytic uremic syndrome (HUS) and hemorrhagic colitis
(HC), which are the leading causes of acute renal failure and mor-
tality in children in the United States (1). STEC serotypes, such as
E. coli O157:H7, are associated with severe disease (2). Antibiotics
are known to exacerbate the disease symptoms, and at present,
there are no FDA-approved vaccines or therapeutics against STEC
infection (3–5). STEC produces a family of structurally and func-
tionally related virulence factors called Shiga toxins, the most pre-
dominant ones being Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2)
(6). Stx2 and Stx1 have one prototype (Stx1a and Stx2a) and sev-
eral subtypes. Stxs are type II ribosome-inactivating proteins
(RIPs) with a catalytically active A subunit attached to a pentamer
of B subunits. The B subunits facilitate the endocytosis of the
toxins into the cell by binding to a common receptor globotriao-
sylceramide (GB3 or CD77). The toxin travels in a retrograde
manner from the endosome to the endoplasmic reticulum (ER)
via the Golgi network (7). In order to intoxicate the cell, the A
subunit is cleaved into the A1 fragment and the A2 fragment,
which remain together via a disulfide bond. After reduction of the
disulfide bond, the A1 fragment is translocated into the cytosol
from the ER, where it refolds into an active conformation, binds to
the ribosome, and removes a specific adenine (A4324 in Saccha-
romyces cerevisiae) from the highly conserved sarcin/ricin loop
(SRL) of the 28S rRNA (8). Structural studies using bacterial ri-
bosomes showed that the SRL is the key ribosomal element in-
volved in GTPase activation of elongation factor G (EF-G) (9).
Depurination of A2660 in E. coli ribosomes prevents binding of
GTPase factors and GTP hydrolysis by EF-G, resulting in arrest of
protein synthesis at the translocation step (10, 11).

Stx1, as well as other structurally and functionally related RIPs,
such as ricin and trichosanthin (TCS), interact with the ribosomal
P-protein stalk to depurinate the SRL (12–15). The ribosomal
stalk and the SRL are part of the GTPase-associated center (GAC)
of the ribosome, which is involved in binding of elongation factors
and stimulation of translation factor-dependent GTP hydrolysis
(16, 17). In eukaryotes, the stalk is organized as a pentamer with
ribosomal uL10 protein (former name, P0 [18]), which consti-
tutes the base of the stalk and anchors two eukaryotic-unique
P1/P2 heterodimers (19). Lower eukaryotes, such as S. cerevisiae,
possess two P1/P2 protein forms, P1A, P1B, P2A, and P2B, which
form two dimers, P1A/P2B and P1B/P2A, bound to two specific
contiguous sites on the uL10 protein (20). The most prominent
feature of the eukaryotic stalk proteins is the highly conserved
motif present in the C-terminal part of the uL10 and P1/P2 pro-
teins, consisting of a stretch of highly acidic and hydrophobic
amino acids involved in interaction with translational GTPases

Received 21 July 2016 Returned for modification 15 August 2016
Accepted 30 August 2016

Accepted manuscript posted online 6 September 2016

Citation Basu D, Kahn JN, Li X-P, Tumer NE. 2016. Conserved arginines at the P-
protein stalk binding site and the active site are critical for ribosome interactions
of Shiga toxins but do not contribute to differences in the affinity of the A1
subunits for the ribosome. Infect Immun 84:3290 –3301. doi:10.1128/IAI.00630-16.

Editor: B. A. McCormick, The University of Massachusetts Medical School

Address correspondence to Nilgun E. Tumer, tumer@aesop.rutgers.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAI.00630-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

3290 iai.asm.org December 2016 Volume 84 Number 12Infection and Immunity

http://dx.doi.org/10.1128/IAI.00630-16
http://dx.doi.org/10.1128/IAI.00630-16
http://dx.doi.org/10.1128/IAI.00630-16
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00630-16&domain=pdf&date_stamp=2016-9-6
http://iai.asm.org


(trGTPases) and RIPs (21). We established that the ribosomal
stalk is the primary docking site for the ricin A chain (RTA) on the
ribosome (13) and showed that multiplication of P-proteins is a
critical factor accelerating the recruitment of RTA to the ribosome
(22). Using the yeast model, we showed that the two P1A/P2B and
P1B/P2A stalk dimers on the ribosome do not contribute equally
to the interaction of ribosomes with RTA (23).

The crystal structure of the P11 peptide (SDDDMGFGLFD),
corresponding to the conserved last 11 residues of P-proteins in a
complex with TCS, a single-chain RIP, showed that the acidic
amino acids at the amino end of P11 (DDD) form electrostatic
interactions with the positively charged Lys173, Arg174, and
Lys177 of TCS, while the LF motif in the hydrophobic carboxyl
end of P11 (FGLF) is inserted into a hydrophobic pocket in the
C-terminal domain of TCS (15). Stx1A1 has been shown to inter-
act with the P11 peptide using Arg172, Arg176, and Arg179 lo-
cated on the distal face of the active site (14, 24). Since P-proteins
exist as a pentameric complex on the ribosome, these studies pro-
vided a valuable view but did not address the interactions with P11
in the context of the intact ribosome or the pentameric stalk com-
plex. The interactions of Stx2A1 with P11 or with the ribosome
were not investigated.

We previously showed that the ribosomal P-protein stalk is
required for ribosome depurination and toxicity of the A subunits
of Stx1 and Stx2 (25). The depurination activity of Stx1A on the
ribosome was greatly reduced if P1/P2 binding sites on P0 were
deleted, while the depurination activity of Stx2A was not affected
as much, indicating that although stalk P-proteins were important
for ribosome depurination by both toxins, Stx2A was less depen-
dent on the stalk proteins for depurination of the SRL than Stx1A
(25). We recently showed that Stx2A1 has a higher affinity for the
ribosome and higher catalytic activity and toxicity than Stx1A1 in
both yeast and mammalian cells (26). The interaction of RTA with
the ribosome depended on electrostatic interactions and followed
a two-step binding model, where the slower, non-stalk-dependent
electrostatic interactions concentrated RTA molecules on the ri-
bosome and allowed the faster electrostatic interactions with the
stalk P-proteins (27, 28). Analysis of the electrostatic surface of
the A1 subunits revealed differences in charge distribution around
the active site and on the distal face of the active site in a region
shown to be important for the interaction of Stx1A1 with the P11
peptide (26). Surface-exposed conserved arginines in both regions
contribute to differences in surface charge. These arginines or sur-
face charge differences in other regions of the A1 subunits could
lead to the differences in their affinities for the ribosome. In the
present study, we mutated the conserved arginines on the distal
face of the active site and at the active site in both Stx1A1 and
Stx2A1 to determine if they contribute to the higher affinity of
Stx2A1 for the ribosome. Our results demonstrate for the first
time that conserved arginines at the distal face of the active site are
critical for the interaction of Shiga toxins with the ribosome and
with the ribosomal stalk and their depurination activity and tox-
icity, while a conserved arginine at the active site affects non-stalk-
specific interactions with the ribosome. We show that conserved
arginines in neither site contribute to the higher affinity of Stx2A1
for the ribosome.

MATERIALS AND METHODS
Yeast strains and plasmids. Point mutations of arginines to alanines were
introduced into mature Stx1A1 (plasmid NT1643) and Stx2A1 (NT1644)

in pBluescript by site-directed mutagenesis using a Q5 High-Fidelity DNA
polymerase kit (New England BioLabs, Ipswich, MA). All mutations were
confirmed by DNA sequencing. The wild-type (WT) Stx1A1 (K1 to R251)
(NT1651) and Stx2A1 (R1 to R250) (NT1652) and the mutated genes for
Stx1A1 E167K (NT1660), R170A (NT1661), R172A (NT1704), R176A
(NT1706), and R172A/R176A (NT1730) and for Stx2A1, E167K
(NT1664), R170A (NT1663), R172A (NT1696), R176A (NT1699), and
R172A/R176A (NT1731) were subcloned into a yeast expression vector,
NT1617, carrying a URA3 marker and a GAL1 promoter with V5 and a
10�His epitope at their C termini. S. cerevisiae strain W303 (MATa
ade2-1 trp1-1 ura3-1 leu2-3,112 his-3-11,15 can1-100) was transformed
with each of the constructs or the empty vector.

Yeast cell viability assay. The W303 cells containing Stx constructs
were grown at 30°C in synthetic dropout (SD) medium supplemented
with 2% glucose overnight, and toxin expression was induced by transfer-
ring them to SD medium with 2% galactose. Cells were collected at 0 and
4 h postinduction (hpi), and serial dilutions to an optical density at 600
nm (OD600) of 0.1 were plated on SD-uracil plates containing 2% glucose.
The plates were then grown at 30°C for 2 to 3 days.

Total-protein extraction and immunoblot analysis. The W303 strain
expressing WT and mutant forms of Stx was collected at 6 h postinduc-
tion, and total protein was extracted from yeast cells at an OD600 of 5, as
described previously (29). Stx1A1 and Stx2A1 expression was detected
using monoclonal antibodies against V5 (Invitrogen, Carlsbad, CA).
Monoclonal antibodies against 3-phosphoglycerate kinase (Pgk1p) (Life
Technologies, Grand Island, NY) were used as a loading control.

Purification of 10�His-tagged and untagged Stx1A1 and Stx2A1.
The 10�His-tagged WT (NT1570) and R172A (NT1761), R176A (NT1741),
and R172A/R176A (NT1765) mutants in Stx1A1 and the WT (NT1567) and
R172A (NT1762), R176A (NT1742), and R172A/R176A (NT1766) mutants
in Stx2A1 were purified by Karen Chave at the Northeast Biodefense Center
protein expression core facility using the Impact protein expression system
(New England BioLabs, Ipswich, MA), as described previously (26). Briefly,
forward and reverse primers with NdeI and SapI restriction sites were synthe-
sized to enable in-frame cloning of the PCR fragments into the polylinker of
the pTXB1 vector (New England BioLabs, Ipswich, MA), resulting in a C-ter-
minal fusion of the Mycobacterium xenopi intein tag and a chitin binding
domain. E. coli strain Rosetta2(DE3)(pLysS) transformed with the con-
structs was grown in 2� yeast extract-tryptone medium overnight at
16°C. The fusion proteins were purified from E. coli lysates using chitin
beads, and the proteins were eluted by thiol-induced cleavage.

Analysis of depurination. W303 cells expressing WT and mutant
forms of Stx1A1 and Stx2A1 were collected at 1 h postinduction. An
RNeasy minikit (Qiagen, Valencia, CA) with on-column DNase treat-
ment was used to extract the total RNA. cDNA was obtained from the
RNA using a High Capacity cDNA reverse transcription kit (Applied Bio-
systems, Grand Island, NY), and depurination was detected with a quan-
titative real-time PCR method using the StepOnePlus real-time PCR sys-
tem (Applied Biosystems, Grand Island, NY). The 25S reference primers
were 5=-AGA CCG TCG CTT GCT ACA AT-3= and 5=-ATG ACG AGG
CAT TTG GCT AC-3=, and the depurination primers were 5=-CTA TCG
ATC CTT TAG TCC CTC-3= and 5=-CCG AAT GAA CTG TTC CAC
A-3=, respectively. The comparative threshold (��CT) method was used
to calculate the depurination levels, and data were expressed as a fold
change of depurination in Stx-treated RNA over depurination in control
nontreated RNA, as described previously (30).

Monomeric ribosomes were isolated as previously described (26). The
presence of the 10�His tags did not affect the activity of the A1 subunit of
Stx1 or Stx2 (26). The 10�His-tagged WT Stx1A1 and Stx2A1 (1 nM) and
3-fold dilutions (9 nM, 3 nM, and 1 nM) of 10�His-tagged mutant pro-
teins (R170A, R176A, and R172A/R176A) were added to 1� RIP buffer
(60 mM KCl, 10 mM Tris-HCl [pH 7.4], 10 mM MgCl2) in a final volume
of 100 �l. The reaction was started by adding 7 pmol of monomeric
ribosomes and incubated at 30°C for 10 min. One hundred microliters of
2� extraction buffer (120 mM NaCl, 25 mM Tris-HCl [pH 8.8], 10 mM
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EDTA, 1% SDS) was added to stop the reaction. RNA was extracted with
phenol and then phenol-chloroform and precipitated overnight with eth-
anol. Depurination was determined using quantitative reverse transcrip-
tase PCR (qRT-PCR) (30).

Total RNA (1 �g) from yeast cells isolated using an RNeasy minikit
(Qiagen, Valencia, CA) was incubated with 250 nM WT and mutant
Stx1A1and Stx2A1 (R170A, R176A, and R172A/R176A) in a final volume
of 20 �l in 20 mM citrate buffer (pH 5) at 37°C for 15 min. RNA was
purified with phenol and then phenol-chloroform, and the depurination
of rRNA was quantified using a qRT-PCR assay. The ��CT method was
used to calculate the depurination level, and data were expressed as the
fold change of depurination in Stx-treated RNA over depurination in
nontreated RNA, as described previously (30).

Interaction of Stx1A1 and Stx2A1 with yeast ribosomes and with the
ribosomal-stalk pentamer. Biacore T200 (GE Healthcare Bio-Sciences,
Pittsburgh, PA) was used to study the interaction of 10�His-tagged A1
subunits with the ribosome using a nitrilotriacetic acid (NTA) chip. The
amount of captured toxin monitored in real time by Biacore T200 was
800 � 20 resonance units (RU). Ribosomes at different concentrations
were passed over the surface at 30 �l/min for 2 min using the single-
injection kinetic method. Dissociation was for 5 min. The running buffer
contained 10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 50 �M
EDTA, and 0.003% surfactant P20 (GE Healthcare Bio-Sciences, Pitts-
burgh, PA). The surface was freshly captured at each cycle. Interaction of
the A1 subunits with the isolated ribosomal-stalk pentamer was analyzed
by capturing 1,000 RU of 10�His-tagged toxins on an NTA chip and the
same amount of 10�His-tagged enhanced green fluorescent protein
(EGFP) on the reference channel. The running buffer was the same as the
ribosome interaction buffer, except that it contained 10 mM MgCl2. The
yeast stalk pentamer was passed over the surface at different concentra-
tions at 30 �l/min for 3 min, and the final dissociation was for 5 min.

Transfection of Vero cells with the A1 subunits. WT Stx1A1 (K1 to
R251) (NT1776) and Stx2A1 (R1 to R250) (NT1777); Stx1A1 E167K
(NT1796), R170A (NT1784), R172A (NT1804), R176A (NT1774), and
R172A/R176A (NT1806) variants; and Stx2A1 E167K (NT1797), R170A
(NT1785), R172A (NT1805), R176A (NT1775), and R172A/R176A
(NT1807) variants with V5 and 10�His tags were cloned into the mam-
malian expression vector pCAGGs at the SacI-XhoI sites and cotrans-
fected into Vero cells with an EGFP expression plasmid in pCAGGs using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA), as previously described
(26). A Biotek plate reader was used to measure the EGFP fluorescence at
22 h after DNA exposure from the bottom of the plate with a 485/20-nm
bandpass excitation filter and a 530/25-nm bandpass emission filter. As-
says were performed in quadruplicate. The fluorescence measured in cells
cotransfected with EGFP and empty vector was considered 100%, and the
fluorescence in control cells lacking the EGFP plasmid was considered
background.

Analysis of ribosome depurination in Vero cells. Vero cells contain-
ing WT Stx1A1 (K1 to R251) (NT1776) and Stx2A1 (R1 to R250)
(NT1777); Stx1A1 E167K (NT1796), R170A (NT1784), R172A (NT1804),
R176A (NT1774), and R172A/R176A (NT1806) variants; or Stx2A1
E167K (NT1797), R170A (NT1785), R172A (NT1805), R176A (NT1775),
and R172A/R176A (NT1807) variants were grown as described above.
Cells were collected 23 h after DNA exposure. Total RNA was extracted
using the RNeasy minikit (Qiagen, Valencia, CA) with on-column DNase
treatment. A qRT-PCR assay was used to quantify depurination (30).

Isolation of rat liver ribosomes. Monomeric ribosomes were isolated
from rat livers as previously described (26). Briefly, livers were dissected
from rats, rinsed in cold buffer A (20 mM HEPES-KOH, pH 7.6, 5 mM Mg
acetate [MgOAc], 50 mM KCl, 10% glycerol) with 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and protease in-
hibitor cocktail for mammalian tissue culture (Sigma-Aldrich, St. Louis,
MO) and frozen in liquid N2. Thawed livers were homogenized in cold
buffer A plus 1 mM PMSF, 1 mM DTT, and protease inhibitor cocktail for
mammalian tissue culture (Sigma-Aldrich, St. Louis, MO) and centri-

fuged at 20,000 � g for 20 min. The supernatant was treated with 1%
sodium deoxycholate for 10 min with constant stirring on ice and sedi-
mented at 150,000 � g for 90 min. The pellet was rinsed twice in buffer B
(20 mM HEPES-KOH, pH 7.6, 20 mM MgOAc, 0.5 M KCl, 10% glycerol)
with 1 mM PMSF and 1 mM DTT and stored overnight at 4°C in a small
amount of the same buffer. The ribosomes were resuspended with a
Dounce homogenizer in buffer B with 1 mM DTT and 1 mM PMSF and
incubated for 30 min at 30°C with 1 mM puromycin and 1 mM GTP. The
supernatant was clarified by centrifugation at 20,000 � g for 15 min and
layered over a cushion of buffer B with glycerol raised to 25%. Ribosomes
were sedimented at 150,000 � g for 2 h. The pellets were rinsed in buffer
C (50 mM HEPES-KOH, pH 7.6, 5 mM MgOAc, 50 mM NH4Cl, 0.1 mM
DTT, and 25% glycerol), resuspended in 5 ml buffer C, and stored at
�80°C. All animal experiments were conducted with the approval of the
Rutgers University Animal Care and Use Committee.

Depurination of rat liver ribosomes. Depurination analysis of rat
liver ribosomes was performed as described for yeast. One nanomolar
WT Stx1A1 and Stx2A1 and 3-fold dilutions (9 nM, 3 nM, and 1 nM)
of mutant proteins (R170A, R176A, and R172A/R176A) were used in
the treatment of 7 pmol of rat ribosomes. Depurination was analyzed
by qRT-PCR (30).

Interaction of Stx1A1 and Stx2A1 with rat liver ribosomes. The in-
teraction of 10�His-tagged WT and Stx1A1 and Stx2A1 variants with rat
liver ribosomes was examined using Biacore T200 (GE Healthcare Bio-
Sciences, Pittsburgh, PA). The amount of toxin captured on an NTA chip
monitored in real time was 1,800 � 50 RU. Ribosomes at different con-
centrations were passed over the surface at 30 �l/min for 2 min using the
single-injection kinetic method. Dissociation was for 5 min. The running
buffer contained 10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl2,
50 �M EDTA, and 0.01% surfactant P20. The surface was freshly captured
at each cycle.

Statistical analysis. Data (see Fig. 2 to 7) were analyzed by Student’s
two-sample t test using Origin software (OriginLab v.8.0; OriginLab,
Northampton, MA). Statistical analyses of data (see Fig. S2A and C in the
supplemental material) were conducted by using SAS 9.4 (SAS Institute,
Inc., Cary, NC). Data were analyzed by generalized mixed linear models
using PROC GLM (Procedure for Generalized Linear Models) to test for
statistical differences between treatments. Least-square means were cal-
culated, and specific preplanned contrasts (31) were computed to com-
pare treatment means between Stx1A1 and Stx2A1 for each treatment.

RESULTS
Arginines R172 and R176 are more important than R179 in the
cytotoxicity and depurination activity of Stx1A1 and Stx2A1 in
yeast. Comparison of the crystallographic structures of Stx1A1
and Stx2A1 (Fig. 1A and B) showed that R172, R176, and R179,
previously shown to be involved in the interaction of Stx1A1 with
P11 (24), are more exposed in Stx1A1 than in Stx2A1, suggesting
that R172, R176, and R179 might play different roles in ribosome
binding in Stx1A1 and Stx2A1. We therefore mutated R172, R176,
and R179 to alanine in Stx1A1 and Stx2A1. We included muta-
tions in the active-site residues Glu167 (E167K) and Arg170
(R170A) (Fig. 1A and B) as controls. The WT and mutant forms of
Stx1A1 and Stx2A1 were expressed in yeast under the control of
the GAL1 promoter, and viability was determined by induction on
galactose for 4 h, followed by plating serial dilutions on media
containing glucose. The numbers of CFU calculated based on the
viability assay are shown in Fig. 2A and Fig. S1A in the supplemen-
tal material. WT Stx2A1 decreased yeast viability approximately
2-fold more than WT Stx1A1 (Fig. 2A; see S1A in the supplemen-
tal material). While there was a significant increase in the viability
of R172A and R176A variants, the R179A variant did not show a
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significant increase in viability compared to the WT and was not
analyzed further (see Fig. S1A in the supplemental material).

To determine if mutation of more than one arginine would
lead to a further reduction in toxicity, we mutated two or three
different arginines at the distal face of the active site to alanine
simultaneously and compared the viability of the mutants to that
of the WT (see Fig. S1A in the supplemental material). The growth
of double (R172A/R176A and R172A/R179A) and triple (R172A/
R176A/R179A) arginine mutants was similar to that of the empty
vector (see Fig. S1A in the supplemental material), indicating that
simultaneous mutation of two arginines reduced toxicity to a
minimal level in both toxins. These results showed that Arg179 is
not as important as Arg172 and Arg176 but that it has an effect in
reducing toxicity when combined with mutations at nearby argi-
nines (see Fig. S1A in the supplemental material). Since there were
no discernible differences between the growth rates of the double
and triple mutants (see Fig. S1 in the supplemental material),
R172A/R176A was selected for further analysis. The E167K muta-
tion led to a total loss of cytotoxicity, while the R170A mutation
reduced the toxicity of both Stx1A1 and Stx2A1 (Fig. 2A). Al-
though Glu167 and Arg170 play critical roles in the catalytic ac-
tivity of Shiga toxins, the complete loss of toxicity of E167K might
be due to the drastic change from a negatively charged residue to a
positively charged residue. In contrast, R170A retains some toxic-
ity, possibly because the positive charge is replaced by a smaller
neutral alanine (Fig. 2A).

The expression of arginine variants in yeast was analyzed by
immunoblot analysis at 6 hpi with monoclonal antibodies against
the V5 epitope (Fig. 2B). Monoclonal antibodies against phospho-

glycerate kinase 1 (PGK1) were used as a loading control. As ob-
served previously (26), the expression level of the arginine variants
correlated inversely with their toxicity. All the mutants were ex-
pressed at higher levels than the WT, consistent with their lower
toxicity (Fig. 2B).

In order to determine if there is a correlation between the re-
duced cytotoxicity and the depurination activity in yeast, the de-
purination activity of the arginine variants was examined using a
previously described qRT-PCR assay (30). Total RNA was col-
lected from yeast cells at 1 hpi, and depurination was determined
relative to yeast harboring the empty vector using the ��CT

method. All the mutants showed a significant reduction in the
depurination level compared to WT Stx1A1 and Stx2A1, except
R179A (see Fig. S1B in the supplemental material). The E167K
single mutation eliminated depurination, consistent with the via-
bility assay (Fig. 2C). Stx2A1 containing the single R170A, R172A,
or R176A mutation depurinated ribosomes at a significantly
higher level than Stx1A1 containing the same mutations, while
simultaneous mutations at Arg172 and Arg176 caused a similar
reduction in the depurination level of Stx1A1 and Stx2A1 (Fig. 2C;
see Fig. S1B in the supplemental material). These results showed
that conserved arginines play a critical role in the toxicity and
depurination activities of Stx1A1 and Stx2A1 in yeast. However,
Arg170, Arg172, and Arg176 are more critical for the depurination
activity and toxicity of Stx1A1 than of Stx2A1.

Arginine variants depurinate yeast ribosomes at a reduced
level but depurinate yeast RNA at a level similar to that of WT
Stx1A1 and Stx2A1. To examine the depurination activities of the
arginine mutants, 10�His-tagged WT and mutant forms of

FIG 1 Crystallographic structures of Stx1A1 and Stx2A1 showing the active site and the distal face of the active site. The A1 subunits of Shiga toxin and Shiga
toxin 2 were modeled from the Protein Data Bank ID 1DM0 (Shiga toxin) and 1R4P (Shiga toxin 2). The active site of Stx1A1 (red) is more embedded (A) than
the active site of Stx2A1 (B). Rotation about the y axis by approximately 180° reveals the conserved arginines (blue) in Stx1A1 (A) and in Stx2A1 (B).
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Stx1A1 and Stx2A1 were expressed in E. coli and purified. The
dramatic change from glutamic acid to lysine likely affected fold-
ing and prevented the purification of Stx1A1 and Stx2A1 contain-
ing the E167K mutation. This mutant and Stx2A1 containing an
R172A mutation could not be purified. Recombinant R170A,
R176A, and R172A/R176A mutants and WT Stx1A1 and Stx2A1
were analyzed by immunoblot analysis using monoclonal anti-
bodies against histidine (Qiagen, Valencia, CA). Each toxin mi-
grated on SDS-PAGE as expected for its size (Fig. 3A).

The depurination activity of recombinant Stx variants was ex-
amined using monomeric yeast ribosomes (Fig. 3B and C). The
ribosomes were treated with 3-fold-higher doses of the mutant
toxins in order to ascertain the linear range of increase in depuri-
nation relative to the toxin concentration. Depurination by the
R170A variant was significantly reduced compared to WT Stx1A1
or Stx2A1 at all doses tested (Fig. 3B). Stx1A1 R176A and R172A/
R176A had significantly lower depurination levels than the WT
even at a 9 nM toxin concentration (Fig. 3C). In contrast, only
Stx2A1 R172A/R176A had significantly lower depurination levels
than the WT at a 9 nM toxin concentration (Fig. 3C). There was a
highly significant reduction in depurination at the lower concen-
trations of Stx2A1 R176A, but the reduction in depurination was
not observed when it was used at 9 nM (Fig. 3C). Stx2A1 variants
containing single mutations depurinated ribosomes at a signifi-
cantly higher level than Stx1A1 variants (Fig. 3B and C). The
R172A/R176A double mutation resulted in comparable levels of
depurination in Stx1A1 and Stx2A1 (Fig. 3C), indicating that mu-
tation of both arginines is necessary to reduce the depurination
activity of Stx2A1 to the same level as that of Stx1A1 (Fig. 3C).

When total yeast RNA was used as a substrate for depurination
with purified toxins, Stx1A1 and Stx2A1 containing R176A and
R172A/R176A mutations showed depurination activity similar to
that of WT Stx1A1 and Stx2A1 (Fig. 3D and E). In contrast, the
R170A mutant showed no activity on RNA, since the mutation
was at the active site (Fig. 3D). WT Stx2A1 and Stx2A1 R176A and
R172A/R176A depurinated RNA at a significantly higher level
than WT Stx1A1 and Stx1A1 R176A and R172A/R176A, respec-
tively, indicating that WT Stx2A1 and Stx2A1 R176A and R172A/
R176A were more active. Therefore, the R176A and R172A/R176A
mutations do not affect RNA binding or catalytic activity, provid-
ing evidence that the reduction in ribosome depurination is not
due to a reduction in catalytic activity. In contrast, reduced cata-
lytic activity is responsible for the reduction in ribosome depuri-
nation by R170A (Fig. 3D).

Arginine mutations affect the interaction of the A1 subunits
with the ribosome and with the stalk pentamer in yeast. To de-
termine if reduced depurination is due to reduced interaction
with the ribosome, we examined the interaction of Stx variants
with intact yeast ribosomes and with the purified stalk pentamer
from yeast by surface plasmon resonance (SPR) using Biacore
T200. In order to detect binding, 10�His-tagged WT Stx1A1,
10�His-tagged WT Stx2A1, and 10�His-tagged R176A and
R172A/R176A variants were captured on an NTA chip at 800 RU.
The same amount of 10�His-tagged EGFP was captured on the
reference channel as a control (Fig. 4A and B). Since WT Stx1A1
and Stx2A1 and the variants were captured using the N-terminal
10�His, their binding sites were exposed. We could not detect
binding of Stx1A1 and Stx2A1 containing R176A or R172A/
R176A mutations to the ribosome at concentrations up to 40 nM
(Fig. 4A and B). Binding was not detected even when R176A or

FIG 2 (A) Viability and ribosome depurination in yeast expressing WT or
mutant Stx1A1 or Stx2A1. Yeast cells transformed with a plasmid carrying WT
or mutant Stx1A1 or Stx2A1 or the empty vector (VC) were grown in SD
medium supplemented with 2% glucose and then transferred to SD medium
supplemented with 2% galactose. At 0 and 4 hpi, a series of 10-fold dilutions
were plated on media containing 2% glucose and grown at 30°C for 1 to 2 days.
The numbers of CFU per milliliter at 4 hpi were calculated from at least 3
independent transformants. The error bars represent standard errors (SE)
(n � 3 independent experiments). The means of Stx1A1, Stx2A1, and their
variants were significantly different using a two-sample t test (***, P � 0.001,
****, P � 0.0001 [means compared to the respective WT]; #, P � 0.05 [means
compared between Stx1A1 and Stx2A1]). (B) Immunoblot analysis of yeast
cells transformed with WT or mutant Stx1A1 or Stx2A1. Total protein from
cells (OD600 � 5) isolated at 6 hpi was separated on an SDS-2% PAGE gel and
probed with anti-V5. Anti-PGK1 was used as a loading control. (C) Depuri-
nation of ribosomes in yeast. Total RNA (375 ng) isolated from cells (OD600 �
1) expressing WT or mutant Stx1A1 or Stx2A1 collected at 1 hpi was used to
quantify the relative level of depurination using qRT-PCR. The y axis shows
the fold change in depurination of toxin-treated samples over the control
samples without toxin (VC). The error bars represent SE (n � 3 replicates).
The means of WT Stx1A1 and Stx2A1 and Stx1A1 and Stx2A1 variants were
significantly different using a two-sample t test (*, P � 0.05, **, P � 0.01, ***,
P � 0.001 [means compared to the respective WT]; #, P � 0.05, ##, P � 0.01
[means compared between Stx1A1 and Stx2A1]; NS, not significant).
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R172A/R176A were captured at 2,500 RU. Our results were in
agreement with a previous study, which showed that the R176A
variant of Stx1A1 did not bind the P11 peptide by SPR when the
biotinylated peptide was immobilized on the Biacore chip and
the R176A variant was passed over the surface (24). These re-
sults highlighted the importance of the arginine residues at the
distal face of the active site in the interaction of the A1 subunits
with the ribosome. They also showed that Stx2A1 bound ribo-
somes at a higher level than Stx1A1, consistent with previous
results (26).

In order to examine the interaction of the Stx variants with the
stalk pentamer, 10�His-tagged WT Stx1A1 and Stx2A1 and
10�His-tagged R176A and R172A/R176A variants were captured
on different channels of an NTA chip at 1,000 RU, and the purified
stalk pentamer from yeast was passed over the surface (Fig. 4C and
D). The same amount of 10�His-tagged EGFP was captured on
the reference channel as a control. R176 or R172/R176 mutations

eliminated the interaction of Stx1A1 and Stx2A1 with the stalk
pentamer, even at a 16.2 nM stalk pentamer concentration (Fig.
4C and D).

To determine if arginine-to-alanine conversion at the active
site affected the interaction of Stx1A1 and Stx2A1 with the ribo-
some, we examined the interaction of the R170A variant with
ribosomes and with the purified stalk pentamer. As shown in Fig.
5A and B, Stx1A1 R170A interacted with ribosomes at a 1.7-fold-
lower level than the WT while Stx2A1 R170A bound ribosomes at
a 1.3-fold-lower level than the WT when 40 nM yeast ribosomes
were used. Since the interaction did not fit a 1:1 model, the asso-
ciation (kon) and dissociation (koff) rates could not be accurately
determined. Instead, the binding level was used to calculate the
equilibrium dissociation constant (KD) (Table 1). The apparent
KD values of R170A variants were 1.2-fold higher than those of the
WT for Stx1A1 and Stx2A1, and the difference was significant.
These results indicate that a slight change in the overall charge of

FIG 3 (A) Immunoblot analysis of purified 10�His-tagged WT Stx1A1 and Stx2A1 and 10�His-tagged R170A, R176A, and R172A/R176A variants. Equal
amounts (1 �g) of purified Stx1A1 (S1) and Stx2A1 (S2) and variants were separated on a 12% SDS-polyacrylamide gel. 10�His-tagged Stx1A1 and Stx2A1 were
detected by monoclonal anti-His. (B) Depurination of yeast ribosomes by 10�His-tagged WT Stx1A1 and Stx2A1 and R170A variants. (C) Depurination of yeast
ribosomes by 10�His-tagged WT Stx1A1 and Stx2A1 and R176A and R172A/R176A variants. Yeast ribosomes (7 pmol) were incubated with different concen-
trations of 10�His-tagged WT or variant forms of Stx1A1 or Stx2A1 at 30°C for 10 min. The rRNA (375 ng) was used to quantify the relative levels of
depurination by qRT-PCR. The y axis shows the fold change in depurination of toxin-treated samples over the control samples without toxin treatment (NT).
The error bars represent SE (n � 3 replicates). The means of WT Stx1A1 and Stx2A1 and their variants were significantly different using a two-sample t test (**,
P � 0.01, ****, P � 0.0001 [means compared to the respective WT]; ##, P � 0.01, ####, P � 0.0001 [means compared between Stx1A1 and Stx2A1]; NS, not
significant). (D) Depurination of total RNA from yeast by purified Stx1A1, Stx2A1, and R170A and R176A variants. (E) Depurination of total RNA from yeast
by purified Stx1A1, Stx2A1, and R172A/R176A variants. Total RNA (1 �g) was incubated with different amounts of 10�His-tagged WT Stx1A1 and Stx2A1 or
10�His-tagged R170A, R176A, and R172A/R176A variants at 37°C for 15 min. The relative levels of depurination were determined using qRT-PCR. The y axis
shows the fold change in depurination of toxin-treated samples over the control samples without toxin treatment (NT). The error bars represent SE (n � 3
replicates). The means of Stx1A1, Stx2A1, and their variants were significantly different using a two-sample t test (#, P � 0.05, ##, P � 0.01 [means compared
between Stx1A1 and Stx2A1]; NS, not significant).

Arginines Affect Ribosome Interactions of Shiga Toxins

December 2016 Volume 84 Number 12 iai.asm.org 3295Infection and Immunity

http://iai.asm.org


the toxin molecule due to a mutation at the active site affects its
interaction with the ribosome (Fig. 5A and B). The apparent KD

values for WT Stx1A1 and Stx1A1 R170A were 3-fold higher than
the apparent KD values for WT Stx2A1 and Stx2A1 R170A, respec-
tively, indicating that WT Stx2A1 and Stx2A1 R170A have higher
affinity for the ribosome than WT Stx1A1 and Stx1A1 R170A,
respectively.

When the interaction of R170A variants was examined with
the stalk pentamer, the interaction fit a 1:1 interaction model
(Fig. 5C and D). Stx1A1 R170A showed slightly lower kon and
koff than WT Stx1A1, which led to a slightly higher KD than the
WT (Table 2). Stx2A1 R170A, had slightly higher kon and koff,
but the KD was almost identical to that of WT Stx2A1 (Table 2).
The affinity and association and dissociation rates of R170A
variants for the stalk complex were not significantly different
than those of the WT Stx1A1 and Stx2A1, indicating that the
lower affinity of the R170A variants for the ribosome than WT
Stx1A1 and Stx2A1 is not due to their interaction with the stalk
pentamer.

Arginine mutations affect the interaction of the A1 subunits
with mammalian ribosomes and depurination of mammalian
ribosomes. When purified rat liver ribosomes were treated with
recombinant WT Stx1A1 and Stx2A1 and variants, all the mutants
showed a significant reduction in depurination in comparison to
the WT at 1 and 3 nM (Fig. 6A and B). Depurination by Stx1A1
R170 and R176A was reduced significantly more than by Stx2A1
R170A and R176A. In contrast, Stx1A1 and Stx2A1 R172A/R176A

showed similar levels of reduction in depurination at the different
concentrations tested. Stx2A1 R172A/R176A had significantly
lower depurination than the WT even at 9 nM. These results in-
dicate that mutation of arginines at the distal face of the active site
reduce depurination of mammalian ribosomes by Stx1A1 and
Stx2A1. Both arginines need to be mutated to reduce the depuri-
nation of mammalian ribosomes by Stx2A1 to the same level as
that by Stx1A1.

In order to determine if reduced depurination is due to re-
duced binding to rat liver ribosomes, the interaction of 10�His-
tagged WT Stx1A1 and Stx2A1 and 10�His-tagged R176A and
R172A/R176A variants with rat liver ribosomes was analyzed us-
ing Biacore T200. The A1 chains were captured on an NTA chip at
1,800 RU, and rat liver ribosomes were passed over the surface at
different concentrations using single-cycle kinetics. The same
amount of 10�His-tagged EGFP was captured on the reference
channel as a control (Fig. 7A and B). As observed with yeast ribo-
somes, R176A and R172A/R176A variants failed to interact with
rat liver ribosomes.

When interaction of 10�His-tagged R170A variants was ex-
amined with rat liver ribosomes, there was a 1.2-fold reduction in
the binding levels of Stx1A1 and Stx2A1 R170A in comparison to
WT Stx1A1 and Stx2A1 (Fig. 7C and D). This difference was sig-
nificant (Table 1). These results demonstrated that conserved ar-
ginines at the distal face of the active site and Arg170 at the active
site are critical for the interaction of Stx1A1 and Stx2A1 with rat
liver ribosomes and highlighted the importance of the surface

FIG 4 (A) Interaction of yeast ribosomes with 10�His-tagged WT Stx1A1 and 10�His-tagged R176A and R172A/R176A variants. (B) Interaction of yeast
ribosomes with 10�His-tagged WT Stx2A1 and 10�His-tagged R176A and R172A/R176A variants. WT Stx1A1, WT Stx2A1, and R176A and R172A/R176A
variants were captured on an NTA chip at 800 RU. Different concentrations of ribosomes were passed over the surface as analytes, as shown. (C) Interaction of
the purified yeast stalk pentamer with 10�His-tagged WT Stx1A1 and 10�His-tagged R176A and R172A/R176A variants. (D) Interaction of the purified yeast
stalk pentamer with 10�His-tagged WT Stx2A1 and 10�His-tagged R176A and R172A/R176A variants. WT Stx1A1 and Stx2A1 and R176A and R172A/R176A
variants were captured on an NTA chip at 1,000 RU, and the same amount of EGFP was captured on the reference channel. Different concentrations of stalk
pentamer were passed over the surface as analytes, as shown.
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charge in the interaction of the A1 subunits with mammalian ri-
bosomes.

DISCUSSION
Arginines on the distal face of the active site are critical for the
depurination activity and toxicity of Stx1A1 and Stx2A1. Our
recent results indicated that there are differences in the biphasic
interaction of Stx1A1 and Stx2A1 with the ribosome (26). Stx2A1
had a higher affinity for the ribosome and a higher catalytic activ-
ity than Stx1A1 in yeast and in mammalian cells. Examination of
electrostatic surfaces of Stx1A1 and Stx2A1 indicated a number of
differences (26). An 	180° rotation along the y axis revealed the
positively charged zone, which was composed of several arginines

and was larger and more exposed in Stx1A1 than in Stx2A1 (Fig. 1)
(26). To determine if these differences contribute to the higher
affinity of Stx2A1 for the ribosome, we mutated Arg172, Arg176,
and Arg179, previously shown to be critical for the interaction of
Stx1A1 with P11 (24), and examined the effects of these mutations
on ribosome binding, depurination activity, and toxicity. Point
mutations at Arg179 did not show any obvious reduction in tox-
icity and depurination activity in either Stx1A1 or Stx2A1 in yeast
(see Fig. S1A and B in the supplemental material). In contrast,
R172A and R176A mutations led to a significant reduction in tox-
icity (Fig. 2A) and depurination activity (Fig. 2C). These results
indicate that the three different arginines have different roles in
the depurination activity and toxicity of Stx1A1 and Stx2A1. Point
mutations at Arg172 or Arg176 showed greater reductions in Stx1A1
than in Stx2A1, indicating that they are more critical for the depuri-
nation activity and toxicity of Stx1A1 than of Stx2A1. These results
demonstrate for the first time that arginines on the distal face of the
active site are important for the depurination activity and toxicity of
Stx1A1 and Stx2A1.

While there were significant differences in the depurination
levels among the Stx1A1 and Stx2A1 mutants in yeast, this differ-
ence was not apparent in the cytotoxicity assay, indicating that the
absolute level of depurination often does not correlate with cyto-
toxicity (32). In RTA, at least two arginines had to be mutated in
order to perturb the interaction between the toxin and the stalk
pentamer or the ribosome before a reduction in toxicity was ob-
served (28). Similarly, in TCS, single point mutations reduced the
interaction with the P2 protein while a triple mutation disrupted

FIG 5 (A) Interaction of yeast ribosomes with 10�His-tagged WT Stx1A1 and 10�His-tagged R170A. (B) Interaction of yeast ribosomes with 10�His-tagged
WT Stx2A1 and 10�His-tagged R170A. 10�His-Stx1A1, 10�His-Stx2A1, and 10�His-R170A variants were captured on an NTA chip at 800 RU. Different
concentrations of ribosomes were passed over the surface as analytes, as shown. (C) Interaction of the purified yeast stalk pentamer with 10�His-tagged WT
Stx1A1 and 10�His-tagged R170A. (D) Interaction of the purified yeast stalk pentamer with 10�His-tagged WT Stx2A1 and 10�His-tagged R170A. 10�His-
Stx1A1, 10�His-Stx2A1, and 10�His-R170A variants were captured on an NTA chip at 1,000 RU, and the same amount of EGFP was captured on the reference
channel. Different concentrations of the stalk pentamer were passed over the surface as analytes, as shown.

TABLE 1 Apparent KD of the interaction of A1 subunits with ribosomes

Toxin

Mean apparent KD (M) of ribosomesa

Yeast Rat

Stx1A1
WT 8.47 � 10�8 � 0.15 � 10�8A 9.39 � 10�8 � 2.03 � 10�8E
R170A 9.37 � 10�8 � 0.23 � 10�8B 11.71 � 10�8 � 1.91 � 10�8F

Stx2A1
WT 2.89 � 10�8 � 0.08 � 10�8C 4.39 � 10�8 � 0.15 � 10�8G
R170A 3.45 � 10�8 � 0.22 � 10�8D 5.06 � 10�8 � 0.83 � 10�8H

a The letters indicate statistical comparisons, where means were significantly different
between A and B (P � 0.01), between C and D (P � 0.05), between B and D (P �
0.001), between E and F (P � 0.05), between G and H (P � 0.05), and between F and H
(P � 0.001) as determined using a two-sample t test.
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the interaction (12). The depurination levels of Stx2A1 single mu-
tants on yeast (Fig. 3B and C) and rat liver ribosomes (Fig. 6A and
B) were consistently higher than those of Stx1A1 single mutants.
Unlike the single mutations, the double and triple arginine muta-

tions had similar effects and caused a more drastic reduction in
Stx2A1 than in Stx1A1 (Fig. 2; see Fig. S1 in the supplemental
material).

When the effects of the mutations in conserved arginines were
examined in Vero cells using an EGFP transfection assay (26),
E167K and R172A/R176A variants showed significantly higher
levels of EGFP fluorescence than the WT Stx1A1 and Stx2A1, in-
dicating reduced inhibition of EGFP translation (see Fig. S2A in
the supplemental material). Since protein levels of Stx1A1 and
Stx2A1 were too low to detect by immunoblotting, RNA levels
were measured by qRT-PCR. RNA expression levels of WT
Stx1A1 and Stx2A1 and variants were similar in Vero cells (see Fig.
S2B in the supplemental material). When total RNA from Vero
cells was analyzed to determine the in vivo depurination levels, the
depurination levels of all the Stx2A1 mutants were significantly
reduced in comparison to WT Stx2A1. The R172A/R176A muta-
tion reduced depurination by Stx2A1 to a level similar to that by
Stx1A1 (see Fig. S2C in the supplemental material). These results
indicate that conserved arginines on the distal face of the active site
are important for the depurination activity of Stx2A1 and that
mutation of more than one arginine is required to cause a sub-
stantial reduction in the toxicity and depurination activity of
Stx2A1 in mammalian cells. A plausible reason might be that
Stx2A1 has higher catalytic activity than Stx1A1, since it depuri-
nates naked RNA more efficiently than Stx1A1 even in the absence
of ribosomal proteins (Fig. 3D and E) (26). Further analysis is
required to fully understand the basis for this variation.

Conserved arginines on the distal face of the active site are
critical for the interaction of Stx1A1 and Stx2A1 with the ribo-
some and with the stalk pentamer. We previously showed that
the interaction of RTA with yeast ribosomes by SPR did not fit a
1:1 interaction model but rather followed a two-step binding
model (27). We proposed that the non-stalk-specific electrostatic
interactions with the ribosome increase the local concentration of
RTA on the ribosome and promote its diffusion to the stalk. Elec-
trostatic interactions with the P-protein stalk stimulate the de-
purination activity of RTA by orienting RTA toward the SRL (28).
Stx1A1 and Stx2A1 interactions with yeast (Fig. 4 and 5) or rat
liver ribosomes (Fig. 7) did not follow a 1:1 interaction model but
instead fit a biphasic model with an initial fast association-disso-
ciation phase followed by a slower association-dissociation phase.
Stx2A1 had a faster association-dissociation pattern with ribo-
somes than Stx1A1 but did not show a significant difference in its
interaction with the purified stalk pentamer compared to Stx1A1
(Fig. 4) (26). These results suggest that the differences in the in-
teractions of Stx1A1 and Stx2A1 with the ribosome are not due to
differences in their interactions with the stalk pentamer.

TABLE 2 Stalk interaction parametersa

Toxin kon (M�1 s�1) koff (s�1) KD (M)

Stx1A1
WT 1.53 � 106 � 0.76 � 106A 2.29 � 10�3 � 0.56 � 10�3C 1.50 � 10�9 � 0.59 � 10�9E
R170A 1.08 � 106 � 0.55 � 106B 2.04 � 10�3 � 0.23 � 10�3D 1.89 � 10�9 � 0.52 � 10�9F

Stx2A1
WT 1.28 � 106 � 0.23 � 106G 2.34 � 10�3 � 0.45 � 10�3I 1.84 � 10�9 � 0.21 � 10�9K
R170A 1.39 � 106 � 0.08 � 106H 2.55 � 10�3 � 0.28 � 10�3J 1.83 � 10�9 � 0.31 � 10�9L

a The letters indicate statistical comparisons, where means were not significantly different between A and B, between C and D, between E and F, between G and H, between I and J,
and between K and L as determined using a two-sample t test.

FIG 6 (A) Depurination of rat liver ribosomes by purified 10�His-tagged WT
Stx1A1 and Stx2A1 and 10�His-tagged R170A variants. (B) Depurination of
rat liver ribosomes by purified 10�His-tagged WT Stx1A1 and Stx2A1 and
10�His-tagged R176A and R172A/R176A variants. Rat liver ribosomes (7
pmol) were incubated with different concentrations of WT Stx1A1 or Stx2A1
or R170A, R176A, or R172A/R176A variants at 30°C for 10 min. Total rRNA
(375 ng) was used to quantify the relative levels of depurination by qRT-PCR.
The y axis shows the fold change in depurination of toxin-treated samples over
the control samples without toxin treatment (NT). The error bars represent SE
(n � 3 replicates). The means of WT Stx1A1 and Stx2A1 and their variants
were significantly different using a two-sample t test (**, P � 0.01, ****, P �
0.0001 [means compared to the respective WT]; ##, P � 0.01, ####, P � 0.0001
[means compared between Stx1A1 and Stx2A1]; NS, not significant).
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The R176A and R172A/R176A variants failed to show any in-
teraction with the stalk pentamer or with ribosomes. Although the
R176A and R172A/R176A mutations affected the depurination of
ribosomes by Stx1A1 and Stx2A1 and abolished ribosome bind-
ing, they had no effect on their depurination activity when RNA
was used as a substrate (Fig. 3D and E). Thus, the reduction in
depurination activity of the arginine variants toward the ribosome
is due to their inability to bind ribosomes and not to the loss of
their catalytic activities. Although the R176A and R172A/R176A
mutations caused similar reductions in the affinities of Stx1A1 and
Stx2A1 for the ribosomal stalk, they had a differential effect on
their depurination activities. These results indicate that conserved
arginines at the distal face of the active site are critical for the
interactions of Stx1A1 and Stx2A1 with the P-protein stalk, but
not for the differences in their interactions with the ribosome.

Mutation of an arginine at the active site affects the binding
affinity of Stx1A1 and Stx2A1 for the ribosome, but not for the
stalk pentamer. Early studies using the holotoxins identified
Glu167 and Arg170 of the A1 subunits as important for catalytic
activity (33–36). The corresponding Arg180 in RTA is proposed to
promote cleavage of the adenine by protonating position N3 of the
adenine (37–39), while the corresponding Glu177 polarizes a sur-
rounding water molecule to produce a hydroxide ion that aids in
the cleavage of adenine. In ricin, conversion of Glu177 to glu-
tamine leads to a 180-fold loss in activity and conversion to an
aspartate leads to an 80-fold reduction, while conversion to ala-
nine leads to only a 20-fold loss (39, 40). It was proposed that the
nearby Glu208 can access the SRL due to the small size of the

alanine side chain (41). The conversion of Glu167 to aspartate led
to only a 3-fold reduction in Stx1 (36). However, conversion to a
positively charged lysine led to a total loss of toxicity. Stx1A1 and
Stx2A1 containing the E167K mutation had viability and depuri-
nation patterns similar to those of the empty vector. We were
unable to purify this protein, probably as a result of the drastic
change in folding of the active site. Conversion of Arg170 to ala-
nine led to a 16-fold reduction in the depurination activity of
Stx1A1 and a 6-fold reduction in the depurination activity of
Stx2A1. Stx1A1 R170A had 4.9-fold-lower depurination activity
than Stx2A1 R170A (Fig. 2). We have reported that the region
around the active site of Stx2A1 is neutral in comparison to a
negatively charged region around the active site of Stx1A1 (26).
This difference in the surface charge may provide better access of
Stx2A1 to the SRL, leading to the observed difference in depuri-
nation activity. We examined the effect of the R170A mutation on
the interaction of Stx1A1 and Stx2A1 with yeast (Fig. 5A and B)
and rat liver ribosomes (Fig. 7C and D). The association and dis-
sociation patterns of this mutant were slightly lower than those of
the WT, and the apparent KD values of both toxins were signifi-
cantly different than that of the WT (Table 1). We did not observe
a significant effect of the R170A mutation on the interaction of
either toxin with the purified stalk pentamer (Table 2) but ob-
served differences in their interactions with the ribosome. These
results indicate that a charge difference at a site away from the
ribosomal stalk binding region affects the binding affinity of the
toxins for the ribosome, but not the stalk pentamer, suggesting

FIG 7 (A) Interaction of rat liver ribosomes with 10�His-tagged WT Stx1A1 and 10�His-tagged R176A and R172A/R176A variants. (B) Interaction of rat liver
ribosomes with 10�His-tagged WT Stx2A1 and 10�His-tagged R176A and R172A/R176A variants. WT Stx1A1, WT Stx2A1, and R176A and R172A/R176A
variants were captured on an NTA chip at 1,800 RU. Different concentrations of rat liver ribosomes were passed over the surface as analytes. (C) Interaction of
rat liver ribosomes with 10�His-tagged WT Stx1A1 and 10�His-tagged R170A. (D) Interaction of rat liver ribosomes with 10�His-tagged WT Stx2A1 and
10�His-tagged R170A. 10�His-Stx1A1, 10�His-Stx2A1, and 10�His-R170A variants were captured on an NTA chip at 1,800 RU. Different concentrations of
rat liver ribosomes were passed over the surface as analytes, as shown.
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that Arg170 contributes to the accumulation of the toxins on the
ribosome.

In summary, we used site-directed mutagenesis to identify the
roles of the arginine residues on the distal face of the active site and
at the active site in the interaction of Stx1A1 and Stx2A1 with
ribosomes. Our results indicate that mutation of more than one
arginine is required to reduce the toxicity and catalytic activity of
Stx2A1 significantly in comparison to Stx1A1 in both yeast and
mammalian cells. Arg176 and Arg172 play roles in the stalk-de-
pendent interactions of Stx1A1 and Stx2A1 with the ribosome,
while Arg170 enhances non-stalk-specific interactions with the
ribosome. These results demonstrate that conserved arginines at
the stalk binding site or at the active site are critical for the inter-
action of Stx1A1 and Stx2A1 with the ribosome and their depuri-
nation activity and toxicity, but they do not contribute to the
higher affinity of Stx2A1 for the ribosome. Calculation of the elec-
trostatic surfaces of Stx1A1 and Stx2A1 showed a number of dif-
ferences (26). Stx1A1 has a pronounced negatively charged knob
composed of Glu60 and Glu61, which is missing in Stx2A1, as the
corresponding residues are Tyr60 and Gln61. Stx2A1 has a nega-
tively charged region consisting of Glu215 and Asp216, while
Stx1A1 has Gly215 and Gln216 forming a neutral projection. Fur-
ther studies will address whether these differences in surface
charge contribute to the higher affinity of Stx2A1 than Stx1A1 for
the ribosome. We demonstrate here that the depurination activi-
ties and toxicity of Stx1A1 and Stx2A1 are reduced by inhibiting
their interactions with the ribosome, identifying toxin-ribosome
interactions as a new target for the design of inhibitors of STEC
infection.
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