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Abstract: Messenger RNA is recruited to the eukaryotic ribosome by a complex including the

eukaryotic initiation factor (eIF) 4E (the cap-binding protein), the scaffold protein eIF4G and the

RNA helicase eIF4A. To shut-off host–cell protein synthesis, eIF4G is cleaved during picornaviral
infection by a virally encoded proteinase; the structural basis of this reaction and its stimulation by

eIF4E is unclear. We have structurally and biochemically investigated the interaction of purified

foot-and-mouth disease virus (FMDV) leader proteinase (Lbpro), human rhinovirus 2 (HRV2) 2A pro-
teinase (2Apro) and coxsackievirus B4 (CVB4) 2Apro with purified eIF4GII, eIF4E and the eIF4GII/

eIF4E complex. Using nuclear magnetic resonance (NMR), we completed 13C/15N sequential back-

bone assignment of human eIF4GII residues 551–745 and examined their binding to murine eIF4E.
eIF4GII551–745 is intrinsically unstructured and remains so when bound to eIF4E. NMR and biophysi-

cal techniques for determining stoichiometry and binding constants revealed that the papain-like

Lbpro only forms a stable complex with eIF4GII551–745 in the presence of eIF4E, with KD values
in the low nanomolar range; Lbpro contacts both eIF4GII and eIF4E. Furthermore, the unrelated

chymotrypsin-like 2Apro from HRV2 and CVB4 also build a stable complex with eIF4GII/eIF4E, but

with KD values in the low micromolar range. The HRV2 enzyme also forms a stable complex with
eIF4E; however, none of the proteinases tested complex stably with eIF4GII alone. Thus, these
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three picornaviral proteinases have independently evolved to establish distinct triangular

heterotrimeric protein complexes that may actively target ribosomes involved in mRNA recruitment
to ensure efficient host cell shut-off.

Keywords: viral proteases; substrate binding; virus–host interactions; protein–protein interactions;

control of protein synthesis

Introduction

Successful viral replication requires rapid modula-

tion of the infected cell’s physiology. Interference

with the host cell’s machinery for protein synthesis

is a mechanism favoured by positive strand RNA

viruses to increase the efficiency of viral mRNA

translation. The shut-off of host cell protein synthe-

sis by picornaviruses, first observed in 1963 by Pen-

man et al.,1 is a classic example. The effect has since

been observed during replication of poliovirus (PV),

coxsackievirus (CV) and human rhinovirus (HRV)

(members of the enterovirus genus) and foot-and-

mouth disease virus (FMDV, a member of the aph-

thovirus genus).2,3 The shut-off occurs one to two

hours post-infection and before replication of the

RNA genome takes place; thus, the reaction is effi-

ciently carried out by proteinases translated from

the RNA genome of the infecting particle.4 Cleavage

of the two isoforms of the cellular eukaryotic initia-

tion factor (eIF) 4G, eIF4GI and eIF4GII [Fig. 1(A)],

observed in all enteroviruses and aphthoviruses so

far examined, separates the domain that binds the

polyA binding protein (PABP) and eIF4E (the cap-

binding protein) from that binding eIF4A (an ATP-

dependent RNA helicase), the protein complex eIF3

that binds to the 40S ribosomal subunit and the

growth factor sensitive Mnk-1 kinase.5,6 Conse-

quently, the host cell fails to recruit capped mRNA

to the ribosome; in contrast, viral RNA translation

is initiated through the internal ribosome entry site

(IRES) at the RNA’s 5’ end.7 In FMDV, the shut-off

of host cell translation through cleavage of eIF4G

prevents synthesis of interferons and related cyto-

kines, thus impairing host innate immunity.8

Cleavage of eIF4G isoforms in FMDV is per-

formed by the Leader proteinase (Lbpro), a papain-

like cysteine proteinase, with a globular domain of

155 amino acids and a C-terminal extension (CTE)

of 18 amino acids. In enteroviruses, the cleavage is

performed by the chymotrypsin-like 2A proteinase

(2Apro). The outcome of the cleavage of the two iso-

forms of eIF4G is the same; nevertheless, the cleav-

age sites and the mechanisms leading to the

cleavage are not identical. Thus, on eIF4GI, the

cleavages sites are located 7 amino acids apart

whereas in eIF4GII, they are adjacent [Fig. 1(A)].9

Prior to cleavage of the eIF4G isoforms, Lbpro binds

to an exosite on the eIF4G isoforms located between

30 and 50 amino acids N-terminal to the cleavage

site [Fig. 1(A)]; Lbpro residues required for this bind-

ing include C133 as well as 183–195 of the CTE. In

contrast, the 2Apro of HRV2 binds to an ill-defined

exosite region on eIF4G between 20 and 80 residues

N-terminal to the cleavage site [Fig. 1(A)]. The

HRV2 2Apro residues involved in binding include res-

idues L17–Y32 but have not been fully explored.

Exosite binding by both Lbpro and HRV2 2Apro in

GST pull-down experiments using full-length eIF4GI

from rabbit reticulocyte lysates (RRLs) requires the

presence of eIF4E;10,11 furthermore, cleavage of both

full-length and suitable fragments of eIF4G isoforms

by both enzymes is stimulated in the presence of

eIF4E in RRLs and in human 293 cells.9,12,13 Indeed,

with the Lbpro, cleavage of full-length eIF4GI in

RRLs could be completely abrogated by addition of

eIF4E-binding protein to complex the eIF4E.13 The

stoichiometry and structural basis of the stimulation

of eIF4G isoform cleavage by eIF4E are unknown.

Structural information on the two proteinases

as well as yeast and mammalian eIF4E is avail-

able.14–18 For mammalian eIF4G, structural infor-

mation19–21 is limited to regions C-terminal to the

cleavage sites of the picornaviral proteinases [Fig.

1(A)]; nevertheless, the interaction of human eIF4E

with human eIF4GI residues 557–646 has been

characterised by isothermal titration calorimetry

(ITC).22 For yeast, the solution structure of residues

393–490 bound to yeast eIF4E has been deter-

mined, with residues 393–490 forming a ring

around the N-terminus of eIF4E.23 However, the

yeast eIF4G is not cleaved by the HRV2 2Apro or

the CVB4 2Apro24 and the sequence C-terminal to

the eIF4E binding site shows low similarity to that

found in mammalian eIF4G, putting into question

the relevance of this structure for this region of the

mammalian protein. Supporting Information Figure

S1 aligns the amino acid sequence of yeast eIF4G

with those of human eIF4GI and eIF4GII (Support-

ing Information Fig. S1). The identity of the eIF4-

GII551–745 fragment to the corresponding regions of

human eIF4GI and yeast eIF4GI is 48% and 20%,

respectively.

To investigate the interaction of FMDV Lbpro as

well as HRV2 and CVB4 2Apro with mammalian

eIF4G and the eIF4G/eIF4E complex and the mecha-

nism of stimulation of cleavage by eIF4E, we

biochemically and biophysically characterised the

formation of protein complexes between three picor-

naviral proteinases and the mammalian translation

initiation factors and structurally characterised
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Figure 1.
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changes in eIF4GII and Lbpro and HRV2 2Apro by

NMR. The eIF4GII fragment examined remained

intrinsically unstructured even when bound to

eIF4E. Lbpro or 2Apro from either HRV2 or CVB4

both form a ternary complex with eIF4GII and

eIF4E; Lbpro and HRV2 2Apro recognise both eIF4G

and eIF4E in their respective complexes. However,

sLbpro, HRV2 2Apro and CVB4 2Apro interact differ-

ently with eIF4GII551–745 and eIF4E.

Results

eIF4GII551–745, eIF4E and sLbpro form a tight

heterotrimeric complex
To obtain structural information on the interaction of

eIF4G with the picornaviral proteinases, we over-

expressed and purified a fragment comprising resi-

dues 551–745 (eIF4GII551–745) of the 1585 amino acid

human eIF4GII protein. This fragment contains the

eIF4E binding site6,25 as well as the Lbpro and HRV

2Apro binding and cleavage sites [Fig. 1(A)]. To

ensure that this fragment behaves as the correspond-

ing region of the full-length protein, we investigated

its cleavage by purified recombinant picornaviral

proteinases. For Lbpro, we used a naturally occurring

shortened form (termed sLbpro) lacking six amino

acids at the C-terminus.16,26 This deletion precludes

protease dimerisation via interactions of the C-

terminus of one molecule with the substrate binding

site of a second and vice-versa,27,28 thus simplifying

complex formation and structural studies thereof.29

For the 2Apro, we used wild-type HRV2 and CVB4

2Apro.

First, we wished to quantify the stimulation of

picornaviral cleavage of eIF4GII551–745 using the

purified proteins; no data on the exact extent of

stimulation are available. Thus, in an activity assay,

cleavage of 1 mg (5 mM) of eIF4GII551–745 was faintly

visible in the presence of 1 ng sLbpro (concentration

0.125 mg/mL; 7 nM) following 90 min of incubation

[Fig. 1(B)]. However, the presence of 1 mg (5 mM) of

recombinant full-length murine eIF4E purified from

supernatants of E.coli lysates, cleavage of eIF4-

GII551–745 was already detectable after 10 min and

50% cleavage was reached between 20 and 30

minutes [Fig. 1(B)]. N-terminal sequencing and

mutational analysis both confirmed that cleavage of

sLbpro on eIF4GII551–745 was between residues G700

and S701, as determined previously.9

To obtain cleavage of eIF4GII551–745 in the

absence of eIF4E, incubation with 40 ng (260 nM) of

sLbpro for 60 minutes was required [Supporting

Information Fig. S2(A)], whereas only 1 ng (7 nM)

was required in the presence of eIF4E [Fig. 1(B)].

The N-terminal cleavage product (cpN) was however

always only poorly visible. Subsequent experiments

using residues eIF4GII551-700 (corresponding to the

N-terminal cleavage fragment) as substrate identi-

fied a further cleavage site for sLbpro in the presence

of eIF4E (data not shown). To eliminate the possibil-

ity that the simple presence of eIF4E was affecting

sLbpro cleavage, we constructed a version of eIF4-

GII551–745 bearing the mutations L629A and L630A

(eIF4GII551–745L629A/L630A) in the eIF4E binding

site. eIF4E failed both to form a complex with eIF4-

GII551–745L629A/L630A (data not shown) and to

stimulate cleavage of the mutated eIF4GII fragment,

even when eIF4E was added in excess [Fig. 1(C)].

Furthermore, we also examined the cleavage of the

eIF4GII653-745 fragment which lacks the binding site

for eIF4E. No cleavage by sLbpro at 7 nM in the

presence or absence of eIF4E was observed [Fig.

1(D)]. When a 10-fold molar excess of sLbpro [Sup-

porting Information Fig. S2(B)] was added, cleavage

of this fragment could be observed; however, this

level of cleavage was not increased by the addition

of eIF4E [Fig. S2(B)]. Together, these experiments

show that formation of the eIF4GII:eIF4E complex

stimulates sLbpro cleavage of eIF4GII551–745 between

4 and 40 fold. This level was independent of the

presence or absence of 5 mM of the cap analogue

m7G(5’)ppp(5’)G (data not shown).

The eIF4GII551–745 fragment was also cleaved

by HRV2 2Apro [Fig. 1(E)] and CVB4 2Apro (data not

shown). However, 10 ng (80 nM) of enzyme were

required in the absence of eIF4E to obtain detectable

cleavage fragments after 60-90 minutes. The pres-

ence of an equimolar amount of eIF4E also stimu-

lated HRV2 and CVB4 2Apro cleavage; however, the

stimulation was less efficient than that seen with

sLbpro, with 50% cleavage only being observed after

60 minutes [Fig. 1(E) and data not shown].

In contrast to the stimulation of picornaviral

proteinase cleavage, the presence of eIF4E reduced

Figure 1. Domain structure of human eIF4GII and cleavage of eIF4GII551–745 by picornaviral proteases. (A) Schematic represen-

tation of human eIF4G with known structural domains indicated (the “ring” domain has only been shown in yeast) and the

amino acid sequence of the fragment of eIF4GII551–745 used. Protein binding sites are indicated as follows: eIF4E binding site,

broken line; Lbpro binding site, dotted line; 2Apro binding region, straight line. Positions of the cleavage site of the Lbpro and

2Apro are marked by black and white triangles, respectively. The backbone NMR signals of 178 residues underlaid in black

were assigned using triple resonance experiments, (B) In vitro cleavage of 5 mM eIF4GII551–745 by 7 nM sLbpro in the absence or

the presence of 5 mM eIF4E, (C) In vitro cleavage of 5 mM eIF4GII551–745L629A/L630A by 7 nM of sLbpro in the absence or the

presence of 25 mM eIF4E, (D) In vitro cleavage of 11 mM eIF4GII653-745 by 7 nM of sLbpro in the absence or the presence of 5

mM eIF4E, (E) In vitro cleavage of 5 mM eIF4GII551–745 by 80 nM HRV2 2Apro in the absence or the presence of 5 mM eIF4E. The

molar ratio of sLbpro/HRV2 2Apro to eIF4GII551–745 is indicated below each cleavage figure.
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unspecific digestion of the eIF4GII551–745 fragment

by broad specificity proteinases, such as trypsin and

elastase (Supporting Information Fig. S3), indicating

that the stimulation of cleavage by eIF4E was a spe-

cific effect of viral enzymes.

Why is picornaviral cleavage of eIF4GII551–745

in the presence of eIF4E more efficient? To answer

this question, we first characterised the complexes

formed by sLbpro with eIF4GII551–745 and eIF4E. We

used the proteolytically inactive variant sLbproC51A

(alanine in place of the catalytic cysteine)28 and

soluble, recombinant murine eIF4E purified from

E.coli lysates; eIF4E refolded from insoluble mate-

rial may not always be homogeneous.22 eIF4GII551–

745 and eIF4E form a stable eIF4GII551–745/eIF4E

complex [Fig. 2(A)] with a dissociation constant (KD)

of 40 nM, as determined by ITC (Table I, Supporting

Information Fig. S4). This value is 10 fold higher

than that reported for the interaction of human

eIF4E with human eIF4GI (residues 557-646) and

yeast eIF4E with eIF4GI (residues 393–490).22,23

This may be due to differences in experimental pro-

cedures or may reflect variations in the amino acid

sequences of the two isoforms. Size-exclusion chro-

matography (SEC) analysis showed that sLbproC51A

forms a ternary complex with eIF4GII551–745/eIF4E

[Fig. 2(A)] with a KD between 20-40 nM as measured

by ITC (Table I). sLbproC51A, in contrast, does not

form a complex with either eIF4GII551–745 or eIF4E

that is stable enough to be detected by SEC (Fig. 2,

B and C) or ITC (data not shown).

The stoichiometry of the eIF4GII551–745/eIF4E

complex and the eIF4GII551–745/eIF4E/sLbproC51A

complex were determined by SEC multi-angle laser

light scattering (SEC-MALLS) to be 1:1 and 1:1:1,

respectively (Table II). Mutations in sLbpro known to

impair cleavage on full-length eIF4GI such as

C133S, Q185R/E186K or the triple mutant C133S/

Q185R/E186K impaired eIF4GII551–745 cleavage; ter-

nary complexes between these mutants and the

eIF4GII551–745/eIF4E complexes were not formed

(Supporting Information Fig. S5).

Human eIF4GII551–745 remains intrinsically

disordered when bound to eIF4E and sLbpro

To examine how eIF4GII551–745, eIF4E and sLbpro

proteins interact, we tried to grow crystals of the

eIF4GII551–745/eIF4E/sLbproC51A complex for X-ray

Figure 2. eIF4GII551–745 forms a ternary complex with eIF4E

and sLbproC51A. Complex formation was analysed via SEC

on a HiLoad 16/60 Superdex 200 prep grade column

together with aprotinin (6.5 kDa) as an internal standard.

0.5 mg of the individual or complexed proteins were analysed

together with 1 mg of aprotinin. Complex formation of two or

more proteins was performed by incubation at 48C for 10

minutes. (A) eIF4GII551–745, eIF4E and sLbproC51A (B) eIF4-

GII551–745 and sLbproC51A (C) eIF4E and sLbproC51A. Stable

complexes (under conditions of SEC) were observed between

eIF4GII551–745 and eIF4E as well as between eIF4GII551–745,

eIF4E and sLbproC51A (both A), but not between eIF4GII551–

745 and sLbproC51A in the absence of eIF4E (B) and eIF4E

and sLbproC51A in the absence of eIF4GII551–745 (C).
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diffraction; to date, our efforts have remained unsuc-

cessful, leading us to employ nuclear magnetic reso-

nance (NMR). Accordingly, eIF4GII551–745 was

isotope labelled with nitrogen (15N) or doubly

labelled with nitrogen and carbon (15N/13C)

expressed in E. coli and purified. High quality NMR

spectra of eIF4GII551–745, with good signal to noise

ratio, were observed at 48C (Fig. 3) in the assay

buffer used to demonstrate stimulation of eIF4-

GII551–745 cleavage by eIF4E [Fig. 1(B–E)]. Spectra

were characterised by low 1H shift dispersion and

resulting severe peak overlap (Fig. 3), indicative of

an intrinsically disordered protein (IDP). Neverthe-

less, sequential backbone signal assignment was pos-

sible for 158 (88%) of the 180 non-proline residues of

eIF4GII551–745 [Figs. 1(A) and 3].

Analysis of secondary shifts by SSP30 and CSI31

software confirms that eIF4GII551–745 is indeed an

IDP largely devoid of regular secondary structure.

Furthermore, exploratory CPMG relaxation disper-

sion experiments of eIF4GII551–745 do not reveal any

clear dispersion profiles excluding the presence of

either a global folded–unfolded equilibrium or sub-

stantial contributions from global conformational

dynamics on a [ls-ms] timescale. In addition, certain

residues in the eIF4E binding site (residues 620–626)

are broadened beyond detection in eIF4GII551–745;

this may be indicative of [ms-ms] conformational

exchange due to transient local secondary structure

formation and/or fluctuating long-range contacts.

Very few (1H,15N) chemical shift perturbations

were observed between the spectra of eIF4GII551–745

and the eIF4GII551–745/eIF4E complex, indicating

that the binding of eIF4E did not induce any readily

observable structural changes in the conformation of

eIF4GII551–745. Instead, binding of eIF4E to eIF4-

GII551–745 markedly broadens signals of 72 residues

(606-677) and attenuates, albeit to a lesser extent,

the signals of residues from 678-735 (further away

from the eIF4E binding site).

Global changes in the signal intensities in 15N

heteronuclear single quantum coherence (HSQC)

spectroscopy spectra of eIF4GII551–745 induced by com-

plex formation are compared in Figures 3 and 4(A,B).

The reasons for the signal broadening in the

eIF4GII551–745/eIF4E are diverse, including conforma-

tional exchange and dynamics as well as some

increase in the molecule mass of the resulting parti-

cle. The dynamic behavior of the intrinsically disor-

dered eIF4GII551–745 is complex and still under

investigation. Conformational dynamics and exchange

between different states of eIF4GII551–745 can occur

within the free or the bound form or between the two

forms as has been observed for other IDPs such as

the eIF4E-binding protein 4E-BP2 that binds to

eIF4E through an extended binding interface.32 The

lack of observable 15N relaxation dispersion effects

would suggest that dynamics in free eIF4GII551–745

are probably fast on an NMR time scale. In contrast,

the low lM affinity of the eIF4GII551–745/eIF4E com-

plex implies that conformational exchange between

free and eIF4E bound eIF4GII is likely to be slow on

the NMR time scale, as indicated by the complete

absence of a second set of peaks for the bound form,

again as was observed for 4E-BP2.32 In summary, the

direct observation of the bound eIF4GII551–745 species

is precluded by its dynamics and the conformational

heterogeneity of a ‘fuzzy’ and extended ensemble,

most likely interfacing with a large region on the sur-

face of eIF4E. Nevertheless, we were able in the pres-

ent study to use signal attenuation as a qualitative

indication of the binding interaction.

Table I. Binding Constants (KD, mM) for the Interactions of FMDV sLbpro and HRV2 or CVB4 2Apro with eIF4-
GII551–745 and eIF4E as Determined by ITC

Cell Ligand DS0 [cal mol21 deg21] DG [kcal mol21] KD (mM)

eIF4E eIF4GII551–745 218 6 9.5 21.1 6 0.05 0.042 6 0.004
eIF4GII551–745/eIF4E sLbproC51A 23.3 6 3.5 21.0 6 0.04 0.033 6 0.01
eIF4E HRV2 2AproC106S 246 6 1.9 213 6 9.2 12 6 5.1
eIF4GII551–745 HRV2 2AproC106S 27 6 16 27.4 6 4.2 75 6 12
eIF4GII551–745/eIF4E HRV2 2AproC106S 212 6 2.9 220 6 8.7 5.1 6 1.8
eIF4GII551–745 CVB4 2AproC110A 232 6 18 215 6 4.9 19 6 2.1
eIF4GII551–745/eIF4E CVB4 2AproC110A 215 6 9.6 29.7 6 6.9 19 6 12

The average and standard deviation were calculated from three experiments.

Table II. Molecular Mass of Indicated Proteins and
Protein Complexes Determined by SEC-MALLS

Protein

Apparent
molecular mass
(SEC-MALLS) Stoichiometry

sLbproC51A 19 1
eIF4GII551–745 25 1
eIF4E 30–37 1
eIF4GII551–745/eIF4E 58–61 1:1
eIF4GII551–745/

eIF4E/sLbproC51A
68–70 1:1:1

HRV2 2AproC106S 34 2
eIF4E/HRV2 2AproC106S

(overnight)
38–40 1:1

eIF4GII551–745/eIF4E/
HRV2 2AproC106S

104–106 ?

CVB4 2AproC110A 19 1
eIF4GII551–745/eIF4E/

CVB4 2AproC110A
66–71 1:1:1

1984 PROTEINSCIENCE.ORG Picornaviral host cell shut-off



From the above NMR experiments, we conclude

that human eIF4GII551–745 remained intrinsically

unstructured in complex with murine eIF4E and the

resulting complex can be described as ‘fuzzy’ com-

plex. This contrasts with the situation with the

yeast fragment eIF4GI393–490, for which the NMR

data indicates that this region of eIF4GI forms an

ordered ring around the N-terminus of yeast

eIF4E.23 In the crystal structure of eIF4E with an

eIF4GII peptide14 corresponding to residues 622-

633, a short a-helix was observed. In HNCA experi-

ments (data not shown) using eIF4E and eIF4GII551-

700, no such a-helix formation was noted for the

observable residues (627-631), indicating a further

difference to the yeast system. Interestingly, in our

system, this region which comprises the canonical

Y(X)4LU binding motif displays some consistent, but

small secondary shifts, indicative of transient

a-helix formation. SSP30 software reveals a small

(ca. 0.18) helical propensity for this region in an oth-

erwise unstructured protein; this is consistent with

a nascent a-helix.

In the eIF4GII551–745/eIF4E/sLbproC51A com-

plex, signals between residues 606-735 were further

reduced in intensity; in addition, signals from 735

onwards were attenuated (Fig. 4, compare A and B).

Figure 3. 2D 1H-15N HSQC spectra of 15N labelled eIF4GII551–745. Spectra are overlaid for comparison: native eIF4GII551–745

(cyan), 1:1 complex of eIF4GII551–745 and eIF4E (purple) and 1:1:1 complex eIF4GII551–745, eIF4E and sLbproC51A (red). Com-

plexes were purified using SEC and concentrated to 0.7 mM. The narrow shift dispersion of cross-peaks in the 1H dimension

indicates the lack of a defined tertiary structure for eIF4GII551–745. Residues attenuated or disappearing upon the addition of the

eIF4E or the sLbproC51A are involved in or affected by complex formation. Signals discussed in the text are shown in insets.

Aumayr et al. PROTEIN SCIENCE VOL 24:1979—1996 1985



This again indicates complex formation, with the

binding of sLbpro to the eIF4GII551–745/eIF4E complex

affecting residues in both its binding and cleavage

sites. Again, no evidence for discrete conformational

changes through (1H, 15N) chemical shifts perturba-

tions were observed. The specific changes in the eIF4-

GII551–745/eIF4E/sLbproC51A complex induced by

sLbpro binding are illustrated by signals from six gly-

cine backbone amides (Fig. 3, upper panel). The signal

intensities of G580, G595 and G601 remain largely

unchanged. However, in the eIF4GII551–745/eIF4E

complex, the signal of G700 is reduced by about 50%

and that of G674 is reduced beyond detection. In the

eIF4GII551–745/eIF4E/sLbproC51A complex, the signal

of G700, the residue just prior to the sLbpro scissile

bond, is now additionally absent, indicating an inter-

action with this residue. Together, these selected spec-

tral changes indicate highly specific interactions

between eIF4GII551–745, eIF4E and sLbpro.

Reductions in signal intensities in the spectrum

of eIF4GII551–745 were also induced by the addition

of the sLbproC51A alone [Fig. 4(C)]. They were, how-

ever, much less focussed and less pronounced than

those seen with eIF4E, presumably as a consequence

of the lower affinity between eIF4GII and sLbpro.

Regions affected included 615-630 (the eIF4E bind-

ing site), 655-670 (the sLbpro binding site) and resi-

dues 680-702 (including the sLbpro cleavage site).

HRV2 2Apro and CVB4 2Apro form a stable

complex with eIF4GII551–745/eIF4E

We now examined whether the proteolytically inac-

tive HRV2 2AproC106S24 and CVB4 2AproC110A with

a N-terminal extension of eight VP1 residues33 pro-

teins could also form a ternary complex with eIF4-

GII551–745/eIF4E. For HRV2 2AproC106S, an

eIF4GII551–745/eIF4E/HRV2 2AproC106S complex

could be detected by NMR [Fig. 4(D)] and SEC [Fig.

5(A)]; no complex with eIF4GII551–745 was observed

Figure 4. Effect of the addition of eIF4E, sLbproC51A or

HRV2 2AproC106S on the signal intensities of the 15N HSQC

spectrum of eIF4GII551–745. A native spectrum of 15N eIF4-

GII551–745 was recorded before every titration experiment and

its intensities compared to those obtained after addition of

the indicated protein(s). Normalized intensities of every

assigned residue were calculated by dividing intensities by

those of the control spectrum. Residues for which no amide

backbone assignment value could be attributed are shown

with a value of 20.1. The white boxes represent eIF4E bind-

ing site (BS), short black box the Lbpro BS, long black box

the HRV2 2Apro BS and grey boxes represent the picornaviral

cleavage sites (CS). (A) 15N eIF4GII551–745 and eIF4E complex

purified via SEC. (B) 15N eIF4GII551–745/eIF4E/sLbproC51A

complex purified via SEC. (C) Titration experiment of 15N

eIF4GII551–745 and sLbproC51A. (D) 15N eIF4GII551–745/eIF4E/

HRV2 2AproC106S complex purified via SEC. (E) Titration

experiment of 15N eIF4GII551–745 and HRV2 2AproC106S.
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[Fig. 5(B)]. Examination of the complexes formed by

2AproC106S or sLbproC51A by NMR and SEC revealed

appreciable differences. Thus, in the absence of eIF4E,

addition of the HRV2 2AproC106S to eIF4GII551–745

[Fig. 4(E)] broadens the signals of residues 638-658

(part of the 2Apro binding site) and the C-terminal

region of eIF4GII551–745 (residues 735-745) to a greater

extent than sLbpro. This is in line with the larger

molecular weight of HRV2 2Apro (it behaves as a

dimer of 34 kDa, Table II)34 observed in SEC-MALLS

and its apparently higher affinity to eIF4GII551–745; a

KD of 86 mM was measured by ITC (Table I). In con-

trast, eIF4GII551–745/eIF4E/2AproC106S complex forma-

tion with the 2AproC106S led to a less dramatic loss of

signal intensities of eIF4GII than that observed with

sLbproC51A.

Two further differences between the complexes

observed with 2AproC106S and sLbproC51A were also

observed. First, 2AproC106S also formed a stable eIF4E/

HRV2 2Apro complex with eIF4E alone (KD 8 mM as

Figure 5. eIF4GII551–745 also forms a complex with eIF4E and HRV2 2AproC106S or CVB4 2AproC110A. Complex formation was

analysed via SEC on a HiLoad 16/60 Superdex 200 prep grade column (for HRV2 2Apro) or on a HiLoad 16/60 Superdex 75

prep grade column (for CV 2Apro) together with aprotinin (6.5 kDa) as an internal standard. 0.5 mg of the individual or com-

plexed proteins were analysed together with 1 mg of aprotinin. Complex formation of two or more proteins was performed by

incubation at 48C for 10 minutes. (A) eIF4GII551–745, eIF4E and HRV2 2AproC106S (B) eIF4GII551–745 and HRV2 2AproC106S (C)

eIF4E and HRV2 2AproC106S (D) eIF4GII551–745, eIF4E and CVB4 2AproC110A (E) eIF4GII551–745 and CVB4 2AproC110A and (F)

eIF4E and CVB4 2AproC110A. Stable complexes were observed between eIF4GII551–745, eIF4E and HRV2 2AproC106S (A), eIF4E

and 2AproC106S (C) and eIF4GII551–745, eIF4E and CVB4 2AproC110A (D) but not between eIF4GII551–745 and HRV2 2AproC106S

in the absence of eIF4E (B), eIF4GII551–745 and CVB4 2AproC110A in the absence of eIF4E (E) or eIF4E and CVB4 2AproC110A

in the absence of eIF4GII551–745 (F).
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measured by ITC, Table I), but not with eIF4GII551–745

[Fig. 5(C)]. Second, the affinity for the interaction of

eIF4GII551–745/eIF4E with 2AproC106S was approxi-

mately 100 times lower than that determined for the

sLbproC51A (Table I). These differences are reflected in

the slower rates in vitro [Fig. 1(B,E)] and in vivo of

cleavage of eIF4GI observed for HRV2 2Apro than for

Lbpro.3,35,36

The inactive CVB4 2AproC110A could also form

a complex with the eIF4GII551–745/eIF4E complex

[Fig. 5(D)]. However, in contrast to the HRV2

enzyme, the CVB4 2Apro behaves as a monomer

(Table II) and does not form a stable complex with

either eIF4E or eIF4GII551–745. [Fig. 5(E,F)]. Fur-

thermore, no interaction between eIF4E and CVB4

2AproC110A could be measured by ITC. In contrast,

the CVB4 2Apro interacts in ITC with the eIF4-

GII551–745 alone (Table I).

sLbpro also interacts directly with eIF4E
The sLbpro does not form a stable complex with

eIF4E; nevertheless, in view of the results with the

HRV2 2Apro, we decided to search for similar inter-

actions in the complex eIF4GII551–745/eIF4E/sLbpro.

Accordingly, we examined the interaction of uni-

formly 15N labelled sLbproC51A/C133S/Q185R/E186K

with eIF4GII551–745 alone. This mutant, which fails

to form a tight complex with eIF4G/eIF4E and

whose eIF4G cleavage reaction is not stimulated by

eIF4E [Supporting Information Fig. S5(C,F)], makes

the same interactions with eIF4GII551–745 as the

wild-type (Supporting Information Fig. S6), indicat-

ing that the CTE is not required for interaction with

eIF4GII551–745. The C-terminus of sLbpro (residues

183–195) is flexible and protrudes from the globular

domain27; therefore, we hypothesised that this

region may be interacting with eIF4E. To examine

this notion, we measured the 15N-HSQC spectra of

uniformly 15N labelled sLbproC51A in the presence

of 1:1 molar ratios of eIF4GII551–745, eIF4E and as

part of the eIF4GII551–745/eIF4E/sLbproC51A complex

(Fig. 6). In all experiments, the signals of 15N

sLbproC51A were dramatically attenuated, indicating

the formation of higher molecular weight complexes.

This extensive line broadening precluded precise

measurement of relaxation rates and quantification

of exchange contributions.

With just eIF4GII551–745 added, strong signal

attenuation was observed across the entire sLbpro

globular domain, but not for C-terminal residues 186-

195. The line broadening effect is global, indiscrimi-

nate and diffuse, which resembles the behaviour of

proteins with long and unstructured extensions.37

With just eIF4E added, the line broadening is more

pronounced; thus, intensities across the entire pro-

tein, including the C-terminal residues 183-191 are

attenuated, indicating an interaction with low speci-

ficity, although heterogeneity and exchange dynamics

may also contribute to this effect. In the eIF4GII551–

745/eIF4E/sLbproC51A complex, essentially all amide

signals of sLbproC51A were lost, except for the very

C-terminal residues 194 and 195. As the effect is

widespread across the whole surface of sLbproC51A, it

probably originates from the increase in particle size

as well as including a contribution from exchange

dynamics.

These results provide evidence for weak, low-to

intermediate affinity interactions (too low to be

accessible by ITC) between sLbproC51A and eIF4E

that include its C-terminal residues with KD values

in the mid to high micromolar range (estimated by

NMR, as the complex appears to still be in ‘fast

exchange’ on the NMR timescale); these interactions

help form and stabilise the triangular eIF4GII551–

745/eIF4E/sLbproC51A complex, that is one with pair-

wise contacts between all three pairs of proteins as

defined by Popov.38

C-terminal residues of sLbpro interact with

eIF4E

Overall, the above NMR data indicate differing struc-

tural contexts and environments for eIF4GII551–745

residues 551-605 and 606-745 as well as the close

proximity and direct contacts of the C-terminal sLbpro

residues to the eIF4E in the eIF4GII551–745/eIF4E/

sLbproC51A complex. To investigate these insights

further, we used paramagnetic relaxation enhance-

ment (PRE) to sensitively probe local compaction by

intramolecular PREs and transient tertiary contacts

by intermolecular PREs. A paramagnetic spin-label

(S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-

3-yl)methyl methanesulfonothioate, MTSL), reaching

out up to approximately 20 Å, was first attached to

residue C638 of eIF4GII551–745 and the NMR spectra

of this protein alone were recorded. Most signals

from residues 606-715 (which is also the region of

interaction with eIF4E and sLbpro) were lost, with

those from 715-745 being affected to a lesser degree

[Supporting Information Fig. S7(A)]. Thus, the resi-

dues whose NMR relaxation properties are affected

by eIF4E or sLbpro are indeed located in a fairly com-

pact globular core of approximately 20 Å which is still

partially unstructured and located in an otherwise

even more unstructured protein. The spin-label was

then attached to residue C133 of sLbproC51A/C125S/

C153S and the NMR spectra of eIF4GII551–745 were

measured in the presence of the spin-labelled

sLbproC51A/C125S/C153S [Fig. S7(B)]. A strong

attenuation of signals in the eIF4E binding site (628–

631) of eIF4GII551–745 and a partial signal attenua-

tion of residues (638-655) between the eIF4E binding

site and the Lbpro binding site of 50% was observed

[Fig. S7(B)], again indicating that these residues are

within 20 Å of residue C133 of sLbpro.

We also wished to investigate whether the pres-

ence of the eIF4E binding site would be required for
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cleavage by sLbpro at the wild-type eIF4G cleavage

site. For this, we replaced 10 residues of the cleav-

age site between Lbpro and VP4 with those of the

eIF4GI cleavage site.16 This site is cleaved by full-

length Lbpro but not by sLbpro when the encoded pro-

tein is synthesised in RRLs. However, when residues

599–678 of eIF4GI N-terminal of the cleavage site

are included in the substrate, sLbpro was also able to

cleave this substrate.16 To examine whether sLbpro

could cleave when the eIF4E binding site was

Figure 6. Overlaid spectra from 2D 15N HSQC spectroscopy of native sLbproC51A (grey), 1:1 sLbproC51A and eIF4GII551–745

(light blue), 1:1 sLbproC51A and eIF4E (dark blue) and 1:1:1 sLbproC51A, eIF4GII551–745 and eIF4E (red). The eIF4GII551–745/

eIF4E/sLbproC51A complex was purified using SEC and concentrated, whereas for binary complex formation the individual pro-

teins were titrated into 15N sLbproC51A. The assignments of the 15N signals have been assigned previously27 (BMRB Entry

15278). As a result of complex formation most residues of sLbproC51A disappear upon the addition of the eIF4GII551–745 or the

eIF4E, since a globular, folded protein is more strongly affected by binding to an unstructured protein with a comparatively

‘puffed up’ shape. Due the resulting increased hydrodynamic drag of the complex the relaxation rates of the residues involved

in the binding event are globally enhanced.
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removed, we constructed a DNA fragment contain-

ing residues 29–195 of sLbproC51A, residues 618–

678 of eIF4GI (i.e., lacking the eIF4E binding site

but maintaining the sLbpro binding site), 5–85 of

VP4 and 1-23 of VP2. RNA from this construct was

translated in RRLs in the presence of 35S-methio-

nine for 20 minutes followed by addition of unla-

belled methionine and RNA for sLbpro. No cleavage

of the synthetic polyprotein/eIF4GI substrate by

sLbpro was observed over a period of 120 minutes

[Fig. 7(A), upper panel]. The synthesis of active

sLbpro in RRLs was demonstrated by the cleavage of

endogenous eIF4GI detected by immunoblotting of

the samples [Fig. 7(A), lower panel]. As a further

control for sLbpro activity, we tested the 599–678

substrate containing the eIF4E binding site reported

in Steinberger et al.16 and showed that it could be

cleaved by sLbpro [Fig. 7(B), upper panel]. To control

that the eIF4GI construct bearing residues 619–678

of the eIF4GI sequence could serve as a substrate,

we incubated it with Lbpro and showed that it could

be cleaved to the same extent as the 599–678 sub-

strate [Fig. 7(C,D), upper panels]. In all experi-

ments, the synthesis of active Lbpro and sLbpro was

confirmed by endogenous eIF4GI cleavage (Fig. 7,

lower panels).

Discussion

The ability of enteroviruses and aphthoviruses to

replicate successfully depends on the ability of the

virus to shut down the synthesis of host proteins.

FMDV lacking Lbpro fail to spread in the infected

Figure 7. In vitro translation assays of the intermolecular processing of LbproC51A eIF4GI619-678 VP4/VP2 (A and C) or LbproC51A

eIF4GI599-678 VP4/VP2 (B and D) by sLbpro (A and B) and Lbpro (C and D). Rabbit reticulocyte lysate (RRL) was programmed with

14 ng/mL RNA coding for LbproC51A eIF4GI599-678 VP45-85/VP21-23 (eIF4GI599-678 sequence with the eIF4E and the Lbpro binding

site) or LbproC51A eIF4GI619-678 VP45-85/VP21-23 (eIF4GI619-678 sequence lacking the eIF4E binding site) comprising the eIF4GI

cleavage site SFANLG*RTTL. Precursor substrate protein was translated for 20 minutes in the presence of [35S]-Met before adding

14 ng/mL active sLbpro or Lbpro RNA in the presence of unlabelled Met to the reaction. 10 mL aliquots were taken at the indicated

time points and cleavage of the substrate protein was analysed on 17.5% SDS gels followed by autoradiography (upper pictures).

Uncleaved precursors LbproC51A eIF4GI599-678 VP4/VP2 or LbproC51A eIF4GI619-678 VP4/VP2 as well as cleavage products

LbproC51A eIF4GI599-674, LbproC51A eIF4GI675-678 VP45-85/VP21-23 or LbproC51A eIF4GI619-674, LbproC51A eIF4GI675-678 VP45-85/

VP21-23 are indicated. To observe cleavage on endogenous eIF4GI in the RRLs, 10 mL aliquots were analysed on 6% SDS gels

followed by Western blotting using serum to detect the N-terminal part of the eIF4GI protein (lower pictures). Uncleaved eIF4GI

and cleavage products (CPN) are indicated. Negative controls without any RNA (2sub, 2prot) or comprising only RNA of the sub-

strate protein (1sub, 2prot) are shown at the right of each gel. Protein standards are shown on the left.
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animal8 whereas enteroviruses with mutations in

2Apro have small plaque phenotypes in cell cul-

ture.39,40 It has long been recognised that, although

the host cell shut-off achieved through the cleavage

by Lbpro and 2Apro is the same, the variations in pro-

teinase structure, locations of the cleavage sites and

the times of onset of cleavage3,41–44 imply that the

interactions with the eIF4GII/eIF4E complex differ

considerably.

Several observations documented that the eIF4-

GII551–745 fragment analysed here behaved as the

full-length eIF4G isoforms. First, complex formation

between eIF4GII and eIF4E was measured by four

techniques (SEC, SEC-MALLS, ITC (KD 40 nM) and

NMR); mutation of the binding site for eIF4E on

eIF4GII551–745 eliminated complex formation. The

observed KD of 40 nM compares well with those

(around 4 nM) obtained for similar, but shorter, frag-

ments of yeast and human eIF4GI.22,23 These differ-

ences may reflect amino acid differences between

the two isoforms. Second, conditions were found in

which cleavage of eIF4GII551–745 by sLbpro were

observed only in the presence of eIF4E, as previ-

ously observed.13 Third, a stimulation of eIF4GII551–

745 by eIF4E was observed by both sLbpro and HRV2

2Apro; the results shown here extend this observa-

tion to the CVB4 2Apro.

The major hurdle to the study of the nature of

the complexes formed by the proteinases with the ini-

tiation factors was the assignment of the NMR sig-

nals of the human eIF4GII551–745. This was achieved

despite the intrinsically unstructed nature of the pro-

tein. In contrast to the yeast eIF4GI393–490,
23 human

4GII551–745 remains intrinsically unstructured when

bound to eIF4E. Indeed, neither discrete conforma-

tional changes nor a defined tertiary structure were

observed on binding of murine eIF4E to the human

eIF4GII551–745. Nevertheless, the NMR data for all

complexes measured are consistent with the notion

that eIF4G and eIF4E form a tight complex in which

eIF4E contacts between eIF4GII residues 606 and

678. Whatever the nature of the interactions, this

system should prove useful in screening for com-

pounds that interrupt this interaction, a central con-

trol point in mammalian protein synthesis.

Given the lack of defined structure observed in

eIF4GII551–745 in the presence or absence of eIF4E,

it is of interest to note that a similar phenomenon

was previously observed in the binding of both

human 4E-BP1 and 4E-BP2 to eIF4E.32,45 Both 4E-

BP1 and 4E-BP2 are IDPs that remain unstructured

when bound to eIF4E.32,45,46 The binding of the 4E-

BP to eIF4E represents an important control point

as it prevents eIF4G isoforms from binding to eIF4E

or even displaces bound eIF4G from eIF4E.47 Stud-

ies of the interaction between eIF4E and 4E-BP

have revealed that both human 4E-BP2 and 4E-BP

from D. melanogaster bind to two sites (i.e., in a

bipartite manner) on eIF4E32,47; for the D. mela-

nogaster 4E-BP, one site is that at which the eIF4G

isoforms bind whereas the other is on the lateral

face comprising the C-terminus of helix a1 and loop

2.47 It will be of interest to see whether the picorna-

viral proteinases also use the lateral face for their

eIF4E interactions or a different part of the protein.

Together, the above experiments indicate that all

three proteins in the ternary complexes of eIF4GII551–

745 with either sLbproC51A, HRV2 2AproC106S or

CVB4 2AproC110A interact with each other, forming

heterotrimeric complexes that are also termed trian-

gular complexes.38,48 The triangular protein-protein

interactions involved in sLbpro host cell shut-off are

summarised in a model (Fig. 8). Residues 606–705 of

eIF4GII551–745 are shown as a relatively compact, pre-

formed domain to which eIF4E binds. In the absence

of structural evidence on the parts of murine eIF4E

that interact with eIF4GII, we have drawn the model

with eIF4GII contacting the N-terminus of eIF4E as

in the yeast system.23 Triangular ternary complex for-

mation is stabilised by the interaction of the globular

Figure 8. Model of the heterotrimeric triangular interactions

of eIF4GII551–745, eIF4E and sLbproC51A. Binding sites for

eIF4E and sLbpro on the eIF4GII551–745 are indicated in purple

and red, respectively; a triangle indicates the Lbpro cleavage

site. Drawings were created in PyMol.55 PDB identifiers:

1QOL, LbproC51A; 1EJH, eIF4E.
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sLbpro domain with its binding site on eIF4GII and by

interactions of residues C133, Q185 and E186 of the

C-terminus (residues marked with side-chains) with

eIF4E. Further support for the importance of this

reaction was provided by the experiment in which

cleavage by sLbpro at the eIF4GI cleavage site could

be made dependent on the presence of the eIF4E

binding site on eIF4GI (Fig. 7). Furthermore, the

model explains why the presence of eIF4E can drive

the processivity of eIF4G isoform cleavage as docu-

mented for Lbpro by Ohlmann et al.13 in RRLs. Fur-

ther evidence for the importance of eIF4E for the

processivity is that, in actively translating ribosomes

in RRLs, eIF4GI is efficiently cleaved during the syn-

thesis of both Lpro (50% cleavage in 4 min.) and HRV2

2Apro (50% cleavage in 15 min.).49 Rau et al.50 showed

that 80% of eIF4GI is present in on the ribosome

under such conditions and bound to eIF4E. This sug-

gests that that cleavage of the eIF4G isoforms begins

on the ribosome during synthesis of proteins from the

RNA of the genome of the infecting particle, thus

explaining the efficient cleavage of the isoforms in

vivo. Indeed, cleavage of the eIF4G isoforms has been

observed during PV under conditions that prevented

the replication of viral RNA.4

The HRV2 2AproC106S also formed a triangular

heterotrimeric complex with eIF4GII and eIF4E.

However, the affinity of this 2Apro to the eIF4E/eIF4-

GII complex was lower than that of sLbpro. Further-

more, the stoichiometry of the HRV2 2AproC106S

complex remained unclear as SLS measurements

indicated an apparent molecular mass of 104-109

kDa (Table II). This corresponds neither to a 1:1:1

complex nor to any simple multiples of the compo-

nents. Given this uncertain stoichiometry and the

ill-defined nature of the binding site for HRV2

2Apro,11 we cannot yet provide a model for HRV2

2Apro analogous to that for sLbpro shown in Figure 8.

A further interesting observation was the forma-

tion of a stable complex between HRV2 2AproC106S

and eIF4E, as evidenced by SEC, SLS and ITC

measurements. This interaction helps to explain

why previous attempts to exactly define the binding

site of HRV2 2Apro on eIF4GI (600-674) or eIF4GII

[613-685, Fig. 1(A)] met with little success.11 In

these experiments, performed in the presence of

eIF4E, binding of HRV2 2Apro to eIF4G was lost

upon deletion of the eIF4E binding site. Thus, it

would appear that eIF4E is acting as a bridge to

anchor the HRV2 2Apro to the eIF4G isoforms, indi-

cating a fundamental difference to the model for

sLbpro shown in Figure 8.

The apparent molecular mass determined by

SLS on eIF4E/2AproC106S complexes formed over-

night was 38–40 kDa (Table II), indicating a 1:1

complex between 2AproC106S and eIF4E. This would

require dissociation of the 2Apro dimer observed in

solution34 (Fig. 5). Evidence for unusual molecular

rearrangements in the formation of the eIF4E/

2AproC106S complex came when the SLS measure-

ments were made after 10 min of complex formation,

with an apparent molecular mass of over 300 kDa

being observed (data not shown), compared to the

38–40 kDa observed on overnight complex formation.

The dimerization interface for HRV2 2Apro has been

predicted to involve amongst others residue C138,

involved in a disulphide bridge between monomers in

the crystal structure of HRV2 2Apro.15 Investigation

of a mutant HRV2Apro bearing the mutations C106S

and C138S showed that the 1:1 complex with eIF4E

was formed in this case after 10 min, suggesting that

a reduction in the stability of the HRV2 2A dimer

favours complex formation with eIF4E. Together,

these results suggest that the monomer–dimer equi-

librium of HRV2 2AproC106S, together with known

propensity of eIF4E to aggregate,18 complicates the

determination of the stoichiometry of the complex.

Whatever the mechanism of complex formation, it

will be of interest to investigate the interaction of the

proteinases with eIF4E in transfected cells, using for

instance fluorescently tagged proteins as has been

done to investigate the dimerization state of a vacci-

nia virus protein.51

The CVB4 2AproC110A complex with eIF4-

GII551–745/eIF4E clearly differed from that of HRV2

2AproC106S. The stoichiometry was 1:1:1, as was

that of the sLbpro. The CVB4 2AproC110A is mono-

meric, as previously observed by Liebig et al.;34 the

protein did not form a complex with eIF4E alone. In

addition, it was the only protein to form a measura-

ble complex with eIF4GII551–745 (Table I). CVB4

2Apro shares the 1:1:1 stoichiometry of binding with

sLbpro. However, as we have no information on the

precise interactions of CVB4 2Apro with eIF4GII551–

745 and eIF4E, the validity of the model in Figure 8

for CVB4 2Apro remains to be determined. HRV2

and CVB4 2Apro examined have the same fold15,33;

nevertheless, they share an amino acid identity of

about only 40% (Supporting Information Fig. S8),

with the majority of the identity in the C-terminal

domain. One might therefore predict that the CVB4

and HRV2 2Apro behave differently toward eIF4E

and the eIF4GII/eIF4E complex itself. These mecha-

nistic differences may also explain why HRV2

cleaves both isoforms at the same rate in infected

HeLa cells whereas in HRV14 and PV (both of which

are more closely related to CVB4 than HRV2)

infected HeLa cells, the eIF4GI isoforms are cleaved

more rapidly than the eIF4GII isoforms.35,41,42

Investigation of the importance of eIF4E interac-

tions on the cleavage of full-length eIF4G isoforms

during infection awaits the development of cell lines

over-expressing recombinant eIF4G that can be

infected by picornaviruses.

In summary, the data presented here show that

FMDV sLbpro, HRV2 2Apro and CVB4 2Apro have
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each evolved different interactions to interact with

the eIF4GII551–745/eIF4E complex, even though the

viruses are all from the same family and that two of

the proteinases share the same reduced chymotryp-

sin-fold.

Materials and Methods

Materials
13C6-D-glucose and 15N-ammonium chloride were

purchased from Sigma-Aldrich, Germany and Euriso-

Top, France, respectively. For over-expression of

recombinant proteins in E. coli, the following vector

systems were used: pET11d (NovagenVR ) was used for

all eIF4GII constructs, active sLbpro and sLbproC51A,

pET3d (NovagenVR , formally known as pET8c) for

HRV2 2Apro, HRV2 2AproC106S, and CVB4

2AproC110A VP18 and pproExHTA (InvitrogenVR ) for

eIF4E.

Protein expression and purification
Fragments of eIF4GII (all having a C-terminal His-

Tag) were expressed in BL21(DE3) grown in LB

medium for biochemical analysis or minimal

medium (M9) for NMR studies containing 13C6-D-

glucose as sole carbon source and 15N-ammonium

chloride as sole nitrogen source. Briefly, transformed

bacteria were grown in 100 mL M9 medium over-

night. 2 L expression cultures were then inoculated

with the overnight culture and protein expression

was induced at an OD600 between 0.5 and 0.6 for 5–

8 h at 378C. Following sonication, the sample was

loaded on a 5 mL HisTrap HP (GE Healthcare),

equilibrated with 50 mM Tris/HCl, 50 mM NaCl and

20 mM imidazole, washed with five column volumes

and eluted with increasing imidazole concentration

(500 mM). Pooled fractions were dialyzed into assay

buffer (20 mM Hepes/KOH pH 7.4, 150 mM KCl,

1 mM EDTA and 5 mM DTT). For preparative SEC,

a HiLoad 26/60 Superdex 75 pg column was used

(GE Healthcare), equilibrated with assay buffer. The

samples were concentrated to about 0.5–1 mM using

Amicon Ultra Centrifugal Devices with a 10 kDa

cut-off (Millipore). For expression of unlabelled eIF4-

GII, expression was in LB medium and was termi-

nated after 5 h at 378C.

Expression of sLbproC51A (FMDV residues 29–

195) was described previously.28 PCR mutagenesis

was used to restore the active cysteine residue C51.

The expression and purification protocol of active

sLbpro and mutants thereof was as described,27 with

the exception that plasmids were transformed in

BL21(DE3)plysE and that assay buffer was used in

the last step of purification.

Expression and purification of active HRV2

2Apro, HRV2 2AproC106S as well as active CVB4

2Apro and CVB4 2AproC110A VP18 were performed

as described previously33,34 with the exception that

assay buffer was used in the final SEC purification

step .

Recombinant murine eIF4E (N-terminal HisTag)

was purified from strain T7 Express (New England

Biolabs). Briefly, cells from 4 L were resuspended in

40 mL 50 mM Tris/HCl pH 8, 50 mM NaCl, 1 mM

EDTA and 5% glycerol, lysed by sonication and cen-

trifuged at 18,000 rpm for 30 min at 48C. The super-

natant was then loaded onto a 5 mL HisTrap,

equilibrated with 50 mM Tris/HCl, 50m M NaCl and

20 mM imidazole, washed with five column volumes

and eluted with increasing imidazole concentration

(500 mM). Pooled fractions were loaded onto a

MonoQ HR 10/100 (GE Healthcare) column, equili-

brated with buffer containing 50 mM Tris/HCl pH

8.0, 50 mM NaCl, 1 mM EDTA, 5 mM DTT and 5%

glycerol, washed with five column volumes and

eluted with rising NaCl concentrations (1M). Pooled

fractions were dialyzed into assay buffer, followed by

SEC using a HiLoadVR 26/60 SuperdexVR 75 pg (GE

Healthcare).

In vitro cleavage assays
Cleavage assays were performed using purified

recombinant eIF4GII551–745, murine eIF4E and FMDV

sLbpro wt or mutants. 1 mg of substrate protein (equi-

molar eIF4GII551–745 and eIF4GII551–745 or eIF4E

alone) were incubated with 1 ng of wt sLbpro or

mutant sLbpro in assay buffer at 378C. After 0, 10, 20,

30, 60, and 90 minutes, reactions were stopped by the

addition of SDS-PAGE 53 loading buffer and heated

at 958C for 5 minutes. Reactions were visualized on a

17.5% SDS-PAGE gel stained with Coomassie brilliant

blue. Gels were captured by a scanner (Canon) and

uniform adjustments were performed using Adobe

Photoshop. Densitometric analysis was performed by

the ImageJ software.

NMR spectroscopy

Two and three-dimensional 1H 15N (13C)-NMR

experiments were performed at 48C on Varian Inova

500 MHz and 800 MHz and Varian Direct Drive 600

MHz spectrometers equipped with 5-mm triple reso-

nance probes and pulsed field gradients. Samples

containing 0.6–1 mM 15N/(13C) eIF4GII551–745 or

other fragments of eIF4GII in assay buffer and 5-

10% (v/v) D2O for field/frequency lock were used for

the NMR measurements. For triple resonance

experiments 0.1-0.2% (w/v) NaN3 was added to the

samples to inhibit bacterial growth. When possible,

NMR measurements were performed on binary and

ternary complexes that had been purified by SEC.

The spectra were processed with NMRPipe52 and

analysed with Sparky (Goddard, unpublished).

Backbone amide 1HN, 15N, 13Ca, 13C’, and side

chain 13Cb resonances of eIF4GII551–745 were obtained

by measuring a set of standard three-dimensional tri-

ple resonance experiments:53 HNCA, HN(CO)CA,
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HNCACB, HN(CO)CACB, HN(CA)CO, HNCO. Fur-

thermore, HNN and HNCN experiments were con-

ducted to establish sequential connectivities. As a

further aid, resonance assignments of sub-fragments

of eIF4GII (eIF4GII 653-745, eIF4GII551-700, eIF4GII714-

745) were performed.

The nitroxide spin-label MTSL was introduced by

adding two to three times excess of MTSL to the protein,

which was prior separated from DTT by a PD-10 desalt-

ing column (GE Healthcare). After incubation for 2–3 h,

the protein was concentrated to 500 mL. Intramolecular

paramagnetic relaxation enhancements (PREs) by nitro-

xide spin-label MTSL in single-cysteine C638.MTSL 15N

eIF4GII551–745 or intermolecular PREs caused by unla-

belled C133.MTSL sLbproC51A/C125S/C153S were

measured as intensity ratios of cross-peaks in 2D 15N

HSQC NMR spectra between oxidized and reduced

forms. DTT was used to reduce the paramagnetic spin

label. Individual cross-peak intensities were normalized

using the most intense peaks in each data set.

Limited proteolysis

20 mg of eIF4GII551–745 was subjected in the presence

or absence of 20 mg eIF4E to limited proteolysis in

assay buffer at 378C by the addition of a-chymotrypsin,

trypsin, elastase, papain, subtilisin or endoproteinase

Glu-C to final concentrations of 50, 5, and 0.5 mg/mL.

The reaction was stopped after 60 minutes by adding

53 SDS sample buffer and immediately heated at 958C

for 5 min. The samples were analysed on 17.5% poly-

acrylamide SDS-PAGE gels.

Analytical size-exclusion chromatography

Size-exclusion chromatography was performed with

a HiLoadVR 16/60 SuperdexVR 200 pg (GE Healthcare)

column, equilibrated with a assay buffer. 0.5 mg of

pure protein or complexed proteins (10 minutes at

48C under gentle mixing) were injected together

with 1 mg of aprotinin (6.5 kDa) using a 2 mL loop

and eluted with 1 mL/min flow rate. Protein elution

was monitored by following the absorption at

280 nm (mAU).

Static light scattering
For assessing the molecular weight and oligomeric

state of eIF4GII551–745, eIF4E, sLbproC51A and

2AproC106S, a Superdex 200 10/300 column was

equilibrated with assay buffer. The miniDAWN

Trista light scattering instrument (Wyatt Technol-

ogy, Santa Barbara, CA) was connected and 100 mg

sample was injected on the gel-filtration column.

Data analysis was performed using the manufac-

turer’s software ASTRA.

Studying protein–protein interactions using

isothermal titration calorimetry (ITC)
ITC experiments were performed on a MicroCal ITC

microcalorimeter. Proteins were dialyzed before the

measurement in a buffer containing 20 mM Hepes/

KOH pH 7.4, 150 mM KCl and 1 mM EDTA filtered

through a 0.22 mm filter. Following thermal equili-

bration at 258C, an initial delay of 60 seconds and a

single 0.5 mL titrant injection, 20 serial injections of

2 mL of the titrant was added at an interval of 180

seconds into the stirred sample cell (200 mL) at a

stirring rate of 750 rpm at 258C. The protein concen-

tration in the cell was about 103 lower than protein

titrant. Data analysis was performed using the Ori-

gin software package MicroCal.

In vitro transcription and translation

In vitro transcription reactions were performed as

described.16,54 In vitro translation reactions were

performed as described in16,27 with an RNA concen-

tration of 14ng/mL.

Acknowledgment
The authors thank Graham Warren and Thomas

Schwarz for critical reading and Regina Cencic for

the eIF4E plasmid.

References

1. Penman S, Scherrer K, Becker Y, Darnell JE (1963)

Polyribosomes in normal and poliovirus-infected hela

cells and their relationship to messenger-RNA. Proc

Natl Acad Sci USA 49:654–662.
2. Devaney MA, Vakharia VN, Lloyd RE, Ehrenfeld E,

Grubman MJ (1988) Leader protein of foot-and-mouth

disease virus is required for cleavage of the p220 com-

ponent of the cap-binding protein complex. J Virol 62:

4407–4409.
3. Kirchweger R, Ziegler E, Lamphear BJ, Waters D,

Liebig HD, Sommergruber W, Sobrino F, Hohenadl C,

Blaas D, Rhoads RE, et al (1994) Foot-and-mouth dis-

ease virus leader proteinase: purification of the Lb

form and determination of its cleavage site on eIF-4

gamma. J Virol 68:5677–5684.
4. Bovee ML, Marissen WE, Zamora M, Lloyd RE (1998)

The predominant elF4G-specific cleavage activity in

poliovirus-infected HeLa cells is distinct from 2A prote-

ase. Virology 245:229–240.
5. Lamphear BJ, Kirchweger R, Skern T, Rhoads RE

(1995) Mapping of functional domains in eukaryotic

protein synthesis initiation factor 4G (eIF4G) with

picornaviral proteases. Implications for cap-dependent

and cap-independent translational initiation. J Biol

Chem 270:21975–21983.
6. Mader S, Lee H, Pause A, Sonenberg N (1995) The

translation initiation factor eIF-4E binds to a common

motif shared by the translation factor eIF-4 gamma

and the translational repressors 4E-binding proteins.

Mol Cell Biol 15:4997.
7. Martinez-Salas E, Ryan MD (2010) Translation and

protein processing. The picornaviruses. ASM Press, pp

141–146.
8. de Los Santos T, de Avila Botton S, Weiblen R,

Grubman MJ (2006) The leader proteinase of foot-and-

mouth disease virus inhibits the induction of beta

interferon mRNA and blocks the host innate immune

response. J Virol 80:1906–1914.

1994 PROTEINSCIENCE.ORG Picornaviral host cell shut-off



9. Gradi A, Foeger N, Strong R, Svitkin YV, Sonenberg N,

Skern T, Belsham G (2004) Cleavage of eukaryotic

translation initiation factor 4GII within foot-and-

mouth disease virus-infected cells: identification of the

L-protease cleavage site in vitro. J Virol 78:3271–3278.
10. Foeger N, Glaser W, Skern T (2002) Recognition of

eukaryotic initiation factor 4G isoforms by picornaviral

proteinases. J Biol Chem 277:44300–44309.
11. Foeger N, Schmid EM, Skern T (2003) Human rhinovi-

rus 2 2Apro recognition of eukaryotic initiation factor

4GI. Involvement of an exosite. J Biol Chem 278:

33200–32007.
12. Haghighat A, Svitkin Y, Novoa I, Kuechler E, Skern T,

Sonenberg N (1996) The eIF4G-eIF4E complex is the

target for direct cleavage by the rhinovirus 2A protein-

ase. J Virol 70:8444–8450.
13. Ohlmann T, Pain VM, Wood W, Rau M, Morley SJ

(1997) The proteolytic cleavage of eukaryotic initiation

factor (eIF) 4G is prevented by eIF4E binding protein

(PHAS-I; 4E-BP1) in the reticulocyte lysate. EMBO J

16:844–855.
14. Marcotrigiano J, Gingras AC, Sonenberg N, Burley SK

(1999) Cap-dependent translation initiation in eukar-

yotes is regulated by a molecular mimic of eIF4G. Mol

Cell 3:707–716.
15. Petersen JF, Cherney MM, Liebig HD, Skern T,

Kuechler E, James MN (1999) The structure of the 2A

proteinase from a common cold virus: a proteinase

responsible for the shut-off of host-cell protein synthe-

sis. EMBO J 18:5463–5475.
16. Steinberger J, Grishkovskaya I, Cencic R, Juliano L,

Juliano MA, Skern T (2014) Foot-and-mouth disease

virus leader proteinase: structural insights into the

mechanism of intermolecular cleavage. Virology

468470C:397–408.
17. Steinberger J, Kontaxis G, Rancan C, Skern T (2013)

Comparison of self-processing of foot-and-mouth dis-

ease virus leader proteinase and porcine reproductive

and respiratory syndrome virus leader proteinase

nsp1alpha. Virology 443:271–277.
18. Volpon L, Osborne MJ, Topisirovic I, Siddiqui N,

Borden KL (2006) Cap-free structure of eIF4E suggests

a basis for conformational regulation by its ligands.

EMBO J 25:5138–5149.
19. Bellsolell L, Cho-Park PF, Poulin F, Sonenberg N,

Burley SK (2006) Two structurally atypical HEAT

domains in the C-terminal portion of human eIF4G sup-

port binding to eIF4A and Mnk1. Structure 14:913–923.
20. Brown CJ, Verma CS, Walkinshaw MD, Lane DP

(2009) Crystallization of eIF4E complexed with eIF4GI

peptide and glycerol reveals distinct structural differ-

ences around the cap-binding site. Cell Cycle 8:1905–

1911.
21. Marcotrigiano J, Lomakin IB, Sonenberg N, Pestova

TV, Hellen CU, Burley SK (2001) A conserved HEAT

domain within eIF4G directs assembly of the transla-

tion initiation machinery. Mol Cell 7:193–203.
22. Slepenkov SV, Korneeva NL, Rhoads RE (2008) Kinetic

mechanism for assembly of the m7GpppG.eIF4E.eIF4G

complex. J Biol Chem 283:25227–25237.
23. Gross JD, Moerke NJ, von der Haar T, Lugovskoy AA,

Sachs AB, McCarthy JE, Wagner G (2003) Ribosome

loading onto the mRNA cap is driven by conforma-

tional coupling between eIF4G and eIF4E. Cell 115:

739–750.
24. Klump H, Auer H, Liebig HD, Kuechler E, Skern T

(1996) Proteolytically active 2A proteinase of human

rhinovirus 2 is toxic for Saccharomyces cerevisiae but

does not cleave the homologues of eIF-4 gamma in vivo
or in vitro. Virology 220:109–118.

25. Gradi A, Imataka H, Svitkin YV, Rom E, Raught B,
Morino S, Sonenberg N (1998) A novel functional
human eukaryotic translation initiation factor 4G. Mol
Cell Biol 18:334–342.

26. Sangar DV, Clark RP, Carroll AR, Rowlands DJ,
Clarke BE (1988) Modification of the leader protein
(Lb) of foot-and-mouth disease virus. J Gen Virol 69:
2327–2333.

27. Cencic R, Mayer C, Juliano MA, Juliano L, Konrat R,
Kontaxis G, Skern T (2007) Investigating the substrate
specificity and oligomerisation of the leader protease of
foot and mouth disease virus using NMR. J Mol Biol
373:1071–1087.

28. Guarn�e A, Tormo J, Kirchweger K, Pfistermueller D,
Fita I, Skern T (1998) Structure of the foot-and-mouth
disease virus leader protease: a papain-like fold adapted
for self-processing and eIF4G recognition. EMBO J 17:
7469–7479.

29. Guarne A, Hampoelz B, Glaser W, Carpena X, Tormo J,
Fita I, Skern T (2000) Structural and biochemical fea-
tures distinguish the foot-and-mouth disease virus
leader proteinase from other papain-like enzymes. J Mol
Biol 302:1227–1240.

30. Marsh JA, Singh VK, Jia Z, Forman-Kay JD (2006) Sen-
sitivity of secondary structure propensities to sequence
differences between alpha- and gamma-synuclein: impli-
cations for fibrillation. Protein Sci 15:2795–2804.

31. Hafsa NE, Wishart DS (2014) CSI 2.0: a significantly
improved version of the Chemical Shift Index. J Biomol
NMR 60:131–146.

32. Lukhele S, Bah A, Lin H, Sonenberg N, Forman-Kay
JD (2013) Interaction of the eukaryotic initiation factor
4E with 4E-BP2 at a dynamic bipartite interface.
Structure 21:2186–2196.

33. Baxter NJ, Roetzer A, Liebig HD, Sedelnikova SE,
Hounslow AM, Skern T, Waltho JP (2006) Structure
and dynamics of coxsackievirus B4 2A proteinase, an
enyzme involved in the etiology of heart disease.
J Virol 80:1451–1462.

34. Liebig HD, Ziegler E, Yan R, Hartmuth K, Klump H,
Kowalski H, Blaas D, Sommergruber W, Frasel L,
Lamphear B, et al (1993) Purification of two picornavi-
ral 2A proteinases: interaction with eIF-4 gamma and
influence on in vitro translation. Biochemistry 32:
7581–7588.

35. Seipelt J, Liebig HD, Sommergruber W, Gerner C,
Kuechler E (2000) 2A proteinase of human rhinovirus
cleaves cytokeratin 8 in infected HeLa cells. J Biol
Chem 275:20084–20089.

36. Glaser W, Triendl A, Skern T (2003) The processing of
eIF4GI by human rhinovirus type 2 2A(pro): relationship
to self-cleavage and role of zinc. J Virol 77:5021–5025.

37. Beich-Frandsen M, Vecerek B, Konarev PV, Sjoblom B,
Kloiber K, Hammerle H, Rajkowitsch L, Miles AJ,
Kontaxis G, Wallace BA, et al (2011) Structural insights
into the dynamics and function of the C-terminus of the E.
coli RNA chaperone Hfq. Nucleic Acids Res 39:4900–4915.

38. Popov P, Ritchie DW, Grudinin S (2014) DockTrina:
docking triangular protein trimers. Proteins 82:34–44.

39. Sakoda Y, Ross-Smith N, Inoue T, Belsham GJ (2001)
An attenuating mutation in the 2A protease of swine
vesicular disease virus, a picornavirus, regulates cap-
and internal ribosome entry site-dependent protein
synthesis. J Virol 75:10643–10650.

40. Bernstein HD, Sonenberg N, Baltimore D (1985) Polio-
virus mutant that does not selectively inhibit host cell
protein synthesis. Mol Cell Biol 5:2913–2923.

Aumayr et al. PROTEIN SCIENCE VOL 24:1979—1996 1995



41. Svitkin YV, Gradi A, Imataka H, Morino S, Sonenberg N
(1999) Eukaryotic initiation factor 4GII (eIF4GII), but
not eIF4GI, cleavage correlates with inhibition of host
cell protein synthesis after human rhinovirus infection.
J Virol 73:3467–3472.

42. Gradi A, Svitkin YV, Imataka H, Sonenberg N (1998)
Proteolysis of human eukaryotic translation initiation
factor eIF4GII, but not eIF4GI, coincides with the
shutoff of host protein synthesis after poliovirus infec-
tion. Proc Natl Acad Sci USA 95:11089–11094.

43. Seipelt J, Guarne A, Bergmann E, James M,
Sommergruber W, Fita I, Skern T (1999) The structures
of picornaviral proteinases. Virus Res 62:159–168.

44. Steinberger J, Skern T (2014) The leader proteinase of
foot-and-mouth disease virus: structure-function rela-
tionships in a proteolytic virulence factor. Biol Chem
395:1179–1185.

45. Fletcher CM, McGuire AM, Gingras AC, Li H, Matsuo
H, Sonenberg N, Wagner G (1998) 4E binding proteins
inhibit the translation factor eIF4E without folded
structure. Biochemistry 37:9–15.

46. Fletcher CM, Wagner G (1998) The interaction of
eIF4E with 4E-BP1 is an induced fit to a completely
disordered protein. Protein Sci 7:1639–1642.

47. Igreja C, Peter D, Weiler C, Izaurralde E (2014) 4E-
BPs require non-canonical 4E-binding motifs and a lat-
eral surface of eIF4E to repress translation. Nat Com-
mun 5:4790

48. Schneider A, Seidl MF, Snel B (2013) Shared protein
complex subunits contribute to explaining disrupted
co-occurrence. PLoS Comput Biol 9:e1003124

49. Glaser W, Skern T (2000) Extremely efficient cleavage
of eIF4G by picornaviral proteinases L and 2A in vitro.
FEBS Lett 151–155.

50. Rau M, Ohlmann T, Morley SJ, Pain VM (1996) A
reevaluation of the cap-binding protein, eIF4E, as a
rate-limiting factor for initiation of translation in retic-
ulocyte lysate. J Biol Chem 271:8983–8990.

51. Neidel S, Maluquer de Motes C, Mansur DS, Strnadova
P, Smith GL, Graham SC (2015) Vaccinia virus protein
A49 is an unexpected member of the B-cell Lymphoma
(Bcl)22 protein family. J Biol Chem 290:5991–6002.

52. Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J,
Bax A (1995) NMRPipe: a multidimensional spectral
processing system based on UNIX pipes. J Biomol NMR
6:277–293.

53. Cavanagh J, Fairbrother WJ, Palmer AG, Rance M,
Skelton NJ (2007) Protein NMR spectroscopy: princi-
ples and practice, 2nd Edition, pp 1–888.

54. Neubauer D, Aumayr M, Gosler I, Skern T (2013)
Specificity of human rhinovirus 2A(pro) is determined
by combined spatial properties of four cleavage site res-
idues. J Gen Virol 94:1535–1546.

55. DeLano WL (2002) The PyMOL molecular graphics
system. DeLano Scientific. San Carlos, CA, USA. www.
pymol.org.

1996 PROTEINSCIENCE.ORG Picornaviral host cell shut-off

http://www.pymol.org
http://www.pymol.org

