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ABSTRACT

When a eukaryotic mRNA sequence specifying an amino acid motif known as 2A is directly followed by a proline codon, two
nonoverlapping proteins are synthesized. From earlier work, the second protein is known to start with this proline codon and is
not created by proteolysis. Here we identify the C-terminal amino acid of an upstream 2A-encoded product from Perina nuda
picorna-like virus that is glycine specified by the last codon of the 2A-encoding sequence. This is an example of recoding where
2A promotes unconventional termination after decoding of the glycine codon and continued translation beginning with the

3’ adjacent proline codon.
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INTRODUCTION

The 21st amino acid, selenocysteine, is specified by the
genetic code through redefinition of the meaning of certain
UGA codons that otherwise encode “stop.” In selenocys-
teine-containing enzymes this unusual amino acid is
usually found at the active center where its chemical
properties are exploited. Also, redefinition of two stop
codons, UAG and UGA, can lead to specification of
glutamine and tryptophan, respectively. Here, the impor-
tant feature is not the identity of the amino acid inserted,
but rather it is the synthesis of an extended “readthrough”
product. However, in all these cases, the redefinition of
codon meaning is in competition with the standard
meaning: termination. Where this redefinition is utilized
for gene expression, stimulatory signals, often called recod-
ing signals, embedded in the mRNA or in its encoded
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nascent peptide product, either greatly facilitate or are
requisite for, meaningful levels of redefinition. (Redefini-
tion is distinct from the reassigned meaning of certain
codons in all the mRNAs in specialized niches such as some
mitochondria, and is one facet of reprogrammed genetic
decoding, or recoding) (Gesteland and Atkins 1996).

Can the converse occur? Is the meaning of a sense codon
ever redefined? This work deals with a unique case where the
additional result of decoding a sense codon is unconventional
chain termination. This phenomenon occurs in synthesis of
a sequence of ~18 amino acids known as “2A” (see below).
It addresses the current model, formulated by Ryan and
colleagues (Donnelly et al. 2001a; de Felipe et al. 2003), where
a glycine codon within a 2A sequence specifies the expected
amino acid but also promotes subsequent termination of
translation of that chain with continued translation resulting
in the next encoded amino acid becoming the N-terminal
residue of a separate downstream polypeptide (Donnelly
et al. 2001a; de Felipe et al. 2003). This model prompts the
use of the term “StopGo” to refer to “2A” action. There is
no evidence that the C terminus of the product encoded
upstream and the N terminus of the downstream-encoded
product are ever joined by a peptide bond.
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Foot and mouth disease virus (FMDV) has an IRES-
mediated translation start site followed by a single long
open reading frame (ORF) from which multiple products
are derived, including the leader peptide, the capsid
proteins, the polymerase/replicase enzymatic functions,
and three VPg proteins, which play a role in viral repli-
cation and translation (Fig. 1). The last 18 codons of the
capsid-encoding region specify a sequence termed 2A,
whose activity depends on the next amino acid being
proline. A cassette with these 19 codons (encoding 2A plus
proline), separating fused reporter-encoding sequences,
functions in heterologous eukaryotic systems, including
wheat germ, to efficiently generate the downstream
reporter with an N-terminal proline specified by the last
of the 19 codons (Ryan and Drew 1994). Generation of the
N-terminal proline product is cotranslational (Ryan and
Drew 1994; de Felipe et al. 2003), consistent with earlier
work on a Cardiovirus (Jackson 1986), and does not occur
when the cassette is expressed in prokaryotes (Donnelly,
et al. 1997).

RNA cleavage is not involved in synthesis of 2B
(Donnelly et al. 2001a). Although a cricket paralysis
virus-like IRES could give methionine-independent initia-
tion (Sasaki and Nakashima 2000; Jan et al. 2001), there is
no hint of the involvement of an IRES for specific initia-
tion of 2B. (Interestingly, in this case it is the amino acid
sequence encoded before the proline rather than the
nucleotide sequence itself that is important for generation
of the N-terminal proline product) (Donnelly et al. 2001b).

The 3" ends of Aphthovirus (e.g., FMDV) and Cardiovirus
sequences that specifiy 2A have a consensus sequence
encoding the following amino acids: D-x-E-x-N-P-G, and
is immediately followed by the proline codon that encodes
the first amino acid of 2B (Hahn and Palmenberg 1996;
Donnelly et al. 1997). Introduction of point mutants
affecting amino acid identities showed its importance for
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2A activity (Donnelly et al. 2001b; Ryan et al. 2002). (2A
action stands in contrast to situations where specific pep-
tides traversing the exit tunnel cause inhibition of release
factor-dependent peptidyl-tRNA hydrolysis in the peptidyl-
transferase center [Cao and Geballe 1996; Cruz-Vera et al.
2006].)

Single ORFs have been created comprising two reporter
genes flanking 2A-encoding sequences. When such con-
structs are analyzed using in vitro translation systems,
termination before the N-terminal proline of the down-
stream reporter results in a molar excess of the N-terminal
reporter compared to the C-terminal reporter, further
suggesting that a nonproteolytic mechanism is involved
(Donnelly et al. 2001a). SDS-PAGE analyses of products
produced by 2A-mediated translation are consistent with
the sizes expected for products, and in particular, with each
upstream encoded product having its C-terminal amino
acid as glycine corresponding to the last residue of the 2A
consensus sequence (in bold, above). However, size esti-
mations using SDS-PAGE are not nearly sensitive enough
to deduce the identity of the C-terminal amino acid of 2A.
Whether or not this C-terminal amino acid is glycine is
critical to know for assessing the StopGo model. The bio-
technological importance of 2A activity (de Felipe et al.
2006), as well as its scientific interest, including the possi-
bility that it may constitute a novel type of recoding, repro-
grammed genetic decoding (Baranov et al. 2002), merits
the investigation, reported here, of the identity of the
C-terminal amino acid of the upstream-encoded product.

2A-encoding sequences occur in some diverse genes,
although nearly all known active 2A-like sequences are
from viruses (some occur in non-LTR retrotransposons
found in the genomes of a range of species of the parasitic
protozoan Trypanosomai) (Heras et al. 2006). The
approach taken here was to identify a 2A-encoding viral
sequence where the upstream- and the downstream-
encoded products are present in the
virion and, in theory, readily available
from a natural source for accurate
sequence characterization by mass spec-
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trometry. The single-stranded RNA
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Perina nuda picorna-like virus, PnPV,
which infects a moth, has these features
and also has an additional 2A-encoding
sequence where only the upstream-

FMDV \iA s encoded product is present in the virion
s— L [wa[ w2 | ws | v [[ 2| 2 | sa [[[3c] 3o |—AmA (Fig. 1; Wu et al. 2002). This virus can
3B be readily propagated in a homologous

FIGURE 1. Comparison of the genome organization of Perina nuda picorna-like virus (PnPV)
and foot and mouth disease virus (FMDV). The protein products of the single open reading
frame are shown as separate boxes. The shaded regions were identified by intact or digested
protein analysis of PnPV virions. “L” denotes the leader peptide. Regions encoding 2A
sequences are overlined and indicated by arrows. Putative virally encoded protease cleavage
. Only one of the virally encoded protease cleavage sites, *, is
indicated in FMDV. CP1-4 denotes the four PnPV capsid proteins and VP1-4 denotes the four

x>

sites in PnPV are indicated by

FMDV capsid proteins.
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insect cell line (Wu et al. 2002).

The PnPV genome has a single ORF
that has 2986 codons and does not
generate subgenomic RNAs (Wu et al.
2002). It is 89% identical at the amino
acid level to Ectropis obliqua picorna-like
virus (Wang et al. 2004; Lu et al. 2006),
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and less so (25%) to Infectious flacherie virus (Isawa et al.
1998). From the 5’ end of the PnPV OREF there are 319
codons in the position corresponding to the 202 codons in
FMDYV that encode its leader protease. In both viruses this
is just 5’ of the sequence specifying the four capsid coat
proteins, which in PnPV are termed CP 1-4. The enzymatic
functions, including the polymerase, are encoded 3’
of CP4 (Fig. 1). The first PnPV 2A-encoding RNA
sequence, codons 556-573, with the potential to code for
QGWVPDLTVDGDVESNPG is at the 3’ end of the ¢plI
gene and the first codon, 574, of the adjacent ¢p2 gene
specifies proline. This proline was confirmed by N-terminal
sequence analysis (Wu et al. 2002). The second PnPV 2A-
encoding RNA sequence, codons 1173-1190, with the
potential to code for GGGQKDLTQDGDIESNPG, is in
the vicinity of the predicted 3’ end of the ¢p4 gene and the
3’ adjacent codon, 1191, is a proline codon (Wu et al.
2002). N-terminal sequencing of PnPV virion proteins was
previously performed by SDS-PAGE fractionation of PnPV
virions followed by transfer to PVDF membranes (Wu et al.
2002). These results defined the beginnings of the four coat
protein regions. The N terminus of CP2 is PELSGLLGTV
(Wu et al. 2002), consistent with the generation of a new N
terminus encoded by the proline codon following the
codons for the 2A sequence at the 3’ end of ¢pl. The

Peptides containing amino acids encoded by codons 557—
573 (GWVPDLTVDGDVESNPG) were not detected in the
protein digests of isolated capsid components or in the
virion sample, as analyzed by LC/MS/MS. The downstream
translated protein CP2, however, begins with proline,
consistent with previously described products of 2A activ-
ity. The peptide coverage for CP2 was complete.

Complete sequence coverage of CP3 was also shown,
beginning at codon 638, aspartic acid, and ending at codon
906, methionine. Peptide coverage of CP4 was almost
complete except for a few internal peptides (Fig. 2). The
N-terminal peptide begins with codon 907, glycine. It was
noted that the amino acid sequences at the ends of the
leader peptide, CP1 and CP3, ending with VTAQ, VTAQ,
and VTAM, respectively, are similar with a consensus
sequence of VTAN. In these three cases, the next amino
acid encoded is glycine, similar to recognition sequences of
picorna viral cysteine proteases that generally cleave
between Q or E and G, A, or S (Hellen et al. 1989).

The C-terminal region of CP4 includes the 2A-encoded
amino acids and ends at codon 1190, glycine (Fig. 2). In
contrast to CP1, the entire 2A-encoded sequence was found
to be present at the C terminus of CP4. In addition, analysis
of PnPV by LC/MS/MS of trypsin or chymotrypsin digests
revealed a post-translational phosphate modification of

primary goal of the present work, there-
fore, was to determine the C-terminal
amino acids of either CP1 or CP4 by
mass spectrometry analysis of protein
digests and full-length proteins to con-
strain models for 2A action.

RESULTS

PnPV virions, purified as previously
described (Wu et al. 2002), were
digested with either trypsin or chymo-
trypsin, and the resulting peptides were
analyzed by LC/MS/MS (with Fourier
transform-ion cyclotron resonance [FT-
ICR]). Complete sequence coverage was
obtained for CP2 and CP3, and nearly
complete coverage was obtained for CP1
and CP4 (Fig. 2). From the enzymatic
digest analyses, all of the N-terminal
and C-terminal peptides were identified
for the four CP proteins. Of particular
interest is the C terminus of CPI1. Is it
glycine encoded by codon 573, as pre-
dicted by the current model of 2A
activity? By analysis of the peptide
masses compared to that predicted from
the RNA sequence, the C-terminal
amino acid of CPl is not glycine,
but glutamine encoded by codon 556.

Leader peptide : amino acids 1-319
MMINPQQ.../ / ... PIQVTAQ;

CP1 : amino acids 320-556
G30DEDTPAGELSIEQDTHKNTTLAESTDASTAYVATEEFSMMPWITDGPHVYPDLTERWTKAFQ
FOWTTSQAQGEIIQRFDLPIEAIQNFINSPNALPWRQHAFYKSDIELKVQVNSQPGOSGYLILGAM
YEASEGTAIGNRVDHAANIVAMPHMRISAGASNSGDMVIPYIRHFPVGCILNNAFDVPQYFVTLF

VAPLLQLRTGADGPQVVDVTIMIRFPNCEFYGQRTTEQIVTAQsss Gss7WVPDLIVDGDVES Mg

CP2 : amino acids 574-637
E574FLSGLLGTVAAIGKTVASAGSSGSIASGVSGVANGIGSFGSAAGKVIGGVESLLRPLFPKKD
Mgz

CP3 : amino acids 638-906
Dg3sRPONITEPTNFYLQONTSLSLATGTNNVKLLQLQAENSVSHPPGFVPVDDQFNNRFITSVFGLS
DYFQWTSDAASGTLLYSFDVTPLKSFVRGIGTQPTSYLTPMAALAGQYGGYHGDLEMRLTFAVS
KFHSGRIFIVYSPDVVPTEDNIGAYYSVLLDVQDOSVYTEKIPYQAPTPYVPLFEALQGDNGVFVL
PPGGPSINAVCMAYGYVSIFVENQLRVMQTAAPTIDVLAELRGADNFHLVLPAGGKFRSIATTAT
AEASVVTAMygs

CP4 : amino acids 907-1190
Gop;DERREPHTVNPTPRTIPVWVAQLNESYDCRDVVKRYHDWFDIVSPAIVAGRGFPNIYVNVT
VFHVPVPAFDAVPIQRVQFTDISIENSMLNKSMVLARERINLATNNTISIR VPWTNYACMISNSINP
ASGRVNTMAPYSNGRVVVYVEYLSPYTL.TQGVFKVVWDVTAGSASTRPDTFTPDMLTLLHDGF
RFAKGDFNYQLDFTPAPCGSNTAIRLRCYRSYGDGGNLY VFQGFPRMIGNY VPRQAISGITPTRG
GLRRONIGGGOKDLTQDGDIEDS, 5, M@, 190

Enzymatic polyprotein 1191-2986; Candidate VPg 2195-2223
HHQITQS. .1 1. . V29BAQA;10sRDYDQKTEAPNTPK Y, NFVQTTPVVVAAK0,GDE ...Gios

FIGURE 2. Analysis of PnPV virion protein digests by FT-ICR. The single 2986 amino acid
ORF of PnPV is depicted in sections. Underlined sequences were identified in tryptic or
chymotryptic digests of virions. The two 2A sequences are italicized and the most crucial
residues for “StopGo” are shown in white with black shading. Putative viral protease
recognition sequences are shaded in gray. “pS” indicates phosphorylation on S;;57. The bold
“Y” is the residue expected to link the putative VPg to the 5’ end of PnPV RNA.
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serine residue 1187. This was confirmed from identification
of several different phosphopeptides containing this same
serine residue (i.e., from trypsin digestion, DLTQDGDIEp
SNPG; from chymotrypsin digestion, IGGGQKDLTQDG
DIEpSNPG, NIIGGGQKDLTQDGDIEpSNPG, and RRQN
IIGGGQKDLTQDGDIEpSNPG). The phosphoserine is
near the C-terminal end of CP4 and within the second
2A region. The corresponding nonphosphorylated peptides
were also identified, indicating that the phosphorylation is
either relatively labile or the extent of phosphorylation is
incomplete.

Mass spectrometry analysis of the PnPV virus digests also
clearly showed the presence of a peptide encoded 3’ of the
CP1-4 region (K)VNFVQTTPVVVAAK- (amino acids
2210-2223). The adjacent downstream amino acid in the
polyprotein precursor is glycine. This peptide maps to a
region (3B), just N terminal to the putative viral protease
(3C) where VPg is found in members of the Picornaviridea
(Fig. 1). In Poliovirus and other members of the Picornavir-
idae, VPg (3B) (Rueckert 1990) is released from the poly-
protein by two cleavages at glutamine-glycine amino acid
pairs (Nicklin et al. 1986). It is likely that the C terminus of
the PnPV peptide was similarly generated by the action of
the viral protease since it ends with VAAK and is followed by
glycine, which is broadly similar to the other PnPV protease
cleavage sites (VTAQ/G in both the putative leader and CP1
and VTAM/G in CP3). The N terminus of the identified
peptide was generated by trypsin cleavage at (K)V. In further
support, the peptide (F)VQTTPVVVAAK was identified
from the chymotryptic digest LC/MS/MS data, supporting
that this is the C-terminal peptide. Another putative viral
protease recognition sequence is encoded by codons 2191—
2195, VEAQ/A, upstream of the detected peptide. Utilization
of both protease cleavage sites would generate a 29 amino
acid peptide similar to, but larger than, VPgs of studied
picornaviruses, that has a critical tyrosine residue near its N
terminus. (The tyrosine is involved in the linkage of VPg to
the 5" end of the genomic RNA.) Similar to poliovirus VPg
(Reuer et al. 1990), the putative PnPV VPg is preceded by a
predicted transmembrane domain, FILKNVMLAVGAVML
AYKVY (amino acids 2162-2181). Therefore we conclude
that the peptide identified by mass spectrometry most likely
represents the C terminus of the VPg protein of PnPV. The
LC/MS/MS data from tryptic or chymotryptic digestion of
PnPV was also searched for other possible modifications:
uridylylation (on serine, threonine, and tyrosine residues)
(Richards et al. 2006) and myristoylation (on lysine and
N-terminal glycine residues) (Moscufo et al. 1991) in the
entire PnPV sequence, and neither of these modifications
was identified.

The intact proteins of PnPV were also analyzed by
electrospray ionization mass spectrometry (ESI/MS). Figure
3 shows the neutral molecular-mass spectrum obtained by
electrospray ionization of the entire virus capsid (i.e., not
digested), in which molecular masses corresponding to

806  RNA, Vol. 13, No. 6

intact CP1, CP2, CP3, and CP4 proteins are indicated.
The molecular mass of intact CP1 at 26,394.9 Da is consis-
tent with the CP1 sequence beginning with glycine at the N
terminus (amino acid 320) and ending with glutamine at the
C terminus (amino acid 556). This supports the conclusion
from the protein digest analysis that the predicted amino
acids 557-573 are not found in the mature CP1 protein. The
measured mass of 26,394.9 Da is ~33 Da larger than the
theoretical mass of 26,361.7 Da. Correspondingly, the
observed complexity of higher mass molecular peaks in
roughly 32 Da increments suggests that minor-level oxida-
tion or other modifications existed in the protein as analyzed.

The molecular mass of intact CP2, determined to be
6018.4 Da, is in agreement with the theoretical mass of
6019.0 Da (average-isotope composition), with no appar-
ent post-translational modifications present. There is also a
protein at 5956.9 Da present that does not result from
simple cleavage of any of the CP proteins, and its source
was not determined. CP3 yielded an intact molecular mass
of 29,293.9 Da, which is consistent with the theoretical
mass of 29,294.2 Da, and some degree of oxidation or
minor modification of the protein is apparent from the
presence of higher mass peaks (e.g., 29,345 Da).

The analysis of intact CP4 shows a molecular mass at
31,693.8 Da (theoretical mass of 31,662.9) that is consistent
with an oxidized form of the protein. However, similar to
CP1, the complexity of molecular species indicates other
modifications of the protein may also be present. Taken
together with the unequivocal protein digest data, we
conclude that CP4 ends with glycine encoded by codon
1190 at the end of the 2A sequence.

DISCUSSION

One of the goals of this work was to identify the carboxy-
terminus of a protein containing a 2A site. There were two
candidates in the PnPV virion, CP4 and CP1. Identification
of peptides by LC/MS/MS with FT-ICR showed that the
coding region of CP4 extends to the terminal glycine,
encoded by codon 1190, of the 2A sequence. Analysis of
full-length virion proteins by ESI/MS indicated that CP4 is
encoded by codons 907-1190. The peptide and full-length
protein data for CP1 showed that it is encoded by codons
320-556 rather than the expected 320-573. There would
have been 17 additional amino acids if all of 2A had been
present. PnPV ¢pl specifies a potential virally encoded
cysteine protease cleavage site ending 17 codons before the
3’ end of a sequence specifying 2A, which likely accounts
for the observed truncation.

What is the role of the 2A?

It could be that the selective advantage of a 2A-encoding
sequence at the 3’ end of ¢pl is to permit a step-down in
the level of products encoded 3’ as has been observed
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et al. 2001b). A step-down is not evident
from the proportion of CP1 and CP3
from SDS-PAGE analysis of PnPV viri-
ons (data not shown; Wu et al. 2002). It
could be that before the viral protease is
synthesized, precursor CP1 containing
the C-terminal 2A sequence has a non-
structural role, e.g., a role in translation/
replication regulation. If so, this form of
CP1 would not be detected in this
analysis since it would not be expected
to be incorporated into virions. Yet
another possibility for 2A function is to
cause a pause in translation (Donnelly
et al. 2001a) allowing relevant RNA or
protein folding(s) to occur. Resolution
of this issue will require experimental
investigation.

Interestingly, analysis of FMDV cap-
sids showed a corresponding viral pro-
tease cleavage that removed most of the
2A-encoded sequence at the 3’ end of
the terminal coat protein gene with the
protein ending with Q (Ryan et al.
1989). Extrapolating from the now
established C terminus and the viral
genome sequence encoding 2A, the
released peptide is predicted to be
(Q)LLNFDLLKLAGDVESNPG(P), i.e.,
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results, support the model postulated
by Ryan and colleagues (Donnelly et al.
2001a) and here termed “StopGo.” The
model is that a sense codon specifies the
C-terminal amino acid of one protein
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FIGURE 3. Electrospray molecular-mass spectra. (A) The mass spectrum of denatured virions
showing the four major coat proteins, CP1-4. (B) Expanded views of the regions around the
major peaks for CP1-4. Potassium (K) adducts and oxidation products are indicated.
Oxidation of cysteine, proline, methionine, or other residues in the protein may have occurred
from storage of the virus sample, exposure to reagents, reaction with degraded B-mercapto-

ethanol in solution, or may be due to post-translational modifications.

with reporter constructs using the FMDV 2A sequence
(Donnelly et al. 2001a,b). However, Donnelly et al. did not
observe this step-down of expression in the native FMDV
polyprotein context, implying that there are important
sequence features in addition to 2A that are contained in
the 14 amino acids preceding the 2A sequence (Donnelly

31800

and a 3’ adjacent sense codon specifies a
non-methionine N-terminal amino acid
of a separate protein. Previous work
with a 2A sequence flanked by reporter
genes showed that proteolysis is not
involved (Ryan and Drew 1994) and
that, in a nascent peptide sequence-
dependent manner, cotranslational
generation of the two products results
in relatively more of the upstream-encoded product. The
possibility that peptidyl-tRNA containing the upstream
encoded product “drops off” from the ribosome prior to
hydrolysis has not been directly tested, but how this could
happen with retention of tRNA®Y in the A-site for
subsequent synthesis of the downstream-encoded product

32000 32200
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is far from obvious. We will address here the intrariboso-
mal peptidyl-tRNA hydrolysis model of Donnelly et al.
(2001a).

There is only one directly encoded protein residue,
proline, which is an imino acid. Its ¢ dihedral angle is
constrained by its pyrrolidine ring to ~60°. In the 2A
sequence, it is the penultimate amino acid in the nascent
chain and would be expected to distort the positioning of
the relevant part of the nascent peptide. The C-terminal
amino acid is glycine, which forms a flexible peptide bond
and is expected to allow the peptide at this position to be
less constrained. An understanding of the significance of
the properties of these two amino acids and how the key
amino acids encoded upstream affect the phenomenon will
require detailed structural knowledge. In addition to the
importance of these amino acids and the ribosome, the
CCA end of tRNA is doubtless also critical (Weinger et al.
2004; Feinberg and Joseph 2006) and can have effects on
codon:anticodon dissociation (O’Connor et al. 1993).

Protein synthesis is dependent on reaction of the a-
amino group of aminoacyl-tRNA bound to the ribosomal
A-site with the ester carbon of peptidyl-tRNA bound in
the P-site (Green and Lorsch 2002). Pro-tRNAP™ acts as a
particularly poor nucleophile (as does the glycine counter-
part) (Nathans and Neidle 1963; Rychlik et al. 1970). Con-
tinuation of standard protein synthesis in response to an
accepted A-site aminoacyl-tRNA involves ribosomal RNA
undergoing movements that reorient the ester linkage,
making it accessible for attack (Schmeing et al. 2005a,b).
Before the next tRNA is accepted into the A-site, the
peptidyl-transfer center positions the ester linkage so that
it is not accessible to nucleophilic attack by water with
resulting deacylation of peptidyl-tRNA as happens when
a release factor is accepted in an A-site containing a stop
codon. The exact features that can reprogram the ribosome
so there is hydrolysis of peptidyl-tRNAY, but with
continued synthesis resulting in the proline acylated to
the next A-site tRNA and becoming the N-terminal amino
acid of a separate chain, are not understood.

Despite the rRNA differences between prokaryotic and
eukaryotic ribosomes, other studies in Escherichia coli are
pertinent. A strong regulatory pause occurs during trans-
lation of E. coli secM mRNA until the N terminus of the
nascent chain is “pulled” by the secretory apparatus. The
pause is mediated by specific amino acids encoded
upstream of the pause site interacting with specific 23S
rRNA nucleotides and ribosomal protein L22 that are
located at the constriction of the nascent peptide exit
tunnel through the large ribosomal subunit (Nakatogawa
and Ito 2002). This interaction signal is transduced to the
peptidyl-transfer center (Mitra et al. 2006; Woolhead et al.
2006). The strong pause occurs with cognate peptidyl-
tRNA®Y at the ribosomal P-site and cognate aminoacyl-
tRNA"™ accepted in the ribosomal A-site (Muto et al.
2006). Although the block occurs before transfer of the
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peptide chain to Pro tRNA"™, having that tRNA in the
A-site is critical for the process (Muto et al. 2006) (and, in
addition, its presence inhibits tmRNA accessibility) (Garza-
Sanchez et al. 2006). The specific ribosomal changes in
response to the nascent peptide signal in this case do not
remove the protection of the ester linkage of the peptidyl-
tRNAY from P-site nucleophilic attack by water with
resulting deacylation. The distinctions that cause deacyla-
tion with 2A remain to be determined (uncharged tRNA in
the A-site triggers peptidyl-tRNA deacylation but the tRNA
in this case is, of course, acylated). The relevant glycine
codon in the first 2A-encoding sequence in PnPV RNA is
GGA, and in the second it is GGG. In 2A sequences in other
genomes (Table 1) or in tested mutants, there is no pre-
ferred glycine codon. Since no restriction to GGG codons is
evident, the situation is different from drop-off in E. coli,
which has been reported to occur preferentially at NGG
sequences (Gonzalez de Valdivia and Isaksson 2005).
Although some detailed studies of ribosome binding with
esterified amino acids have been performed (Fahlman and

TABLE 1. The last two codons specifying proline and glycine of
the upstream 2A-encoded product and the first codon specifying
proline of the downstream product (PG/P) found in viruses

P @ P

EMCV-B CCuU GGA CCC
EMCV-D CCu GGA CCC
EMCV-PV21 CCA GGG CCC
MENGO CccC GGG CCU
Theilovirus TME-GD7 CCA GGC CCU
Theilovirus TME-DA CCA GGC CcCcu
Theiler’s-like virus CCA GGC CCG
Ljungan virus (174F) CCA GGC CCU
Ljungan virus (145SL) CCA GGU CCU
Ljungan virus (87-012) CCA GGC CCU
Ljungan virus (M1146) CCU GGG CCC
FMD-C1 CCu GGG CCC
FMD-O/SK CCuU GGG CCU
FMD-SAT2 CCu GGG CCC
Insect viruses
CrPV CCuU GGU CcCcu
DCV CCu GGA CCC
ABPV CCU GGA CCU
IFV CCu GGA CCU
TaV CCC GGC CCC
APV CccC CCU CCA
KBV CCuU GGA CCC
PnPV

() CCC GGA CCC

(b) CCu GGG CCC
Ectropis obliqua picorna-like virus

(a) CccC GGC CCC

(b) CCC GGC CCA
Providence virus

() CCU GGG CCC

(b) CCcC GGA CCU




StopGo

Uhlenbeck 2004), and there are also early reports on
preferential hydrolysis (Hentzen et al. 1972), we are not
aware of data directly relevant to the 2A issue.

Studies in E. coli have shown that, in a cooperative
manner, the identity of the last two amino acids in the
nascent chain influence A-site decoding, with proline and
glycine, in particular, permitting elevated suppressor reading
of stop codons (Bjornsson et al. 1996; Mottagui-Tabar and
Isaksson 1997). This effect is sensitive to the characteristics
of the A-site tRNA (Mottagui-Tabar et al. 1994). Supportive
results come from studies of tmRNA tagging. In certain
contexts, with either P-site peptidyl-tRNA"™ or peptidyl-
tRNASY, there are elevated levels of tmRNA tagging on full-
length proteins with an A-site stop codon (Hayes et al. 2002;
Sunohara et al. 2002). Formally, this could be due directly
to facilitated tmRNA entry, but all the evidence points to
partial inhibition of release factor access, thereby favoring
tmRNA in its competition with the release factor.

Specification of the C-terminal amino acid of a protein by
a codon that is in-frame, and 5’ adjacent to, a codon that
specifies the N terminus of a separate protein is the opposite
of tmRNA action where adjacent amino acids in a protein
are specified from two different mRNAs. Both phenomena
broaden the repertoire of recoding and exemplify the
sophisticated layers of decoding revealed in the past decade.
Once the exciting characteristics of tmRNA became known
(Keiler et al. 1996), its name changed from 10Sa, which was
not informative (Atkins and Gesteland 1996; Jentsch 1996).
We propose that the “2A” phenomenon (minimally requir-
ing 2A followed by a proline codon) be named “StopGo,” as
has been adopted in this paper, or some appealing alterna-
tive that reflects function. This is especially relevant since
“extra-ribosomal” proteases of other picornaviruses (cox-
sackievirus, rhinoviruses, enteroviruses, and poliovirus) that
mediate post-translational polyprotein cleavages, as well as a
cellular serine—threonine phosphatase (Cho and Xu 2007),
are also known as 2A.

MATERIALS AND METHODS

For analysis by LC/MS/MS, virus samples were digested with
TPCK-modified trypsin (Promega) or chymotrypsin (Princeton).
Most digests were performed for 2—4 h, but different digest time
periods were performed, ranging from 5 min to overnight. Pro-
teolytic enzymes (in 50 mM ammonium bicarbonate) were added
to virus protein in ~1:25 ratio (enzyme to virus). LC/MS/MS
data were acquired using a LTQ-FT hybrid mass spectrometer
(ThermoElectron Corp). Peptide molecular masses were measured
by FT-ICR, and all peptides assigned in this work had mass errors
<3 ppm. Peptide sequencing was performed by collision-induced
dissociation (CID) in the linear ion trap of this hybrid instrument.
Digest samples were introduced by nanoLC (Eksigent, Inc.) with
nano-electrospray ionization (ThermoElectron Corp). NanoLC was
performed using a homemade C18 nanobore column (75 pm i.d. X
10 cm; Atlantis C18 [Waters Corp.]; 3 pm particle). Peptides were
eluted from a 50-min linear gradient run from 4% acetonitrile (with
0.1% formic acid) to 70% acetonitrile (with 0.1% formic acid).

All identified peptides from protein digests were assigned from
MSBD, NCBI, or custom PnPV protein database searches, using
in-house processing with the MASCOT search engine (Matrix
Science, Inc.). All identified peptides (including the phosphopep-
tides) showed MASCOT scores >20 and had mass errors <3 ppm
to be acceptable.

To achieve successful molecular weight measurements of intact
viral capsid proteins by ESI/MS, several methods were attempted
to denature the viral capsid prior to ESI/MS analysis. The most
effective method of denaturing the capsid was a brief exposure to
chymotrypsin (5 min in 50 mM ammonium bicarbonate, 1:25
ratio of enzyme to protein). Following the chymotrypsin treat-
ment, the protein sample was immediately purified using a C18
Ziptip (Millipore), with elution of the proteins into three 1 L
aliquots of 60% acetonitrile and 2% formic acid and one aliquot
of 98% acetonitrile and 2% formic acid. ESI/MS analysis of the
intact proteins was performed using a Quattro-II mass spectrom-
eter (Micromass, Inc.). The eluent from Ziptip purification was
infused at 3 pL/min for ESI/MS. Data were acquired with a cone
voltage of 50 eV, a spray voltage of 2.8 kV, and the instrument was
scanned from 800 to 1400 m/z in 4 sec. Scans were accumulated
for ~1 min, the spectra were combined, then deconvoluted into
molecular-mass spectra (i.e., processed into neutral molecular
weight) using MaxEnt software (Micromass, Inc.).
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