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Summary

Immune surveillance by CD8 T cells requires that pep-
tides derived from intracellular proteins be presented
by MHC class | molecules on the target cell surface.
Interestingly, MHC molecules can also present pep-
tides encoded in alternate translational reading frames,
some even without conventional AUG initiation co-
dons. Using T cells to measure expression of MHC
bound peptides, we identified the non-AUG translation
initiation codons and established that their activity
was at the level of translational rather than DNA repli-
cation or transcription mechanisms. This translation
mechanism decoded the CUG initiation codon not as
the canonical methionine but as the leucine residue,
and its activity was independent of upstream transla-
tion initiation events. Naturally processed peptide/MHC
complexes can thus arise from “noncoding” mRNAs via
a novel translation initiation mechanism.

Introduction

On the cell surface, the peptide/MHC class | complexes
serve as ligands for the antigen receptors of CD8" T
cells. The existence of a large and diverse set of peptide/
MHC complexes allows the antigen receptors of CD8*
T cells to detect novel intracellular proteins that arise
due to viral or bacterial infection, tumorigenic transfor-
mation, or polymorphic histocompatibility loci. Many
peptides presented by the MHC molecules are derived
from endogenously synthesized proteins and are gener-
ated as by-products of protein turnover (Rock et al.,
1994; Pamer and Cresswell, 1998). Yet, considerable
evidence has accumulated that MHC molecules can also
present peptides that were not expected to be even
translated in the antigen-presenting cells (APC) (Good-
ing et al., 1988; Boon et al., 1989; Fetten et al., 1991,
Hahn et al., 1991; Shastri and Gonzalez, 1993; Bullock
and Eisenlohr, 1996; Elliott et al., 1996; Bullock et al.,
1997). In addition, identification of unknown antigenic
peptides presented by MHC molecules to CD8 T cells
specific for tumors (Uenaka et al., 1994; Wang et al.,
1996,1998; Shichijo et al., 1998; Dolstra et al., 1999),
virus infected (Mayrand et al., 1998), or allogeneic cells
(Malarkannan et al., 1995a) has shown that the target
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peptides were encoded in cryptic translational reading
frames, some even without upstream AUG initiation co-
dons. These examples indicate that cryptic peptide/
MHC complexes can be generated by the APC and that
these complexes are used to elicit cytotoxic T cell re-
sponses.

How APCs generate cryptic peptide/MHC complexes
is obscure. A decade ago, Boon and Van Pel had formu-
lated the Pepton hypothesis to explain how peptide/
MHC complexes could arise from DNA fragments lack-
ing obvious features that allow transcription and transla-
tion (Boon and Van Pel, 1989). The Pepton hypothesis
suggested that a novel RNA polymerase and/or a trans-
lational mechanism generated short peptides for pre-
sentation by MHC molecules. However, our earlier stud-
ies failed to reveal a requirement for a novel transcription
mechanism and instead showed that expression of
the cryptic model peptide/MHC class | complexes cor-
related with translation initiation at non-AUG codons
in alternate translational reading frames (Shastri and
Gonzalez, 1993; Shastri et al., 1995). Independently, the
Eisenlohr group showed that expression of out-of-frame
peptide/MHC complexes in vaccinia-infected cells was
consistent with aberrant translation initiation events at
the AUG codons (Bullock and Eisenlohr, 1996; Bullock et
al., 1997). As another possibility, Yewdell and colleagues
have suggested that antigenic peptides could be de-
rived from defective ribosomal products (DRiPs) due
to premature termination events (Yewdell et al., 1996).
Taken together, the key features of the Pepton and the
DRIiPs hypotheses as well as these experimental obser-
vations suggest that abnormal protein translation events
can serve as a potential source of antigenic peptides,
but the characteristics of this translational mechanism
and its relationship to normal protein translation is not
clear (Lindahl, 1991; Mayrand and Green, 1998).

Using an expression cloning strategy, we had earlier
identified the SVVEFSSL (JALS8) peptide/K® MHC class
| complex as a ligand for the alloreactive T cell bm1BZ19.4
(Malarkannan et al., 1995a). Intriguingly, this JAL8 pep-
tide was encoded in an alternate translational reading
frame without an upstream AUG initiation codon. The
ability to detect expression of this out-of-frame JAL8
peptide as well as other model peptides as MHC bound
ligands in T cell activation assays provided an opportu-
nity to systematically characterize the mechanisms that
allow cryptic peptide/MHC expression in APC. We first
defined the set of non-AUG initiation codons that allow
expression of peptide/MHC complexes on the cell sur-
face. Second, we established that the activity of the
non-AUG codons is at the level of translation itself rather
than DNA replication or transcription errors. Third, analy-
sis of the naturally processed peptides in cell extracts
showed that the CUG initiation codon was decoded not
as the canonical methionine but as the leucine residue.
This translational mechanism was capable of generating
peptides from “noncoding” regions and was indepen-
dent of other conventional translation initiation events.
These findings strongly support the notion that a novel
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translational mechanism can supply cryptic peptides for
presentation by MHC molecules.

Results

Non-AUG Initiation Codons Allow Expression

of Cryptic JAL8/K® Complexes

To elucidate the mechanism by which cryptic peptide/
MHC complexes are generated from alternate transla-
tional reading frames, we first identified the initiation
codons that allowed their expression on the cell surface.
The bm1BZ19.4 T cell was used to detect surface ex-
pression of the JAL8/K" complex in KP-COS cells trans-
fected with DNA constructs. First, the STOP-44SC1 con-
struct was derived from the earlier 44SC1 construct by
inserting a termination codon nine nucleotides upstream
of the SVVEFSSL (JAL8) codons (Malarkannan et al.,
1995a) (Figure 1). This construct was completely inactive
in stimulating the T cells. To identify potential initiation
codons, a set of STOP-START-44SC1 plasmid constructs
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Figure 1. Non-AUG Codons Allow Genera-
tion of SVWEFSSL/K® MHC Complex

The plasmid DNA construct “STOP-44SC1”
contains the nucleotide sequence encoding
the antigenic peptide (bold, underlined) with
an upstream in-frame stop codon (tag). The
“STOP-START-44SC1” constructs were gen-
erated using oligonucleotides with a degen-
erate “NNN” codon indicated with an arrow-
head. Varying concentrations of purified
plasmid DNAs were transfected into K°-COS
cells. Two days later, the lacZ inducible,
bm1BZ19.4 T cells were added, and after
overnight culture their response to the pep-
tide/K® MHC ligand was measured as the lacZ
activity by the conversion of chlorophenol red
B D-galactopyranoside. Data are shown as
the average absorbance of replicate wells for
each point with a representative construct.
The nucleotide triplets shown next to each
curve indicate the NNN sequence in the STOP-
START-44SC1 sequence above.

were prepared by inserting a degenerate “NNN” codon,
representing all 64 possibilities between the termination
and the JAL8 codons (Figure 1). Among a total of 252
random recombinant plasmids tested, 33 (13%) stimu-
lated the bm1BZ19.4 T cells. Nucleotide sequences of
29 of these plasmids showed that the NNN codons were
specified by ATG (N = 4), ACG (N = 7), CTG (N = 2),
GTG (N = 2), ATT (N = 5), ATC (N = 4), and TTG (N =
5). As expected from its established role in translation
initiation, the ATG as the NNN codon elicited the stron-
gest T cell response. However, the activities of the CTG,
ACG, and GTG codons were within 10- to 30-fold, while
the activities of the ATT, ATC, and TTG were within
100-fold of the activity of the ATG codon. This analysis
confirms and extends our previous findings with minimal
precursors (Shastri et al., 1995), that generation of pep-
tide/MHC complexes was not a random event but de-
pended strictly upon the presence of either an ATG or
an appropriate non-ATG codon. In further confirmation
of this conclusion, presentation of the JAL8/K® complex

Figure 2. Analysis of Potential Non-AUG to
AUG Mutations in the Transcripts

KP-COS cells were transfected with plasmid
DNA constructs encoding the JAL8 peptide
and the indicated initiation codons (see Fig-
ure 1). Two days later, mMRNA was prepared
from the cells, converted into cDNA, and sub-
jected to PCR using primers flanking the JAL8
coding sequence as described in the Experi-
mental Procedures. Plasmid DNAs isolated
from individual recombinant bacteria ex-
pressing the cloned PCR products were
transfected into Kb-COS cells. Two days
later, the cells were tested for expression of
the JAL8/KP complex using the bm1BZ19.4 T
cells as in the legend to Figure 1. Each point
represents the T cell response to an individual
plasmid. The mean * standard deviation of
eted the T cell response to each set of plasmids

n=96
X =0.040 = 0.004

ATG CTG TTG

Initiation Codons

TAG is indicated in the figure above each codon
set. n, number of recloned RT-PCR products
tested.
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Figure 3. The H60 Model for Identifying the
Amino Acid Residue Incorporated at the Initi-
ation Codon of Cryptic Translation Products

(A) Amino acid sequence and abbreviations
of the LYL8 peptide analogs in single letter
code. (B) Sequence of DNA constructs en-
coding the MLYLS8 or the LYL8 analogs with
the indicated initiation codons (NNN) follow-
ing a termination codon (*). (C) K> MHC bind-
ing capacity of the LYL8 analogs is compara-
ble. The peptide binding to K> MHC on the
surface of TAP-RMA/S cells was measured
in a competitive flow cytometric assay using
the SIINFEKL(SL8)/K’-specific mAb as de-
scribed earlier (Malarkannan et al., 1998). (D)
The BCZ103 T cell recognizes the LYLS,
MYLS8, and VYL8 but notthe TYL8 or the irrele-
vant SL8 peptides presented by K"-L cells as
APC. (E) The BCZ103 stimulating ligand is
generated in cells transfected with the MLYL8
construct or the *(ATG)-, *(CTG), *TTG)-YL8
constructs but not with the pcDNAI vector

alone, the *(ACG)-, *(GTG)-YLS8, or the irrele-
vant MSL8 constructs. Data points represent
average * standard deviation of triplicate
measurements and are representative of at
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was abrogated when the upstream non-ATG initiation
codons in the 44SC1 construct were mutated to those
without any initiation activity (data not shown).

DNA Replication or Transcription Errors Do Not
Account for Presentation of Out-of-Frame
Translation Products

The peptide/MHC presentation activity was profoundly
influenced by a subset of codons that have also been
found as natural translation initiation codons in several
cellular genes as well (Kozak, 1991; Boeck and Kolakof-
sky, 1994). However, given the exquisite sensitivity of T
cells that can respond to even one peptide/MHC com-
plex (Sykulev et al., 1996) and the high DNA replication
and transcription levels normally obtained in transient
transfections tested here and in tumors and virally in-
fected cells used by others, we considered the alternate
hypothesis that a single base mutation during DNA repli-
cation or transcription could have converted the non-
AUG codons to the AUG codon. Because of the high
intrinsic activity of the canonical AUG codon in transla-
tion initiation (Figure 1), the mutant transcript could then
be translated in a conventional manner and could allow
generation of the JAL8 peptide/K°® complex.

To detect the fraction of mutant transcripts with high
translational activity, mRNA was isolated from cells
transfected with the STOP-START-44SC1 constructs
with either the ATG, CTG, TTG, or the TAG (STOP) co-
dons at the NNN position shown in Figure 1. The coding
sequences of these transcripts were then recovered us-
ing RT-PCR with a flanking forward and a reverse primer,
and the DNA fragments were recloned into the pcDNAI
vector using appropriate restriction enzymes. The plas-
mid DNA from individual recombinant bacteria was pre-
pared in 96-well plates and transfected into K°-COS
cells. Two days later, the transfected cells were assayed

DNA [ng/ml]

least three different experiments.

100 1000

for their ability to generate the JAL8/K" complex using
bm1Bz19.4 T cells (Figure 2). As expected, no T cell
responses were observed to any of the 96 RT-PCR prod-
ucts of mMRNA from cells transfected with the TAG
(STOP) construct. In contrast, each of the 96 RT-PCR
products from cells transfected with the ATG construct
were active, and 95/96 had high activity. Interestingly,
the activity of the 384 RT-PCR products tested from cells
transfected with either the CTG or the TTG constructs, at
the level of each plasmid and the overall average was
remarkably similar to that of the original constructs
(compare Figures 2 and 1). From this failure to detect
1%-10% of RT-PCR products of mutant transcripts with
high “ATG-like” activity, we inferred that the activity of
the non-ATG codons in allowing expression of cryptic
peptide/MHC complexes was not due to low frequency
mutations to the ATG codon but was rather at the level
of the translation mechanism itself.

Model for Analysis of the Decoding of the Translation
Initiation Codons Using the Peptide/MHC

Expression Assay

To further characterize the translational mechanism for
generating cryptic peptides, we determined how the
non-AUG translation initiation codons were decoded.
The initiation codons identified in the antigen presenta-
tion screen specify five different amino acids (ATG, Met;
CTG and TTG, Leu; ACG, Thr; GTG, Val; ATT and ATC,
lle) according to the universal genetic code. But, as
initiation codons they were all expected to be decoded
as Met because the 40S ribosome is presumed to be
loaded exclusively with the tRNA™ before it binds to
the 5’ end of the mRNA (Kozak, 1992; Rajbhandary and
Chow, 1995). To distinguish whether the initiation mech-
anism for non-AUG codons was the same or distinct
from this classical model, we wished to identify the ac-
tual amino acid incorporated in the antigenic precursors
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translated using the non-AUG initiation codons. Toward
this end, we developed a model system in which the
initiation codons could be included within the coding
sequence of the processed antigenic peptide itself. This
was an absolute requirement because all N- and C-ter-
minal residues flanking the antigenic peptide are pre-
cisely removed from the endogenous precursor by pro-
teolysis, leaving only the MHC bound peptide available
for analysis in cell extracts (Falk et al., 1990; Malarkan-
nan et al., 1995b).

The first N-terminal Leu residue of the LTFNYRNL
(LYLS8) peptide, which is the naturally processed product
of the H60 minor histocompatibility locus (Malarkannan
etal., 1998), could be substituted with either Met (MYL8),
Val (VYLS8), or Thr (TYL8) without compromising its K"
MHC binding capacity (Figures 3A and 3C). In an exoge-
nous antigen presentation assay using K°-L cells as
APC, the LYL8/K"-specific T cell hybrid, BCZ103, recog-
nized the LYL8 peptide at picomolar concentrations and
the MYL8 and VYL8 peptides at about 10-fold higher
concentration (Figure 3D). Despite their excellent K°
binding capacities (Figure 3C), the TYL8 and the irrele-
vant ovalbumin derived SIINFEKL (SL8) peptides failed
to stimulate the BCZ103 T cell even at 10*fold higher
concentration. Most importantly, K° cells transfected
with the *(NNN)-YL8 DNA constructs encoding the “?-YL8”
peptide sequence with ATG, CTG, and TTG, but not GTG
and ACG as the initiation codons generated the BCZ103
stimulating peptide/K® ligand (Figure 3E). The activity of
the non-AUG initiation codon constructs was readily
detectable and was within 10- to 100-fold of the maximal
activity obtained with the MLYLS8 construct with the ca-
nonical AUG initiation codon. Thus, as shown above for
the JALS8 peptide, K® MHC can also present the LYL8
peptide encoded in a cryptic context. The lack of
BCZz103 T cell recognition of the Thr substituted analog,
TYLS, and the poor activity of the GTG initiated construct
precluded analysis of the ACG and the GUG initiated
translation products in this model system. Nevertheless,
these results showed that BCZ103 T cells could detect
the Met or the Leu as the first residue of the LYL8 peptide
and could therefore be used to determine how the CUG
initiation codon was decoded.

The CUG Initiation Codon Is Decoded as the Leu
Rather Than the Canonical Met Residue

The MHC bound naturally processed peptides gener-
ated in cells expressing the *(ATG)-YL8 and *(CTG)-YL8
constructs were analyzed by fractionating cell extracts
by HPLC and testing the fractions for presence of
BCZ103 T cell stimulating activity. Synthetic MYL8 and
LYL8 peptides were run and assayed under identical
conditions to compare their elution profiles with those
detected in the extracts (Figure 4A). In extracts from the
*(ATG)-YL8 transfected cells a single peak of activity
was detected that coeluted with the MYL8 peptide, es-
tablishing that the AUG initiation codon was, as ex-
pected, decoded as the Met residue (Figure 4B). Surpris-
ingly, the activity peak in extracts from the *(CTG)-YL8
transfected cells did not coelute with the MYL8 peptide
but instead reproducibly coeluted with the synthetic
LYL8 peptide (Figure 4C). Thus, the CUG initiation codon
as well as the UUG initiation codon (data not shown)
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Figure 4. The AUG and CUG Initiation Codons Are Decoded as Met
and Leu, Respectively

HPLC analysis of (A) synthetic MYL8 and LYL8 peptides or TFA
extracts of COS cells expressing the K> MHC and (B) the *(ATG)-
YL8 or (C) the *(CTG)-YL8 constructs. Extracts were passed through
a 10 kDa cut-off filter and the filtrate was run through a narrow bore
reverse phase C18 HPLC column. The fractions were tested for
BCZ103 T cell stimulating activity with K*-L cells as APC. The vertical
arrows mark the peak elution time for synthetic MYL8 and LYL8
peptides. The data are from one of four experiments with similar
results.

were decoded as the Leu rather than the canonical Met
residue.

Cryptic Translation of the CUG Codon Is Independent
of Upstream Translation Initiation Events

The observation that the CUG initiation codon was de-
coded as the Leu rather than the canonical Met residue
was unexpected. Although the above analysis with the
STOP-START 44SC1 constructs had clearly shown that
peptide/MHC expression was absolutely dependent upon
the presence of an appropriate initiation codon (Figure
1), we considered the formal possibility that for LYL8/
KP expression, the ribosomes could have initiated trans-
lation at some upstream site, but via leaky read-through
of the TAG termination codon (Figure 3B), decoded the
CUG codon as Leu during the elongation rather than
the initiation step of translation. This hypothesis pre-
dicted that the amount of the cryptic LYL8 peptide would
be proportional to the efficiency of translation initiation,
not at its first CUG codon but at some other initiation
codon upstream of the 5’ termination codon. This pre-
diction was tested by placing the SIINFEKL (SL8) pep-
tide upstream of the termination codon (*) preceding the



Out-of-Frame Peptide/MHC Complexes
685

A. RFx- SL8*LYLS Precursois

Figure 5. Expression of the Cryptic LYL8/K"
Complex Is Independent of the Efficiency of
Upstream Translation Initiation

(A) Nucleotide sequences of the RFx-SL8*LYL8
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CUG initiated, LYL8 peptide in the SL8*LYL8 cassette.
The SL8/K® complex is recognized by the B3Z T cell
(Karttunen etal., 1992). The SL8*LYL8 cassette was then
inserted into the RFx vectors in each of the three transla-
tional reading frames relative to the canonical ATG initia-
tion codon to vary the translational efficiency (Figure
5A) (Shastri and Gonzalez, 1993). In cells transfected
with the RFx-SL8*LYL8 constructs, the strongest SL8/
KP-specific B3Z T cell response was obtained with the
RFO construct encoding the SL8 peptide in-frame with
the ATG codon and was superimposible with that to
the minimal Met-SL8 (MSL8) construct (Figure 5B). In
contrast, the B3Z T cell response was 2-3 orders of
magnitude lower to the RF1 and RF2 constructs where
the SL8 coding sequence was in the +1 or +2 transla-
tional reading frames relative to the ATG codon (Figures
5A and 5B). The B3Z T cell response was specific only
for the SL8/K® complex with no detectable activity to
the vectors alone or to the MLYL8 construct, ruling out
the possibility that differences in B3Z responses were
due to spurious cross-reactions. The presentation effi-
ciency of the SL8/K® complex (RFO>>RF2>RF1) was
thus profoundly influenced by the relative potency of
AUG (RF0) versus non-AUG initiation (RF2, RF1) codons.

If the cryptic LYL8 peptide was generated by read-
through of the termination codon by ribosomes that
had initiated translation upstream, we would expect the
same relative hierarchy (RFO>>RF2>RF1) for presenta-
tion of the LYL8 peptide as was observed for the up-
stream SL8 peptide. However, in the same RFx-SL8*LYL8
transfected cells, the peptide/K® complex recognized
by BCZ103 T cells was generated at comparable levels
(RFO~RF2~RF1) (Figure 5C). The BCZ103 response was
also specific for cells transfected only with the LYL8-
encoding constructs, with no detectable response to
any of the vectors alone or to the potent B3Z stimulating

MSL8 construct. Further, the ~30-fold stronger BCZ103
response to the AUG-initiated Met-LYL8 construct
showed that the same APCs could generate and BCZ103
cells could respond to far higher levels of the peptide/
KP complexes, ruling out saturation of the T cell response
or the antigen presentation capacity of APC as a poten-
tial explanation for the comparable BCZ103 response
to the cryptic LYL8 peptide. In other experiments (data
not shown), we determined that comparable expression
of the LYL8/K® complex also occurred in cells trans-
fected with the RFx-HY*LYL8 constructs in which the
SL8 peptide was replaced by the HY peptide (WMH
HNMDLI) presented by the D® MHC. Expression of the
cryptic LYL8/KP complex was also obtained in con-
structs where instead of the cytomegalovirus (CMV)
promoter, the MHC class | promoter controlled the
transcription of M-SL8*LYL8 and M-HY*LYL8 coding se-
quences ruling out fortuitous requirements for a specific
sequence preceding the termination codon or for the
CMV promoter in the RFx constructs to generate the
cryptic LYL8/K® complex. We conclude that not only
could a peptide/MHC complex arise from 3’ noncoding
region but that its expression was independent of other
upstream translation initiation events and was thus not
due to a read-through mechanism.

To directly establish the differences in the relative
abundance of these naturally processed peptides as
well as to confirm the identity of the amino acid incorpo-
rated at the CUG initiation codon we analyzed TFA ex-
tracts of cells expressing the RFx-SL8*LYL8 constructs.
The B3Z stimulating activity was readily detected in the
extract of RFO-SL8*LYL8 transfectants and comigrated
with the synthetic SL8 peptide (Figures 6A and 6B). In
accord with the functional assay (Figure 5B), the concen-
tration of recovered naturally processed SL8 peptide
was diminished over 200-fold (3124 fM versus 15 fM) in
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Figure 6. Relative Abundance of Naturally
Processed Peptides in TFA Extracts of Cells
Expressing K® MHC and RFx-SL8*LYL8 Con-
structs

The extracts were fractionated by HPLC as
in Figure 3. The fractions were dried, resus-
pended, divided into two equal parts, and
tested for stimulating (A-D) SL8/K’-specific
B3Z and (E-H) LYL8/K’-specific BCZ103 T
cells using K® L cells as APC. The synthetic
peptides SL8 (A) and MYL8 or LYL8 (E) were
run under identical conditions to determine
their peak elution times indicated by vertical
arrows. Each sample was preceded by mock
injection of sample buffer alone, and fractions
were collected and assayed in the same ex-
periment to assess potential cross-contami-
nation among the injected samples.
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extracts of cells expressing the RF2-SL8*LYL8 construct
(Figure 6D). No SL8 peptide was detected in RF1-
SL8*LYLS8 transfected cells (Figure 6C). In contrast, the
concentration of BCZ103 stimulating LYL8 peptide in
the same extracts varied by only 4-fold (190, 423, and
823 fM in RF0-, RF1- and RF2- respectively), directly
confirming the results of the functional assay (Figures
6F-6H). Interestingly, these concentrations represent
less than 1% of the LYL8 activity recovered from cells
transfected with the Met-LYL8 construct shown in Fig-
ure 3E (93pM). Notably, the naturally processed peptide
in each extract coeluted with the LYL8 rather than the
MYL8 peptide, establishing that again Leu rather than
the Met residue was incorporated at the CUG initiation
codon (Figures 4E-4H). These results confirmed that
presence of strong AUG (RFO0) or weak non-AUG (RF2,
RF1) upstream initiation site(s) had little quantitative and
no qualitative influence on cryptic translation of the LYL8
peptide encoded in the 3’ noncoding region. They also
established that the translational activity of the non-
AUG initiation codons is less than 1% of that of the
canonical AUG initiation codon.

Discussion

We have shown here that MHC class | molecules can
present cryptic peptides arising from noncoding mRNA
sequences. Peptide/MHC expression was absolutely
dependent upon the presence of a subset of translation
initiation codons and could not be accounted for by
DNA replication or transcription errors. Surprisingly, we
found that the CUG initiation codon was decoded as
the Leu rather than the canonical Met residue and that
its translational activity was independent of upstream
translation initiation events. These findings indicate that

anovel translation initiation mechanism can supply anti-
genic peptides for presentation by MHC molecules. This
mechanism can significantly enlarge the potential pool
of antigenic peptides that become available for display
as peptide/MHC complexes on the cell surface (Figure
7) and has implications for protein translation as well
as immune surveillance of endogenously synthesized
proteins by the CD8" T cell repertoire.

Translational Mechanism for Generating

Cryptic Peptides

How do ribosomes read apparently noncoding mRNA
sequences and initiate translation at non-AUG codons?
The scanning model of translation in eukaryotes sug-
gests that the 43S ribosomal complex initiates transla-
tion at the first 5° AUG codon. Departures from this
conventional model have been observed mostly during
viral infections and occasionally for some normal cellular
genes (Engelberg-Kulka and Schoulaker-Schwarz, 1994).
Translational frame shifts occur frequently in retrovi-
ruses (Jacks et al., 1988), and the polio virus allows
5’CAP-independent translation via internal ribosomal
entry sites (IRES) (Sonenberg, 1990; Chen and Sarnow,
1995). These aberrations in the translational mechanism
are essential for viral growth but depend upon the se-
quence-specific secondary structure of the mRNA. The
CUG-initiated translation of the 3’ noncoding LYL8
peptide from the RFx-constructs (Figure 5) was indepen-
dent of the upstream translational events and is there-
fore conceptually similar to an IRES but without the
sequences that define natural IRES elements. Also,
compared to relatively efficient IRES mediated transla-
tion initiation, the efficiency of expression of the cryptic
peptide/MHC complexes was <1% of that when the
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Figure 7. Schematic Representation of the
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same peptides were placed in a conventional AUG initia-
tion context (Figures 1, 3E, and 5B). Our results are
therefore consistent with the notion that a small fraction
of ribosomes deviate from the “first-AUG” rule and can
initiate translation wherever appropriate initiation co-
dons are found. Given that these unusual translation
products are present only in small quantities, they are
unlikely to cause disruptions in normal cell physiology
but can be immunologically relevant for detection by
T cells. A potential mechanism for generating cryptic
translation products may be related to the recent discov-
ery that ribosomal recognition of the conventional 5’
AUG initiation codon is not simply a default conse-
quence of 5'—3’ scanning of MRNA by the 43S preinitia-
tion ribosomal complex but is regulated by the elF1
and elF1A factors (Pestova et al., 1998). The regulated
recognition of the conventional 5" AUG initiation codon
allows for the possibility that recognition of cryptic initia-
tion codons may also be regulated, as was actually
observed when translation was initiated at the UUG co-
don in yeast with mutations in the elF1 homolog (Yoon
and Donahue, 1992). The potential role of these initiation
factors in the recognition of cryptic initiation codons in
mammalian cells however remains to be tested.

The decoding of the CUG initiation codon as Leu
rather than the canonical Met residue is unprecedented.
While the translation of synthetic RNAs encoding a vari-
ety of amino acids by bacterial ribosomes in vitro was
the key to deciphering the genetic code (Nirenberg and
Leder, 1964), translation in vivo is by far more stringent
and initiates almost exclusively at the first 5’ AUG codon
in a suitable context (Cigan et al., 1988; Kozak, 1991).
Nevertheless, for a growing list of prokaryotic and eu-
karyotic genes emerging from genome sequencing proj-
ects, translation initiates at non-AUG codons (http://
www.ncbi.nlm.nih.gov/dbGSS/), but the context rules
and the amino acids incorporated at these codons in
vivo are not clear (Boeck and Kolakofsky, 1994; Reyn-
olds et al., 1995; Kozak, 1997). Synthesis of dihydrofo-
late reductase initiated in vitro with ACG, CUG, GUG,
UUG, AUA, AUC, and AUU codons was shown to incor-
porate predominantly the Met residue, but other resi-
dues were not tested (Peabody, 1989). Using mutant
initiator t-RNAs, it has been recently reported that ribo-
somes can not only utilize non-AUG initiation codons
but also incorporate nonmethionine amino acids, thus
establishing that the mammalian translational machin-
ery is not restricted to the exclusive use of only the
methionine residue (Drabkin and RajBhandary, 1998).
But the extent to which the unmanipulated mammalian
translational machinery incorporates non-Met residues

AAAAAAL 3 S ) -
is initiated at the first 5 AUG that is in the

appropriate sequence context. MHC can also
present peptides that are encoded in alter-
nate translational reading frames (RF1 or RF2)
as well as in the 5" or 3" untranslated regions.

in the non-AUG-initiated ORFs is not clear. Note that
conventional assays are unlikely to allow detection of
cryptic translation products such as those described
here because the peptides presented by MHC mole-
cules are small, relatively rare, and extraordinarily labile
in the absence of appropriate MHC molecules (Falk et
al., 1990; Malarkannan et al., 1995b). Because the Thr
or Val residues could not be tested in this model system
(Figures 3D and 3E), itis not yet clear whether translation
initiated at the other relatively strong ACG and GUG
initiation codons incorporates the Thr and Val residues
as well. The use of a non-Met residue by this translational
mechanism could possibly be due to novel t-RNAs, syn-
thetases, or other factors that regulate translational re-
initiation in prokaryotic cells (Janosi et al., 1998). Re-
gardless of the mechanism that incorporates the natural
residue rather than the canonical methionine residue,
this is a teleological necessity when these peptides are
used to elicit CD8 T cell responses. This ensures that
the same peptide/MHC ligand will be available for T cell
recognition regardless of whether it was derived from
a conventional or cryptic translational reading frame.

Implications for Immune Surveillance

What fraction of the thousands of peptides presented
by the MHC molecules at a level of <10 copies on the
cell surface are cryptic translation products is not known
(Hunt etal., 1992). But T cell recognition of many cryptic
peptide/MHC complexes in experimental, tumor, and
virus models raises the question of why APCs utilize
noncoding information in the transcripts in addition to
the conventional source derived from open reading
frames. Note that from the perspective of the CD8* T
cell surveillance of novel intracellular events such as a
viral infection or tumorigenic transformation it is irrele-
vant whether the peptides presented by the MHC mole-
cules originate from the predominant open or cryptic
translational reading frames. The ability to translate non-
coding sequences by the APCs can significantly in-
crease peptide supply. This could be an evolutionary
solution to ease the bottlenecks that limit the diversity
of the peptide/MHC display and as a consequence, in-
crease the number of intracellular transcripts detectable
by CD8" T cells. Indeed, rate-limiting steps in the antigen
presentation pathway have been documented for prote-
olysis (Ossendorp et al., 1996), TAP transport (Neisig et
al., 1995) and peptide/MHC binding (Falk et al., 1991).
Furthermore, cryptic translation products because of
their small size require only minimal processing to yield
the precisely cleaved 8-11 mers and could therefore be
excellent precursors for MHC binding peptides.
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In conclusion, we have shown here that cryptic pep-
tide/MHC complexes can arise from noncoding regions
of mMRNA by a novel translation initiation mechanism.
The existence of this mechanism provides a potential
explanation for the numerous observations that cryptic
translation products are presented by MHC class | mole-
cules. Whether this translational mechanism is available
in unmanipulated normal cells and whether it is regu-
lated in different cell types are intriguing possibilities
that could allow cryptic translation products to play a
role in the development and maintenance of the T cell
repertoire as well.

Experimental Procedures

Cell Lines

Cell lines were maintained in RPMI 1640 medium (GIBCO-BRL) sup-
plemented with 2 mM glutamine, 1 mM pyruvate, 50 uM B-mercapto-
ethanol, 100 U/ml penicillin, 100 n.g/ml streptomycin, and 10% FBS
(Hyclone). COS7, Lmtk-, KP-L cells, RMA (H-2°), and its TAP-deriva-
tive RMA/S cell lines have been described (Karttunen et al., 1992;
Malarkannan et al., 1998). T cell hybridomas used to detect peptide/
MHC expression were bm1BZ19.4 (anti-JAL8/KP) (Malarkannan et
al., 1995a), BCZ103 (anti-H60 (LYL8)/K") (Malarkannan et al., 1998),
and B3Z (anti-OVA (SL8)/K) (Karttunen et al., 1992).

DNA Constructs and Peptides

All DNA constructs were prepared using complementary oligonucle-
otides with the sequences shown in Figures 1, 3, and 5 in either
the 44SC1 (Malarkannan et al., 1995a), pcDNAI (Invitrogen), or the
PEVRFX (RFX) vectors (Matthias et al., 1989). Constructs for identi-
fying alternate initiation codons were prepared with the NNN degen-
erate (N = 25% A,C,G,T) codon (Shastri et al., 1995). Constructs
were sequenced to identify the degenerate NNN codon and to con-
firm their integrity. The synthetic peptides, LTFNYRNL (LYLS),
MTFNYRNL (MYL8), VTFNYRNL (VYL8), TTFNYRNL (TYL8), and SIIN
FEKL (SL8) were prepared using solid phase F-Moc chemistry on
the ABI Model 421 synthesizer. The peptides were purified by HPLC
and their sequence confirmed by mass spectrometry.

Transient Transfections and T Cell Activation Assays

DNA constructs were transiently transfected into 3 X 10* COS7 cells
together with the K> MHC class | cDNA (10 ng/ml) and B7-1 cDNA
(5 ng/ml) (Malarkannan et al., 1995a, 1998). Two days later, 10 X
10* T cells were added per well and cocultured overnight. Peptide
titrations were carried out using KP-L cells as APC and the respective
T hybrids. The lacZ expressionin the T cells was measured in culture
lysates by the conversion of the CPRG substrate to chlorophenol
red at 595 and 655 nm as the reference wavelength (Sanderson and
Shastri, 1994). Data show the mean absorbance of replicate cultures
and are representative of at least three independent experiments.

RT-PCR Analysis

COS cells were transfected with constructs coding for the JAL8
peptide, preceded by conventional ATG, the CTG, TTG initiation
codons or the TAG stop codon (Figure 1). After 48 hr, the mRNA
from the transfected cells was purified using Qiagen Oligotex Direct
mRNA purification kit. Purified mRNA was treated with DNAase to
eliminate contaminating plasmid DNA confirmed by the absence of
amp'+tet’ transformants of MC1061/p3 E. coli. First and second
strand cDNA synthesis was carried out with the 5’ T7 and 3’ SP6
flanking primers using the Super Script Il reverse transcriptase as
per the manufacturer’s instructions. The cDNA was cut with BamHI
and EcoRV, cloned into the pcDNAI vector, and transformed into
competent MC1061/p3 E. coli strain. Individual bacterial colonies
were selected on ampicillin and tetracycline plates and grown in
96-well plates. Plasmid DNA were prepared in the 96-well plates

and used in transient transfection assays together with the K° cDNA
using recipient COS cells to elucidate the functional activity of the
each plasmid in for stimulating bm1BZ19.4 T cell hybrid as described
above.

HPLC Analysis of Naturally Processed Peptides

in Cell Extracts

Total acid soluble peptide pool from transiently transfected cells
was extracted and analyzed as described earlier (Rotzschke et al.,
1990; Malarkannan et al., 1995b). In brief, 4 X 107 COS7 cells were
transfected with 1 pg/ml of ATG-YL8, CTG-YL8, or the RFx-
SL8*CTG-YL8 constructs using the DEAE-Dextran/chloroquin
method in 100 mm petri dishes. After 48 hr, the cells were harvested,
washed once with PBS, and extracted with 4 ml of 1% Trifluoroacetic
acid (TFA) in water. Cellular debris and >10 kDa material was re-
moved by centrifugation and passing the supernatant through a 10
kDa filter. The <10 kDa filtrate was analyzed by HPLC using areverse
phase C18 column (Vydac, 2.1 X 250 mm, 5 wm) in 0.1% TFA in
water (solvent A) and 0.1% TFA in acetonitrile (solvent B). Three
drop fractions were collected between 24% to 32% solvent B at a
flow rate of 0.35 ml/min in 96-well flat-bottom plates. After drying the
plates in Speed Vac Plus (Savant), each fraction was resuspended in
30 pl PBS + 15%DMSO and assayed for T cell stimulating activity
using KP-L cells as APC as described above. Synthetic peptides
(100 fm) and mock injections were run and assayed under identical
conditions in parallel to determine their elution profiles and to con-
firm the absence of sample carry over between experimental runs.
The minimal peptide concentrations required to activate T cells were
typically in the range of 100-1000 fM. Processed peptide amounts
in cell extracts were estimated by comparison with synthetic peptide
standard curves.
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