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Analysis of bacteriophage T7 gene 70A
and frameshifted 70B proteins

John Sipley,! Diane Stassi,2 John Dunn,2 and Emanuel Goldman!

1 Department of Microbiology and Molecular Genetics, University of Medicine and Dentistry of New Jersey, Newark,
New Jersey and 2Biology Department, Brookhaven National Laboratory, Upton, New York

Bacteriophage T7 capsid protein 10B has previously been proposed to arise by a translational frame-
shift near the 3’ end of the capsid gene 10A coding sequence, adding an additional 53 amino acid
residues to the carboxyl-terminal end of the protein. Here we show by peptide mapping experi-
ments as well as by direct partial sequence analysis of an overlapping “junction” peptide, that 10B
is in fact related to 10A by a —1 switch in reading frame in a narrow region near the carboxy ter-
minus of 10A. Peptide mapping experiments demonstrate that J0A and 10B have the same amino
terminus as well as virtually identical methionine-labeled peptide maps. However, the predicted
unique carboxyl-terminal peptide from 10B was also identified. An overlapping peptide was iso-
lated from I0B which spans the junction region in which the proposed translational frameshift
is thought to occur. Partial sequencing of this junction peptide confirms a -1 frameshift within
the last few codons of 10A.

Gene 10 of bacteriophage T7 encodes a 344
amino acid (36,414 daltons) protein which
is the major capsid protein of the phage coat
and is known as 10A. A larger size capsid pro-
tein 10B (~41,800 daltons), whose function is
obscure, is made in smaller amounts (~10%
of 10A). Dunn and Studier (1983) proposed from
DNA sequence analysis that a —1 translational
frameshift occurring at a run of 4 U residues
spanning codons 340-341 of 10A mRNA would
add an additional 53 amino acids at the car-
boxyl end of the protein (see Fig. 1). Support-
ing evidence for the proposed translational
frameshift can be summarized as follows (as re-
viewed in Dunn and Studier, 1983): gene 10
amber mutants lack 10B as well as 10A. Both
10A and 10B are made in vitro from purified
gene 10 mRNA. A coding sequence past the 104

termination codon is required for 10B synthe-
sis. Since 10B contains no tryptophan, it can-
not arise by in-frame read-through of the 104
termination codon, because read-through would
lead to incorporation of a tryptophan residue
downstream (see Fig, 1).

In this study, we present peptide mapping
experiments which demonstrate that both 104
and 10B show the same amino terminus, as well
as very similar methionine-labeled peptide
maps; however, a distinct carboxyl-terminal tryp-
tic peptide was isolated from 10B which shows
a pattern of amino acid labeling predicted by
the DNA sequence for a —1 translational frame-
shift. Further, a tryptic peptide was also isolated
from 10B which appears to span the junction
between the I10A and 10B sequences; partial
sequencing of this peptide across the junction
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provides direct confirmation of a —1 frame-
shift within the last few codons of the 104 cod-
ing region.

Materials and methods

Analysis of amino terminal and [35S]-methionine
labeled gene 10 peptides by peptide mapping

Purified T7 RNA polymerase was used to pre-
pare gene 10 mRNA from plasmid pAR436 DNA,
a pBR322 derivative which carries a clone of
gene 10 beginning at bp 22,858 of T7 DNA,
ahead of the ¢10 promoter, and ending at bp
24,273, after the T¢ terminator (Dunn and
Studier, 1983). The in vitro transcribed RNA
was used to direct protein synthesis in a rifam-
picin treated cell-free system as described (Gold-
man, 1982), using E. coli strain BL15 (rna-, rel";
Studier, 1975). The gene 10 amino terminus
was specifically labeled by using N-formyl-[**S]-
methionyl-tRNA (Goldman and Lodish, 1972),
whereas gene 10 methionine-containing pep-
tides were labeled using [*3S]-methionine. Pro-
teins made from the in vitro reaction mixtures
were precipitated by 5% TCA, and the pellets
were then washed with 90% acetone before be-
ing dissolved in sample buffer for SDS-polyacryl-
amide gel electrophoresis (performed essentially
as described in Ausubel et al., 1987). Following
autoradiography of the dried gel, the 10A and
10B bands (apparent molecular weights 38 and
45 kDa; Studier, 1972) were excised from the
gel, washed sequentially with 25% isopropanol
then 10% methanol, dried, and placed in 1%
NH/HCOs. The N-formyl-[3S]-methionyl-tRNA
labeled amino terminal peptides were digested/
eluted from the gel slice (Goldman, 1982) at
37°C with 50 pg/ml trypsin (Worthington) over-
night, followed by an additional 7 hours of di-
gestion with 50 pg/ml S. aureus V8 protease (Mil-
lipore). The [**S]-methionine labeled peptides
were digested/eluted with 50 ng/ml S. aureus V8
protease overnight, followed by a 7 hour diges-
tion with 50 pg/ml a-chymotrypsin (Millipore).
Following digestion, peptide mapping (Gold-
man and Hatfield, 1979) was carried out as fol-
lows: the reaction supernatant was lyophilized
3 times and subjected for two hours to electro-
phoresis at pH 3.5 (5% acetic acid, 0.5% pyri-
dine) on Whatman 3mm paper at 4 kV in a
Varsol-cooled tank. After autoradiography of the
dried electrophoretogram on Kodak X-OMAT
XAR:5 x-ray film, individual peptide bands were
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excised, sewn onto a fresh sheet of Whatman
3mm, and subjected to a second dimension of
electrophoresis at pH 19 (8% acetic acid, 2%
formic acid) for 2 hours at 4 kV, followed by
autoradiography.

Labeling of the gene 70 clone and isolation of

C-terminal tryptic peptide by peptide mapping

Strain BL21(DE3)/pAR3625, pLysS was used to
synthesize I0A and I0B in vivo. Plasmid
pAR3625 (amp’), which is slightly smaller than
pAR436, lacks a cryptic E. coli promoter that
is just upstream of the ¢10 promoter in pAR436;
otherwise it is identical to pAR436. Plasmid
PAR3625, which contains a cloned sequence be-
ginning at bp 22,880 of T7 DNA, is more stable
than pAR436 because it has a lower level of ex-
pression in uninduced cells. BL21(DE3) is a lyso-
gen that has the gene for T7 RNA polymerase
under control of the IPTG inducible lac UV5
promoter, and pLysS (cm’) is a plasmid that
supplies a low level of T7 lysozyme which re-
duces the basal activity of T7 RNA polymerase
(Studier et al., 1990); this further improves
PAR3625 plasmid stability. Cultures of BL21-
(DE3)/pAR3625, pLysS were started from single
colonies and grown to mid-log phase in M9 me-
dium (Miller, 1972) containing chlorampheni-
col (25 ug/ml), and ampicillin (20 pg/ml), then
induced with 0.4 mM IPTG for 30 minutes, prior
to pulse labeling with [*C] amino acids (0.5
pCi/ml) for 4 minutes. The following [U-1*C]-
labeled L-amino acids from Amersham Corp.
were used (specific activities in millicuries per
millimole are given within parentheses): Leu
(342), Ile (342), Val (285), Thr (228), Glu (285),
Ala (171), Arg (342), Lys (324). Incorporation
of label was monitored by removing a 10 ul ali-
quot into 25 ul 0.1 M NaOH, incubating at 37°C
for 10 minutes, adding 35 ul of 10% TCA and
1 drop of BSA (0.5 mg/ml) as carrier; precipi-
tation was on ice for 30 minutes before filter-
ing through glass fiber filters and counting in
a Packard 3255 scintillation counter in 4 g/l of
Omnifluor (New England Nuclear) dissolved in
toluene. Protein synthesis was similarly termi-
nated by addition of NaOH to 0.2N and incu-
bation for 10 minutes at 37°C. Cultures were
then made 10% TCA, precipitated on ice for
30 minutes, then centrifuged at 10,000 rpm for
10 minutes. The protein pellets were washed
twice with 5% TCA, twice with ethanol, once
with ether, then lyophilized to dryness. Sam-
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ples were dissolved in 200 pl of buffer contain-
ing 0.01% sodium phosphate (pH 7.2), 1% SDS,
6M urea, 1% p-mercaptoethanol and 0.01%
bromophenol blue. It usually required 20-30
minutes of incubation at 37°C and moderate
mixing to dissolve the sample pellets. A 3mm
thick agarose gel system designed for electro-
phoretic separation of SDS-denatured proteins
(Pro Sieve Gel System, FMC) was utilized. This
consisted of a resolving gel of 6% agarose in
a Tris-borate buffer (pH 8.5), and a stacking gel
solution of 1.5% agarose in Tris-HCI buffer (pH
6.8) and 5 pug/ml phenol red as a tracking dye.
Running conditions were 40 V constant volt-
age for 17 hours, then 80 V for 3 hours until
the dye front ran off the gel. The gel was then
dried under vacuum without heat and subjected
to autoradiography. The two major protein
bands, 10A and 10B, were cut out of the dried
gel, and each was dissolved in 1 ml of DMSO.
After 48 hours at 37°C, the dissolved samples
were dialyzed twice for 6 hours each time against
2 liters of 1% NH4HCOs at 37°C. The samples
were then removed from the dialysis tubing and
centrifuged (10000 rpm for 5 minutes) to re-
move any rehydrated agarose gel fragments. The
supernatant was digested with 0.5 mg/mi TPCK-
trypsin (Worthington) at 37°C for 4 hours in
a 1% solution of NH;HCOs. The agarose gel
pellets were resuspended and similarly digested,
then centrifuged again to remove the gel frag-
ments. The initial supernatant (~ % of cpm re-
covered) and the second supernatant (from the
agarose pellet digestion/extraction, ~ % of cpm
recovered) were pooled and lyophilized to dry-
ness in a speed vac (Savant). The samples were
resuspenged in buffer at pH 3.5 (5% acetic acid,
0.5% pyridine) and subjected to electropho-
resis on Whatman 3mm paper for 3.5 hours
at 4.5kV, followed by autoradiography. Identity
of peptides was deduced by the presence or
absence of radioactive marker amino acids
run in parallel tracks. Candidates for the 10B
C-terminal peptide were subjected to two ad-
ditional dimensions of electrophoresis, first at
pH 19 (8% acetic acid, 2% formic acid), and
next at pH 4.7 (2% acetic acid, 2% pyridine).

Partial sequence analysis of the overlapping
“junction” peptide

Strain BL21(DE3)/pAR3625, pLysS, described
above, was used to produce the 10A and 10B
proteins, labeled with both [33S]-methionine

129

and [*H]-alanine. Following SDS-PAGE, the 10A
and 10B bands were located by autoradiography;
individual gel slices containing the separated
bands were excised and subjected to elution and
digestion with a solution containing trypsin,
similar to the procedure described above. The
resulting peptide mixture was again subjected
to SDS-PAGE, this time on a 20% polyacryla-
mide gel. Following autoradiography, a large 10B-
specific methionine-containing peptide band
was excised from the gel; the gel slice was re-
hydrated and crushed to release this peptide
band into solution. The peptide was then sub-
jected to multiple rounds of Edman degrada-
tions on a Beckman 890C Microsequencer by
Dr. C. W. Anderson and J. Wysocki at Brook-
haven National Laboratory’s microprotein facil-
ity. The positions of elution of 35S and *H
labels were determined by liquid scintillation
counting,

Results

Peptide map comparisons of 10A and 708
demonstrate close similarity of the proteins

Figure 1 depicts the two gene 10 products 10A
and 10B and both of the proposed open read-
ing frames (boxed). Protein I10B presumably
arises by a —1 frameshift during translation of
the gene 10 mRNA at or near a run of 4 U resi-
dues in the C-terminal region of 10A spanning
codons 340(val)-341(phe). Having established
that a coding sequence past the I0A termina-
tion codon (nucleotide 24001) is required for
10B synthesis, Dunn and Studier (1983) per-
formed experiments that localized the site of
the frameshift (see the expanded portion of the
gene 10A C-terminal region of Figure 1). These
experiments were based on sequence analysis
of 10A which is predicted to contain no tryp-
tophan. Depending on where the reading frame
switch to the —1 frame occurs prior to the 10A
termination codon, the 10B protein would either
contain or not contain tryptophan. Since [*H]-
tryptophan labeling of proteins made during
T7 infection revealed no incorporation into 10A
or 10B, the frameshift must occur after codon
337. A —1 translational frameshift after codon
337 of the gene 10 mRNA predicts that the
amino acid sequence of 10B should be identi-
cal to 10A except for approximately the last 50
additional amino acids generated by the bypass
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(10A: 36 kpa) 341 345
A HoN-MET PHE v COOH
€108: 42 kba) 341 398
HoN-MET PHE COOH
22966 24001 24159
1 ! 1
5'- 16 [ 7TiT 1A | TAR-3
-1 frameshift:
—
-— Ay
— \
—
o
— \
— \
—
—
—
— \
108
HoN-(323)- COOH
cbdon #: 325 330 335 340 wn
B DNA:  5'-TAC GCA ATG GGC CAC GGT _GGT CTT CGC CCA GAA GCT GCT_GGT GCA GTG GTT _TTC AAA GIG GAG TAA_TGC TGG GGG TGG CCT CAA CGG TCG CTG CTA-3!
reading frame: -1 -1 +1 I 1] 0
341 345 350 355
HN-(323) - (397)- ***COOH

108 (shared amino-terminal sequence with 10A)

f(additional -1 reading frame 108 codons)

Predicted 10B sequence at frameshift site
1 2 3 4 5 6 7 8 9 10 11 12 13 146 15 16 17 1819 20 21 22 23 24 25 26 27 28 29 30 31 32
C 0 frame: TYR ALA MET GLY KIS GLY GLY LEU ARG PRO GLU ALA ALA GLY ALA VAL VAL PHE
TAC GCA ATG GGC CAC GGT GGT CTT CGC CCA GAA GCT GCT GGT GCA GTG GTT TTC AAA GTG GAG TAA TGC TGG GGG TGG CCT CAA CGG TCG CTG CTA

-1 fra

GLN SER GLY VAL MET LEU GLY VAL ALA SER THR VAL ALA ALA

Alternative reading frame sequences

0 frame:

1(0 frame ochre readthrough)
LYS VAL GLU *** CYS TRP GLY TRP PRO GLN ARG SER LEU LEU-(377)-***

D +1 frame: THR GLN TRP ALA THR VAL VAL PHE ALA GLN LYS LEU LEU VAL GLN TRP PHE SER LYS TRP SER ASN ALA GLY GLY GLY LEU ASN GLY ARG CYS *** (COOH)

-1 frame:

ARG ASN GLY PRO ARG TRP SER SER PRO ARG SER CYS TRP CYS SER GLY PHE

- (397) - ***COOH

Figure 1. Bacteriophage T7 Gene 10. A. Schematic diagram of the two protein products 104 and I10B. B. DNA
sequence at the proposed frameshift site. The DNA sequence where the —1 frameshift could occur (T-TTC) is in-
dicated, and potential tryptophan (TGG) coding triplets are underlined. C. Predicted reading frame sequence
of 10B through the proposed frameshift site. D. Alternate reading frame sequences at the proposed frameshift

site; *** indicates stop codons.

of the 10A termination codon (24001) to the
next in-frame (—1) termination codon (24159).
We tested this prediction of common protein
sequence between 10A and /0B in a series of
peptide mapping experiments. Figure 2 presents
a peptide mapping experiment designed to test
whether both proteins share the same amino
terminus. A T7 gene 10 clone, pAR436 (Dunn
and Studier, 1983), was used to direct in vitro
transcription by T7 RNA polymerase. The result-
ing RNA was translated in a rifampicin-treated
S-30 extract with N-formyl-[**S]-methionyl-
tRNA as the label. Following protein synthesis,
the 10A and I0B proteins were separated on
an SDS polyacrylamide gel and visualized by
autoradiography as presented in Figure 2, panel
I. The 10A (apparent molecular weight 38kDa)
and I0B bands (apparent molecular weight
45kDa) were subjected to trypsin digestion/
elution from the dried gel slice (Goldman, 1982),
followed by a second digestion with S. aureus
V8 protease (which cleaves after Glu). The 10A

and 10B digests were applied side by side on
Whatman 3mm paper and subjected to electro-
phoresis for comparison of peptides. Panel 11
shows the comigration of three peptide bands
(A,BC) in 10A and 10B. Each of the three pep-
tide bands was cut out, sewn onto a fresh sheet
of paper, and subjected to another dimension
of electrophoresis, presented in panel III. As
predicted, the two proteins share identical
amino terminal peptide maps, as each peptide
band present in I0A is also present in 10B. The
presence of several bands from a single amino
terminus is believed to reflect both formylated
and deformylated ends, as well as some variabil-
ity in extent of protease digestions.

We sought to establish further common se-
quence identity between the two proteins in a
second peptide mapping experiment. Figure
3 compares [**S]-methionine-labeled gene 10
proteins which were isolated and treated in a
manner similar to that in Figure 2; however
S. aureus V8 protease was used in the first
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digestion/elution from the gel slice, followed
by a second digestion with chymotrypsin. Fig-
ure 3, panel Il reveals the isolation of 14 shared
peptide regions between 10A and 10B (sections
A through N) after paper electrophoresis. The
next dimension of electrophoresis in panel 11l
(6 of these regions are presented) shows virtu-
ally identical peptide maps between the two
proteins, indicating similar sequence. From DNA
sequence analysis, the 10B protein is predicted
to contain one additional methionine (encoded
by double underscored tripletin Figure I1B) con-
taining peptide; however, this peptide was not
resolved under these conditions of separation.
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Figure 2. Analysis of amino terminal
peptides of 10A and 10B by peptide map-
ping. In vitro synthesized gene 10 mRNA
was used to direct protein synthesis in
a rifampicin treated S-30 as described
(Goldman, 1982). The gene 10 amino ter-
minus was specifically labeled using N-
formyl-[35S]-methionyl-tRNA (Goldman
and Lodish, 1972). Proteins made from
the in vitro reaction mixtures were sub-
ject to SDS-PAGE (panel I). Following
autoradiography of the dried gel, the 10A
and 10B bands (apparent molecular
weights 38 and 45 kDa; Studier, 1972)
were excised from the gel and digested
first with trypsin (50 ng/ml) and next
with S. aureus V8 protease (50 ng/ml).
The 10A and 10B peptides were then ap-
plied side by side on Whatman 3mm
paper and subjected to high voltage
paper electrophoresis at pH 3.5 (5% ace-
tic acid, 0.5% pyridine) and exposed to
film (panel 11). Individual peptide bands
(A,B,C) were excised from the pH 3.5 elec-
trophoretogram, sewn onto a fresh sheet
of Whatman 3mm, and subjected to an-
other electrophoresis at pH 1.9 (8% ace-
tic acid, 2% formic acid), followed by
autoradiography (panel III).

Isolation of unique carboxyl-terminal peptide
from 108

Having established common sequence identity
between 10A and 10B, an additional peptide
mapping experiment was performed to dem-
onstrate that 10B is different from 10A in the
C-terminal region after the frameshift (pre-
dicted codons 342-397). We set out to identify
specifically the predicted tryptic peptide frag-
ment of 10B containing the 10B C-terminus.
[MC] amino acids were used to label proteins
produced in a host strain bearing a plasmid with
the gene 10 clone under control of a T7 RNA
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Figure 3. Analysis of [35S]-methionine labeled peptides of 10A and 10B by peptide mapping. The same procedures
were utilized as in Figure 2; however, the proteins were labeled with [35S]-methionine, separated by SDS-PAGE
(panel 1), then subjected to digestion initially with S. aureus V8 protease (50 |xg/ml) followed by chymotrypsin
(50 Jig/ml). Individual peptide regions (panel 1l) were identified as A through N; they were cut out and subjected
to electrophoresis at pH 1.9 and exposed to film (6 of these regions are shown in panel III).

polymerase promoter. Selection of the appro-
priate [MC] amino acid markers (leu, ile, val,
thr, glu, ala, arg, lys) in parallel cultures was
expected to allow us to differentiate the pre-
dicted 11 amino acid C-terminal tryptic peptide
(glu-ala-glu-leu-ala-ala-ala-thr-ala-glu-glIn) from
all other peptides in 10B or 10A.

In Figure 4, labeled gene 10 proteins were
first separated, then removed from an SDS de-
naturing 6% agarose protein gel, digested with
trypsin, and subjected to three sequential di-
mensions of separation by paper electrophore-
sis. Panel | displays the peptide map obtained
with the first paper electrophoretogram. 10B
peptides were spotted on the left 9 lanes of the
origin, whereas 10A peptides were spotted in
parallel on the right 9 lanes of the origin. Tryp-
sin digestion will always yield peptides with
either lysine or arginine at the end, with the
sole exception of the actual carboxy terminal
peptide of the entire protein, which will not
contain either lysine or arginine (unless by

chance the protein normally ends with one of
these residues). Therefore, our first criterion
for identifying potential regions containing the
carboxy terminal peptide of 10B was to find a
portion of the electrophoretogram which was
not labeled by either lysine or arginine, but
which was labeled by other amino acids pre-
dicted to be in this peptide (glu, leu, ala, and
thr). Further, a potential carboxy terminal pep-
tide of 10B had to also fulfill the criterion of
being absent from the digests of 10A. A region
in the first electrophoretogram was observed
(“C-T”in panel I) which appeared to meet these
criteria. This region was excised, sewn onto a
fresh sheetof Whatmann 3mm paper, and sub-
jected to a second dimension of electrophore-
sisat pH 1.9 (not shown). The peptide identified
in this electrophoresis had the predicted pat-
tern of labeling for the 10B C-terminal peptide,
with the exception of comigrating valine label
(valine is predicted to be absent from this pep-
tide). Therefore, the peptide was again excised
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108 10A

and subjected to a third dimension of electro-
phoresis, at pH 4.7. Figure 4, panel Il presents
this last dimension (pH 4.7) electrophoretogram
showing the isolation of a peptide unique to
10B containing the appropriate amino acid
markers for this C-terminal tryptic peptide, but
with a faint band in the (10B) valine position.
Analysis of the valine label stock revealed a slight
radioactive leucine contamination; leucine is
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Figure 4. Peptide mapping of the 10B
C-terminal tryptic peptide. Induced cul-
tures ofBL21(DE3)/pAR3625, pLysS were
labeled with amino acids predicted to
be in the 10B C-terminal tryptic peptide
(glu-ala-glu-leu-ala-ala-ala-thr-ala-glu-
gln). As described in Materials and Meth-
ods, selection of the appropriate [14C]
amino acid markers (leu, ile, val, thr, glu,
ala, arg, lys) in parallel cultures was ex-
pected to allow us to specifically iden-
tify the C-terminal peptide. Following
labeling, the 10A and 10B proteins were
separated on an SDS denaturing agarose
protein gel, removed from the gel, and
digested with trypsin (0.5 mg/ml). The
peptides were then spotted on What-
man 3mm for electrophoresis at pH 3.5.
10B peptides were applied on the left
portion of the origin, whereas 10A pep-
tides were applied in parallel on the
right portion of the origin (panel I). Can-
didates for the 10B C-terminal peptide
(C-T), were subjected to two additional
dimensions ofelectrophoresis and auto-
radiography, first at pH 1.9 (not shown),
and next at pH 4.7 (2% acetic acid, 2%
pyridine) (panel I1). The outer leucine-
labeled lanes (No IPTG) are from unin-
duced cells, which were included for
analysis of background incorporation.

predicted to be present in this peptide and
would thus appear to explain this faint band.

Partial sequence analysis of the junction peptide

An experiment aimed at confirming directly
the frameshift at the amino acid sequence level
is presented in Figure 5A-C. In the strain bear-
ing the plasmid with the gene 10 clone, proteins
were labeled with [35S]-methionine and [3H]-
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Figure 5. Partial sequence analysis of the overlapping ‘junction” peptide. A,B. Isolation of the junction peptide.
Induced cultures of BL21(DE3)/pAR436 were labeled with [35S]-methionine and [3H]-alanine and then subjected
to preparative SDS-PAGE on a 10% gel followed by autoradiography (A). The positions of the labeled 10A and 10B
proteins are indicated. The bands were excised and digested with trypsin, as described above. The resulting peptide
mixture was again subjected to SDS-PAGE, on a 20% gel (B). Shown is an autoradiogram of the gel, with the putative
junction peptide (9P™) indicated. C. Thirty-two cycles of Edman degradation of the junction peptide. Released
counts were monitored for each step: 35S [left (open) bar at each step] and 3H [right (hatched) bar at each step].
The predicted amino acid sequence for the first 32 residues of the junction peptide is also shown, aligned to each
step. Note that trypsin is not expected to cleave the Arg-Pro bond at positions 9-10 of the peptide.

alanine and separated on an SDS-polyacryla- polyacrylamide). If a -1 frameshift in fact oc-
mide gel (Fig. 5A). The 10A and 10B bands were curred near the end of the coding region for
each excised and subjected to digestion with 10A, the predicted ‘junction” tryptic peptide,
trypsin; the resulting peptides were separated overlapping 10A into the 10B reading frame,

on another SDS-polyacrylamide gel (with 20% was expected to be rather large (at least 54 resi-
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dues) and would contain 11 alanine and 2 methi-
onine residues.

A large, sharp, methionine-containing pep-
tide band was obtained from 10B (Fig. 5B) and
considered a likely candidate for this junction
peptide, since it was missing from the 104 digest.
The peptide was removed from the gel slice,
subjected to repeated cycles of Edman degrada-
tion, and monitored for release of the [3°S]-
methionine and [*H]J-alanine labels. The pat-
tern of %S and 3H obtained matched precisely
the predicted pattern for the putative junction
peptide. Release of methionine and alanine
counts corresponded to the steps where these
residues are predicted to be found if Phe-tRNA
(which reads both UUC and UUU) slipped back
one base at amino acid position 18 in the junc-
tion peptide. Thus, the locations of the methi-
onine and alanine residues in this peptide in-
dicate that the frameshift occurs after codon
337, to the — 1 reading frame predicted sequence.
The frameshift site thus narrows to a position
between codon 338 and the I0A termination
codon (345), with the run of 4 U’s at codons
340-341 the most likely site of the shift. Com-
plete amino acid sequencing across the junction
has confirmed this to be the site of the shift
(B. Condron, J. Atkins, and R. Gesteland, sub-
mitted to J Bacteriol).

Discussion

In this report we have provided further biochem-
ical evidence for the site and nature of the bac-
teriophage T7 gene 10 frameshift. The data
support the location of the shift as originally
proposed (Dunn and Studier, 1983). Peptide
mapping experiments show that both 104 and
10B have the same amino terminus, and that
both proteins have virtually identical methi-
onine-labeled S. aureus V8/chymotryptic peptide
maps. Only one additional methionine-labeled
peptide would be expected in 10B; however,
this peptide was not resolved in our mapping
experiments.

Another peptide mapping experiment was
intended to isolate and identify the predicted
unique carboxyl-terminal tryptic peptide from
10B. The strategy of this experiment was to label
the peptide with a series of radioactive mark-
ers in parallel incorporations. A unique com-
bination of markers which were both included
and excluded from separated peptides was the
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criterion for identifying candidates for the
C-terminal peptide. A labeling pattern was
obtained which fit very well the predicted
sequence of the 10B C-terminal tryptic pep-
tide, further substantiating the nature of the
frameshift.

Finally, a large 10B-specific tryptic peptide
was isolated on a polyacrylamide gel; repeated
cycles of Edman degradations indicated this to
be the junction peptide overlapping 10A and
the frameshift into the 10B reading frame. The
alanine and methionine residues found in this
junction peptide matched precisely their antici-
pated locations from the DNA sequence of the
two reading frames. Complete amino acid se-
quencing across the junction between the two
reading frames has been accomplished by an-
other group (B. Condron, J. Atkins, and R. Geste-
land, submitted to J Bacteriol); this has con-
firmed that the site of the —1 frameshift is at
the run of 4 U residues spanning codons
340-341 of 10A mRNA, as originally proposed
by Dunn and Studier (1983).

Although we believe that the 10B protein
arises as a consequence of a translational frame-
shift by ribosomes during reading of the 104
message, an alternate explanation for the ori-
gin of the I0B protein is that T7 RNA poly-
merase somehow slips and adds a base during
transcription, giving rise to a subpopulation
of frameshifted messages from this template,
which would then be translated to yield the 10B
protein. Arguing against this alternate expla-
nation is the observation that a messenger RNA
preparation from this template was shown to
yield only the 104 protein in a mammalian in
vitro translation system, while yielding both 104
and 10B proteins in an E. coli in vitro transla-
tion system (J. Atkins and J. Dunn, unpublished
experiments). Although there may be several
reasons why the mammalian extract failed to
synthesize 10B, the result nevertheless does sug-
gest that the frameshift is a property of the
E. coli translation apparatus, and is not a conse-
quence of a subpopulation of messenger RNAs.
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