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SUMMARY 

To activate expression of a human transferrin(Tf)-encoding cDNA in Escherichia co/i by translational coupling, it 
was placed in an expression plasmid downstream from a S-terminal fragment from the replicase(R)-encoding gene of 
bacteriophage MS2. The resulting construct was found to produce, besides the desired Tf, a protein with the mobility 
of a fusion product (RTf) of the N-terminal R fragment and Tf. Analysis of available mutants showed that this fusion 
results from + 1 ribosomal frameshifting at the end of the R reading frame. This region contains the sequence, CCCUGA, 
suggesting that before termination occurs, tRNAP” may dislodge from the CCC codon and reassociate with the + 1 
triplet CCU. By further site-directed mutagenesis, we demonstrate that both the CCC codon and the termination codon 
are indeed required for the observed 2-4% frameshifting. When either triplet is changed, the frequency of frameshifting 
drops to 0.3% or less. These results classify CCCUGA as a new ‘+ 1 shifty stop’. 

INTRODUCTION 

Esc~e~ic~~~ coli ribosomes are generally quite profi- 
cient in maintaining the proper reading frame during 
translation of a mRNA. Although a certain level of inac- 
curacy is intrinsic to the translational machinery 
(Kurland, 1987), frameshifting on arbitrary RNA se- 
quences normally occurs at a frequency of less than 
0.01% per translocation (Atkins et al., 1991). However, 
many examples of far more efhcient frameshifting events 
indicate that this frequency can be substantially enhanced 
by local properties of the mRNA sequence and structure 
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(reviewed by Weiss et al., 1987; 1990a,b). Both prokary- 
otes and eukaryotes employ ‘programmed’ frameshifting 

at specific sites as a mechanism for translational regula- 
tion of gene expression (Atkins et al., 1990). 

A well-known example of programmed frameshifting 
in E. coli is the + 1 shift required for the synthesis of 
translational release factor RF2 (Craigen and Caskey, 
1986). Here, one in three ribosomes slips at the sequence 
CUU.UGA that ends the zero frame. The single tRNAL”” 
that has decoded the terminal CUU codon apparently 
shifts to the UUU triplet in the + 1 frame, even though 
this requires the formation of a G.U-wobble interaction 
with the 5’ nt of the codon. Extensive mutagenesis of the 

terminal sense codon has revealed that the frequency of 
frameshifting depends mainly on the stability of the 
shifted codon-anticodon interaction, but for unknown 
reasons the wild-type codon CUU is particularly efficient 
(Curran, 1993). Frameshifting at the RF2 site is strongly 
promoted by a base-pairing interaction between the 3’ 
end of 16s rRNA and a complementary sequence 
upstream from the slip site, equivalent to the Shine- 
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Dalgarno region of translational initiation sites (Weiss ing efficiency depends on the stop codon of the zero frame 

et al., 1987; 1988). and on the CCC codon immediately preceding it. 

Frameshifting without a biological function has so far 

been observed mainly at slip sites intentionally created 

in the laboratory. Sequences inducing frameshifting are 

presumably avoided in regular coding regions, but they 

may occur by chance in sequences that are not native to 

the host. For example, a synthetic insert in a coding 

region in E. coli was found to divert half the ribosomes 

to the + 1 reading frame, because it contained two con- 

secutive AGG codons (Spanjaard and Van Duin, 1988). 

Fortuitous shift sites can also be present in heterologous 

coding regions, because prokaryotic and eukaryotic ribo- 

somes slip in response to different signals (Weiss et al., 

1989; Tsuchihashi, 1991; Garcia et al., 1993). Sequences 

in the I/P2 gene from infectious bursal disease virus have, 

for instance, been reported to induce + 1 frameshifting 

in E. coli (Macreadie and Azad, 1991). We suspect that 

many similar observations have remained unpublished. 

EXPERIMENTAL AND DISCUSSION 

(a) A plasmid designed for translational coupling produces 

an unexpected fusion protein 

In this paper, we describe a + 1 frameshifting event 

encountered during the construction of an expression 

plasmid for human transferrin (Tf). Using site-directed 

mutagenesis we show that the observed 2&4% frameshift- 

As we will describe elsewhere, the aim of our work was 

high-level production of Tf in E. coli. For this purpose, 

we have cloned the 7”cDNA into an expression plasmid 

under control of the thermoinducible p,-promoter from 

phage h, and created an E. coli-type ribosome-binding 

site by site-directed mutagenesis. To improve expression 

by translational coupling, a 5’ fragment from the replicase 

(R)-encoding gene of bacteriophage MS2 was inserted 

upstream. Fig. la shows that in the resulting construct 

(henceforth referred to as the R-reinitiation construct), 

Tf’is coded in the + 1 frame relative to the R fragment. 

Ribosomes that have initiated translation at the R start 

traverse the start codon of the Tf‘ gene and terminate 

three triplets further downstream, where two consecutive 

nonsense codons (UGA.UAA) are present out-of-frame 

a. R-reinitiation construct (2%) 
BamH//Eg/// 

shifty stop (0) 

‘C A G’A U A’A A U’ -430 ni)-- ‘U C A’U G G’G A U’C U G’U A U’G G C’U G U’cU A A’A 

Stop) 

b. Xbal mutant (4%) 

C. Xba//Kpnl mutant (0.3%) 

d. RT~ fusion construct (100%) 

e. CCC.UGA to CCCCGA (0.3%) 

f. CCC.UGA to CCACGA (0.1%) 

g. coat-gene-reinit. construct (0%) 

- - ‘UCA’UGG’GA’~~~&$J’GGC’U,GU~U,A AlA, I I I 
stop (+l) start (+l) 

- - ‘UCA’UGG’GA’~Cij’~g‘AU’GGC~~,~,~~U,AA’A 

K/J/l/ 

- - ‘UCA’UGG’GA’UIC’U’a’S’AU’GGC’g _ _ _ _ CU’GAU’AAA’ 
Wpnl) 

. . ..~.......,...... 
- - ‘UCA’UGG’GAUCU a g AU’GGC’U,GU~U,AA’A 

stop (0) , . , I I I 
- -‘UCA’UGG’GAUCUagAU’GGC’U,GUC,Cac,GAU,AAA 

stop (0) 

- - GU’CAG’aGC’UcU’GU~CU,GUC,CCU,GAU,AAA, 

stall (-1) 

Fig. 1. Sequence of several relevant constructs at the junction between the upstream reading frame (either R or the MS2 coat-protein-encoding gene) 

and the Tfcoding region. Substitutions introduced into the original R-reinitiation construct (a) by site-directed mutagenesis are shown in lower case. 

Ticks above the sequence denote the zero (=upstream) reading frame, ticks below the sequence denote the T’frame (+ 1 or - 1 as indicated). Relevant 

restriction sites and start and stop codons in both frames are indicated. AKpnI is a deletion of four nt, fusing the R and Tf‘reading frames. Percentages 

are frameshifting frequencies relative to the RTf fusion (d), as estimated from several Western blots. The TfcDNA was obtained from ATCC as 

#53106. The expression vector is pPLc2833 (Remaut et al., 1983) and E. co/i K-12 strain M5219 (Remaut et al., 1981) was used as host. 
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in the Tf coding sequence. The Tf start site can subse- 

quently be reached by ‘backscanning’ over 8 nt (Adhin 

and Van Duin, 1990). 

Induction of this construct in vivo turned out to result 

in the production of two proteins detectable by Western 

blotting with anti-Tf antibodies (Fig. 2, lane 3). 

Comparison with two Tf-derived fusion proteins of 

known size (Fig. 2, lanes 5 and 6) indicates that the 

smaller protein is the expected non-glycosylated form of 

Tf, while the other protein is about lOO-aa larger. 

Realizing that the truncated R gene upstream from the 

Tf start codes for 101 aa, we suspected that the upper 

band could represent a RTf fusion protein. Accordingly, 

we fused the R and Tf frames artificially by deleting four 

nt (Fig. Id). The resulting protein is indistinguishable 

from the original upper band by Western blotting (Fig. 2, 

lanes 2 and 3). 

Synthesis of a fusion protein from the R-reinitiation 

construct implies that a fraction of the ribosomes 

translating the R sequence undergoes a + 1 frameshift. 

This conclusion is supported by the disappearance of the 

upper band, when the upstream reading frame was re- 

placed by part of the coat-protein-encoding gene of MS2. 

In the resulting construct, Tf is encoded in the - 1 frame 

relative to the upstream gene, and ribosomes translating 

the zero frame terminate at a UGA codon overlapping 

the rf start codon (Fig. lg). This plasmid produces the 

same amount of Tf as the R-reinitiation construct, indi- 

cating that the upstream reading frame is efficiently 

translated. A second Tf-derived protein, however, is not 

observed (not shown). 

1 2 3 4 5 6 kDa 

Fig. 2. Western blot showing various Tf-derived proteins. Lanes: 1, Tf 

isolated from human serum (sTf); 2, RTf fusion protein (see Fig. Id); 3, 

proteins produced by the R-reinitiation construct (Fig. la); 4, Tf pro- 

duced in E. coli (Tf, 75.3 kDa); 5 and 6, Tf-derived markers of 70.9 and 

65.9 kDa, produced from appropriate fusion plasmids. The lower mobil- 

ity of the serum Tf (lane 1) relative to the bacterial product (lane 4) 

can be ascribed to glycosylation of the former (Padda and Schryvers, 

1990). Lanes 2 to 6 contain total cell extracts of cultures induced for 

30 min and prepared as described (De Smit and Van Duin, 1990). Lane 

3 contains 20-times more cell extract than the other lanes. Proteins 

were separated by 0.1% SDS-IO% PAGE and detected using antibodies 

raised against human serum Tf (DAKO-Immunoglobulins, Glostrup, 

Denmark). 

(b) Frameshifting occurs within a window of four codons 

In the R-reinitiation construct, the frameshift window 

(i.e., the mRNA region in which the frameshift has to 

take place to produce the observed protein) is delimited 

by a UAA codon in the + 1 frame of the R coding se- 

quence, at position -48 relative to the TfAUG, and the 

zero-frame UGA codon at position + 12 terminating R 

translation (Fig. la). Fortuitously, two substitutions orig- 

inally designed to create an XbaI site for further cloning 

also change the triplet preceding the Tf AUG to a UAG 

nonsense codon in the + 1 frame (Fig. 1 b). Western blot- 

ting shows that this mutant still produces the fusion pro- 

tein (Fig. 3, lane 4), reducing the frameshift window to 

only four codons. Note that the mutations do affect the 

efficiency of reinitiation at the Tf start, but that this is 

not related to frameshifting. 

Since the remaining frameshift window does not con- 

tain an obvious shifty heptanucleotide, nor any consecu- 

tive rare codons, the only reasonable explanation for the 

formation of the fusion protein seemed to us a + 1 shift 

at the CCC.UGA sequence ending the R reading frame. 

The GGG anticodon of a tRNAP’” that has decoded the 

terminal CCC codon can be envisaged to undergo a + 1 

shift and rebind to the CCU triplet, analogous to the 

RF2 frameshift (see INTRODUCTION). Mutational 

analysis has shown that at similar sites, referred to as 

‘shifty stops’, the stop codon forms an essential part of 

the frameshift signal (Weiss et al., 1987; 1990b; Hagervall 

et al., 1994). The shifted interaction in our system, con- 

sisting of two G-C pairs and a G.U-wobble pair, would 

be the strongest one possible for such a + 1 shifty stop. 

(c) Efficient frameshifting requires both a stop codon and 

the preceding triplet CCC 

The terminal sense codon of the R reading frame, CCC, 

was altered to ACC, by a mutation originally introduced 

12345678 

Fig. 3. Western blot showing proteins produced by several mutants of 

the R-reinitiation construct. Lanes: 1, reference plasmid producing only 

Tf; 2, RT,fgene fusion (see Fig. Id); 3, original R-reinitiation construct 

(Fig. la); 4, XbaI mutant (Fig. 1 b); 5, XhaI/KpnI mutant (Fig. lc); 6. 

CCC.CGA mutant (Fig. le); 7, CCA.CGA mutant (Fig. If); 8, negative 

control (Tfdeleted). Lanes 3 to 8 contain 20-times more cell extract 

than lanes 1 and 2. Protein were separated by 0.1% SDS-7.5% PAGE. 
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to create a KpnI site downstream from the AUG in addi- 

tion to the XbaI site mentioned above (Fig. lc). As ex- 

pected, this change causes a substantial drop in 

frameshifting efficiency, from about 4% to 0.3% (Fig. 3, 

lane 5; percentages are relative to the fusion protein in 

lane 2, produced by the construct in Fig. Id). 

Because the XbaI/KpnI mutant contains a second sub- 

stitution (3 nt upstream) that could influence the results, 

we constructed two more mutants by site-directed muta- 

genesis. In the first of them, the UGA codon was changed 

to CGA, resulting in termination at the adjacent UAA 

codon (Fig. le). Lane 6 of Fig. 3 shows that this substitu- 

tion also causes a drop in frameshifting to 0.3%. While 

the resulting row of four Cs should be even more slippery 

than the original CCC.U sequence, the stop signal is 

clearly required for efficient frameshifting. 

When CCCCGA was further mutated to CCA.CGA 

(Fig. If), production of the RTf fusion protein dropped 

to a barely detectable level of 0.1% (Fig. 3, lane 7). 

Apparently, a few ribosomes still shift at the four C’s in 

the previous mutant. We do not know whether the resid- 

ual 0.1% originates at this same site or elsewhere within 

the frameshift window, but this percentage is close to the 

error level expected for four arbitrary codons (Atkins 

et al., 1991). 

(d) The efficiency of frameshifting is relatively high 

We estimate the frameshifting frequency at CCC.UGA 

to be about 2 to 4%, i.e. slightly higher than reported for 

other shifty stops not promoted by a Shine-Dalgarno- 

like interaction (Weiss et al., 1987; 1990b). For several 

reasons, this is somewhat unexpected. Firstly, our experi- 

ments were, for practical reasons, performed in a SmR 

strain carrying a mutation in ribosomal protein St2 

(rpsL). This mutation causes a general reduction in trans- 

lational errors, including frameshifting (Atkins et al., 

1972; Weiss and Gallant, 1983) although some pro- 

grammed frameshifts appear to be immune (Sipley et al., 

1991; Tsuchihashi, 1991). Secondly, consecutive stop 

codons, such as present in our constructs, have been re- 

ported to be less prone to frameshifting than single ones 

(Weiss et al., 1990b), and thirdly, the CCC-decoding 

tRNAP’” is very inefficient at + 1 shifting on sense 

oligo(C) strings (Weiss et al., 1990b). On the other hand, 

it was recently found that among 32 variants of the RF2 

slip site carrying the sequence XYZ.UAG, CCC was the 

second most efficient triplet after the native codon CUU 

(Curran, 1993). This seems at least partly due to the high 

stability of the shifted codon-anticodon interaction, al- 

though properties of the tRNA may also contribute. 

Hagervall et al. (1994) have provided evidence that 

undermodification of tRNAP’” induces quadruplet read- 

ing at various sites, including CCC.UGA. This alternative 

mechanism for + 1 frameshifting, however, does not 

require the second codon to be a stop codon, while 

the frameshift observed by us clearly does. This indicates 

that the RTf fusion protein is not produced by a sub- 

population of undermodified tRNAs. 

(e) Conclusions 

(I) We have detected a + 1 frameshifting event that 

occurs during translation of a construct, designed for cou- 

pled expression of Tf in E. coli. This results in synthesis 

of a protein consisting of an N-terminal fragment of MS2 

R fused to almost the entire Tf protein. 

(2) Efficient frameshifting depends on the sequence 

CCC.UGA ending the zero frame. This site bears strong 

resemblance to a class of previously reported slip sites, 

known as shifty stops. 

(3) The frameshifting efficiency is roughly 2-4%, i.e., 

rather high for a shifty stop not promoted by a Shine- 

Dalgarno-like interaction. This finding parallels the high 

efficiency of CCC.UAG relative to most other variants 

of the RF2 programmed frameshifting site. 
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