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Genetic analysis of the E site during RF2
programmed frameshifting
CHRISTINA L. SANDERS and JAMES F. CURRAN
Department of Biology, Wake Forest University, P.O. Box 7325, Winston-Salem, North Carolina 27106, USA

ABSTRACT
The roles of the ribosomal E site are not fully understood. Prior evidence suggests that deacyl-tRNA in the E site can prevent
frameshifting. We hypothesized that if the E-site codon must dissociate from its tRNA to allow for frameshifting, then weak
codon:anticodon duplexes should allow for greater frameshifting than stronger duplexes. Using the well-characterized
Escherichia coli RF2 (prfB) programmed frameshift to study frameshifting, we mutagenized the E-site triplet to all Unn and
Cnn codons. Those variants should represent a very wide range of duplex stability. Duplex stability was estimated using two
different methods. Frameshifting is inversely correlated with stability, as estimated by either method. These findings indicate
that pairing between the deacyl-tRNA and the E-site codon opposes frameshifting. We discuss the implications of these findings
on frame maintenance and on the RF2 programmed frameshift mechanism.
Keywords: translation; codon:anticodon; duplex stability; frameshift; ribosome

INTRODUCTION
Translational roles for the E site have been among the most
controversial topics in molecular biology. Ribosomes from
representative organisms from all three living domains have
an E site, and its role in accepting the deacylated tRNA
during peptidyl transfer and translocation are well established (Noller et al. 2002). However, roles for the E site in
aminoacyl-tRNA selection and reading frame maintenance
have been more difficult to elucidate.
It is clear that codon-specific tRNA binding can occur in
the E site (e.g., Triana-Alonso et al. 1995; for review, see
Wilson and Nierhaus 2006), but a critical question is
whether the E site is occupied long enough after translocation to have any significant translational role. Recent in
vitro kinetic work suggests that deacylated tRNA remains in
the E site until aminoacyl-tRNA bind in the A site but
before GTP is hydrolyzed by EF–Tu (Dinos et al. 2005).
However, other kinetic studies show that deacyl-tRNA
readily dissociates from the E site in other standard buffer
mixtures (Semenkov et al. 1996). Moreover, the kinetics
of aminoacyl-tRNA selection can be explained without
Reprint requests to: James F. Curran, Department of Biology, Wake
Forest University, P.O. Box 7325, Winston-Salem, NC 27106, USA; e-mail:
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reference to an E-site tRNA (Wintermeyer et al. 2004).
The differences among these in vitro studies suggest to us
that the issue may only be resolved by in vivo studies.
Two in vivo studies suggest that the E site is occupied
during the period after translocation and before the A site
is filled. In one study, at least 75% of post-translocation
ribosomes isolated from growing cells contain an E-site
tRNA (Remme et al. 1989). However, since up to 25% of
post-translocation ribosomes could lack an E-site tRNA, it
is not clear that any residual tRNA has an important role.
Another very interesting study shows that a slowly translated stop codon on a highly expressed message can cause
intracellular depletion of a rare tRNA cognate to the E-site
codon (i.e., the penultimate sense codon). The interpretation is that ribosomes stalled with the slowly translated
terminator in the A site sequester the rare tRNA in the
E site (Menez et al. 2000). This argues that the E site holds
deacyl-tRNA for a significant period prior to termination
at the A-site triplet, which is likely to be a slow reaction
(Björnsson and Isaksson 1996; Freistroffer et al. 2000). On
balance, therefore, it seems likely that deacyl-tRNA can
reside in the E site following translocation. But what is it
doing there?
Two studies show that the E-site codon can influence
stop codon readthrough. Mottagui-Tabor et al. (1996)
show that the next-to-last codon is related to readthrough,
although that effect may be due to the nascent peptide
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rather than to the E-site tRNA. O’Connor et al. (1993)
show that mutations near the 39 end of the E-site tRNA can
affect readthrough. That work specifically ties the E-site
tRNA to translation, but the mechanism is not clear.
Others studies also provide evidence that the E site can
have translational roles. In one study, Sergiev et al. (2005)
show that mutation (C2394/G2394) of a 23S rRNA
residue known to H bond with the 39 end of E-site tRNA
(Schmeing et al. 2003; Selmer et al. 2006) slightly increases
frameshifting and nonsense codon readthrough. The mutation also inhibits binding of deacyl-tRNA in the E site and
translocation (Sergiev et al. 2005), so it is possible that loss
of deacyl-tRNA is the cause of the increased error rates. Of
course, it is also possible that the translational defects are
caused by some other, unknown effect of the mutation.
In another system, tmRNA is subject to high-frequency
frameshift when the resume codon is in the E site; that
is, when there is no E-site codon:anticodon interaction,
suggesting that an E-site duplex is important to hold the
frame in at least this context (Trimble et al. 2004).
Finally, Marquez et al. (2004) provide evidence that a
deacylated in the E site can contribute to reading frame
maintenance, in vitro. In that report, tRNA cognate to the
E-site message triplet can inhibit the Escherichia coli prfB (RF2)
programmed frameshift. One complication with this in vitro
experiment, however, is that the deacylated tRNA entered
the E site from the solution rather than by translocation,
which is presumably the only mechanism that occurs in vivo.
Altogether, these various studies suggest that the E site
has translational roles. Here, we investigate the role of the
E site in frame maintenance in vivo. We mutated the codon
that resides at the E-site position of the RF2 programmed
frameshift site at the time of the frameshift. Those
mutations vary the codon:anticodon interactions that
would occur in the E site if it were occupied during the
frameshift. We find that frameshift frequencies vary
depending on the codon and that the pattern of variation
is neatly explained by differences in codon:anticodon
stability. These results strongly suggest that the E site
contains a paired codon:anticodon duplex and that the
duplex must be disrupted to allow for frameshifting.
RESULTS
To study the role of the E site in reading frame maintenance, we mutated the codon corresponding to the E-site
position of the RF2 programmed frameshift site that is
cloned into a lacZ reporter (see Fig. 1 for an overview of
the molecular mechanism of the programmed frameshift;
Curran and Yarus 1988). Here, ribosomes stall at the slowly
translated nonsense codon. Note that we substituted UAG
for the WT UGA in all of our alleles (Curran and Yarus
1988; Curran 1993). This cuts the RF2 autoregulatory
circuit, which could otherwise interfere with some experiments. The E-site codon (UAU in the WT) was varied to
1484
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FIGURE 1. Outline of the RF2 programmed frameshift mechanism.
(A) Ribosome is paused during search to fill the A site. As is usual
during elongation, the anti-Shine–Dalgarno of 16S rRNA is not
engaged with the message. tRNAs occupy the E and P sites. The
E site codon is varied to all YNN codons and is shown paired to an RXX
anticodon. tRNALeu2 is paired to CUU in the P site. (B) The Shine–
Dalgarno engages, which dissociates the E and P site duplexes. The
P site tRNA realigns onto the overlapping UUU triplet. (C) Translation
resumes when the A site is filled and the Shine–Dalgarno disengages.
See text for further details.

represent all 29 sense codons that begin with either U or C.
We did not study the purine-starting codons because
they might interfere with the adjacent, upstream Shine–
Dalgarno-like element, which contains all purines.
The b-galactosidase activities of the mutants were
measured, and frameshifting rates (FR) were calculated as
described in Materials and Methods. All alleles were assayed
at least eight times, and standard errors were all 10% or
less. b-Galactosidase activities and FR values are listed in
Table 1. Technically, FR is the rate of the frameshift relative
to the intrinsic rate of termination, which is assumed to
be constant among alleles. This assumption is reasonable
because, although termination may be sensitive to nearby
nucleotides, the E-site codon is outside of the window
known to have context effects in termination/suppression
assays (for review, see Yarus and Curran 1992). The greatest
FR value is for UUA, which at 1.02 frameshifts slightly
faster than it terminates. The lowest FR value is for CGG
(at 0.06), which frameshifts at a rate only 6% that of termination. The FR values vary over a 17-fold range, which
shows that the E-site position is important to the RF2
frameshift mechanism.
Two patterns are readily discernible in the data set.
For one, codons that begin with U are generally more
frameshift prone than codons that start with C (Fig. 2).
Because U:A base pairs are generally weaker than G:C
base pairs, this difference might be due to relatively facile
dissociation of weaker duplexes at Unn codons, allowing
more frameshifting. The other pattern is that for all five
of the nnU/C codon pairs that are read by the same tRNA
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directly applicable to codon:anticodon
duplexes on the ribosome. Anticodons
and neighboring residues contain modDuplex stability
ified nucleotides and are positioned
E site
Relative rate constant for
codon
b-Gal activity
FR
Method 1
Method 2
aa-tRNA selection
within stacked helices within anticodon
loops. All of these features are imporUUU
11,500
0.74
2.7
5
71
tant for decoding. There are limited
UUC
6,800
0.34
4
7
100
data on the effects of modified nucleoUUA
13,600
1.02
2.8
5
48
UUG
6,000
0.29
3.5
7
36
tides on decoding (for examples and
UCU
9,200
0.52
4.65
6
89
reviews, see Curran 1998; Agris et al.
UCC
8,000
0.42
6
8
163
2007); but it is not clear how those
UCA
9,700
0.56
4.9
6
41
limited data can be applied in a systemUCG
7,900
0.41
4.9
7
90
atic study of duplex stability. For all
UAU*
12,200
0.83
2.8
5
34
UAC
7,900
0.41
4
7
67
these reasons, we used two surrogate
UGU
7,850
0.41
4.9
6
22
methods to estimate duplex stability.
UGC
4,550
0.2
6
8
39
Neither method is likely to be fully
UGG
7,200
0.37
5.5
8
50
representative, but they should give
CUU
6,800
0.33
4
6
70
first-order estimates of relative kinetic
CUC
5,000
0.23
5.3
8
92
CUA
6, 900
0.34
4.1
6
0.75
stability for the various codon:antiCUG
3,700
0.16
4.8
8
27
codon pairs. And, critically, important
105
CCU
3,000
0.13
5.75
7
features are likely to be common to
CCC
1,900
0.08
7.1
9
96
both methods.
CCA
2,950
0.12
6
8
27
In the first method, we used the RNA
CCG
2,950
0.12
6
8
38.5
CAU
5,200
0.24
4
6
50
duplex stability rules developed by
CAC
3,900
0.17
5.2
8
100
Turner and colleagues (Freier et al. 1986).
CAA
2,800
0.12
4
7
70
We treated modified nucleosides as
CAG
2,600
0.11
4.8
7
77
unmodified. To calculate codon:antiCGU
5,600
0.26
5.4
7
23
codon duplex stability, we treated tRNA
CGC
6,100
0.29
4.4
8
19
CGA
4,300
0.19
4.4
7
15
nucleotide 37, which is adjacent to the
CGG
1,600
0.06
6.2
9
13
anticodon, as a 39 dangling end. To that
value, we added Turner’s nearest-neigh*UAU is the wild-type codon in RF2. b-Galactosidase assays were performed as described
(Curran and Yarus 1986). All alleles were assayed at least eight times, and standard errors of
bor values for base pairs at the first and
the means are all 10% or less. FR is frameshift rate relative to the rate of termination and was
second codon positions. To that sum,
calculated as described in Materials and Methods. Duplex stabilities were estimated as
we then added a value for terminal base
described in the text. Relative rate constants for aa-tRNA selection are estimated using the
rate data from Curran and Yarus (1989) and the tRNA concentration data from Dong et al.
pairs to account for the base pair at the
(1996). See the text for details.
third codon position. For codons
thought to be actively read by two
tRNAs (UCU, UCG, CCU, CCG) (Björk
1995), we used the arithmetic average of
(Fig. 2, black bars), the U-ending codon frameshifts more
the stabilities of the two duplexes. The values are listed
than its C-ending partner. Because all of the U-enders
in Table 1.
are read with a wobble-type base pair while all C-enders
For our second method, we used a method similar to
are read with Watson–Crick pairs, this result is also
that used previously to study the stabilities of P-site
consistent with the idea that weaker duplexes contribute
duplexes after tRNA:message slippage (Curran 1993). In
to increased FR.
that work, we assigned relative stabilities to various base
pairs and summed them for duplexes to estimate their
stability. In the previous work, we tried two schemes, one
Frameshift rate is inversely correlated with
in which A:U and G:C base pairs were equally stable, and
codon:anticodon duplex stability
another in which G:C pairs were more stable. In that
previous work, both methods gave similar results. Here,
To systematically investigate the role of duplex stability, we
because first-position Unn codons frameshift more than
estimated the relative strengths of all of the codon:
Cnn codons, we just used the scheme in which G:C pairs
anticodon duplexes. There is a variety of sources of
are more stable. Also in the previous work, we used
information about nucleic acid duplex stability in model
Grosjean’s study of the relative stabilities of a large number
systems; unfortunately, very little of these data may be
of anticodon:anticodon complexes using pairs of tRNAs
TABLE 1. b-Galactosidase activities, frameshift rates, codon:anticodon duplex stability
estimates, and relative rate constants for aa-tRNA selection
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FIGURE 2. FR for the YNN sense codons in the E site. Unn codons
are on the left, and Cnn codons are on the right. The five pairs of
codons ending in U or C and read by the same tRNA are darkly
shaded. Standard errors of the mean are 10% or less.

with complementary (or nearly so) anticodons to assign
values to various mispairs (Grosjean et al. 1978). But since
the current work involves only cognate base pairs, a
restricted set of the previous rules were used as follows:
Watson–Crick base pairs with three H bonds (scored as
‘‘3’’) are more stable than Watson–Crick pairs with two
H bonds (scored as ‘‘2’’), which are more stable than
wobble pairs with two H bonds (scored as ‘‘1’’). To
estimate relative duplex stability, we summed the values
for the base pairs in each codon:anticodon duplex. And
as above, we averaged the stabilities of duplexes for codons
read by two tRNAs. The values are listed in Table 1.
Each of these stability estimates was plotted versus an
index of frameshifting. As described in Materials and
Methods, FR is a linear scale. Because estimated duplex
stability is logarithmic, we plotted stability versus the
natural log of FR in Figure 3A,B. The plots are generally
linear with the most stable duplexes having the least
frameshifting and vice versa.
Both plots show a strong relationship between frameshifting and duplex stability. Interestingly, perhaps, the ad
hoc rules fit somewhat better than the Turner rules for this
data set. But there is additional order in both of the plots.
Unn codons tend to plot above the lines (more frameshifting), and Cnn codons tend to occur below them. Of course,
this aspect of the pattern may occur simply because our
methods misestimate the relative stabilities of first position
U:A and C:G pairs. However, it is also possible that Unn
codons are more frameshift prone for some factor other
than base-pair stability. We will return to a plausible factor
below. But because such a factor could contribute to the
apparent correlation between duplex stability and frameshifting, we examined the Unn and Cnn codon sets
separately to isolate them from any confounding factor
1486
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associated with the first nucleotide. If duplex stability does
indeed correlate with frameshifting, then this relationship
should be observable for the isolated codon sets.
Both the Unn and Cnn codon sets show correlations
between duplex stability and frameshifting with both
stability estimation methods. The plots for the first method
are shown in Figure 3, C and D. The plots with Method 2
are not shown, but the R2 values exceed 0.45. Altogether,
the correlations strongly support the conclusions that, prior
to the frameshift, the E-site tRNA is base paired to its
codon and that this pairing resists frameshifting.
There may be an additional factor, however. As noted
above, the Unn codons may be relatively frameshift prone
for another reason. A first position U could potentially
strengthen the Shine–Dalgarno interaction that stimulates
frameshifting. Crystal structures of ribosomes in complex
with mRNA show that a U adjacent to the purine run can
be included within the Shine–Dalgarno interaction by base
pairing to A in 16S rRNA (Yusupova et al. 2001). In that
work, the message has a spacing of 5 nucleotides (nt)
between the purine run and the P-site codon. The RF2
mRNA has only a 3 nt spacer, and it is not clear that the first
position U could participate in the Shine–Dalgarno interaction; but if it does, that could partially explain why alleles
with Unn E-site codons are generally more frameshift prone
that those with Cnn. It is important to note that a Unn
effect on the Shine–Dalgarno interaction must be independent of the duplex stability effect. That is because the duplex
must dissociate before the U could become available for
participation in the Shine–Dalgarno interaction.
Finally, because the first nucleotide may have an effect
independent of duplex stability, we recalculate the fold
effect on FR separately for each codon set. The fold effect
among the Unn codons is 5.1, with the highest FR at UUA
and the least at UGC, and the range among the Cnn codons
is 5.7-fold, with CUA having the greatest and CGG the least
FR. These extreme values exemplify the base composition
pattern, with U:A base pairs facilitating and G:C pairs
inhibiting frameshifting.

Frameshifting does not correlate with the stability
of the rephased complex
To determine whether frameshifting correlates with the
stability of potential duplexes that might form in the
rightward shifted reading frame, we plotted ln(FR) against
the stabilities of the duplexes that could result after mRNA
slippage. Stabilities were estimated using the same method
used to estimate rephased duplex stabilities for the P site in
a previous study assuming that G:C are more stable than
A:U (Curran 1993). There is essentially no correlation (R2 =
0.009; Fig. 4), thus our data set does not provide evidence
that the E-site tRNA base pairs to the message in the
rightward frame following message realignment.
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FIGURE 3. Plots of ln(FR) versus estimates of codon:anticodon duplex stability; ln(FR) is plotted versus the first (A) and second (B) methods for
estimating stability. (C, D) Plots for the Cnn and Unn subsets with FR plotted versus stabilities estimated with the first method.

FR attributed to a tRNA in the E site
does not correlate with its selection rate in the A site
To determine whether the E and A sites respond to the
same molecular properties, we compared FR with the
estimated rate constant for aa-tRNA selection at the A site.
We previously estimated the rates of aminoacyl-tRNA
(aa-tRNA) selection at the A site (Curran and Yarus 1989).
In that work, we changed the A-site codon of the RF2
programmed frameshift site to all of the Ynn sense codons
and measured b-galactosidase activities of the various
alleles. If frameshifting is assumed to compete with normal
translation, then frameshifting should be inversely correlated with the rate of aa-tRNA selection. In that work, our
estimated rates of aa-tRNA selection correlated with codon
usage in highly expressed E. coli genes. The data also
provide evidence that tRNAs can have different rates of
aa-tRNA selection at different cognate codons. tRNAs that

read nnU/C codon pairs compete more effectively with
frameshifting at the nnC codon.
With that background, if we can account for differences
in the concentrations of the various tRNAs, we can estimate
the relative rate constants for aa-tRNA selection at these
codons. We did that in the previous work, but at the time
we had only crude estimates of relative concentrations
of some tRNAs. Since then, Dong et al. (1996) have
performed an extensive analysis of tRNA concentrations
at various growth rates. We used their concentrations for
cells growing at 1.6 doublings per hour, which is the
approximate growth rate of cultures in our b-galactosidase
assays. The estimated rates of aa-tRNA selection from
Curran and Yarus (1989) were divided by the tRNA
concentrations from Dong et al. (1996) to estimate the
relative rate constants for selection. We made one modification in the Curran and Yarus data set. The data from
Curran (1995) indicate that the clones representing the
www.rnajournal.org
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FIGURE 4. Plot of ln(FR) versus estimated stability of the potential
rephased duplexes.

CGA and CGC codons were probably switched; therefore,
we switched their values for the current study.
The relative rate constant estimates are listed in Table 1,
and the plot of FR versus estimated relative rate constant
is shown in Figure 5. There is essentially no correlation
between these values, which shows that the assays measure
different aspects of tRNA function on the ribosome. We
suggest that FR is a measure of kinetic stability to duplex
dissociation, while aa-tRNA selection is a more complicated process involving duplex association and various
other interactions between the ribosome and the EF–Tu–
tRNA complex.
One feature that is shared by both assays is that, among
the five codon pairs ending with pyrimidines and read by
the same tRNA (connected by lines in Fig. 5), the C-ending
codon is superior. That is, the duplex at the C-ender is
more stable, as indicated by a lower FR, and is read more
quickly, as indicated by a higher relative rate constant for
aa-tRNA selection.

and all standard errors of the mean are 10% or less. Thus,
we are confident that our data are sound, and certainly the
broad patterns observed for our large data set are reliable.
Our analysis strongly suggests that codon:anticodon
duplex stability is inversely related to frameshifting. One
complication of that analysis is that duplex stabilities
estimated from model systems may not be fully representative of duplexes on the ribosome. However, we used two
methods to estimate duplex stability: one using stabilities
determined for RNA duplexes in solution (Freier et al.
1986), and the other based on general principles of
codon:anticodon stability (Curran 1993; Lim and Curran
2001). Both methods gave similar results. Thus, we are
confident in the conclusion that the E-site duplex must
dissociate to allow for RF2 frameshifting. This conclusion
is consistent with observations that tRNA cognate to
the E-site triplet can impede RF2 frameshifting in vitro
(Marquez et al. 2004).
Mottagui-Tabor et al. (1996) have shown that the E-site
codon can affect readthrough of UGA nonsense codons.
However, in that case, the effect was related to the isoelectric
point of the next-to-last amino acid. Our data do not show
any such correlation (not shown). Moreover, the six leucine
codons in our data set span nearly the entire range of
frameshift rates (Table 1, 1.02 for UUA to 0.16 for CUG).
These differences are explicable by differences in codon:anticodon stability but not by any difference in the amino acid.
Our data are consistent with the broader issue that the
E site is occupied and can inhibit frameshifting prior to
filling the A site. That idea was suggested by Nierhaus as a
possible justification for the existence of the E site (e.g.,
Blaha and Nierhaus 2001; Wilson and Nierhaus 2006).
Theoretical work argues that the E-site duplex is necessary
to hold the frame until the A site is occupied (Lim et al.
2005). It is argued that reading frame maintenance during
translocation requires that the codon:anticodon duplex for

DISCUSSION
We studied the E-site codon during prfB (RF2) frameshifting. The codon was varied by mutagenesis, and all of the
Unn and Cnn triplets were examined. Frameshifting activity, as estimated from b-galactosidase activities of lacZ
fusions, varies about 17-fold among these alleles. Baranov
et al. (2002) have presented an analysis on a smaller set
of E-site codons and also observed significant effects on
frameshifting. Of the codons that the two studies have
in common, there is some but not complete concordance.
We do not have a full explanation for differences, but our
analysis was made on a much larger codon set using the
standard b-galactosidase assay, which in our hands is linear
over several orders of magnitude (Curran and Yarus 1987).
In addition, all codons were assayed at least eight times,
1488

RNA, Vol. 13, No. 9

FIGURE 5. Plot of FR versus estimated relative rate of aa-tRNA
selection at the A site. Data are from Table 1.
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the peptidyl-tRNA be continuously shielded by a ribosomal
component (a steric restriction element [SRE]) as it moves
from the A to the P site. This shielding provides a kinetic
barrier to duplex dissociation, which would otherwise
occur on a timescale faster than translocation (Lim and
Curran 2001; Lim et al. 2005). Then, to check the qualities
of duplexes as they form in the A site, the SRE should
oscillate between the P and A sites. This means that the
frame is vulnerable to loss while the SRE is between sites.
One solution is to use a kinetically stabilized E-site duplex
to hold the frame (Lim et al. 2005). Our current data
suggest that the E site can indeed help prevent frame loss
as predicted by those studies.
In all likelihood, the Shine–Dalgarno interaction is
important for dislodging both the E- and P-site tRNAs from
their codons. There is direct evidence that the P-site duplex
opposes frameshifting. Tsuchihashi and Brown (1992)
showed that a relatively unstable duplex between tRNALys
and AAG facilitated slipping in the E. coli dnaX programmed
frameshift. In addition, among RF2 alleles that have various
P-site codons, those that are read by third-position wobble
base pairs frameshift more than codons read by thirdposition Watson–Crick base pairs (Curran 1993), which
suggests that strong P-site duplexes inhibit frameshifting.
Thus, both tRNAs must be dislodged from their in-phase
triplets, and it is likely that the Shine–Dalgarno interaction
stimulates these dissociation events (see Fig. 1).
After dissociation, however, the two sites have different
roles in the frameshift mechanism. It is clear that the P-site
tRNA is required to establish the new frame as suggested
(Jacks et al. 1988; Weiss et al. 1990; Tsuchihashi and Brown
1992; for discussion, see Baranov et al. 2004). Our earlier
work shows that frameshifting is strongly dependent on
the stability of the rephased P-site duplex (Curran 1993).
In contrast, our current data do not show any correlation
between frameshifting and the potential rephased duplexes
in the E site. Therefore, any such pairing in the E site is
unimportant to the frameshift. In all likelihood, the E-site
tRNA does not reassociate with the message in the new
frame. Our data do not allow us to determine whether the
tRNA actually leaves the ribosome—it could occupy a
subsite within the E site in which it is not paired with the
message (Yusupov et al. 2001; Selmer et al. 2006).
Our analysis supports the suggestion (Baranov et al.
2002) that the first nucleotide of the E-site codon participates
in the Shine–Dalgarno interaction. Crystal structural data
show that A of 16S rRNA can hybridize to a synthetic
message having a U 39 to the purine run of a Shine–
Dalgarno (Yusupova et al. 2001). However, in that case, the
U was the fifth nucleotide upstream of the P-site codon,
and it is not clear that such an interaction would occur
when the message U is only 3 nt upstream of the P site. But
in our plots of estimated stability versus ln(FR) (Fig. 3A,B),
it is clear that Cnn codons frameshift less and Unn codons
more than expected based on duplex stability alone. One

possible explanation is that we have over- and underestimated the relative stabilities of Unn and Cnn codons,
respectively. We cannot rule that out, but it seems likely
that if anything our estimates using Turner data would
have erred in the other direction. In those estimates, we
treated nucleotide 37 (39 to the anticodon) as the 39
dangling end. Because we could not quantitatively account
for them, we ignored base modifications, but there is abundant evidence that the hypermodifications at position
A37 of tRNAs that read Unn codons (ms2i6A) increase
the stability of codon:anticodon duplexes (Nishimura 1972;
Houssier and Grosjean 1985; Bouadloun et al. 1986; Li et al.
1997). Thus, by not accounting for the modifications we
may have systematically underestimated not overestimated
the stabilities at Unn codons. Therefore, it is probable that
the Unn versus Cnn effect is due to some factor other than
duplex stability. The only obvious factor is that the U of
Unn codons might participate in the Shine–Dalgarno and
thereby facilitate frameshifting. Baranov et al. (2002) have
made the same suggestion based on their analysis of a
smaller set of E-site codons.
It is also worth noting that the magnitude of effects on
RF2 frameshifting differs greatly among the codons in the
P (>1000-fold) (Curran 1993) and E (z17-fold) sites. One
obvious reason is that the major E-site effect is holding
the frame against loss, while the major P-site effect is for
establishing the new frame. All of the E-site duplexes are
presumably cognate and therefore span a relatively narrow
range of stability. In contrast, rephased complexes range
from those that are fully cognate to those with three
mispairs. Thus, the range of rephased stabilities must vary
greatly in the P site among alleles, largely (if not totally)
accounting for the greater range of effects on frameshifting.
The RECODE database (Baranov et al. 2003) catalogs 47
putative RF2 frameshift sites from various bacteria. Only a
small number of these sites have been experimentally tested
for frameshifting. Of these sites, almost half (23 of 47)
contain UAU, which is the same E-site codon as in the
highly frameshift-prone E. coli RF2. The next most common E-site codon is UCU (14 of 47), which frameshifts at
z35% in our study (Table 1). Generally, the various other
sites have at least two Us or a U and an A. Only five sites do
not begin with a U, and only one of those begins with a
purine (AGU for Treponena pallidum). All of the codons
used (possibly except for AGU, which we did not study)
frameshift at frequencies of 20% or greater in our study
(Table 1). Thus, these sites are consistent with a frameshiftdependent mechanism for RF2 expression.
Finally, although an E-site duplex may be important for
holding the frame, in general codon identity may not be
critical. In their statistical analysis designed to detect codon
context effects in E. coli genes, Yarus and Folley (1985)
found that nucleotides surrounding sense codons are highly
biased, which suggests that message context affects translation at sense codons. In highly expressed genes, strong
www.rnajournal.org
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biases occur primarily for neighboring nucleotides and, to a
lesser extent, triplets. Strong biases do not extend further
upstream, which suggests that the identities of E-site codons
do not appreciably influence translation at the A site. It is
important to note that this does not mean that the E-site
duplex is not important; instead, it may mean that all
cognate E-site interactions are adequate for any translational
role, including effects on reading frame maintenance.

E. coli strain and plasmids
All cloning methods and assays were performed using strain
MY600 (Curran and Yarus 1986), which has the genotype E. coli
K12 Dlac-pro, ara, thi. All plasmids were constructed starting with
pJC27 (Curran and Yarus 1986), which encodes a pseudo-wildtype lacZ as well as chloramphenicol resistance. It has a P15A
origin of replication. Based on numerous assays, it produces
27,000 units of b-galactosidase activity, which is used at the 100%
value for FR calculations (below). All E-site derivatives were made
by replacing a 20-nt section (between HindIII and BamHI sites) of
the polylinker just inside the 59 end of lacZ with 30-nt synthetic
oligonucleotides encoding the RF2 frameshift site and having the
desired E-site codons. These constructs require frameshifting to
produce the b-galactosidase enzyme.

Calculations of frameshift rate (FR)
b-Galactosidase assays were performed as described (Curran and
Yarus 1986). All alleles were assayed at least eight times, and
standard errors of the mean were all 10% or less. To calculate
frameshift frequencies, b-galactosidase activities of mutants were
divided by that of the WT control (pJC27). Because frameshift
frequencies are not linear (they saturate at 100%), to facilitate
analysis we transformed the data to a linear scale. This allowed for
direct comparisons among alleles. The RF2 autoregulatory mechanism requires that frameshifting and termination are in kinetic
competition (Curran and Yarus 1988). Assuming that the rate of
termination is constant, then frameshift frequencies of the various
alleles can be used to estimate their rates of frameshifting, relative
to the termination rate. We used this property to calculate the FR,
relative to the constant termination rate. Equations 1–4 are
essentially from earlier work (Curran and Yarus 1988). Equation
5 is simply the reciprocal of Equation 4.
ð1Þ

When frameshifting is assumed to compete with termination,
then
F = Rf =Rf + Rt

ð2Þ

where Rf is the rate of the frameshift and Rt is the rate of
termination. Then, inverting and factoring gives
1=F = Rf =Rf + Rt =Rf
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Rt =Rf = 1=F  1

ð4Þ

Finally, the inverse is taken so that Rf is reported relative to Rt:
Rt =Rf = 1=ð1=F  1Þ [ FR

ð5Þ
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