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ABSTRACT

Others have recently shown that the UUU phenyl-
alanine codon is highly frameshift-prone in the 3 '
(rightward) direction at pyrimidine 3 ' contexts. Here,
several approaches are used to analyze frameshifting

at such sites. The four permutations of the UUU/C
(phenylalanine) and CGG/U (arginine) codon pairs
were examined because they vary greatly in their
expected frameshifting tendencies. Furthermore,
these synonymous sites allow direct tests of the idea
that codon usage can control frameshifting. Frame-
shifting was measured for these dicodons embedded
within each of two broader contexts: the Escherichia
coli prfB (RF2 gene) programmed frameshift site and a
‘normal’ message site. The principal difference be-
tween these contexts is that the programmed frame-
shift contains a purine-rich sequence upstream of the
slippery site that can base pair withthe 3 "end of 16 S
rRNA (the anti-Shine-Dalgarno) to enhance frame-
shifting. In both contexts frameshift frequencies are
highest if the slippery tRNA Phe s capable of stable
base pairing in the shifted reading frame. This require-
ment is less stringent in the RF2 context, as if the
Shine—Dalgarno interaction can help stabilize a quasi-
stable rephased tRNA:message complex. It was previ-
ously shown that frameshifting in RF2 occurs more
frequently if the codon 3 ' to the slippery site is read by
a rare tRNA. Consistent with that earlier work, in the
RF2 context frameshifting occurs substantially more
frequently if the arginine codon is CGG, which is read

by a rare tRNA. In contrast, in the ‘normal’ context
frameshifting is only slightly greater at CGG than at
CGU. It is suggested that the Shine—Dalgarno-like
interaction elevates frameshifting specifically during
the pause prior to translation of the second codon,
which makes frameshifting exquisitely sensitive to the
rate of translation of that codon. In both contexts
frameshifting increases in a mutant strain that fails to
modify tRNA base A37, which is 3 ' of the anticodon.
Thus, those base modifications may limit frameshift-
ing at UUU codons. Finally, statistical analyses show
that UUU Ynn dicodons are extremely rare in  E.coli
genes that have highly biased codon usage.

INTRODUCTION

Much of what we know about frameshifting has come from
studies of programmed frameshifting (reviewed, ). At most

of these sites frameshifting occurs by tRNA:message realignment
(3-5), and frameshifting requires that the realigned complexes
contain stable base pairs. In many programmed frameshifts,
tRNA:message realignment may occur during ribosomal pauses
(6-12). Furthermore, most programmed frameshifts have
sequences near the slip site that enhance tRNA:message realign
ment. Unfortunately we know very little about how the features
of programmed frameshift sites apply to frameshift errors during
‘normal’ translation. Here, we determine how sequence features
shown to drive thEscherichia coli prfBRF2 gene) programmed
frameshift (L3) affect frameshifting in a ‘normal’ context.

The RF2 programmed frameshift site (FD. has been
extensively analyzed genetically and biochemically. The frame-
shift is part of an autoregulatory mechanism. The RF2 protein
terminates translation at UGA and UAA codonisg)( prfB
contains a UGA near it$ Bnd, and RF2 terminates synthesis of
nascent RF2 polypeptide in a concentration-dependent manner
(6,15). To synthesize RF2, ribosomes bypass the UGA termina-
tion codon by a rightward (+1) frameshift. The frameshift occurs
by realignment of the peptidyl-tRNA from the codon immediately
5 of the UGA onto the overlapping UUU triplet3). The
frameshift mechanism is shown in Figarehe four frameshift-
enhancing features are numbered in the figure and described here
First, frameshifting is facilitated by slow translation of the UGA
codon 6,15), which is consistent with the autoregulatory
function of the frameshift. Frameshifting also occurs with codons
substituted for the UGA4(7,9), and frameshift frequency is
inversely related to the rate of aa-tRNA selection at those codons
(6,7,9,12). Second, the'3®nd of 16 S rRNA (the anti-Shine—
Dalgarno sequence, ref7) base pairs with a run of purines
upstream of the slip site to enhance frameshiftitt). (The
mechanism by which this interaction stimulates frameshifting is
not known, but it is worth note that a Shine—Dalgarno-like
interaction also stimulates leftward (—1) frameshifting icoli
dnaX(19), and that frameshift direction and efficiency may be
related to the size of the spacing between that interaction and the
P site ¢,7,19,20). Third, a G:U wobble base pair in the pre-shift
codon:anticodon complex is associated with high-frequency
frameshifting, as if this weak pair facilitates slippage from the
initial frame @1). Weak pairing in the initial frame has also been
shown to contribute to high frequency frameshifting at other
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frameshifting in RF2 (Figl). In the RF2 context, the relative
frameshift frequencies are essentially as expected from the earlier
work described above. However, the stability of the rephased
tRNA:message complex may be more important in the normal
context than itis in RF2. In addition, the pause prior to translation
of the second codon is less important in the normal context than
it is in RF2. We attribute these differences to effects that the
Shine—Dalgarno-like interaction has on frameshift stimulation in
the RF2 context. We also find that, in both contexts, frameshifting
is increased in stationary cultures if the slippery tRi¢Aacks

the modifications on base A37t8 the anticodon (the ms2i06A
modifications, see ref5).

<— UCCUCC GAG
AGGGGGUAUCUUUGAC — All organisms exhibit coding sequence biases that include the
AT unequal usage of synonyms (reviewe@@28) and nonrandom
@ codon contexts (reviewed #9-31). There may be many factors
that drive sequence bias, but we wonder whether at least some biase
occur because they contribute to reading frame maintenance.
Because UUU Ynn dicodons are frameshift-prone, it is conceivable
that such sites are rare in genes. Statistical analyses show that suc
sites are indeed rare Ecoli genes, especially in genes that are
expressed at high levels. It is at least plausible that such sites are

avoided because of their inherent frameshifting tendencies.

C ERNA
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MATERIALS AND METHODS

Figure 1. Model of the RF2 programmed frameshift mechanism. The Strains and plasmids

mechanism is outlined illustrating the four features that contribute to high . . .
frequency frameshifting. These features are marked by circled numbers and afeur standardE.coli K12 host is MY600 %2), which has the

described below and in Introductior)(Prior to the shift, the ribosomal genotypef(lac-pro) ara thi MY599 contains a restrictivpsL
complex contains peptidyl-tRNAUin the P site base paired to the CUU triplet. mutation, but is otherwise isogenic to MY600. It was made by
e e ol i o i 1 e U (oo parcuring, S90C. 9 of s F by acridine orange reatment as
cod):)ns substituted for i)é), which allows time for frameshifti®). The desc”,bed by M'”_er:‘“')' Salmopellastralns GT522 a”q GT523
probability of a frameshift is increased if the éhd of 16 S RNA (the  are miaA* and miaAl, respectively, and are otherwise proto-
anti-Shine-Dalgarno) base pairs with the message (feature 2). Realignmentisophic (35). These strains were generously provided by Dr Glenn
also facilitated by a G:U wobble base pair between the peptidy-tRNA and theBjirk of the University of Umea. Genetic manipulations of the
oo gﬁg‘tﬁ:i 5532&'1; ft?]‘gtgh?ggéyfféﬁge is stable base pairing between Salmonellastrains were performed using standard protogé)s (
The culture media fop-galactosidase assays was Vogel and
Bonner 37) minimal salts, supplemented with 0.5% casein

programmed frameshift site$,£2,23). Fourth, the realigned hydrolysate (Difco), 0.5% glucose, and an appropriate antibiotic
complex includes stable base pait®{). This feature is also as described by Maniati al (38). Assays were performed as
observed at virtually all other programmed frameshift sites.  previously describedp).

Recently, Fu and Parket4) show that a specific UUU UAC  Plasmids are derivatives of pJC32)( pBR322 89) and pRS20.
site near the'5end ofE.coli argl undergoes a one nucleotide pRS20 (Fig.2) was made in two steps starting with pJC27 and
rightward (3) frameshift with a frequency of several percentpBR322. First, afccdRl-Sal fragment containing thiacZ gene
Derivatives that preserve the UUU Ynn theme are frameshifitom pJC27 was ligated to the largedRl-Sal fragment from
prone, but changes of either the phenylalanine codon to UUCmBR322. Then, théacZ promoter-ribosome binding region was
the 3 neighbor to adenosine inhibits frameshifting. Thus theeplaced with the corresponding element frampA on a
sequence requirements for frameshifting at this site are at le&sti—Hindlll fragment TheompAfragment was obtained from the
superficially similar to those found for the extensively characteE.coligenome as a PCR fragment in which the primers encode those
ized RF2 programmed frameshift slippage site (the third aréstriction sites. The sequences of the primers'aBIGCGTCG-
fourth features above). However, unlike the RF2 slippage site, tACGATTAAACATACCTTATAC-3' and 5CAGCAAGCTTTT-
context surrounding thargl slippage site does not include anyCATTTTTTGCGCCTCG-3 The resulting construct fuses the
other element, such as a Shine—Dalgarno sequence, knowrséocond codon aimpAto the polylinker region dacZ Frameshift
facilitate frameshifting at programmed frameshift sites. Furthesites were then cloned as double-stranded oligonucleotides betweer
more, this frameshift has no apparent cellular utility: it does ndtheHindlll andBarrHI sites of the polylinker of pRS20 (FR). The
generate a useful polypeptide, and it has no apparent regulateeguence of the noncoding strand oligonucleotides used to make
function. It may, therefore, be a high frequency ‘error.’ alleles with UUU CGG dicodons at the frameshift site: RF2 context:

To increase understanding of this error and of the RF2Z-AGCTTCCTTAGGGGGTANTTTCGCCTAGG-3;  Normal
frameshift, we compared the frameshifting properties of variantentext: 5>AGCTTAGCATTTCGGICGTAG-3. The phe—arg
of the UUU Ynn theme in and out of the context of the RF2licodons are italicized and bolded. Other dicodon constructs were
programmed frameshift site. The variants were designed to tesade with oligonucleotides having the corresponding sequence
the effects of specific features shown to be important fazthanges in those two codons.
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Figure 2. pRS20. pRS20 contains a fragment from Eheoli ompAgene AAG % 4% AAG
including the promoter and translational start region fused to a polylinker at the ]| I X
5 end of alacZ reporter. Oligonucleotides encoding frameshift sites were Juccoy shift uuccoy

spliced between theindlll and BanH| sites in the polylinker. pRS20 was
constructed as described in Materials and Methods.

Figure 3. Comparisons of the slippery features of phe—arg dicodon sites.
(A) and B) show the pre-shift (at left) and post-shift (right) anticodon:message
complexes for UUU CGG and UUC CGU, respectively. Watson—Crick base
pairs are indicated by vertical lines; the G:U wobble pair is marked with a colon;
and the C:A mispair is denoted with an x’. Codon pair UUUCGG contains

. . hifty features 1, 3 and 4 from Figure 1: The pre-shift complex contains a G:U
Computer programs were written Turbo Pascal, VErSION yobble pair, which may facilitate loss of the initial frame (feature 3); the
(Borland) and were run in a DOS environment. The highlypost-shift complex is stabilized by three Watson—Crick base pairs (feature 4);
expressed genes sequence database is derived from #mng, because the tRNA that reads the CGG codon is very rare, there may be a
ECO H.DAT file from the EMBL TRANSTERM databagé)l. greater pause during which realignment can occur (feature 1). In contrast, codon

. E . . . . pair UUCCGU has none of these shifty features: The pre-shift complex includes
This file contains 108.colicoding sequen_ces thathave high CAI_ no wobble base pairs; the post-shift complex includes a C:A mispair, which can
Values-_ Expected nl_mee'jS.Of codon pairs were _Ca|CU|ated USI@6stabilize the complex (21); and, because the CGU codon is read by an
a previously described joint probability equatid@l)( The  abundant tRNA, there may be little time available for tRNA:message
weakly expressed genes sequence database is an expandedegtgnment.

derived from that used by Folley and Yardi§) (

Sequence analyses

RESULTS is the pause prior to translation of the second codon (feature 1);
the longer the pause, the greater the opportunity for tRNA:mess-
Design of frameshift test sites age realignment(7,9,12).

We chose to study the four permutations of codon pairs with

As described in the Introduction, Fu and Parke) ¢how thata  UUU/C (phenylalanine) at the first position and CGG/U (arginine)
UUU codon is extremely frameshift-prone if it is followed by aat the second position because they are expected to have variou:
pyrimidine-starting codon (UUU Ynn codon pairs). To bettecombinations of the shift-site features identified from the extensive
understand the mechanism(s) of this frameshift, we designed ajs@br analyses described above. The features of the most (UUU
of four systematic variants of the UUU Ynn theme. Each memb@GG) and least (UUC CGU) frameshift-prone combinations are
of the set was placed within two broader sequence contexts: scribed in Figurg. Briefly, codon pair UUU CGG is expected
RF2 programmed frameshift site, and a short frameshift windowy be very slippery (features 3 and 4 from Ejgand have a long
that lacks programmed frameshift-enhancing features and whigiause (feature 1). In contrast, UUC CGU has none of these
therefore, may be representative of ‘normal’ message sitdgatures. For the other two codon pairs, UUU CGU has only the
Because the RF2 frameshift mechanism is very well-understogfibpery features (features 3 and 4), and UUC CGG is expected to
(see Figl), comparisons of the two contexts may illuminate théyave only a longer pause (feature 1). It should be noted that
frameshifting mechanism at the normal site. ribosomal pauses prior to aa-tRNA selection at CGG and CGU

The frameshift site of the RF2 programmed frameshift has be@ere not directly measured, but are assumed to depend inversely
extensively characterized. For example, we have measured the concentrations of the tRNAs that read them 3Fig.
frameshifting for variants with 32 different triplets at the first
codon £1) and 29 different triplets at the second codnilthree .5 meshift frequencies of the phenylalanine—arginine
of the four features shown to be important for high frequency,qqn pairs
frameshifting (Figl) are associated with these two codons. The
first codon is more frameshift prone if it has a third-positionThe four codon pairs were placed at the RF2 programmed
uridine (feature 3 from Fid.), possibly because relatively weak frameshift site in RFfacZ fusions (Fig2). Thep-galactosidase
wobble pairing with this U may facilitate slippage of theactivities and percent frameshift frequencies are listed in Table
peptidyl-tRNA from the initial phase(). In addition, efficient (the alleles with the RF2 prefix). The observed frameshift
frameshifting requires that the tRNA that reads the first codon Ifieequencies are completely consistent with the predictions.
capable of stable base pairing paring to the overlapping +1 tripBicodon UUU CGG, which has all of the shift-prone features, is
(feature 4 from Figl,; refs 4,21). Together, features 3 and 4 [118-fold more frameshift-prone than UUC CGU, which has none
comprise the ‘slipperiness’ of the site. The other important featuoé the features. In addition, the two alleles that have only some of
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the shift-prone features (UUU CGU and UUC CGG) hav&® of the anticodon. Formation of these modifications is
intermediate frameshift frequencies. And, because those intelependent on the activity of theaAgene {6). Absence of the
mediate values are essentially equivalent, the reduction imiaA modifications decreases translational efficiency, probably
slipperiness by the UUU to UUC mutation, and the reduction inecause the modifications stabilize the tRNA:message complex
the pause by the CGG to CGU mutation, have equal effedigviewed in ref25). Therefore, it is plausible that tRIN2¢
RF2asylon the RF2 programmed frameshift.

Table 1.Frameshifting frequencies of the UUU CGG/U constructs

might be more likely to slip on the message if it lackanfaA
modifications. To determine whether modification of base 37
and/or stationary growth differentially affects frameshifting by
the RF2 and NSD alleles, we compared frameshift frequencies in

Strain Frameshift allele B-gal activity % Frameshifting  isogenic miaAt+/— S.typhimuriumstrains in both midlog and
MY600 (pRS20) WT 10 530 _ stationary phase (overnight) cultures. Bayphimuriunstains
were the kind gifts of Dr Glenn Bjork.
MYBOO(PRS31) - RF2/UUU CCG 555 53 We measured the steady sfatgalactosidase activities of the
MY600(pRS32)  RF2/UUU CGU 123 12 RF2/UUU CGG and NSD/UUU CGG alleles during expression
MYB00(pRS33)  RF2/UUC CGG 131 1.2 in isogenianiaA+/— strains in both the midlog and the stationary
culture conditions (Tab®. Assays made from log phase cultures
MYB00(pRS34)  RF2/UUC CGU 3 03 at various densitiesl .6x 1P cells/ml are similar to withifll0%
MY600(pRS21) ~ NSD/UUU CGG 129 12 of each other, and the averages of eight such assays are reporte
MY600(pRS22)  NSD/UUU CGU 95 0.9 in Table 2. Similarly, assays made from overnight cultures
densities4 x 10° cells/ml) are also consistent, and the averages
MY600(pRS23)  NSD/UUC CGG 35 0.03 ( / . ’ ;
® ) of those assays are also included in the tablemid&mutation
MYB00(pRS24)  NSD/UUC CGU 3.2 0.03 increases frameshifting of the RF2-based construct by nearly

-gal values are averages of from between four and six assays; standard er
of the mean are <10%. Percent frameshifting values are relative to the WT ¢

trol.

2-fold (1.8- and 1.5-fold for low and high cell density, respectively).
‘Phe NSD allele shows slightly greater increases (2.3- and

05:5—fold, for low and high cell density, respectively). These

increases suggest that thmAmodifications reduce the inherent
i . tendency of this tRNA to frameshift. Furthermore, the modifica-
We also assayed the same codon pairs within very shegns may be slightly more important in the NSD context (the
frameshift windows that lack any Shine—-Dalgarno-like elemen§andard errors of these ratios at&%). We address the effect
(Fig. 2). Here, even without the Shine-Dalgarno the alleles Withs the miaA1mutation on frameshifting in the Discussion.
UUU at the first codon frameshift at frequencies thdiamrders
of magnitude higher ,than the a\{erage frameShlf,t fre_quen%ble 2.Frameshifting increases in an miaA strain at low and high cell densities
(42,43). In contrast, neither allele with UUC frameshifts signifi-
cantly. These data are in general agreement with the earfigf g,
observations of Fu and Parkér), who found that UUU Ynn,
but not UUC Ynn, codon pairs were frameshift-prone. Thus, a

Frameshift allele miaAallele Cell density

Low High

slippery UUU at the first codon appears to be essential foffT522(pRS31) RF2/UUU CGG  miakA+ 4.5 14.2

frameshifting in ‘normal’ contexts. However, in contrast to the gTs523(pRS31) RF2/UUU CGG miaAl 8.0 21.4

RF2 context, whether or not the second codon is read by a rar. .

tRNA is relatively unimportant in the normal context (compareGerSZZ(pRSﬂ) NSD/UUU CGG miaA+ 1.5 4.8
11.8

NSD/UUU CGG and NSD/UUU CGU). This suggests that in theGT523(pRS21) NSD/UUU CGG  miaAl 2.9
normal context the pause prior to aa-tRNA selection at the second

codon may be less important than it is at the RF2 programmgaported are % frameshifting relative to the corresporiihigonellahost ex-
frameshift site pressing WT lacZ from pRS20. Low cell density refers to cultures with viable

cell concentrations betweenx21(8 and 1.6x 1(° cells/ml. High cell density
refers to cultures with viable cell concentrations betweea@® and 6.5< 10°
cells/ml.

Frameshifting with altered translational apparatus

At some sites frameshift frequencies can be affected by mutations
and other changes in the translational apparatus. We wished téll of the stationary cultures show increased frameshifting. For
determine whether such changes would differentially affect thtee RF2-based allele, frameshifting incredsggold (2.8-fold
RF2 and NSD alleles. Fu and Park& (hoticed that as cultures for miaA+ and 3.2-fold for miaAl). The NSD alleles is affected
enter the stationary phase frameshifting increases at the UUWW-fold (3.8-fold for miaA+ and 4.1-fold for miaAl). Thus, with
UAC site at the 5end ofargl. Gallant and coworkergl{) also  borderline significance the NSD allele appears to be slightly more
observe that frameshift frequencies can increase in stationagnsitive to the stationary culture condition. Finally, because the
phase cultures. The changes in cell physiology that occur durisationary culture condition increases frameshifting equally for
stationary phase are not fully defined, and perhaps sevethémiaA+andmiaAlstrains, the stationary-induced increase is
changes could affect ribosomal kinetics and accuracy. not simply due to an inefficientiaA modification. We have not
One change that may be important is the undermodification fifrther explored the molecular and physiological bases for
tRNA, which can be induced by various stressful physiologicaitationary-induced frameshifting.
conditions ¢5). The slippery tRNRMehas the 2-methylthio and ~ We also studied the effect of a restrictipsL (streptomycin
6-isopentenyl modifications at adenosine 37 (ms2i6B.aoli  resistance) mutation on frameshifting at UUU Ynn. Restrictive
and ms2io6A irsalmonella typhimuriumjvhich is immediately rpsL mutations inhibit or ‘restrict’ aminoacyl-tRNA selection
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(47-50). Sipley and Goldmarip) and we %1) have shown that A formal alternative, however, is that the scarcity of UUU Ynn
restrictiverpsL mutations can increase frameshifting for certaircodon pairs in highly biased genes is due to some physical
RF2lacZfusions, presumably because restricted aa-tRNA seleproperty of UUUY tetranucleotides (or the corresponding DNA
tion at the second codon increases the time available feequence) thatis unrelated to protein synthesis. In this were true,
tRNA:message realignment. We also observed that the respottsen UUUY tetranucleotides should be rare in all three reading
to rpsL can differ among RF2 alleles, ampsL sensitivity frames. We tested this by searching the highly biased gene set for
correlates with weak codon:anticodon pairing at the secorsites that include the UUUY tetranucleotides phased in the
codon b1). To determine whether a restrictiygsL mutation  alternate reading frames (e.g., the dicodon guUU UCa includes a
affects frameshifting at UUU Ynn, we assayed constructs frotdUUY tetranucleotide, but it is phased one nucleotide rightward
Table1 in MY599. None of the constructs showed significantelative to the translated frame). One complication inherent to
increases in frameshift frequency in tipsL background (not studies nucleotide runs, like UUUY, is that certain codon pairs can
shown), which suggests that instability of the tRNA:messagaclude them in more than one reading frame. For example,
complexes at thgecondtodon is not a factor in frameshifting at dicodons UUU UYn include UUUY tetranucleotides in both the
these sites. In any caspsL does not distinguish the RF2 and initial and the rightward phases. Because above we show that
NSD alleles. UUUY tetranucleotides are rare in the initial frame (above), we
were careful to exclude sequences that include UUUY in the
initial frame from these control analyses. For example, to study
UUU Ynn dicodons are strongly avoided the rightward phase we examined codon pairs of the type AUU
o i . UYN plus GUU UYN plus CUU UYN (collectively noted as
It is firmly established that highly expressed genes show stroRgyy yyn).
sequence biases, and sequence bias is thought to contribute {g the rightward phase, vUU UYn dicodons, occur almost
high levels of expressio@§-31). Therefore, if UUU Ynn codon exactly as expected for randomly distributed codons (Bble
pairs are generally frameshift-prone, then such sites should Pgese data show that the UUUY tetranucleotides are not
underrepresented in genes that show strong sequence biasesyMirsally excluded from coding sequences, as would be
searched for the occurrences of UUU Ynn codon palescoli - expected for sequences that have some adverse structural
genes that have high degrees of codon usageif)ad¢suming  anomaly. Therefore, the extreme scarcity of UUU Ynn codon
that COdonS are rand0m|y dIStrIbuted, thel’l 122 UuUU Ynn Codcﬁhirs may be related to a translational property(s) such as
pairs are expected; however, only 25 such sites occur (see Taplneshifting.
3). Assuming a binomial probability, a difference from expecta- |nterestingly, the UUUY tetranucleotides are relatively rare in
tion this great has a chance likelihood of only®18 We also  the |eftward reading frame (nnU UUC + nnU UUU Rnn codon
searched for these sites in a collection of weakly expressed gepggbinations, Tablg), though the effect is not nearly as strong
(41). The UUU Ynn codon pairs are also underrepresented i it is for the in-phase UUU Ynn dicodon set. Gallant and
these genes, but the difference from expectation is of onfy.workers have shown that nnU UUC dicodons can be
borderline significance. Interestingly, for both highly and weaklghit-prone into the leftward frame, but in those experiments
expressed genes, the ‘missing’ UUU Ynn sites are almost exagi¥meshifting requires starvation for the amino acid specified by
matched by ‘extra’ UUC Ynn sites (97 fewer UUU Ynn and 93he codon followed the phenylalanine cods) or the stationary
more UUC Ynn in the ‘Hi" set; and 31 fewer UUU Ynn and 33¢yjture condition44). Leftward frameshifting also occurs at such
with there being random distributions of phenylalanine-Ynframeshifting can occur at phenylalanine codons at least under
dicodons, accompanied by selection for UWUUC mutations  certain growth conditions and/or contexts. Thus, the modest

at those sites. Further, because this apparent selection is mgghidance of the leftward UUUY tetranucleotide might also be
greater for highly biased genes, this bias may contribute to highiated to an inherent shiftiness.

levels of expression.

DISCUSSION
Table 3. Statistical analyses of the occurrences of UUUY tetranucleotides
We know a great deal about the sequence features that contribute
to frameshifting at therfB (RF2) programmed frameshift site

Sit Number of sit Binomial probabilit . .
res umber ot sties nomiat probebiiity (Fig. 1), but we know very little about how those features related
Expected ~ Observed to frameshift errors during normal translation. It was previously
Hi-UUU Ynn 122 25 5x 10718 shown that a naturally occurring UUU UAU codon pair and
H-UUC YNN 332 224 15¢ 106 derivativ_es that retain a UUU Ynn theme Bi®0 times more
) frameshift-prone than the average message Zije To help
Lo-UUU Ynn 169 138 %107 understand the mechanism of this apparently errant translation,
Lo-UUC YNN 105 138 2103 we analyzed the frameshifting tendencies of variants of the UUU
Hi-vUU UYn 143 146 04 Ynn theme placed within two broader contexts: the RF2
_ programmed frameshift site, which contains a frameshift-enhancing
Hi-nnU UUC and 303 240 5104

element (the Shine—Dalgarno-like element, 28f.see Figl),

Hi-nnU UUU Rnn and a site that lacks frameshift-enhancing features. Extensive
preliminary analyses of the RF2 frameshift enabled the design of
The prefix ‘Hi-'refers to genes with high levels of sequence bias; ‘Lo-' mean@ S€t of four codon pairs that contain various combinations of
weakly expressed genes. frameshift-prone features. Our data show that predictions about
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frameshift tendency in RF2 are partially applicable to a nortRNA:message stability. For example, in a model system in which
programmed slippery site. The disagreements between the RRNAs are paired through complementary anticodd®, (
and the normal contexts may result from the effects of theomplexes are less stable if they include a tRNA that is missing
Shine—-Dalgarno-like interaction, which occurs only for thets miaA-dependent modification§7). In addition, unmodified
RF2-based alleles. tRNAs are less efficient during nonsense suppression and
In both contexts, high frequency frameshifting requires that theissense readingn vivo (58-62). It was suggested that the
rephased tRNA:message complex be stable, but the partialiputation makes tRNA:message complexes less stable because
mismatched complex at UUC CGG is relatively frameshift-pronthe unmodified adenosine does not stack strongly onto the
only in the RF2 context (Tablg. Together with previous work, codon:anticodon complex, and that this relatively weak interac-
these data suggest that the Shine—Dalgarno may be able to liglp increases the likelihood that the suppressor will be rejected
hold the shifted phase following tRNA:message realignment. Wiuring ribosomal selectios(). This suggestion is supported by
previously show that many RF2 alleles frameshift with considethe observation thahiaA unmodified tRNAs are aggressively
able frequencies despite forming moderately mismatched cotproofread and are poor competitors with modified tRNAs during
plexes in the rightward fram&1). The intermediate frameshift in vitro polypeptide synthesi$g). It seems very likely that an
frequency for RF2-UUC CGG (TablB®, which has a single miaAinduced increased in frameshifting is caused, at leastin part,
mismatch in the rightward frame (an A:C in the middle position}py an instability in the pre-shift complex which leads to an
is consistent with that earlier work. In contrast, the NSD allelgscreased probability of tRNA:message slippage.
that have UUC as the phenylalanine codon essentially do notlhe reasons for biased codon and context usage are not yet
frameshift (Tablé). The simplest explanation is that thakieles,  known @6-31), but they are very likely to include selection
which can form neither a perfectly realigned tRNA:messag@gainSt sites that are either inefficiently translated and/or
complex nor a Shine—Dalgarno interaction, cannot stabilize tiggror-prone. Our statistical analyses show that UUU Ynn
rephased complex. dicodons are extremely rare in the translated ph&sealfgenes
Another effect of the Shine—Dalgarno-like interaction may b#hat exhibit strong codon usage biases (Tapl&his apparent
to highly elevate frameshifting only when the second codon Rvoidance of UUU Ynn codon pairs is very likely due to one or
available for translation in the A site (i.e., after translocation ghore translational properties; it seems at least plausible that a
peptidyl-tRNAPNY. An implicit requirement for RF2 autoregula- strong, inherent frameshifting tendency could be such a property.
tion is that frameshift probability is increased only while thé/Ve previously showed that the CGA codon, which is decoded
regulatory UGA is available for recognition by RF®7(13).  Wwith an inosine:adenosine wobble base pair, is both extremely
Most probably, translocation of the message simultaneoudigre and inefficiently decode@X). It seems very likely that the
places the regulatory codon into the A site and the stimulatof¢oidance of CGA codons and the scarcity of UUU Ynn
AGGGG to within reach of the ribosomal anti-Shine-Dalgarnd;odon/contexts are driven, at least in part, by the poor transla-
This model makes the programmed frameshift totally dependeifnal qualities of these sequences.
on the kinetic competition between Shine—Dalgarno association
and trarjslation of the A site codai.(Another irr_1p|ication of thi_s ACKNOWLEDGEMENTS
model is that because only post-translocation frameshifting is
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In contrast, the frameshifting observed for alleles that lack théso grateful to Drs Jonathan Gallant and Valery Lim for
Shine—Dalgarno could conceivably result from rephasing beforenpublished data and for helpful comments on the manuscript.
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only a minor effect on frameshifting (compare UUU CGG and
UUU CGU in Tablel), most frameshifting on the NSD alleles
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