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Yeast Asparagine (Asn) tRNA without Q Base Promotes
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tRNAs with or without Q Base
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In this study, we compare the efficiency of Asn tRNA  1999; Chamorret al, 1992; Dinmaret al, 1991; Jackst
from mammalian sources with and without the highly  al., 1988; Namet al, 1992; Wilsonet al, 1988). For
modified queuosine (Q) base in the wobble position of example, AAC enhances frameshifting far more efficiently
its anticodon and Asn tRNA from yeast, which than AAU, while UUU enhances frameshifting far more
naturally lacks Q base, to promote frameshifting. efficiently than UUC. The fascinating feature about this
Interestingly, no differences in the ability of the two  phenomenon is that AAU/C are decoded by the same Asn
mammalian Asn tRNAs to promote frameshifting were  tRNA and UUU/C are decoded by the same Phe tRNA.
observed, while yeast tRN!ﬁS”_Q promoted Thus, the same tRNA reads one of its codons far more
frameshifting more efficiently than its mammalian efficiently than the other in promoting the frameshift
counterparts in both rabbit reticulocyte lysates and process (reviewed in Hatfielet al, 1992).
wheat germ extracts. The shiftability of yeast Asn tRNA Asn and Phe RNAs are characterized by the fact that
is therefore not due, or at least not completely, to the they contain a highly modified base in their anticodon loop
lack of Q base and most likely the shiftiness resides in (Sprinzl et al, 1989). Asn tRNA contains queuosine (Q)
structural differences elsewhere in the molecule. base in the wobble position of its anticodon (position 34)
However, we cannot absolutely rule out a role of Q base and Phe tRNA contains wybutoxosine (Y) base in the
in frameshifting as wheat germ extracts and a lysate position immediately 3to its anticodon (position 37). The
depleted of most of its tRNA and supplemented with presence of these highly modified bases are known to
calf liver tRNA contain both Asn tRNA with or without influence the coding properties of tRNAs containing them.
Q base. For example, tyrosine tRNA fror@rosophila (Bienz and
Kubli, 1981) and tobacco plants (Beiet al, 1984a;
Keywords: Asparagine tRNA; Queuosine Base; 1984b) lacking a modified Q base at position 34 suppresses
Ribosomal Frameshifting; Wheat Germ Extracts. the stop codon, UAG, while the fully modified
isoacceptors do not. Histidine tRNA fromrosophila
lacking Q base decodes CAC much more effectively than
Introduction CAU, while the fully modified isoacceptor has a slight
preference for CAU (Meieet al, 1985). Lack of Y base in
E. coli Phe tRNAresults in the misreading of the leucine

An interesting feature of ribosomal frameshifting involving

retroviruses of higher eukaryotes is that, when AAU orcodon, CUU (Wilson and Roe, 1989), while the lack of the

AAC, or for that matter, UUU or UUC, occur at the site of Y base in mammalian Phe tRNA promotes frameshiftin
the frameshift (Farabaugh, 1996), there is a strong P 9

preference for only one of the pyrimidine bases in the 3
position to promote efficient frameshifting (Carlsenal,
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(Carlsonet al, 1999). In addition, once mammalian Phe Transcription Kit were purchased from Promega, DH5a
tRNA without Y translates its cognate codon, and iscompetent cells from Gibco, Qiafilter Maxi Kit from Qiagen,
presumably being transferred to the ribosomal P site, it2% polyacrylamide gels from Novex and calf liver tRNA from
influences the selection of the incoming aminoacyl-tRNAS'gma' Raw wheat germ was obtained from the local health food
to be decoded at the ribosomal A site (Carlepal, 1999;  Store-

Smith and Hatfield, 1986). e
. - . Purificat| d ch t h f tRNAs L |
Excellent reviews on the effect of modified bases in the uritication ‘and chrornatography o S Large scale

- - o amounts of rabbit reticulocyte lysates were prepared from
anticodon loop of tRNAs on ribosomal frameshifting phenyihydrazine treated rabbits and used as a source for

events that occur primarily in yeast and bacteria have beegeparing tRNA as described (Hatfietd al, 1979; Smith and

published recently (Bjorlet al, 1999; Farabaugh and Hatfield, 1986). Total tRNA was isolated from nuclease treated

Bjork, 1999). and untreated rabbit reticulocyte lysates, from yeast [strain 3950-
We previously proposed that the modification status oflB’2, obtained from D.C. Hawthorne (Hawthorne, 1976)] and

Asn and Phe tRNAs may affect their shiftability wherein from raw wheat germ as described (Diamcetdal, 1981;

the undermodified forms of each tRNA may promote Hatfli'(g et aI., 1979, Smlth and Hatfleld, 1986) Transfer

frameshifting more efficiently (Carlsoet al, 1999; RNAA;+Q(M) was purified from rabbit reticulocytes and

Hatfield et al, 1989; 1992). To investigate this possibility, (FRNVA" - 10 h%zlogenelty from yeast as given (Carlsoal,

we examined the ability of Asn tRNA from yeast, which 1999) and tRNA™. vy from reticulocytes by the same

e procedures. Amounts of specific tRNAs were determined by
lacks the Q base, and hypomodified Phe tRNA fromaminoacylating tRNAs in the presence &fdJlamino acid and

mammalian systems, which lacks the Y base, to stimulateppit reticulocyte synthetases under limiting levels of tRNA as

frameshifting in rabbit reticulocyte lysates programmedgescribed (Hatfielt al, 1979). Chromatography of tRNAs was

with the mRNA encoding the appropriate frameshift signalcarried out on RPC-5 columns (Kelmers and Heatherly, 1971) as

(Carlson et al, 1999). Both hypomodified tRNAS described (Hatfielcet al, 1979).

stimulated frameshifting demonstrating that they are

indeed shifty tRNAs. However, with respect to Asn tRNA Constructs encoding frameshift signals The constructs

from yeast (designated herein as tFﬁ?FAQ(Y)), there are enc_oding GST, designated GST-constructs, consist of tr_le GST

several base differences between it and the correspondiﬁgg'On and thgag-proframeshift region of MMTV as described
arlsonet al, 1999). Thegag-pro region was prepared by

mammalian, Q-containing or Q-deficient Asn tRNAs. This ¢ o X .
prompted us to examine the relative efficiencies Ofampln‘ylng a 214 bp fragment which begins 39 bases upstream of

. L the frameshift site and is attached in-frame with the C-terminus
tRNAAsn*_Q(Y) and the Q—contalnl.ng and Q-def!C|ent of GST. A mutation was introduced 8 bp downstream of the hair-
mamrpallan Asn tRNAs (designated herein aspin structure (Carlsort al, 1999) converting an A to a T to
tRNA™" o) and tRNﬁbsan(M)' respectively) in  introduce a methionine codon in the —1 reading frame and
promoting frameshifting. Interestingly, the level of mutation of the wild type construct (GSE®) to the mutant
frameshifting was indistinguishable with the two modified construct (GST-AU) was then introduced within the
forms of mammalian Asn tRNA, but the level was heptanucleotide frameshift signal sequence by PCR. Constructs
enhanced with tRNAS“,Q(Y) in both rabbit reticulocyte were amplified by transforming DH5a competent cells with the
lysates and wheat germ extracts. Hence, the enhancé@propriate plasmid, growing transformed cells in 1 L batches,
shiftability of tRNAASN is not due, at least completely, extracting and then purl_fylng plas_mlds using a Qiafilter Kit by

Q) i andard molecular cloning techniques (Petrlal, 1997).
to the absence of Q base and is likely due to some othé&f 9 q ’

base difference or differences. Even though rabb_nPreparation of mMRNA and protein synthesis GST-constructs

reticulocyte lysates were deplete_d of m(_)st of the'rwere cut withEcoRl and mRNA generated from each construct
endogellous tRNA, the lysates contained residual amounigarisonet al, 1999) using a Ribomax large scale transcription
of tRNA™", o, and tR’\|'Aesn—Q(|v|)' and the tRNA added it as described by the vendor. Large scale preparation of rabbit
to supplement tRNA dependent lysates contained botketiculocyte lysates for making tRNA dependent and nuclease
isoacceptor forms, making it difficult to evaluate the role treated lysates were carried out as given (Hatkldl, 1979;
of Q base in frameshifting. Smith and Hatfield, 1986). Rabbit reticulocyte lysates were
programmed with 5ug of mRNA and 3*S-methionine, 19
unlabeled amino acids (minus methionine) added and reactions
Materials and Methods (25 pl total volume) carried out following the instructions of the
vendor. For most studies, 5 pmol of tRNAQ(M (6 pg of
Materials [**S]Methionine (Spec. Act. 1200 Ci/mMol), and tRNA), tRNA" ., (4 ug of tRNA) and of tRNA™" oy, (4.6
[*H]asparagine (Spec. Act. 20 Ci/mmol) were purchased fromug of tRNA) were added to reactions where indicated in the
NEN and glutathione transferase gene (GST) backbone vectofigures. Rabbit reticulocyte lysates were depleted of endogenous
pGEX4T-1, from Pharmacia. Rabbit reticulocyte lysates (nucleaseRNAs by Sepharose 6B (see Festgal, 1989, and references
treated and untreated) were purchased from Promega or wetherein and Acknowledgements) and supplemented with total
prepared as described (Hatfidtlal, 1979; Smith and Hatfield, tRNA from calf liver (Sigma) or from rabbit reticulocytes.
1986). Wheat germ extracts and Ribomax Large Scale RNAFollowing protein synthesis using rabbit reticulocyte lysates or
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wheat germ extracts, reactions were treated, electrophoresed abdth sources o vitro protein synthesis systems. That is,
the level of frameshifting determined by analyzing developedGST_AGC was a more slippery, frameshifting template than
gels using a Molecular Dynamics Phosph_orl_mager as de_scribe(:ljST_AGU and tRNﬁesn,Q(Y) enhanced frameshifting,
(Carlsonet al, 1999) The number of methionine re'_sldues in _th_ewhereas tRN/—“\S'L W and tRNA@S”,Q(M) had little or no
0 frame and the 1 frame were compensated for in determiningo .+ o the level of frameshifting. it should be noted that
the level of frameshifting. . .
repeated experiments using wheat germ extracts and each
Asn LRNA showed aﬁslight stimulation with either
: : tRNA™", o\ and tRNA®"_o,, and GST-AC mRNA
Results and Discussion (rangingQ(b()atween 1.25 251& 1.5 fold) and a more
The level of frameshifting using frameshift signals pronounced stimulation with tRNW‘,Q(Y) (ranging
encoding AAC and AAU at the frameshift site in responsebetween 2 and 2.5 fold). Similarly, very little or no
to the two mammalian Asn isoacceptors, tRRIA 0 and stimulation in frameshifting was observed with either
tRNAAS”_Q(M), and to yeast Asn tRNA, tRl\f*ﬁ —Q(Y) mammalian Asn tRNA and GSTg& mRNA in repeated
were examined. Rabbit reticulocyte lysates wereexperiments, whereas tRN‘ﬂ‘,Q(Y) always enhanced
programmed with either GSTg& or GST-AU mRNA frameshifting by about 2 fold.
and the appropriate Asn tRNA added as shown in Fig. 1. The above data demonstrate that yeast tﬁ?f{l@m
Neither mammalian isoacceptor (lanes 2 and 3) stimulateénhances frameshifting, while the corresponding
the level of frameshifting above the control level without mammalian isoacceptors with and without Q base have
added tRNA (lane 1). However, tRIQ;T_Q(Y) stimulated little or no effect on frameshifting when added
the level of frameshifting dramatically with both frameshift exogenously. Since the only difference between the two
signals (lane 4). The fact that frameshifting is reducednammalian isoacceptors is the presence or absence of Q,
when AAC is mutated to AAU at the frameshift site hasdoes this mean that Q has no influence on frameshifting?
been known for many years (Jacks, 1990). The importanto attempt to resolve this question, we prepared tRNA
observation in this study is that yeast tRﬁ'AQ(Y) is dependent reticulocyte lysates as described in Materials
indeed a shifter tRNA compared to either tRﬁAQ(M) or and Methods. Most of the tRNA was removed from lysates
tRNAAS”_Q(M) under these assay conditions. as shown in Fig. 3, lane 4. For comparison, untreated
The level of frameshifting was also examined in wheatlysates (lane 2), nuclease treated lysates supplemented with
germ extracts (Fig. 2). Wheat germ extracts werecalf liver tRNA (lane 3) and tRNA dependent lysates
programmed with GST-{C and GST-AU and the supplemented with calf liver tRNA (lane 5) are shown. In
appropriate Asn tRNA added. Although the level of addition, tRNA preparations from calf liver (Sigma) and
frameshifting was much lower in wheat germ extracts (Figfrom rabbit reticulocytes and yeast (prepared as given in
2) compared to that found in rabbit reticulocyte lysatesMaterials and Methods) are shown in lanes 6-8,
(Fig. 1), similar patterns of frameshifting were observed inrespectively.

GST-A AAA AAC GST-A AAA AAU
E E 3 E E 3
o o o o o o
T € T <« 5 < < X«
s 2 2 2 s 2 2 2
E £ X & X X
o F F ¥ o F ¥ ¥
— — e €— GST-PRO e 4— GST-PRO
——— 4 GST . 4— GST
Lane: 1 2 3 4 lane: 1 2 3 4
%FS:  26% 28%29% 47% %FS: 7% 5% 6% 18%

Fig. 1. Ribosomal frameshifting in rabbit reticulocyte lysates supplemented with Q-containing and Q-deficient Asn tRNA. Nuclease
treated rabbit reticulocyte lysates were programmed with mRNA generated from constructs encoding @6GAT-AU as shown

and supplemented with tRNA', 5 (lane 2), tRNA®" 5y (lane 3) or tRNA™ o, (lane 4) or no additional tRNA (lane 1).
Following incubation, reactions were electrophoresed and the level of frameshifting determined as given (see Materialedmd Meth
and Carlsoret al, 1999).
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GST-A AAA AAC GST-A AAA AAU
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Fig. 2. Ribosomal frameshifting in wheat germ extracts supplemented with Q-containing and Q-deficient Asn tRNA. Wheat germ extracts
were programmed with mRNA generated from constructs encoding GSTeA GST-AU as shown and supplemented with
tRNA®", 5y (1ane 2), tRNA®"_ oy (lane 3) or tRNA®"_y, (lane 4) or no additional tRNA (lane 1). Following incubation, reactions
were electrophoresed and the level of frameshifting determined as given (see Materials and Methods aret @grlE899).

The tRNA “depleted” lysates were dependent on

Lysate tRNA exogenous tRNA to restore protein synthesis and were
H | therefore supplemented with either calf liver tRNA or
= <Zt << 3 rabbit reticulocyte tRNA. The level of frameshifting was
B 3 § & 2% Z restored to that shown in Fig. 1 (data not shown). Although
5 $ § T BE L the level of frameshifting was not enhanced by further
i § § s addition of either tRNA™", ) or tRNA™"_ 1 (data not

shown) the role of Q base in frameshifting cannot be
assessed by these studies. About 10% of the Asn tRNA

1500 bp —» population in calf liver consists of tRI\’I\A“,Q(M) (Hatfield
et al, 1979). Thus, a tRNA population fully Q-containing
600bp —» or fully Q-deficient is difficult to obtain from mammals.
300 bp —> Alt'hou.g_h yeas@ Asn tRNA is totally devoiq pf Q the
200 bp —> shiftability of this tRNA in ribosomal frameshifting is not
due, or at least not completely, to the absence of Q (see
100 bp —» below).
<— tRNA We examined the distribution of Q-containing and Q-

lacking Asn tRNAs in the protein synthesis systems used in
this study. As shown in Fig. 4A, about 25% of the Asn
tRNA population consists of a late eluting species in
nuclease-treated lysates that were supplemented with calf
liver tRNA. This late eluting species lacks Q base (Hatfield
et al, 1979), and presumably most of the Q-deficient Asn
tRNA observed in lysates, comes from the endogenous
reticulocyte tRNA population as this source of tRNA is
Fig. 3. Transfer RNA in rabbit reticulocyte lysates. RNA was known to be rich in Q deficient tRNAs (Hatfieket al,
extracted from untreated (lane 2) and nuclease treated Iysatqs‘979)_ Interestingly, Asn tRNA could be recovered from

(lane 3), tRNA dependent lysates (lane 4) and tRNA dependergRNA “depleted” lysates (Fig. 4A) even though virtually

lysates supplemented with calf liver tRNA (lane 5), run on a 3% . .
agarose gel and stained with EtBr. In addition, total calf Iiverno tRNA was detected by gel electrophoresis (Fig. 3, lane

tRNA from Sigma, total tRNA prepared from rabbit reticulocytes 4). Thus, not all of the tRNA was removed from tRNA
and total tRNA prepared from yeast (see Materials and Methods‘)i.ep.endent lysates and th? distribution of the two forms was
are shown in lanes 6-8, respectively. Standard DNA MW marker$imilar to that observed in nuclease-treated-supplemented
(at 100 bp increments) are shown in lane 1. lysates. Furthermore, isolation of tRNA from tRNA
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completely devoid of the Q-containing or Q-deficient
isoacceptor and one form may have a preference in
decoding AAC. The work of Meieet al. (1985) clearly
demonstrates that histidine tRNA lacking Q base from
higher eukaryotes translates its cognate code word
terminating in C (CAC) far more efficiently than its
cognate code word terminating in U (CAU). Histidine
tRNA containing Q base translated CAU/C with a slight
preference for the U containing code word. These
observations favor a model in which Q-deficient Asn tRNA
promotes frameshifting more efficiently than the Q-
containing form. Indeed, there must be a subtle
translational mechanism operating at the frameshift site
that accounts for the more slippery AAC than AAU codon.
A logical explanation for a codon preference at the
frameshift site is that the modified status of the decoding
tRNA influences this process.

CPM X 1073
o
|

It can definitely be concluded from these studies that
yeast Asn tRNA is a tRNA that stimulates frameshifting,
and, thus, a tRNA lacking Q base promotes frameshifting.
2 It is questionable, however, the extent to which Q base
) may play a role in this event. Since yeast and mammalian
Asn isoacceptors differ in their primary structures, their
primary structures are shown in Fig. 5. The anticodon

H H H n sn
Fig. 4. Chromatography of Asn tRNAs from protein synthesis I00PS are identical in tRNA" oy, and RNA" ().
systems. Transfer RNA was isolated from 20 ml of untreatedThus, the shiftiness of the yeast isoacceptor does not
lysate, 20 ml of tRNA dependent lysate, 20 ml of tRNA appear to be associated with the anticodon loop unless the

dependent lysate that was supplemented with calf liver tRNA and@nticodon stem or other regions of tRNAQ(Y) render

20 g of raw wheat germ and aminoacylated Wtkasparagine as  the anticodon more favorable to decoding AAU/C code
given in Materials and Methods (see also Hatfielcal, 1979;  words. Another important feature about yeast Asn tRNA is
Smith and Hatfield, 1986)°H-Asparaginyl-tRNAs were  that it stimulates frameshifting with either AAU or AAC as

chromatographed on a RPC-5 column in a 0.45 to 0.65 M NaCle frameshift code word. This is unlike the natural
gradient as described (Hatfielt al, 1979), eluted fractions — yoqqqing of the frameshift site in retroviruses that utilize
collected and counted in a Scintillation Counter and the resultlngAsrl tRNA where AAC is strongly preferred. It is important

elution profiles from an untreated lysate #—), from a tRNA . .
dependent lysate (8—), and from a tRNA dependent, calf liver to note that yeast Asn tRNA can stimulate ribosomal

supplemented lysate (6—) are shown in A and from wheat [rameshifting in higher eukaryotes and the reason for the
reticulocytes are plotted on the same graph, they were obtained
from individual chromatographic runs on the column. The elution
profile of 3H-asparaginyl-tRNA from tRNA dependent, tRNA
supplemented lysates was obtained on a separately packed RPC-
5 column which retarded its elution as indicated by the fraction
numbers in brackets.

0 20 40 60 80 100

Fraction Number

Yeast Asn tRNA Mammalian Asn tRNA

cacnoctanns,

fsTat=loFt-R
T
AEOOLEASNNR

i T=tatat=d
L1111yl

dependent lysates that were supplemented with calf livers b pat00C L R o Laeac
tRNA showed that this population contained both Q- s
containing and Q-deficient Asn isoacceptors (Fig. 4A). e
Wheat germ extracts also contained both Asn isoacceptors - [
in high amounts (Fig. 4B). K

Although it is tempting to speculate that Q base does not
have a role in the frameshift event, we cannot concludeig. 5. Primary structures of yeast (tRRA ) and
that this is true based on the protein synthesis datamammalian Asn tRNAs (tRNA", —q(wy)) shown in a
observed with the two forms of mammalian Asn tRNA. cloverleaf model. Primary structures were taken from Sprinzl
Clearly, the protein synthesis systems used are nevet al. (1989).
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subtleties of translational regulation in higher eukaryotesFeng, Y.-X., Hatfield, D. L., Rein, A., and Levin, J. G. (1989)
However, our focus of attention in future studies will be Translational readthrough of the murine leukemia virus gag

. . : : gene amber codon does not require virus-induced alteration of
directed toward resolving the role of Q base in mammalian {RNA. J. Virol. 63, 2405-2410.

Asn tRNA_ and of Y base _i”_ mammalian Phe tRNA_ iN Hatfield, D., Feng, Y.-X., Lee, B. J., Rein, A., Levin, J. G., and
retroviral ribosomal frameshifting. It should be emphasized Oroszlan, S. (1989) Chromatographic analysis of aminoacyl-
that base modifications at position 37 in tRNA have a tRNAs which are required for translation of codons at and
strong influence on retarding frameshifting and perhaps &round the ribosomal frameshift sites of HIV, HTLV-1 and

- o . BLV. Virology 173 736—742.
more so than modifications at position 34 (Bjakal, Hatfield, D. L., Levin, J. G., Rein, A., and Oroszlan, S. (1992)

1999; Farabaugh and Bjork, 1999). Hence, the Y base at Transiational suppression in retroviral gene expresiatv.

position 37 in Phe tRNA may strongly retard ribosomal Virus Res41, 193-2309.

frameshifting, while Q base at position 34 in Asn tRNA Hatfield, D. L., Matthews, C. R., and Rice, M. (1979) Aminoacyl-

may only have a moderate effect. tRNA populations in mammalian cells: Chromatographic

profiles and patterns of codon recogniti@ochim. Biophys.
. Acta 564, 414-423.

Acknowledgments We thank Dr. Y.-X. Feng for her help in  jawthome, D. C. (1976) UGA mutations and UGA suppressors

obtaining the tRNA dependent rabbit reticulocyste lysates. This jn yeast.Biochimie58, 179-182.

work was supported in part by the Molecular Medicine Researchjacks, T. (1990) Translational suppression in gene expression in

Group Program, Ministry of Science and Technology of Korea retroviruses and retrotransposor@urr. Top. Microbiol.

(B. J. L). Immunol.157, 93-124.

Jacks, T., Madhani, H. D., Masairz, F. R., and Varmus, H. E.
(1988) Signals for ribosomal frameshifting in the Rous
sarcoma virus gag-pol regio@ell 55, 447-458.

References Kelmers, A. D. and Heatherly, D. E. (1971) Columns for rapid

Beier, H., Barciszewska, M., Krupp, G., Mitnacht, R., Gross, H. chromato_graphic _sepa(ation of s_maII amounts of tracer-labeled
(1984a) UAG readthrough during TMV RNA translation:  transfer ribonucleic acidsinal. Biochem44, 486-495.
isolation and sequence of two tRNAswith suppressor Meier, F., Suter, B., Grosjean, H., Keith, G., and Kubli, E. (1985)
activity from tobacco plantEMBO J 3, 351-356. Queosine modification of the wobble base in tRNAHis

Beier, H., Barciszewska, M., and Sickinger, H. D. (1984b) The influencesin vivo decoding propertie£MBO J.4, 823-827.
molecular basis for the differential translation of TMV RNA in Nam, S. H., Copeland, T. D., Hatanaka, M., and Oroszlan, S.
tobacco protoplasts and wheat germ extraEfdBO J. 3, (1992) _Characterlzatlon of ribosomal frameshifting for_
1091—1096. expression of pol gene products of human T-cell leukemia

Bienz, M. and Kubli, E. (1981) Wild-type tRNA® reads the virus type I.J. Virol. 67, 196-203.

TMV RNA stop codon, but Q base-modified tRNE? does ~ Park, J. M., Hatfield, D. L. and Lee, B. J. (1997) Cross-
not. Nature (LondonR94, 188-190. competition for TATA-binding protein between TATA boxes of

Bjork, G., Durand, J., Hagervall, T., Leipuviene, R., Lundgren, ~the selenocysteine tRNA[Ser]Sec promoter and RNA

H., Nilsson, K., Chen, P., Qian, Q., and Urbonavicius, J. _ Polymerase Il promoterdol. Cells7, 72-77.

(1999) Transfer RNA modification: influence on translational Smith, D. W. E., and Hatfield, D. L. (1986) Effects of post-
frameshifting and metabolisnFEBS Lett.452, 47-51. transcriptional base modifications on the site-specific function
Carlson. B. A.. Kwon. S. Y.. Chamorro. M.. Oroszlan. S. of transfer RNA in eukaryote translatiof. Mol. Biol. 189,

Hatfield, D. L., and Lee, B. J. (1999) Transfer RNA _ ©663-671. _
modification status influences retroviral ribosomal SPrinzl, M., Hartmann, T., Weber, J., Blank, J., and Zeidler, R.

frameshifting.Virology 255, 2-8. (1989) Compilation of tRNA sequences and sequences of

Chamorro, M., Parkin, N., and Varmus, H. E. (1992) An RNA _tRNA genesNucleic Acids Resl7, r1-—r172. _
pseudoknot and an optimal heptameric shift site are requiredVilSon, W., Braddock, M., Adams, S. E., Rathjen, P. D.,
for highly efficient ribosomal frameshifting on a retroviral ~ Kingsman, S. M., and Kingsman, A. J. (1988) HIV expression
messenger RNAProc. Natl. Acad. Sci. US89, 713-717. strategles:_rlbosomal framgshlftmg is directed by a short

Diamond, A. M., Dudock, B., and Hatfield, D. (1981) Structure ~ S€quence in both mammalian and yeast systéed. 55,
and properties of a bovine liver UGA suppressor serine tRNA 1159-1169.
with a tryptophan anticodorCell 25, 497-506. Wilson, R. K and Roe,_ B. A. (1989) P_resence of the

Dinman, J. D., Icho, T., and Wickner, R. B. (1991) A -1 ribosomal ~hypermodified nucleotide N6-(delta 2-isopentenyl)-2-

frameshift in a double-stranded RNA virus of yeast forms a methylthioadenosine prevents codon misreading by
gag-pol fusion proteinProc. Natl. Acad. Sci. US88, 174— Escherichia coliphenylalanyl-transfer RNARroc. Natl. Acad.
178. Sci. USA86, 409-413.

Farabaugh, P. J. (1996) Programmed translational frameshifting.
Microbiol. Rev.60, 103—-134.

Farabaugh, P. J. and Bjork, G. R. (1999) How translational
accuracy influences reading frame maintenaké4BO J.18,
1427-1434.




