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ABSTRACT which can hardly be explained by ‘leaky scanning’ or ‘stop and
reinitiation’ mechanisms.

A powerful technique for incorporation of synthetic amino
acids into a protein at a predetermined position has been devel-
oped within the last two decades. The method involves incor-
poration of a stop codon at the position of interest in the protein
gene andn vitro expression of the gene in the presence of
misacylated suppressor tRNA, the latter of which participates

A new strategy for studying the mechanism of trans-
lation initiation in eukaryotes has been developed.
The strategy involves the use of an  in vitro trans-
lation system to incorporate a non-natural fluores-
cent amino acid into a protein from a suppressor
tRNAPre . misacylated with that amino acid. It is

thereby possible to monitor translation initiation in read-through of the stop codon (24—36). Numerous modified
efficiency at an AUG codon in different contexts; this proteins and peptides have been synthesized successfully and
is illustrated for three constructs encoding studied using this strategy (34-41). Another recent achieve-
Escherichia coli - dihydrofolate reductase mRNA with ment utilizing misacylated suppressor tRNAs involved explor-
different translation initiation regions. Fluorescence ation of the translation initiation mechanism via vitro
measurements after invitro translation of the mMRNAs suppression (42). It was shown that different types of translation
in rabbit reticulocyte lysate reflected differences in initiation (e.g. reinitiation, ‘leaky scanning’) can be regulated and
the position and efficiency of translation initiation distinguished by varying the concentration of the misacylated
and, therefore, can be used for characterization of tRNA.

the translation initiation process. Here we describe a system that has the potential to facilitate

the study of the position and efficiency of translation initiation
INTRODUCTION in el_JI_<aryot|c c_ells _a_n_d _the |dent|f|c_at|on of |nh|b|to_rs of
specific translation initiation mechanisms for some viruses.
Translation initiation is a key regulatory step in the synthesis offhe strategy is based dn vitro suppression and employs a
numerous proteins in eukaryotic cells. Different forms of thesuppressor tRNA misacylated with N&{7-nitrobenz-2-oxa-
same protein, sometimes having distinct functions, can bg 3-diazol-4-yl)-2,3-diaminopropionic acid (NBD-Dap) (Scheme 1)
produced as a result of alternative initiation of translation (1—4) IIn a protein Synthesis reaction as a marker and potentia| reg-
has also been found that translation reinitiation is involved inyjator (42) of translation.
regulation of the viral life cycle for human immunodeficiency
virus type 1 (5-7).

The current model of translation initiation in eukaryotes o o
posits the start of protein synthesis at the AUG codon neares BOCHN\é)\OH i i wocn. A,
to the 5'-end of the mMRNA (8-13). In some cases, reinitiation v~ - EMOGHN"
of translation can occur at the next AUG codon following
translation termination (14—16). Another process, called ‘leaky

iv, v, vi

scanning’, takes place when the 40S ribosomal subunits bypas tRNA-CC o 1M
. . . . T N X

the first AUG codon because it is present in a non-optimal 0 0=p-0" ¢ 7 )N
codon context. In this case the ribosomes initiate synthesis at aNVOCHN\)LOACN © ol N7
downstream AUG codon (10-13,16). iNe i, vi \—7

In spite of the fact that the described translation initiation N Oy 0 OH
mechanism was shown to predominate for normal eukaryotic \N:O NVOCHN ™)
mMRNAs, some viruses, such as hepatitis C virus (HCV), Moloney NO, HN
murine leukemia virus (MoMuLV), encephalomyocarditis D\
virus (EMCV), foot-and-mouth disease virus (FMDV) and Nb_,([ NC2

poliovirus, use an unusual internal translation initiation pro-

cess (1_7_22)' The same mechanism was described recently_ f§Uheme 1(i) FMOC succinimide; (ii) 4 N HCl in dioxane; (iii) 6-nitroveratryl
translation (_)f the hum_an proto-oncogene c-myc (23). In thighioroformate; (iv) piperidine; (v) NBD chloride; (vi) chloroacetonitrile;
case, protein synthesis starts far (>400 nt) from the 5'-endyii) pdCpA; (viii) tRNA-C,,, T4 RNA ligase.
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mRNA The HindllI-PfIMI fragment from pTHD8 coding for théac
Stop codon for promoter, a hexahistidine-containing peptide and the first 19
suppression DHFR amino acids of DHFR was replaced by a synthetic oligonucleo-
S___AUG UAG AUG 3 tide duplex coding for a hexahistidine-containing peptide, a

UAG site for suppression (for three suppression constructs) or
GCG sequence (for wild-type constructs), a TEV protease

Translation reaction in the cleavage site, the first 19 amino acids of DHFR and different
presence of suppressor tRNA \ . N . A
misacylated with a fluorescent 5'-untranslated regions, as described in Results. In total, six

amino acid constructs were prepared. The plasmids were denoted pOpt,

pOptC, pNopt, pNoptC, pAlt and pAltC (Fig. 2B). The nucleo-
Initiation of translation from tide sequences of all of the plasmids were verified by restriction
the second AUG codon analysis and Sanger DNA sequencing (43).

Initiation of translation
from the first AUG codon

In vitro synthesis of DHFR

DHFR with a
fluorescent amino acid

PHFR In a typical experiment, DHFR was synthesized in a reaction
mixture (10-10Qul total volume) that contained, per 1
70 ul of nuclease-treated rabbit reticulocyte lysate | & of

[35S]S-methionine (1000 Ci/mmol), Al of a 1 mM solution of
all 20 amino acids, 2Qg of the appropriate MRNA and 3@
Figure 1. Alternative initiation of translation of DHFR. Only full-length translatio  of deprotected aminoacy|-tR[\f’)1@CU A- The reaction mixture
product gives a fluorescence signal. was incubated at 3C for 1.5 h.In vitro translation of control
mRNAs was carried out without added misacylated tRNA.
Aliquots (1pl) were analyzed by 13% SDS—PAGE (44). Analysis
An outline of the strategy is presented in Figure 1. Initiationand quantification of bands was carried out using a phos-
of translation at the first AUG codon results in production ofphorimager.
full-length dihydrofolate reductase (DHFR) including the fluo- = i
rescent amino acid. Initiation of translation from the second’urification of the recombinant DHFR
AUG codon produces a truncated protein, which does na vitro translation mixture (20Qul) containing (putatively
include the fluorescent amino acid. Therefore, by comparin§luorescent)®S-labeled protein or 0.05 £, U of NBD-Dap—
the intensity of the fluorescence signal with the amount opdCpA as a control for fluorescence background was incubated
DHFR protein produced it is possible to monitor the extent tayith 1 ug of RNase A for 30 min at room temperature and then
which translation is initiated at the first AUG codon, as well asapplied to a 20qul DEAE Sepharose CL-6B column that had
the overall efficiency of the process. been equilibrated with 5 mM K phosphate buffer, pH 7.0. The
column was washed with four 400 portions of 5 mM K
phosphate buffer, pH 7.0, then with three 4@Qportions of
MATERIALS AND METHODS 5 mM K phosphate buffer, pH 7.0, containing 100 mM KCl,
[*S]methionine (1000 Ci/mmol) was purchased from Amershanand finally with three 40Qul portions of 5 mM K phosphate
Corp. Nuclease-treated rabbit reticulocyte lysate system, TRuffer, pH 7.0, containing 150 mM KCI. The remaining proteins
transcription kit and restriction endonucleases were obtaineiere washed from the column with 8@0 of 5 mM K phos-
from Promega Inc. T4 DNA ligase and T4 RNA ligase werephate buffer, pH 7.0, containing 0.4 M KCI. The fluorescence
obtained from New England Biolabs. Synthetic oligonucleo-emission signal was measured at 545 nm (excitation wave-
tides were obtained from Gibco BRL and Cruachem, Inc. Théength 480 nm). The purified material was analyzed by 13%
Sequenase v.2.0 DNA sequencing kit was purchased from USDS—-PAGE (44) and scanned on a fluorimager (excitation at
Biochemical. NBD chloride was purchased from Aldrich; 488 nm, emission at 570 nm).
DEAE Sepharose CL-6B was from Sigma. ) )
UV spectral measurements were made using a Perkin-ElmepNthesis of protected NBD-Dap-pdCpA and misacylated
Lambda Array 3840 spectrophotometer. Radioactivity measurdRNAS
ments were performed with a Beckman LS-100C liquid scintillatiorNe-9-Fluorenylmethoxycarbonyl-(S)-diaminopropionic  acid.
counter. Phosphorimager analysis was performed using Po a solution containing 750 mg (3.67 mmol) f-butyloxy-
Molecular Dynamics 300E phosphorimager equipped witfcarbonyl-§)-diaminopropionic acid and 606 mg (3.67 mmol)
ImageQuant software. Fluorescence measurements were magek ,CO; in 10 ml of H,O and 5 ml of dioxane was added a
using a Fluorolog 2 fluorescence spectrophotometer (Jobisolution of 1.36 g (4.04 mmol) of FMOC succinimide in 5 ml
Yvon SPEX Inc.) and a Molecular Dynamics fluorimager of dioxane. The mixture was stirred at room temperature for

equipped with ImageQuant software. 24 h, diluted with 25 ml of HO and washed with two 25-ml
Run-off transcription of truncated yeast tRRi&, (-CA)  portions of ether. The aqueous phase was acidified to pH 2
and mRNAs was carried out as described (41). with 1 N NaHSQ and extracted with three 25-ml portions of

. . o : CH,CI,. The combined extract was dried (Mgg@nd concen-
Construction of plasmids for DHFR genein vitro expression trated under diminished pressure. The crude compound was
Plasmid pTHD8, a derivative of plasmid pTZRKE (41), encodingdissolved in 9 ml of 4 N HCI in dioxane. After stirring at room

a hexabhistidine—DHFR fusion protein under the control of theemperature for 2 h, the reaction mixture was concentrated
T7 andlac promoters (Fig. 2A), was modified for this study. under diminished pressure. Crystallization from MeOH/ether
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luc promoter 6xHis
Hindlil
T7 promoter
DHFR
BamH]1
Optimal context for fusion protein translation. “Optimal” construct (pOpt).
Stop codon for
consensus suppression consensus
5" AGC TTG GCC ACC ATG GGC CAC CAC CAT CAC CAC CAT TAG AAG CTT GGC GAA AAC CTG TAT TTT CAG GGC GCC ACC ATG GTT 3°
Met Gly His His His His His His Lys Leu Gly Glu Asn Leu Tyr Phe Gin Gly Ala Thr Met Val
full size recombinant protein TEV protease cleavage site DHF

Non-optimal context for fusion protein translation. “Non-optimal” construct (pNopt).

Stop codon for
suppression consensus

5T AGC TTG GCC TGC ATG ATC CAC CAC CAT CAC CAC CAT TAG AAG CTT GGC GAA AAC CTG TAT TTT CAG GGC GCC ACC ATG GTT 3

Met lle His His His His His His Lys Leu Gly Giu Asn Leu Tyr Phe GIn Gly Ala Thr Met Val

A 1
full size recombinant protein

TEV protease cleavage site DHFR

Alternate context for fusion protein translation. “Alternate” construct (pAlt).

Stop codon for

consensus suppression
§$TAGC TTG GCC ACC ATG GCC CAA GCT TCATGATC CAC CAC CAT CAC CAC CAT TAG AAG CTT GGC 3*

Met Alu Gln Ala Ser Stop
Met lle His His His His His His Lys Leu Gly

full size recombinant protein consensus

5" GAA AAC (TG TAT TTT CAG GGC GCC ACC ATG GTT 3"
Glu Asn Leu Tyr Phe Gln4(ily Ala Thr Met Val

L

TEV protease cleavage site DHFR

Figure 2. (A) Plasmid pTHD8 used for preparation of the six constructs employed in this sB)dyhé ‘optimal’ construct contains the first ATG codon in a
favorable context (consensus sequence). The ‘non-optimal’ construct contains the first ATG codon in a suboptimal context (G in position ted sol#stitu

in position —2 substituted to G, A in position —3 substituted to T). G in position +5 was changed to T to conserve the physicochemical charactevexd the der

fusion protein. The ‘alternate’ construct contains the first in-frame DHFR start codon overlapping with the stop codon of an upstream mifikeistoorrol
constructs were the same in each case except that the TAG codon was replaced by GCG.

gave NB-9-fluorenylmethoxycarbonylgj-diaminopropionic acid H,O and 5 ml of dioxane was added 480 mg (1.74 mmol) of 6-
as a fine colorless powder: yield 1.09 g (82%); mp 2342235 nitroveratryl chloroformate. The reaction mixture was stirred
IH NMR (MeOD) 3 3.54 (dd, 1HJ =16 Hz, 6 Hz), 3.68 (dd, 1H, at room temperature for 17 h, diluted with 25 ml of 1 N
J=14 Hz, 4 Hz), 4.02-4.04 (m, 1H), 4.17-4.19 (m, 1H), 4.32-NaHSQ and extracted with three 25-ml portions of G,
4.36 (m, 2H), 7.25 (t, 2H) = 7 Hz), 7.34 (t, 2HJ) =7 Hz), 7.60  The combined organic extract was dried (Mg$end concen-

(d, 2H,J = 7 Hz) and 7.74 (d, 2HJ = 7 Hz). Analysis cal-

culated for GgH,N,O,Cl: C, 59.59; H, 5.28. Found: C, 59.57; hexanes gaveN?-6-nitroveratryloxycarbonyN?-9-fluorenyl-

H, 5.27.

Ne-6-Nitroveratryloxycarbonyl-&9-fluorenylmethoxycarbonyl-

methoxycarbonyl-$)-diaminopropionic acid as a colorless
solid: yield 673 mg (78%); mp 208-209; 'H NMR (CDCly/
MeOD)d 3.25-3.45 (m, 2H), 3.67 (s, 3H), 3.69 (s, 3H) 3.92-4.18

(S)-diaminopropionic acidTo a solution containing 550 mg (m, 4H), 5.23 (dd, 2HJ = 10 Hz, 6 Hz), 6.84 (s, 1H), 7.07
(1.52 mmol) ofNB-9-fluorenylmethoxycarbonylg)-diamino-  (t, 2H,J=7 Hz), 7.14 (t, 2H,) = 7 Hz), 7.34 (d, 2H,) = 7 Hz),
propionic acid and 502 mg (3.04 mmol) o0, in 5 ml of  7.43 (s, 1H) and 7.50 (d, 2H,= 7 Hz).

trated under diminished pressure. Crystallization from acetone/
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Ne-6-Nitroveratryloxycarbonyl-RNBD-(S)-diaminopropionic  diaminopropionic acid pdCpA ester was obtained as a yellow
acid. To a solution containing 250 mg (0.44 mmol) Wf-6-  solid: yield 1.3 mg (39%); mass spectrum (FAB)z
nitroveratryloxycarbonyNB-9-fluorenylmethoxycarbonylgj- 1125.2114 (M+H) (C3gH,3N140,4P, requires 1125.2101).
diaminopropionic acid in 3 ml of CkCl, was added 0.5 ml of
piperidine. After stirring at room temperature for 45 min the N°-(4-Pentenoyl)-RNBD-(S)-diaminopropionic acid pdCpA
reaction mixture was concentrated under diminished pressurester. The 4-pentenoyl-protected pdCpA compound was
The residue was precipitated from MeOH/ether and driegirepared according to the same scheme as the 6-nitroveratryl-
under diminished pressure to ensure complete removal @xycarbonyl-protected compound. The 4-pentenoyl group was
piperidine. The residue was suspended in 2 mlgldnd 4 ml  introduced as described previously (45).
of methanol and 74 mg (0.88 mmol) of NaHG®@ere added,
followed by 110 mg (0.55 mmol) of NBD chloride. After stirring Preparation of misacylated tRNA&igation reactions were
at room temperature for 3 h, another 100-mg portion of NBDcarried out in 5Qul (total volume) of 50 mM Na HEPES bulffer,
chloride was added. After 16 h the reaction mixture was diluteghH 7.5, containing 2fig of tRNAPe, |, (-CA) (41), 0.5 AgoU
with 25 ml of 1 N NaHSQ and extracted with three 25-ml (~20 nmol) of anN@-protected aminoacyl-pdCpA, 0.5 mM
portions of CHCI,. The combined extract was dried (MggO ATP, 15 mM MgCl, 20% dimethylsulfoxide (DMSO) and
and concentrated under diminished pressure. The crud0 U of T4 RNA ligase. Reaction mixtures were incubated at
product was applied to a silica gel column (2@ cm); elution  37°C for 25 min and then quenched by the addition qfl ®f
with 3% acetic acid in ethyl acetate gaigé-6-nitroveratryl- 3 M Na acetate, pH 4.5. The (aminoacylated) tRNA was pre-
oxycarbonyINE-NBD-(S)-diaminopropionic acid as an orange cipitated with 2.5 vol of ethanol, collected by centrifugation,
solid: yield 60 mg (27%)H NMR (CDCl/MeOD) 6 3.09— washed with 70% ethanol and dried. The product was redis-
3.11 (m, 2H), 3.70 (s, 3H), 3.71 (s, 3H), 4.29-4.31 (m, 1H) solved in 1 mM K acetate, pH 4.5, at a final concentration of
5.25 (s, 2H), 6.17 (d, 1H] = 8 Hz), 6.83 (s, 1H), 7.46 (s, 1H) 0.5 pg/ul and then irradiated with a 500 W mercury/xenon
and 8.23 (d, 1HJ = 8 Hz); mass spectrum (FAB)¥z507.1092 lamp using Pyrex and water filters for 2 min to remove the
(M+H)* (C;gH;1gNgO;q; requires 507.1112). nitroveratryloxycarbonyl (NVOC) protecting group. Deprotection
of the pentenoyl-protected aminoacyl-tRNA was performed by
Ne-6-Nitroveratryloxycarbonyl-RNBD-(S)-diaminopropionic  addition of 0.25 vol of 25 mMJin THF/H,O solution (1:1) and
acid cyanomethyl esterTo a solution containing 45 mg incubation at room temperature for 10 min. The deprotected
(0.089 mmol) ofN°-6-nitroveratryloxycarbonyNf-NBD-(S)-  aminoacyl-tRNA was precipitated with ethanol, washed with
diaminopropionic acid in 2 ml of acetonitrile was addedi62 70% ethanol, dried and then redissolved in 1 mM K acetate,
(45 mg, 0.45 mmol) of triethylamine, followed by 581  pH 4.5, or in 25% DMSO to a final concentration ofu@/ul
(67 mg, 0.89 mmol) of chloroacetonitrile. After stirring at and used inin vitro suppression experiments immediately
room temperature for 4 days the mixture was diluted withfollowing deprotection.
25 ml of CH,Cl, and washed with two 25-ml portions of 1 N The extent of ligation to afford misacylated tRNAs was
NaHSQ. The organic layer was dried (Mg@Qand concen- determined by electrophoresis on an 8% polyacrylamide gel
trated under diminished pressure. The crude product wgd00 x 80 x 0.8 mm) containing 7 M urea in 100 mM Na
applied to a silica gel column (10 1 cm); elution with ethyl acetate buffer, pH 4.5, at 200 V for 2 h (46).
acetate gave N¢-6-nitroveratryloxycarbonyNB-NBD-(S)-
diaminopropionic acid cyanomethyl ester as a yellow SOlidhESULTS
yield 30 mg (62%);!H NMR (acetoned,) & 3.83 (s, 3H), 3.84
(s, 3H), 3.95-4.00 (m, 2H), 4.72-4.77 (m, 3H), 5.38 (s, 2H),Three DNA constructs (‘optimal’, ‘non-optimal’ and ‘alternate’)
6.30(d, 1HJ=9Hz),6.78 (d, 1HJ=7Hz),6.88 (s, 1H), 7.48 were created for thein vitro suppression experiments
(br, 1H), 7.56 (s, 1H) and 8.35 (d, 1Bi= 8 Hz); mass spectrum (Fig. 2B). Each construct contained the DHFR gene under the
(FAB) m'z546.1197 (M+H) (C,\H,oN,;O,; requires 546.1221).  control of a T7 promoter. Two start codons for DHFR synthesis
were present in each mRNA synthesized from the plasmids.
Ne-6-Nitroveratryloxycarbonyl-RNBD-(S)-diaminopropionic ~ The first ATG codon for the optimal construct is in a favorable
acid pdCpA ester.To a conical vial containing 4.0 mg context, so translation should start very efficiently at that pos-
(2.94pumol) of the tris(tetrabutylammonium) salt of pdCpA ition. In the non-optimal construct, the first start codon is in a
was added 8.0 mg (14p#nol) of N°-6-nitroveratryloxycarbonyl-  suboptimal context, so some 40S ribosomal subunits may
NB-NBD-(S)-diaminopropionic acid cyanomethyl esterinf0 initiate protein synthesis at the second ATG codon. The alter-
of DMF. The reaction mixture was stirred at room temperaturaate construct contains an upstream ATG codon in a favorable
for 16 h. A 54l aliquot of the mixture was diluted with 48  context and in a reading frame different than that for DHFR;
of 1:1 CH,CN/50 mM NH,0Ac, pH 4.5. A sample of 10l ofthe  the second upstream ATG codon in the same reading frame as
diluted aliquot was analyzed by HPLC on g;@versed phase DHFR also overlaps with the TGA termination codon for the
column (250x 10 mm). The column was washed with 1-63% preceding mini-cistron. It has been shown by Kozak that trans-
CHLCN in 50 mM NH,OAc, pH 4.5, over a period of 45 min at lation at an ATG codon positioned in the same fashion as the
a flow rate of 3.5 ml/min (monitoring at 260 nm). The reactionsecond ATG codon in this construct occurs very inefficiently
mixture was diluted to a total volume of 5@0of 1:1 CH,CN/  (14).
50 mM NH,OAc, pH 4.5, and purified using the same semi- For each of the constructs described a control construct was
preparative G; reversed phase column [retention times 23.1created as well (‘optimal/control’, ‘non-optimal/control’ and
and 23.4 min for the two positional (2' and 3') isomers]. After‘alternate/control’). The control constructs had the same struc-
lyophilization, N°-6-nitroveratryloxycarbonyNf-NBD-(S)-  ture as the suppression constructs, except that the TAG codon
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Suppression efficiency was 34% for the optimal construct and

- i DIPR 40% for the non-optimal construct. Thus, the model system for
-y - . i truncated DHTR monitoring alternate translation initiation functioned as
designed.

Table 1.In vitro translation initiation efficiency data for experiments using
valyl-tRNAPhe.

Figure 3. In vitro synthesis of DHFR in the presence of valyl-tRN#g,,,.  Construct Ratio of full-length to total translation product
Protein synthesis was carried out in the presencé®8frmethionine using (translation initiation efficiency) (%)

rabbit reticulocyte lysate. Lane 1, translation of optimal mRNA without valyl- Optimal 24

tRNAPhe, .; lane 2, translation of optimal mMRNA in the presence of depratecte
valyl-tRNAPRe, - lane 3, translation of optimal/control mRNA; lane 4, transkatio Non-optimal 11
of non-optimal mRNA without valyl-tRNA". ,,; lane 5, translation of non-

a
optimal mRNA in the presence of deprotected valyl-tRR ,; lane 6, trans- Alternate
lation of non-optimal/control mRNA; lane 7, translation of alternate mRNA Optimal/control 78
without valyl-tRNAP, ,; lane 8, translation of alternate mRNA in the preserfce o imal/ |
deprotected valyl-tRNAe, ,; lane 9, translation of alternate/control mRNA,  Non-optimal/contro 21
Alternate/control 11

aNot detected (<3%).
used for suppression was changed to GCG, which codes for

alanine. In vitro suppression reactions with NBD-Dap—tRR®,

The DNA constructs were obtained by modification ofwere subjected to detailed optimization. The optimal mRNA
plasmid pTHD8 (Fig. 2A), which contains the gene forand misacylated suppressor tRR#®,,, concentrations were
Escherichia coliDHFR under control of a T7 promoter. Six poth found to be 0.2 mg/ml. In order to improve suppression
different sequences, coding for the first start codon of thefficiency, the translation reactions were carried out at different
DHFR gene in a desired context, followed by the hexahistidingoncentrations of DMSO (1-3%). The suppression efficiency
sequence, a suppression stop codon (for suppression cdfcreased with increasing DMSO concentration up to 2.5%,
structs), a TEV protease cleavage site and the first 19 amingut overall translation efficiency decreased continuously. The
acids of DHFR, were inserted into the plasmid betweerpptimal DMSO concentration was found to be 2-2.5%. The
Hindlll and PflMI restriction sites, replacing the original suppression efficiency in this case increased from 10 (no
nucleotides. Each of the mRNAs was obtained by runioff  pMSO) to 27% (2.5% DMSO) for the optimal construct, while
vitro transcription ofBanH|-linearized plasmid DNA. translation efficiency decreased from 100 to 66% (Table 2).

A modified yeast tRNA" transcript (30,47), containing a
CUA anticodon, was chosen as the suppressor tRNA fointhe
vitro experiments. A truncated form of the tRNA lacking the Table 2. In vitro translation of optimal and optimal/control mMRNAs in the
3'-terminal pCpA was prepared iy vitro T7 transcription of ~ Presence of DMSO
linearized pY8 plasmid DNA (41), bearing a gene for the yeast

tRNAPMe, . Aminoacylation of the truncated suppressor Without DMSO 2% DMSO  2.5% DMSO
tRNA was performed by a modification of published methods Suppression efficiency (%) 10 21 27
(25,34) using T4 RNA ligase-mediated couplinghoprotected  transiation efficiency (9)100 78 66

2'(3")-0O-aminoacyl-pdCpA (Scheme 1).
In order to check the translation and suppression efﬂue_nc'esﬁanslation and suppression efficiencies were determined in the presence of

for the constructs created, valyl-tRR%,,, was employed in NBD-Dap—tRNA"e, ,.

the first set ofin vitro translation experiments (Fig. 3). The wrransiation efficiencies are expressed relative to the value obtained in the

suppression efficiencies and the ratios of full-length to totalabsence of DMSO.

DHFR protein produced (full-length and truncated) for both

control (‘wild-type’) and suppression constructs are presented

in Table 1. The ratio of full-length to total DHFR protein  As described by Turcatgt al. (48), NBD-Dap—tRNA"

produced was chosen as a characteristic value for measurifgotected at thél®-position of the amino acid was more stable

efficiency of translation initiation at the first AUG codon of the to hydrolysis than the deprotected analog. Two different pro-

recombinant DHFR gene. The calculations were performed btgcting groups were employed, namely the NVOC (31) and

phosphorimager quantification of radioactivity for the appropriaté?e€ntenoyl groups (45), which can be removed from the derived

protein band in the polyacrylamide gel image. As expected, fomisacylated tRNA via light or chemical (iodine) treatment,

the optimal and optimal/control constructs, the translatiorfespectively. Experiments with the optimal construct showed

initiation efficiency at the first start codon was much higherthat misacylated tRNAs prepared with either of the two pro-

than in the case of the non-optimal and non-optimal/controlecting groups gave essentially the same level of suppression

constructs. Alternate and alternate/control constructs producedficiency.

very small amounts of full-length protein. The amount of full- To obtain enough material for fluorescence measurements,

length fusion protein produced was limited, of course, by thdranslation of optimal and non-optimal mMRNAs in the presence

efficiency of suppression of the UAG codon in each constructof suppressor NBD-Dap—tRNA%,, was performed on a
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200pl scale in 2.5% DMSO. Translation of the other constructanisms of translation initiation (initiation at the first AUG
was carried out on a 2@l scale. The translation initiation codon, ‘leaky scanning’ and ‘stop and reinitiation’) were
efficiency data are presented in Table 3; suppression efficienci@bserved in the same reaction mixture and regulation of the
for the optimal and non-optimal constructs were 24 and 27%position of translation initiation was accomplished by changing
respectively. The translation products from the optimal andhe concentration of aminoacylated suppressor tRNA (42). Of
non-optimal mMRNAs were purified by chromatography onparticular interest was the development of a method that would
DEAE Sepharose CL-6B to remove fluorescent by-productgnake detection and analysis of the position and efficiency of
and hemoglobin; the yield of purified material recovered fromtranslation initiation easier and faster usingrawitro suppression
the column was 90%. A control sample of 2Q0of rabbit ~ Strategy. One of the most sensitive and efficient methods of
reticulocyte lysate translation mixture, containing NVOC- detection utilizes fluorescence. A number of fluorescent unnatural
protected NBD-Dap—pdCpA instead of NBD-Dap—tRNg,,  2Mino acids have been employed for incorporation into a pro-
was subjected to the same purification procedure. The fluorescent&n duringin vitro translation (48-50). The use of NBD-Dap

signal from the full-length recombinant DHFR was detecteore’,sune‘j in_better suppression efficiency than .the other amino
using a fluorimager (Fig. 4A). acids described (48). This compound also has suitable fluorescence

parameters, as regards excitation and emission wavelengths;

critically these are not obscured by the intrinsic protein fluor-
Table 3.In vitro translation initiation efficiency data for experiments using escence.

NBD-Dap—tRNA" %2 The goal of this study was to model three different examples
of alternative translation initiation and check the possibility of
Construct Ratio of full-length to total translation product  detecting and distinguishing translation efficiency from different
(translation initiation efficiency) (%) start codons by fluorescence measurement, ugingitro
Optimal 21 suppression with a tRNA aminoacylated with NBD-Dap. The
Non-optimal 5 plasmid DNA constructs (Fig. 2) described above were

designed for that purpose. As shown by Kozak (14), initiation

Alternate B of translation occurs most efficiently if the AUG codon isin a
Optimal/control 86 favorable context (consensus sequence). Mutations in the
Non-optimal/control 31 consensus sequence can cause a 2- to 3-fold decrease in trans-
Alternate/control b lation initiation efficiency at that position. The most inefficient

translation initiation of full-length DHFR fusion protein
occurred when the AUG initiation codon for this protein over-
lapped with the TGA termination codon of an upstream mini-
cistron whose ATG codon was placed in a favorable context.
The results obtained im vitro translation experiments with

The fluorescence signals for the purified translation product]%)huerndte\i/'i%,r]1 etﬂgogjrtrrgﬁsn(qi'gé? gfn(ijn-il;i ilgnl)o?rter;?g&%gr?%ee'

were measured at 545 nm (excitation at 480 nm). After sub-
traction of background, the fluorescence signal for the optima?UKaryOteS (10).

sample was 3.3 times greater than that for the non-optimetl The major problem with fluorescence measurements is
sample (in good agreement with the 3.2 times differenc sually the background signal, caused by light scattering and

§ntrinsic fluorescence of some proteins and macromolecules

obt?)llned byh meafsurefmftlant of rad|oaqt|V|t3|/ from tlhe 9elhresent in the translation mixture. Therefore, in order to maxi-
(Table 4). The ratio of fluorescence signal to total DHFR ;¢ the signal-to-noise ratio the optimization of the reaction

protein was 4.6 times greater for the optimal than for the nong,ngitions to obtain the highest possible yield of the deriv-
optimal mRNA, again in good agreement with the value of 4.5;ti764 protein was an important step. It is interesting that the
determined from the detection of radioactivity in individual gqdition of DMSO improved the suppression efficiency to
bands on a polyacrylamide gel (Fig. 4B). almost the same extent as could be achieved by increasing
suppressor NBD-Dap-tRNAS,,, concentration (data not
shown). It is possible that the presence of DMSO increased the
solubility of the aminoacyl-tRNA in the translation mixture.
The addition of DMSO also improved translation initiation at
the first AUG codon, which is reflected in the experiments
Optimal 4638 934 with the non-optimal/control MRNA (Tablep 1 and 3). Transla-
Non-optimal 1457 287 tion initiation at the first start codon was 1.5 times more effi-
cient in 2.5% DMSO than in the absence of DMSO for this
aRadioactivity signal was obtained by phosphorimager quantification of Construct. This observed effect could be due to any number of
the appropriate band in the polyacrylamide gel. structural changes in the components of the protein biosynthe-
bThe fluorescence data are given after subtraction of the background signal. SiZing system.
As described in Results, the fluorescence signal for the optimal
DISCUSSION translation product was 3.3 times greater than that for the non-
optimal product, whereas the difference calculated by radio-
As shown previously (42), itis possible to lis&itro suppression activity quantification from the gel was 3.2-fold (Table 4). It
techniques to study translation initiation. All three basic mechmay be noted that these numbers could be obtained reliably in

aTranslation was performed in the presence of 2.5% DMSO.
bNot detected (<3%).

Table 4. Quantification results for the purified translation products

Radioactivity (pixels) Fluorescenédarbitrary units)




30 kD marker 14 kDVmarker
|4

1

-—
Pixel value

130y v
full length DHFR
125 t
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in thein vitro suppression experiments makes the analysis of
the results easier and faster. The system described can also
potentially be employed to study alternative translation initiation
mechanisms and factors affecting the position and efficiency
of translation initiation for numerous mammalian genes as
well as for human immunodeficiency virus type 1 tat mRNA
and RNAs for HCV, MoMuLV, EMCV, FMDV and poliovirus

Pixel value

120%
115

110

full'Iength DHFR

120WM/N

110

130

Pixel value

n';n length DHFR
120

Pixel value

%00

300
Position in the lane (arbitrary units)

200

3.

= -

e —

- -i— full length DHFR 6

<— truncated DHFR

Figure 4. Detection of the fluorescent DHFR fusion proteird)(Image
obtained by scanning the gel on a fluorimager. Panel 1, molecular weig
markers; panel 2, optimal translation; panel 3, non-optimal translatlon panelizl1
optimal/control translation B) Image of the same gel obtained using a phos-
phorimager. Lane 1, optimal translation; lane 2, non-optimal translation;

lane 3, optimal/control translation. All translation mixtures were purified on ;4

20.
21.

DEAE Sepharose CL-6B.

22.

spite of the high fluorescence background in the gel (~3500,,
arbitrary units; Fig. 4A). The similarity of these two values

indicates that one may use the ratio of fluorescence signal tes.

total DHFR protem produced as a characteristic value that

reflects changes in translation initiation efficiency at the first2>:

AUG codon. Indeed, the ratio of fluorescence signal to the,g
total amount of the DHFR protein produced was 4.6 times

greater for optimal translation product than for non-optimal,27.

which is again very close to the value of 4.5 calculated by
quantification of the protein bands in the polyacryamide gel
(Fig. 4).

While the protein was purified in the present case to ensure

accuracy of measurements and obviate the possibility of inter30-

ference from components of the protein biosynthesizin
system, it is anticipated that fluorescence measurements could
recorded directly using proteins derived from an appropriatelys2.
constituted system.

Therefore, this method is reliable enough to monitor translatior?*

initiation at different positions of an mMRNA and to determine 35
the efficiency of initiation. The use of a fluorescent amino acid

200 2.

29.

(17-22).
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