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ABSTRACT

The UGA codon, usually a stop codon, can also direct
the incorporation into a protein of the modified amino
acid selenocysteine. This UGA decoding process
requires a cis-acting mMRNA element called ‘seleno-
cysteine insertion sequence’ (SECIS) that can form a
stem—loop structure. In  Escherichia coli the SECIS of
the selenoprotein formate dehydrogenase (FdhH)
MRNA has been previously described to consist of at
least 40 nucleotides following the UGA codon. Here we
determined the nature of the minimal SECIS required for
the in vivo UGA-directed selenocysteine incorporation

in E.coli. Our study is based on extensive mutational
analysis of the fdhF SECIS DNA located in a lac'Z
fusion. We found that the whole stem-loop RNA
structure of the E.coli fdhFF SECIS previously described
is not required for the UGA-directed seleno  cysteine
incorporation in vivo . Rather, only its upper stem-loop
structure of 17 nucleotides is necessary on the
condition that it is located in a proper distance
(11 nucleotides) from the UGA codon. Based on these
observations, we present a new model  for the minimal
E.coli SECIS.

INTRODUCTION

acting as a stop codon. These include gé&ttds(12) andfdnG

(13), encoding the selenocysteine-containing enzymes formate
dehydrogenase H and N, respectively. Imnmediately downstream
from the selenocysteine specifying UGA in the mRNA of each of
these polypeptides is found a SECIS that has been described as
consisting of at least 40 nucleotides (nt) capable of forming a
stem—loop RNA structure. Insertion of a DNA segment directing
this specific SECIS into a heterologous gene sutdc@sesults

in the incorporation of selenocysteine into the corresponding
polypeptide 9,12,14-17). A number oftranselements are also
required, including tRNASS(SelC), which is a specialized tRNA
containing a UCA anticodori.§). tRNASECis recognized by a
special elongation factor, called SelB which has been sirown
vitro to bind specifically to both tRN#EC and to the mRNA
stem—loop structure (formed by the SECIS) adjacent td giee3

of the UGA codon9). Recenin vitro work by Kromayer and
colleaguesZ0) has shown that selenocysteinyl-tR*Acan be
bound by the N-terminal part &.coli SelB (homologous to
EF-Tu), and that the C-terminal subdomain of SelB specifically
binds to the SECIS stem-loop RNA structure of Eheoli
selenoprotein formatéehydrogenase (FdhH). They also found
that the mRNA motif recognized by SelB can be reduced to a
17 nt minihelix without loss of binding capacity. This minihelix
consists of the upper part of the stem—-loop RNA structure of the
fdhF SECIS, a loop of 6 nt and five adjacent base-paired
nucleotides together with a bulged nucleotide.

The results of recent research in both prokaryotic and eukaryotid1ere we have determined the nature of the mRNA SECIS motif
systems has permitted the establishment of an extended genEgfduired folUGA-directed selenocysteine incorporatioinoli
code in which UGA, usually a stop codon, can also direct th Vivo. We based our study on artensive mutational analysis
incorporation of the modified amino acid selenocysteine (foff thefdhF SECIS DNA which wenserted into dac'Z fusion.
reviews seé—4). Proteins containing selenocysteine residues afer€viously it has been suggested that the presence of the whole
called selenoproteins and these are mostly oxido-reductases §§#M—100p structure is required for UGA directed selenocysteine
reviews seé,6). That selenocysteine residues have been showfcorporation §,12,21). On the basis of our results presented

to play an essential role in the activity of selenoproteins indicat

dere, we suggest that the presence of only 17 nt consisting of the

the importance of the selenocysteine incorporation pathway. FgPPer stem-loop structure fafhF, are sufficient to permit this
UGA to be decoded (‘recoded’ in ref) as selenocysteine, recoding’ choice, on the further condition that this sequence is

several additional elements must be present. These inclugéated 11 nt downstream from the UGA codon.

severaltrans elements and a stem—loop structure forming a
cisacting mRNA element called a ‘selenocysteine insertioMATERIALS AND METHODS

sequence’ (SECISB(8,9; and for reviews set0,11). Although

Materials and media

prokaryotic and eukaryotic selenocysteine incorporation systems
have some analogous elements, they nevertheless seem to opgfése]selenite (350 mCi/mmol) was obtained from Amersham

through different mechanisms.

(Amersham, UK). Bacteria were grown in YT or in M9 minimal

In Escherichia colia number of genes have been identified irmedium (pH 7.0)Z2) supplemented with a mixture of amino acids,
which UGA directs the incorporation of selenocysteine instead @ach at a final concentration of @§/ml. Ampicillin (100ug/ml)
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was added to the media in which the plasmid-carrying strains we
grown.

e

Bacterial strains and plasmid derivatives

The E.coli strains used in this study were MC4100,At=IC
derivative RM1 (5), and itsAselBderivative WL81300%3).

Plasmid pRM4 was constructed by us previoushy. (t carries
the fused genescl'—lacl”Z, into which we inserted the TGA
region of the SECIS DNA (from -9 to +47, where the U of the
UGA codon is designated as residue number B.obli fdhF
gene in the junction ofcl’ andlac’l”Z. Here we used the PCR
technique for the generation of a series of plasmids carryir
site-directed mutations in the SECISdifFby using the required
primers and with plasmid pRM4 as the template. The sequen
of their mutated SECIS RNA is described in Figures.
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Molecular cloning

idase of pRM4

All recombinant DNA manipulations were carried out by standar
proceduresi4). Restriction enzymes and other enzymes used in tl
recombinant DNA experiments were obtained from Nesgl&hd

Biolabs (Beverly, MA). DNA sequencing was done with the

=
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Sequenase kit of United States Biochemicals (Cleveland, OH #

. ) C. a a
Bacterial growth, transformations, and measurements of
B-galactosidase activity

o ) ) 140K Dn —> —
Escherichia colicells were transformed4) by the plasmid of
choice. Single colonies of freshly transformed cells were grown au
37°Con YT plates for 6-8 h and then in M9 liquid medium &7
in a rolling drum for 3-4 h to the gy = 0.4-0.6. The cells were  Figure 1. Mutations affecting the secondary structure of filie= SECIS
examined fof3-galactosidase activity as described by Mil&e)( mRNA downstream from the UGA codon dtthFac'Z gene fusion.A) The
positions of the mutations in the SECIS region of each plasB)i&ffect on
the UGA-directe-galactosidase activityC) Incorporation of [°Se]selenite
into the fused genes produgtcherichia colMC4100 and itéselCderivative
RM1 were transformed by plasmids pRM4 (a), pZL7 (b), pZL14 (c), pZL18 (d)
. o . . and pZL20 (e). Freshly transformed cells were grown aE3hd the level of
Freshly transformed cells were grown in M9 liquid medium withp-galactosidase activity (B), and the incorporation’8&¢]selenite into the
cysteine and methionine (final concentration @80nl each) at  polypeptide product of the fused genes (C) were determined as described in
37°C overnight in the presence of 1uCi [75Se]selenite/ml. Materials and Methods. The percentagB-galactosidase activity directed by

- . . . ._the gene fusions in plasmids pZL7, pZL14, pZL18 and pZL20 is relative to that
During Iabellng, cold selenite was added to a final concentratlogl} pRM4. The numbers represent the average of the results of at least five

of 1.5uM. Cells were lysed, and the proteins were separated Ofkperiments and were derived after subtracting the lev@lgafactosidase

5% SDS—polyacryamide gel by electrophoresis and detected fytivity in theAselC derivative from that in MC4100. After this background
autoradiography as we described previousH. ( level was subtracted, the level @galactosidase activity wdsL000 Miller

units. Labeling with{5Se]selenite (C) was carried out in strain MC4100, except
in sample Cain which the labeling was carried out ir\selC derivative of
MC4100 carrying pRM4. The protein product of the fused genes is found at the
position equivalent to 140 kDa, indicated by the arrow. Note tf@hFSECIS
mRNA the nucleotide at position 18 is bulged as suggested by 2irairn({l2)

and Heideet al. (9).

[7>Se]selenite labeling and identification of its incorporation
in vivo into the fused gene product

RESULTS

A mini upper-stem—loop structure offdhF SECIS mRNA is
required for selenocysteine incorporation into a polypeptide

For this work we used our plasmid pRM45), which we

constructed previously to carry the TGA codon context of the

E.coli fdhF gene fused to thac'Z gene kac'Z lacking the first always studied selenocysteine incorporation into the gene
eight codons). pRM4 carries nt—9 to +47dbf- gene (where the product of thelac'Z fusion in two ways: (i) by measuring
nucleotide U of the UGA codon was designated as nt 1). TH8GA-directed (selCdependent)B-galactosidase activity; and
mRNA of this region of thédhF gene has been identified as a(ii) by measuring the direct incorporation éf$e]selenite into
stem—loop structure forming SECIS (FitAa), thecis acting  the polypeptide of the fused genes. Since meagtsgadpctosidase
MRNA element described previously to be required fanthiwo  activity is the more accurate of the two methods, we used this
UGA-directed selenocysteine incorporation intol#ueZ fusion  method for our quantitative determinations of selenocysteine
product ofE.coli (12). Here we have identified the minimal incorporation.

sequence required for UGA-directed selenocysteine incorporation inFor this set of experiments, we generated site-directed mutations
E.coli in viva We carried out extensive mutational analysis on théhat cause changes in the secondary structure tHReSECIS

fdhF SECIS DNA fused to thac'Z gene on plasmid pRM4. We mRNA downstream from the UGA codon. First, we altered five
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of the nucleotides (pZL7, FigAb) and then 11 of the nucleotides A a b e d P [
(pZL14, Fig.1Ac) in the stem region immediately after the UGA ~ " s p2L14 pZL pELE? p2L28 p2L2
codon. We did this such that the nucleotides on the left side of t o . - @ u o u .
stem are identical rather than complementary to the correspond e TS 48 i s Aw
nucleotide on the right side of the stem. As shown, the UG/ ™7 5% vie vie v R B2
directed selenocysteine incorporation is still permitted even whe O wdt e s o = ot
the 11 nt following UGA are not base paired to their correspondir s T Coa FE i Lo
partners in the stem (FigBc and Cc). Quantitatively, the level of <™ ¢ ¢ ¢ & &= & & ¢ ¢ ¢
the UGA-directed3-galactosidase activity is reduced only by ce voe E oa % PvE o
(5% (Fig.1Bb and Bc). We obtained similar results by changing e 8 G um G “ - i o
11 nt at the right side of the stem to be identical rather the s vei®as uef - tas Uas Bas B Tan S Uaa
complementary to the unchanged left side of the stem (data r
shown). These results suggest that neither the primary nor i e

secondary structure of this regioridhFmRNA, designated here
as the ‘intermediary domain’ (nt 4—14 and 32—42 from the UGA
are required for the incorporation of selenocysteine inttatie
fused polypeptide. However, the mutated construct pZL14 (Fit & &
1Ac) still carries a ‘mini upper-stem—loop’ (a stem of 5 bp, on¢ =
bulged nucleotide, and a loop of 6 nt) that may be responsible f 2 o
0

B. a b c d e f

=
=
o
B

the UGA-directed selenocysteine incorporation. Indeed, whenv'
constructed and then studied plasmid pZL18 (Ei#yd), we
found that selenocysteine incorporation was almost complete T ®
abolished (FiglBd and Cd) when only one additional base-pairin¢ #
is also prevented, thereby reducing the ‘stem’ part of the mil
upper-stem—loop structure from 5 to only 4 bp (Figd). C. @b c d e f
Furthermore, selenocysteine incorporation was again permitt
(Fig. 1Be and Ce) when we introduced a compensatory mutatic
(pZL20, Fig. 1Ae). This mutation permits 5 bp in the mini
upper-stem—loop due to a C—G bp (Hige) instead of the G-C
bp in the SECIS of the pZL14 (Fit)Ac). Altogether, the results
described so far suggest that the mini upper-stem—loop structurgure 2. Mutations affecting the distance between the UGA codon and the
downstream of the UGA didhF SECIS mRNA, is required for mini upper-stem-loop in tffehF SECIS mRNA of ddhFHac'Z gene fusion.
the process of selenocysteine incorporation into a polypeptide (A) The positions of the mutations in the SECIS region of each plasmid.

. . . . - . (B) Effect on the UGA-directefl-galactosidase activityC|) Incorporation of
vivo, while the intermediary domain (nt 4-11 and 32-42) is NOt7sggjselenite into the fused genes prodastherichia colMCA4100 and its

It was previously suggested that the presence of a C residugselC derivative RM1 were transformed by plasmids pRM4 (a), pZL14 (b),
after the UGA of thé.coli SECIS is crucial because it prevents pzZL24 (c), pzL27 (d), pZL28 (e) and pZL29 (f). The levePefialactosidase
the recognition of UGA by RF2 that actually recognizes 4 nt, th%‘Ctt'V'ty_(B)aa”déhe '”_%Ofg?falg_f’” df?elsg"?”'ﬁ ':‘to_ ﬁfuseg ﬂogﬁ'”d(c)lwerzel_m

] H H ] . etermined as described In Figure 1 and In Materials an ethods. In p.

UGA and t_he first nucleotide at its 8ide; _the poorest 4 base (©) the 3 nt GA&Gs and in pZL27 (d) the 6 nt BeGeCrUsGo downstream
terminator is UGAC%&S)- The r_esults described herein show thatfrom the UGA were deleted from pZL14 (b), and in pZL28 (e) the 3 nt (UCA)
the C residue following UGA ifdhF mRNA can be changed to (boxed), and in pzL29 (f) the 6 nt (UCAUCA) (boxed) were inserted
a G residue without affecting the UGA-directed selenocysteingdownstream from the UGA codon in pZL14 (b). Note thadin~ SECIS
incorporation (Figl). It seems therefore, that at least in the casd"RNA the ”“C'Lem'de at position 18 is bulged as suggested by Zirair.2)
of fdhFSECIS, the presence of the C residue at this position is ngpd Heideetal ().

crucial for the prevention of the recognition of UGA by RF2.

alacioside

TR0 —t ——— —

Cc,e). Moreover, either reducing or increasing the length of the
The distance of the mini upper-stem—loop structure from intermediary region by 6 nt almost completely abolishes the
the UGA of fdhF mRNA is crucial for selenocysteine UGA-directed selenocysteine incorporation (28d,f and Cd.f).
incorporation into a polypeptide

U17 is a specific and bulged nucleotide of the mini

Having shown that the base pairing of the intermediary domain per-stem—loop structure downstream of the UGA ofdhF

the fdhF SECIS is not required for UGA-directed selenocystein ; ; e S
incorporation into the polypeptide product of iileF_lacZ gene ?noFl;l;lé &ng is required for selenocysteine incorporation into a
fusion, the following question arose. Does the length of thig

intermediary domain affect the efficiency of selenocysteindhe solution structure of RNA hairpins withighF mRNA has
incorporation? Using pZL14 (Fi®Ab) as the basis for these recently been determined by Huttenhofer and colleagi®s (
studies, we either effected deletions of GyAsGs (pZL24,  who showed that there are three bulged nucleotides in the stem of
Fig. 2Ac) or of 6 ntAG4A5GgC7UgGe (pZL27, Fig.2Ad), or  the upper-stem—loop. What is the riolgivo, if any, of the bulged
additions of 3 nt UCA (pZL28, Fig2Ae) or 6 nt, UCAUCA nucleotides in the mini upper-stem—loop RNA structure? As
(pZL29, Fig. 2Af). Reducing or increasing the length of theshown in Figure8Aa, in plasmid pRM4, these are nucleotides
intermediary region by 3 nt decreases the level of the UGAJ 7, Uig and Ayg Does replacing these specific bulged
directed selenocysteine incorporation®p% (Fig.2Bc,e and nucleotides affect the efficiency dh vivo selenocysteine
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incorporation? We found that the incorporation of selenocysteir A a b @ d €
in the lac'Zz fusion polypeptide is completely prevented “*

(Fig. 3Bb,d and Cb,d) by replacing each of the following PRM4 pILIE paLA3 paLs: pLLas
nucleotides: Y;-A17 (pZL42; Fig. 3Ad), U1g— A1g (pZL38; & v . au & u
Fig. 3Ab) and Apg— Ug (data not shown). We could, however, i S L S e
cause the return of selenocysteine incorporation 88g.and I,UE—EA . ”m?;'éd ”éu_';—]“ .E:E ?E—Eu
Cc) by introducing the compensatory mutatiogyAU>g into ””g:g o-c H=e ”m‘;iﬁ -"ﬁ
pZL38, creating pZL43 in which & and Wg are base-paired <2 ¢ A €A <.t <
(Fig. 3Ac). Thus, selenocysteine incorporation depends not ¢ ATY AV AU A AN
the presence of a U residue at position 18 (which is replaced - s €6 £ €76
A in the mutant) but rather on its ability to base pair with th . g g a0 ev ey
nucleotide at position 29. Note, however, that selenocysteil al=o ACZE ACZE als Alz8
incorporation was completely abolished by either the singl UOA-UAA  pGA-UAA  UGA-TAA  UGA-TAA UL UAA

change W7 A17 (pZL42, Fig.3Ad, Bd and Cd) or the double
change Y7;-A17 and the compensatory mutationgA Uxg B. a b c
(pZL44; Fig. 3Ae, Be and Ce). Furthermore, selenocystein z
incorporation was also completely abolished by the single chang % 10
U17-Cq7 or U7 Gy7 (data not shown). Thus, selenocysteine = g
incorporation appears to be dependent on both (i) the specificity ¢
the nucleotide at position 17 as a U residue, and (ii) its presence :
a bulged nucleotide. The importance of the bulgegdHas been
recently shown also by a SELEX approazh)(

=3
L]

% B —galactosidas

The nature of the mini upper-stem—loop structure
downstream of the UGA of anfdhF mRNA that is required
for selenocysteine incorporation into a polypeptide

@]
=
=
el
-
]

LdBkDa =3  se— -
Having determined that selenocysteine incorporation is possit
even when the base pairing of the intermediary domain of the
SECIS is opened, we asked how the specific structure of the mini
upper-stem—loop affects selenocysteine incorporation. WWéigure 3. Mutations affecting the bulged nucleotides in the mini upper-stem—loop

. . o - - _ f thefdhF SECIS mRNA of ddhFHac'Z gene fusion.A) The positions of the
particularly wished to distinguish between the role of single- ang{_ ;.-ions in the SECIS region of each plasm@) The effect on the

dOUble'St_rande_d regions in Fhis structure. We did thi$ by a-S!(ingGA—directed}galactosidase activitCJ Incorporation of {°Se]selenite into the
how the inversion of potentially base paired nucleotides mightused genes produétscherichia colMC4100 and itéselCderivative RM1 were

affect selenocysteine incorporation. It is assumed that 2 nt in thansformed by plasmids pRM4 (a), pZL38 (b), pZLA43 (c), pZL42 (d) and pZL44

; _nAai ; ; ; : (& The level of3-galactosidase activity (B), and the incorporation "86¢]-
stem are in a base-paired state if selenocysteine InCOrl:)oratlc'nse lenite into the fused genes product (C) were determined as described in Figure 1

perm|tted evenwhen th.ey are 'nverted' Based on t.hIS assumpt,'%d in Materials and Methods. The mutated nucleotides in positions 17, 18 and 29
we found that the following nucleotides must be paired in the mingre boxed. Here these nucleotides at these positions in pRM4 are shown as bulged

upper-stem—loop structure: 15 with 31 (Mgb, Bb and Cb), 16  as suggested by Hiittenhofgral (21).
with 30 (Fig.4Ac, Bc and Cc), 18 with 29 (FigAd, Bd and Cd),

and 19 with 28 (FigdAe, Be and Ce). On the other hand, since

the inversion of the £5—-Gy7to Gyg—Co7 abolishes selenocysteine

incorporation not only when the intermediary region is opened Bnly the mini upper-stem—loop structure downstream of

in pZL66 (Fig.4Af, Bf and Cf), but also when it is closed as in o YA of fdhF mMRNA is required for selenocysteine
a pRM4 derivative (data not shown), it is possible that the pa'”r\ﬂcorporation into a polypeptide
e

between nt 20 and 27 is not required and/or that the nature of t
nucleotides in this position is important for selenocystein®ased on the chemical and enzymatic probing data of experiments
incorporation (see Discussion). In addition, since selenocysteidesigned to elucidate the solution structure of mRNA hairpins
incorporation is not detected whemAs paired with Jg (Fig. 3Ae,  within the fdhF SECIS, Hittenhofer and colleagu@d)(have

Be and Ce), we conclude thatAis required as a bulged nucleotide. suggested that upstream from the UGA codon there is an
Our experiments also reveal that, as previously shown by Heiderextended helix of 7 bp in which the U and G residues of the UGA
al. (9), for the ‘closed’ stem, selenocysteine incorporation is alscodon are included, but the A residue is bulged §Ag). Does
completely prevented by single mutations in the loop regiothis extended helix upstream from the UGA codon have a role in
(A21- Uz, Gro—Coo) When the intermediary region is ‘open’ the incorporation of selenocysteite viva? To answer this
(data not shown). Based on all our results, we suggest that thgestion, we mutated the extended helix upstream from the UGA
mini upper-stem—loop structure required for selenocysteingich that the secondary structutegdbthe UGA could not be
incorporation consists of 17 nt including (F&y. (i) a region of  formed. In pRM4, we changed both nucleotides at'tk&l® and

4 bp of non-specific nucleotides 15-31, 16—30, 18-29 and 19-2B¢ 3 side of the UGA,; at the’' Side 5 nt were changed to A

(ii) a bulged U at position 17; and (iii) a sequence of eight specifiesidues and nt 42-50 at tHesiBle of the UGA were changed to
nucleotides from g5 to Gy7. Among these, g and Gy may be  AUUUAAAAA, respectively (pZL40; Fig.5Ab). As shown,
weakly paired and the rest are located in a loop (see Discussidhgse changes did not significantigffect selenocysteine
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A a b c d e f a b c d
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A A A A A A A A A A A A [ A c a 15 A c L
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Figure 4. Mutations affecting the mini upper-stem—loop structure offdhé

SECIS mRNA of ddhFHac'Z gene fusion, when the ‘intermediary domain’ of the

SECIS is openedA( The positions of the mutations in the SECIS region of eacl :

plasmid. B) The effect on the UGA-directed3-galactosidase activity. 140k D =5 sm— —_— -_— —

(C) Incorporation of {5Se]selenite into the fused genes prodastherichia coli -

MC4100 and itsAselC derivative RM1 were transformed by plasmids pZL14

(a), pZL20 (b), pZL71 (c), pZL46 (d), pZL68 (e) and pZL66 (f). The level of

B-galactosidase activity (B), and the incorporatiorf e&¢]selenite into the fused

genes product (C) were determined as described in Figure 1 and in Materials anigure 5. Mutations affecting the secondary structure of fifie= SECIS

Methods. The mutated nucleotides are numbered and boxed. Here the nucleotid®NA both upstream and downstream from the UGA codorfaiifa-lacz

in position 17 is bulged, according to results as presented in Figure 3. gene fusion.A) The positions of the mutations in the SECIS region of each
plasmid. B) The effect on the UGA-directe@-galactosidase activity.
(C) Incorporation of {>Se]selenite into the fused genes prodEstherichia

. . . coli MC4100, itsAselC derivative RM1 and ité\selB derivative WL81300

incorporation (Fig5Bb and Cb). Moreover, even when the samewere transformed by plasmids pRM4 (a), pZL40 (b), pZL14 (c) and pZL36 (d).

changes were made in pZL14, so that both the upstream UGFue level oB-galactosidase activity (B), and the incorporatior{ @8¢]selenite

stem and the intermediary domain were ‘opened’ (pZL36; Figjnto the fused genes product (C) were determined as described in Figure 1 and

5Ad) selenocysteine incorporation was unaffected EBQ and in Materials and Methods. Labeling witfPBe]selenite (C) was carried out in

. > C4100 (a—d), imselCRM1(d—d), and in theAselBderivative WL81300
Cd). Compare particularly the results found for plasmids pPRM4a'_g) The UGA codon is boxed. Here the nucleotide in position 17 is bulged,
(5Ba and Ca) and pZL36 (FigBd and Cd): pRM4 carries the according to the results presented in Figure 3.
whole extended helix dfihF (that is the region upstream from
UGA), the intermediary domain, and the mini upper-stem—loop
structure (FigsAa). Though in pZL36 only the mini upper-stem— following the UGA (L2). This process is dependent on the ability
loop structure is unchanged, however, while at a proper distangkthis SECIS to form a stem—loop RNA structugg. (These
of 11 nt from the UGA (FigbAd), it still supports the same level conclusions were based on the results of mutational analyses of
of selenocysteine incorporation as does pRM4. These resullis stem—loop structure directed by the fusion ofdhe SECIS
further support our conclusion tham vivo selenocysteine DNA and thdac'Zgene in affe.colistrain MC4100rpsL* rpsE).
incorporation into the polypeptide product of thithnF—lacZz It has been shown convincingly that the specificity of each of the
fused genes requires only the mini upper-stem—loop structungicleotides in the loop and the base pairing of the adjacent two

placed at the proper position. nucleotides (mostly the second) located in the stem are crucial for
the process of the UGA-directed selenocysteine incorporation
DISCUSSION into the fused polypeptidé ?). These analyses, however, have

not dealt fully with the rest of this mRNA region, and thus do not
The UGA stop codon in the mRNA of tHe.coli formate distinguish among the following possibilities: is UGA-directed
dehydrogenase geffighF has been described to be decoded aselenocysteine incorporation dependent on (i) the nucleotide
selenocysteine whenitis in the context of a SECIS of at least 40s@quence of the SECIS; and/or (ii) the secondary structure of the
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Having found the lower size limit for the SECIS to be 17 nt, we
G c further analyzed the mini upper-stem—loop RNA structure
c-c necessary for selenocysteine incorporation. By examining the
G-¢ effects of inverting potentially base-paired nucleotides, we
uizA particularly distinguished between single- and double-stranded
|__G-¢ RNA regions in this structure required for the process @-éyel
¢ A‘ 4). Our results show that the mini upper-stem—loop structure
-v required for selenocysteine incorporation consists of 17 nt
c ¢ including (Fig.6): (i) a region of 4 bp, 15-31, 16-30, 18-29 and
19-28 of non-specific nucleotides; (ii) a bulged U at position 17;
and (iii) a sequence of eight specific nucleotides frogt€Gy7.
In our experiments we were not able to show the involvement of
the base pair £5-Gy7; inversion of the base pair ta§Cy7 does
— not permit selenocysteine incorporation (see Results and
+1 Fig. 4Af, Bf and Cf). Since Heideet al (9) have previously
shown that such an inversion partially affects selenocysteine
incorporation (reduction to 30%), we assume that-Gy7 base
Figure 6. The specific characteristics, based on this study, of the minimal pairing is questionable. Therefore, in our model on the nature of

SECIS oft.coli fdhFmRNA required foin vivoUGA-directed selenocysteine s . . . . -
incorporation. The SECIS includes a mini upper-stem—loop structure (boxed)the minimal E.coli SECIS (Fig.6), the base pair £5-G7 is

that probably provides the SelB binding domiirvivo. For selenocysteine  represented by dot.
incorporation to take place, the locus of this mini upper-stem-loop structure Based on our results, we suggest a minimebli SECIS that
E“U(Sjt kli,e %t) a S'Stancle ?L 1 “,td (U”F;a"ef_jt or f?'red)t EOE thz _US'T Cg‘j?rk:onsists of a mini upper-stem-loop structure with a proper distance
underlined). The nucleotide residue at position 17 must be U and is bulged. : P— o . :
pairing of bases £y and Gy is questionable (see Discussion) and is therefore Om the UGA a_.S described in FlgLﬁe Itis mtt_are_stmg that this
designated by a dot instead of by a dash. minimal SECIS in gene‘sth andfdnGis very similar 21).
The special elongation factor SelB was shown to be structurally
divided into two parts: (i) an N-terminal half which shares extensive

sequence homology with EF-Tu and binds to selenocysteinyl-

SECIS; and/or (jii) the distance of the loop from the UGA codontRNASecand GTP; and (i) a separate C-terminal domain, required
Also, does the extended helix upstream from the UGA catign ( for specifically binding to thédhF mRNA stem-loop structure 3
play a role in thén vivo process of selenocysteine incorporation2djacent to the UGA coddn vitro (19). Moreover, the mRNA
By a process of progressive elimination, we arrived at Bofif recognized by SelB can be reduced to a 17 nt minihelix
minimal SECIS which can still facilitaie vivo UGA-directed ~ Without loss of binding capacity vitro (20). This minihelix is
selenocysteine incorporation into the polypeptide product of igentical to the mini upper-stem-loopfdhiF mRNA described by
plasmid bornddhF-la¢Z gene fusion. We determined the levelus here to be the minimal SECIS required for ithevivo
of the UGA-directed selenocysteine incorporation as reflectdgcorporation of selenocysteine incoli (Fig. 6). The C-terminal
by: (i) the level of theselGdependenp-galactosidase activity; domain of SelB probably exclusively binds afsuivoto this upper
and (i) ['°Se]selenite incorporation into the fused polypeptidestem—loop RNA structure. Huttenhoferr al (27) have recently
These studies were carried ouircoli strain MC4100rpsL15Q  Pproposed a model where the upper part ofdhE mRNA hairpin
(15). We found that in order to permit selenocysteine incorporatioffhich binds to the C-terminus of SelB can be placed ‘outside’ the
in vivo the previously describefdhF SECIS 0,12,21) can still  ribbosomal mRNA track during UGA decoding. The nature of the
function properly even when it is reduced to only 17 nt formingninimal E.coli SECIS described here (Fi) corroborates with
a mini upper-stem—loop RNA structure (Fifys4 and5). We  such a model; only small variations are suggested. The model
found, however, that two major regions of the SECIS were nsuggested by Hiittenhoffet al (27) was based ain vitro toeprint
crucial for thisin vivoprocess, and these are what we call: (i) the@xperiments with 30S ribosomal subunits. They contend that when
intermediary domain, the 11 bp double-stranded RNA regiorihe mRNA is unfolded by the 30S ribosomal subunit there are 16
including nt 4-14 and 32—42 downstream from the UGA codounfolded nucleotide residues from the first nucleotide at the P site to
(Fig. 1); and (ii) the upstream UGA domain, the double-strandethe 3 side of the UGA ofdhF mRNA. In ourin vivo experiments
RNA structure, including nt =5 to 1 upstream from the UGA andescribed here, we found that selenocysteine is incorporated when
nt 41-46 downstream from the UGA (Fi§. Preventing the there are not more than 17 unfolded nucleotides in this region; that
formation of the secondary structure of either the intermediang 11 nt from the UGA to the mini upper-stem—loop structure
domain (Fig.1) or the upstream UGA domain (Fig).caused a (Fig. 6) plus the 6 nt included in the P and A sites. Therefore, we
reduction of onlyf20-30% in the level of the UGA-directed propose that there may be a safety measure wherelydbie
selenocysteine incorporation. We have also shown that neither ff8S elongating ribosome can even unfold 17 nt and still permit
primary nor the secondary structure of the intermediary domaldGA-directed selenocysteine incorporation into the translated
are required for the process. Our experiments suggest that fivetein product. Such a model is supported by the fact that the
intermediary domain assures the existence of the proper distarkeeoli ribosome covers 18 1 nt downstream from the P-site
of 11 nt (from the UGA to the mini upper-stem-loop structurefodon £8).
requisite for optimal selenocysteine incorporation. Thus, theseln conclusion, our results show that just the mini upper-stem—
intermediary RNA nucleotides can be in either single or doubldeop domain ofdhF mMRNA (located at the proper distance of 11
stranded form (Fic®). It is the distance of the mini upper-stem—loopnt from the UGA) is required for selenocysteine incorporation
structure from the UGA that is crucial for the process. vivo. However, the UGA codon contextfdhFandfdnGmRNAs

>
>
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generates a more extensive secondary structfe?,{1), 10 Baron, C. and Bock, A. (1995) In S6ll, D. and RhajBhandary, U. (eds),
designated here as the ‘intermediary domain’ and the ‘upstream tRNA: StructureBiosynthesis and FunctioAmerican Society for

UGA domain’. We are presently investigating the possibility thaf;

under specific physiological conditions the intermediary and2 zinoni, F., Heider, J. and Béck, A. (1998pc. Natl. Acad. Sci. US8Y,
upstream domains may have a role in selenocysteine incorporation 4660-4664.

into polypeptides.
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