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ABSTRACT

The 5'-non-translated regions (5 'NTR) of human immu-
noglobulin heavy chain binding protein (BiP), Antenna-
pedia (Antp) of Drosophila and human fibroblast
growth factor 2 (FGF-2) mMRNAs are reported to mediate
translation initiation by an internal ribosome binding
mechanism. In this study, we investigate predicted
features of the higher order structures folded in these
5'NTR sequences. Statistical analyses of RNA folding
detected a 92 nt unusual folding region (UFR) from 129
to 220, close to the initiator AUG in the BiP mRNA.
Details of the structural analyses show that the UFR
forms a Y-type stem—loop structure with an additional
stem—loop in the 3 '-end resembling the common
structure core found in the internal ribosome entry site
(IRES) elements of picornavirus. The Y-type structural
motif is also conserved among a number of divergent
BiP mRNAs. We also find two RNA elements in the
5'-leader sequence of human FGF-2. The first RNA
element (96 nt) is 2 nt upstream of the first CUG start
codon located in the reported IRES element of human
FGF-2. The second (107 nt) is immediately upstream of
the authentic initiator AUG of the main open reading
frame. Intriguingly, the folded RNA structural motif in
the two RNA elements is conserved in other members
of FGF family and shares the same structural features
asthatfoundinthe 5 'NTR of divergent BiP mRNAs. We
suggest that the common RNA structural motif con-
served in the diverse BiP and FGF-2 mRNAs has a
general function in the internal ribosome binding
mechanism of cellular MRNAs.

INTRODUCTION

Most mRNAs encoding oncoproteins and cell factors related to
cell proliferation possess a long, GC-rich and structurksh8er
sequence with one or more AUG triplets. The leader sequence of
human FGF-2 contains a 301 nt lorigndn-translated region
(5'NTR) with two AUG triplets that is located upstream of the
first start codon (CUG) and a 165 nt alternatively translated
region (ATR) from the first start codon CUG to the major
translational initiator AUG of the FGF-2 mRNA. The base
composition of the ATR sequence is up to 90% GC. Kozgk (
suggested that the expression of this type of gene, with a GC-rich
and highly structured leader sequence, is translationally regulated.
Recently, Vagneet al (4) demonstrated that the alternative
translation of human FGF-2 mRNA was mediated by an internal
ribosome binding mechanism. Furthermore, a 165 nt RNA element
just upstream of the first start codon CUG is proposed as an
internal ribosome entry site (IRES). These results indicate that the
regulation of translational initiation plays a crucial role in the
control of cell proliferation.

The internal ribosome binding mechanism, independent of the
5'-cap structure and of the cap binding protein complex elF-4E,
was first observed in poliovirus)(and subsequently in cardiovirus
(6), aphthovirus 1-9), rhinovirus (L0) and hepatitis A virus
(11,12). The phenomenon is of general importance as it is not
restricted to picornaviruses. It is also found in other types of
viruses, including hepatitis C virus (HC\V)314) and bovine
viral diarrhea virus15), as well as some cellular mRNAs, such
as human immunoglobulin heavy chain binding protein (BiP)
MRNA (16), Antennapedia (Antp) mRNA ddrosophila (17)
and FGF-2 mRNA 4). Capped eukaryotic mRNAs can be
translated without significant amounts of the intact protein
complex elF-4F. Initiation and translation by an internal ribosome
binding mechanism independent of an intact elF-4F holoenzyme
complex may be advantageous for those mRNAs whose translation
is important at mitosis in the cell cycle, because of the presence
of underphosphorylated elF-4F.

Human fibroblast growth factor 2 (FGF-2) belongs to a family of Internal ribosome binding is dependent on interactions between
potent mitogens that are implicated in many aspects of cell growdttis-acting IRES and &ansacting, cell type-specific factor,
and differentiation, both in normal and neoplastic settings. Thrich as p57/PTB (polypyrimidine tract binding protein) required
intracellular distribution of FGF-2 plays an important role in celln the internal initiation of enteroviruseis3[. The RNA—protein
behavior. Four forms of human FGF-2, a small protein of 18 kDateraction involves the specific recognition of sequences and/or
and three larger proteins of 21, 21.5 and 22.5 kDa, are synthesizauictural elements of the IRES element within thNaR by the

from the same mRNALJ. These different proteins result from cellular factors. Thus, it is important to determine the common
alternative initiation of translation by using a canonical initiatostructural motif folded within these IRES elements in BiP, Antp
AUG and three in-frame, upstream, non-canonical CUG initiatoend FGF-2 mRNAs. Recently, we proposed a common RNA

.

structural motif {9) that is conserved in all IRES elements
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’ Sequence 1, Sequence 2, ..., Se quence_n—‘ comparison was performed using the NUCALN' program.
Each group of sequences was aligned by Zuker’s MAL program
v (38). The alignment data were then edited, combined and refined
‘ Scanning Seq. by Sliding a Window (SIGSTB) ‘ in terms of the common structural information. _
v Among these sequences, we searched for UFRs in the human
BiP mRNA sequence using the programs SIGSTB and SEGFOLD
| search for UFR in these Seq. (SEGFOLD) | (39). We folded the detected UFRs using the EFFOLD program
(40). These predicted, thermodynamically favored, helical stems
[ Folding of UFR by Using EFFOLD | in human BiP mRNA were computed in the RNA folding
simulation by fluctuating free energy parameters in the Turner
Generating a Stem List of Thermodynamically energy rules41,42) within the range of experimental error. Based
Favored Helices in EFFOLD on these thermodynamically favored stems, we constructed a stem
list using COMFOLD 43) in which each stem was supported by
Y - . phylogenetic comparative analysig¢4(5 among the BIP
‘é“;‘lr;iﬁ:iizq;f‘\;ig‘;‘:gn;a:‘;g fﬁTﬁ?;;:ﬁ gfst mRNA sequences from human, rat and Chinese hamster. As a
and Build of RNA Secondary Structure (COMFOLD) result, we built a theoretical common RNA structural motif for the
three sequences. Based on this common structural motif, we
+ determined the common RNA folding in the other four related
Evaluation of Possible Tertiary Interaction BiP mRNAs. In practice, we first chose the conserved stems from
or RNA Pseudoknots (RNAKNOT) the thermodynamically favored stem list, then added stems from
the stem pool of all possible base pairing regions. Some manual
Y inspection and selection for equivalent base pairing are required.
A Common RNA Higher Order Structure Using the detected IRES element that forms the common

structure within the BiP mRNAs, we searched for a similar
structure in the 'BITR sequence of human FGF-2 mRNA by
Figure 1. Flowchart of the procedure for RNA folding and structural analysis. means of the same procedure. Combined with RNA folding
For details of the programs SIGSTB, SEGFOLD, EFFOLD, COMFOLD and simulations and statistical tests, we also determined the structural
RNAKNOT see previous publications. motif of IRES elements in FGF-2. Similarly, we computed the
common structural motif in théMTR of other members of the
examined to date involved in the internal ribosome bindin§GF family and the Antp mRNAs based on the common structural

mechanism, from picornavirus to pestivirus and HCV. Théformation found in the BiP and FGF-2 sequences.
common structural motif shares a structural feature similar to that
observed in the catalytic core of group | introns. RESULTS
Sequence comparison of the 221'N(MER of BiP mRNA with
the IRES of picornaviruses did not reveal any notable homologyhe UFR and common RNA structural motif of BiP IRES
Up to now, we do not know whether there is any significanflements
relationship between the viral and cellular IRES. Does the
functional IRES in the 'SITR of cellular mRNAs comprise an A UFR from nt 129 to 220 is detected in the segment including
undiscovered, conserved structural motif that could be correlatgte SNTR and 50 nt downstream of the AUG start codon. This
with the mediation of internal ribosome entry in BiP and FGF-% one of the most stable regions in thpdstion of BiP mRNA.

mMRNAs? We address this question in this study. Although the segment 129-220 has the lowest stability scores
computed by both the Tinoc69) and Turner41) energy rules,
MATERIALS AND METHODS its scores related to the random shuffling sequences are not

statistically significant (Fig2). This means that thermodynamic
In this paper, RNA sequences and RNA folding were analyzed Isyability alone may not be a good predictor for representing the
the procedure developed in our laboratory as shown in Figurefunctional form of this RNA segment.
For implementation, we set up three groups of mMRNA sequencesThe proposed RNA structural models (Bgof the UFR in the
Group 1 included thBaccharomyces cerevisiegryogamy gene three BiP mRNAs from human, rat and Chinese hamster were
(20; accession no. M25064) and six BiP mRNA sequences frooomputed by a combination of thermodynamic, phylogenetic and
human 21; M19645), rat 22, M14866), Chinese hamstet  statistical methods. Among these structures, the junction domain
M17169),Giardia lamblia (24; U04875),Trypanosoma brucei of three stems, A-C, occur with high frequency in the RNA
(25, L14477) andCaenorhabditis elegar(86; M26604). Group folding simulation, where 50 simulated energy rules were
2 contained FGF-2 mRNAs from humdnJ04513), bovineX7;  generated. For human BiP mRNA, the frequencies of stems B, C
M13440) and rat 48, M22427) and other FGF membersand A (138-142/183-187) are 76, 58 and 58% for folding the
including human FGF-20; M37825) and FGF-8(; D14838), complete 3JTR and 92% for folding the UFR respectively.
human Kaposi's sarcoma oncogene FGE 117446), human Although only 43% sequence similarity between human and rat
keratinocyte growth factor3; M60828), mouse FGF-&8  and 52% between human and Chinese hamster are detectec
X51552) and FGF-83¢; U18673), mouse hsttKFGR3E, among these RNA fragments, the folded structures shown in
X14849) and rat FGF-30; D14839). Group 3 had three sequencegigure3 are quite conserved. lizukaal (46) indicated that the
of Antp mMRNAs 6) from Drosophila melanogast¢M20704), RNA fragment spanning nt 128-220 could direct internal
D.virilis (M95825) andD.subobscura(X60995). Sequence initiation when placed in the intercistronic spacer region of a
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Scores alternative initiator CUG (302-304). The RNA fragment is
3 . located within the suggested IRES element (154—-318) of human
1 P ; FGF-2 mRNA {). RNA folding analysis indicated that the higher
order structure formed bears a striking resemblance to the
conserved structural motif observed among the IRES elements of
BiP mRNAs. The RNA segment (204—299) within the proposed
FGF-2 IRES element is a good candidate for a role in the
IRES-dependent translation of human FGF-2. Similarly, we also
detected a corresponding IRES element (331-426) in the rat

FGF-2 BNTR. The IRES of rat FGF-2 is just 4 nt upstream of the
corresponding codon CUG, which is similar to that observed in
the human FGF-2 IRES. The conserved RNA structural models
of the two IRES elements of human and rat FGF-2 are shown in
Figure5. The RNA functional elements in human and rat FGF-2

are referred to as IRES core E1.

4 (129-220)

=2 T T I | T T T T | T T T T
0 100 200 300
Sequence Positions

Fi > Distributi f the sianifi Si brok dTable la.Sequence similarity among the common structural motifs of the
igure 2. Distributions of the significance score (Sigscr, broken curve) an 5NTR of Bip mRNAs

stability score (Stbscr, continuous curve) in the human BiP mRNA sequence.
The two scores were computed by both Turner (thick line) and Tinoco (thin line)
energy rules (59). In the plot, the window size was set at 92 nt. The searched Hamster Rat Yeast GL B CE
sequence consists of tHBIPR segment and the 50 nt downstream sequence of

the start codon AUG. The detected UFR is located from nt 129 to 220 (markedHuman 0.52 0.43 0.30 0.28 0.27 0.22

by an asterisk) and is consistent with the BiP IRES element of 128-220 (46). The1amster 0.83 0.33 0.32 0.16 0.31
profile was obtained by plotting the Sigscr and Stbscr of each segment windowRat 0.35 0.38 0.32 0.33
against the position of the middle nucleotide in the segment by sliding the Yeast 0.38 0.41 0.32
window throughout the sequence. The two scores are defined as follows: Sigscgs | 0.20 0.38

= (E-E)/SD and Stbscr =H — E,,)/SD,, whereE is the lowest free energy of B 0.29

formation for RNA folding of a specific RNA fragmeRt,andSD are the mean

and standard deviation of the lowest free energies from a great number of rand
shuffling RNA foldings for the fragment art€}, andSD,, are the mean and , .
standard deviation of the lowest free energies resulting from sliding a window? NTR of Bip and FGF-2 mRNAs
of the same size as the fragment throughout the sequence frémdafgénd.

“fble 1b. Sequence similarity among the common structural motifs of the

In practice; andSD were computed by a set of coefficients that were derived Human FGF-2 Rat FGF-2 Bovine Human Bip  Rat Bip
from a least squares fit to the 500 random shuffling sequences (60). E1l E2 E1 E2 FGF-2 E2
Human E1  1.00 0.47 0.39 0.29 0.49 0.35 0.29
dicistronic mMRNA. The common RNA structure folded in the FGF2E2 047 100 039 070 088 0.5 032
region 129-220 of human BiP mRNA is a candidate structural
motif of the RNA functional element. RNA folding simulations indicated that the segment 360—467

The proposed Y-type structure of the BiP IRES elements ¢f one of the most stable folding regions in the first 600 nt domain
human, rat and Chinese hamster is also observed iNMB 6f  of the B-portion of human FGF-2 mRNA (§TR plus the
other divergent BiP mRNAs, includitglamblia(GL), T.brucei  following 134 nt in the coding region). This UFR is immediately
(TB), C.elegans(CE) and theS.cerevisiaekaryogamy gene pstream of the authentic initiator AUG of the major translation
(KAR2, a homolog of mammalian BiP). The sequence similarityroduct of human FGF-2 mRNA. This RNA fragment has 47%
among these BiP RNA structural models is dit% or less  sequence similarity to the IRES core E1 (204—299) of human
(Table 1) The RNA structures folded in these protozoan an#GF_Z (Tab'el) S|m||ar|y’ we also detected an ana|ogous
metazoan BiP mRNAs are not as stable as those folded in hun@égmem in the'Beader sequence of rat FGF-2 mRNA (438-532)
rat and Chinese hamster BiP sequences3Jigecause they are and povine FGF-2 mRNA (16-104). Intriguingly, the three RNA
not GC-rich sequences. ) ) fragments share a striking resemblance to the structural feature

By comparing the common structural motif) found in the  gpsenved in the IRES elements of BiP and FGF-2 mRNAsqFig.
proposed common structural model of the human BiP IRES, Wgement related to internal translational initiation of the major
find similarities to the IRES elements of groups B and C Ofrotein of FGF-2 (termed E2). These IRES elements, E1 and E2,
picornavirus. This common feature is a Y-type stem-I0Ogre very close to the authentic initiation codons of FGF-2
structure immediately followed by a stem-loop structure jushrRNAs. Thisis the same feature that we observed in BiP mRNAs
upstream of the authentic ir_1itiator AUG. _Schematic diagrams ing. 6 and Table).
the common structural motif are shown in Figlire Based on the conserved structural feature observed among
these cellular IRES elements, we performed RNA structural
analyses of other mMRNA sequences of the FGF family and their
The sequence comparison between the UFR sequence of humedated sequences. The common structural motif predicted in BiP
BiP and the NTR sequence of human FGF-2 mRNA did notand FGF-2 is also formed in human FGF-5 and FGF-9, human
indicate any notable sequence similarity. The closest RNKaposi's sarcoma oncogene FGF (KSFGF), human keratinocyte
sequence related to the human BiP IRES element was found inggiawth factor (KGF), mouse FGF-6 and FGF-8, mouse hst/
(1100 nt RNA fragment (204—299) located just upstream of th€eFGF and rat FGF-9 (Fig and Table?).

The common RNA structural motif of FGF-2 IRES elements
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(a) Human BiP mRNA (129-224) (b} Rat BiP mRNA (114-209) (c) Hamster BiP mRNA (64-153)
cGA AcC UAC
U a U A [ A
G & c-G B A G
A-U B c-c G-c
A-U 120 G-c G-c
140 ¢-G A G-U-140 G-U 90
A ccy | 6-¢C uc uc c-G A c-¢| U A U
57/-CGGGCC  GCCGCCU-GCUGU-GC ¢ 5/-CCGUCG GCGUUU  UUGCUGG C 5/-CGCCG--CGCUC  UUGC GG CU C
GUCAGG  CGGUG GGCAUCG U-170 GCCAGU CACAG----AGUG-UC GUCGC GCCAG  GACG-UC GA
| U uce ue A c i U A ca GCA | C A G
¢ 200 C c 160 G 110
c jcu ca ¢ A A ACUG c cca
UGCUG GCC A GCUG GCG CUG G ACUGGC  C
ACGGU--CGG  C CGGC-CGC-GAC CGGCCG A
U a accu A C G-140
1‘; D a 200 D a D
S <] <]
(d) Trypanosoma brucei BiP (157-264) (e) Giardia lamblia BiP (401-516)
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(f) Caenorhabditis elegans BiP (g) Yeast KAR2, A homologue of BipP
(376-468) (195-287)
AU G U
400-A A (S
U-A A-U-220
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c | B A u B
cG-u 200 G-UG
380 G-U | A-U
| cau A A-U A A UA A-U C U
5/-GUCGUUU  AUUUU-AUUUUU C 5/-CUAUG  AUUCUA-UACUUU U
CA-CAAA-C-UAAA  AAAAG A GGAAC  UGAGA  UGAAA
a U C =R G U A A c| U
A U GaAC 420 A cuG cceo 240
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Figure 3. Conventional representations for the common structural motif predicted in the IRES element detect®&TiR tfdhEman BiP mRNAg). The common
structures predicted in thétNg'R upstream of the start codon AUG of other BiP mRNAs, rat, Chinese hdimyptanosoma brucgiiardia lamblig Caenorhabditis
elegansand yeast KAR2 are shown - respectively). The start codon AUG of the open reading frame is boxed. In the model, the Y-type stem—loop is labeled as ster
A-C. The following stem—loop is labeled by the letter D. Stem A is often interrupted by an internal loop and stems B—D may include a small bulge or internal Ic

Structural features of IRES elements in BiP and FGF-2 Figure6. The alignment was gradually refined by means of their
common structural information. In the common Y-type structure,

The sequence alignment of BiP and FGF-2 IRES elements astem A is usually interrupted by an internal loop and its size

the BUTR of other BiP and FGF family members is shown irranges from 8 to 13 bp. There is an intervening unpaired base
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Table 2. Conservation and co-variation of the common structural motif

(a)
Species A: B: C: D:
B o oD ¢ oD I
A H. Bip CGGGCC. . GCCGL. UGCAA CUGU. .UGCUG.
5 ’I | [ l ] [ l ] GUCAGG. .CGGUG. GCGUU GGCA. +ACGGU.
R. Bip CCGUCG. . GCGUU. CGGGC UUGC. .GCUG.
C GCCAGU. .CACAG. GUCCcG AGUG. .CGGC.
D Hams. Bip . CGCCe--Cceeuc cGee UUGC. .ACUG.
@ . GUCGC. .GCCAG. Gucc GACG. .CGGC.
I Y. KAR2 CUAUG. . AUUCU ARAG. ACUUU .GUAU.
5 E .GGAAC..UGAGA.  UUUU. ucaa .CAUA.
—AUG | | | I I | | I CE Bip . .GUUU. .AUUU. . UAGG. il .AGUA..
..CAAA. .UARA.. AUUU. AAAAG .UUAU. .
GL Bip UCA--AAAA. . AAGU. UCUaGU. -CGUaC.
..-AGU..UUUU. . UUCA. AGAaCA. <GCA-G.
TB Bip UUWUCA. . UUCGCG UUGUUU. GCUaAG <AUUA.
AA.AUU. .AA-CAC AAUAGA. CGA.UC -UAAU.
H. FGF-5 UAUGUC. .GGC-GA GGCGG. CAGGG. . UUAG.
ACGUAG. .CCGaCU ACGCC. GACCC. .GGUC.
R. FGF-2 E1 CGGGCC. .GGCCG. CUGUAG. UCU-CU. .CGG. .
GGUCGG. .UCGGC. GGC-UC. AGGcGG. .GCC. .
H. FGF-2 E1 CGC-GG. .CCCAU CCGuGA. GC-C@G. CG-GCC
GCGgCC. .GGGGA. GGC-CC. CGecGC. GCuCGG
. GGGGCC--GUGC CCCGG. GCCG. . -CGGGG.
H. FGF-2 E2 CCUCGG--CGCG. GGGCC. CGGC. . .GCccece.
GGAG----CGCG UCGG GGCCG .- CGGGG.
B. FGF-2 E2 CCUC--..GCGC. GGCC UCGGC .GUUCC.
CCCGC..GGCGA GCCGCG. CGGGG. Gucce
R. FGF-2 E2 GGGCG. .CCGUC. CGGAGC. GCcccee. CGGGG
H. FGF-9 CAGUAA. .GAGGG GAGUUG GCCUA .CUUG.
GUUAUU. .CUACC. CUCCAU UGGGU .GAGC.
R. FGF-9 CAGCAA. .GAGGG GAGUUG GCCUAG .CUUG.
. . . . . GUUAUU. .CUACC. CUCCAU UUGGUC .GAGC.
Figure 4. Schematic diagram of the common structural core)nRES
H P UUUUAG--GGCCA UUA CCACGU. -GAG
elem_e_nts of cellular mRNAsz IRES elements of picornavirus, HCV and M. FGF-6 AGGGUG-—COGGU.  AGU GGUGGA. ooy
pestivirus andd) group | introns (48). Stems A, E and P3 are represented as
including an internal loop. The possible unpaired nucleotides are not shown inu. rer-s [pivucincddbel bt e oes
stems B-D in (a), stems F-J in (b) and stems P4 and P6—P9 (c). In the structural ARUGA. . CCUAG cacy anca canc
core of the cellular IRES (a), stems A-D corrgspond to stems E-I/Jin (b) and H. KGF ' SUALY . . GUAUT. CUCA i ‘ueac
to stems P3, P4, P6 and P8 in (c) respectively. The coaxial stem stacking caUCE. . cCEcTe.  GCG accy ccue
between stems B and C s_uggested in (a) is consistent with the s‘tem stackingg. xksrerF .CCAGU. .CGCGGG.  CGC UCGA - agac.
between stems F and G in (b) and between stems P4 and P6 in (c). In the S — cca cucace
structural core of the viral IRES (b), stems E-J correspond to stems P3, P4 and1. KeGF ABGC..CGACG.  ACUCA. eec Geecee
P6—P9 of group | introns respectively. Among these, stems E and H in (b) and ‘
stems P3 and P7 in (c) form a similar RNA pseudoknot. In (b) stem Jis deleted D- mel GUUU. . AUCA. AAUUG. AGAGG
. . . . . . CARAA. .UAGG. UCAAC. ucauc
in group B of picornavirus, HCV and pestivirus; stem | is deleted in group A
i i i D. vir GUU-UC. .AAAUC. AAUUG. AGAGGU
of picornavirus, HCV and pestivirus. Pty oy Eoie
D. sub GUUU. .AUCA. AAUUG. AGAGG
CARA. .UAGG. UURAAC. UCAUC

(A)Human FGF-2 mRNA (204-304) (B)Rat FGF-2 mRNA (331-443)

The stems A-D are four structural units found in the common structural motif

of cellular IRES elements of human BiP and FGF-2 mRNAs, as shown in Fig-

c ca
c a A G
c-6 c-G
c-G A G B
AU c-G
acp G-C-360
215 G-C A-U
GA(I: UG <I: A 340UG (l:
A W e G ce | u-¢ C .
5/-GUCCGC-GG  CCCAUC-GGC-CGCCG C-250 57-CGGGCC  GECCGC-GUCU-CUCE €
CAGGCG CC—~--GGGGA CG GCCGC GGUCGG UCGGC AGG GGAC U
A G cca ¢ U G A G cuG c U
G | c 405-A U c |
a 270 G ca 380
a c
G ¢D
a CGG~~CG A
G D G GCC GC C
CG-GCC A-290 ¢ a @
GC €66 & [
au ¢ a
[ G
[ 430+
iy =R

Figure 5. Conventional representations for the common structural motif
predicted in the IRES elements detected in‘tN&R sequence upstream of the
start codon CUG of human)(and ratp) FGF-2 mRNAs. The IRES element

ures 4 and 6. A dash between two nucleotides indicates that no nucleotide ex-
ists between them and a dotted sign represents the nucleotides that are omitted
in the table for simplicity. The IRES elements of the homeotic gene Antp
mRNAs ofDrosophila melanogastdD.virilis andD.subobscurare denoted

by D.mel, D.vir and D.sub respectively (see also Fig. 7).

between stems A and B in some cases. Stem B and stem C contair
4-8 bp and a hairpin loop of 3-8 unpaired bases. In some cases,
stems B and C are broken by a small bulge or internal loop. Stem
C is frequently connected to stem A by a loop of 3-5 nt. The
Y-type structure is followed by an additional stem-loop D, in
which there are differences in sequence length. One remarkable
property is that stem—loop D is just a few nucleotides upstream
from the authentic initiator.

The proposed common structural motif of these IRES elements
is confirmed by the intra- and/or interphylum covariance seen in

shown in human FGF-2 was supported by experimental data (4). The staffigure6 and Table? that maintains the base pairing potential in
codon CUG is marked by a box. For further details see the caption to Figure Ztems A—D. The structural conservation of these divergent
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10 20 30 40 50 60 70 80
#1 human Bip {129) . .CGGGCC. . ..GCCGC.cUGCAA..... JUCTAAR. . eaeaan UUGCGCUGU. .GC. .uccugu. . .GCu. .ACGG
#2 rat Bip (114) . .CCGUCG. . »+.GCGUU.,uCGGGC....... UACA.eeeecons GCCUGUUGCU.GG...8CU . .0v . CU...GUGA
#3 hamster Bip ( 64) ..CGCCG........ CGCUC. .CGGG...... acuacag........- CCUGUUGCu.GGaCUucg. .AGaCU. . .GCAG
#9 yeast KAR2 (195) CUAUG AUUCU. .AAAGa.uUAA. .cgug. .. . UUAcCugUUUUACUUU. . ..uun. . +AAAGU
#10 CE Bip {376) GUcGUUU AUUU. . .UAGGCCUAAU. .aaua. .. .AUU. . .UUUAUUUUU. . ..acag. . .GAAAA
#11 GL Bip {401 ..... UCA....conn ARAAA. .gAAGUaCAAAC. .gucu....GUUUG.ACUUUCUaGUGGAC. guau. . GUCUAC.aAGA
#12 TB Bip {157) UAUUuUCAC..... GUUUCGCG.UUGUUUU...... [+ {+ (- SRR AAGAUAAGCUa. .AG...caua....CU..aaAGC
#6 rat FGF-2 El1 (331) ..CGGGCC....cg..GGCCG. .CUGU.AGCAC. . .acag...GGGCU. .CGGUCU.CUCG. . .gcuu. . . . CAGG. CGGA
#4 H. FGF-2 E1 (204) GUCCGCGG.agaca..CCCAU. .CCGu.GAACC...¢cca....GGUCC. .CGGGCCG.cCG...gCU.. ... CGe.CGCGC
#5 H. FGF-2 E2 (360) GGGGCC..vvvves GUGC...CCCGGayg...CG.ggu.CG.gagyg. CCGGGGCCGggg . CCGggggaCGt.... . CGGC
#8 B. FGF-2 E2 ( 16) GGAG....ceunns CGCe UCGG..cuunn- Y1 P, CCGGGGECCG. ... - . gggceyg . - . cgg - CGGCU
#7 rat FGF-2 E2 (438) ..CCCGC....g...GGCGA. .GCCGCE. .CU. .ggdg. . . .GGc . CGAGBCCGGGG. . . UCGggge . CGGggagCCCCG
#13 H. FGF-5 ( 26) . . UAUGUCcacccgGUGcGGCGAGGCGGGCagatGCCagaGGCacGCagCCGCACAGGGYCU. . .acag. . . .AG. .CCCAG
#14 H. FGF-9 ( 81) .GCAGUAA.gg.....GAGGG. .GAGUUG......galad..ccc0a" UACCUCGCCUA..... auaucucc..... UGGGU
#20 rat FGF-9 ( 82) -GCAGCAA. TACCUCGCCUAG..... ugucut..... CUGGUU
#17 M. FGF-6 ( 4) . . UUUUAG. UGACCACGUGCCU.gag. . .AGGCaAGGUGG
#18 M. FGF-8 ( 2) ....GCAC. -GGcc.ucCAGUGGG.aCG. . .gCG. s UGa.cCCCG
#15 H. KGF (366) GUCAAUGA........CCUAG. .GAGU....aacaaucCa.......-- AC.UCAAGA....... UUCAR.ccvaeenn uuuu
#16 H. KSFGF (221) .. .GEQUCG.gcc.GUGCGCUCCCGCE. . .ggACTCCACATT e s o v oo oo CGCAGCU....CugCcCCCCCaaaneen AGCU
#19 M. KFGF ( 33) ....UUUG.cucuc..GCUACU.UAGGU. .CUG. .ugcg. . . .CAGc .ACUCACCG...... BACUCE. couaaannes CGG
TAN
A B B (o] (o4
10 20

#1 human Bip (180) ccu. .GUGGC.u......GGACUG. .cc
#2 rat Bip (158) ..... GACAC.c . .UGACCG.acc.
#3 hamster Bip (111) acg..GACCGac CG.CUG.age.
#9 yeast KAR2 (243) ccccaAGAGUagucu. . .CAAGG. .gaaaaagc.GUAU
#10 CE Bip (425) Uewonn ARAU.C...... AAACAC.ad@......
#11 GL Bip (457) caaaa.UUUUaa...... UGA....8cecessn. CGUaCuaGUCaCgUUaaucaaaaAAGGACG.ACG. . .gaaauaaaaAlUG
#12 TB Bip (208) a...CAC.AAACcuac. .UUAccuAACAcuaau.AUUAagUU . . .cccccucccgAUG
#6 rat FGF-2 El1 (384) guc. .CGGCUgcacua. .GGCUGGCIgageT. .« + o CGG....CG..... ggaCT e e s s e CGaaCCG...aeess ggaggCuG
#4 H. PGF-2 E1 (260) acc..AGGGG........ CCgGCGGACagaagag.CG...GCC..... gagC...aeae GGCuCG.....ccnu.. aggCuG
#5 H. FGF-2 E2 (415) uceccc.GCGC. v eaer GGGCCCCGCcAGggacCC. . . .AUG
#8 B. FGF-2 E2 ( 53) cceceg.CGCOY. cvenen. . GGGCCUUGguggGGCC. . . .AUG
#7 rat FGF-2 E2 (494) agag.CUGCCgCa.....GCGC8G.vveeseeas.GUCCC...cveve..00g@CcCgCgga.. .GGEBGC. . cceeeenens CcAUG
#13 H. FGF-5 ( 96) aaUCaGCCcUACaa....GAUGCA..c.......UUAGgaCC......cccgc.......GGCUGGa. . ... agaAUG
#14 H. FGF-9 (129) ugacaCCAUCa. . .uccucugAlic
#20 rat FGF-9 (130) .gauaCCAUCa. . .uccucugAuluc
#17 M. FGF-6 ( 49) a....UGGCC........ ucacu.AUG
#18 M. FGF-8 ( 52) c....UCGGGcucuca..GUGC....uccCcgg..GBC. .. ee e eCPCPC.eeree.asBCCLenccnrnnnn AUG
#15 H. KGF (407) ca...UUAUG....000 UUAUUCAUGaacaccCGOAG. c ccccnee.CAOCURA s veee . .CACUA. e v eanes ualdlUc
#16 H. KSFGF (274) ucee.GGGCGCAC. ... UGACC...g..vuunn CCUGa .CCGACG. .cacgc.CcUCGGGCCGEG. v v v eannans AUG
#19 M. KFGF ( 81) ccc..GCAGC.U..ous e CGAA...coeevrunn CUCA..CG...... cc.gggAUG

A D D’ Initiator

Figure 6. The structural conservation found among the IRES elements of human BiP and FGF-2 and arbrig di¢te BiP and FGF families. In the alignment,
deletions are denoted by dots. The upper case letter indicates the nucleotide folded in the conserved base pairing regions. The base pairing region is also unc
and labeled by the letters A-D an&-B. In the plot, the FGF-2 IRES elements just prior to the first start codon CUG and major initiator AUG are referred to as E1
and E2 respectively.

D. mel (1-64) D. vir (1-64) D. sub (1-64)
ARU AAU
G & anU ¢ a
G-c A a G-c
A | B A.c A |
G-c G-c G-c
v-a vaB va2B
U-a U-a u-a
aa a.c a.c AR A-U
Acar av u A a A-U v Acr avu U
5/-AGUUU AUCAA  AGAGGA A 5/-AGUU-UC ARAUCAA  AGAGGU A 5/-AGUUU AUCAA  AGAGGA A
CAAA UAGG  UCAUCG A CAA GG UUUAGG  UCAUCG A CAAA UAGG  UCAUCG A
| A ¢ ¢ A ¢ ¢

MUC G |

L, AAUC G

AAU G |
3' AA C 3/ AA

Figure 7. Conventional representations for the common structural motif predicted in the IRES elements detect@dliR tifetie homeotic gene Antp mRNAs
of D.melanogasteD.virilis andD.subobscuraln the figure, exon D starts with the nucleotide numbered 1 and the Y-type stem—loop is labeled as stems A—C.

sequences indicates that the predicted common RNA structuBaN TR (>1500 nt), the'Sborder of exon D functions as the IRES
motif involved in internal initiation of the translation of cellular element {7). In the 5-border of exon D there is a 55 nt RNA
BiP and FGF-2 mRNAs could play an important role in internatequence highly conserved amdhgnelanogasterD.virilis and
ribosome binding control of cellular mMRNAs. D.subobscuraPreliminary experiments from Sarnow’s laboratory
(17,46) indicated that the highly conserved 55 nt sequence (nt
1-55 in Fig.7) was required for Antp IRES function. The
conserved 55 nt sequence is one of the smallest IRES elements
A common RNA structural motif, including a Y-type stem-loopreported, which is located over 350 nt upstream of the AUG
structure followed by a small stem—loop structure just upstreatranslational start codon. A Y-type stem—loop structure similar to
of the translational initiator, is a conserved property found in IRE®at observed in other IRES elements of cellular mMRNAs can be
elements identified in the cellular BiP and FGF-2 mRNAs. Althougformed in the RNA fragment that includes the conserved 55 nt
the Antp gene ob.melanogastecontains an exceptionally long and the following 8 nt. However, these folded RNA structures are

DISCUSSION
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not highly stable. One possibility is that IRES-dependerdeletion analysis. However, the exact positions of these IRES
translation of Antp requires additional protein factors to stabilizelements have not been determined by extensive experimental
the folded RNA common structure. Ribosome movement of thtesting. We suggest that the function of both viral and cellular

350 nt from the IRES to the initiating AUG may occur bylRES elements is correlated with the distinct, conserved RNA

conventional scanning. higher order structures folded in these elements.

Among the common RNA structural motifs of the IRES elements The difference between the two structural motifs of the viral
of BiP, FGF-2 and Antp mRNAs, the most striking structurahnd cellular IRES is also clear. The conserved RNA pseudoknot
property may be represented by the conserved, conceivalslymposed of stems E and H in all viral IRES elements was not
coaxial stacking between stem B and stem C within the commohserved in the cellular IRES. The RNA pseudoknot has been
Y-type stem—loop structure. Sequence comparison (Tgble demonstrated to be essential for HCV IRES functiai (f the
indicated that while these suggested RNA functional elemerseudoknot is an important structural property of the viral IRES,
diverge in sequence similarity, the folded structures havden there is a difference in the IRES-dependent mechanism that
conserved folding shapes and positions, just a few nucleotidescurs in cellular and viral internal initiation. Currently, two
(except for Antp mRNAS) upstream of the authentic initiatiorcellulartrans-acting factors, the La antigestj and PTB$7,58),
codon. The conservation of these structural motifs among thesave been found to bind to picornavirus IRES elements and to be
divergent BiP sequences, from protozoa to human, stronghgsential for their internal initiation of translation. However, PTB
supports their importance. Moreover, the predicted structurinds extremely poorly to the BiP IRES and two other proteins,
motifs of BiP IRES elements are also conserved in FGF-2 IRES0 and 95 kDa in size, can bind specifically to the BiP IRES
elements, although their sequence similaritiessaB8%. The (46). Itis possible that differettans-acting factors are required
evolutionary stability of this structural motif is consistent with avhich are dependent on the specific IRES.
crucial role in the IRES-dependent translation of cellular mRNAs. Few IRES elements have been found in cellular mRNAs. It is

Previously, we proposed a structural core of secondary an@t clear what advantage the IRES-dependent mechanism offers
tertiary structures (consisting of stems E—H) that is common to &#ilative to the conventional ribosome scanning mechanism in
the IRES elements of picornaviruses, HCV and pestivirtiSgs ( translational initiation of cellular mMRNAs. Although the proposed
This conserved structural motif (Fig), found among a large common structural motif of the cellular IRES requires confirmation
number of dissimilar sequences, is likewise a candidate structulyl experimental data, our model is supported by phylogenetic
core essential to the function of these viral IRES elementgnalysis of divergent sequences from BiP, FGF-2 and the FGF
Interestingly, the proposed conserved superstructures for théamily. The structural conservation is consistent with the fact that
viral IRES elements share a striking structural resemblance to ff@se IRES elements are functionally related to each other. The
higher ordered structure of group | introns. The common structu@@mmon structural motif of cellular IRES elements may provide
core (F|g4) of these viral IRES, Composed of stems E—H, Sharweflﬂ information o'n the relatlonshlp betvveer) viral and cellular
tertiary structural features analogous to the core structure centered®RS elements. It is also helpful for searching more cellular
helical regions P3, P4, P6 and P7 in group | |ntrdﬁ$ (rhe MRNAS with ?.n IRES. KnOWledge O.f the distribution of the.Se
stacking between stems E and H corresponds to the stackingstfictural motifs should further the discovery of the underlying
helices P3 and P7 and the possible coaxial stacking of stems F BFBciples of cap-independent translation and internal initiation of
G corresponds to the stacking between P4 and P6. By meand'@pslation in eukaryotic cellular mRNAs.
such coaxial stem stacking and other tertiary interactions, the
group | introns form a compact three-dimensional structure. RCKNOWLEDGEMENTS
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