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Site-specific editing of apolipoprotein B (apoB)
RNA by the cytidine deaminase, APOBEC-1 is pro-

osed to require interactions of auxiliary protein(s)
ith an eleven nucleotide element, the mooring se-
uence, located 3* of the C3U editing site. An analysis
f the RNA sequence dependence for protein-RNA in-
eractions and editosome assembly in rat liver and the
mall intestine demonstrated that the mooring se-
uence was a minimal requirement for these interac-
ions. Sequences 3* of the mooring sequence either
nteracted with 66 kDa and 44 kDa proteins or en-
anced the interactions of these proteins with the
ooring sequence. The data also suggested tissue-

pecific differences in the relative importance of the 3*

is-acting ‘enhancer’ elements in the efficiency or sta-
ility of editosome assembly. We propose that the pre-
iously demonstrated differences in apoB mRNA edit-
ng efficiency and its regulation in liver and intestine

ay in part be due to differences in auxiliary protein
nteractions with apoB mRNA 3* of the mooring
equence. © 1999 Academic Press

Apolipoprotein B (apoB) mRNA editing involves the
ite specific deamination of a cytidine at nucleotide
666 (1,2). This converts a glutamine codon (CAA) to
n in-frame translation stop codon (UAA) enabling the
ranslation of a truncated protein, apoB48 instead of
he full length protein, apoB100. These protein vari-
nts have different physiological effects on lipoprotein
ssembly, secretion and uptake by peripheral cells.
nly very low density lipoproteins (VLDL) containing

1 Current address: Clinical Rheumatology and Immunology, Uni-
ersity of Rochester; Department of Surgery, University of Florida,
ainesville, FL and Sigma Chemical Corp., St. Louis, MO, respec-

ively.
2 Corresponding author. Fax: (716) 273-1027. E-mail: harold_

mith@urmc.rochester.edu.
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n atherogenic risk factor.
The apoB RNA editing site is a tripartite arrange-
ent of cis-acting elements consisting of an enhancer

lement 59 of C6666 and a spacer element and mooring
equence 39 of C6666 (3–5). The ‘mooring sequence’ is
ecessary and sufficient for editing when placed in an
ppropriate context of flanking RNA sequence and
ackground of cellular protein factors (6–9).
The cytidine deaminase responsible for apoB mRNA

diting, APOBEC-1 (10–13) cannot edit RNA without
et-to-be fully characterized proteins referred to collec-
ively as auxiliary proteins (5, 6, 9, 10–16). To date,
andidate auxiliary proteins include heterogeneous ri-
onucleoproteins (hnRNP) C and an hnRNP A/B ho-
olog ABBP-1 (17, 18), mooring sequence-selective
NA binding proteins of 100 kDa, 66 kDa and 55 kDa

7, 9, 15, 19–21), general RNA binding proteins 40-44
Da (7, 9, 15, 19, 20, 22) and a protein complex,
UX240, identified by a 240 kDa antigen (15, 23).
In contrast to the well defined requirement for RNA

econdary structure in A to I editing (24), RNA second-
ry structure does not appear to be necessary for apoB
NA editing site recognition. Secondary structures
ave been predicted in the vicinity C6666 (5, 26, 27)
ut these are potentially unstable due to the AT-
ichness (78%) of the region. Secondary structure map-
ing of the region with single and double strand-
pecific RNases have yielded ambiguous results (27).
n fact, strong secondary structures placed proximal to
he apoB RNA editing site inhibited editing in cells
ransfected with apoB RNA constructs in which splice
unctions had been inserted within 200 nt of C6666
25). In vitro editing was also inhibited by mutations
hat improved base-paring and thereby stabilized sec-
ndary structure surrounding the non-base paired
ubble containing C6666 {Backus, J., Ph.D. thesis,
niversity of Rochester}. Furthermore, mapping stud-

es have so far only been performed on naked RNA,
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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leaving open the possibility that secondary structure
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ight be important but that it is selected and/or sta-
ilized through RNA-protein interactions within the
ditosome (26).
Only three other mRNAs have been shown to sup-

ort mooring sequence dependent C 3 U editing (28–
0). The dearth of mammalian mRNAs that undergo
3 U editing is a paradox given that the human,

ouse and rat sequence databases contain numerous
DNA sequences with regions of high identity with the
poB mRNA mooring sequence (unpublished computa-
ional analysis, M. F. Forsythe, D. Landsman, J. W.
ackus, and H. C. Smith). The mooring sequence alone

herefore is not a good predictor of editing of other
RNAs despite the apparent sufficiency of the tripar-

ite motif in determining site-specific editing in the
ontext of apoB mRNA.

A partial explanation may be that APOBEC-1 and/or
he same complement of auxiliary proteins are not
xpressed in all cell types (10–12, 15). However, even
mong tissues that support editing of apoB RNA, there
re tissue specific differences in the ability to support
dditional site editing when APOBEC-1 is overex-
ressed (16). These differences have been attributed in
art to multiple occurrences of the RNA motif UGAU
n the RNA sequence flanking the tripartite motif
hich resemble the 59 end of the mooring sequence
ave the effect of enhancing editing efficiency.
Given that editosome assembly is a requirement for

poB RNA to edit, we have evaluated the role of cis-
cting RNA sequence 39 of the mooring sequence in
egulating the efficiency of editosome assembly. We
emonstrate by RNA competition analysis and native
el electrophoresis that RNAs containing 39 flanking
equence native to the editing site in addition to the
ripartite motif are more efficient in editosome assem-
ly than RNAs that contain the tripartite motif alone
r bulk RNA as sequence 39 flanking the motif. Ultra-
iolet light induced cross-linking of extract proteins to
arious mutant apoB RNA constructs revealed tissue-
pecific differences in the importance of 39 flanking
equence for p66 and p44 interactions with apoB RNA.

ATERIALS AND METHODS

Extract preparation. Rat livers from male Sprague-Dawley rats
300–400 g, Charles Rivers) were perfused in situ with 30 ml of ice
old homogenization buffer (0.33 M sucrose, 50 mM Tris pH 5 8.0, 5
M MgCl2) containing 0.5 mg each aprotinin and leupeptin per ml

nd 1 mM phenylmethylsulfonyl fluoride (PMSF). Livers were sub-
equently homogenized in an equal volume (w/v) of homogenization
uffer with a Teflon-to-glass homogenizer. Nuclei were cleared from
he cytosol (3,500 3 g, 10 min) and the S100 fraction of the cytosol
as obtained by ultracentrifugation (100,000 3 g, 60 min).
Rat enterocytes were prepared as described by Weiser (31) with

he following modifications: (1) the initial intestinal wash contained
.5 mg/ml each leupeptin and aprotinin, 1 mM PMSF, 0.05 mM
anadium ribonucleoside complex as RNase inhibitor, and 20
nits/ml soybean trypsin inhibitor and (2) enterocyte release was
82
xtract was prepared by the method of Dignam et al. (32) and was
ubsequently dialyzed against buffer D {20 mM Hepes pH 7.9, 20%
lycerol (v/v), 100 mM KCl, 0.2 mM ethylenediaminetetraacetic acid
EDTA), and 0.5 mM dithiothreitol (DTT)} for 4 h at 7°C.

Assembly of editosomes. Fifty ml editing reactions containing 80
g of extract protein and 20 fmols of [a-32P] ATP labeled RNA
ubstrate were carried out for one hour at 30°C as described previ-
usly (7, 20). One-fifth of each reaction was resolved on 4.5% acryl-
mide ‘native’ gels and autoradiographed as previously described (7,
0). For competition analysis, the indicated molar excess of [3H]-ATP
abeled RNA was added simultaneously with 20 fmoles of 32P-labeled
ild type RNA followed by addition of extract on ice prior to incuba-

ion at 30°C (7, 15).

Cross-linking. Editosome assembly reactions containing 32P-
abeled apoB RNA were cross-linked as described previously in
uartz cuvettes on ice using 254 nm ultraviolet light (7, 20). Samples
ere digested with 20 units each of RNase A (Sigma Chemical Co.,
O) and T1 (Boehringer Mannheim, Germany) for 30 min at 37°C

rior to acetone precipitation. Cross-linked proteins were resolved on
0.5% SDS polyacrylamide gels and autoradiographed.

Miscellaneous. Wild type apoB mRNAs of varying length and
utant apoB RNAs were constructed and transcribed in vitro as

escribed previously (3, 4, 8). The effects of various mutations of
diting efficiency were quantified by the poisoned primer extension
ssay and reported previously (3, 4, 8). Editosome assembly and
ross-linked proteins were quantified by scintillation counting of
xcised gel bands. All reagents were ultrapure grade and all solu-
ions were treated with diethyl pyrocarbonate and autoclaved.

ESULTS

To evaluate how the length and sequence of RNA
anking the tripartite motif may affect editosome as-
embly, RNA excess competition was performed using
arying lengths of apoB RNA as competitor under edi-
osome assembly conditions. Editosome assembly was
valuated on 32P-labeled apoB RNA, 498 nt in length
448 nt of apoB RNA, nt 6413–6860 plus 50 nt of
anking polylinker) by native gel electrophoresis and
utoradiography. Without competition, extracts effi-
iently assembled editosomes (‘B’ complexes, Fig. 1,
econd lane) on apoB RNA within one hour of incuba-
ion as evident by the near complete conversion of
nput 32P-labeled RNA (‘A’ at t0, first lane) into B com-
lexes. The same RNA but unlabelled, effectively com-
eted for proteins in the extract such that a 10-fold
olar excess of unlabelled competitor virtually elimi-

ated radiolabeled B complexes (fourth lane). ApoB
NA 55 nt long (nts 6649–6703) assembled B com-
lexes with similar kinetics as apoB RNA 498 nt long
20) but supported only 50% as much editing as apoB
NA that was 498 nt long (6, 35). As competitor, the
horter RNA was less effective than apoB RNA 498 nts
ong (lanes six through eight). A hundred-fold molar
xcess of unlabelled 55 nt apoB RNA was required to
chieve a similar level of competition as that observed
ith only a 10-fold molar excess of 498 nt apoB RNA

ompetitor. Taken together with data on editing effi-
iency, these findings are consistent with the possibil-
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ty the editosomes assembled on 55 nt of apoB are less
table than those assembled on longer RNAs.
ApoB RNA 26 nt long (6662–6687) could not compete
ith 32P-labeled apoB RNA 498 nt long for the proteins

hat form editosomes (Fig. 1, lanes nine through eleven).
hese findings are consistent with previous data dem-
nstrating that apoB mRNA sequence 498 nts long
ncompassing C6666 were edited efficiently in cells
nd in vitro but that only very low levels of editing
ere observed with 26 nt of apoB RNA sequence (6, 8,
0, 33–35). The competition analyses suggested there-
ore that apoB RNA sequence outside of the tripartite
otif was important for the efficiency with which edito-

omes assembly and/or their stability.
The role of the flanking RNA sequence in editosome

ssembly was further evaluated on apoB mutant and
himeric constructs. Antisense apoB RNA, from a re-
ion of apoB RNA (7336–7678) that lacked the pro-
osed enhancer motifs UGAG, cannot assemble B com-
lexes (Fig. 2, lanes three and four). The same size of
po B RNA (350 nt) mutagenized to contain a func-
ional tripartite editing motif (3) demonstrated the ca-
acity to support editosome assembly (lanes five and
ix). Similarly, editosome assembly was supported by
albD17E21, a 700 nt albumin-apoB chimera (lanes

even and eight) in which 39 nt of apoB RNA contain-
ng the tripartite motif had been centrally inserted
35). Despite the presence of a tripartite motif and
70–350 nts of bulk RNA 59 and 39 of the editing site,
S6434 wt and HalbD17E21 were less effective sub-

trates for editosome assembly compared to wild type
poB RNA. These data corroborate earlier findings
uggesting that apoB RNA which naturally flanks the
ripartite motif has a unique capability of supporting
igh editing efficiency (35).
Mutations that change the position of the mooring

equence (3) such that it lies further C6666 (RNA con-

FIG. 1. Competition analysis of editosome assembly. Editosomes
ere assembled on radiolabeled apoB RNA 498 nt long for one hour

ither without or with excess unlabeled RNA competitor and re-
olved by native gel electrophoresis. The length of the unlabeled
ompetitor apoB RNA is indicated at the top of the panels. The molar
xcess of competitor RNA added at t 5 0 is indicated at the top of
ach lane. B corresponds to the migration of the editosome and A
ndicates the migration of input RNA.
83
o C6666 did not diminish the yield of editosomes as-
embly relative to wild type RNA (Fig. 2, compare B
omplexes in the tenth and twelfth lanes to that in the
econd lane). Interestingly, mutation of the 39 end of
he mooring sequence from AT-rich sequence to GC-
ich sequence (RNA construct apoB DGGCG) markedly
nhibited editing activity (3) but did not alter the abil-
ty of this RNA to assemble editosomes (lanes thirteen
nd fourteen). Taken together the data suggest that
he UGAU sequence that makes up the 59 end of the
ooring sequence (and the enhancer of the tripartite
otif) and the apoB RNA 39 flanking sequence that

aturally flanks the tripartite motif play important
oles in the assembly of complexes and/or their stabil-
ty. Whether these complexes are active in editing or
ot appears to be determined by other criteria.
Proteins of 66 kDa and 44 kDa cross-linked to apoB
NA early during the assembly of editosomes and were

ntegral components of native gel ‘B’ complexes (7, 15,
0). We evaluated the role of the mooring sequence and
NA sequence 39 of the mooring sequence in editosome
ssembly at the level of ultraviolet light induced (UV)
ross-linking of p66 and p44 in liver and small intesti-
al cell extracts. As described previously (7) the yield of
ross-linked p66 was 15-fold higher than that of p44 in
epatic extracts while p66 cross-linking in intestinal
xtracts was only 5-fold higher than that of p44 (Fig. 3,
ompare lane one in the upper and lower panels).
Scrambling the 11 nt mooring sequence in the con-

ext of an otherwise wild type 448 nt apoB RNA (RNA
onstruct MI) markedly inhibited editing (4), reduced
epatic p66 cross-linking by 50% and virtually elimi-

FIG. 2. Sequence requirements for editosome assembly. Edito-
omes were assembled on radiolabeled wild type or mutant apoB
NAs. For each RNA, autoradiographs show complexes before the

ncubation (0 h) or after a one hour assembly reaction (1 h). The type
f RNA used for each assembly reaction is given at the top of the
anes. The relative editing efficiency at C6666 (‘C66’) were deter-

ined under in vitro editing conditions in rat intestinal cell extracts
s described previously (3, 35) and are indicated below each lane.
corresponds to the migration of the editosome and A indicates the
igration of input RNA.
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ated p44 cross-linking (Fig. 3, upper panel, second
ane). Interestingly, there was no quantifiable reduc-
ion in the yields of intestinal cell p66 and p44 cross-
inking to this construct (lower panel, second lane).

Mutation of the eleven nt mooring sequence to all
Ts or GCs (RNA constructs Dmoor AT and Dmoor GC
espectively) virtually eliminated editing activity (4).
n contrast, cross-linking of hepatic and intestinal p66
nd p44 to Dmoor AT was equal or better than that
bserved with wild type apoB RNA. In contrast, RNA
onstruct Dmoor GC cross-linked less efficiently than
ild type or Dmoor AT RNAs. The yield of hepatic p66
nd p44 on Dmoor GC RNA were reduced by 50%
elative to wild type apoB RNA (Fig. 3, fourth lane).
he yield of p66 and p44 cross-linking to Dmoor GC in

ntestinal cell extracts was only 30% of that seen on
ild type apoB RNA. Taken together the data suggest

hat although the mooring sequence is required for
diting, it may not be the sole site for p66 and p44

FIG. 3. Evidence for multiple sites for p66 and p44 interaction
ith ApoB RNA. Wild type apoB RNA and mutations thereof were

adiolabeled and subjected to editosome assembly in liver (upper
anel) or small intestinal cell (lower panel) extracts and UV cross-
inking. The autoradiographs of P.A.G.E. resolved proteins are la-
eled at the top of each lane for the radiolabeled RNA that was used
n the assembly reaction. The migration of molecular mass markers
s indicated to the left and the migration of p66 and p44 is indicated
o the right. The relative editing efficiency at C66 and at an inserted
ytidine at nt 6687 (‘C87’) were determined previously (3, 35).
84
equence is important of high yields of p66 and p44
ross-linking.
The most ready explanation for these findings is that

he UGAU motifs in the flanking RNA sequence 39 of
he mooring sequence not only play an important role
n editing efficiency (4, 16, 35) but may also interact
ith p66 and p44. To evaluate this possibility, C6666,

he spacer element and the mooring sequence of the
ripartite motif were deleted from the 498 nt apoB
equence (RNA construct 26666–6686) and cross-
inking activity analyzed. Hepatic p66 and p44 cross-
inking yields on 26666–6686 RNA were reduced to
0% of that observed on wild type apoB RNA (Fig. 3,
pper panel, fifth lane). Tissue specific difference were
nce again observed in the reduced yield of intestinal
66 and p44 cross-linking to 26666–6686 RNA to 20%
f that observed on wild type apoB RNA (Fig. 3, lower
anel, fifth lane). The data demonstrated the impor-
ance of the mooring sequence in supporting cross-
inking but also suggested that cross-linking of p66 and
44 could take place with lower yields in the absence of
he mooring sequence.

A downstream RNA sequence (6695–6706) referred
o as the ‘cryptic’ mooring sequence has been shown to
upport editing under the experimental condition
here a cytidine was inserted 59 of the site (4) and to be

mportant for ‘promiscuous’ editing of cytidines when
POBEC-1 is overexpressed (16). The cryptic mooring
equence is therefore a candidate site for p66 and p44
nteraction. To evaluate this possibility, the RNA con-
truct 26688–6710 was subjected to in vitro editosome
ssembly and UV cross-linking. Deletion of this se-
uence markedly inhibited p66 and p44 cross-linking
n both tissue types despite the fact that the tripartite

otif surrounding C6666 was intact (Fig. 3, upper and
ower panels, sixth lane). Cross-linking yields of he-
atic p44 and intestinal p66 and p44 were virtually
liminated on 26688–6710 RNA whereas the yield of
epatic p66 was reduced to 15% of that observed on
ild type apoB RNA.

ISCUSSION

In this report we demonstrate three novel character-
stics of the cis-acting RNA sequence requirements of
ditosome assembly. First, RNA sequences flanking
he tripartite motif are important for efficient edito-
ome assembly and/or their stability. Second, there are
ultiple sites of protein interaction in the vicinity of

he editing site. Sequences within the 39 flanking re-
ion and in particular UGAU motifs such as that
ithin the cryptic mooring sequence are involved in
V cross-linking of 66 kDa and 44 kDa proteins. Third,

issue-specific differences in editing efficiency are pos-
ibly associated with differences in the requirement of
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66 and p44 UV cross-linking activity.
The mooring sequence hypothesis is a mechanistic
odel for apoB RNA editing in which RNA sequence 39

nd in the immediate vicinity of C6666 is required to
osition or ‘moor’ proteins involved in editing through
rotein-RNA and protein-protein interactions (3, 6,
6). The catalytic subunit APOBEC-1 has a low affinity
or AU-rich sequence within the 39 end of the mooring
equence (36–38) and may accommodate this RNA seg-
ent at the interface of APOBEC-1 dimers (39). ApoB
NA editing and editing site specificity require auxil-

ary proteins, presumed to form RNA recognition com-
lexes upon which functional editing complexes can be
ssembled (6, 7). To date several RNA binding proteins
ave been identified as candidate auxiliary proteins (7,
, 15, 17–22). Depending on the cellular source, these
roteins have been described as having the capacity to
electively UV cross-linking to apoB RNA. In this re-
ard, p44 interactions at the editing site have been
roposed to uniquely involve the AU-rich spacer ele-
ent and 59 end of the mooring sequence (AAUUUG,

ts 6667–6672) (27). Our data corroborate the AU-rich
equirement for p44 binding but suggest other interac-
ions of p44 and p66 within the 39 flanking sequence
re also possible and are important for efficient and/or
table association of these proteins with the tripartite
otif.
Earlier work supported the role of sequences flank-

ng the tripartite motif as enhancers of editing activity
16, 17, 35). The length and sequence of RNA flanking
he tripartite motif can affect the efficiency of RNA
diting through what has become known as the ‘bulk’
NA effect (6, 26, 33, 35, 41). Analysis of the bulk
equence has shown that apoB mRNA (particularly 39
f C6666) is unlike other cellular mRNAs in that it
ontains a disproportionate number of UGAU mooring-
equence-like motifs (eleven repeats) in the 500 nts
anking C6666 (26). The finding that a cytidine at
ucleotide position 6802 (42) and a cytidine substituted
y site directed mutagenesis at position 6687 (4) were
dited suggested that factors involved in editing were
ssociated with other UGAU motifs as well as with the
ooring sequence. Furthermore, the presence or ab-

ence of a cytidine 59 of the mooring sequence did not
ffect editosome assembly or protein cross-linking (7).
aken together with the findings presented here, the
ata suggest that B complex formation and p66/p44
ross-linking are characteristic of apoB RNA from the
egion of the editing site but do not require a functional
diting site.
Our data suggested an important role of sequence

688–6610 in p66 and p44 cross-linking to apoB RNA.
his region supported p66 and p44 cross-linking when
he mooring sequence was mutated (RNA constructs
I and Dmoor AT) or deleted (RNA construct 26666–

686) but demonstrated the most marked suppression
85
onstruct 26688–6710). The data suggested binding of
66 and p44 at one or more sites outside of the tripar-
ite motif with a preference for AT-rich sequence in the
egion of the tripartite motif. These findings support a
roposal from earlier studies in which APOBEC-1 had
een overexpressed in transgenic animals (43, 44) or
ransfected cells (16, 45) that editing of additional cy-
idines, some as far as fifty nucleotides away from the
ooring sequence, may be facilitated by multiple
GAU motifs in apoB flanking RNA sequence (45). In

his regard the cryptic mooring sequence within nt
688–6710 has been shown to play a cell type specific
ole in promiscuous editing site selection (16). The
urrent findings suggest that promiscuous site editing
ay arise from APOBEC-1 interactions with auxiliary

roteins bound to UGAU sites outside of the tripartite
otif. We cannot rule out the possibility that the en-

ancing effect of the 39 flanking sequence is the result
f an aggregate macromolecular complex, held together
y interactions between multiple complexes of UGAU-
66/p44, to which APOBEC-1 binds.
The tissue-specific differences in the requirement for

anking sequence in p66 and p44 UV cross-linking are
onsistent with biochemical evidence suggesting that
hese proteins were identifiable in 11S complexes in
mall intestinal cell extracts and 60S complexes in
epatic cell extracts (7) and that although each tissue
xtract assembled 27S editosomes in vitro, they did so
ith different kinetics and the resultant complexes
iffered in their stability (6–8). ApoB 59 flanking se-
uence beyond nt 6661–6665 (the enhancer of the tri-
artite motif) has also been shown to stimulate editing
fficiency in rabbit liver extracts (40) but did not show
his effect in rat liver or intestinal extracts (35). Aux-
liary proteins may therefore also demonstrate species
pecific differences in their interactions with UGAU
otifs.
In summary, the data presented in this report sug-

est that apoB RNA in the vicinity of the editing site is
oordinated as a unique ribonucleoprotein complex and
hat this higher-order structure may be an important
eterminant in the mechanism of apoB RNA editing
nd its regulation.

CKNOWLEDGMENTS

We are grateful to Jenny M. L. Smith for the preparation of the
gures. This work was supported by a Public Health Services Grant
K43739 and grants from the Council for Tobacco Research, the
ochester Area Pepper Center for Research on Aging, and the Alco-
olic Beverage Medical Research Council awarded to H.C.S.

EFERENCES

1. Chen, S.-H., Habib, G., Yang, C. Y., Gu, Z. W., Lee, B. R., Weng,
S. A., Silberman, S. R., Cai, S. J., Deslypere, J. P., Rosseneu, M.,
Gotto, A. M., Li, W. H., and Chan, L. (1987) Science 238, 363–366.



2. Powell, L. M., Wallis, S. C., Pease, R. J., Edwards, Y. H., Knott,

1

1

1

1

1

1

1

1

1

1

2
2

2

2

24. Smith, H. C., and Sowden, M. P. (1996) Trends in Genetics 12,

2

2
2

2

2

3

3
3

3

3

3

3

3

3

3

4

4

4

4

4

4

Vol. 263, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
T. J., and Scott, J. (1987) Cell 50, 831–840.
3. Backus, J. W., and Smith, H. C. (1992) Nucleic Acids Res. 20,

6007–6014.
4. Backus, J. W., Schock, D., and Smith, H. C. (1994) Biochim.

Biophys. Acta 1219, 1–14.
5. Shah, R. R., Knott, T. J., Legros, J. E., Navaratnam, N., Greeve,

J. C., and Scott, J. (1991) J. Biol. Chem. 266, 16301–16304.
6. Smith, H. C., Kuo, S.-R., Backus, J. W., Harris, S. G., Sparks,

C. E., and Sparks, J. D. (1991) Proc. Natl. Acad. Sci. USA 88,
1489–1493.

7. Harris, S. G., Sabio, I., Mayer, E., Steinburg, M. F., Backus,
J. W., Sparks, J. D., Sparks, C. E., and Smith, H. C. (1993)
J. Biol. Chem. 268, 7382–7392.

8. Backus, J. W., and Smith, H. C. (1991) Nucleic Acids Res. 19,
6781–6786.

9. Driscoll, D. M., Lakhe-Reddy, S., Oleksa, L. M., and Martinez, D.
(1993) Mol. Cell. Biol. 13, 7288–7294.

0. Teng, B., Burant, C. F., and Davidson, N. O. (1993) Science 260,
1816–1819.

1. Navaratnam, N., Morrison, J. R., Bhattacharya, S., Patel, D.,
Funahachi, T., Giannoni, F., Teng, B.-B., Davidson, N. O., and
Scott, J. (1993) J. Biol. Chem. 268, 20709–20712.

2. Driscoll, D. M., and Zhang, Q. (1994) J. Biol. Chem. 269, 19843–
19847.

3. Yamanaka, S., Poksay, K. S., Balestra, M., Zeng, G.-Q., and
Innerarity, T. L. (1994) J. Biol. Chem. 269, 21725–21734.

4. Yang, Y., and Smith, H. C. (1996) Biochem. Biophys. Res. Com-
mun. 218, 797–801.

5. Yang, Y., Yang, Y., Kovalski, K., and Smith, H. C. (1997) J. Biol.
Chem. 272, 27700–27706.

6. Sowden, M. P., Eagleton, M. J., and Smith, H. C. (1998) Nucleic
Acids Res. 26, 1644–1652.

7. Greeve, J., Lellek, H., Rautenberg, P., and Greten, H. (1998)
Biol. Chem. 379, 1063–1074.

8. Lau, P. P., Zhu, H. K. J., Baldini, A., Chen, S. H., and Chan, L.
(1997) J. Biol. Chem. 272, 1452–1455.

9. Navaratnam, N., Shah, R., Patel, D., Fay, V., and Scott, J. (1993)
Proc. Natl. Acad. Sci. USA 90, 222–226.

0. Smith, H. C. (1998) Methods 15, 27–39.
1. Mehta, A., and Driscoll, D. M. (1998) Molec. Cell. Biol. 18, 4426–

4432.
2. Lau, P. P., Chen, S.-H., Wang, J. C., and Chan, L. (1990) Nucleic

Acids Res. 18, 5817–5821.
3. Schock, D., Kuo, S.-R., Steinburg, M. F., Bolognino, M., Sparks,

J. D., Sparks, C. E., and Smith, H. C. (1996) Proc. Natl. Acad.
Sci. USA 93, 1097–1102.
86
418–424.
5. Sowden, M. P., Hamm, J. K., and Smith, H. C. (1997) RNA 2,

274–288.
6. Smith, H. C. (1993) Sem. Cell Biol. 4, 267–278.
7. Richardson, N., Navaratnam, N., and Scott, J. (1998) J. Biol.

Chem. 273, 31707–31717.
8. Skuse, G. R., Cappione, A. J., Sowden, M., Metheny, L. J., and

Smith, H. C. (1996) Nucleic Acids Res. 24, 478–486.
9. Yamanaka, S., Poksay, K. S., Driscoll, D. M., and Innerarity,

T. L. (1996) J. Biol. Chem. 271, 11506–11510.
0. Yamanaka, S., Poksay, K. S., Arnold, K. S., and Innerarity, T. L.

(1997) Genes and Development 11, 321–333.
1. Weiser, M. W. (1973) J. Biol. Chem. 248, 2536–2541.
2. Dignam, J. D., Lebovitz, R. M., and Roeder, R. G. (1983) Nucleic

Acids Res. 11, 1475–1489.
3. Davies, M. S., Wallis, S. C., Driscoll, D. M., Wynne, J. K., Wil-

liams, G. W., Powell, L. M., and Scott, J. (1989) J. Biol. Chem.
264, 13395–13398.

4. Driscoll, D. M., Wynne, J. K., Wallis, S. C., and Scott, J. (1989)
Cell 58, 519–525.

5. Backus, J. W., and Smith, H. C. (1994) Biochim. Biophys. Acta
1217, 65–73.

6. Navaratnam, N., Bhattacharya, S., Fujino, T., Patel, D., Jarmuz,
A. L., and Scott, J. (1995) Cell 81, 187–195.

7. Anant, S., MacGinnitie, A. J., and Davidson, N. O. (1995) J. Biol.
Chem. 270, 14762–14767.

8. MacGinnitie, A. J., Anant, S., and Davidson, N. O. (1995) J. Biol.
Chem. 270, 14768–14775.

9. Navaraatnam, N., Fujino, T., Bayliss, J., Jarmuz, A., How, A.,
Richardson, N., Somasekaram, A., Bhattacharya, S., Carter S.,
and Scott, J. (1998) J. Mol. Biol. 275, 695–714.

0. Hersberger, M., and Innerarity, T. L. (1998) J. Biol. Chem. 273,
9435–9442.

1. Boström, K., Lauer, S. J., Poksay, K. S., Garcia, Z., Taylor, J. M.,
and Innerarity, T. L. (1989) J. Biol. Chem. 264, 15701–15708.

2. Navaratnam, N. Patel, D., Shah, R. R., Greeve, J. C., Powell,
L. M., Knott, T. J., and Scott, J. (1991) Nucleic Acids Res. 19,
1741–1744.

3. Yamanaka, S., Poksay, K. S., Driscoll, D. M., and Innerarity,
T. L. (1996) J. Biol. Chem. 271, 11506–11510.

4. Yamanaka, S., Poksay, K. S., Arnold, K. S., and Innerarity, T. L.
(1997) Genes and Development 11, 321–333.

5. Sowden, M., Hamm, J. K., and Smith, H. C. (1996) J. Biol. Chem.
271, 3011–3017.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

