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small tumors and metastases and possibly in 
schemes designed to specifically target che- 
motoxic therapy to tumor vasculature. 
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Initiation of Mammalian Liver 
Development from Endoderm 
by Fibroblast Growth Factors 

Joonil Jung,' Minghua Zheng,' Mitchell Coldfarb,' 
Kenneth 5. Zaretl* 

The signaling molecules that elicit embryonic induction of the liver from the 
mammalian gut endoderm or induction of other gut-derived organs are un- 
known. Close proximity of cardiac mesoderm, which expresses fibroblast 
growth factors (FGFs) 1,2, and 8, causes the foregut endoderm to develop into 
the liver. Treatment of isolated foregut endoderm from mouse embryos with 
FCFl or FGFZ, but not FCF8, was sufficient to replace cardiac mesoderm as an 
inducer of the liver gene expression program, the latter being the first step of 
hepatogenesis. The hepatogenic response was restricted to endoderm tissue, 
which selectively coexpresses FGF receptors 1 and 4. Further studies with FCFs 
and their specific inhibitors showed that FGF8 contributes to the morphoge- 
netic outgrowth of the hepatic endoderm. Thus, different FCF signals appear to 
initiate distinct phases of liver development during mammalian organogenesis. 

Identifying the molecular signals that initiate 
organogenesis from the gut is important for 
understanding the filndarneiltal mechanisms 

'Department o f  Molecular Biology, Cell Biology, and 
Biochemistry, Brown University, Box G-J363, Provi- 
dence, RI 02912,  USA. *Brookdale Center for Molec- 
ular Biology, Mount  Sinai School o f  Medicine, N e w  
York, NY 10029, USA. 

*To w h o m  correspondence should be addressed: E- 
mail: zaret@brown.edu 

of developmental regulation, hereditary di- 
gestive disorders. and tissue regeneration. 
Different segments of the inarninalian gut 
endoderm give rise to the liver, lung, pancre- 
as, thyroid, and gastrointestinal tract. Typi- 
cally. a portion of the endoderm will begin to 
express genes specific to one of these tissues. 
and then the newly specified cells will pro- 
liferate out of the endoderm layer to form a 
tissue bud, initiating morphogenesis (1, 2). In 
Di.osopizila, the initial specification of tissues 
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within the gut endodenn is caused by signals 
from overlying mesodenn (3). In the chick, 
transplanted foregut endodenn will develop 
into liver only if it is with its adjacent cardiac 

(2); specific mRNA accumulation at this stage specified hepatic cells exhibit morphogenetic 
has not been detectable by in situ hybridiza- outgrowth to form the liver bud (2, 8). When 
tion (2, 8). Later in development, the newly ventral foregut endodenn is isolated from 

mesodenn (4); mesoderm from other areas of 
the embryo is not hepatogenic (4, 5). Gene 
inactivation studies in mice have identified 
many signaling molecules and transcription fac- 

Table 1. Induction of hepatic mRNAs in embryo tissue cultures. Cumulative number of embryo tissue 
fragments in our laboratory that expressed (+) or did not express (-) mRNAs for the designated 
liver-specific genes after 48 hours in culture, as assayed by RT-PCR, is indicated. ND, not done. 

tors that are required for development of gut- 
derived organs, but the factors are critical either 
for the formation of the endodenn itself (6) or 
for tissue development after the morphogenetic 
bud stage (7), leaving open the question of how 
the tissue types are initially specified. 

We have modified the tissue transplantation 
approach to identify signals that control the 
initial specification of the liver. The first known 

Albumin AFP TTR 
Culture conditions 

- + - + - + 
Ventral endoderm (VE) 20* 0 4 0 3 0 
VE + heparan sulfate 19 0 7 1 4 1 
VE + cardiac mesoderm (CM) 0 34t 0 173 1 8 
VE + FGFl (50 to 500 ng ml-') 1 11 0 a? 0 3 t 
VE + FGF1 (5 ng ml-') 4 5 4 2 ND ND 
VE + FGF2 (50 ng ml-') 6 1 ND N D N D ND 
VE + FGF2 (5 ng ml-') 2 8 0 2 0 3 
VE + FGF8b (50 ng ml-') 7 3 N D ND ND N D 
VE + FGF8b (5 ng ml-') 4 2 0 1 1 2 
Ectodermal and mesodermal tissues§ 

FGFl (50 to 500 ng ml-') 7 0 1 0 ND ND 
FCF2 (5 ng ml-') f l  0 ND ND ND N D 

evidence of hepatic differentiation of the ventral 
foregut endodenn is activation of the liver- 
specific serum albumin gene and enhanced ex- 
pression of a-fetoprotein (AFP) mRNA at the 
seven- to eight-somite stage in the mouse (2). 
Transcription of these genes in embryo tissues 

*Includes 17 samples from (2). tlncludes 21 samples from (2). :Includes 13 samples from (2). $Includes 
neural tube, midsections, and head tissues. Three samples exhibited trace amounts of albumin RT-PCR product, 
consistent with the very small amount of albumin mRNA in certain heterologous tissues (32). 

is detectable by reverse-transcriptase polymer- 
ase chain reaction (RT-PCR) analysis of RNA 

Fig. 1. Expression patterns of FCF signaling mol- 
ecules in five- to eight-somite mouse embryos. 
(A) Side view of mouse embryo at the seven- to  
eight-somite stage. Squared region indicates 
sections viewed in (D) to (C); dashed line indi- 
cates orthogonal section in (H) to  (J). (B and C) 
FCFZ in situ hybridization (79); front view of 
embryos with opt~c lobes at top. MRNA-positive 
cardiac region is denoted by red arrow. Note the 
lack of staining in the endodermal l i ~  beneath I 

endoderrn 

- 

5 somites the cardiac rezon (orange arrow). (D to  J) An- 7-8 
tibody staining of seven- to  eight-somite em- 

FGF2 in &I hyb bwo sections. Red arrows denote FCF-~ositive 
segments of the cardiac region. orange' arrows 
denote ventral foregut endoderm. Nonspecific, 
dark staining was occasionally observed in the 
foregut pocket (D and E). Normal mouse IgC was 
used as a control in (C); normal rabbit IgC was 
used in (1). (H) Localized FCF8 staining at the 
boundary between the cardiac mesoderm and the 
ventral foregut endoderm from an embryo sec- 
tioned orthogonal to the arrows in (F). (K to M) 
Antibody staining of cocultures of ventral foregut 
endoderm and cardiac mesoderm. Dashed circles 

FGF2 antibody FQF3'anibdy FGF8 antibody control IgG represent areas of beating cardiac tissue. FCFR-1 
was present throughout the culture, whereas 
FCFR-4 was present outside the cardiac areas and 
was especially prominent at the leading edge of 
the explants. 

FW8 antibody 

FGFR-1 antibody FGFR-4 antibody control IgG 
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mouse embryos at -8.25 days of gestation of AFP mRNA is increased only if the 
(two- to six-somite stages; Fig. 1A) and cul- endoderm is in contact with cardiac meso- 
tured in microwells for 2 days, expression of derm (2). Cardiac mesoderm in the same 
albumin mRNA is activated and the amount microwell as the endodermal cells, but sepa- 

A 
ng FGF-llml b 0 5 50 500 , -- cardiac mes. 

- 

B ng FGFP I m l b  0 5 
ng FGF-llmlb 0 , 50 . 5 0 0 ,  cardiac mes. . 

4 actin + actin 

Fig. 2. Induction of Liver gene expression in ventral endoderm cultures treated with FCFs. (A to  D) 
RT-PCR analysis of RNA from ventral endoderm tissues cultured for 2 days either with heparan 
sulfate (50 ng ml-') and the designated concentrations of FCFs or with cardiac mesoderm (cardiac 
mes.). Actin and liver-specific mRNA for albumin (A and D), AFP (B), or TTR (C) were assayed 
simultaneously. (E) Failure of FCFl to  induce albumin expression in embryonic neural tube, 
midsections, and head tissues. 

rated from the latter, fails to induce liver gene 
expression, which indicates that either cell 
contact or one or more locally secreted fac- 
tors is critical (2). Hepatic induction in this in 
vitro assay system is similar to that in chicken 
endoderm transplantation studies (4, 5). In 
both chicken and mouse embryos, endoge- 
nous hepatic induction by the cardiac meso- 
derm takes place at about the seven-somite 
stage (2, 4). 

We investigated the role of fibroblast 
growth factors (FGFs) as potential hepatogenic 
signals because chicken embryos express FGFl 
and FGF2 in the myocardium at the 7- to 
13-somite stages (9) and mouse embryos ex- 
press FGF8 mRNA in the cardiac mesoderm 
from the presomitic to the 7-somite stage (10). 
Also, FGF receptor 4 (FGFR-4) mRNA is ex- 
pressed exclusively in the endoderm at 8.5 days 
of gestation in mice (1 1) and FGFR- 1 is in both 
the cardiac and endoderm regions (12). FGFs 
are secreted locally into the extracellular matrix 
(13) and can promote differentiation of the em- 
bryonic mesoderm (14) and the anterior pitu- 
itary (15) as well as induce morphogenesis of 
limbs, lungs, and teeth (16). Inactivation of the 
FGFR-1 and FGF8 genes results in early em- 
bryonic lethality before hepatogenesis (17), 
whereas FGFR-4 and FGF2 gene inactivation 
results in minimal embryonic phenotypes, 
which suggests redundancy (18). We therefore 
sought to precisely define the expression pat- 
tems of FGF signaling components at the time 
of hepatogenesis in the mouse embryo. 

FGF2 mRNA was expressed strongly in the 

Fig. 3. Soluble dominant-negative FCF receptor 
B 

0 0  0 0  
fusion proteins can inhibit albumin gene induc- A @ @  C \! \Q ,)Qb>Q ,$' +b' 
tion in foregut cocultures. (A) FR-lgC fusion ,S+,hQ e @ 

(kD) M C?. '( C. \Q 

k k k+& 
protein strategy. Loops denote immunoglobu- FGF receptor M - 2 2  2 8 8  8 4 F G F  
lin-like domains; thick bars denote tyrosine ki- tyr kinase 17 

domalns 
C 

(kD) 
nase domain; zigzag denotes hinge domain; and N ' ' ' 

B 
V and C denote variable and constant domains # * t  

6 
83 w 

of IgC heavy chain. (B) SDS-PACE with silver 
stain of FR1-lgC and FR4-lgC purified from \ fiflfi, 4 62.' _ . 
COS-7 cell supernatants compared with IgC. FR-IgG i 
Mock denotes material from mock-transfected 3 

cells. (C) lmmunoblot analysis of NIH 3T3 cell N c 2 
lysate after cell incubation for 5 hours with FGF binding dlmerlzation 8 "II, 
FCFs and FR-lgCs as shown. Lane 2, untreated 1 2 3 4  5 1 2 3 4 5  6 7 8  

cell lysate showed basal level of protein phos- 
phorylation. Lanes 3 and 6, treatment with 
FCF2 or FCF8b caused a shift in the phospho- D 

IgG control 
F 

protein profile. (D to  F) Summary of RT-PCR 
analysis actin, in of cocultures albumin gene of ventral expression, endoderm relative and to  I, -r . 
cardiac mesoderm in the presence of FR-lgC at 
either 500 or 200 ng ml-' with heparan sulfate 
at 100 ng ml-'. Similar results were obtained 
from either condition; results were pooled. For 
a control, we used the same amount of human 5 
IgC or plain buffer. 

- low mea hlgh - low rned h~gn - low rned hlgh 

albumin mRNA levels in 
co-cultures of endoderm + cardiac mesoderm 
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cardiac region at the seven- to eight-somite 
stage (Fig. lC, red arrow) but not in the 
endoderm below the cardiac region (Fig. lC, 
orange arrow) (19). FGF2 mRNA was barely 
detectable at the five-somite stage (Fig. lB), 
which shows that it is induced at the time of 
hepatogenesis. To address whether FGFs them- 
selves are present in the cardiac mesoderm, we 
used antibodies to stain mouse embryo sections 
at the seven- to eight-somite stage (20). FGF2 
was expressed throughout the cardiac mesoderm 
(Fig. ID, red arrows) adjacent to the ventral 
foregut endoderm (Fig. ID, orange arrow; Fig. 
lG, control). Although Crossley and Martin 
(10) and we (21) found that cardiac mesoderm 
expression of FGF8 mRNA declines by the 
seven-somite stage, we found that FGF8 antigen 
persists in the cardiac mesoderm near the 
endoderm (Fig. lF, red arrow). Interestingly, 
there was very localized and intense FGF8 stain- 
ing at the boundary between the cardiac meso- 
derm and the endoderm (Fig. lH, red and or- 
ange arrows, respectively). FGFl staining of the 
cardiac mesoderm was just beginning to appear 
in seven- to eight-somite embryos (Fig. 1E) and 
was undetectable at earlier stages (21). FGFR-1 
was present in the foregut endoderm as well as 
in the cardiac mesoderm (Fig. 11, red and orange 
arrows; Fig. lJ, control). We also found that 
FGFR-1 and FGFR-4 are expressed abundantly 
in the endodermaVepithelia1 portions of cocul- 
tures of ventral foregut endoderm and cardiac 

Fig. 4. FCF is necessary for 
morphological outgrowth 
of newly specified hepatic 
endoderm. Micrographs of 
tissue explants at the des- 
ignated times after cul- 
tures were established. 
Dashed circles indicate 
beating cardiac cells. Usu- 
ally beating areas were not 
seen at 5 hours. (A and B) 
Extensive endodermal out- 
growth in cocultures of car- 
diac rnesoderm and foregut 
endoderm. (C to H) Ventral 
foregut endoderm alone 
shows little outgrowth r e  
gardless of the presence of 
FCFs. (I to N) Cocultures of 
ventral foregut endoderm 
and cardiac mesoderm incu- 
bated with the designated 
components. Original mag- 
nification for (A to F, I to N), 
X40, and for (C and H) 
x 100. 

mesoderm (Fig. 1, K and L; Fig. 1 M, control). 
We conclude that multiple FGF signaling com- 
ponents are expressed in the relevant tissues 
precisely at the time of hepatogenesis. 

To test whether FGFs alone are sufficient to 
induce the first step of hepatogenesis, we iso- 
lated ventral foregut endoderm from two- to 
six-somite stage mouse embryos (22) and treat- 
ed the cells with or without FGFs in the pres- 
ence of a heparan sulfate canier (23). Tissue 
explants were cultured in microwells for 2 days, 
and then RNA was isolated from individual 
explants and analyzed for liver gene expression 
by RT-PCR (24). Of 39 control endoderm ex- 
plants cultured alone, without FGFs, including 
19 tissues grown in the presence of the heparan 
sulfate carrier, none expressed serum albumin 
mRNA (Fig. 2A, lane 1; Table 1). Only 1 of 12 
tissues was AFP-positive (Table 1). In contrast, 
of a total of 12 ventral foregut endoderm tissues 
grown in the presence of FGF-1 (50 or 500 ng 
mlp'), 11 expressed albumin rnRNA and of the 
8 tested all expressed AFP mRNA (Fig. 2A, 
lanes 5 to 8; Fig. 2B, lanes 2 to 5; Table 1). Of 
nine ventral endoderm fragments cultured in 
the presence of FGFl at 5 ng m l ' ,  five exhib- 
ited albumin mRNA expression (Fig. 2A, lanes 
2 to 4; Table 1). This FGFl concentration is 
known to be close to the threshold for cell 
responses (25). Although FGF2 at 50 ng ml-' 
was inefficient (Table l), FGF2 at 5 ng mlp' 
efficiently induced albumin (Fig. 2D, lanes 2 to 

4- ventral foregut endoderm -b 

+ cardiac (1: 
mesoderm - -  + FGF-1 + FGF-8b 

7 F p  g- .- 

5 
hours 

50 
hours CIF 

ventral endoderm + cardiac mesoderm -b 
+ Frl-IgG + Fr4-lgG + Fr4-IgG + FGF-8b 

I K M 
5 

hours 

50 
hours 

6; Table 1). Such sharp dosage thresholds with 
FGF2 have been well documented (26). FGF8b 
was inefficient in albumin induction at either 5 
or 50 ng mlp' (Table 1). As a third marker for 
hepatogenesis, we analyzed the expression of 
transthyretin (TTR) mRNA, which is expressed 
in both the yolk sac and early liver (27). TTR 
mRNA was detectable by RT-PCR throughout 
the endoderm during the two- to eight-somite 
stages (21) and its expression was extinguished 
when the endoderm was cultured alone (Fig. 
2C, lane 1). However, treating the endoderm 
with FGFl maintained or enhanced TTR ex- 
pression (Fig. 2C, lanes 2 to 4; Table l), as did 
culturing the endoderm in contact with cardiac 
mesoderm (Fig. 2C, lane 5). The amounts of 
FGF-induced liver gene expression were com- 
parable to or greater than that observed when 
cardiac mesoderm was in contact with the ven- 
tral endoderm, relative to the p-actin mRNA 
internal control. 

The hepatogenic effect of FGFl and 
FGF2 was specific to the endoderm. Neither 
factor induced hepatic gene expression in 
cultured embryo neural tubes, midsections, 
and head cells (Fig. 2E, lanes 1 to 6; Table l), 
all of which originate from the ectoderm, the 
mesoderm, or both. We conclude that multi- 
ple FGFs are expressed in the cardiac meso- 
derm and are individually sufficient to initiate 
hepatic gene expression from the endoderm. 

To determine whether FGFs are necessary 
for hepatic specification by the cardiac meso- 
derm, we sought to perturb FGF signaling by 
using molecular hybrids between FGF recep- 
tors and immunoglobulin G (FR-IgG) (Fig. 
3A). These FR-IgG constructs contain the ex- 
tracellular, ligand binding domain of either 
FGFR-1 or FGFR-4 hsed to the hinge and the 
dimerization domain of IgG heavy chain, re- 
sulting in soluble receptors that sequester FGFs 
(28). FRl-IgG and FR4-IgG molecules were 
secreted from COS-7 cells, purified from the 
culture medium (Fig. 3B, lanes 3 and 4), and 
tested for biological activity (29) (Fig. 3C). As 
would be predicted from the known FGF bind- 
ing capacity of the intact receptors (30), FRl- 
IgG inhibited the ability of FGF2 to stimulate 
protein tyrosine kinase activity in NIH 3T3 
cells, but FR4-IgG did not (Fig. 3C, lanes 3 to 
5). In contrast, FGF8b was efficiently inhibited 
by FR4-IgG and, to a lesser degree, by FR1- 
IgG (Fig. 3C, lanes 6 to 8). Thus, the inhibitors 
exhibit different FGF substrate preferences, as 
expected from studies with intact FGF recep- 
tors (30). 

Ventral foregut endoderm was dissected 
from two- to four-somite mouse embryos 
along with its associated cardiac mesoderm 
and was cultured in the presence of FRI-IgG 

I or FR4-IgG (500 ng mi-') alone or in the &i . presence of either protein at 200 ng ml-I 
with hevaran sulfate at 100 ng ml-'. Similar - 
results were obtained under both conditions. 
As a control, we used either human IgG or 
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buffer containing no fusion proteins. After 2 
days in culture, we isolated RNA from indi
vidual explants and categorized the amounts 
of albumin mRNA, relative to actin mRNA 
as barely detectable (low), comparable to the 
actin concentration (medium), or greater than 
the actin concentration (high). In 15 of 20 
samples treated with FRl-IgG, albumin con
centrations were markedly lower than the 
control group (Fig. 3, D and E). FR4-IgG was 
also inhibitory but perhaps slightly less effec
tive (Fig. 3F). The high efficiency of FRl-
IgG is consistent with its ability to efficiently 
inhibit FGF2, which was able to induce liver 
gene expression on its own. We conclude that 
endogenous FGF signaling is critical for he
patic induction. 

In principle, FGF1 or FGF2 could cause 
outgrowth of a subpopulation of ventral 
endoderm cells that were already committed to 
a hepatic fate and expressing liver-specific 
genes. Although the high sensitivity of the RT-
PCR assay made this unlikely, cardiac meso
derm cultured with foregut endoderm does 
cause vigorous outgrowth of the endoderm 
(Fig. 4, A and B), which implicates the pres
ence of morphogenetic signals produced by the 
cardiac mesoderm (7). However, neither FGF1, 
FGF2, nor FGF8b had a discernible effect on 
endodermal cell outgrowth (Fig. 4, C to H) 
(31), even though FGF1 and FGF2 potently 
induced hepatic gene expression (Fig. 2). 

Interestingly, in 10 of 14 cultures, FR4-
IgG strongly inhibited the morphogenetic re
sponse of the endoderm to the cardiac meso
derm (Fig. 4, K and L), whereas FRl-IgG did 
so in only 3 of 14 samples (Fig. 4,1 and J). To 
test the hypothesis that FR4-IgG was antag
onizing an FGF8 isoform, a preferred sub
strate, we cultured ventral endoderm and car
diac mesoderm fragments in the presence of 
FR4-IgG and exogenous FGF8b. Remark
ably, in five of seven cultures, FGF8b re
stored the outgrowth response of the foregut 
endoderm (Fig. 4, M and N). Because FGF8b 
alone was insufficient to elicit morphogene
sis, we conclude that FGF8b, or an FGF with 
a similar receptor specificity, permits the 
endoderm to respond to another signal that 
promotes outgrowth of the newly specified 
hepatic cells. Preliminary experiments with 
foregut endoderm alone cultured in FGF2 and 
FGF8b (n = 3) showed that the other signal 
apparently is not FGF2 (21). 

We have distinguished two signaling phases 
in the initiation of liver development from the 
endoderm. First, FGF signaling from the cardi
ac mesoderm induces the initial step of hepato-
genesis; that is, it initiates the hepatic gene 
expression program in the ventral foregut 
endoderm. Based on the cardiac expression of 
FGF1, FGF2, and FGF8 at the time of hepatic 
specification and the independent activity of 
FGF1 and FGF2, hepatic induction appears to 
result from redundant FGF signaling. Second, 

early expression of FGF 8b or a related mole
cule appears to potentiate the morphogenetic 
activity of the nascent hepatic cells. That is, 
FGF8 works in conjunction with a signal that 
has not been identified to stimulate cell out
growth. The two-phase model may apply to 
other examples of mesodermal patterning 
of the endoderm during organogenesis, in 
which initial changes in gene expression are 
tightly coordinated with, but separable from, 
the morphogenesis of tissue buds (1, 2). 
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Identification of Both Shared 
and Distinct Proteins in the 

Major and Minor Spliceosomes 
Cindy L. Will,' Claudia Schneider,' Robin Reed,' 

Reinhard Liihrmann',3* 

In metazoans, two distinct spliceosomes catalyzing pre-messenger RNA splicing 
have been identified. Here, the human U11/U12 small nuclear ribonucleopro- 
tein (snRNP), a subunit of the minor (U12-dependent) spliceosome, was iso- 
lated. Twenty U11/U12 proteins were identified, including subsets unique to 
the minor spliceosome or common to both spliceosomes. Common proteins 
include four U2 snRNP polypeptides that constitute the essential splicing factor 
SF3b. A 35-kilodalton U11-associated protein homologous to the U1 snRNP 70K 
protein was also identified. These data provide fundamental information about 
proteins of the minor spliceosome and shed light on its evolutionary relation- 
ship to the major spliceosome. 

The minor (U12-dependent) spliceosoille is 
required for splicing a rare class of nuclear 
pre-mRNA i~ltrons ( I ) .  These so-called U12- 
type introns contail1 highly conserved se- 
quence elenlents at the 5' splice site and 
branch site that are distinct from the weakly 
consen~ed sequence elements found in the 
major class of pre-mRNA introns (1. 2). Dur- 
ing assembly of the rnlnor sphceosome, the 
U11 snRNP fornls base palrs with the 5' 
splice s~te .  and the U12 snRNP foi~ns base 
pairs with the branch s~te ,  analogous to the 
U1 and U2 snRNPs in the major spliceosome 
(3). Subsequently. mature spl~ceosomes are 
folmed by the assoc~ation of the U5 and 

the heteromeric splicing factors SF3a and 
SF3b (5-7). 

In contrast to their counte~paifs in the 
major spliceosome. the U1 1 and U12 snRKPs 
are present in nuclear extract not only as 
individual monoparticles. but also as a highly 
stable 183 U111U12 complex (8) .  Recent in 
vitro binding studies suggest that U11 and U12 
interact with the pre-mRNA as a prefo~med 
co~nplex (9). This obsewation, coupled with the 
fact that U12-type introns lack the essential 
pyrimidine tract found at the 3' splice site of 
the major class of introns, suggests that differ- 
ences may exist in the mechanism of initial 
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splice site recognition and pairing in the two 
types of spliceosomes. To identify proteins in- 
volved in this process in the minor spliceosome. 
we have characterized polypeptides associated 
with the huinan 183 U111U12 snRW complex. 

Spliceosomal snRNPs were immunoaffin- 
ity-purified from HeLa nuclear extract and frac- 
tionated by glycerol gadient sedimentation. 
From the 18s region of the gradient. U1 liU12 
snRNP complexes were then affinity-selected 
using biotinylated 2'-0-methyl oligonucleo- 
tides and streptavidin agarose (10). snRNPs 
containing predominantly U 1 1 and U12 
snRNA were selected by oligonucleotides com- 
plementary to nucleotides 2 to 18 of the U l l  
snRNA (Fig. 1A; lane 2) or nucleotides 11 to 28 
of the U12 snRNA (Fig. 1A; lane 3). The 
coselection of U12 with an oligonucleotide di- 
rected against U11; and vice versa; indicated 
that mainly 183 U111U12 snRW complexes 
(as opposed to U11 or U12 monopalticles) had 
been selected. Consistent with this conclusion; 
the Ul  l.KJ12 snRNPs selected by either oligo- 
nucleotide exhibited identical protein patterns 
(Fig. 1B. lanes 2 and 3). Twenty distinct pro- 
teins were detected in the UllVLJ12 conlplex. 
Eight of these comigrated \vith the snRNP Sm 
proteins B'. B. D3. D2. Dl .  E, F. and G. which 
are present in the major spliceosomal sr~RNps 
(Fig. lB, lanes 1 to 3: see also Fig. 2) (11). 
Antibodies reacting specifically with B'iB. D3. 
D2, F; or G also recognized proteins of identical 
molecular mass on illununoblots of the U l l i  
U12 complex (12). These data indicate that 
U111U12 contains the same eight Snl proteins 

U4ataciU6atac snRNPs (4). In the major 
Table 1. U2  snRNP proteins are also present in U11/U12 snRNPs. X indicates an unidentified amino acid 

spliceOsome. site site (28). Mismatches (indicated by  boldface letters) were observed between the U11/U12-160kD and 
recogllitioll are mediated lnultiple U2-160kD proteins at position 149 ( V  versus A) and between the U11/U12-130kD and U2-12OkD 
tions involvillg both RNA and protei~l (5). 1, proteins a t  'positions 12b9, 1211, and.1212 (D veisus N, R versus A, and T versus Q, respectively). 
metazoans. foi~nation of the U 1 snRNAi5 ' 
splice site duplex is facilitated by several 
polypeptides. including the U1 snRNP 70K 
and C plotelns. as well as members of the SR 
(serine- and aigmme-nch) prote~n f a ~ n ~ l y  ( 6 )  
Similaily. base palring between U2 snRNA 
and the branch site requlres numerous U2 
snRNP proteins. in particular the subunits of 
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U11/U12 
protein 

Peptides Ident i ty Reference Amino acids 

160 kD KMNARTYMDVMREQHLTK U2-16OkD 
KLTATPTPLCCMTCF 

(76) 

KAlVNVlCMH 

150 kD KRIFEAFK U2-150kD 
KLRRMNRFTVAE 

(77) 

KRTGIQEMREALQEK 
KLTIHCDLYYEC 

130 kD KLCAVFNQVAFPLQYT U2-12OkD 
KLLRVYDLCK 

(29) 

KNVSEELDRTPPEVSK 
KLENIAQRYAF 

49 kD KVSEPLLXELFLQ U2-53kD (78) 
KDRVTCQHQCYCFVEFLSEE 
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