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Transport and Storage of Vitamin A 

The requirement of vitamin A (retinoids) for vision has 
been recognized for decades. In addition, vitamin A is 
involved in fetal development and in the regulation of 
proliferation and differentiation of cells throughout life. 
This fat-soluble organic compound cannot be synthesized 
endogenously by humans and thus is an essential nutri- 
ent; a well-regulated transport and storage system pro- 
vides tissues with the correct amounts of retinoids in spite 
of normal fluctuations in daily vitamin A intake. An 
overview is presented here of current knowledge and 
hypotheses about the absorption, transport, storage, and 
metabolism of vitamin A. Some information is also pre- 
sented about a group of ligand-dependent transcriptidn 
factors, the retinoic acid receptors, that apparently medi- 
ate many of the extravisual effects of retinoids. 

T HE TERM "VITAMIN A" IS USED FOR RETINOIDS THAT 

exhibit the biological activity of retinol (Fig. 1). Humans 
require only minute amounts of vitamin A in their diets (400 

to 1300 pg of retinol equivalents per day, depending on age and 
sex). This amount can easily be obtained in most countries, but an 
inadequate intake of vitamin A--especially by children-is a com- 
mon health problem in some areas of the world. Vitamin A 
deficiency can result in blindness and is associated with increased 
risk of severe infection and death (1). 

Intestinal Absorption of Retinol 
The main sources of vitamin A in the diet are provitamin A 

carotenoids from vegetables and retinyl esters from animal tissues 
(2). Essentially all of the retinyl esters are enzymatically converted to 
retinol in the intestinal lumen before absorption by intestinal cells 
(enterocytes); carotenoids are partially converted to retinol in the 
enterocytes (2) (Fig. 2). 

In the enterocytes, retinol reacts with long chain fatty acids to 
form retinyl esters before these esters are incorporated into the 
chylomicrons, the main intestinal lipoproteins. The two enzymes 
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that seem to be involved in the intestinal esterification of retinol are 
an acyl coenzyme A:retinol acyltransferase (ARAT) (3) and a 
1ecithin:retinol acyltransferase (LRAT) (4). Under optimal in vitro 
conditions, ARAT is far more active than LRAT and is induced by 
large oral doses of retinol (3). 

Retinol complexed to an intracellular, retinol-binding protein 
found in the intestine [CRBP(II)] is the preferred substrate for 
LRAT (5) .  In contrast, uncomplexed retinol in membranes may be 
esterified by ARAT (6). Thus, it is possible that LRAT esterifies 
retinol during absorption of a "normal" load of retinol, and ARAT 
esterifies excess retinol (perhaps for temporary storage) when large 
doses are absorbed and CRBP(I1) becomes saturated. 

Tissue Uptake of Chylomicron Remnants 
Chylomicrons are exocytosed into the intestinal lymph and then 

move into the general circulation where several processes, such as 
triacylglycerol hydrolysis and apolipoprotein exchange, result in the 
formation of chylomicron remnants (7). Chylomicron remnants, 
which contain almost all of the absorbed retinol in the form of 
retinyl esters, are primarily cleared by the liver (8, 9) (Fig. 2; see 
below). 

Extrahepatic uptake of chylomicron remnants occurs mostly in 
the bone marrow and the spleen and to a lesser extent in the adipose 
tissue, skeletal muscle, testes, lungs, and kidneys (8-10). Thus, 
chylomicron remnants may be important in the delivery of retinyl 
esters to tissues such as the bone marrow and the spleen that may 
experience periods of intensive cell proliferation and differentiation. 
It was recently demonstrated that chylomicron remnants effectively 
deliver retinyl. esters to myeloid leukemic cells and thereby inhibit 
proliferation and induce differentiation of such cells (11). 

The mechanism for cellular uptake of chylomicron remnants is not 
fully understood. Both the low-density lipoprotein (LDL) receptor 
and a recently characterized protein that has strong homology with 
the LDL receptor (LDL receptor-related protein or LRP) can bind 
apolipoprotein E on chylomicron remnants and may be involved in 
uptake (12). The quantitative role of these two receptors is unknown 
and may vary in different cells. 

Hepatic uptake of chylomicron remnants. In the liver, parenchymal 
cells (hepatocytes) are responsible for uptake of chylomicron rem- 
nant retinyl esters (9) .  The retinyl esters are probably hydrolyzed at 
the plasma membrane or in early endosomes by a retinyl ester 
hydrolase (13). Retinol is subsequently found in endosomes with 
other ligands that are taken up by receptor-mediated endocytosis. In 
contrast to,many other ligands that are transferred to lysosomes after 
processing in endosomes, retinol is transferred to the endoplasmic 
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reticulum (14), where retinol-binding protein (RBP) is found in esterification by LRAT (4, 21) and subsequent storage; therefore, 
high concentration. Binding of retinol to RBP apparently initiates a reduced levels of CRBP(1) in stellate cells of vitamin A-deficient rats 
translocation of retinol-RBP to the Golgi complex, followed by may account for the reduced accumulation of retinyl esters. 
secretion of retinol-RBP from the cells (15) (Fig. 2). Retrnol mobil izat ionjom stellate cells. Essentially all of the retinol in 

the plasma that is not associated with chylomicrons and their 
remnants is bound to RBP and must be mobilized from stellate cells 

The Role of Stellate Cells 
Paracrine transfer o f  re t ino l jom parenchymal to stellate cells in  the liver. 

In hepatocytes, most of the retinol that is derived from chylomicron 
remnant retinyl esters is transferred within 2 to 4 hours to hepatic 
perisinusoidal stellate cells (9). The transfer is quite specific, as other 
components of chylomicron remnants, such as cholesterol and 
vitamin D, are not transferred (9). Chylomicron remnant-derived 
retinyl esters must be hydrolyzed before the retinol is transferred to 
stellate cells (16, 17). 

The transfer of retinol from hepatocytes to stellate cells in vivo is 
too rapid to be accounted for by secretion from hepatocytes to the 
general circulation, followed by uptake into stellate cells (9). Since 
antibodies against RBP effectively reduce the transfer of retino1,-it 
seems likely that RBP mediates the paracrine transfer of retinol from 
hepatocytes to stellate cells (16) (Fig. 2). 

Storage of retinyl esters in  stellate cells. In mammals, about 50 to 80% 
of the total body vitamin A is normally stored in liver stellate cells as 
retinyl esters (18). The normal reserve is adequate for several months 
in adult laboratory rats and in humans. Stellate cells store retinyl 
esters in large cytoplasmic lipid droplets, the size and number of 
which depend on amounts of vitamin A present (19). Stellate cells 
are also found in the intestine, kidneys, heart, large blood vessels, 
ovaries, and testes, and these cells store retinyl esters when large 
doses of vitamin A are consumed (19). 

An acute load of retinol does not, however, accumulate in hepatic 
stellate cells of vitamin A-deficient rats (9). Stellate cells in such 
animals contain much less cellular retinol-binding protein 
[CRBP(I)] than stellate cells of rats with sdlicient vitamin A (20). 
CRBP(I), like intestinal CRBP(II), effectively donates retinol for 

*OH 

all-trans-retinol 

retinyl palmitate 

(p+$ 
CHO 

*COOH 

all-trans-retinoic acid 

~ c o o H  
13-cis-retinoic acid 

p-carotene 

to the plasma retinol-RBP pool. Because cultured hepatocytes 
synthesize RBP and secrete retinol-RBP (15), it was suggested that 
the hepatocytes were the exclusive site of retinol mobilization from 
the liver. However, recent studies have shown that stellate cells also 
contain RBP (18,22) and cultured stellate cells from rat liver secrete 
retinol bound to RBP. Although it is not clear whether stellate cells 
can synthesize RBP (22), we favor the suggestion that stellate cells 
synthesize RBP and mobilize retinol-RBP directly into the plasma, 
without prior transfer of retinol to the hepatocyt& (Fig. 2); 

Independent support for secretion of retinol into blood by stellate 
cells was presented by a whole-body multicomparunental model of 
retinol d$mGcs in rats (23). The ixistence ofkxtrahepatic retinol- 
storing stellate cells (19) also supports the possibility that liver 
stellate cells secrete retinol-RBP directly into the blood. 

The ability of the stellate cells to control storage and mobilization 
of retinol ensures that the blood plasma retinil concentration is 
close to 2 pM in spite of normal fluctuations in daily vitamin A 
intake (2). It is likely that saturation of CRBP(1) and RBP by 
retinol, along with re&oid-replated CRBP(1) expression, controls 
retinol uptake, storage, and mobilization by stellate cells. 

Recycling of Retinol Bound to RBP 
RBP is one of a family of structurally related proteins that bind 

small hydrophobic molecules such as bile pigments and odorants 
(24). The three-dimensional structure of RBP predicts that it should 
contain a hydrophobic pocket able to bind one molecule of retinol 
(25). Most of the retinol-RBP (21 kD) in plasma is reversibly 
complexed with another protein, transthyretin (TTR) (55 kD), and 
is therefore less susceptible to filtration by kidney glomeruli (2). 

Tracer kinetic studies (26) indicate that most of the plasma retinol 
that leaves the general circulation is recycled an average of seven to 
nine times (26) rather than being irreversibly utilized in tissues. Only 
20% of the input of retinol-RBP into plasma is therefore predicted 
to be from the liver. The kidneys contribute 40 to 50% of plasma 
retinol-RBP, presumably after glomerular filtration of retinol-RBP 
that is not bound to TTR and subsequent reabsorption of retinol. 
Several extrahepatic organs, including the kidneys, have been found 
to contain high amounts of RBP mRNA (27). 

Cellular Uptake of Retinol 
The mechanism for cellular uptake of retinol from plasma is not 

yet fully elucidated. Since a small amount of free retinol may be in 
equilibrium with retinol-RBP in plasma, retinol may partition into 
the plasma membrane of cells without the use of a cell surface 
receptor (28) or may enter cells as a result offluid-phase endocytosis. 
Studies of selective cellular uptake (29) and saturation kinetics (30) 
indicate that there is a cell surface receptor or transporter for RBP- 
bound retinol in vivo. Saturable RBP receptors have been demon- 
strated with both high- (3  x M) and low- (9 x M) 
a h i t y  binding components on brush border membranes from 
human placenta (31). The bound RBP has a very high dissociation 

Fig. ,, Structural of P- rate constant; that is, most of the bound RBP is displaced from the 
carotene and some naturally occur- putative receptor after 5 min (31). Because many uptake assays 
ring retinoids. involve repeated centrifugations to reduce nonspecific association 
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with cells, detection of specific RBP binding may have escaped 
several previous attempts to identifi. RBP receptors. At present, it is 
not clear whether RBP delivers retinol to tissues after receptor- 
mediated endocytosis (as LDLs delivcr cholesterol) or whether the 
RBP receptor acts as a transporter for retinol (analogous to glucose 
transporters in adipose tissue). 

Cross-linking radiolabeled RBP in retinal pigment epithelial 
membranes indicated a complex of mass -90 kD, the formation of 
which could be blocked by excess unlabeled RBP (32), suggestive of 
an RBP receptor of mass -70 kD. Similar results were obtained by a 
ligand-blotting technique (32). 

In addition to 2 p,M retinol-RBP, there is a 5 to 10 nM plasma 
concentration of retinoic acid, presumably bound to albumin (1, 2). 
Recent data indicate that retinoic acid bound to albumin can be 
spontaneously transferred to cells and there elicit biological activity 
(33). 

The quantitative contribution of the various possible mechanisms 
of cellular retinoid uptake (specific RBP receptor-medlated retinol 
uptake, the nonspecific spon;aneous transfer bf retinol and retinoic 
acid, fluid-phase endocytosis, and the uptake of chylomicron rem- 
nant retinyl esters) to vitamin A metabolism in various tissues is as 
yet undetermined. 

Retinoid-Binding Proteins 
RBP is the only retinoid-specific binding protein that has been 

found in plasma. However, many retinoid-binding proteins that 
apparently are not found in plasma have been isolated from intersti- 
tial fluid (Table l ) ,  and their local function is probably similar to 
RBP. An interphotoreceptor retinoid-binding protein (IRBP) has 

Fig. 2. Major pathways for retinoid transport in the body. D~etary retinyl 
esters (REs) are hydrolyzed to retinol (ROH) in the intestinal lumen before 
absorption by enterocytes, and carotenoids are absorbed and then partially 
converted to retinol in the enterocytes. In the enterocytes, retinol reacts with 
fatty acids to form esters before incorporation into chylomicrons (CMs). 
Chylomicrons then reach the general circulation by way of the intestinal 
lymph, and chylomicron remnants (CMRs) are formed in blood capillaries. 
Chylomicron remnants, which contain almost all the absorbed retinol, are 
mainly cleared by the liver parenchymal cells and to some extent also by cells 
in other organs. In liver parenchymal cells, retinyl esters are rapidly 
hydrolyzed to retinol, which then binds to RBP. Retinol-RBP is secreted 
and transported to hepatic stellate cells. Stellate cells may then secrete retinol- 
RBP directly into plasma. Most retinol-RBP in plasma is reversibly com- 
plexed with TTR. The uncomplexed retinol-RBP is presumably taken up in a 
variety of cells by cell surface receptors specific for RBP. Most of the retino! 
taken up will then recycle to plasma, either on the "old" RBP or bound to a 
newly synthesized RBP. (RA, retinoic acid; RAR, retinoic acid receptor.) 

Fig. 3. Suggested mech- 
anism for retinoic acid 
regulation of gene tran- 
scription. After cellular 
uptake, retinol can be DNA 
oGdized to retmolc ac~d Enhancer Promoter Gene 

and can then diffuse mto the nucleus where it can blnd to one of its nuclear 
receptors. All the nuclear RARs are hgand-dependent transcrlptlon factors; 
that IS, the retino~c acid-RAR complex regulates gene expression by ~ t s  
interaction wlth RAREs in the vicmity of targt genes. 

been identified in the extracellular space between the retinal pigment 
epithelial cells and the photoreceptor cells (34). IRBP binds not only 
retinol and retinal, but also vitamin E, fatty acids, and cholesterol, 
and may participate in the intercellular transport of retinoids during 
the visual cycle (34). Several retinol-binding proteins related to but 
distinct from RBP were found to be secreted by the uterine 
endometrium of the pig in response to progesterone (35). Ifi 
addition, two interstitial retinoid-binding proteins that bind all-trans 
retinoic acid with high affinity have been isolated from the lumen of 
rat epididymis (36). 

Many specific intracellular retinol- and retinoic acid-binding 
proteins (CRBPs and CRABPs, respectively) have been identified 
(37-40) (Table 1). These proteins show a high degree of homology, 
and they belong to a protein family that also includes protein P2, 
fatty acih-bindig pro;ein (Z protein), intestinal fatty acid-binding 
protein, and mammary-derived growth inhibitor (37). 

Studies on the distribution of the various types of CRBPs and 
CRABPs have established that CRBP(1) and CRABP(1) are the 
predominant intracellular retinoid-binding proteins in most tissues. 
CRBP(1) is most concentrated in the liver, lung, kidneys, epididy- 
mis, and testis, whereas CRABP(1) is most concentrated in the 
testis, skin, and eyes (37, 38). The two proteins are often concentrat- 
ed in different cell types within a given organ (38). 

The tissue distribution of CRBP(II), another member of this 
protein family, is much more restricted. Intestinal absorptive cells in 
rats and humans contain high concentrations of CRBP(II), but the 
protein has not been detected in any other cells in the adult rat (5). 
CRBP(I1) is, however, present in rat embryonal liver and lung. A 
third cellular retinol-binding protein, CRBP(III), has recently been 
isolated from fish eyes (39). 

Two apparently different CRABPs [both were called CRABP(II)] 
were recently identified, one in neonatal rats and the other in chick 
embryos (40). Both of these proteins bind all-trans-retinoic acid with 
much higher affinity than 13-cis-retinoic acid, whereas CRABP(1) 
binds these two ligands with similar affinity. Most chick embryonal 
tissues express CRABP(I), whereas CRABP(I1) expression is re- 
stricted to skin, muscle, and bone. Chick CRABP(I1) seems to be a 
main CRABP in the developing limb bud of chick embryos, but it is 
not expressed in any adult tissues examined (40). 

Another intracellular retinoid- binding protein, called cellular reti- 
nal-binding protein (CRALBP), has been detected in the neural 
retina, in retinal pigment epithelial cells, and in the pineal gland, but 
not in any other tissues examined (41). CRALBP has no homology 
to other retinoid-binding proteins or other known proteins. It 
presumably functions in enzymatic reactions of the visual process. 

The importance of cellular retinoid-binding proteins for retinoid 
function is indicated, for example, in some variant cell lines that lack 
CRABPs and are not responsive to retinoic acid (42). Similarly, 
antisense oligodeoxynucleotides corresponding to CRBP(1) inhibit 
the induction of alkaline phosphatase and growth response by 
retinol in malignant keratinocytes (43). 

Recently, an intriguing hnction was suggested for CRABP 
[apparently CRABP(II)] (44). In the limb of the chick embryo, the 
distribution of CRABP(I1) is inversely related to that of retinoic 
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acid, which can function as a morphogen. Thus, CRABP(I1) may 
steepen the gradient of free retinoic acid, which in turn may be the 
ligand that initiates nuclear action. 

In the ventral area of the spinal cord of the developing mouse 
embryo, the high level of expression of CRBP(1) may serve to 
concentrate retinol (perhaps by LRAT esterification) from the 
bloodstream (45). The predicted gradient of free retinoic acid along 
the dorsoventral axis may be further steepened by CRABP(1) in the 
dorsal but not the ventral area. Such a gradient may be crucial for 
the differentiation of neurons (45). 

Many cell types respond to retinoids even though they do not 
express the corresponding binding proteins (37, 46). Hence, al- 
though cellular retinoid-binding proteins seem to be necessary for 
some cells to exhibit retinoid responses, other cells (or other 
processes in the same cell) seem to function without the binding 
proteins. 

Conversion of Retinol to Retinoic Acid 
After cellular uptake, retinol can be oxidized to retinoic acid in 

target cells. Earlier observations suggested that the oxidations of 
both retinol and ethanol are catalyzed by the same enzyme. Howev- 
er, recent studies (47) demonstrate that retinoic acid is produced 
from retinol by cytosol in an alcohol dehydrogenase-negative strain 
of deermouse, perhaps by a pathway that does not involve retinal as 
a dscrete intermediate. Furthermore, retinoic acid may also be 
synthesized from p-carotene in several tissues, and retinol and retinal 
are probably not metabolites in this reaction (47). Thus, in addition 
to retinol, p-carotene may be a source of retinoic acid in certain cells. 
In future experiments, it will be important to determine the 
involvement of retinoid-binding proteins in these reactions. 

The concentration of retinoic acid in various cells may be 
regulated and mutable. If so, the local intracellular retinoic acid 
concentration may be determined by the cellular uptake of retinoids, 
the rate of retinoid synthesis or degradation, or the amount of 
CRABPs. Alternatively, it is possible that the retinoic acid level is 
not regulated and most cells have an excess of retinoic acid. Then the 
availability of protein factors, such as binding proteins and nuclear 
receptors, would determine the retinoid response. 

Nuclear Retinoic Acid Receptors 
In 1987, a retinoic acid receptor (RARa) that belongs to the 

family of steroid-thyroid hormone receptors was cloned (48). RARa 
appears to bind 13-cis-retinoic acid, all-trans-retinoic acid, and other 
differentiation-effective retinoids with high affinity, and to bind 
retinol and retinal with much lower (about 11100) affinity. Howev- 
er, the concentration of retinol is about 400 times that of retinoic 
acid in the body fluids (1, 2). Therefore, retinol is probably also a 
ligand for the receptor in vivo. A hepatitis B virus integration site in 
a human hepatocellular carcinoma was then shown to be a different 
retinoic acid receptor (RARP) (49). Finally, a thlrd human retinoic 
acid receptor (RARy) and the mouse counterparts of all three 
receptors were cloned (50). Comparison of the amino acid se- 
quences of the three human receptors with the mouse receptors 
showed that the interspecies consewanon of a member of the RAR 
subfamily is much higher than the conservation of all three receptors 
within a given species, suggesting that RARa, RARP, and RARy 
each have their own specific function (50). 

The RARa gene is expressed at high levels in specific tissues such 
as the cerebellum, adrenals, and testes, but otherwise has a low level 
of expression (48-50). RARa is overexpressed in several leukemic 

cells (48). RARP shows great variation in expression, ranging from 
undetectable in leukemic cells to relatively abundant in the kidneys, 
prostate, and cerebral cortex (48-50). RARy is found almost 
exclusively in the skin, reflecting the effects of retinoids on this organ 
(50). Since almost all cell types in the body contain one or several of 
the RARs, it is likely that retinoic acid has an even more pleiotropic 
effect than was previously thought. 

Another nuclear retinoic acid receptor (RXRa) has been cloned 
(51) that is substantially different in primary sequence from the 
previously described RARs. The ligand-binding domains of RARa 
and RXRa share only 27% homology. There are indications that 
RXR represents another subfamily. RXRa is more specific for 
retinoic acid than is RARa, which is activated by several structurally 
related retinoids. In contrast to the RARs, RXRa mRNA is 
expressed most abundantly in visceral tissues such as the liver and 
the kidneys; RXRa may itself be a regulator of vitamin A metabo- 
lism (51). 

Retinoic acid responsive element (RARE). Nuclear receptors are 
generally ligand-dependent transcription factors and regulate gene 
expression by binding to short DNA sequences (hormone-respon- 
sive elements or enhancers) in the vicinities of target genes (52) (Fig. 
3). Various RAREs and the genes that are directly regulated by 
them are being identified. Functional RAREs are located upstream 
of the genes for RARp and the B1 subunit of the extracellular matrix 
protein laminin (53), and these RAREs are responsive to RARa, 
RARp, and RARy. Specific binding of RARs to RARE was 
independent of retinoic acid, suggesting that retinoic acid activates 
gene expression by binding to RARs already bound to the respon- 
sive element (53) (Fig. 3). 

Table 1. Retinoid-binding proteins and receptors. 

Approxi- 
Protein mate Main 

mass (kD) ligand 
Suggested 
function 

RBP 
IRBP 

Four proteins 
secreted from 
pig uterus 

Two luminal 
proteins 
in rat 
epididymis 

CRBP(1) 

CRBP(I1) 
CRBP(II1) 

from fish eye 
CRABP(1) 

CRABP(I1) from 
neonatal rat 

CRABP(I1) from 
embryonal 
chick 

CRALBP 

RARa 

RXRa 

Retinol 
Retinol, 

retinal 
Retinol 

Retinoic 
acid 

Retinol 

Retinol 
Retinol 

Retinoic 
acid 

Retinoic 
acid 

Retinoic 
acid 

Retinal 

Retinoic 
acid 

Retinoic 
acid 

Retinoic 
acid 

Retinoic 
acid 

Blood plasma transport 
Intercellular transport 

in visual cycle 
Transport to the fetus 

Intercellular transport 

Donor for LRAT reaction, 
intracellular transport 

Donor for LRAT reaction 

Intracellular transport, 
regulate free retinoic 
acid concentration 

Intracellular transport, 
regulate free retinoic 
acid concentration 

Intracellular transport, 
regulate free retinoic 
acid concentration 

Enzymatic reactions in 
the visual cycle 

Ligand-dependent 
transcription factor 

Ligand-dependent 
transcription factor 

Ligand-dependent 
transcription factor 

Ligand-dependent 
transcription factor 
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Other responsive elements. The DNA binding domains of thyroid 
hormone receptors and RARs are very similar. Indeed, the demon
stration that RARct binds to a thyroid hormone responsive element 
upstream of the growth hormone gene explains the observation that 
retinoic acid, in synergy with thyroid hormones, can control growth 
hormone production by pituitary GH1 cells (54). Two types of 
thyroid hormone receptors, TRa and TR0, both form heterodimers 
with human RARct (55). It seems that the heterodimers bind to a 
subset of thyroid hormone responsive elements and result in an 
increase in transcription of some genes, but a decrease for others. 

The expression of osteocalcin, an osteoblast-specific bone protein, 
is regulated by retinoic acid and vitamin D 3 by binding of their 
respective nuclear receptors to a common responsive element (56). 
This responsive element also contains a consensus AP-J site, the 
enhancer element for the fos-jun protooncogene family. Binding of 
the fos-jun complex suppresses the induction of osteocalcin by both 
retinoic acid and vitamin D 3 (56). Hence, to understand the effect of 
vitamin A on gene expression, we must also consider the presence of 
other nuclear receptors and their ligands, and of proteins that 
belong to the fos-jun family. 

Future Challenges 
Although advances have been made recently in our knowledge of 

vitamin A metabolism and function, especially in understanding 
the function of retinoic acid in morphogenesis and differentiation, 
many questions remain. For example, the mechanisms for and 
control of uptake of retinoids by cells, and the in situ synthesis and 
regulation of retinoic acid must be studied more extensively. Little is 
known about the quantities of vitamin A used by various body 
tissues at different stages of development, or about what controls 
this utilization. The demonstration that retinoic acid is a potent 
morphogen, the very specific and early embryonal expression of 
retinoid-binding proteins and nuclear RARs, and the profound 
effect of retinoid deficiency and excess on fetal development, all 
point to the importance of retinoids (in particular, retinoic acid) in 
fetal development. Therefore, transport of appropriate amounts of 
retinoids to specific cells at specific times and appropriate regulation 
of cytoplasmic binding proteins and nuclear receptors is crucial for 
normal development. 

Future research may determine whether all extravisual effects of 
retinoids can be accounted for by the nuclear retinoid receptors. An 
alternative mechanism may indeed exist: several members of the 
isoprenoid family (including farnesyl and geranyl, derivatives), 
which also includes retinoids, have been found covalently linked to 
regulatory proteins such as yeast mating factors, G proteins, and ras 
oncogenes, and have been found to affect the function of these 
proteins (57). The best understood function of vitamin A is the first 
step in the visual cycle, where 11-as-retinal covalently bound to 
opsin is isomerized to all- trans- retinal in response to light stimula
tion (58). Retinoids may also be covalently linked to regulatory 
proteins in other cell types. Indeed, several classes of proteins in HL-
60 cells covalently bind retinoic acid (59). It will be interesting to 
follow the identification of these proteins and the possible function 
of their retinoylation. 
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Two Domains of Yeast U6 Small Nuclear RNA 
Required for Both Steps of Nuclear Precursor 

Messenger RNA Splicing 

U6 is one of the five small nuclear RNAYs (snRNAYs) that 
are required for splicing of nuclear precursor messenger 
RNA (pre-mRNA). The size and sequence of U6 RNA 
are conserved among organisms as diverse as yeast and 
man, and so it has been proposed that U6 RNA functions 
as a catalytic element in splicing. A procedure for in vitro 
reconstitution of functional yeast U6 small nuclear ribo- 
nucleoproteins (snRNP's) with synthetic U6 RNA was 
applied in an attempt to elucidate the function of yeast U6 
RNA. Two domains in U6 RNA were identified, each of 
which is required for in vitro splicing. Single nucleotide 
substitutions in these two domains block splicing either at 
the first or the second step. Invariably, U6 RNA mutants 
that block the first step of splicing do not enter the 
spliceosome. On the other hand, those that block the 
second step of splicing form a spliceosome but block 
cleavage at the 3' splice site of the intron. In both 
domains, the positions of base changes that bloek the 
second step of splicing correspond exactly to the site of 
insertion of pre-mRNA-type introns into the U6 gene of 
two yeast species, providing a possible explanation for the 
mechanism of how these introns originated and adding 
further evidence for the proposed catalytic role of U6 
RNA. 

RECURSOR MESSENGER RNA (PRE-MRNA) SPLICING IN 

the nucleus takes place on a large multicomponent particle, 
termed the spliceosome (1). The function of the various 

components or trans-acting factors in the spliceosome is to fold the 
intron into a splicing substrate and to catalyze the reaction. The 
trans-acting factors include a large number of different proteins 
(perhaps more than 30) and five small nuclear RNA's (snRNAys)- 
U1, U2, U4, U5, and U6. The snRNA's associate with a set of seven 
common core proteins, in addition to other proteins occurring only 
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with certain of the snRNAys, to form the small nuclear ribonucleo- 
proteins (snRNPys) (1, 2). 

Pre-mRNA splicing is a two-step process. In the first step, the 5' 
splice site is cleaved and, in a coordinated reaction, the 5' G residue 
of the intron is linked in a 2',5'-phosphodiester linkage to an A 
residue near the 3' splice junction. In the second step, the 3' splice 
site is cleaved, the exons are joined, and the intron is released as a 
"IAriat." Hydrolysis of adenosine triphosphate (ATP) is required for 
this process in vitro (3). 

The group I and group 11 self-splicing introns are found in 
mitochondria and chloroplast genes, and group I introns have been 
extensively studied in a Tetrahymena ribosomal RNA gene (4). The 
splicing mechanism for these introns also consists of two phospho- 
transfer reactions. The group I1 self-splicing reaction mechanism is, 
in fact, identical to that for pre-mRNA's, which suggests a common 
evolutionary origin for the two processes (5) .  Although pre-mRNA 
splicing and group I1 self-splicing proceed by the same reaction 
pathway, the two reactions have distinct biochemical requirements. 
Group I1 self-splicing proceeds with no added factors, whereas a 
myriad of trans-acting factors, as well as hydrolysis of ATP, are 
required for pre-mRNA splicing. The group I1 intron itself is the 
catalyst of the self-splicing reaction and, as such, has a conserved and 
complex secondary and tertiary structure. By contrast, introns in the 
nucleus have the bare minimum of information at 5' and 3' splice 
sites required for identification of these sites by the trans-acting 
factors, and intron sequences appear to have no conserved secondary 
or tertiary structure (3). If these two processes have a common 
evolutionary origin, then we are led to the hypothesis that pre- 
mbTA splicing, despite its requirements for protein and ATP, is an 
RNA-catalyzed reaction. If this is so, then the catalyst for pre- 
mRNA splicing must be one or more of the snRNA's. In this view, 
each of the snRNA's can be thought of as a group I1 intron in pieces, 
and the spliceosome as a way of reassembling the intron from its 
Parts (6). 

Unequivocal evidence establishing a catalytic role in splicing for 
any of the snRNA's is lacking. Functional roles have been estab- 
lished for the U1 and U2 snRNAys. Namely, a sequence at the 5' 
end of U1 RNA forms base pairs with the 5' splice site and a 
sequence-near the 5' end of U2 RNA forms base pairs with the 
branchpoint sequence near the 3' splice site (1). These interactions 
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