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ABSTRACT

CARBOHYDRATE BINDING PROTEIN 35: IN VIVO AND IN VITRO
EXPRESSION PROPERTIES OF THE POLYPEPTIDE

By

Neera Agrwal

Previous studies had shown that the amount and subcellular localization of
the endogenous lectin Carbohydrate Binding Protein 35 (CBP35) in murine 3T3
fibroblasts is regulated by the growth state of the cell. In proliferating cells, the
protein levels are higher than in quiescent cells and largely localized in the
nucleus. Using the cDNA clone for CBP35 as a probe, we have examined the
expression of the CBP35 gene in quiescent and serum-stimulated cells. The main
conclusions of these studies include: a) higher levels of accumulated CBP35
mRNA are found in proliferating cells than in quiescent cells; b) the rise in
mRNA levels is detected within 30 minutes of serum stimulation, and increases
until =20 hours after serum addition; c) the mRNA is "superinduced" in the
presence of cycloheximide; d) the transcriptional rate for the CBP35 gene
increases within 3 hours of serum stimulation, and reaches a maximum level at 10
hours following serum addition; and e) the transcription of the CBP35 gene occurs
even in the presence of cycloheximide, indicating that this is a primary event in

the response to serum growth factors by the cell.



Using the cDNA clone for CBP35, the full length recombinant protein and
the NH,- and COOH-terminal domains have been expressed in E. colr cells.
Analyses of the expressed proteins have demonstrated that the galactose binding
activity of CBP35 is contained entirely within the COOH-terminus. Differential
scanning calorimetry with the recombinant polypeptides has shown that the two
domains are folded independently.

The recombinant CBP35 (rCBP35) has also been used to examine the
uptake of the protein by nuclei from 3T3 cells. The results indicate that the
protein uses a pathway distinct from that used by the synthetic substrate, human
serum albumin bearing the nuclear localization signal of the SV40 large T antigen.
Cytosolic factors which are sufficient for the entry of the synthetic substrate into
the nucleus cannot support the nuclear import of rCBP35. This suggests that the
control of nucleo-cytoplasmic distribution of rCBP35 may be mediated by the
presence of a cytoplasmic anchor, or the availability of a factor which serves as a

carrier for rCBP35 in nuclear import.
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INTRODUCTION

Carbohydrate Binding Protein 35 (CBP35; M, 35,000) was initially purified
from extracts of murine Swiss 3T3 fibroblasts on the basis of its affinity for 8-
galactosyl-containing glycoconjugates. It has since been isolated and studied from
other species, as well as many tissue types. Our interest in CBP35 stems from
three key properties of the protein: a) its structure; b) its subcellular localization;
and c) its proliferation dependent expression.

First, the amino acid sequence of the polypeptide, deduced from the
nucleotide sequence of the cDNA clone, showed that the protein contains two
distinct domains. The amino terminal half contains eight contiguous repeats of
the 9-amino acid sequence PGAYPGXXX. The carboxyl terminal half contains
13 amino acids that are invariant in CBP35 and other B-galactoside specific lectins
and, therefore, is believed to constitute the carbohydrate recognition domain of
the lectin. These features of the primary sequence prompted us to ask questions
concerning the physico-chemical properties of the individual domains, and their
roles in the biological activity of the protein.

Second, studies on the subcellular localization of CBP35 showed that the
majority of the lectin is intracellular, although a small percentage is also found at

the cell surface, despite the lack of an obvious signal sequence to target it through
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the secretory pathway. Moreover, the intracellular lectin can be found in the
nucleus and the cytoplasm, depending on the proliferative state of the cell.

Finally, when quiescent 3T3 cells were stimulated by the addition of serum,
the levels of CBP35 rose dramatically, and the protein was translocated into the
nucleus. These observations formed the basis for our studies on the
transcriptional regulation of CBP35 expression, as well as factors controlling its
nuclear localization.

Thus, this literature review will discuss the following topics: a) the structure
and subcellular localization of carbohydrate binding proteins; b) the proliferation

dependent expression of proteins; and ¢) mechanisms by which proteins

translocate into the nucleus.







CHAPTER I
LITERATURE REVIEW

INTRODUCTION TO LECTINS

Specific recognition is a key event in every biological process. For example,
the specificity of recognition is seminal in cell-cell interaction, a step which is
necessary in such diverse functions as immunomodulatory activity, fertilization,
development, and infection (1). The discovery that all cells carry carbohydrates on
their surface led to the notion that these glycoproteins may play a fundamental
role in recognition processes. This idea was furthered by the finding that there
exist molecules which specifically recognize these sugar structures. These
molecules were termed lectins (2). Lectins are classified as non-enzymatic, non-
immune carbohydrate-binding molecules (3). The traditional definition of a lectin
has implied that it is at least a bivalent molecule with respect to saccharide
binding. The terms carbohydrate binding protein and lectin will be used
interchangeably in the discussion to follow.

Lectins were first discovered in plants as hemagglutinating substances.

They have since been found in almost all organisms, in all tissues and cell types,

and both intracellularly and extracellularly. Their exquisite ability to differentiate
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between different monosaccharides and oligosaccharides, as well as to recognize
subtle variations in sugar structures and linkages has made the lectins a potentially
central figure in the cellular recognition system.

In this chapter, I will concentrate on the animal lectins. The plant lectins

have been reviewed elsewhere (4,5).

Classification of Animal Lectins

The region of the polypeptide which has the ability to bind to
carbohydrates is designated as the Carbohydrate Recognition Domain (CRD).
Animal lectins can be grouped into several categories based on sequence
similarities within the CRD and/or saccharide binding characteristics (Table I). By
these criteria, the most well studied lectins fall into the C-type and S-type
categories (7). The C-type lectins are those which require the bivalent cation Ca**
for sugar binding activity. These proteins may be membrane bound or soluble,
and may also be glycosylated. The S-type lectins were originally defined to be
proteins which require reducing agents for sugar binding. They have only been
found as soluble, non-glycosylated entities.

The heparin binding lectins that have been isolated have no similarities
with the other lectin families. They may or may not exhibit hemagglutinating
activity, and may require divalent cations for binding to heparin. Their binding to
heparin is inhibitable by competing sugars (8,9).

There are two other groups of carbohydrate binding proteins which bear

no common structural of functional features with the above mentioned lectins.







TABLEL CLASSES OF ANIMAL CARBOHYDRATE BINDING
PROTEINS*

Family Type Examples Ca?+*| Cysteines Location
receptors mediating e disulfide plasma
glycoprotein endocytosis Y membrane
mannose binding proteins yes | disulfide |serum, liver

Crtype proteoglycan core lectins yes | disulfide sxao ellular

matrix
selectins yes cell surface
pulmonary surfactant yes | disulfide |lung, fluid
extracellular.
L-14 and L-30 8- +
S-type galactoside binding lectins no | sulfhydryl | cell surface,
nucleus
plasma
250 kDa M-6-P receptor no disulfide | membrane,

Mannose-6-P extracellular

receptor plasma
46 kDa M-6-P receptor yes | disulfide |membrane,

extracellular

Pentraxin serum amyloid protein yes | disulfide [serum

Heparin 8 9 9

binding lectins placental lectin, p33, p41 ? ?

* adapted from reference 6

® Ca?* requirement for sugar binding
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These include the serum amyloid protein, and the mannose-6-phosphate receptors.

1 will focus on the C-type and S-type lectins in this review.

The C-type Lectins

The C-type CRDs are found in a variety of proteins with a diversity of
structure and function (Figure 1 and Table II). These include the following
subgroups: a) the selectins, such as gp90MEL, ELAM-1, and GMP-140 (10,11,12);
b) transmembrane receptors, as exemplified by the asialoglycoprotein receptors
(13), the Kupffer cell receptor (14), and the hepatic lectins (13); c) the
macrophage receptors which are involved in the phagocytosis of pathogens (15);
d) the soluble mannose binding proteins, found in liver and serum (16); e) the
soluble pulmonary surfactant apoproteins (17); and f) the proteoglycan core
proteins (18). Some C-type lectins have also been found in such divergent species
as Dictyostelium discoideum (19), the fly (20), barnacle (21), sea urchin (22), and
the tunicate Polyandrocarpa misakiensis (23).

The initial studies on the C-type lectins denoted the fact that these proteins
required Ca?* for binding activity. Subsequent cloning and sequence analyses have
shown that the CRD for this type of lectin can be recognized by a sequence motif
which contains approximately 30 conserved residues over a ~ 120 amino acid
range (7). The alignment of the CRD regions of 22 distinct proteins shows that
there are 14 invariant residues, with an additional 18 residues that are conserved
in character. These residues fall into three classes: a) 4 cysteines, involved in

disulfide bond formation; b) a "WIGL" sequence which indicates a region packed




TABLE . THE C-TYPE LECTINS*

Species/Source Lectin Ligand® | Reference
flesh fly hemolymph fly lectin Gal 20
sea urchin sea urchin lectin Gal 22
qu'aqdraFarp a tunicate lectin Gal 23
misakiensis
avian liver chicken hepatic lectin GIcNAc 13
sheep, goat, buffalo liver | hepatic lectin Gal 27
rat liver RHL-1, RHL-2/3 Gal 28,29
rat liver Kupffer cell receptor Fuc 14
mouse spleen gp190MEL M6P 10
mouse macrophage macrophage lectin Gal 30
human lung pulmonary surfactant Man 67
human macrophage mannose receptor Man 15
human pancreas pancreatic stone lectin Gal 31
human fibroblast fibroblast proteoglycan Gal 18

core

b

A representative group of the C-type lectins

Gal, galactose; GlcNAc, N-acetylglucosamine; Fuc, fucose; M6P, mannose-6-
phosphate; Man, mannose




Figure 1. Summary of the structural features of the C-type lectins. The invariant
residues in the C-type carbohydrate recognition domain are shown, combined with
the effector domains (if any) found in the various members of the C-type lectin
family. GAG, glycosaminoglycan; EGF, epidermal growth factor. Adapted from
reference 6.
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into hydrophobic cores; and c) residues forming the ligands for Ca®* (24).
Analysis of the gene structure for several C-type CRDs has shown that they
fall into three distinct types (6,25). In the first type, the single CRD is encoded by
three separate exons. This can be found in the rat asialoglycoprotein receptor
(RHL-1), the Kupffer cell receptor, and the chicken proteoglycan core protein.
On the other hand, the (single) CRDs for the mannose binding proteins, the
pulmonary surfactant SP-A, and the murine lymphocyte homing receptor are
encoded in a single exon. Finally, the cell surface mannose receptor of
macrophages and hepatic sinusoidal cells has eight tandemly placed CRDs which
comprise the carbohydrate recognition domain of this protein (26). Studies to
determine the role of each of the CRDs in this protein have revealed that while
CRD4 can function independently of the other CRDs, it does not exhibit the high
affinity of binding of the whole molecule. Thus, it is probable that the multiple

CRD:s are required for tight binding to multivalent ligands.

The S-type lectins

The S-type differ from the C-type lectins in that they: a) do not depend on
cations for carbohydrate binding activity; b) have an affinity exclusively for
Gal/Lac containing structures; c) have a specific consensus sequence, differing
from that in the C-type lectins, in the CRD domain (7) (figure 2); d) are isolated
invariably (thus far) as soluble proteins; and €) are susceptible to oxidation

inactivation of sugar binding activity in the absence of reducing agents. The

nature of the oxidation may lie in the cysteine or tryptophan residues in these




1
proteins (32). These lectins do not appear to be glycosylated.

The S-type lectins (also called the S-lac lectins) can be subdivided into
several groups, based on their subunit molecular weight. The two best
characterized groups are the L-14 and L-30 lectins. The L-14 group of lectins
ranges in size from M, 12,000-14,500 daltons (Table III). The L-30 group of
lectins consists of proteins of M, 29,000-35,000 daltons (Table IV). There is
another group of S-type lectins which are of M, 16,000-22,000 (Table V). This
group of lectins has been isolated from rat intestinal tissue (56,57), mouse lungs
(45,58), Xenopus laevis skin tissue (59), and the nematode C. elegans (60).
Although these lectins share many amino acid and structural similarities with the
L-14 group, they appear to be novel members of the S-lac family, encoded by a
separate gene.

The 67 kDa component (the large component) of the elastin receptor has
also been classified as an S-type lectin based on the following data: a) the 67 kDa
protein can be eluted from an asialofetuin affinity column by the addition of -
galactoside sugars; b) the asialofetuin-purified protein can be eluted from a
column derivatized with elastin peptides by lactose; and c) antibody raised against
the rat lung L-14 lectin reacts with the 67 kDa protein (63). However, the S-type

CRD consensus sequence has not been found in the 67 kDa lectin.

The L-14 family of S-type lectins
The most abundant of the S-type lectins are the L-14 proteins. They are

isolated as dimers, and have one or more cysteine residues. Evidence obtained
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TABLE IIl. L-14 GROUP OF S-TYPE LECTINS*

Species Lectin Tissue Source M References
Conger eel congerin skin mucus 15000 33
C. elegans GBP32 whole worm 32000 237
B. arenarum | L-15 ovary 15000 34

CLL-II intestine, liver 12000 35,36
Blass CHL heart 13000 37
C-14 skin 14000 38
CLL-1 muscle, liver 15000 35,39
Marmoset L-15 neonate 15000 40
Rabbit Galaptin bone marrow 13000 41
Bovine BHL i‘;;:l'ls'““g' spleen, | 12000 2,43
Porcine PHL heart 14700 44
CBP13.5 lung, fibroblast 13500 45
Mouse L-145 bt 14500 46
mGBP embryonic fibroblast | 14735 47
Rat RL-145 | muselo lung brain | 14500 | 484950
HLBP14 melanoma 14000 235
H14 placenta, hepatoma 14000 51
Human HL-14 lung 14000 52,53
HBL brain 14500 54
L-14-11 hepatoma 14650 55

* A representative group of the L-14 lectins
Some of these lectins may be identical

® Subunit M, as determined by reducing SDS-PAGE
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TABLE IV. L-30 GROUP OF S-TYPE LECTINS*
Species Lectin Tissue/Cell Source Mp References
3 45,58
CBP35 lung, fibroblast 35000 75.76
LBP macrophages 35000 74
Mouse -
L34 fibrosarcoma, 34000 46,72
melanoma
Mac-2 macrophages 32000 77,78
Hamster ]ha“?s“” BHK cells 30000 79
ectin
‘ 48,56
RL-29 lung, brain 29000 4950
Rat o
¢BP basophilic 31000 80
leukemia cells
HL-29 lung, brain 29000 62,81
€BP basophilic 31000 82
Human leukemia cells
Mac-2 macrophages 32000 83
CBP35 lung, fibroblast 35000 58,84

* Some of these lectins may be identical

® Subunit M, as determined by reducing SDS-PAGE
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TABLE V. S-TYPE LECTINS OF M, 16000-22000*

Species Lectin Cell/Tissue Source M} | References
Electric eel electrolectin | electric organ 16000 32
C. elegans L-16 whole worm 16000 60
Xenopus laevis | skin lectin skin 16000 59
Chicken C-16 liver 16000 38
Mouse CBP16 lung, fibroblast 16000 45,58

L-17 intestinal mucosa 17000 56,57

L-19 intestinal mucosa 19000 56,57
Rat L-21.5 intestinal mucosa 21500 57

RL-22 lung 22000 48

IgE binding | ;11e5tine 17500 61

protein

CBP16 lung, fibroblast 16000 58
Human

HL-22 lung 22000 62

* A representative group of the S-type lectins of M, 16-22 kDa
Some of these lectins may be identical

® Subunit M, as determined by reducing SDS-PAGE




Figure 2. Summary of the structural features of the S-type lectins.

A. The multidomain structure of the S-type lectins. The carboxyl terminal
domain (white box) contains the carbohydrate recognition domain. The shaded
boxes represent various different effector domains, whose function is unknown. B.
The features of the domains of the L-14 and L-30 lectins. The 13 invariant amino
acid residues that occur in a 39-residue sequence in the CRD are shown. Also
shown is the 9-amino acid sequence that is repeated in the amino-terminal domain
of the L-30 lectins. The letter n, designating the number of repeats, ranges from §
in the human Mac-2 sequence to 10 in the rat eBP sequence. A single residue
between invariant residues is denoted by hyphen (-). Sequences of two or more
residues are denoted by the symbol (~). C. Hydropathy plot of murine CBP35, as
determined by the deduced amino acid sequence. The distinctive hydropathy plot
pattern of the two domains of an L-30 lectins is illustrated. Positive values
indicate hydrophilicity and negative values indicate hydrophobicity. Adapted from
references 67 and 88.
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from analysis of the cDNA clones indicates that the L-14 lectins are encoded by a
multi-gene family. At least three distinct L-14 lectins have been hinted at by the
cDNA clones. The L-14-I lectin is representative of the first type of L-14 lectin
isolated from vertebrate tissues. These lectins exhibit greater than 85%
conservation at the amino acid level (55,64,65,66). The L-14-II lectin, isolated
from a human hepatoma library, shares 43% amino acid identity with L-14-I (55).
The avian L-14 cDNA appears to be more divergent showing 50% amino acid
identity with the L-14-I lectin (65,66). The gene for the L-14-I type of protein
contains 4 exons, with the third exon containing the CRD. The upstream region
of the gene indicates the presence of a possible heat shock element, a putative
steroid binding site, a putative metal regulatory element, and a sequence related
to the Y box of the histocompatibility genes. In addition, there are intronic Alu
sequences, and a G/T cluster downstream of the polyadenylation signal (53). The
upstream region of L-14-II gene differs from that of L-14-1. There are two
tandem TATA boxes, an Sp1-binding site, and a putative site for regulation by
AP-1 (55).

A novel type of L-14 lectin has been isolated and cloned from the
nematode C. elegans (60,237). The lectin has a M, of 32 kDa, and hence has
been named 32 kDa GBP. Analysis of the cDNA clone for the protein shows that
it has two tandem repeats of the L-14 unit. Each of the units show approximately
30% amino acid conservation between themselves, as well as the other S-type
lectins. The S-type consensus sequence is well conserved, with an exact match of

9 amino acids. However, unlike the other L-14 lectins, there appear to be no
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cysteines in the 32 kDa GBP. The significance of the repeated domains is
unknown, especially since the hemagglutination activity is weak.

Histochemical and biochemical studies have shown that the L-14 lectin is
ubiquitously distributed in tissues. It is found in skeletal muscle (68,69), nervous
tissue (49,50,54), connective tissue (70,71), and tumor tissue (46,72,235). Perhaps,
the richest sources of the L-14 lectin are the fetal lung and uterine tissues. This is
further corroborated by experiments which were performed to isolate genes which
are selectively expressed during embryogenesis. One of the cDNA clones isolated

was that for the L-14 lectin (73).

The L-30 family S-type lectins

The members of the L-30 family (Table IV) are all identical to each other
or highly homologous (=85%), as determined by cDNA sequence analysis.
Despite their similarities in structure, a number of different functions have been
ascribed to these proteins. The lectins RL-29, HL-29, BHK lectin, L-34, and
CBP35 were isolated as B-galactoside binding proteins (45,48,62,72,79). €BP was
isolated as a protein that bound to Immunoglobulin E (80). Mac-2 was initially
identified as a cell surface antigen for thioglycolate-elicited peritoneal
macrophages (77). LBP was identified as the major non-integrin laminin binding
protein in macrophages, and subsequent sequencing showed its identity to
CBP35/Mac-2 (and hence, the other members of the L-30 group) (74). Southern
blotting analysis of genomic DNA suggests that there is a single gene which

encodes these lectins (Jia, S. and Wang, J.L., unpublished results). Northern
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blotting analysis has identified a major mRNA transcript of approximately 1.1-1.3
kB (75,80,96).

Sequence analysis of the cDNA clones corresponding to these lectins has
demonstrated that they are composed of two distinct domains (Figure 2). The
carboxyl terminal domain houses the CRD (7). This domain contains the 13
invariant residues found in the CRD regions of all the known S-type lectins. The
L-14 lectins consist only of the CRD; however, the L-30 lectins contain a second
effector domain. This domain is highly proline and glycine-rich, since it has eight
contiguous repeats of the nine amino acid sequence PGAYPGXXX (76). The two
domain structure of these lectins is further borne out by hydropathy analysis of the
c¢DNA clones. The carboxyl terminal domain exhibits both hydrophobic and
hydrophilic stretches, as characteristic of most globular proteins, whereas the

amino terminus does not contain these characteristics.

Saccharide binding characteristics of the S-type lectins

All the S-type lectins share a higher affinity of binding for Lac than for Gal.
The critical determinants within the disaccharide are the hydroxyls at position 4
and 6 of Gal and position 3 of Glc, since substitution at any of these positions
greatly reduces binding. The addition of an acetamido group at position 2 of the
glucose in the Lac molecule (i.e. to yield N-acetyllactosamine) increases the
binding affinity of the lectins for these sugars.

Site directed mutagenesis has been carried out on the bovine and human

14 kDa lectin to determine the critical residues for saccharide binding.
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Hirabayashi and Kasai showed that, for the human lectin, neither the cysteine
residues nor the conserved tryptophan residue are essential for saccharide binding
(85). In contrast, Abbott and Feizi’s results indicate that changing the tryptophan
or cysteines either greatly reduces or eliminates the binding of the bovine lectin to
Lac. In addition, deletion mutation analyses predict that almost the entire bovine
lectin polypeptide chain is necessary for binding activity (86). The varying results
obtained by the two groups point to the possible inefficacy of these techniques in
analyzing structure-function relationships for the lectins.

The L-30 lectins can be distinguished from the L-14 lectins by their
preferential binding (approximately 100-fold greater) for the blood group A
tetrasaccharide (62). This results from the substitution of the GalNAcal- at the 3
position of the Gal of the lactose moiety. Within the L-30 family, it seems that
the hamster lectin displays a slightly different binding specificity than do RL-29
and HL-29 (87). Whereas substitution at the C6 of the terminal galactose of
reactive saccharides eliminates binding of the 29 kDa lectins, it appears to have
little effect on the hamster lectin. Whether the differences in binding
characteristics of these lectins is due to experimental conditions, species diversity,

or protein isoforms is open to question.

Subcellular localization of the L-14 and L-30 lectins
The L-14 and L-30 lectins are found in the nuclear, cytosolic, and
extracellular compartments (see references 88 and 240 for a review). The

extracellular localization is difficult to explain since the proteins do not contain a
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signal sequence for secretion. I will discuss the implications of their dual
localization below.

The predominant portion of the L-14 proteins is found intracellularly,
although reports vary regarding the nuclear and cytoplasmic distribution of the
lectins. Using antibodies directed against CLL-1 and BHL-1 to label cryostat
sections, staining is noted both in the nucleus and the cytoplasm (39,89).
Immunoelectron microscopy has localized the 14 kDa lectin in the nucleus of the
epidermal cells of the intermediate layer of chick embryonic skin (90). However,
the lectin was not found in the nuclei of the basal cells of chick embryonic skin
(90). Immunolocalization of the L-14 lectin in murine myoblasts shows that the
lectin is only in the cytoplasm, and not in the nucleus (91). Finally, in neuronal
cells, RL-14.5 is found in both the cytoplasm and the nucleus (50).

In addition to being found intracellularly, there is considerable evidence for
the extracellular localization of the L-14 lectins. It has also been demonstrated
that the extracellular localization can arise as a result of a specific stimulus. As an
example, the L-14 lectin in Xenopus laevis skin tissue is found in the cytoplasm of
granular and mucous gland cells. Upon the injection of epinephrine, the lectin is
externalized using a novel secretory method (92). Similarly, the 14 kDa lectin in
chick embryonic muscle is found intracellularly, but upon maturation of the
organism, is exported from polynucleated myotubules (68). In an identical
situation, the 14 kDa lectin in mouse cultured myoblasts is found both
intracellularly and extracellularly. However, as the cells fuse to form multinucleate

myotubules, the lectin is less abundant in the cytoplasm, and is found in vesicles in
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the extracellular milieu (91). The export of both of these lectins is proposed to
occur by a novel secretory mechanism, whereby the protein is packed into vesicles
which "bud off". The process has been termed ectocytosis (69). An L-14 lectin
(mGBP) has been purified from mouse embryonic fibroblast conditioned media
and identified as a growth inhibitory substance (47), providing another example of
a secreted S-type lectin.

Similarly, the L-30 lectins are found on the cell surface and inside the cell.
Since the proteins are identical or homologous to each other, presumably
information pertaining to one member can also be applied to the others. CBP35
has been found mostly intracellularly, although a minor fraction is cell surface
localized (93). Anti-CBP35 antibody staining of the proliferating cell shows a
prominent staining of the nucleus and variable staining of the cytoplasm (94).
Within the nucleus, there is a punctate staining pattern, which can be eliminated
by prior treatment with RNase (95). Subcellular fractionation studies with eBP
have also indicated that the majority of the protein is found in the cytoplasm and
nucleus (96). Immmunocytochemical studies have shown that RL-29 can be
detected in both the cytoplasm and the nucleus (49,50).

The proteins Mac-2 and LBP were both identified by virtue of their cell
surface localization. LBP can be isolated by cell surface iodination of murine
macrophages, followed by laminin-Sepharose affinity chromatography (74). The
Mac-2 antigen was isolated as a cell surface protein on thioglycollate-elicited
macrophages (77). Subsequent experiments with the anti-Mac-2 monoclonal

antibody indicate that the protein is also found in the nucleus of the P388D,
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macrophage cell line (J.L. Wang, unpublished observations). The increased cell
surface expression of the L-34 lectin has been proposed to be involved in
transformation and metastases of cells (46,72,97). Cells that exhibit the greatest
metastatic potential have the highest levels of L-34 on the surface.

The S-type lectins fall into a growing group of proteins which are localized
in two distinct milieus, the intracellular and extracellular compartments. These
include: a) proteins with known nuclear function, such as SV40 large T antigen
(98), adenovirus E1A gene product (99), probasin (100), and the La RNP
identified by autoimmune anti-nuclear antibodies (101); b) members of the growth
factor families as exemplified by the heparin-binding growth factors (102), and
platelet-derived endothelial cell growth factor (103); and c) other proteins,
including interleukin 1a and 18 (104), yeast mating a-factor (105), and CAP-50
(106), which is a member of the annexins.

These proteins can be divided into two groups, those that have a signal
sequence for extracellular transport, and those that do not. Within the former
group are probasin, platelet-derived growth factor (PDGF), and the product of the
mouse int-2 gene, which is a member of the fibroblast growth factor (FGF) family.
Probasin is a rat prostatic protein which is found in secretions and in the nucleus
of prostatic epithelial cells. The dual localization of probasin occurs as a result of
alternative AUG-codon usage during translation, with the protein derived from the
upstream AUG-codon containing a signal sequence (100). In the case of the Int-2
oncoprotein, the N-terminally extended protein initiated at a CUG-codon is

nuclear, while the downstream AUG-initiated product is found in the secretory
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pathway (107). Alternative splicing of the transcript for the PDGF A-chain
determines whether the protein will be localized to the nucleus, or contain a signal
sequence for secretion (108).

However, the basic fibroblast growth factor (bFGF) and the interleukins 1la
and 18 have not been shown to contain a signal sequence. It has been postulated
that these proteins can be externalized via a mechanism of exocytosis that is
independent of the ER-Golgi endomembrane secretory pathway (104,109). This
conclusion is based on results obtained from studies using drug inhibitors which
are specific for the ER-Golgi pathway. Their nuclear localization is mediated
through nuclear targetting signals (see section below on nuclear transport). The
significance of the cell surface localization of the FGF has been questioned.
Acidic FGF mutant molecules, lacking the nuclear targetting signal, failed to
induce DNA synthesis and cell proliferation in target cells, even though they could
initiate membrane events such as tyrosine-phosphorylation (110). Thus, it has
been suggested that acidic FGF may ultimately act as an intracellular, nuclear-
translocated polypeptide mitogen, therefore obviating the need for a signal
sequence.

A possible explanation for the export of proteins independently of the
classical secretory pathway may lie in the discovery of the ATP-dependent
translocators (111). In yeast S. cerevisiae, the product of the STE6 gene has been
shown to be a key factor in the export of the mating a-factor (105). Mutants
lacking the STEG6 protein fail to export a-factor, while the mutants of the normal

secretory pathway (the sec mutants) have no effect. The STE6 protein displays
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significant homology with the P-glycoprotein, which is involved in multi-drug
resistance (reviewed in reference 112), as well as with bacterial permeases (105).
The STES6 protein shares about 60% amino acid identity with the mammalian
MDRI1 gene product. MDRI1 is homologous to bacterial permeases and contains
an ATP-binding domain, suggesting that MDR1 functions as an ATP-driven pump.
The similarity of STE6 with MDR1 implies that it, too, may act as a pump for the
a-factor. There may be similar translocation systems for the export of proteins

such as the interleukins and the FGFs.

The bifunctional nature of lectins

It has become increasingly obvious that the physiological role of many
lectins extends further than just the binding of carbohydrates. This has been
demonstrated for the C-type lectins (Figure 1), as well as for the S-type lectins
(Figure 2). I will discuss two examples below.
a) Selectins

One of the most exciting discoveries in the field of lectins has been that of
the family of cell-adhesion proteins called selectins. Their nomenclature is as
follows: a) L-selectin (peripheral lymph node homing receptor), also known as
gp190MEL, LAM-1, LECAM-1, LEC.CAM-1, DREG.56, TQ-1, and Leu-8; b) E-
selectin, also known as ELAM-1; and c) P-selectin, also known as PADGEM,
GMP-140, and CD62. These proteins were initially isolated as important
mediators of adhesion of leukocytes to the blood vascular compartment. The

presence of a Ca?* dependent CRD within these molecules was discerned only
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after they were cloned and sequenced (10,11,12). Structurally, these proteins are
very similar, with an identical arrangement of the C-type lectin domain attached to
an EGF-like and a complement binding domain. In addition, there is a signal
sequence, a transmembrane domain, and a cytoplasmic tail. It has been proposed
that the selectin gene arrangement arose from exon shuffling mechanisms (113).

L-selectin is a surface antigen on lymphocytes which facilitates their binding
specifically to lymph node endothelium during lymphocyte circulation. It is, hence,
commonly called the lymphocyte homing receptor since it allows for selective
trafficking of particular lymphocyte populations to specific sites. P-selectin is a
glycoprotein found on the surface of platelets and endothelial cells after
stimulation by thrombogenic agents, thereby allowing these cells to bind to
neutrophils and monocytes at areas of tissue injury. The E-selectin is generated
by endothelial cells as a result of inflammatory agents, and promotes adhesion of
neutrophils, monocytes, and a subpopulation of lymphocytes to the endothelial
cells.

Tentative carbohydrate ligands have been identified for these selectins (see
references 114,115 for reviews). The SSEA-1/Lewis*/CD15 antigen has been
implicated as the binding determinant for P-selectin. E-selectin seems to prefer a
sialylated Lewis* structure. The endothelial ligand for L-selectin appeared to be
more elusive, until a recent discovery by Lasky et al. (116). They have cloned a
cDNA for a sulfated 50 kDa glycoprotein, Sgp50, which has a mucin-like domain.
The protein backbone on this molecule may serve as a scaffold on which to

present the carbohydrates.
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b) The S-type L-14 lectins

Although there is a paucity of information on the functional ligand for the
L-14 lectins, there have been several reports implicating these lectins in growth
regulation. Yamaoka et al. have reported that the overexpression of a rat 14 kDa
galactose-binding-protein (GBP) causes transformation of murine fibroblasts (117).
In fact, they present information suggesting that the GBP protein is identical to
the growth regulatory factor TGFy2. Furthermore, the growth stimulatory activity
of TGFy2/GBP is not inhibited by the addition of B-galactoside, implying that the
two activities are distinct. The idea that GBP may be a transforming growth
factor, or act like one, is strengthened by the observation by Wells and Malluci
that a galactoside binding protein (mGBP) secreted by mouse embryonic
fibroblasts (MEF) is a cytostatic growth factor (47). mGBP, when added to MEF
in vitro, inhibited their growth in the G, phase of the cell cycle. The inhibitory
activity was not reversed by the addition of lactose. This may be evidence that L-
14 is a multifunctional molecule, much like transforming growth factor which can

both stimulate and inhibit cell growth.

CARBOHYDRATE BINDING PROTEIN 35
CBP35 was originally isolated from mouse lung tissue as a monomeric
protein of M, 35,000 by its affinity for galactose containing glycoconjugates (45).
Crittenden et al. demonstrated that the protein is widely expressed in a variety of
species and tissues (58). It was also shown that the protein is more highly

expressed in embryonic tissue than in adult tissue. CBP35 has been shown to be
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identical or homologous to all of the other members of the L-30 family (Table IV)
(88).

Immunolocalization data have shown that the majority of CBP35 is found
intracellularly, although a small fraction is also found on the cell surface (93). The
control of the intracellular localization of CBP35 will be discussed further below.

CBP35 is speculated to be a component of the heterogenous nuclear
ribonucleoprotein complex (hnRNP). This is based on the following observations
(76,95): a) CBP35 is released from permeabilized nuclei by treatment with RNase
A, but not by treatment with DNase I; b) CBP35 is found in the same density
fractions as the hnRNP proteins on cesium sulfate gradients (~1.30 g/ml); c)
CBP35 co-isolates with hnRNP proteins by sucrose gradient centrifugation (40 S);
d) fractionation of nucleoplasm on a galactose affinity column yields CBP35 and a
set of polypeptides whose molecular weights match those for the hnRNP proteins;
and e) sequence analysis of the cDNA clone for CBP35 suggests a homology
between CBP35 and some hnRNP proteins. The hnRNP proteins are thought to
aid in the processing and transport of mRNA. Further support for the
involvement of CBP35 in this process comes from the evidence that antibodies
directed against CBP35 and galactose-containing saccharides perturb the in vitro

splicing of pre-mRNA (Patterson, et al, unpublished data).

Structure of the CBP35 gene and protein
There is a single gene for CBP35 in the mouse genome. The gene

encompasses approximately 9 kb of genomic DNA, and is comprised of five exons
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and four introns (Jia, S., and Wang, J.L., unpublished observations). The
upstream promoter region contains the TATA and CCAAT sequences, as well as
the serum response element sequence about 200 nucleotides upstream of the
transcription start site. A polyadenylation signal has been delineated in the 3’
untranslated region.

Since the CBP35 protein has been only observed as a monomeric species,
its hemagglutination property is difficult to explain. The stoichiometry of
saccharide binding by the CRD was recently determined by equilibrium dialysis,
using ['“C]-lactose and recombinant L-30 expressed in and purified from E. coli.
The results indicate one Lac binding site per M, 30000 of protein (Knibbs, R.,
manuscript in preparation, and ref.118). Woo et al. suggest that CBP35/Mac-2
forms intermolecular dimers using the single cysteine residue (119). However,
since their study used a non-reducing SDS-PAGE system, the question arises
whether the dimer that they detect is actually an artifact of the analysis process
(120). The IgE binding protein (¢BP) has also been shown to form oligomers
using crosslinking reagents (118). Hsu et al suggest that the N-terminal domain
of the eBP may contribute to the multivalency of the molecule, possibly by
engaging in protein-protein interactions (118). These results are refuted, however,
by the observation that CBP35 does not form oligomers under non-denaturing
conditions as determined by HPLC gel filtration columns and equilibrium

sedimentation centrifugation (Anandita, et al, manuscript in preparation).
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Ligands for CBP35/Mac-2

Mac-2, the CBP35 homolog, has been shown to bind to two intestinal
epithelial glycoproteins, M2BP-1 (M, 98 kDa) and M2BP-2 (M, 70 kDa). These
proteins were isolated from a human adenocarcinoma cell line by virtue of their
association with Mac-2 (121). The interaction between these proteins and Mac-2
is mediated through the carbohydrate binding portion of Mac-2. The M2BP-1
protein is secreted into the media, leading the authors to speculate that it is an
extracellular ligand for the surface antigen Mac-2. However, no glycosylated
nuclear ligand has yet been found for CBP35/Mac-2. It remains to be seen if the

intracellular pool of CBP35 mediates its function through its sugar binding activity.

Proliferation dependent localization and expression of CBP35

Initial studies using indirect immunofluorescence techniques showed that
quiescent or serum starved 3T3 cells exhibited very low levels of CBP35. The
protein was found only in the cytoplasm of these cells. On the other hand,
proliferating or serum fed cells demonstrated a significant increase in the levels of
CBP35, and in this case the protein was localized largely in the nucleus (94).
Upon serum stimulation, the protein levels increase in the G, phase of the cell
cycle, before the onset of DNA synthesis. These observations have been
corroborated by immunoblotting. The results at the protein level prompted us to
examine the transcriptional regulation of the CBP35 gene. The conclusions are
presented in Chapter II of this thesis. One of the reasons why CBP35 may be

stimulated by the addition of serum is the presence of a serum response element
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(SRE) in the upstream regulatory region of the gene. The SRE has been shown
to operate in the serum-mediated activation of the c-fos and B-actin genes
(reviewed in references 122,123).

Two dimensional gel electrophoresis analyses of quiescent and proliferating
populations of cells revealed that CBP35 exists as two isoelectric variants in the
cell. The unmodified polypeptide has an isoelectric point (pI) of 8.7, whereas the
singly phosphorylated derivative has a pI of 8.2. The pl 8.2 form in found both in
the cytoplasm and the nucleus. The pl 8.7 form is restricted to the nucleus. More
interestingly, quiescent cells only express the 8.2 variant. But, when cells are
proliferating, the levels of the 8.7 variant increase dramatically and it is entirely
nuclearly localized (124).

A similar situation is encountered with SL66 normal human fibroblasts.
Using immunofluorescence, immunoblotting, and two dimensional electrophoresis
analyses with these cells, it has been revealed that the expression of CBP3S is
dramatically different in young passage (passage 11) as compared to old passage
(passage 31-35) cells. When young SL66 cells are serum stimulated, there is a rise
in the levels of CBP3S. Both isoelectric variants are expressed in these cells and
the pl 8.7 form dramatically increases upon serum addition. On the other hand,
old cells did not exhibit any increase in CBP35 levels, and they also did not
contain any pl 8.7 form (84). The absence of any CBP35 induction in old cells
raises the intriguing possibility that certain induction mechanisms are abrogated in
senescence. It has been suggested that a similar fate may occur for the c-fos

protein (see below).
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The significance of the two isoelectric variants remains to be elucidated.
However, the compartmentalization of the two forms suggests that the
phosphorylation may serve as a partitioning signal. I will discuss this aspect

further below in the section on nuclear transport of proteins.

THE REGULATION OF EXPRESSION OF C-FOS
Introduction to Primary Response Genes

It is generally acknowledged that control of vertebrate cell proliferation is
exerted largely in the G, phase of the cell cycle. The complex cellular process of
proliferation is initiated by an interaction between extracellular factors and specific
cell surface receptors (125). The cytoplasmic activation signals thus engendered
cross the nuclear membrane and alter the expression of a set of genes known as
immediate early (IE) or primary response genes (PRG). The PRGs are
characterized by the following: a) they do not require de novo protein synthesis
for induction; and b) their rapid and transient induction occurs in a wide variety of
cell types (reviewed in references 126,127).

Within the ranks of the PRGs are genes which encode structural proteins,
transcription factors, and proto-oncogenes (125). Many cDNA clones for PRGs
have also been identified by subtractive hybridization screening, although their
products have not yet been characterized (128,129,130). Several of the proto-
oncogenes have been well studied, although their exact function is unknown. The

product of the c-fos gene has been identified as a transcription factor.
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The proto-oncogene c-fos is a paradigm for the regulation of proto-
oncogenes. In addition, the CBP35 gene and protein share several similarities
with the c-fos gene and FOS protein: a) they both satisfy the criteria for a PRG;
b) CBP35 contains a DNA promoter element which fits the consensus sequence
for the serum response element, also identified in c-fos; ¢) both are nuclear
proteins; and d) quiescent and senescent cells express negligible levels of FOS and
CBP35. 1 shall, therefore, discuss the expression of c-fos with respect to the cell
cycle.

There are four members of the fos family: c-fos, fosB, fra-1, and fra-2
(125). The FOS proteins are found associated with the JUN proteins. Proteins
within the jun family include c-jun, junB, and junD (125). The FOS and JUN
proteins form heterodimers, through leucine zippers, in all possible combinations
(131,132). The resulting dimer then forms the AP-1 transcription factor (131,132).
The FOS and JUN proteins can also dimerize with proteins from the CREB/ATF
family using the leucine zipper (133). DNA binding by the AP-1 factor occurs by
a region adjacent to the leucine zipper which is rich in basic amino acids. Those
proteins containing the dual motifs of the basic amino acids and the leucine zipper
have been clumped into the "bzip" family of transcription factors (134). Although
the FOS/JUN proteins are generally regarded as transcription site AP-1 binding
proteins, they can also bind to the TRE (TPA response element) and the CRE

(cAMP response element) sites (133,135).






34

Kinetics of the expression of c-fos

The c-fos gene product is a M, 55,000 nuclear phosphoprotein (p55¢%)
(136,137). The mRNA transcript has a size of 2.2 kb. Studies with the expression
of c-fos show that the levels of the mRNA and protein are transiently high in
proliferating cells (136,137). There is increased expression in placental and
extraembryonal tissues (138). Experiments with cell cultures have established that
c-fos mRNA is detectable within 15 minutes of serum addition to quiescent cells,
thus making this the earliest PRG identified so far (136,137). At least part of the
increase in the mRNA can be attributed to an increase in the transcription rate
(139). The peak of expression of the mRNA at about 60 minutes is followed by a
rapid decay (136). The FOS protein has been reported to have a t;, ~ 2 hours
(136). The presence of multiple AUUUA sequence motifs in the 3’ noncoding
region of the c-fos mRNA probably accounts, in part, for its instability (140).
Removal of these sequences has been shown to cause transformation by c-fos.
Senescent fibroblasts exhibit very low levels of the c-fos mRNA, even when serum
stimulated (141). The results obtained by Seshadri and Campisi indicate that the

c-fos gene is subject to transcriptional repression in these cells.

Superinduction of the c-fos mRNA

The c-fos mRNA exhibits a phenomenon, common to all the PRGs, known
as superinduction. Although normally very transient, the level of these transcripts
is elevated when cells are incubated with protein synthesis inhibitors. Several

reasons have been postulated to explain this occurrence. First, it is possible that
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the labile transcripts are stabilized. Indeed, the c-fos mRNA half life increases
from 9 minutes to several hours (140). This may be accomplished by the loss of
labile RNAses (142), by the shielding of mRNAs which stay trapped on polysomes
(128), or because the concurrent translation of fos is necessary for nMRNA
degradation (142). Second, it is possible that the continued synthesis of the FOS
protein is required for transcriptional shut-off of the gene. This implies that the
FOS protein has an autorepressor function. It has been proposed that the
autorepression may occur through the serum response element (143). Finally, a
third explanation is that labile repressors normally keep the c-fos gene inactive in
quiescent cells. When protein synthesis ceases, the gene is available for
transcription. Although no such repressors have been identified, there are hints
that such an effect may be mediated through the serum response element-serum
response factor complex (144). In a recent study by Edwards and Mahadevan on
the possible mechanism of superinduction of c-fos, the notion of the labile
repressor has been questioned. Using several protein synthesis inhibitors, they
find that anisomycin and cycloheximide cause the transcriptional induction (as
determined by nuclear run-on assays) of c-fos mRNA (145). Thus, in addition to
inhibiting protein synthesis, these compounds also act as nuclear signalling

agonists.

The c-fos promoter
Analysis of the upstream promoter region of the c-fos gene reveals multiple

regulatory sites. The serum response element (SRE), located at -300 bp, has been
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hypothesized to be a target of many growth factors (reviewed in reference 123).
There is a cAMP response element (CRE) at -60 bp which is regulated by
elevated levels of cAMP or Ca?* (146). A TPA response element (TRE) is
located at -295 bp (147). A region at -345 bp is thought to be involved in
induction by platelet derived growth factor (PDGF), although no protein binding
factor for the site has been seen (148). A site called the SRE-2, at -276 bp, is
involved in induction by nerve growth factor (NGF); the proteins binding to this
region are different from those binding to the SRE (149). In addition to the
positive regulatory elements, the retinoblastoma protein down-regulates c-fos
expression by binding to a site at -90 bp (150). There is also evidence that
cooperation between the SRE and a fosATF/AP1 sequence downstream from the
SRE leads to either repression or activation from the c-fos promoter, depending
on the growth state of the cell (151). Finally, an intragenic sequence at the exonl-
intronl boundary is involved in the blocking of transcription elongation (152).
Interestingly, many of the regulatory sites to which the FOS protein binds are
present in the c-fos gene.

The SRE in the fos promoter has been studied in great detail. It is a 20-bp
region of dyad symmetry which is the site for the binding of the serum response
factor (SRF). The 14-bp inner core element of the SRE, CC(A/T)¢GG, is
sufficient for the binding of the SRF and the induction of serum-stimulated
transcription (153). The zif268 gene has 4 SREs, none of which show symmetry
outside of the core, but each of the four confer serum inducibility on reporter

genes (154). The outer palindromic arms of the SRE may enhance the binding of
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the SRF. Alternatively, these arms may also serve as binding sites for other
regulatory factors, which may act in concert with the SRF.

The SREF itself is also a member of the PRG group (155). SRF is a 62-67
kDa protein, depending on its state of phosphorylation, which binds the SRE as a
dimer. The phosphorylated SRF has a higher binding affinity for DNA (reviewed
in reference 238). The protein is also modified by an O-linked N-
acetylglucosamine moiety (156). The p62/ternary complex factor (p62/TCF)
interacts with the SRF when it is bound to the SRE, thus enhancing the binding
between the SRE and the SRF (156). In yeast, another protein called the SRF
accessory protein-1 (SAP-1) is recruited to the SRE-SRF complex (157).
Although SAP-1 does not seem to be identical to p62/TCF, it does appear to be

structurally and functionally related.

Factors controlling the induction and function of fos

As indicated by analysis of the promoter, c-fos is subject to both negative
and positive regulation. It has been demonstrated that in quiescent cells the
transcription of the c-fos gene is induced by the addition of excess copies of the
fos promoter element, thus suggesting that some negative regulatory factor can be
competed out. Likewise, in proliferating cells, addition of the same element
reduces c-fos transcription, presumably by competing out a positive regulatory
factor (158).

The activation of c-fos through the SRE can occur by at least two distinct

intracellular pathways, one that is protein kinase C (pkC) dependent, and another
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that is pkC-independent. There is also a third cAMP-dependent pathway which

seems to act independently of the SRE (159). Therefore, the SRE is necessary
and sufficient for activation by protein kinase-C, but not for activation by cAMP.
A specific inhibitor of FOS/JUN proteins has been identified from nuclear
and cytoplasmic extracts (160). IP-1 associates with FOS and JUN and prevents
the proteins from binding to DNA. It is unclear how IP-1 exerts its control over
FOS/JUN activity. Phosphorylation of IP-1, possibly by protein kinase A, causes
the inhibitor to dissociate from the proteins. This can be seen by an increase in
AP-1 activity. The presence of a cytoplasmic inhibitor of FOS implies that cells
always contain a basal level of the protein. Although this has not been rigorously
determined, Bravo et al. have reported that c-fos is inducible at low levels
throughout the cell cycle (161). This suggests that IP-1 may have a specific role in
sequestering FOS until the appropriate time. Finally, another mode of regulation
of FOS may occur by the formation of disulfide bonds within the basic residues of

a FOS-JUN dimer. This prevents it from binding to the TRE sequence (162,163).

Regulation of transcription by the PRG

Many genes are known to be either activated or repressed by FOS,
FOS/JUN, or the FRA proteins (reviewed in ref. 125). It is of great interest to
examine the regulatory activity of FOS on other genes as well as on itself. The
repressor activity of FOS does not require it to be a heterodimer. However, the
repressor activity is dependent upon the presence of the SRE sequence in the

target promoter, and the phosphorylation of the serine residues in the carboxyl
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terminus of FOS (164,165,238). Therefore, the PRGs not only regulate a wide

variety of target genes, but also themselves. This indicates the complexity of the

cross talk that occurs at molecular levels in transcriptional regulation.

NUCLEAR TRANSPORT
General characteristics of nuclear transport

Proteins and RNA enter and exit the nucleus in a specific and regulated
manner. In this review I will specifically discuss the import of macromolecules
into the nucleus.

The nuclear envelope, which renders the nuclear compartment distinct
from the cytoplasm, is a complex assembly consisting of inner and outer nuclear
membranes, nuclear pore complexes, and the nuclear lamina (reviewed in
reference 166). The outer membrane of the envelope is contiguous with the
endoplasmic reticulum (ER), and the perinuclear space created by the outer and
inner membranes is continuous with the ER. The inner and outer membranes are
joined at the nuclear pore complex.

It has been suggested that nuclear pores can accommodate the passive
entry of proteins < M, 20-40 kDa. Larger proteins enter the nucleus by a
facilitated process (reviewed in references 167,168,169). Facilitated nuclear
transport has the following characteristics: a) it requires the presence of a nuclear
localization signal (NLS) which is both necessary and sufficient for transport; b)

presumably requires a receptor; c¢) requires ATP; d) it is temperature dependent;
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and e) proteins enter in a folded state.

The diffusion of proteins through the pore complex is an open issue.
There are data that suggest that nuclear proteins, regardless of size, enter the
pore complex in a specific manner. As an example, histone H1 (M, 21 kDa) and
histone H2B (M, 13.8 kDa), despite their small size, enter the nucleus using
mechanisms which are distinct from simple diffusion (170,171). It has been also
been shown that some proteins can enter the nucleus by a "piggyback method"
where they are co-transported with an NLS-containing protein (172).

Nuclear import can be divided into two discrete steps: a) a relatively rapid
binding of proteins to the nuclear pore; and b) a slower translocation step into the
nucleus (173). The translocation step is sensitive to the lack of ATP, and is
inhibitable by the inclusion of the N-acetylglucosamine-specific lectin wheat germ

agglutinin (WGA) in the transport reaction (174).

Nuclear localization signal

The nuclear localization signals of many nuclear proteins have been
compiled and compared in several review papers (168,175). There appears to be
no consensus sequence. However, there are certain characteristics which are
obviously specific enough to ensure that only nuclear proteins enter the nucleus.
These are as follows: a) they are short sequences, usually no more than 8-10
amino acids; b) the NLS may be contained within one sequence or may be divided
into a bipartite signal; ¢) they contain a high proportion of basic amino acids,

usually lysine and arginine; d) they can occur at any site in the polypeptide; e)
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NLSs are retained following transport; and f) a prqtein may contain more than
one NLS. The well-characterized NLS of the SV40 large T antigen, PKKKRKYV,
has been regarded as the classic unipartite signal. The lys'? residue in the SV40
NLS is the critical residue in determining whether the NLS is sufficient for
transport (176,177). On the other hand, nucleoplasmin, a major nuclear protein
of Xenopus oocytes and embryos, requires a bipartite signal for import (178,179).
The bipartite signal is located at the terminus of a 16 amino acid stretch in the
carboxyl end of the protein. The recent elucidation of an NLS for an
agrobacterium protein shows that it is homologous to that of nucleoplasmin (180).

This indicates that the NLS structure has been conserved in evolution.

The nuclear pore complex

The nuclear pore complex (NPC) is an aqueous channel which acts as a
molecular sieve that spans the nuclear envelope. The functional diameter of the
pore is 7-10 nm, thus allowing for the diffusion of ions and small molecules (166).
However, particles of sizes up to 280 A have been shown to traverse through the
NPC. Studies by Feldherr and Akin have suggested that the permeability of the
NPC may be linked to the physiological state of the cell (181,182). Using
nucleoplasmin-coated colloidal gold particles, they have demonstrated that
proliferating cells can transport particles of 230-250 A, whereas growth arrested
cells can only transport particles of 160-200 A. It has been estimated that the
nuclear envelope of a eucaryotic cell contains approximately 2000-4000 pores

(183).
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The architecture of the pore complex consists of three prominent
substructures: nuclear and cytoplasmic rings or annuli, central spokes, and a
central plug (reviewed in reference 166). These structures are complexed with
proteins to form the pore complex. The mass of the nuclear pore complex has
been estimated at 120 mDa.

Two major classes of pore proteins have been identified. These are: a) the
integral membrane protein gp210; and b) the nucleoporins. The integral
membrane protein gp210 contains N-linked high mannose sugar modification.
Primary structure and antibody epitope mapping studies suggest that gp210 spans
the nuclear membrane once. A short region in the carboxyl terminus protrudes
towards the pore, with the rest of the protein being found in the perinuclear space
(184). The microinjection of anti-gp210 antibody into the ER, which is continuous
with the perinuclear space, drastically reduced nuclear import (185). This has
raised the question whether the NPC can be regulated via the ER.

Nucleoporins are proteins containing the O-linked N-acetylglucosamine
(GIcNACc) sugar which are found on both the cytoplasmic and nuclear faces of the
NPC (reviewed in reference 186). Three nucleoporins, p62 (187), the 110 kDa
yeast NSP1 (188), and the 130 kDa yeast NUP1 (189) have been studied in some
detail. It is uncertain whether the yeast nucleoporins are modified with O-GIcNAc
(189). A monoclonal antibody developed against mammalian p62 cross-reacts with
the yeast nucleoporins (189,190). Since there is no primary sequence homology
between p62 and NUP], it is assumed that the anti-p62 antibodies recognize some

secondary structural feature.
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Perturbation of transport by anti-nucleoporin antibodies and the GIcNAc-
specific lectin WGA has implicated nucleoporins in the transport process. The
addition of monoclonal antibodies against nucleoporins blocked nuclear import
and RNA export (191). WGA inhibits the facilitated import of proteins into the
nucleus, although diffusion through the pores is unaffected (192). Finlay and
Forbes have demonstrated that WGA can deplete the nuclear transport
capabilities of an extract, but that reconstitution with the WGA-bound fraction
restores nuclear transport (193). The analysis of the WGA-bound fraction from
rat cytosol yields three proteins of M, 62 kDa, 58 kDa, and 57 kDa, which seem to

be a part of a ~600 kDa complex (194).

Cytosolic factors are required for nuclear port

The nuclear pore complex does not contain all the components necessary
for transport, as evidenced by the inability of isolated nuclei to support nuclear
import with fidelity (195,196). Using an in vitro system involving digitonin-
permeabilized cells, Adam et al. have shown that transport requires soluble
cytosolic factors (196). These factors are found in both nucleate and anucleate
cell extracts, and cannot be pelleted by centrifugation at 100000 x g No RNA
component is involved in the cytosolic factor, since the extract can be treated with
micrococcal nuclease with no adverse effects. Treatment of the cytosol with the
sulfhydryl alkylating agent N-ethylmaleimide (NEM) leads to an inhibition of
transport. Also, cytosolic extracts from one species can support in vitro nuclear

transport with another cell system, indicating that the factors are not species-
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specific.

Newmeyer and Forbes have isolated two factors from Xenopus oocyte
extract which no longer support nuclear transport after NEM treatment (197).
The factors have been named NIF-1 and NIF-2. The factor NIF-1 is required for
the binding of the nuclear protein to the pore, and thus may act as a cytoplasmic
carrier protein that binds to the NLS. Using the nuclear pore glycoproteins as an
affinity matrix, Sterne-Marr et al. have depleted cytosol of transport factors such
that nuclear transport was reduced ~80% (198). The factors did not exhibit
binding to WGA, and also, were not sensitive to NEM inactivation. These factors
may also act as docking proteins with the nuclear pore complex.

In agreement with the two step model of nuclear transport, Moore and
Blobel have fractionated oocyte transport extract on a DE-52 anion exchange
column and isolated two fractions, A and B, both of which are required for
efficient transport (199). Fraction A seems to be involved in the NLS recognition;
addition of fraction A alone leads to accumulation of the protein around the
nuclear periphery. Fraction B is necessary for translocation into the pore, and
cannot by itself support nuclear transport. Fraction A is NEM-sensitive, whereas
fraction B is not affected by NEM. Thus, the data from the various laboratories
indicate that there are several different cytosolic components which are involved
in the transport of proteins into the nucleus.

Finally, hsp70 (heat shock protein 70) and its cognate hsc70 have been
shown to be required for the transport of proteins into the nucleus (200). The

hsp70 is not NEM sensitive.
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Hsp70 has been found to be necessary for the translocation of proteins into
mitochondria and the endoplasmic reticulum (201,202). In addition, transport into
the ER and mitochondria requires signal sequences and receptors. It has also
been documented that NEM inactivates transport into the Golgi (203). Together,
these requirements suggest that there are certain basic principles for the

translocation of proteins within the cell (for.a commentary, see reference 236).

NLS binding proteins

The existence of the NLS binding proteins (NBPs) has been inferred from
the demonstration that nuclear transport is a saturable event (204,205). The
presence of several of these adaptor molecules or NBPs has been substantiated by
their purification using the SV40 T antigen NLS as an affinity matrix
(204,206,207). The NBPs may either stay fixed to the nuclear pore, or
alternatively, they may act as shuttling molecules between the cytoplasm and
nucleus (167,169,208).

A mammalian 55 kDa protein has been found to stimulate in vitro
transport while demonstrating a sensitivity to N-ethylmaleimide (204,207). It is
unclear whether the 55 kDa protein is related to the cytosolic factor NIF-1. A 70
kDa protein, isolated from yeast, has been localized to the nuclear envelope, and
it has been suggested to interact with the nucleoporin NSP1 (169,209,210).
Proteins which are immunologically cross-reactive with the yeast 70 kDa protein
are also found in Drosophila, Hela cells, and Z. mays. Stochaj and Silver report

that these eucaryotic NBPs are phosphorylated, and this modification is necessary
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for binding by the NLS (211).

Lee and Mélese have identified a 67 kDa protein from yeast, encoded by
the NSR1 gene, which not only binds to the SV40 NLS, but also is localized to the
nucleus and the nucleolus (212,213). The NSR1 protein also contains two RNA
recognition motifs, the significance of which is unclear. Meier and Blobel have
reported the identification of a 140 kDa protein, Nopp140, which binds to NLSs
and is also found in the nucleolus (214). The binding of Nopp140 to NLSs
requires that the protein be phosphorylated (239). The dual localization of the
p67 and p140 proteins has led to the debate of whether non-nucleolar proteins use
the nucleolar/ribosomal protein transport pathway. This could be a demonstration
of transport efficiency, since the transport of ribosomal proteins constitutes the
majority of all trafficking into the nucleus/nucleolus. Following a general transport
of all nuclear proteins into the nucleolus, there could be a re-routing of the

proteins into the appropriate nuclear compartment.

Alternative methods of nuclear transport

Studies with transport of the spliceosomal U small nuclear
ribonucleoproteins (snRNPs) have revealed the existence of other methods of
nuclear import. The transport of these molecules into the nucleus cannot be
competed by the SV40 T antigen NLS, thus indicating that they use a distinct
pathway (215,216). The assembly pathway of the U snRNPs involves the export
of the newly synthesized RNAs into the cytoplasm where they are complexed with

proteins, either of the Sm class or the U-specific proteins. The initial export of
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the snRNA from the nucleus into the cytoplasm may be due, in part, to the
presence of a 7-methylguanosine (m’GpppG) cap at the 5’ end (217). After the
snRNA is complexed with proteins in the cytoplasm, the m’GpppG structure is
hypermethylated to form the 2,2,7-trimethylguanosine (m;GpppG) cap. All U
snRNA species, except U6 snRNA, carry the trimethylguanosine (TMG) cap; the
U6 snRNA has a y-monomethylphosphate at its 5’ end. The Sm proteins and the
TMG cap have been shown to make up a bipartite NLS for some of the U
snRNPs (218,219).

Using microinjection of the U snRNAs in oocyte nuclei, Michaud and
Goldfarb have hypothesized that these snRNPs are imported into nuclei by three
different pathways (220): a) the karyophilic pathway employed by SV40 large T
antigen; b) the TMG dependent pathway; and c) a pathway distinct from the
other two. The import of U1, U2, U4, and U5 snRNPs can be inhibited by the
injection of excess TMG cap, but not by excess SV40 T antigen NLS (220). On
the other hand the U6 snRNP import is inhibited by the SV40 T antigen NLS, but
not by the TMG cap (220). The U6 snRNP does not contain a consensus Sm-
protein binding site, but is bound by Ué6-specific proteins (221). The U3 snRNP
also does not contain Sm proteins, but does contain a TMG cap. Its import is
inhibited neither by free TMG cap, nor by excess SV40 T antigen NLS (220).

Despite the various pathways used in the nuclear import of these U
snRNPs, they all cross into the nucleus through the nuclear pore complex.
Evidence for this notion resides in the observation that anti-nucleoporin antibody

and WGA both affect the import of the snRNPs (220). The WGA inhibition of
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transport varies, with the U6 snRNP being highly sensitive (216,220). On the

other hand, it has been reported that the U1 and U5 snRNPs are not inhibited by

the same concentrations of WGA as used to block U6 entry (216,220).

Control of nuclear transport

Two general mechanisms, not exclusive of each other, for regulating the
nuclear-cytoplasmic distribution of proteins are phosphorylation-dephosphorylation
and anchor proteins (reviewed in references 222,238). Posttranslational
mechanisms, such as phosphorylation, may change a protein’s conformation or
mask/unmask the NLS, thus rendering the protein translocation competent.
Alternatively, anchor proteins may act as scaffolds which secure the protein in the
cytoplasm until the appropriate signal causes its release. The yeast transcription
factor SW15 is cytoplasmic in the S, G,, and M phases of the cell cycle. The
phosphorylation of three serine residues near the NLS by the CDC28 kinase is
instrumental in preventing nuclear entry. Dephosphorylation of these residues at
the end of M phase, when the CDC28 kinase is inactive, causes SW15 to enter the
nucleus (223). Studies with the in vitro nuclear uptake of SV40 T antigen-3-
galactoside fusion proteins have shown that phosphorylation at residues away from
the NLS by casein kinase II accelerates transport (224). Phosphorylation within
the SV40 NLS by cdc2 kinase reduces the nuclear accumulation of the fusion
proteins (225). Finally, Xenopus oocytes contain large amounts of the protein c-
MYC in the cytoplasm. The fertilization process triggers the phosphorylation of c-

MYC which then leads to its nuclear localization (169,226).
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Studies with the transcription factor NF-«B have shown that in quiescent
cells the protein is associated with its anchor IkB in the cytoplasm (reviewed in
reference 227). The stimulation of cells leads to the phosphorylation of IkB
through a protein kinase C dependent pathway, thus resulting in the dissociation
of the anchor and the entry of NF-«B into the nucleus (228). A similar situation
is seen with the gene product of the dorsal gene which controls the asymmetric
expression of genes in Drosophila. The dorsal product is secured in the cytoplasm
of the embryonic cells by the cactus gene product (229,230,231). The subsequent
entry of the dorsal protein into the nucleus is influenced by many other gene
products (reviewed in reference 232). The c-FOS protein has been reported to be
cytoplasmic in serum-starved cells but nuclear in serum-stimulated cells. The
regulation of ¢-FOS nuclear transport has been suggested to depend on two
factors: a labile control protein, and mediation by the cAMP dependent protein
kinase (233). Although the labile inhibitor of transport has not been identified by
Roux et al, it could be the IP-1 inhibitor protein of FOS/JUN (160).

Positive regulation of nuclear transport has been reported for the pancreas-
specific transcription factor PTF1. There are two forms of PTF1, a and 3, which
are distinguished by their subcellular localization. The only difference between
the two forms is the association of a protein, p75, with the @ form. PTFla is
found in both the nucleus and the cytoplasm, while PTF18 is found exclusively in
the cytoplasm. Based on these localization data, it has been hypothesized that the

stable association of p75 with PTF1a allows the protein to enter the nucleus (234).
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ABSTRACT

In previous studies, we observed proliferation-dependent expression and
nuclear localization of the lectin, designated carbohydrate-binding protein 35
(CBP35), in 3T3 fibroblasts at the polypeptide level by Western blot and
immunofluorescence analysis. In the present study, we have compared the
expression of the CBP35 gene in quiescent and proliferative 3T3 cells at the levels
of (a) accumulated mRNA by Northern blotting and (b) nuclear transcription by
run-off assays. When serum-starved, quiescent cultures of 3T3 cells were
stimulated by the addition of serum, there was an increase in the nuclear
transcription of the CBP35 gene and in the accumulation of its mRNA early (1-3
h) in the activation process, well before the first wave of DNA synthesis. These
increases were not dependent on de novo protein synthesis inasmuch as they
occurred even in the presence of cycloheximide. There was also an elevated
transcription rate and mRNA level in transformed cells when compared to their
normal counterparts. Finally, the expression of CBP35 was compared between
sparse, proliferating cultures of 3T3 cells and density-inhibited confluent
monolayers of the same cells. Although the rate of transcription of the CBP35
gene was approximately the same in the two cultures, there was a higher level of
CBP35 mRNA in the dense cells. Thus, it appears that post-transcriptional

mechanisms may be involved in the accumulation of mRNA.
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INTRODUCTION

Carbohydrate-binding protein (CBP) 35 (M, 35,000) was initially purified
from extracts of mouse 3T3 fibroblasts on the basis of its binding to galactose-
containing glycoconjugates (1). More recent studies have suggested that CBP35 is
a component of the heterogeneous nuclear ribonucleoprotein complex (hnRNP).
This conclusion was based on the following observations (2): (a) CBP35 was
released from permeabilized nuclei by treatment with ribonuclease A but not by
similar treatment with deoxyribonuclease I; (b) when nucleoplasm was fractionated
on a cesium sulfate gradient, CBP35 was fbund in fractions with the same densities
as those reported for hnRNP (=1.30 g/ml); (¢) CBP35 co-isolates with hnRNP by
sucrose gradient centrifugation (40 S); and (d) fractionation of nucleoplasm on a
column derivatized with Ne-amino-caproylgalactosamine yielded a bound fraction
containing CBP39, as well as a set of polypeptides whose molecular weights
matched those reported for the proteins in hnRNP.

By using antibodies specifically directed against CBP35 to screen a Agt 11
expression library derived from the mRNA of 3T3 cells, we have identified and
characterized a cDNA clone for CBP35 (3). The fusion protein expressed by this
clone, upon V8 protease digestion, yielded a M, 30,000 polypeptide that exhibited
carbohydrate binding activity and immunoblotting pattern with anti-CBP35
identical to those of CBP35 itself. Moreover, sequence analysis of this cDNA
clone revealed two distinct domains within the polypeptide. The carboxyl-terminal

domain showed sequence homology with other B-galactoside-binding lectins,
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whereas the amino-terminal portion showed homology with certain hnRNP
proteins (4).

Previous studies had shown that, when quiescent 3T3 fibroblasts were
stimulated by the addition of serum, there was increase in the overall level of the
CBP35, as well as a dramatic rise in the amount of the polypeptide in the nucleus
(5). This increase in the level of CBP35 occurred well before the onset of the first
S phase after serum stimulation of 3T3 cells. We had also demonstrated that, in a
comparison of the levels of CBP35 in normal fibroblasts and their virally
transformed counterparts, there was always more CBP35 in the transformed cells
(5, 6). The availability of the cDNA probe provided the opportunity to analyze
the expression of the CBP35 gene under these conditions. In the present article,
we document the levels of nuclear transcription and mRNA accumulation in

quiescent and proliferating cells.
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MATERIALS AND METHODS

Cell Culture. Swiss 3T3 fibroblasts and 3T3 cells transformed by Kirsten murine
sarcoma virus cells (3T3-KiMSV cells) were obtained from the American Type
Culture Collection (CCL92 and CCL163.3, respectively). They were cultured in
Dulbecco’s modified Eagle’s Medium (GIBCO) supplemented with 10% calf
serum (GIBCO) at 37°C in 10% CO,. Proliferating cultures of 3T3 cells were
seeded at a density of 1 X 10* cells/cm? in culture medium containing 10% serum.
These cultures were synchronized by incubation in Dulbecco’s medium contain
0.2% serum for 48 h and were stimulated to proceed through the cell cycle by the
addition of 10% serum. At various times after stimulation, cells were harvested
for the isolation of polyadenylated (poly(A)*) RNA. Alternatively, nuclei were
isolated for run-off transcription assays. Cells cultured at a density of 5 X 10¢
cells/cm? formed a quiescent monolayer. In some experiments, cycloheximide was
added to a final concentration of 10 ug/ml (36 uM) at the same time as the

addition of serum to quiescent cells.

RNA Isolation and Northern Blot Analysis. Poly(A)* RNA isolation and

Northern blot analysis were carried out as described by Stuart et al. (7). The
fibroblasts were washed with calcium and magnesium-free phosphate-buffered
saline (PBS;0.14 M NaCl, 2.7 mM KCl, 1.5 mM KH,PO,, 4.3 mM Na,HPO,, pH
7.4) and lysed with 2 ml of lysis buffer (0.5 M NaCl, 10 mM Tris-HCI, 1 mM

EDTA, 1% sodium dodecyl sulfate (SDS), 100 ug of proteinase K/ml, pH 7.5) per
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flask (150 cm?). The lysed cells were removed from the flask, cellular DNA was
sheared by passage through a 22-gauge needle, and the lysate was incubated with
additional proteinase K (100 ug/ml) for 1 h at 37°C. The lysate was incubated
with 30 mg of oligodeoxythymidylate-cellulose (Sigma) for 1 h at room
temperature to absorb the poly(A)* RNA. This material was packed into an
Isolab Quick-Sep microcolumn (Vy= 2 ml) and washed with 4 ml of wash buffer
no. 1 (0.5 M LiCl, 10 mM Tris-HCI, 1 mM EDTA, 0.2% SDS, pH 7.5) followed by
6 ml of wash buffer no. 2 (0.1 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, 0.2%
SDS, pH 7.5). The poly(A)* RNA was eluted with 10 mM Tris-HCl, 1 mM
EDTA, pH 7.5. After the addition of the carrier yeast tRNA (10 ug) and sodium
acetate (0.3 M final concentration), the eluted material was ethanol-precipitated.

Precipitated RNA was suspended in gel sample buffer (50% formamide, 1
X running buffer, 2.2 M formaldehyde), heated to 65°C, and electrophoresed on a
1.2% agarose gel containing 20 mM morpholinepropanesulfonic acid, 2.2 M
formaldehyde. Running buffer was 20 mM morpholinepropanesulfonic acid, 1
mM EDTA, 5 mM sodium acetate, 2.2 M formaldehyde, pH 7.0. After
electrophoresis, gels were washed in water and then in 20 X SSC (1 X SSC = 0.15
M NaCl, 15 mM trisodium citrate), and the separated RNA was transferred to
nitrocellulose filters.

The filters were incubated in prehybridization solution (50% formamide, $
X SSC, 5 X Denhardt’s solution, 25 mM sodium phosphate, 0.5 mg/ml denatured
sheared salmon sperm DNA) for 2-4 h in plastic bags at 42°C. The composition

of the 5 X Denhardt’s solution was 0.1% bovine serum albumin, 0.1%
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polyvinylpyrollidone, and 0.1% Ficoll in H,O. Filters were then incubated

overnight at 42°C in hybridization solution (50% formamide, 3 X SSC, 1 X
Denhardt’s solution, 10 mM sodium phosphate, 0.2 mg/ml denatured sheared
salmon sperm DNA) containing 10 cpm/ml of DNA probe that was labeled with
[a-**P]dCTP using random oligodeoxynucleotide primer labeling. Following
hybridization with the radiolabeled probes, filters were washed for 15 min in 2 X
SSC, 0.1% SDS at room temperature and washed twice for 45 min in 2 X SSC,
0.1% SDS at 65°C. The washed filters were exposed to Kodak X-Omat AR film
with an intensifying screen where indicated. Relative intensities of the bands were
determined by scanning densitometric analysis (Gelman ACD-18 automatic
computing densitometer).

In experiments to determine the half-life of mRNA, actinomycin D was
added to cell cultures at a final concentration of 8 ug/ml for the indicated times
prior to RNA isolation as described above. In experiments comparing poly(A)*
RNA levels in 3T3 and 3T3-KiMSV cells, the method used was essentially that of
Maniatis et al. (8). Cells were scraped into ice-cold PBS and pelleted by
centrifugation, followed by incubation in cold lysis buffer (10 mM Tris-HCI, pH
7.5, 10 mM NaCl, 3 mM MgCl,, 0.5% Nonidet P-40). The nuclei were removed
for nuclear run-off experiments while the cytoplasmic layer was incubated with 2X
PK buffer (0.2 M Tris-HCI, pH 7.5, 25 mM EDTA, 0.3 M NaCl, 2% SDS, 400
ug/ml proteinase K), after which the RNA was ethanol-precipitated. The RNA
was quantitated, and equal amounts were passaged over oligo(dT)-cellulose

columns as described above to isolate poly(A)* RNA.
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Nuclear Run-off Transcription Assays. Run-off transcriptions were performed
essentially as described by Linial et al. (9) and Stewart et al. (10). The cells were
washed in cold hypotonic buffer (20 mM Tris-HCl, 5 mM MgCl,, 6 mM CaCl,, 0.5
mM dithiothreitol, pH 8.0) and scraped off the dishes in this buffer with a rubber
policeman. The scraped cells were collected by centrifugation and lysed in 0.6 M
sucrose with 0.2% Nonidet P-40 and 0.5 mM dithiothreitol. The nuclei were
suspended in freezing buffer (40% glycerol, 50 mM Tris-HCl, 5 mM MgCl,, 0.1 M
EDTA, pH 8.3), frozen, and stored in liquid nitrogen until they were used. In
experiments comparing 3T3 and 3T3-KiMSV cells, nuclei were isolated as
described under "RNA Isolation and Northern Blot Analysis."

A typical transcription assay (total volume of 200 ul) consisted of
approximately 5-10 X 10° nuclei in a volume of 130 ul; 40 ul of 5 X run-off buffer
(12 mM magnesium acetate, 25 mM Tris-HCl, 12.5 mM MgCl,, 750 mM KCl, 0.5
mM EDTA, pH 8.0), 20 ul of 10 X nucleotides (4.0 mM CTP, 4.0 mM GTP, 10
mM ATP, 5 mM S-adenosylmethionine), and 100 uCi of either [¢-**P]JUTP or [a-
3SJUTP (800 Ci/mmol or 1500 Ci/mmol, respectively). The reaction was carried
out at 25°C for 30 min, after which human placental ribonuclease inhibitor (RNA-
guard, Pharmacia LKB Biotechnology Inc.) and ribonuclease-free
deoxyribonuclease I (Boehringer Mannheim) were added. The suspension was
then mixed with an equal volume of 2 X SETY (2% SDS, 10 mM EDTA, 20 mM
Tris-HCI, pH 7.5, 200 ug/ml yeast tRNA) with 200 ug/ml proteinase K, incubated
at 37°C for 20-45 min, extracted with an equal volume of phenol:chloroform

(phenol:-chloroform:isoamyl alcohol (25:24:1) (v/v) saturated with 10 mM Tris-
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HC], 1 mM EDTA, pH 7.5), and precipitated overnight at -20°C with ammonium

acetate (final concentration 2.3 M) and 2 volumes of ethanol. The RNA was
pelleted by centrifugation for 30 min at 12,000 X g. Incorporated radioactive label
in the RNA was verified by precipitating a small amount of the RNA onto glass
fiber filters using trichloroacetic acid and counting the filters in a scintillation
counter. NaOH was added to the resuspen‘dcd RNA pellet (to a final
concentration of 0.2 N) for 10 min on ice, and then HEPES was added to a final
concentration of 0.24 M to neutralize the base. The RNA was then ethanol-
precipitated. Equal amounts of radioactivity were added to each hybridization
solution.

Complementary CBP35 RNA transcripts and DNA plasmids were bound to
nitrocellulose fibers by using a slot blot manifold (Bethesda Research
Laboratories). For the RNA probes, approximately 1-2 ug of RNA probe/slot was
suspended in H,O. Formaldehyde (5 ul) was added, and the RNA was heated to
65°C for 10 min. Then, 130 ul of 20 X SSC was added, and the samples were
immediately applied to the individual slots. The plasmid DNAs were linearized by
restriction enzyme digestion, extracted with an equal volume of phenol:chloroform
and precipitated with ethanol at -20°C. Approximately 1-2 ug of DNA/slot was
suspended in 25 ul of H,O and mixed with 5 ul of freshly made 2 M NH,OH.

The sample was heated for 3 min at 90°C, quenched in ice, and 20 ul of cold 5 M
NaCl was added prior to sample application to the nitrocellulose filters. The

filters were washed with 2 X SSC and baked under vacuum at 80°C. The filters

were prehybridized in 50% formamide, 5 X SSC, 50 mM sodium phosphate, 1 X
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Denhardt’s solution, 250 ug/ml denatured sheared salmon sperm DNA for 2-24 h
at 42°C. Then, hybridization solution (1 part of 50% dextran sulfate added to 4
parts of prehybridization solution) containing the denatured radioactive RNA
transcripts was added, and hybridization was carried out at 42°C for 72 h. The
filters were washed as directed for Northern blot analysis. The filters were
allowed to air dry and were exposed to Kodak X-Omat AR film with an

intensifying screen where appropriate.

Plasmids and Preparation of Probes. The plasmid pWJ31 containing the cDNA
insert for CBP35 was constructed by excising the 883-base pair EcoRI fragment
out of the clone identified in the Agtl1 library and subcloning into the pUC-13
vector (3). The probe for murine B,-microglobulin was an 8-kilobase pair Xhol
fragment subcloned into the pKc7 vector (11).

Complementary RNA transcripts for CPB35 were made using insert
fragments subcloned into the pSp65 vector (Promega Biotec.). The in vitro
transcription reactions were performed as described by Promega Biotec, and the
amount of RNA transcribed was quantitated by comparing the intensity of
ethidium bromide straining of the RNA transcripts against known amounts of
control RNA after electrophoresis on agarose-formaldehyde gels.

DNA probes were linearized by restriction enzyme digestion and extracted
with phenol:chloroform. The insert cDNA for CBP35 was purified by gel
electrophoresis. DNA labeled with [@-*P]dCTP was prepared using a random

oligodeoxynucleotide primer labeling kit (Pharmacia LKB Biotechnology Inc.).
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Typical reactions yielded probe with a specific activity of 1 X 10° cpm/ug. Usually

1 X 10¢ cpm/ml of hybridization solution was used.

Indirect Immunofluorescence. 3T3 and 3T3-KiMSV cells were seeded on
coverslips at a subconfluent density (1 X 10* cells/cm?) in Dulbecco’s modified
Eagle’s medium containing 10% calf serum. 3T3 cells were synchronized by serum
starvation and then stimulated to enter the cell cycle by serum addition following
the procedure described (5). The coverslips were washed in PBS, fixed in 3.7%
formaldehyde for 15 min at 4°C,washed in PBS and finally permeabilized in PBS
containing 0.2% Triton X-100 for 30 min at 4°C (12). The cells were washed with
20 mM Tris-HC], 0.5 M NaCl, 2.5% bovine serum albumin, pH 7.5. Each
coverslip was then inoculated for 1 h in 100 ul of a 1:10 dilution of rabbit
antiserum raised against CBP35 (1) in 20 mM Tris-HCI, 0.5 M NaCl, 2.5% bovine
serum albumin pH 7.5. The cells were washed in the same Tris buffer containing
bovine serum albumin and then incubated in 100 pl of a 1:30 dilution of
rhodamine-conjugated goat anti-rabbit immunoglobulin (ICN Biomedical) in the
same buffer. The coverslips were then rinsed and mounted in 70% glycerol, PBS
containing the anti-bleaching agent n-propylgallate (5%; Sigma). The slides were

viewed with a Leitz epiphase fluorescence microscope using a 25 X objective lens.
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RESULTS

Kinetics of the Accumulation of CBP35 mRNA upon Mitogenic Stimulation. In
previous studies, we observed that when serum-starved quiescent 3T3 fibroblasts
were activated by the addition of serum, there was an increase in the overall level
of CBP35 as detected by Western blotting of total cell extracts (5). This increase
in the amount of CBP35 polypeptide accounts, at least in part, for an increase in
the percentage of cells that are fluorescently labeled by rabbit antibodies directed
against CBP35. The increase in the amount of CBP35 at the protein level, as
detected by immunoblotting and by immunofluorescence, occurred as early as 5-8
h after the addition of serum.

Serum-starved 3T3 cells were stimulated by the addition of serum; at
various times thereafter, poly(A)* RNA was isolated and subjected to Northern
analysis using the cDNA probe for CBP35. A single mRNA species, ~1.3
kilobases, was revealed by this probe (3). This mRNA was virtually absent in
quiescent cells but could be detected within 30 min after the serum activation (Fig.
1a). The level reached a peak value ~1-2 h after stimulation and then decreased.
A more extended study revealed that the early rise (<3 h) was followed by a slight
decline before the mRNA level for CBP35 increased some 6-fold at 21 h (Fig. 1b).
The generation time and the length of S phase for the 3T3 cells used in the
present study have been estimated to be about 24 and 9 h, respectively (5,13).
Therefore, the early time points (Fig. 1a) cover the Gy/early G, transition, whereas

the 9-h time point (Fig. 1b) is in the middle of the G, period. DNA synthesis, as
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assayed by the incorporation of radioactive thymidine, starts about 15 h after
serum addition (5). Thus, the 21-h time point (Fig. 1b) is at late S phase, close to
the G, period.

In both kinetic studies, it was apparent that the level of mRNA for CBP35
showed an early increase, well before the onset of DNA synthesis in the
synchronized population (5). The same blot was subjected to probing with j,-
microglobulin, whose mRNA level has been reported to remain relatively constant
during the cell cycle (14). This served to ascertain that approximately the same
amount of RNA was electrophoresed in the samples representing the various time

points.

Analysis of the Transcription Rate of the CBP35 Gene after Stimulation. Nuclear
run-off transcription assays were performed on nuclei derived from cells
stimulated for various times after serum addition. The autoradiogram for the slot
blots, representing hybridization with various probes, are presented in Fig. 2A; in
addition, the data for CBP35 were quantitated and presented in the form of a
kinetic profile in Fig. 3. The rate of transcription of the CBP35 gene increased
within 3 h after stimulation (Figs. 2A and 3). This may account, at least in part,
for the observed rise in the level of accumulated mRNA for CBP35 (Fig. 1). The
rate of transcription increased to a maximal level at ~10 h and then decreased by
~21 h (Fig. 3).

The rate of transcription for ,-microglobulin did not show much variation

throughout this time course. This is consistent with previous reports that the




79

Figure 2. Gene transcription rates after serum stimulation of quiescent 3T3 cells
in the absence (A) and presence (B) of cycloheximide (10 ug/ml). Nuclei were
isolated at 0 h and at various times after serum addition. Run-off assays were
performed, at *S-labeled RNA transcripts were hybridized to slot blots containing
CBP35 antisense RNA, mouse B,-microglobulin (8,) cDNA, and vectors pBR322
and pSp65. The blots were subjected to autoradiography.
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Figure 2. Gene transcription rates after serum stimulation of quiescent 3T3 cells
in the absence (A) and presence (B) of cycloheximide (10 ug/ml). Nuclei were
isolated at 0 h and at various times after serum addition. Run-off assays were
performed, at ¥S-labeled RNA transcripts were hybridized to slot blots containing
CBP35 antisense RNA, mouse B,-microglobulin (8,) cDNA, and vectors pBR322
and pSp65. The blots were subjected to autoradiography.
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Figure 3. Kinetics of the changes in relative transcription rates of the CBP35 gene
following serum stimulation of quiescent 3T3 fibroblasts. Densitometric scans of
the autoradiograms shown in Fig. 2A were performed to quantitate the relative
transcription rates.
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Figure 3. Kinetics of the changes in relative transcription rates of the CBP35 gene
following serum stimulation of quiescent 3T3 fibroblasts. Densitometric scans of
the autoradiograms shown in Fig. 2A were performed to quantitate the relative
transcription rates.
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transcription rate of the B,-microglobulin gene is relatively constant throughout the
cell cycle (10). There was no detectable hybridization between the radioactive

mRNA derived from the cell-free transcription and the vectors pBR322 and pSp65
(Fig. 2A). These results provide information on the specificity of out nuclear run-

off assay and the kinetics of the increase in transcription rate of the CBP35 gene.

Effect of Cycloheximide on Transcription Rate and mRNA Accumulation
following Mitogen Addition. The elevated transcription of the CBP35 gene could

be a primary event, directly resulting from the signals transduced from the binding
of growth factors to their cell surface receptors. Alternatively, this increased
expression of the CBP35 gene could be a secondary phenomenon, in which the
mitogenic signal first induces the transcription of other genes and synthesis of the
corresponding gene products, which in turn enter the nucleus to activate the
CBP35 gene. To distinguish these possibilities, the 3T3 cell cultures were
stimulated by serum in the presence of cycloheximide (10 ug/ml). In our 3T3 cell
system, this concentration of cycloheximide inhibited >95% of the incorporation
of 1C-labeled amino acids into trichloroacetic acid-precipitable material, in
agreement with the result of previous studies on the effect of the drug on protein
synthesis in 3T3 cells (15,16). In the absence of de novo protein synthesis, the
transcription of the CBP35 gene was nevertheless elevated, increasing at least 5-
fold over a course of 10 h (Fig. 2B). Over the same time course, the transcription
rate of the gene for B,-microglobulin remained constant. Thus, it appears that the

gene for CBP35 can be induced directly as a result of mitogen addition, without
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the requirement of synthesis of other proteins.

Northern blotting analysis showed that, in the presence of cycloheximide
(10 pg/ml), there was also increased accumulation of the mRNA for CBP35 when
quiescent 3T3 cells are stimulated with serum (Fig. 4). Moreover, the level of
mRNA for CBP35 was found to be higher in the presence of cycloheximide than
in its absence. For example, during the first 30 min after the addition of serum,
there was a higher level of CBP35 mRNA in cultures with cycloheximide (Fig. 4B)
than in cultures without the drug (Fig. 4A). Similarly, over the long term time
course, there was always more CBP35 mRNA in cultures treated with
cycloheximide (Fig. 4D) than in cultures devoid of the inhibitor (Fig. 4C). This
phenomenon of superinduction, in which the increase in mRNA level for a given
gene is higher in the presence of cycloheximide than in its absence, had been
documented for a number of genes activated early during the process of mitogenic

stimulation, including the oncogenes c-myc and c-fos (17,18).

Comparison of the Expression of the CBP3S Gene in Normal and Transformed

Cells. By using Western blotting techniques, we previously documented that the
level of CBP35 was considerably higher in transformed cells than in their normal
counterparts (6). For example, chicken embryo fibroblasts transformed by Rous
sarcoma virus showed 5-10 times more CBP35 than secondary cultures of the
same fibroblasts. This was also true when mouse 3T3 fibroblasts were compared
to 3T3 cells transformed with Kirsten murine sarcoma virus (3T3-KiMSV cells).

When these latter two cell types were subjected to immunofluorescence analysis



87

‘wrf 6y = 1eg (yd) sydesSoroyd isenuoo aseyd Surpuodsorion

a4} 2IE p pue g sjaukd -uynqo[Sounwui J1qqeI-nue 180§ parednfuoo-surwepoys yim Po10939p
Sem saipoquue yqqes ays Jo Juipurq ay, “(Ajeanoadsar § pue o sjoued) wnias 1qqel sunwuaxd
10 (Ajoanoadsal o pue g sjoued) SEJED-NUE 1IqQel Y)Im pIjeqnoul pue SpoyIdjA pue

S[BLIAIBA, J9pUN PaqLIdSAP sk () 2ouosatonfjounwut 10y paredaid arom sjjao ASIADI-€LE pue
ELE ST ASIWDI-ELE PUR €1€ W seddD Suredmoo sosk[ewe sousosasongounumy *g amsSiy



88

ph

Q



89
with antibodies directed against CBP35, the 3T3-KiMSV cells showed much higher

intensity of fluorescence than their normal counterparts (Fig. 5). At least part of
the reason for this drastic difference in staining intensity must be ascribed to a
difference in the level of the CBP35 polypeptide in the two cell types (6). In both
3T3 and 3T3-KiMSYV cells, the staining pattern reflected the nuclear localization
of the lectin.

We have corroborated these differences between 3T3 and 3T3-KiMSV cells
in the expression of CBP35 at the level of accumulated mRNA, as well as at the
level of nuclear transcription rates. By using nonsynchronized cell populations,
poly(A)* RNA was prepared from an equal number of cells derived from sparse
and confluent cultures and subjected to Northern blot analysis. In both cases,
much higher amounts (10-15-fold) of CBP35 mRNA were detected in 3T3-KiMSV
cells than in normal 3T3 cells (Fig. 6). The RNA species in 3T3-KiMSV cells is of
the same size (~ 1.3 kilobases) as that in 3T3 cells.

To determine whether the differences seen in the levels of CBP35 mRNA
between normal and virally transformed cells are due to transcription rate
differences, nuclear run-off transcription assays were performed. Under both
sparse and confluent culture conditions, 3T3-KiMSV cells had a higher
transcription rate for the CBP35 gene than 3T3 cells (Fig. 7). This conclusion
takes into consideration the fact that equal amounts of radioactivity from the
different run-off experiments were hybridized in the slot blots shown in Fig. 7.

Experiments were also carried out to compare the half-lives of the CBP35

mRNA in normal and transformed 3T3 cells. Cells were cultured in the presence
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Figure 6. Northern blot analysis of CBP35 mRNA in 3T3 and 3T3-KiMSV cells.
Lane a, 3T3 cells seeded at a density of 1 X 10* cells/cm? lane b, 3T3-KiMSV
cells seeded at 1 X 10 cells/cm?; lane c, 3T3 cells seeded at 5 X 10* cells/cm? lane
d, 3T3-KiMSV cells seeded at 5 X 10 cells/cm? Equal amounts of total RNA
(120 pg) from each culture were used to isolate poly(A)* RNA, which was then
electrophoresed and hybridized with a *P-labeled cDNA probe for CBP35. The
autoradiograms were exposed for 72 h without an intensifying screen.
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of actinomycin D for various times; RNA from these treated cells was isolated and
subjected to Northern blotting with the cDNA probe for CBP3S. The
autoradiogram showed that the 3T3-KiMSV cells displayed an enhanced stability
of the CBP35 mRNA (Fig. 8). The levels of the mRNA for CBP35 were
quantitated from the autoradiogram by densitometric scanning. CBP35 mRNA in
3T3 cells had a half-life of 120 min, compared to that of 200 min in 3T3-KiMSV
cells. It appears, therefore, that increased stability of the mRNA allows for its

accumulation in the transformed cells.

Comparison of the Expression of the CBP35 Gene in Sparse and Confluent

Cultures of 3T3 Cells. In previous studies, we observed that sparse cultures of

3T3 cells showed intense immunofluorescence staining for CBP35, predominantly
within the nuclei, whereas in confluent monolayers of the same cells, the staining
intensity decreased with a dramatic loss of CBP35 from the nuclei (5,12). In the
present study, it was quite to our surprise, therefore, to find that the transcription
rate, as well as level of accumulated mRNA, for CBP35 remained appreciable in
the confluent cultures. As quantitated by densitometric analysis, the transcription
rate for the CBP35 gene in sparse cultures of 3T3 cells was approximately the
same as that for confluent cultures (Fig. 7). However, the levels of CBP35
mRNA, as detected by Northern blot analysis, were higher for confluent cultures

of 3T3 cells than for sparse cells (Fig. 6).
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DISCUSSION

We have compared the rate of nuclear transcription and the level of
accumulated mRNA for CBP35 in cultures of 3T3 cells representing quiescent and
proliferative states: (a) serum-starved versus serum-stimulated cells, (b) confluent
monolayers versus sparse cultures, and (¢) normal fibroblasts versus cells
transformed by KiMSV. The basis for these comparisons is the observation that
at the polypeptide level, as detected by Western blotting and/or
immunofluorescence, the expression of CBP35 was correlated with the
proliferating state of the cell (5,6). Our present studies showed that, in general,
high levels of CBP35 protein in proliferating 3T3 cells reflect higher levels of
mRNA as well as elevated nuclear transcription rates of the gene. In one
instance, however, there was an exception: although confluent monolayers of 3T3
cells exhibited much lower levels of CBP35 protein than sparse proliferating cells,
their mRNA levels for CBP35 were higher when compared on the basis of equal
amount of RNA.

When serum-starved 3T3 cells were stimulated by the addition of serum,
there was an early rise in the transcription rate of the CBP35 gene. Within 0.5 h,
there was a detectable increase in the level of CBP35 mRNA, which exhibited a
peak at about 3 h. This was followed by a transient decrease and then a second
rise, leading up to a ~6-fold elevation over approximately the next 10 h. Such a
bimodal kinetic pattern for the level of mRNA as a function of time after mitogen

activation has also been seen when the mRNA corresponding to the c-myc gene
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was monitored after stimulation of quiescent 3T3 cells by fetal calf serum (19).

The effect of serum growth factors on the regulation of CBP35 and c-myc
genes is similar in another respect: when the stimulation of the cells was carried
out in the presence of cycloheximide, superinduction of mRNA accumulation for
these genes was observed. This phenomenon may be rationalized in terms of the
inhibitory effect of cycloheximide on the production of shortlived nucleases that
normally could affect the stability of mRNA. Alternatively, the results may be
interpreted to indicate that the increased expression of the CBP35 gene is a direct
result of signals transduced by the binding of growth factors to their plasma
membrane receptors, without the requirement of prior synthesis of other gene
products. The observation that a similar pattern of transcription rate variations
occurred in the presence and absence of cycloheximide lends support to the latter
hypothesis. This pattern of changes includes an early increase, a slight decline at
6 h, and an approximately 5-fold elevation of CBP35 mRNA under both sets of
conditions.

Thus, CBP35 appears to be regulated in manner comparable to other
mitogen activated genes, including the oncogenes c-fos and c-myc (17,18). Recent
evidence indicates that inhibition of the expression of these oncogene products
(e.g. by antisense RNA) results in a blockage of the progression of a stimulated
cell into DNA synthesis and cell division (20,21). This suggests that oncogene
products are required for normal cell cycle progression during cell activation. It
would be of interest, therefore, to test if inhibition of the expression of CBP35

protein might also result in growth inhibition.
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Like the oncogenes, the amounts of CBP35 are elevated in "deregulated”
cell populations, ie. transformed cells. The data suggest that the expression of the
CBP35 gene is directly affected by transformation at the transcriptional level. In
addition, our results also indicate that there is greater stability of the CBP35
mRNA in 3T3-KiMSV cells than in their normal counterparts. Both of these
effects contribute to a marked elevation in the accumulated mRNA for CBP35
and the protein product in transformed cells. In the transformed murine
fibrosarcoma cell line, UV-2237-IP3, there is a selectively elevated expression of
one lectin, L-34 (which corresponds to CBP35), but not of another, L-14 (which
corresponds to CBP13.5) (22). It was suggested that increased amounts of L-34
may reflect increased malignancy of the cells (23).

By using differential screening and cDNA cloning techniques, a set of some
10 mRNAs that appears in 3T3 cells soon after growth stimulation by serum has
been identified (17,18). These have been termed growth-related immediate early
genes. The kinetics of the induction of expression of the CBP35 gene are similar
to these immediate early genes (3CH61, 3CH77, 3CH268, etc.) in that (a) they are
all elevated within 10-30 min after serum addition, and (b) they are superinduced
in the presence of cycloheximide. The mRNAs corresponding to most of these
immediate early genes reached peak levels between 40 and 120 min after serum
addition and rapidly decayed thereafter (17,18), whereas that for CBP35 showed
bimodal kinetics, with a long term increase over a period of approximately 20 h.
Recent nucleotide sequence analyses have revealed that one of the immediate

early genes (3CH268) contains three tandem "zinc finger" sequences typical of a
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class of eukaryotic transcription factors (24) and another (3CH77) encodes a
member of the superfamily of ligand-binding transcription factors that includes the
steroid and thyroid hormone receptors (25). We have recently provided evidence
that CBP35 is a component of hnRNP on the basis of immunochemical
localization of the lectin in hnRNP fractions (2) and on the basis of amino acid
homology of the CBP35 polypeptide to other hnRNP proteins (4). Our previous
observations of the proliferation-dependent expression of the CBP35 polypeptide
(5,6) and our present documentation of the correlation of increased nuclear
transcription and mRNA accumulation of the CBP35 gene with data indicating
that several other hnRNP polypeptides are also regulated upon quiescent cell to
proliferative cell transition (26,27). Although the function of CBP35 is not known,
its identification as a component of hnRNP suggests that it may play a role in the
processing, packaging, or transport of mRNA from the nucleus into the cytoplasm.
Glycosylated components (28) and CBP35 (12) are found in both the nucleus and
the cytoplasm, suggesting the possibility that they may shuttle between the two
subcellular compartments in a transport role. Indeed, preliminary experiments
using a cell-free assay for RNA transport from isolated nuclei indicate that CBP35
is cotransported with mRNA in the form of a ribonucleoprotein complex (J. G.
Laing, E. A. Werner, and R. J. Patterson, unpublished observations).

Finally, it is noteworthy to discuss the one exception to the correlation
between CBP35 protein levels and CBP35 mRNA levels and gene transcription
rates. Although dense cultures of 3T3 cells exhibit approximately the same

transcription rate for the CBP35 gene as sparse cultures, there are higher levels of
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detectable mRNA in the dense monolayers. Thus, posttranscriptional
mechanisms, such as mRNA stability, must be involved in the accumulation of
CBP35 RNA in 3T3 cells. Such mechanisms have been reported in the regulation
of histone mRNA (29) and c-myc RNA (30). More surprisingly, despite having
higher amounts of mRNA for CBP35, dense 3T3 cells exhibit less of the protein
than sparse 3T3 cells (5). Therefore, additional mechanisms for this difference at
the translation level (e.g. ribosome binding) or posttranslational level (e.g. protein
stability) may be involved. Clearly, there is need for caution in interpreting
correlative data from different sets of experiments; simultaneously Northern and
Western blot determinations on CBP35 mRNA and protein, respectively, from the

same cell population are required.
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The abbreviations used are: rCBP35, recombinant carbohydrate binding
protein 35; N- and C-domains, NH,-terminal and COOH-terminal portions,
respectively, of the CBP35 polypeptide; IPTG, isopropyl-8-D-
thiogalactopyranoside; 2-ME, 2-mercaptoethanol; SDS, sodium dodecyl
sulfate; PAGE, polyacrylamide gel electrophoresis; DSC, differential scanning

calorimetry.
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SUMMARY

The ¢cDNA clone for Carbohydrate Binding Protein 35 (CBP35) was
engineered into the bacterial expression vector pIN III ompA2, which directs the
secretion of the expressed protein into the periplasmic space. Recombinant
CBP35 was purified from this system, at a level of = 50 mg per liter of bacterial
culture. Digestion of recombinant CBP35 with collagenase D, followed by
purification using saccharide-specific affinity chromatography yielded a M, ~
16,000 polypeptide, corresponding to the COOH-terminal domain (residues 118-
264) of the CBP35 polypeptide. This indicates that the COOH-terminal half of
CBP35 contains the carbohydrate recognition domain, consistent with its sequence
homology to other S-type lectins. The NH,-terminal domain (residues 1-137) was
derived by site-directed mutagenesis of the cDNA, in which stop codons are
inserted in place of Gly 138 and Gly 139, and expression of the mutant cDNA in
the same pIN III ompA2 system. The purified NH,-terminal domain failed to
bind to saccharide-specific affinity resins. Differential scanning calorimetry of

rCBP35 and its individual domains yielded transition temperatures of ~39°C and

~56°C for the NH,- and COOH-terminal domains, respectively. Lactose binding

by the COOH-terminal domain shifted the transition temperature to 65°C,
whereas sucrose failed to yield the same effect. These results suggest that the

individual domains of the CBP35 polypeptide are folded independently.
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INTRODUCTION

Carbohydrate Binding Protein 35 (CBP35, M, 35,000) is a galactose specific
lectin which was initially purified from murine fibroblasts (1). CBP35 or its
homologs have since been found in a variety of tissues and species (2). Moreover,
the available data indicate that the same protein has been studied under various
different names (for a review, see (3)): (a) L-34, a lectin from murine tumor cells
(4,5); (b) Mac-2, a surface antigen of mouse macrophages (6,7); (c) IgE-binding
protein from rat basophilic leukemia cells (8,9); and (d) RL-29 (10) and HL-29
(11), lectins from rat and human lungs, respectively. Using indirect
immunofluorescence and cell fractionation studies, we have localized CBP35
predominantly to the cytoplasm and nucleus of mouse 3T3 fibroblasts (12).

CBP35 gene expression, both at the transcriptional level and protein level, is
elevated upon mitogenic stimulation of quiescent cultures of 3T3 cells (13,14).

Sequence and hydropathy analysis of the cDNA clone for CBP35 showed
that it has two distinct structural domains (3,15). The carboxyl terminal half
contains significant homology to other B-galactoside binding lectins, and thus may
contain the carbohydrate recognition domain. The amino terminal half has eight
contiguous nine amino acid repeats with the sequence Pro-Gly-Ala-Tyr-Pro-Gly-X-
X-X, which consequently makes this domain highly proline- and glycine- rich.
Thus, CBP35 has been classified as an S-type lectin with a bifunctional motif

(16,17).
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In this paper, we have taken advantage of an improved prokaryotic
expression vector to produce milligram amounts of recombinant CBP35 (rCBP35)
and its corresponding NH,-terminal and COOH-terminal halves (designated as N-
domain and C-domain, respectively). Comparison of the physico-chemical
properties of the N- and C-domains with the parent rCBP35 polypeptide suggest

independent folding of the individual domains.



109
MATERIALS AND METHODS

Construction of prCBP35s and Purification of rCBP35
The CBP35 cDNA was excised out of the plasmid pWJ31 using EcoRI

restriction. The cDNA was then ligated into the prokaryotic expression vector
pIN III ompA2 (18) using standard subcloning techniques (19). The resulting
recombinant clone, containing the plasmid for the production of rCBP35 in a
soluble form (prCBP35s) (Fig. 1A), was then transformed into the E. coli JA221
strain.

prCBP35s was freshly transformed into JA221 cells prior to each purifica-
tion. An overnight culture of prCBP35s was grown in LB broth containing 100
pg/ml ampicillin at 37°C. One liter of Terrific Broth (2.31 g KH,PO,, 12.54 g
K;HPO,, 12 g bacto-tryptone, 24 g bacto-yeast extract, and 4 ml glycerol in 1 liter
(ref. 19)) containing 100 pg/ml ampicillin was then inoculated with the overnight
culture, and then allowed to grow at room temperature for 2 hours, after which
isopropyl--D-thiogalactopyranoside (IPTG; Research Organics) was added to a
final concentration of 50 uM, and the culture allowed to grow at room
temperature for 16-24 hours. After harvest, the cell pellet was washed with ice
cold phosphate-buffered saline (0.13 M NaCl, 5 mM sodium phosphate, pH 7.5),
and then resuspended in 25 ml ice cold 1 M Tris-HCI (pH 7.0) containing 10 mM
2-mercaptoethanol (2-ME) (Pierce Chemical), 1 mM phenylmethanesulfonyl
fluoride (BMB), 0.5 ug/ml leupeptin (BMB), 30 KIU/ml aprotinin (BMB), and

.01 mg/ml soybean trypsin inhibitor (Sigma). The resuspended pellet was kept on
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ice for 30 minutes, after which it was centrifuged at 90,000 x g for 30 minutes at
4°C.

The supernatant, representing the periplasmic fraction, was then
fractionated by ammonium sulfate (65% of saturation) at 4°C. The precipitated
protein was recovered by centrifugation at 12,000 x g, and resuspended in loading
buffer (75 mM Tris-HCI pH 7.5, 75 mM NaCl, 2 mM EDTA, 1 mM 2-ME, 1 mM
phenylmethanesulfonyl fluoride). The resuspended protein was then combined
with 10 ml of asialofetuin—Affi-gel 15 (BioRad), and the slurry dialyzed overnight
at 4°C (2 changes of 2 liters each) against loading buffer. The slurry was packed
into a column, washed with 20 column volumes of loading buffer (25 ml/hour), and
eluted with 0.4 M lactose in loading buffer. The eluted protein was concentrated
by ultrafiltration, and the buffer exchanged to 10 mM Tris-HCI pH 8.5, 1 mM
EDTA, 1 mM 2-ME, using a PM10 filter (Amicon) in an Amicon stirred cell.

Where noted, rCBP35 was purified entirely without the addition of 2-ME.

Site-Directed Mutagenesis and Generation of Recombinant Clones
The CBP35 cDNA was subcloned into the phagemid pUC119 (20), and the

recombinant vector, designated pWJ1131, was transformed into the E. coli strain
CJ236 (21). After uracil containing single stranded DNA was obtained, site-
directed mutagenesis was carried out using the BioRad Muta-Gene Phagemid in
vitro Mutagenesis kit (BioRad Laboratories, Richmond CA). All oligonucleotides
were synthesized in the Michigan State University Macromolecular Structure

Facility.
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In order to obtain the amino terminal half of CBP35, glycines 138 and 139
(the numbering system follows that of murine L-34 (4) and Mac-2 (6), since these
cDNAs identified the translation initiation methionine (residue 1)) were converted
to stop codons by using the oligonucleotide 5/-GATCAGCATGCGAAGCTTGA
CTCATCAAGGCAACGGCAGGTC-3’ (Fig. 1B). The above oligonucleotide
also inserted a HindlIII restriction site downstream of the stop codons. The
fragment covering the 5’-end of the cDNA through the HindIII site was
subcloned into pIN III ompA2. The construct was transformed into JA221 cells.

HindIII digestion of the mutagenized cDNA also allowed us to subclone
the fragment corresponding to the carboxyl terminal half of the polypeptide (Fig.
1B). The carboxyl terminal half was excised out of pWJ1131 with HindIII-BamHI
restriction, and then ligated into the vector pIN III ompAl. The recombinant
expression plasmid was then transformed into E. coli JA221.

The periplasmic fractions of E. coli transformed with the mutant recombi-

nant clones were harvested in the same manner as that for rCBP3S.

Pre tion of the N- and C-domains

For the purification of N-domain, the ammonium sulfate (65% of
saturation) precipitate of the periplasmic fraction was dialyzed against 10 mM
sodium phosphate buffer (pH 7.2). The dialyzed material was mixed with 20 ml
of hydroxylapatite (Biogel HT, BioRad) and rocked at 4°C for 2 hours. The
suspension was then centrifuged (1,500 x g; 10 minutes). The supernatant

represented the unbound fraction. The beads were washed four times with 10
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mM sodium phosphate (25 ml each), and the supernatant of each wash was
combined with the unbound fraction. Material bound to hydroxylapatite was
eluted by incubating the beads with 0.4 M sodium phosphate (pH 7.2). The
unbound and bound fractions were concentrated by pressure dialysis in Amicon
filters and analyzed by SDS-PAGE. The unbound fraction (containing the N-
domain) was dialyzed against 10 mM Tris (pH 8.0) and then fractionated over a
column (1.8 x 14 cm) of DEAE-cellulose (DE-52, Whatman). A linear gradient (0
- 0.2 M KCl in 0.01 M Tris, pH 8.0) in a total volume of 150 ml was used to
develop the column and purified N-domain was found in fractions eluted by 0.05 -
0.1 M KCl. For sequence analysis, the N-domain containing fractions were pooled
and subjected to high pressure liquid chromatography over a Poly LC (Columbus,
MD) hydroxyethyl A column (4.6 x 250 mm) in 50 mM formic acid. The flow rate
was 250 ul/minute and the absorbance of the effluent was monitored at 214 nm.
For the preparation of C-domain, rCBP35 was dialyzed against 75 mM
Tris-HCI pH 7.0, 75 mM NaCl, 10 mM CaCl, overnight at 4°C, followed by
digestion with an equal weight of collagenase D (BMB) at 37°C for 1.5 hours.
The digestion mixture was then dialyzed overnight against loading buffer, and then
fractionated over an asialofetuin—Affi-gel 15 column as described above for

rCBP35.

Antibodies
CBP35 was purified from mouse lung.(2) and was used to immunize a

female New Zealand White rabbit via the popliteal lymph node (1). The
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specificity of this antiserum, which serves as a reference in the present study, has
been characterized in terms of immunoprecipitation of CBP35 from a
nondenatured protein mixture and in terms of immunoblotting the polypeptide
after SDS-PAGE (12). This antiserum is hereafter referred to as #24. Two new
antisera, designated #32 and #33, have been generated using rCBP35 as the
immunogen. Flemish Giant rabbits were immunized subcutaneously with 50 ug of
rCBP3S in complete Freund’s adjuvant; they were boosted two weeks later with 50
pg of rCBP35 in incomplete Freund’s adjuvant. Antisera were collected 7-10 days
after each subsequent booster injection.

Rat monoclonal antibody directed against the Mac-2 antigen (22) was
isolated from the hybridoma line M3/38.1.2.8 HL.2 (American Type Culture
Collection T1B166). The hybridoma line was cultured in serum-free medium
(RPMI 1640 containing Nutridoma SP (BMB)). After centrifugation to pellet the
cells, supernatants from the cultures were pooled, subjected to ammonium sulfate
precipitation (45% of saturation), dialyzed against phosphate-buffered saline

exhaustively, and stored in aliquots (25 ug/ml).

Analytical Techniques

Protein concentrations were determined by the Bradford assay (23).
Amino acid sequence analysis was carried out in the Michigan State University
Macromolecular Structure Facility. Protein samples were electrophoresed on
12.5% or 15% SDS-PAGE as described by Laemmli (24). The gels were stained

for protein by silver (25, 26) or Coomassie blue, or transferred onto Immobilon-P
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membrane (Millipore), using semidry blotting and the buffer system of Bjerrum
and Schafer-Nielsen (27).

The immunoblots were blocked for several hours in 2% gelatin (BioRad)
Tris-buffered saline (20 mM Tris-HC], pH 7.5, 0.5 M NaCl), and subsequently
incubated in polyclonal antiserum raised against CBP35 or monoclonal anti-Mac-2
(in Tris-buffered saline containing 1% gelatin) for 2 hours at room temperature.
The blots were washed in Tris-buffered saline containing 0.05% Tween-20
extensively, prior to the addition of secondary antibody conjugated to either
horseradish peroxidase (BioRad) or alkaline phosphatase (BMB). The blots were
colorimetrically developed using either 3,3’ -diaminobenzidine/H,0O, for
horseradish peroxidase or nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl

phosphate for alkaline phosphatase.

Differential Scanning Calorimetry (DSC)

Samples were dialyzed at 4°C against either 10 mM Tris (pH 7), 1 mM
EDTA, 10 mM 2-ME (pH 7 buffer) or the same buffer adjusted to pH 10 (pH 10
buffer). Both samples and buffers were deaerated with stirring for 10 minutes
under vacuum. Aliquots were removed for the determination of protein
concentration.

The DSC experiments were carried out in a Microcal MC-2 scanning
calorimeter (Microcal Inc., Amherst, MA), with a Model 150 B (Keithley
Instruments, Cleveland, OH) microvolt ammeter added to increase sensitivity.

The calorimeter was interfaced with an IBM XT. Once the temperatures of the
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sample and reference buffer were equilibrated, a computer-controlled scan was
initiated, at a rate of 90°/hour. The data were analyzed using the "F1" option of
the DA-2 program, included in the software provided by Microcal. Deconvolution
analysis was performed using the "F1" option of the deconvolution subroutine.

To test the effect of prior heat denaturation of the N-domain on
collagenase digestion of rCBP35, parallel samples (20 ug rCBP35 in 400 ul of 75
mM Tris, 75 mM NaCl, 10 mM CaCl,, pH 10) were incubated at 30°C and 40°C
for 15 minutes. After reequilibration at 30°C, 5 ug of collagenase D was added in
20 pl of the same Tris buffer. Aliquots were taken from the two digestion

mixtures every 3 minutes, quenched with SDS-PAGE buffer and analyzed by gels.
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RESULTS

Expression and Purification of Recombinant CBP35
The cDNA clone for CBP35 was inserted into the pIN III ompA?2 secretion

vector in E. coli for the production of rCBP35 (Fig. 1). This vector uses the signal
sequence of ompA, an E. coli outer membrane protein, to direct expressed
proteins into the periplasmic space (18). Using the Ipp-lac fusion promoter, the
protein can be induced by the addition of IPTG (Fig. 1). The soluble periplasmic
fraction of E. coli JA221 cells transformed with prCBP3Ss was collected 16-24
hours after induction, subjected to ammonium sulfate precipitation and then
affinity chromatography on a column of asialofetuin—Affi-gel. The material
bound to the column and eluted upon lactose addition yielded a single band upon
SDS-PAGE, as revealed by both silver-staining (Fig. 2A, lane 4) and
immunoblotting (Fig. 2B, lane 4). The position of migration of this polypeptide
corresponded to that observed with mouse CBP35 (M, ~ 35,000). This material
is designated as rCBP35.

The initiator methionine of the protein product is provided by the ATG of
the signal sequence. Due to the location of the cleavage site of the signal
sequence, three extra amino acids are added on to the amino-terminus of the
mature protein. Thus, the amino terminal end of rCBP35 has the following
sequence: Ala-Glu-Phe-Arg-Asp-Ser-, with the fourth residue (Arg) being the first
amino acid of the cDNA clone for CBP35 (15). The yield of the isolated protein

is highly dependent on the type of culture broth used, the concentration of IPTG,
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Figure 1. Schematic diagram of the construction of the recombinant expression
vector prCBP35s and site-directed mutagenesis to obtain the amino terminal and
carboxyl terminal domains. A) The cDNA clone for CBP35 was cloned into the
EcoRI site of the pIN III ompA2 vector. The cDNA is downstream of the IPTG
inducible promoter and the ompA signal sequence. B) Using oligonucleotide-
directed mutagenesis, glycines 138-139 were changed to translation stop codons,
and a HindlIII restriction site was introduced at amino acid positions 141-142. The
mutant cDNA was digested with HindIII and the fragment corresponding to the
NH,-terminal portion of the CBP35 polypeptide was subcloned and inserted into
the EcoRI-HindlIII sites of pIN III ompA2 vector as above to express the NH,-
terminal domain.
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TABLE L Parameters Affecting Yield of rCBP35

b

Media [IPTG] Temp Yield*®
LB 2-4 mM 37°C ~ 10-20 ug
M9 + 20% CA. 2-4 mM 37°C 1-5 ug
LB 2-4 mM 30°C 2 mg
LB 0.1 mM 22-25°C 20 mg
TB 0.05 mM 22-25°C 50 mg
LB 0.05 mM 22-25°C 20 mg

All preparations were carried out with freshly transformed cells.

Amount is based on yield from 1 liter cultures.
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and the temperature at which the culture is grown (Table I) (28,29). Under
optimal growth conditions (Terrific Broth medium, 0.05 mM IPTG, 22-25°C),
approximately 50 mg of rCBP35 could be isolated per liter of culture. This
represented ~ 35% of the total protein in the soluble periplasmic fraction.

It had been thought that the definition of CBP35 as an S-type lectin (16,17)
meant that reducing agents were necessary for retaining saccharide binding
activity. The initial isolation of CBP35 from mouse 3T3 fibroblasts in our
laboratory, using extraction buffers that contained Triton X-100, reported the
requirement of 2-ME to maintain carbohydrate-binding activity (1). However,
recent data showing that CBP35 can be purified from 3T3 in the total absence of
reducing agents indicate that such is not necessarily the case (30). In the present
study, we found that approximately equal amounts of rCBP35 can be isolated from
the periplasmic fraction in the presence and absence of 2-ME (Fig. 2A and 2B,
lanes 4 and 5). Thus, the previously supposed requirement for reducing agents
may be due to an artifact of the purification procedure, most probably involving

the use of impure Triton-X-100 (1).

Generation of the NH,- and COOH-terminal Domains of rCBP35

The strategy for obtaining the N-domain was to carry out site-directed
mutagenesis on the CBP35 cDNA. In this scheme (Fig. 1B), two stop codons
were introduced at Gly 138 and Gly 139. Thus, the translation open reading
frame stops at Pro 137, giving an N-domain covering residues 1-137. In this step,

a HindIII restriction site is simultaneously introduced at positions occupied by Met
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141 and Pro 142 (Fig. 1B). Digestion of the mutant cDNA allowed for the

subcloning of the fragment covering the 5’-end through the HindlIII site and its
subsequent insertion into the pIN III ompA2 secretion vector. E. coli JA221 cells
transformed with this plasmid expressed polypeptide(s) in the periplasmic fraction
that were immunoblotted with antibodies against CBP35. The mobility of the
predominant band was consistent with a molecular weight of ~ 15,000; this would
be expected if the N-domain spanned residues 1-137.

The N-domain was purified using two ion-exchange resins. During each of
these steps, fractions containing the N-domain were identified by immunoblotting,
while the purity of the fractions was assessed by silver and Coomassie blue
staining. Both of these staining procedures were used because the N-domain
polypeptide does not stain well with the silver reagent. Thus, Coomassie blue
staining was used to reveal the N-domain polypeptide while the more sensitive
silver staining was used to monitor the presence of contaminants. The ammonium
sulfate precipitate of the periplasmic fraction was first subjected to adsorption
onto hydroxylapatite beads. This resulted in significant purification, inasmuch as a
major portion of the periplasmic proteins bound to the hydroxylapatite, whereas
the N-domain was found in the unbound fraction (Fig. 3A and 3B, lanes 1-3).

The unbound fraction was chromatographed over a DEAE-cellulose column and
eluted with a linear 0 - 0.2 M KCI gradient. The N-domain was found in fractions
eluted by 0.05 - 0.1 M KCI. These fractions yielded one predominant band (M, ~

15,000) on SDS-PAGE, as revealed by Coomassie blue staining (Fig. 3B, lane 4).
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This material was devoid of any contaminants, as monitored by the silver stain
(Fig. 3A, lane 4). The identity and purity of the isolated N-domain was further
checked by amino acid sequence analysis. Upon high pressure liquid
chromatography on a hydroxyethyl A column, two peaks were observed when the
effluent was monitored at 214 nm. The minor peak yielded neither a band on
SDS-PAGE nor any identifiable amino acids through five cycles of the Edman
reaction during sequence analysis. In contrast, the predominant peak exhibited a
single band (M, ~ 15,000) on SDS-PAGE, which can be immunoblotted by anti-
CBP35 (see below) and yielded the sequence Ala-Glu-Phe-Arg-Asp-Ser-Phe-Ser-
Leu-Asn, exactly as expected for the NH,-terminus of the polypeptide. This
material is, therefore, designated as the N-domain. Upon affinity chromatography
on an asialofetuin—Affi-gel column, all of the N-domain was found in the flow-
through fraction, indicating that it does not exhibit any carbohydrate-binding
activity. In addition, the isolated N-domain was sensitive to digestion by
collagenase, similar to the behavior of this domain in the intact polypeptide (see
below).

In generating the mutant cDNA described above for the N-domain, the
HindIII restriction site was designed also with the production of the C-domain in
mind (Fig. 1B). A double digestion with HindIII and EcoRI of the mutant DNA
would result in a fragment containing the C-domain (residues 145-264), which can
be directionally cloned into the pIN III ompAl vector. However, the recombinant

clones that were generated failed to yield any proteins immunoreactive with any of
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the anti-CBP3S5 antibodies. Thus, an alternative strategy was used to obtain the C-
domain.

Raz and co-workers had reported that the NH,-terminal half of L-34
(which is identical to CBP35) bears striking resemblance to collagen and that
treatment with collagenase reduced the molecular weight of the L-34 polypeptide
(4). More recently, the same approach was used to prepare the C-domain of
recombinant human IgE-binding lectin, the human homolog of rCBP35 (31). On
this basis, rCBP35 was digested with collagenase D. The digestion mixture
contained the major degradation product derived from rCBP35 (at M, = 16,000),
revealed by silver staining and immunoblotting (Fig. 4A and 4B, lane 2).
Collagenase D, in amounts corresponding to those included in the digestion
mixture, yielded high molecular weight bands upon silver-staining (Fig. 4A, lane 6),
but did not react with anti-CBP35 (Fig. 4B, lane 6). Affinity chromatography of
this digestion mixture on asialofetuin—Affi-gel resulted in a bound fraction that
was eluted upon lactose addition. The bound polypeptide exhibited a mobility
corresponding to M, = 16,000 (Fig. 4A and 4B, lane 5). Amino acid sequence
analysis yielded Ala-Gly-Pro-Tyr-Gly-Val, suggesting that the M, =~ 16,000
polypeptide represented the C-domain of CBP35, spanning residues 118-264.
Thus, the C-domain of CBP35 accounts for the carbohydrate-binding activity of
the polypeptide, consistent with the homology of this portion of the protein with
the sequences of other galactose-specific lectins (3,15) and with the results

obtained with the C-domain of recombinant human IgE-binding lectin (31).
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Finally, the isolated C-domain was not sensitive to treatment with collagenase, also

similar to the behavior of this domain in the intact polypeptide.

Development and Characterization of Antisera Against rCBP35

Purified rCBP35 was used as an immunogen to generate polyclonal
antiserum in two rabbits, designated as #32 and #33. Their antisera were
compared against: (a) an antiserum derived from a rabbit (designated #24)
immunized with CBP3$5 purified from mouse lung (2); and (b) the immunoglobulin
fraction of a rat monoclonal antibody directed against mouse Mac-2 (22), whose
cDNA sequence had indicated it to be identical to CBP35 (6). All four antibody
preparations recognized CBP35 in Western blots of the immunogen, rCBP35 (Fig.
5A-D, lane 3), as well as the extracts of mouse 3T3 cells (data not shown).
Preimmune serum from each of the rabbits, when used at the same dilutions,
failed to yield any immunoreactive bands on control Western blots. The four
antibody preparations also immunoblotted CBP35 in extracts of human HeLa cells
(data not shown). In this case, the molecular weight of the immunoreactive band
was slightly lower than that of mouse CBP35, consistent with the length of the
polypeptides predicted from the nucleotide sequences of the mouse and human
cDNAs (5,7,9,11).

Immunoblotting of the N- and C-domains was carried out with the four
preparations of anti-CBP35. Antisera #24 and #33 immunoblotted the N-domain
(Fig. 5A and 5C, lane 1), indicating that the principal epitopes recognized by these

antibodies were in this portion of the polypeptide. Neither antisera reacted with
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the C-domain (Fig. SA and SC, lane 2). Similarly, rat anti-Mac-2 was also N-
domain specific (Fig. 5D, lanes 1 and 2). In this case, the epitope of the
monoclonal antibody must be restricted to the NH,-terminal half of the CBP35
polypeptide. In contrast, antiserum #32 immunoblotted with the C-domain but
not with the N-domain (Fig.5B, lanes 1 and 2). At the level of immunoblotting,
therefore, it appears that we have generated domain-specific antisera in our

repertoire.

DSC Analysi
In pH 7 Tris buffer, rCBP35 yielded the thermogram shown in Figure 6A.
There was a transition at ~ 64°C, followed by precipitation of the protein
between 65 and 70°C. This made the definition of a baseline for deconvolution
analysis difficult. Therefore, different conditions were sought in order to perform
the DSC studies. We found that rCBP35 yielded a thermogram with stable
baselines around transition regions when the Tris buffer was adjusted to pH 10
(Fig. 6B). At this pH, rCBP35 retained its saccharide-binding activity, on the basis
of a comparison of the recovery of the protein, at pH 10 versus pH 7, in the
fraction bound to asialofetuin—Affi-gel and eluted by lactose. The thermal
denaturation of rCBP35 as seen in Figure 6B was irreversible; cooling and
rescanning the sample over the same temperature range yielded no observable

deviations from the baseline.
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Figure 6. Representative thermograms from DSC analysis of rCBP35. (A) 0.77
mg/ml in pH 7 buffer; (B) 0.77 mg/ml in pH 10 buffer; (C) 0.75 mg/ml in pH 10
buffer containing 0.1 M lactose. Distance between tick marks on the y axis
corresponds to 1 mcal/°C.
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Deconvolution analysis was performed on the scan shown in Figure 6B.
There was an excellent fit between the calculated and experimental results (Fig.7).
This analysis showed the two transitions in the thermal denaturation of rCBP35
have T, and enthalpy values of: (a) first transition: 39°C, 32 kcal/mole; and (b)
second transition: 56°C, 149.5 kcal/mole. In light of the fact that hydropathy
analyses of the amino acid sequence had predicted two distinct structural domains,
it was of interest to assign each of the observed transitions to a particular domain
of the polypeptide. The most clear-cut hint on this issue is derived from the fact
that in thepresence of the saccharide ligand lactose, the second transition is shifted
to = 65°C (Fig. 6C). Sucrose, which does not bind to CBP35, failed to yield this '
effect. Amino acid sequence homologies predict that the C-domain is responsible
for carbohydrate binding; we have indeed documented this by the purification of
the C-domain using saccharide-specific affinity chromatography (Fig. 4).
Therefore, the second transition (T, = 56°C) most likely represents the thermal
denaturation of the C-domain in the rCBP35 polypeptide.

The N-domain, containing the proline- and glycine-rich repeats (15),
exhibits certain features similar to collagen (e.g., sensitivity to collagenase digestion
(4,31)). Inasmuch as collagen has reported T, values of 38-39°C (32,33), it is
likely that the first transition (T, = 39°C) represents the thermal denaturation of
the N-domain. Consistent with this notion was the observation that collagenase
digestion of the N-domain in rCBP35 proceeded faster in samples that had been

previously denatured at 40°C. In this experiment, parallel samples of rCBP35

were incubated at 30°C and 40°C for 15 minutes. The samples were then
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Figure 8. Effect of heat denaturation of the N-domain on collagenase digestion of
rCBP35. Parallel samples (20 ug rCBP35 in 400 ul of 75 mM Tris, 75 mM NaCl,
10 mM CaCl,, pH 10) were incubated: (A) 30°C for 15 minutes; or (B) 40°C for
15 minutes. Samples were then digested at 30°C with 5 ug collagenase D.
Aliquots were taken from the two digestion mixtures every 3 minutes, subjected to
reducing SDS-PAGE (15% acrylamide) and silver staining (reference 26). For
each sample, the lane marked O represents the undigested material and the lanes
labeled 1-7 represent time points (3 minutes/time point).
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subjected to digestion by collagenase at 30°C. Aliquots of the digestion mixtures
were taken every 3 minutes and subjected to SDS-PAGE. The rCBP35 sample
that had been denatured at 40°C prior to collagenase addition quickly lost the M,
~ 35,000 band, as well as most of the intermediate bands (Fig. 8B). In contrast,
the rCBP35 sample that had not previously been denatured showed a slower loss
of the M, =~ 35,000 band and many of the intermediate bands (Fig. 8A).

The availability of purified N- and C-domains provided the opportunity to
test directly these assignments of T,, values to the individual domains. DSC
analysis onthe isolated N-domain yielded a transition at =~ 48°C (Fig. 9A),
somewhat higher in temperature than the T, of the first transition in the intact
polypeptide. The features of this transition in the thermogram suggest that it
corresponds to the low enthalpy first T, of rCBP35. Moreover, this transition was
not affected by the addition of lactose. On the other hand, DSC analysis of the C-
domain yielded a single transition (=~ 55°C) (Fig. 9B). Lactose shifted this
transition to ~ 66°C (Fig. 9C), whereas sucrose did not. These results provide
strong evidence that the first and second transitions in the thermogram of rCBP35

represent, respectively, the denaturation of the N- and C-domains of the

polypeptide.
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Figure 9. Representative thermograms from DSC analysis of N- and C-domains.
(A) N-domain (2.5 mg/ml) pH 10 buffer; (B) C-domain (0.77 mg/ml) pH 10
buffer; (C) C-domain (0.77 mg/ml) pH 10 buffer containing 0.1 M lactose.
Distance between tick marks on the y axis represents /mcal/°C.
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Figure 9. Representative thermograms from DSC analysis of N- and C-domains.
(A) N-domain (2.5 mg/ml) pH 10 buffer; (B) C-domain (0.77 mg/ml) pH 10
buffer; (C) C-domain (0.77 mg/ml) pH 10 buffer containing 0.1 M lactose.
Distance between tick marks on the y axis represents /mcal/°C.
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DISCUSSION

An E. coli expression system, which secreted the expressed protein into the
periplasmic space, was optimized for the production of rCBP35. Consistent with
similar findings by other groups, our studies suggest that the secretion vector
system may be susceptible to deleterious effects of "normal" growth conditions
such as high concentrations of IPTG and 37°C growth temperature. In fact, low
concentrations of IPTG (0.05 mM) and low growth temperature (22-25°C) resulted
in the highest yield of rCBP35 (= 50 mg per liter of bacterial culture). Thus, the
yield of our expression system is about 25 times higher than that reported for the
expression system of the human homolog of CBP35 (IgE-binding lectin), which
was isolated at a level of = 2 mg per liter of E. coli culture (31).

Taking advantage of the availability of large amounts of protein, we have
compared the properties of the whole polypeptide and the individual N- and C-
domains. The following key conclusions can be derived: (a) the N-domain
exhibits no apparent binding to asialofetuin—Affi-gel affinity resins; (b) the C-
domain is sufficient for saccharide-binding and, therefore, contains the
carbohydrate recognition domain; (c) rCBP35 is not dependent on thiol reagents
for retention of carbohydrate-binding activity; (d) DSC analysis of rCBP35 yielded
two independent transitions, with T, values of 39°C and 56°C representing,
respectively, the thermal denaturation of the N- and C-domains; and (e) binding
of lactose to rCBP35 and to the C-domain results in a stabilization of the folded

polypeptide to thermal denaturation (T, rises from 56°C to 65°C).
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The most striking of these findings is that the rCBP35 polypeptide appears

to be folded into two distinct domains. Hydropathy analysis of the amino acid
sequence had clearly delineated the polypeptide into two parts (3). The carboxyl
terminal portion (residues 127-264) contains both hydrophilic and hydrophobic
regions, typical of globular proteins. In contrast, the amino terminal portion
(residues 1-126) exhibits neither a highly hydrophilic nor a hydrophobic nature.

The N-domain is characterized by a highly conserved repetitive sequence
(4-11,15) rich in proline and glycine residues. Although it does not have the exact
(Gly-X-Y), repeat seen in collagen, its folding might be expected to be stabilized
by many reinforcing bonds, each of which is relatively weak. Consistent with this
prediction, the T, value for thermal denaturation is rather low (= 39°C), similar
to the reported T, values of collagen (32,33). Thus, in addition to sensitivity to
digestion By collagenase, the N-domain shares another characteristic found in
collagen. The fact that the N-domain did exhibit a thermal transition suggest that
this portion of the polypeptide is not totally devoid of structure. This notion is
also supported by the observation that prior denaturation of the N-domain
structure by heating to 40°C resulted in a more rapid digestion of that portion of
the polypeptide by collagenase.

While both the isolated N-domain and the intact polypeptide exhibited a
low enthalpy transition, the T, values of this transition were significantly different.
Surprisingly, the transition temperature for the isolated N-domain-( ~48°C) was
higher than the corresponding value in the intact molecule (~39°C). Although

transition temperature changes have been reported when T, values are compared
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for intact proteins and isolated domains/fragments, the usual case is that the latter
yield a lower transition temperature. For example, the NADP*-binding domain of
C, - tetrahydrofolate synthase exhibited a transition at 49°C as an isolated
fragment, whereas the corresponding value was 60°C in the intact enzyme (34). It
would be of interest, therefore, to delineate the physical basis for the stabilization
of the N-domain, when it is freed of the C-domain. One possibility is interactions
between two molecules of N-domain, leading to transient or weakly-bound dimers.
This hypothesis would be consistent with the results of Hsu et al (31), implicating
the N-domain in self-association of the human IgE-binding lectin.

The interactions responsible for the folding of the C-domain must be much
more extensive, resulting in higher T,, and enthalpy values for its thermal
denaturation. These values are comparable to the corresponding data reported
for several globular proteins (35-37). It should be noted that, like these other
systems, the present study analyzed the data in terms of equilibrium thermody-
namics, even though the thermal denaturation of rCBP35 under the described
conditions was irreversible — rescanning of once heated and cooled samples
yielded no discernible transition from the baseline. There are, however, both
theoretical and empirical bases for analyzing the calorimetric data using
equilibrium thermodynamics, despite the apparent irreversibility. These
justifications have been discussed by other investigators (35,36).

Finally, the binding of lactose by rCBP35 elevated the temperature of
thermal denaturation (second transition) by =~ 10°C. Similar results were also

observed for the C-domain. This effect was specific inasmuch as the disaccharide
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sucrose, which does not bind to CBP35, failed to yield the same effect. These
results suggest that ligand binding by CBP35 is accompanied by a conformational

change that significantly stabilizes the polypeptide against thermal denaturation.
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SUMMARY

Recombinant Carbohydrate Binding Protein 35 (rCBP35) was conjugated
directly with rhodamine and the resulting fluorescent derivative was microinjected
into intact mouse 3T3 fibroblasts (in vivo assay) or was incubated with 3T3 cells
permeabilized by digitonin (in vitro assay) to test for nuclear localization of the
lectin. Microinjected rCBP35 accumulated in the nucleus of some recipient cells
whereas fluorescently labeled human serum albumin failed to do so in any of the
cells. In contrast to both of these cases, fluorescently-labeled human serum
albumin conjugated with a peptide containing the nuclear localization signal of
SV40 large T antigen was translocated into the nucleus in 100% of the
microinjected cells. Thus, while rCBP35 introduced into 3T3 cells can be
imported into the nucleus, its nuclear localization properties were different from
those documented for the albumin substrate bearing the SV40 large T antigen
nuclear localization signal. rCBP35 and human serum albumin containing nuclear
localization signal were also different in terms of requirements and conditions of
nuclear import in the in vitro assay. Little or no nuclear transport of rCBP35
could be demonstrated in this latter system. Thus, it appears that the S100
cytosolic fraction used in the in vitro assay could not supply the factor(s) necessary
for the import of rCBP35 while the cytosol of microinjected cells could indeed

fulfill the requirements of nuclear transport.
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INTRODUCTION

In previous studies (1,2), we had documented, using immunofluorescence
and immunoblotting, the nuclear as well cytoplasmic localization of the
galactose/lactose-specific lectin, designated Carbohydrate Binding Protein 35
(CBP35; Mr 35,000). In both the nucleus and the cytoplasm, CBP35 was found
not as a free protein but in the form of a ribonucleoprotein complex (RNP) (3,4).
The distribution of CBP35 between the two subcellular compartments was
dependent on the proliferation state of the cell; the lectin was mostly cytoplasmic
in quiescent cells whereas the proportion of nuclear CBP35 increased in
proliferating cells. Moreover, when quiescent, serum-starved cultures of mouse
3T3 fibroblasts were stimulated by the addition of serum, there was an increase in
the expression of CBP35, manifested by an accelerated rate of transcription of the
gene, by elevated levels of its specific mRNA, and by higher levels of the
polypeptide (2,5). Accompanying this increase in the expression of CBP35 was a
dramatic translocation of the lectin from the cytoplasm into the nucleus, well
before the onset of DNA synthesis in the stimulated cells. These results indicated
that the subcellular localization of the lectin was strictly regulated and correlated
with the proliferation state of the cell.

The availability of recombinant CBP35 (rCBP35), purified and in large
amounts (6), allowed us to directly label the protein with the fluorescent
rhodamine (Rh) group. Coupled with recent developments of nuclear import

assays in both intact (7), as well as permeabilized cells (8), the availability of Rh-
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rCBP35 in turn suggested the opportunity to study the translocation of the lectin
between the intracellular compartments. On the basis of a comparison between
the transport of CBP35 and human serum albumin (HSA) bearing the nuclear
localization signal (NLS) of the SV40 large T antigen, it appears that the
requirements and properties of nuclear import for the lectin are quite distinct
from those synthetic substrates utilizing the NLS pathway. The results of our

preliminary studies on this issue are documented in the present communication.
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MATERIALS AND METHODS

Cell cultures

Balb/c 3T3 cells were used for microinjection experiments. The cells were
cultured in a humidified incubator at 37°C in high glucose Dulbecco modified
Eagle’s medium (DME; Gibco) that was supplemented with 10% fetal bovine
serum (FBS; Gibco), HEPES (final concentration of 20 mM), nonessential amino
acids, and gentamycin (50 ug/ml). For experiments using asynchronous cultures,
the 3T3 cells were trypsinized and replated onto glass coverslips at subconfluent
densities 24-36 hours prior to microinjection. For synchronization of cells, the 3T3
cells were serum-starved for 48 hours by incubating in DME containing 0.2% FBS,
and subsequently stimulated with DME containing 10% FBS.

The in vitro nuclear import assays used Swiss 3T3 cells, which were
cultured in low glucose DME that was supplemented with 10% calf serum (Gibco)
and penicillin-streptomycin (3). The cells were plated onto glass coverslips 16-24

hours prior to permeabilization and transport assay.

Preparation of import substrates

Essentially the same protocol was used to conjugate the fluorescent label
Rh to the following proteins: HSA, rCBP35, the NH,-terminal domain of rCBP35
(rCBPND)(6), and the COOH-terminal domain of rCBP35 (rCBPCD) (6). The
proteins (= 1-2 mg/ml) were dialyzed overnight at 4°C against freshly prepared 0.1

M sodium bicarbonate. A 10 mg/ml solution of rhodamine succinimidyl ester
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(Molecular Probes, # C1171) was prepared in dimethyl formamide and was
added, with slow stirring, to the protein solution. The final molar ratio of dye to
protein was ~ 2. The mixture was allowed to stir at room temperature for one
hour, after which it was fractionated on a Sephadex G-25 column (18 x 0.8 cm) to
separate unreacted dye from the protein. The conjugated protein was then
dialyzed overnight at 4°C against transport buffer (20 mM HEPES-KOH, pH 7.3,
110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM
dithiothreitol) and stored at - 70°C. Trial preparations of Rh-rCBP35 by such a
procedure showed that the saccharide-binding activity of the lectin was not
affected by the derivatization. For short term use, an aliquot was thawed,
microfuged to remove any particulate matter, and stored at 4°C.

Rhodamine-labeled HSA containing the NLS peptide (CYTPPKKKRKYV)
of SV40 large T antigen, hereafter designated Rh-HSA-NLS, was provided by Drs.
M.S. Moore and G. Blobel of The Rockefeller University (9). This fluorescent
import substrate contained 10 NLS peptides per HSA molecule.

The following samples and concentrations were used for the microinjection
assays: Rh-HSA-NLS at 2 mg/ml, Rh-HSA at 1.5 mg/ml, Rh-rCBP35 at 1.5
mg/ml, Rh-rCBPND at 0.3 mg/ml, and Rh-rCBPCD at 0.3 mg/ml. For the in vitro
transport assays, Rh-HSA-NLS, Rh-HSA, and Rh-rCBP35 were used at 1:100

dilution of the stock solution used for microinjection assays.
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Nuclear import assays
The digitonin-permeabilized cell system as described by Moore and Blobel (9)

was used for the in vitro transport assays. For permeabilization, the tissue culture
plates containing the coverslips were placed on ice, the medium was aspirated and
1 ml of cold transport buffer containing leupeptin, aprotinin, and pepstatin (each
at 1 ug/ml) and digitonin (35 ug/ml; Calbiochem) was added. The digitonin was
diluted into the transport buffer from a 20 mg/ml stock solution in dimethyl
sulfoxide immediately before use. The plates were incubated on ice for 5 minutes;
then the plates were aspirated and cold transport buffer added. The coverslips
containing the permeabilized cells were placed cell side down on top of a 20 ul of
transport assay mixture (see below) on parafilm. After a 30 minute incubation at
room temperature, the reaction was terminated by the addition of cold transport
buffer. The cells were then incubated with cold fixative, 3% paraformaldehyde in
transport buffer, for 15 minutes on ice. The coverslips were then removed,
blotted to remove excess moisture, and mounted in Slow-Fade (Molecular
Probes). The edges of the coverslips were sealed with nail polish.

A typical transport assay mixture consisted of the following: 1 ul of 20
mg/ml bovine serum albumin, 1 ul of 20 mM ATP, 1 ul of 100 mM
phosphocreatine, 1 ul of 400 U/ml creatine phosphokinase, 5 ul of rabbit
reticulocyte lysate (Gibco), 5 ul of HeLa cell S100 cytosolic fraction (10 mg/ml
protein), 1 ul of the import substrate, and transport buffer to give a final volume
of 20 ul. For experiments involving inhibition by wheat germ agglutinin (WGA),

coverslips were incubated in the transport reaction mixture containing WGA (final
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concentration of 1 mg/ml) for 15 minutes prior to the addition of the import
substrate. The preparation of the cytosolic S100 fraction from HeLa cells has
been described by Adam et al (8).

For assaying nuclear transport in intact cells (in vivo assay), glass coverslips
containing the recipient cells were etched to facilitate subsequent identification of
the field of injected cells. The import substrates were injected into the cytoplasm
of the 3T3 cells at room temperature using an Eppendorf microinjector (model
5242) equipped with an Eppendorf micromanipulator. The cells were viewed
during injection with a Zeiss Axiovert 10 inverted microscope equipped with a 32x
objective. The needles (1 mm outer diameter, Sutton Scientific, Novato, CA)
were pulled using a Narashige Scientific Instrument apparatus. Approximately 25-
50 cells were injected on each coverslip using a continuous flow pressure of 40-60
hPa. After injection, the cells were incubated at 37°C for 30 minutes, washed with
cold phosphate-buffered saline (PBS), and fixed for 15 minutes with cold 3%
paraformaldehyde-PBS. The coverslips were then mounted on a drop of 10%
PBS-90% glycerol containing 1 mg/ml phenylenediamine (Aldrich). The edges of
the coverslips were sealed with nail polish. For WGA inhibition studies, the plant
lectin was used at a final concentration of 1 mg/ml and injected concurrently with

the import substrate.

Fluorescence microscopy

The in vitro nuclear import assay coverslips were viewed on a Zeiss

Axiophot microscope equipped with a 40x/0.75 Plan-Neofluar objective and
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rhodamine fluorescence filters. The microinjected cells were examined on a Zeiss
Axiophot microscope equipped with a 63x/1.4 immersion Plan-Apochromat lens
and rhodamine fluorescence filters. The fluorescence photographs were taken on

T-Max 3200 film (Eastman Kodak) developed at 1600 ASA.
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RESULTS

Nuclear Transport of Rh-HSA-NLS Assayed with Permeabilized Cells

When mouse 3T3 fibroblasts were permeabilized with digitonin and then
incubated with Rh-HSA-NLS in the presence or absence of the S100 fraction
derived from HeLa cells, there was a clear S100-dependent transport of the
fluorescent label into the nucleus. In the presence of the HeLa extract, intense
staining of the nuclei was observed for all the cells (Fig. 1B). When S100 was
omitted from the incubation, however, there was diffuse and faint staining of the
cells; in some cells, there was distinct exclusion of the label from the nuclei (Fig.
1A). The nuclear localization was also dependent on NLS, since parallel
experiments with Rh-HSA also resulted in diffuse distribution of fluorescence (Fig.
1D). As was observed with the analysis of Rh-HSA-NLS in the absence of S100
(Fig. 1A), many of the nuclei appeared to be "black holes," devoid of any
fluorescence label (Fig. 1D). This fluorescence pattern was observed for Rh-HSA
irrespective of whether S100 was included during the transport assay.

The plant lectin WGA binds to O-linked GIcNAc residues on nucleoporins
and blocks protein import through the pore complexes (10-12). Consistent with
these previously published results, the transport of Rh-HSA-NLS in our import
assay was blocked by WGA (Fig. 1C). WGA, on the other hand, had no effect on
the distribution of Rh-HSA (Fig. 1E compared to Fig. 1D). All of these results
establish the assay system for our mouse 3T3 fibroblasts. More importantly, they

demonstrate the functional activity of the human HeLa S100 cytosolic extract on
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Figure 1. In vitro nuclear import assay comparing the location of Rh-HSA-
NLS with Rh-HSA. Permeabilized 3T3 cells were incubated with transport
reaction mixture containing the following substrates: A) Rh-HSA-NLS in the
absence of S100 cytosolic extract; B) Rh-HSA-NLS in the presence of S100
cytosolic extract; C) Rh-HSA-NLS in the presence of S100 cytosolic extract and
WGA (1 mg/ml); D) Rh-HSA in the presence of S100 cytosolic extract; and E)
Rh-HSA in the presence of S100 cytosolic extract and WGA (1 mg/ml).
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the heterologous mouse 3T3 recipient nuclei.

Behavior of Rh-rCBP35 in the Permeabilized Cell Assay System

When the same in vitro transport assay was carried out in parallel using
Rh-rCBP35, quite a distinct fluorescence pattern was observed. In the absence of
$100, Rh-rCBP35 was found to label spots in certain portion of the cytoplasm;
more strikingly, there was bright labeling of the nuclear periphery (Fig. 2A). The
same pattern was obtained in the presence of S100 (Fig. 2B). There was no
accumulation of the fluorescence label in the nuclei, as was observed for Rh-HSA-
NLS incubated in the presence of the cytosolic extract (Fig. 1B).

Because the Gal/Lac-specific CBP35 might be expected to bind to cell
surface glycoconjugates (13), it was possible that nuclear transport might be
blocked in this in vitro assay due to CBP35-glycoprotein interactions. To
circumvent this potential problem, assays were carried out in the presence of 50
mM Lac. Under these conditions, however, there was a drastic reduction of the
fluorescence due to Rh-rCBP35 (Fig. 2C). As least two factors (not mutually
exclusive) could contribute to this decrease in fluorescence intensity: (a) Lac
inhibition of Rh-rCBP35 binding to glycoproteins; and (b) Lac quenching of the
fluorescence at 576 nm due to rhodamine. Attempts to overcome these
difficulties, such as using higher concentrations of Rh-rCBP35 (Fig. 2D) or
preincubating the permeabilized cells with unlabeled (non-fluorescent) rCBP35,
did not alter the pattern of fluorescence, both in the presence and absence of

$100 and in the presence and absence of Lac.
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Figure 2. In vitro nuclear import assay for Rh-rCBP35. Permeabilized 3T3 cells
were incubated with transport reaction mixture as follows: A) Rh-rCBP35 (15
pg/ml) in the absence of S100 cytosolic extract; B) Rh-rCBP35 (15 wg/ml) in the
presence of S100 cytosolic extract; C) Rh-rCBP35 (15 ug/ml) in the presence of
$100 cytosolic extract and lactose (50 mM); D) Rh-rCBP35 (120 ug/ml) in the
presence of S100 cytosolic extract.
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Thus, Rh-rCBP35 behaved quite differently when compared to Rh-HSA-

NLS in the in vitro transport assay. No nuclear localization of the lectin could be
observed, even under conditions when CBP35 endogenous to the cell could be
found in the nuclei. One possibility is that the in vitro assay exposes CBP35 to
glycoconjugates that the lectin would not normally encounter (intracellular lectin
versus extracellular glycoconjugates). Another possibility is that the requirements
for nuclear transport of CBP35 (e.g., phosphorylation) are different from those of
HSA-NLS; HeLa S100 could provide the necessary factors for HSA-NLS transport
but could not fulfill those required for CBP35. Therefore, microinjection of Rh-
rCBP35 into intact cells was carried out to test if nuclear transport could be

demonstrated for the labeled recombinant polypeptide.

Nuclear transport in intact cells

Microinjection of Rh-HSA-NLS into mouse 3T3 fibroblasts resulted in the
rapid accumulation of the fluorescent label in the nuclei of recipient cells. At the
earliest time point tested (20 minutes post injection), there was intense staining of
the nuclei (Fig. 3A). Some spots within the nucleus showed particularly bright
staining; these possibly corresponded to nucleoli. Similar results were obtained at
later times (40 and 60 minutes) following injection. This nuclear localization was
inhibited when WGA was coinjected with the fluorescent label (Fig. 3B). In the
absence of WGA, essentially 100% of the cells showed nuclear staining, as seen in
Fig. 3A. In the presence of WGA, 80-90% of the microinjected cells showed

cytoplasmic fluorescence, with little or no label in the nuclei as seen in Fig. 3B,
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Figure 3. In vivo nuclear import assay for Rh-HSA-NLS in the absence and
presence of WGA. Asynchronous 3T3 cells were microinjected with import
substrate in: A) the absence of WGA,; or B) in the presence of WGA (1 mg/ml).
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although some 10-20% of the cells still showed nuclear staining.

The requirement for NLS in the in vivo nuclear transport assay was
established with Rh-HSA (Fig. 4A). In this case, greater than 95% of the
recipient cells showed exclusive cytoplasmic staining and less than 5% showed any
nuclear labeling. Thus, the results of our in vivo microinjection assay on Rh-HSA-
NLS correspond to those previously published, showing strict requirement for NLS
and sensitivity to inhibition by WGA.

When 3T3 cells were microinjected with Rh-rCBP35, there were cells
showing clear nuclear localization of the fluorescent label (Fig. 4B). Indeed, Rh-
rCBP35 behaved quite differently in the in vivo assay, compared to the in vitro
assay (Fig. 2B). Either the intact cell could provide factors necessary for transport
that were not fulfilled by the S100 fraction (e.g. by modifying the recombinant
protein via phosphorylation), or microinjection obviated the difficulty of rCBP35
binding to cell surface glycoconjugates. Although some of the cells in the field
shown in Fig. 4B revealed nuclear localization of rCBP35 (~40%), there were
also cells that did not accumulate Rh-rCBP35 in their nuclei. A more detailed
examination of the two labeling patterns was made on isolated single cells. In
those cells showing nuclear localized Rh-rCBP35, the nucleus was stained except
for regions corresponding to the nucleolus; there was also a diffuse distribution of
fluorescence in the cytoplasm (Fig. SA). On the other hand, in those cells in
which the microinjected Rh-rCBP35 failed to localize in the nucleus, there was
punctate staining of the cytoplasm and bright labeling of the nuclear periphery

(Fig. 5B). In many respects, this latter staining pattern was reminiscent of the
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Figure 4. In vivo nuclear import assay comparing the translocation of Rh-rCBP35
with Rh-HSA. Asynchronous 3T3 cells were microinjected with: A) Rh-HSA; or
B) Rh-rCBP35.
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Figure 5. In vivo nuclear import assay for Rh-rCBP35 showing the nuclear and
non-nuclear localization of the protein. Either asynchronous 3T3 cells (Panels A
and B) or serum-starved quiescent 3T3 cells (Panel C) were microinjected with
Rh-rCBP35. Panel A represents the nuclear localization seen in 20-30% of the
cells. The remainder of the cells exhibit the type of localization seen in Panel B.
The entire population of serum-starved cells (Panel C) exhibits no nuclear
localization.
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pattern observed when Rh-rCBP35 was used in the in vitro transport assay (Fig.
2A). We have also obtained the same results (Fig. SA and 5B) when Rh-rCBP35
was microinjected into Buffalo rat liver cells.

Comparison of the behavior of Rh-rCBP35 and Rh-HSA-NLS in the in vivo
nuclear transport assay revealed at least three key differences. First, when Rh-
HSA-NLS localizes to the nucleus, there was hardly any fluorescence in the
cytoplasm (Fig. 3A), whereas in cells with nuclear localized Rh-rCBP35, there was
persistent fluorescent label in the cytoplasm (Fig. 5A). Second, while the nuclear
transport of Rh-HSA-NLS could be inhibited by WGA (Fig. 3B), the nuclear
localization of Rh-rCBP35 was not affected by coinjection of WGA. Finally,
essentially all the cells microinjected with Rh-HSA-NLS showed nuclear labeling
(in the absence of WGA) but not all of the cells receiving Rh-rCBP35 transported
the lectin into their nuclei. In fact, the percent of cells showing nuclear
localization versus cytoplasmic distribution (Fig. SA versus Fig. 5B) depended on
the time of observation after injection as well as on the condition of the culture

under analysis.

Nuclear Transport of Rh-rCBP3S in quiescent and proliferating cells

In previous studies (2), we had observed that serum-starved, quiescent
cultures of 3T3 cells expressed low levels of CBP35 and what there is of the lectin
was restricted to the cytoplasm of the cells. When serum-starved 3T3 cells were
microinjected with Rh-rCBP35, practically all of the recipient cells showed

punctate staining of the cytoplasm but little or no labeling of the cell nucleus (Fig.
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5C). The fluorescence pattern was similar to those observed in asynchronous
cultures of 3T3 cells in which the microinjected Rh-rCBP35 failed to localize to
the nucleus (Fig. 5B). Thus, on the basis of correspondence of fluorescence
patterns to Figure SA (nuclear localized) versus Figure 5B (cytoplasmic localized),
the percent of cells yielding nuclear transport of microinjected Rh-rCBP35 was
essentially zero in the serum-starved cultures (Table I).

Microinjection of Rh-rCBP35 was also performed on 3T3 cultures that had
been serum-starved and then stimulated for 5 hours. Under these conditions,

approximately 20% of the cells showed nuclear localization of rCBP35, yielding

fluorescence patterns resembling that shown in Figure SA (Table I). The same
experiment was carried out on 3T3 cells 16 hours post-stimulation, just at the
onset of the S-phase of the cell cycle (2). Surprisingly, no recipient cells
transported Rh-rCBP35 into their nuclei (Table I). These changes in nuclear
localization properties of rCBP35 were not observed in a parallel analysis of
microinjected Rh-HSA-NLS. In quiescent, as well as in stimulated 3T3 cells (5
hours and 16 hours post-stimulation of serum-starved cultures), essentially 100%

of the microinjected cells accumulated Rh-HSA-NLS in their nuclei (Table I).

Microinjection of NH,- and COOH-terminal domains of rCBP35

The expression system for the production of large amounts of rCBP35 also

led to the isolation of rCBPND and rCBPCD, corresponding to the NH,- and
COOH-terminal domains, respectively, of the polypeptide. After fluorescent

labeling with Rh, each individual domain was microinjected into 3T3 cells. There
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TABLE I

Nuclear Localization in Serum-starved and Serum-stimulated 3T3 Cells

5 Hours After
‘Serum Addition
Endogenous CBP35!
| Microinjected rCBP35? 0 ~20 0 ||
Microinjected HSA-NLS? 100 100 100

1 The cells were fixed with 3.7% formaldehyde, permeabilized with 0.5% Triton
X-100, and stained with rabbit anti-CBP35 plus Rh-goat anti-rabbit
immunoglobulin (2). Data represent percent of cells showing fluorescence in the

nucleus.

2 The cells were microinjected with Rh-rCBP35 or Rh-HSA-NLS and analyzed
directly for nuclear fluorescence. Data represent percent of cells showing
fluorescence in the nucleus, on the basis of =~ 50 microinjected cells for each

sample.
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was clear-cut nuclear localization of Rh-rCBPND (Fig. 6A). As was seen for the
full-length polypeptide, there was also population heterogeneity. Roughly half of
the cells receiving Rh-rCBPND accumulated the fluorescent label in the nucleus
while the other half of the population restricted the fluorescence to the cytoplasm.

Similar results were also obtained for Rh-rCBPCD (Fig. 6B).
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Figure 6. In vivo nuclear import assay for the NH,- and COOH-terminal portions
of rCBP35. Asynchronous 3T3 cells were microinjected with: A) Rh-rCBPND; or
B) Rh-rCBPCD.
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Figure 6. In vivo nuclear import assay for the NH,- and COOH-terminal portions
of rCBP35. Asynchronous 3T3 cells were microinjected with: A) Rh-rCBPND; or
B) Rh-rCBPCD.
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DISCUSSION

The key findings of the present study include: (a) rCBP35 microinjected
into intact cells could be translocated into the nucleus, while no such nuclear
import could be observed with permeabilized cells; (b) under conditions where
nuclear transport of rCBP35 was observed, the requirements and regulation of
lectin transport were quite distinct from those observed for HSA-NLS; (c) serum-
starved quiescent cultures of 3T3 fibroblasts failed to import rCBP35 into the
nuclei, whereas serum-stimulated cells exhibit the capacity to translocate the lectin
in a time-dependent fashion, with some transport observable during the early G,
phase but no import at the onset of DNA synthesis; and (d) both the NH,- and
COOH-terminal domains of rCBP35, when microinjected into 3T3 cells, were
found to accumulate in the nucleus. We shall discuss each of the above items in
turn.

Two main possibilities have been considered to explain the difference in
the nuclear import properties of rCBP35 under in vitro versus in vivo assays. The
first possibility is that the S100 cytosolic extract, while sufficient to facilitate the
transport of HSA-NLS in the in vitro assay, could not provide a necessary factor
for the transport of rCBP35. One candidate for such a specific requirement may
be a protein kinase which normally phosphorylates CBP35 in vivo. The pl of the
murine CBP35 polypeptide is 8.7, as determined by calculation froﬁ the deduced
amino acid sequence and experimentally by isoelectric focusing of rCBP35 (14).

When 3T3 cell extracts were subjected to two-dimensional gel electrophoresis and
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immunoblotting, however, two spots are observed, corresponding to pl values of
8.7 and 8.2. The pl 8.2 form represents a posttranslational modification of the pI
8.7 polypeptide, by the addition of a single phosphate group (14). The
phosphorylated form (pl 8.2) could be found in both the cytoplasm and the
nucleus, whereas the pl 8.7 species was found exclusively in the nucleus. On the
basis of these observations, it was hypothesized that phosphorylation of the CBP35
polypeptide may be a requirement to traverse the nuclear pore complex during
nucleo-cytoplasmic transport (15). Considered in these terms, the cytosol of the
intact cell may be able to phosphorylate the rCBP35 while the S100 fraction of the
in vitro assay could not do so.

An alternative possibility to account for the failure of rCBP35 to be
translocated into the nucleus in digitonin-permeabilized cells may be due to the
lectin’s binding to glycoconjugates, which it would not encounter when
microinjected. However, we could not overcome this difficulty either by inclusion
of Lac to prevent saccharide-specific binding or by increasing the amount of
rCBP35. Moreover, the staining pattern of rCBP35 in the in vitro assay, punctate
cytoplasmic labeling with a distinct nuclear periphery, was similar to those
observed in microinjected cells that failed to transport the lectin into the nuclei.
Finally, this perinuclear staining pattern is similar to that observed as an initial
step to nuclear localization after serum stimulation for a number of nuclear
proteins, including c-Myc, DNA polymerase a, and Proliferating Cell Nuclear
Antigen (the auxiliary protein of DNA polymerase d) (16). On the basis of these

kinds of considerations, we presently favor the notion that the failure of rCBP35
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to be transported in the in vitro assay may be due to a missing factor (kinase).
This requirement may also account for the observation that only a fraction of the
cells microinjected with CBP35 import the lectin into their nuclei and that this
fraction varies with the proliferative state of the culture under analysis (see
below).

From both the in vitro and in vivo assays, it seems evident that the
requirements and regulation of nuclear import are quite different for rCBP35 and
HSA-NLS. In microinjection experiments where nuclear translocation of both
substrates was observed, the HSA-NLS transport was sensitive to inhibition by
WGA, while that of rCBP35 was not affected by the plant lectin. Co-
sedimentation and co-immunoprecipitation experiments (3; S.Y. Wang,
unpublished observations) suggest that intracellular CBP35 is associated with a
RNP, possibly including the U snRNPs. Thus, it is possible that the transport of
rCBP35 would not be inhibited by the same concentration of WGA used to block
entry of HSA-NLS, as had been reported for Ul and US snRNPs (17,18). We
have not had the opportunity to test, as yet, the sensitivity of rCBP35 import to
inhibition by trimethylguanosine cap (or by antibodies directed against
trimethylguanosine cap), a structural marker that constitutes part of the nuclear
localization signal for most of the U snRNPs (19,20).

The nuclear localization of HSA-NLS appears to be an all-or-none
phenomenon. In any given cell, all of the Rh-HSA-NLS appeared to be
accumulated in the nucleus, with little or no fluorescence in the cytoplasm. This

was distinctly different from the case for CBP35, which showed both nuclear and
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cytoplasmic staining. It should be noted that, in this respect, the behavior of
microinjected Rh-rCBP35 mimics that of the lectin endogenous to 3T3 cells.
Previous immunofluorescence staining of formaldehyde fixed and Triton X-100
permeabilized cells with anti-CBP35 had shown that the intracellular lectin could
be found in both nuclear and cytoplasmic compartments of the same cell (2,3).
Irrespective of culture conditions, nearly all the cells microinjected with Rh-
HSA-NLS translocated the label into the nucleus. In contrast, not all the cells
receiving Rh-rCBP35 showed nuclear localized fluorescence. Again, this is more
similar to the situation encountered with endogenous CBP35 (3), as well as other
nuclear proteins such as c-Myc, DNA polymerase a, and Proliferating Cell Nuclear
Antigen (16). The fraction of cells exhibiting nuclear transport of microinjected
rCBP35 appeared to depend on the proliferation state of the culture. The data
on microinjected rCBP35 should be compared to the time course for the nuclear
localization of endogenous CBP35 in serum-stimulated 3T3 fibroblasts (Table I).
While the increase in fraction of cells showing nuclear localization of microinjected
rCBP35 in early G, phase (5 hours post-stimulation) was consistent with an
increase in nuclear CBP35 endogenous to the cell, the failure to transport
microinjected rCBP35 at 16 hours post-stimulation presented a puzzle. One
possibility is that the cell produces a limited amount of a factor required for
nuclear import and the microinjected Rh-rCBP35 cannot effectively compete
against endogenously synthesized CBP35 when the cell is producing the lectin
maximally. Another possibility may be that by the onset of S-phase, the required

transport factor is no longer available and that the high levels of endogenous
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nuclear CBP35 reflects the accumulation of the lectin over the past 10-15 hours.
Clearly, a more refined kinetic study assaying for both microinjected rCBP35 and
the endogenous CBP35 would be required to sort out these preliminary findings.
One surprise of the present studies is that both the NH,- and COOH-
terminal domains of CBP35 could be found in the nucleus following
microinjection. The molecular weights of the polypeptides corresponding to these
two domains were, respectively, 15,000 and 16,000 as determined on SDS-PAGE
(6). Gel filtration and sedimentation equilibrium studies indicate that they remain
as monomers in nondenaturing buffers (unpublished observations). Although it
has been suggested that nucleopores can accommodate the entry by passive
diffusion of proteins with molecular weights of 20,000-40,000 (21,22), histones H1
(M, 21,000) and H2B (M, 13,800) are imported into the nucleus using mechanisms
which are not dependent on simple diffusion (23,24). Moreover, if TCBPND and
rCBPCD were freely diffusible through the nucleopores, it is not clear why they
should stain the nuclei so intensely, relative to the cytoplasm. Finally, as was
observed with intact rCBP35, there are cells microinjected with Rh-rCBPND and
Rh-rCBPCD which clearly are not labeled in the nucleus. On the basis of these
considerations, it does not appear likely that the individual domains entered the
nucleus by diffusion. Thus, it would be of interest to determine if the same
mechanisms that regulate the import of rCBP35 also apply to the NH,- and

COOH-terminal domains.
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CHAPTER V
CONCLUDING STATEMENT

The expression and intracellular localization of CBP35 is linked to the
proliferative state of the cell (1,2). In actively growing cells, CBP35 protein levels
are elevated and the protein is in the nucleus. Therefore, the studies detailed in
this dissertation were initiated to examine the control and kinetics of the
expression of the CBP35 gene. Furthermore, it was our aim to delineate the
mechanisms by which CBP35 can translocate to the nucleus.

The first question was answered by performing Northern blot analyses and
nuclear run-off assays. The conclusions derived from these experiments establish
that the protein is subject to transcriptional regulation in cells. Proliferating cells
have a higher transcriptional rate for CBP35, as well as higher levels of CBP35
mRNA, as compared to quiescent cells. The mRNA for CBP35 is induced within
30 minutes after serum stimulation of quiescent cells. Moreover, the transcription
of the CBP35 gene is independent of de novo protein synthesis. Together, these
data provide a strong case for the classification of the CBP35 gene as a primary
response gene.

In order to examine the nuclear translocation of CBP35, we required that

sufficient quantities of CBP35 be available for derivatization with fluorescent
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reagents. A procaryotic expression vector system was devised to produce large
amounts of CBP35. The protein generated in this manner is designéted as
recombinant CBP35, or rCBP35.

When rCBP3$ derivatized with rhodamine (Rh-rCBP35) was added to an
in vitro nuclear import assay, no translocation was observed. This was in contrast
to the results observed for the nuclear import substrate Rh-HSA-NLS. However,
when rCBP35 was microinjected into the cytoplasm of live cells, nuclear import
was evident. Thus, the conclusion that can be drawn from these data is that the
nuclear import of Rh-rCBP35 cannot be achieved by a property intrinsic to the
polypeptide. The import of Rh-rCBP35 may require that the protein undergo
some type of modification, such as phosphorylation. On the other hand, Rh-
rCBP35 may be co-transported with another nuclear molecule. A possible
candidate for such a molecule would be the U snRNPs. It has been postulated
that a possible ligand for the intracellular population of CBP35 is a
ribonucleoprotein (3; S.Y. Wang, unpublished observations). The in vivo nuclear
transport assay may, thus, not only allow us to examine the factors governing the
nuclear entry of CBP35, but it may also be used to elucidate the ligand, and hence
the function, for CBP35 in the cytoplasm and the nucleus.
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