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Summary 

We have isolated the gene encoding the Schwann cell 
glycoprotein PO, the major structural protein of the 
peripheral myelin sheath. In rats and mice, this gene is 
split into six exons distributed over 7 kb of DNA. The 
segregation of these exons is consistent with the func- 
tional segregation of the PO protein into extracellular, 
membrane-spanning, and cytoplasmic domains. We 
find that the PO extracellular domain is similar in 
structure to a single immunoglobulin variable region 
domain. In contrast to prototypical immunoglobulin 
domains, however, this PO domain is encoded by two 
exons, the partitioning of which provides genetic evi- 
dence for the evolution of immunoglobulin-related do- 
mains from an ancestral half-domain. We also describe 
procedures for transfection of cultures of nontrans- 
formed rat Schwann cells and use these procedures to 
show that the Schwann cell-specific expression of the 
PO gene is controlled by &acting elements localized 
upstream of exon I. 

introduction 

The rapidly conducting axons of vertebrates are sur- 
rounded by myelin, a multilayered, membranous sheath 
of insulation that serves to greatly increase the velocity 
of nerve impulse propagation (Ranvier, 1878; Ritchie, 
1983). In the peripheral nervous system (PNS) this 
sheath is elaborated by Schwann cells as the result of a 
contact-dependent interaction with axons (Bray et al., 
1981). This interaction has two notable metabolic conse- 
quences: an enormous increase in Schwann cell plasma 
membrane biosynthesis (Webster, 1971) and the induc- 
tion and high level expression of a set of proteins unique 
to myelin-forming cells (Lemke, 1986). 

The most abundant of these induced proteins is PO, a 
small integral membrane glycoprotein that accounts for 
over 50% of the protein present in peripheral myelin (Is- 
haque et al., 1980). This protein has been the subject of 
considerable interest owing both to its hypothesized role 
as an organizer of the peripheral myelin sheath and to 
the marked cellular specificity and inducibility of its ex- 
pression (Lemke, 1986). The primary structure of P, has 
been deduced from cloned cDNAs (Lemke and Axel, 
1985) and directly determined by protein sequencing 
(Sakamoto et al., 1987). Analysis of this structure has 
suggested a model for PO transmembrane orientation 
and function in which distinct domains of the protein 
play essential roles in both the elaboration and the sub- 
sequent compaction of the myelin sheath. One of these 

PO domains is positioned extracellularly, at the intra- 
period line of the myelin sheath, and has been hypothe. 

sized to bring about myelin compaction through homo- 
typic interactions with like domains expressed on the 
surface of apposed myelin lameilae (Lemke and Axel, 
1985). This domain has recently been found to exhibit 
significant similarity to members of the immunoglobulin 
superfamily (Lai et al., 1987) that are known to mediate 
a variety of homotypic and heterotypic interactions in 
the immune and nervous systems (Barclay et al., 1987). 

PO expression is restricted to myelinating Schwann 
cells. The protein is not produced by oligodendrocytes, 
the myelinating glia of the central nervous system (CNS) 
(Greenfield et al., 1973), or by those Schwann cells that 
do not elaborate myelin (Brockes et al., 1980). Schwann 
cell expression of the PO gene is initiated as the result of, 
and remains dependent upon, contact with appropriate 
peripheral axons (Politis et al., 1982; Trapp et al., unpub- 
lished data). Experiments in vitro indicate that this in- 
duction and continued dependence may be mediated 
intracellularly by CAMP (Lemke and Chao, 1988). These 
data suggest that the cis-acting elements controlling tran- 
scription of the PO gene must be both cell-specific and 
inducible. 

We have undertaken the isolation and analysis of the 
PO gene in order to address issues of structure, function, 
and regulation in detail. We find that the genomic orga- 
nization of this gene supports our previously described 
model for the functional segregation and transmem- 
brane orientation of P,, protein domains. This organiza- 
tion also provides genetic evidence for the evolution of 
immunoglobulin domains from an ancestral half-domain 
and suggests that PO is among the most primitive of the 
immunoglobulin-related proteins. Wedescribe methods 
for the identification of regulatory elements of myelin 
genes using nontransformed cultures of Schwann cells 
and demonstrate that for the PO gene these elements re- 
side within a 1 kb region of DNA upstream of the coding 
sequences. 

Results 

Isolation and Structure of the Rat and 
Mouse P,, Genes 
We isolated clones encoding the rat and mouse PO 
genes by screening two genomic libraries with the full- 
length rat PO cDNA. These clones were then restriction 
mapped using synthetic RNA probes transcribed from 
selected regions of the rat cDNA (see Experimental 
Procedures). These mapping studies allowed us to deter- 
mine the gross pattern of exon-intron segregation within 
both the rat and the mouse genes. We then used dideoxy 
sequencing methods to determine the precise structure 
of selected portions of the rat gene. 

The results of these studies are presented in Figures 1 
and 2. In contrast to the myelin basic protein gene (Taka- 
hashi et al., 1985), both the rat and the mouse PO genes 
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Figure 1. Restriction Map and Exon Segregation of the Rat and Mouse PO Genes 

Charon 4A genomic clones containing the rat Pa (1RPoGl) and mouse PO (hMPoG118) genes were restriction mapped with BamHl (B), EcoRl 
(E), Hindlll (H), and Xbal (X) as described in Experimental Procedures. Roman numerals indicate exons I through VI, which are aligned to 
show correct spacing relative to the IRP&l map. Approximately the same alignment holds for the hMP&118 map, although exon-intron 
boundaries for the mouse gene have not been sequenced. Solid black and solid white boxes indicate protein coding and untranslated se- 
quences, respectively. For both clones, the 5’ end of the gene is ligated to the right phage arm. 

are relatively small (<7 kb) and are carried on single h 
phage clones. Each gene is interrupted by five introns, 
the first of which is much larger than the remaining four. 

trLrsmrs*rGlnvalmrLaurrrvalinscluLysv----------~-------------------- 
, ,  T*TG*GUGGGAC**GGG*C*GGTT&cTGG 

Figure 2. Nucleotide Sequence of the Rat PO Gene 

Comparison of the rat genomic and deduced protein se- 
quences reveals that the segregation of exons within the 
PO gene is well correlated with the proposed segrega- 

The nucleotide sequence of indicated portions of LRPOG1 was determined as described in Experimental Procedures. The sequence of exon- 
coding regions is displayed as white characters on black, with the deduced amino acid sequence of these regions printed above. Not displayed 
but determined are the complete sequences of introns II and III (available upon request). Underlined are three CAAT elements at nucleotides 
771, 818, and 838, a presumptive TATA element (see text) at nucleotide 886, and a polyadenylation signal (AATAAA) at nucleotide 6659. The 
transcription start site of this cloned gene, as determined by primer extension (see text and Figure 4) is indicated (>>). Numbering begins 
with the 5’-most Xbal site indicated in Figure 1. 
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Figure 3. lmmunoglobulin Relatedness of the PO Extracellular 
Domain 

(A) Alignment of the amino acid sequence of the rat PO extracellu- 
lar domain with the sequences of three related members of the im- 
munoglobulin superfamily (see text). Alignments were performed 
and evaluated using the computer program ALIGN as described in 
Experimental Procedures. Matches between Pa residues and those 
of aligned sequences are displayed as white characters on black. 
Gaps have been introduced in this figure to maintain the register 
between all four displayed sequences: individual pairwise align- 
ments involve the introduction of fewer gaps. The paired cysteine 
residues characteristic of immunoglobulin domains are arrowed. 
(6) Superposition of aligned amino acid residues encoded by exons 
II and III of the rat PO gene onto the secondary structure of the 
heavy (V,) and light (V,) chain variable region domains of human 
immunoglobulin Fab New (see text). This figure was generated by 
aligning the amino acid sequences of the Fab New VH and VL do- 
mains with the sequence of the PO extracellular domain. Shown 
are schematic diagrams of the Vn and VL secondary structures in 
which filled and open circles represent immunoglobulin residues 
upstream and downstream, respectively, of the aligned position of 
the second PO intro”. Antiparallel P-strands of the VH and VL do- 
mains are oriented vertically. N and C indicate the amino and car- 
boxy1 terminus of each domain. Adapted from Amzel and Poljak 
(1979). 

tion of functional domains of the protein. Thus exon I 
encodes 5’untranslated mRNA sequences together with 
most of the protein’s amino-terminal signal sequence 
(residues -29 to -71, while exons II and III together en- 
code the PO extracellular domain (residues -6 to 49 
and 50 to 120). Similarly, exon IV encodes the trans- 
membrane domain of the protein (residues 121 to 165), 
exon V a portion of the cytoplasmic domain (residues 
166 to 186), and exon VI the remainder of this domain 
(residues 187 to 219) along with the complete 3’- 
untranslated region. Each of these exons is bounded by 
appropriate consensus splice sites (Mount, 19821, with 

the junctions between exons II and III and exons V and 
VI falling between codons. The boundary between the 
extracellular and membrane-spanning domains is de- 
limited almost precisely by the intron separating exons 
III and IV. The boundary between the membrane-span- 
ning and cytoplasmic domains is less clearly marked in 
the rat gene, in that 15 of the 69 amino acids of the latter 

domain are encoded in exon IV. The nucleotide se- 
quence of the coding exons presented in Figure 2 is in 
exact agreement with our previously published sequence 
for the rat Pa cDNA. The genomic organization of the 
six PO exons is consistent with the generally advanced 
hypothesis that the exons of eukaryotic genes often en- 
code discrete functional units (Gilbert, 1978; Blake, 
1978; Go, 1983). 

The existence and location of the intron separating 
exons II and III are of particular interest with respect to 
the structure of the PO extracellular domain. In agree- 
ment with the observations of Lai and colleagues (19871, 
we find that this domain is significantly similar to certain 
members of the immunoglobulin gene superfamily (Wil- 
liams, 1985; Hood et al., 1985) and consists of a single 
variable-like immunoglobulin domain. It carries nearly 
all of the essential skeletal features of prototypical immu- 
noglobulin domains, including 2 cysteine residues, sepa- 
rated by 76 amino acids and presumed to be disulphide- 
bonded (Cammer et al., 1980), an intervening Arg-Asp 
salt bridge, and reiterated stretches of alternating hy- 
drophobic residues. We have examined this similarity in 
detail by aligning the amino acid sequence of the PO ex- 
tracellular domain with several immunoglobulin-related 
sequences. The three alignments that exhibited the 
greatest statistical similarity in a computer-assisted search 
(see Experimental Procedures) are illustrated in Figure 
3A. These alignments indicate that the PO domain is 
most similar to the first variable region domain of the hu- 
man T cell glycoprotein T4 (which serves as the receptor 
for the human immunodeficiency virus) (Maddon et al., 
1986); domain 3 of the polyimmunoglobulin receptor 
(Mostov et al., 1984); and domain 1 of the brain-thymus 
antigen OX2 (Clark et al., 1985). Each of these compari- 
sons yields alignment scores greater than 6.0 standard 
deviations above mean random scores, with amino acid 
identities in the range of 22%-29%. The values for the 
PO-polyimmunoglobulin receptor alignment, for exam- 
ple, are 7.2 (alignment score) and 29% (residue matches 
after the introduction of seven gaps). These values are in- 
dicative of sequences that are distantly yet unambigu- 
ously related (see Experimental Procedures). Compari- 
sons with several other members of the immnoglobulin 
superfamily, including Thy-l, the myelin-associated gly- 
coprotein, and light and heavy chain immunoglobulin 
variable region domains, yield somewhat lower but none- 
theless significant alignment scores. The degree of amino 
acid sequence identity and the spacing between disul- 
phide-bonded cysteine residues (arrowed in Figure 3A) 
clearly place the PO extracellular domain among vari- 
able-like as opposed to constant-like immunoglobulin 
domains (Barclay et al., 1987). 

In immunoglobulin and closely related genes, these 
domains are encoded by single exons (Evans, 1987). 
Both primary and secondary structure analyses, how- 
ever, have suggested that immunoglobulin domains may 
have arisen from an ancestral half-domain that evolved 
through duplication and subsequent adjoining. One 
prediction of this scenario is that genes encoding more 
primitive immunoglobulin-related polypeptides might 
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Figure 4. Primer Extension Mapping of the 5’ End of the Rat PO 
Gene 

A radiolabeled oligonucleotide complementary to the S’end of the 
rat PO cDNA (Lemke and Axel, 1985) was hybridized to either 
sciatic nerve or BC,Hl mRNA and then extended using reverse 
transcriptase as described in Experimental Procedures. Shown are 
the radiolabeled extension products as resolved on a denaturing 
polyacrylamide gel adjacent to the dideoxy sequencing ladder of 
a fragment whose sequence we have determined on both strands. 
SEQ, sequencing reactions; PX, primer extension products gener- 
ated from sciatic nerve 6) or BC3Hl (6) mRNAs. (t?C,Hl muscle 
cells do not express the PO message.) The scale at left indicates the 
length of resolved sequencing fragments in nucleotides. 

retain remnants of these ancestral half-domains en- 
coded in separate exons. As illustrated in Figure 2, the 
second intron of the rat and mouse Pa genes splits se- 
quences encoding the variable-like extracellular domain 
into two such exons. We have aligned the amino acid 
sequence of this domain with those of two human immu- 
noglobulin variable region domains whose secondary 
structures have been solved (the heavy and light chain 
variable regions of Fab New) (Amzel and Poljak, 1979). 
The position at which the second Pa intron would di- 
vide these aligned domains is illustrated schematically in 
Figure 38. For both of these structures this intron divides 
the aligned variable region fold into two roughly equiva- 

lent subfolds (of four anti-parallel B-strands) joined by a 
connecting bridge. For the aligned light chain variable 
region this division is an exact one. Although the sec- 
ondary structure of the PO extracellular domain has not 
been determined directly, we have observed that predic- 
tive algorithms (Chou and Fassman, 1978) yield remark- 
ably comparable secondary structures when applied to 
the PO and human immunoglobulin Fab New amino 
acid sequences. 

One additional, highly conserved feature of immuno- 
globulin-related genes is the pattern of RNA splicing be- 
tween exons encoding individual immunoglobulin-re- 
lated domains. This splicing occurs between the second 
and third nucleotide of the junctional codon for all 
known cases (Evans, 1987), a pattern that is broken in the 
PO gene. As illustrated in Figure 2, the splicing between 
PO exons III and IV occurs between the first and second 
nucleotides of the codon. 

Boundaries of the PO Gene 
In addition to addressing questions relating to protein 
structure, function, and evolution, isolation of the PO 
gene allows for analysis of the cis- and trans-acting ele- 
ments that control its cell-specific expression. To pursue 
these studies, we first needed to determine the 5’ and 3’ 
limits of the gene. The latter can be inferred from the po- 
sition of a consensus polyadenylation signal (AATAAA) at 
nucleotide 6659 (underlined in Figure 2). There are no 
other polyadenylation signals (Birnstiel et al., 1985) 
downstream of the PI, stdp codon, and poly(A) addition 
near nucleotide 6659 would generate an mRNA of ap- 
proximately 2 kb, the size observed for the bona fide PO 
message (Lemke and Axel, 1985). We determined the 5’ 
end of the Pa gene by primer extension, using reverse 
transcriptase to extend a radiolabeled synthetic oligonu- 
cleotide primer (complementary to nucleotides 976-1006 
in Figure 2) following hybridization to poly(A)+ RNA 
isolated from either rat Schwann cells or the BCaHl 
muscle cell line. The extension products were resolved 
on a denaturing polyacrylamide gel, and their lengths 
were measured relative to the migration of an adjacent 
dideoxy sequencing ladder. The results of this analysis 
are illustrated in Figure 4. Two major extension products 
of 89 and 90 bp are observed. Given the length and se- 

quence position of the oligonucleotide primer, these 
products mark a stuttered 5’ cap site 63 and 64 nucleo- 
tides upstream of the initiator ATG. These positions cor- 
respond to the dinucleotide CA, a common site for the 
initiation of RNA polymerase II transcripts (Breathnach 
and Chambon, 1981). We have isolated three indepen- 
dent rat PO cDNAs that extend to within 5 nucleotides 
of these positions. The sequence at the 5’ ends of these 
cDNA clones is colinear with that of the cloned rat PO 
gene, thus excluding the possibility of an additional in- 
tron interrupting genomic sequences encoding 5’-un- 
translated RNA. In addition to the 89190 bp primer 
extension product, a second, longer product is also pres- 
ent in the gel shown in Figure 4. This product is also ob- 
served with control mRNA isolated from BCaHl muscle 
cells, which do not express the PO message (Lamar and 
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Lemke, unpublished data), and must therefore result 
from hybridization of the oligonucleotide primer to a 
ubiquitous non-P,-, RNA. 

Identification of the 5’ end of the rat P, gene has al- 
lowed us in turn to identify several intriguing sequence 
similarities between the upstream and 5’-untranslated 
regions of this gene and corresponding regions from the 
other major myelin genes, those encoding myelin basic 
protein (MBP) and the proteolipid protein (PLP). The P,, 
and MBP genes are coordinately regulated in Schwann 
cells in the PNS, whereas the PLP and MBP genes are 
coordinately regulated in oligodendrocytes in the CNS 
(Lemke, 1986). The most extensive stretch of sequence 
similarity (19 identities out of 25 nucleotides) is found 
within the 5’.untranslated regions of both the PO and 
MBP genes (Figure 2, nucleotides 941-965): 

PO ACCCCACAGacGCTCtCCgccCTTG 
MBP ACCCCACAGcaCCTCcCCaggCTTG 

In addition, we note that the sequence at and around 
the transcription start site of the rat PO gene (TCAG) is 
the same as that determined for the mouse MBP gene 
(Takahashi et al., 1985) and estimated for the rat PLP 
gene (Milner et al., 1985). The upstream regions of nei- 
ther the PO gene nor the MBP gene exhibit a conven- 
tional TATA box (Corden et al., 1980). The TA-rich ele- 
ment that is likely to serve this function for the PO gene 
(GATTTTAA) is located at position -30 to -23 (nucleo- 
tides 886-893, underlined in Figure 2). The sequence 
around this region is also similar to what are thought to 
be the equivalent elements of the mouse MBP and hu- 
man PLP genes and is identical to the TATA box known 
to regulate the transcription of several major histocom- 
patibility genes, including the murine E, gene (Dorn et 
al., 1987). The PO upstream region contains three CAAT 
sequences positioned 78, 98, and 145 nucleotides up- 
stream of the transcription start site, none of which are 
canonical (Jones et al., 1987). An inverted canonical se- 
quence is present on the noncoding strand 72 nucleo- 
tides upstream of the start site. The CAAT sequence at 
-98 is preceded by a 9 bp element (GCCACCCTC, 
nucleotides 797-805 in Figure 2), which is similar to a 
critical upstream promoter element similarly situated in 
the mouse B major globin gene (Myers et al., 1986). This 
element is in turn preceded by two nearly identical di- 
rect repeats of 10 bp each. Although we have found that 
Schwann cell expression of the PO gene is strongly 
potentiated by elevated levels of intracellular CAMP 
(Lemke and Chao, 1988), the CAMP response element 
identified by Montminy and colleagues (1986) is not 
present within the 1 kb of DNA preceding the PO tran- 
scription start site. 

Schwann Cell Expression of the PO Gene 
Ideally, one would like to be able to assess directly the 
functional relevance of each of the above sequences 
with respect to the cell specificity, inducibility, and coor- 
dinate regulation of the genes they may control. This 
goal has in general proven elusive for the large number 

of specialized genes expressed by eukaryotic cell types 
whose growth in vitro is limited by availability or culture 
conditions. For those genes expressed by Schwann cells, 
recent advances in cell biology have overcome these 
limitations. These cells can be prepared as an essentially 
pure population that, upon the addition of appropriate 
mitogens, can be expanded at will (Brockes et al., 1979; 
Lemke and Brockes, 1984; Porter et al., 1986). We have 
found that these purified cells can be maintained as a 
dividing population in a nontransformed state for many 
months in culture and can be frozen in liquid nitrogen 
and thawed with >90% viability. 

In attempting to identify &acting elements that con- 
trol the Schwann cell-specific expression of the PO 
gene, we first analyzed the activity of DNA segments lo- 
cated immediately upstream of the transcription start 
site. These segments were cloned into the plasmid 
pSVO-CAT (Gorman et al., 1982) adjacent to the bac- 
terial chloramphenicol acetyltransferase (CAT) gene and 
transfected into Schwann cells (see Experimental Proce- 
dures). As a control for variations in transfection effi- 
ciency, a second plasmid containing the bacterial B-ga- 
lactosidase @gal) gene linked to the Rous sarcoma virus 
promoter (pRSV-Bgal) (Edlund et al., 1985) was cotrans- 
fected into each experimental plate. Sixty hours follow- 
ing transfection, cells were harvested and assayed for 
Bgal activity. j3Gal equivalents of each transfection ex- 
tract were then assayed for CAT activity (see Experimen- 
tal Procedures). 

Figure 5 illustrates the result of introducing constructs 
in which three different pairs of upstream segments of 
the rat P, gene are linked to the CAT gene. Two of these 
construct pairs (HA5116 and XA2/6) contain fragments 
whose 3’ ends are within sequences encoding 5’- 
untranslated RNA (Figure 2, the Apal site at nucleotide 
957). These fragments extend 5’ to either a Hindlll site 
(HA5116) or an Xbal site (XA2/6) 1092 and 915 bp up- 
stream of the transcription start site, respectively. The 
third pair of CAT constructs (HB19/27) contains a frag- 
ment whose 3’end is 39 bp upstream of the transcription 
start site (Figure 2, the BamHl site at nucleotide 877) and 
that extends 5’to the upstream Hindlll site. These paired 
constructs, which correspond to sense and antisense 
orientations relative to the CAT gene, are diagrammed in 
Figure 5A. Their activity profile upon transfection into 
Schwann cells is presented in Figure 5B. 

This profile demonstrates that the HA16 and XA6 seg- 
ments are potent stimulators of CAT transcription when 
introduced into Schwann cells. These constructs, which 
contain the identified CAAT and TATA elements along 
with approximately two-thirds of the MBPhomologous 
5’-untranslated element, routinely generate levels of CAT 
activity 30- to 80-fold above those of the promoterless 
reference plasmid pSVO-CAT. This activity is compara- 
ble to that generated by the strong promoters of the 
SV40 and Rous sarcoma viruses (German et al., 1982) 
(see Figure 5B), an effect consistent with the high level 
of endogenous PO expression in Schwann cells. While 
both the HA16 and the XA6 constructs are transcription- 
ally active, their inverted partners, HA5 and XA2, do not 
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Figure 5 Structure and Transcriptional Activity of PO Promoter 
Constructs 

(A) Indicated regions of the rat PO gene (1RPaCl) were subcloned 
in both orientations upstream of the bacterial CAT gene at the Hin- 
dill cloning site of pSVO-CAT (Corman et al., 1982). The upper PO 
gene map is in exact alignment with the lower construct diagrams. 
(B) Activity profile of the CAT fusion constructs diagrammed in (A). 
Constructs were transfected into cultured Schwann cells, and CAT 
activity was assayed as described in Experimental Procedures. 
HA5/16, XA2/6, and HB19/27 refer to the plasmids diagrammed in 
(A). SVO, promoterless pSVO-CAT reference plasmid; SV2, pSV2- 
CAT (Corman et al., 1982), a plasmid in which the bacterial CAT 
gene is driven by the SV40 early promoter. All transfections were 
performed in medium containing 4 uM forskolin (see text). 

exhibit any activity above that of the SVO reference plas- 
mid. The third segment tested (HB19/27) has its 3’termi- 
nus immediately upstream of the presumptive TATA ele- 
ment (thereby also excluding the MBPrelated element). 

This segment is completely devoid of transcriptional ac- 
tivity in either orientation (Figure 5B). 

The expression of these hybrid constructs is Schwann 
cell-specific to the extent that we have not observed any 
transcriptional activity when they are introduced into 
seven different glial and nonglial cell lines (Table 1). This 
specificity is particularly striking in the case of the Rat2 
and NIH3T3 cell lines, in light of the fact that these fibro- 
blast lines have been found to express a variety of trans- 
fected genes that are not expressed endogenously. Since 
Schwann cells develop from the neural crest, we also 
transfected cells lines derived from tumors of two other 
crest derivatives, melanocytes and chromaffin cells. Nei- 
ther B78Hl melanoma cells (Graf et al., 1984) nor PC12 
pheochromocytoma cells (Greene and Tischler, 1976) 
support transcription from the HA16 or XA6 promoter 
segments (Table 1). a’ 

As noted above, Schwann cell expression of the major 
myelin genes is dependent upon contact with neuronal 
axons. Experiments in vitro have suggested that this de- 
pendence may in part derive from the ability of axons 
to raise intracellular levels of CAMP: addition of a low 
concentration (1 F1Iv\) of forskolin, a specific and revers- 
ible activator of adenylate cyclase (Seamons et al., 1981), 
results in a TO-fold increase in steady-state Pa mRNA 
levels in Schwann cells cultured in the absence of axons 
(Lemke and Chao, 1988). The HA16 and XA6 hybrid con- 
structs show a very similar CAMP dependence. Schwann 
cells transfected with thge constructs and cultured in 
the absence of forskolindo not express appreciable lev- 
els of CAT activity (Table 1). This effect is most clearly 
seen in the relative activities of the Pa and SV40 
promoters. As illustrated in Figure 5 and Table 1, these 
promoters show roughly comparable activities when in- 
troduced into Schwann cells cultured in the presence of 
forskolin. Although the activity of both promoters is re- 
duced in cells withdrawn from forskolin, the magnitude 
of this reduction is 7- to lo-fold greater for the PO pro- 
moter than for its SV40 counterpart (Table 1). Taken to- 
gether, these data indicate that we have delineated a set 

Table 1. Cell Specificity and lnducibility of the PO Promoter 

Cell Line Cell Type 

HA1 6lSVO SV2lSVO 

-F +F -F +F 

PC123 Rat pheochromocytoma 0.7 0.4 14.9 28.2 
B78Hl” Mouse melanoma ND 1.4 ND 162.9 
C6a Rat CNS glioma ND 2.0 ND 152.0 
BC,Hlb Mouse muscle 1.2 1.6 21.2 24.9 
NIH 3T3b Mouse fibroblast 0.8 0.7 44.1 50.0 
Ra& Rat fibroblast ND 1.1 ND 63.7 
RSC” Rat Schwann cells 2.2 71.8 20.3 86.6 

The SV40 promoter is active in all cell lines transfected, but the PO promoter is active only in Schwann cells cultured in the presence of 
forskolin. CAT activity ratios were calculated from the combined radioactivity present in the 1-acetyl and 3-acetyl [3H]chloramphenicol spots 
of thin layer chromatograms, as determined by liquid scintillation counting, or densitometric scans of autoradiograms. Each cell line was 
transfected with pPCATHAl6 (Pa promoter), pSV2-CAT (SV40 early promoter), or pSVO-CAT (no promoter) in the presence (+F) or ab- 
sence (-F) of 4 uM forskolin. Variation in the SV2:SVO ratio between negative cell lines reflects cell-specific variation in the basal level 
of CAT expressed by pSVO-CAT transfectants, transfection efficiency, and expression level of the SV40 promoter. 
ND, not determined. 
a CAT activity determined by liquid scintillation counting. 
b CAT activity determined by densitometric scans of autoradiograms. 
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Figure 6. Schematic Representation of the 
Segregation of PO Protein Domains with 
Exons of the PO Gene 
For this diagram, the rat PO gene map has 
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been aligned with a representation of PO 
protein orientation in the peripheral myeli” 
membrane. In agreement with biochemical 
and sequence data, the PO protein is de- 
pitted as spanning this membrane once, 
with the amino terminus positioned extracel- 
lularly. The extracellular domain is depicted 
as bringing about extracellular membrane 
adhesion through homotypic interact&s, 
and the cytoplasmic domain is depicted as 
promoting intracellular membrane adhesion 
through electrostatic protein-lipid interac- 
tions. (Biochemical and genetic evidence 
supports the hypothesis that these domains 
function as adhesion molecules, but there is 
no direct evidence to support the mecha- 
nisms depicted.) The membrane stacking 
shown is repeated many times in the periph- 
eral myelin membrane. 

of c&acting elements that regulate the cell-specific and 
inducible transcription of the rat PO gene. 

Discussion 

The Structure, Function, and Evolution of PO 
PO has been hypothesized to function as a cell adhesion 
molecule during the elaboration and compaction of the 
peripheral myelin sheath (Braun, 1984; Lemke and Axel, 
1985). This compaction must be achieved at two distinct 
membrane appositions. The first of these corresponds to 
the joining of apposed cytoplasmic membrane faces and 
results in what structural biologists have termed the ma- 
jdr dense line of myelin. Compaction at this apposition 
is probably achieved through the combined action of 
MBP and the cytoplasmic domain of PO. The second re- 
gion of myelin compaction corresponds to the joining of 
apposed extracellular membrane faces to form the my- 
elin intraperiod line. In the PNS, this joining is hypothe- 
sized to result from hydrophobic, homotypic interac- 
tions between PO domains expressed at the extracellular 
surfaces of apposed myelin lamellae (Lemke and Axel, 
1985). This mechanism is analogous to that utilized by 
the neural cell adhesion molecule (N-CAM) and other 
cell adhesion proteins (Edelman, 1983). 

Our analysis of the structure of the PO gene supports 
and extends this hypothesis in several respects. The 
hypothesized configuration of the PO protein within the 
myelin membrane-a single extracellular domain of 124 
amino acids, a single membrane-spanning domain of 26 
amino acids, and a single cytoplasmic domain of 69 
amino acids-is generally consistent with the segrega- 
tion of exons within the rat and mouse PO genes (Figure 
6). Most importantly, our results demonstrate that the 
p0 extracellular domain is homologous to the variable 
region fold of immunoglobulins, a property shared by a 
growing number of neuronal and glial cell surface adhe- 

sion molecules (Lai et al., 1987). Of the three members 
of the immunoglobulin superfamily to which the PO ex- 
tracellular domain is most similar, two-the polyim- 
munoglobulin receptor and theT4 protein-function as 
binding or adhesion molecules. The polyimmunoglobu- 
lin receptor is a protein that transports immunoglobulin 
molecules across epithelial cells and is thought to bind 
IgA and IgM via interactions between the immunoglob- 
ulin domains present on both the receptor and the anti- 
body molecules it recognizes (Mostov et al., 1984). The 
glycoprotein T4 is a T cell surface antigen thought to 
function as an adhesion molecule by interacting with 
the immunoglobulin-related major histocompatibility 
class II antigens of macrophages (Gay et al., 1987). (The 
function of the OX2 antigen is not known.) The fact that 
these two proteins function as recognition molecules in 
which immunoglobulin-related domains interact with 
immunoglobulin-related domains provides support for 
the hypothesis that the extracellular domain of PO func- 
tions by recognizing itself rather than through direct in- 
teraction with lipids of the apposed myelin membrane. 

The position of PO within the immunoglobulin super- 
family is unique. It is the only member of this family that 
contains a single immunoglobulin domain and is hy- 
pothesized to function through self-recognition. These 
are the properties one would predict for a structure 
whose gross features are minimally diverged from those 
of the primordial recognition molecule from which both 
the immune and the nervous systems are thought to 
have evolved (Evans, 1987). This notion is supported by 
the structure of the PO gene, in which sequences en- 
coding the variable-like extracellular domain are split 
between two exons. Until recently, all immunoglobulin- 
related domains have been found to be completely en- 
coded within single exons. This has proven to be the 
case both for simple, single domain structures such as 
Thy-l (Ingraham et al., 1986) and for complex, multi- 



domain structures such as immunoglobulins (Honjo, 
1983). However, the split exons of the PO gene suggest 
that these structures may not have evolved from a single 
ancestral domain, but rather from the duplication and 
joining of an ancestral half-domain. This hypothesis has 
been advanced previously on the basis of amino acid se- 
quence similarity between the two halves of heavy chain 
variable region domains (Bourgois, 1975) and from con- 
sideration of the bilaterally symmetric secondary struc- 
tures of the immunoglobulin domains of immunoglo- 
bulins and major histocompatibility complex antigens 
(Amzel and Poljak, 1979). We propose that the second 
intron of the PO gene would split these secondary struc- 
tures almost precisely into two symmetric subfolds (Fig- 
ure 3B). 

A partitioning of the immunoglobulin fold has also 
been observed for exons encoding each of the immuno- 
globulin-related domains of N-CAM (Owens et al., 1987), 
a protein whose multi-domain structure appears to be 
intermediate between Pa and the more complex immu- 
noglobulins. Similarly, Littman and Gettner (1987) and 
Maddon and colleagues (1987) have observed an intron 
interrupting sequences encoding the first of the four 
variable-like domains of the T4 protein. The position of 
the T4 intron is similar to the position of the second PO 
intron: in the aligned sequences shown in Figure 3A, this 
T4 intron occurs 11 amino acid residues downstream of 
its PO counterpart. Two of the five introns interrupting 
N-CAM immunoglobulin domains are also positioned 
similarly to the PO intron, although the remaining in- 
trons (those interrupting domains 1, 3, and 5) exhibit 
wide positional variation. This variation could be ac- 
counted for by an intron sliding mechanism (Marchionni 
and Gilbert, 1986; McKnight et al., 1986; Craik et al., 
1983), and does not in itself argue against the evolution- 
ary scenario we propose. Littman and Gettner (1987) 
have advanced an alternative model for the evolution of 
immunoglobulin related proteins based on the sugges- 
tion that the first immunoglobulin-related domain of T4 
may have evolved from the insertion of intron sequences 
into a single, preexisting variable-like exon. Our obser- 
vation of a similarly positioned intron in the gene encod- 
ing a far simpler member of the immunoglobulin super- 
family makes this possibility less likely. 

The Regulation of PO Gene Expression 
A second important feature of the evolution of the PO 
gene must have involved the restriction of its expression 
to myelin-forming cells and eventually to myelin-forming 
cells in the PNS (Tai and Smith, 1984). Although a priori 
one might imagine several mechanisms that could ac- 
count for such a restriction, the transfection studies 
presented above demonstrate that cis-acting elements of 
this gene play a key role in controlling the specificity and 
inducibility of its expression. Our identification of the 
PO regulatory region and demonstration that nontrans- 
formed Schwann cells provide a workable transfection 
host will allow for a detailed analysis of these myelin 
regulatory elements. 

The results of our first assays of the PO promoter re- 
gion are generally consistent with the organization and 
endogenous expression of the PO gene. Our identifica- 
tion of the transcription start site of this gene and of an 
upstream TATA element, for example, are supported by 
the failure of the HB27 construct to drive Schwann 
cell-specific transcription. Similarly, the orientation de- 
pendence of the HA16 and XA6 constructs almost cer- 
tainly reflects their inclusion of this TATA element. The 
robust transcriptional activity, Schwann cell specificity, 

and CAMP dependence of these constructs accurately 
mirror the regulatory behavior of the endogenous gene. 

Inspection of the PO promoter sequence reveals a rel- 
ative lack of generic transcription elements: complete 
copies of the API (Lee et al., 1987), MTLF (Chodish et 
al., 1986), SPI (Briggs et al., 1986), NFlll (Sen and Balti- 
more, 1986), AP2 (Mitchell et al., 1987), and AP3,;(lohn- 
son et al., 1987) elements are not present on either 
strand. An incomplete representation of the AP2 ele- 
ment (6 out of 7 nucleotides) is present on the noncod- 
ing strand at nucleotides 401-407. This sequence has re- 
cently been shown to mediate CAMP regulation of the 
human metallothionein IIA gene (Imagawa et al., 1987). 
A similarly incomplete version of the AP3 element is 
present at nucleotides 207-215 and 733-741. As noted 
above, the PO promoter lacks the core regulatory ele- 
ment (TGACGTCA) described for a variety of CAMP 
responsive genes (Montminy et al., 1986). Although 
small fragments of this sequence or its opposite strand 
complement can be identified within the promoter, it 
seems likely that CAMP regulation of the Pa gene in- 
volves the action of novel cAMPresponsive elements. 

An important outstanding question concerns the ex- 
tent to which these and other PO regulatory elements 
are utilized in the regulation of the other myelin-specific 
genes-those encoding MBP PLP the myelin-associated 
glycoprotein (Lai et al., 1987), etc.-and of those non- 
myelin-specific genes coordinately up-regulated during 
myelination (e.g., the HMG-CoA reductase gene) 
(Lemke and Axel, 1985). The transfection procedures we 

have developed should permit us to address this ques- 
tion directly and to determine why certain myelin genes 
are restricted to either central or peripheral glia while 
others are not. The S-untranslated element shared be- 
tween the PO and MBP genes, for example, is a good 
candidate for an element conveying PNS specificity in 
that it is not present in the PLP gene. This element could 
conceivably play a role in either the induction or speci- 
ficity of gene transcription, as is the case for similarly 
situated elements in Drosophila heat shock and viral 
genes, or in the regulation of translation. 

Axons exert a dramatic and general effect on Schwann 
cell gene expression in addition to their effect on expres- 
sion of the major myelin genes. Plastic expression of the 
NGF and NGF receptor genes, for example, has been 
found to be a function of axons, the withdrawal of which 
activates expression ofthese genes (Taniuchi et al., 1986; 
Lemke and Chao, 1988). The identification of myelin 

regulatory elements should therefore permit us to deter- 
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mine the extent to which these and related elements 
play a role in axonal regulation in general. 

Experimental Procedures 

RNA Isolation 
RNA was isolated by LiCl precipitation of guanidinium thiocyanate 
homogenates as described by Cathala et al. (1983). Poly(A)+ RNAs 
were enriched for by oligo(dT) cellulose chromatography (Aviv and 
Leder, 1972). 

Cenomic library Screening 
TWO 1 Charon 4A genomic libraries were screened for PO se- 
quences: a partial EcoRl library prepared from rat liver DNA (Sar- 
gent et al., 1979) and a partial Haelll/EcoRI-linkered library pre- 
pared from mouse myeloma DNA (Seidman and Leder, 1978). Both 
libraries were screened with 32Plabeled synthetic SP6 RNA probes 
(Melton et al., 1984) of the complete SN63 Pa cDNA (Lemke and 
Axe), 1985). Filter hybridizations were performed in 5x SSPE, 0.2% 
SDS, 10% dextran sulfate, 15% formamide, at 65°C. Screening of 
6 x lo5 clones from each library resulted in the isolation of 6 rat 
and 5 mouse Pa clones. All rat and all mouse clones were identical 
as judged by EcoRl restriction maps, with the exception of 5’ or 3 
additions. Restriction digests of DNA from these clones were blot- 
ted and probed with synthetic RNA probes corresponding to a 5’. 
specific EcoRI-Clal fragment of the rat Pa cDNA, a 3’specific 
Ncol-EcoRI fragment of the same cDNA, or the complete cDNA 
(see cDNA restriction map in Lemke and Axel, 1985). For mapping 
of the mouse gene, a BamHl fragment specific for exon I of the rat 
gene (Figure 2, nucleotides 876-1506) was also used. 

DNA Sequence Analysis 
Selected regions of rat PO genomic clone 1RPaCl were subcloned 
into M13mp18/19 (Yanisch-Perron et al., 1985). DNA sequences 
were determined on both strands by the dideoxy chain termination 
method (Sanger et al., 1977). 

Amino Acid Sequence Comparisons 
The amino acid sequences used for similarity comparisons with the 
Paextracellular domain were obtained from the National Biomedi- 
cal Research Foundation database or were entered directly from 
published data. Sequence alignments were generated using the 
computer programs ALIGN (Dayhoffet al., 1979) and IFIND/ALICN 
(Intelligenetics). Both programs generated similar alignments. For 
comparisons employing the ALIGN program, similarities were 
scored using the mutation data matrix (MDM) established by Day- 
hoff and colleagues (1979), with a matrix bias parameter of 6 and 
a gap penalty of -6. An alignment score was obtained for each 
comparison performed. This score corresponds to the number of 
standard deviations that a given total score exceeds the mean total 
score generated by 100 repeated comparisons of randomly per- 
muted versions of the aligned sequences. Ustng this procedure, 
alignment scores greater than 6 indicate that the probability of 
aligned sequences being related by chance is less than 1 x 1O-9 
(Dayhoff et al., 1983). 

Primer Extension 
A 30-mer oligonucleotide complementary to the 5’ end of the rat 
Pa cDNA (Figure 2, nucleotides 976-1006) was synthesized on a 
Systec oligonucleotide synthesizer, This oligonucleotide was end- 
labeled with [+~P]ATP and T4 polynucleotide kinase, hybridized 
(at 65°C for 75 min, followed by slow cooling to room temperature 
over 3 hr) to 2 gg of poly(A)+ RNA isolated from either 2 day rat 
sciatic nerve or BC~HI muscle cells, and then extended with unla- 
beled deoxynucleotides and AMV reverse transcriptase at 37°C for 
1 hr according to standard procedures (Epstein et al., 1986). Ex- 
tended products were resolved on an 8 M urea, 6% polyacrylamide 
gel adjacent to a dideoxy sequencing ladder read from a BamHl 
fragment of clone 1RP,Gl (Figure 2, nucleotides 876-1506) sub- 
cloned into M13mp18. 

Schwann Cell Culture and Transfection 
Schwann cells weredissociated from neonatal rat sciatic nerves and 
purified by immunoselection (Brockes et al., 1979). Purified cells 
were triggered to divide by the addition of glial growth factor 
(Lemke and Brockes, 1984) and 2 pM forskolin as described by Par- 
ter and colleagues (1986). Three weeks after the addition of mito- 
gens, approximately 1.5 x 1Oa cells were frozen in liquid nitrogen 
(in aliquots of 3 x lo6 cells) for subsequent use in transfection ex- 
periments. Transfections were performed using 1 x 10” cells per 
5 cm dish. DNAs (5-10 pg) were precipitated according to standard 
calcium phosphate procedures (Graham and Van der Eb, 1973) and 
applied to cells in 4 ml of culture medium for 4 hr. (We have found 
that purified Schwann cells can also be readily transformed by 
DEAE-dextran procedures, although cell viability following trans- 
fection is substantially reduced.) These cells were washed once, the 
culture medium was replaced, and the cells then grown for an addi- 
tional 60 hr. During these manipulations, we found that it was criti- 
cal to maintain the pH of culture media below 8.0 to avoid 
Schwann cell death. Three micrograms of a plasmid composed of 
the Rous sarcoma virus promoter linked to the bacterial Bgal gene 
(Edlund et al., 1985) was cotransfected into each experimental plate 
to normalize for variations in transfection efficiency. After 60 hr, 
cell extracts were prepared as described by Corman and colleagues 
(1982). The protein concentration of each extract was estimated by 
the method of Lowry et al. (1951), and a constant amount of ex- 
tracted protein (usually 20 pg) was then assayed for Bgal activity by 
standard procedures (Norton and Coffin, 1985). BGal equivalents 
of each extract were subsequently assayed for CAT activity by the 
procedures of Gorman and colleagues (1982), except that the incu- 
bation time for the assay was extended to 2 hr. For transfections per- 
formed in the absence of forskolin, frozen cells were plated in 
medium lacking the drug and cultured for 2 days prior to use. 
(Forskolin-mediated increases in intracellular CAMP levels are 
reversed upon withdrawal of the drug [Seamons et al., 19811.) The 
CAT plasmids described in Figure 5 were prepared by excising the 
indicated regions from IRPaGl, blunt-ending the excised frag- 
ments with T4 DNA polymerase, and then subcloning the blunt- 
ended fragments into the Hindlll cloning site of pSVO-CAT using 
Hindlll linkers. 
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Note Added in Proof 

The work referred to as Trapp et al., unpublished data, is now in 
press: Trapp, B. D., Hauer, P., and Lemke, G. (1988). Axonal regula- 
tion of myelin protein mRNA levels in actively myelinating Schwann 
cells. J. Neurosci. 


