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ABSTRACT Glial fibrillary acidic protein (GFAP) is an
intermediate-filament (IF) protein that is highly specific for
cells of astroglial lineage, although its tissue-specific role is
speculative. Determination of the primary structure of this
protein should be of importance for understanding the func-
tional role it plays in astroglia. Therefore, we isolated a cDNA
clone encoding this protein and determined its nucleotide
sequence. The predicted amino acid sequence indicates that
GFAP shares structural similarities-particularl in the cen-
tral rod domain and to a lesser degree in the carboxyl-terminal
domain-with other IF proteins found in nonepithelial cell
types. Considerable sequence divergence in the amino-terminal
region ofGFAP suggests that the tissue-specific functions of this
IF protein might be mediated through this region of the
molecule. In contrast, conservation of structural characteris-
tics and a moderate degree of sequence conservation in the
carboxyl-terminal region suggest functional similarities. Blot
hybridization analysis using the GFAP cDNA as a probe failed
to detect GFAP mRNA in both normal and neoplastic human
tissues in which IF proteins other than GFAP are known to be
expressed.

Intermediate-filament (IF) proteins are a family of proteins
that share common structural features and contribute to the
formation ofthe cytoskeleton (for recent reviews, see refs. 1-
3). These filaments consist of insoluble, fibrous polypeptides
8-11 nm in diameter, a size that is between that of microtu-
bules and actin filaments, the other known families of cyto-
skeletal proteins. Among the IF proteins, many different
keratins have been identified in epithelial tissues, but only a
few different IF proteins have been identified in nonepithelial
tissues: neurofilament proteins in neurons, desmin in muscle
tissues, glial fibrillary acidic protein (GFAP) in astrocytes,
and vimentin in tissues arising from embryonic mesenchyme.
The monomeric protein subunits of IFs in a variety of tissues
from different species have been evaluated, and the recog-
nition of several highly conserved features has led to a
consensus structural model for IF proteins (4, 5).

In every case examined to date, it has been found that IF
proteins contain three distinct domains (1-3). The most
prominent of these is a highly conserved central "rod"
domain of -310 amino acids. Although the actual DNA
sequence identity between the regions of IF genes encoding
rod domains may range from 30% to 70% (5), the structural
organization of this IF protein segment is invariant. The rod
domain contains two similarly sized regions separated by a
short spacer loop of :30 amino acids (5). Each of these two
regions is characterized by a repeated pattern of7 amino acid
residues that are capable of forming a-helical arrays (2). In
sharp contrast to the highly conserved central rod domains of
IF proteins, the amino- and carboxyl-terminal regions of the

different IF proteins have distinctive amino acid sequence
content and widely divergent structural features (1-3, 6).
Although two different IF proteins may rarely be coex-

pressed in a single cell type, in most cases cells of any
individual lineage express only one specific IF protein (7).
Recognition of this cell-type-specific regulation of IF protein
gene expression has led to the hypothesis that the tissue-
specific features of IF protein function will ultimately be
found to reside in the widely diverged, variable terminal
regions of the molecule (2). Although GFAP is a specific
marker of cells in the astrocytic lineage, virtually nothing is
known regarding possible unique functions of this particular
IF protein. An understanding of the primary structure of this
IF protein will be crucial for our understanding of such
functions, and we have therefore determined the amino acid
sequence of human GFAP (hGFAP) predicted from a cDNA
clone we have isolated.*

In addition to a large body of biochemical data, several
previous reports have provided data relevant for an under-
standing of the primary structure of hGFAP. Geisler and
Weber (8) have sequenced =50o of the porcine GFAP
(pGFAP) protein, and partial cDNA and genomic molecular
clones of murine GFAP (mGFAP) have been evaluated (9,
10). Also, partial DNA sequence data have been reported for
hGFAP, corresponding to regions coding for the rod domain
(11, 12). As anticipated, our data document considerable
homology between GFAPs from different species. The pre-
dicted amino-terminal sequence ofhGFAP, a region in which
the tissue-specific functions of this protein might be deter-
mined, agrees closely with the protein sequence that has been
determined for the porcine protein, although it varies con-
siderably from that predicted for the putative murine protein.

MATERIALS AND METHODS
Cell Culture. Tumor cell lines were grown in Dulbecco's

modified Eagle's medium supplemented with either 10% fetal
bovine serum (GIBCO) or 10% newborn calfserum (GIBCO),
2 mM L-glutamine, and antibiotics (100 units of penicillin and
50 pug of streptomycin per ml) at 370C in 5% CO2. The human
glioma cell lines used were HTB17 (U-373 MG) (13), U-138
MG (13), U-343 MGA CL 2:6 (13), LN18 (14), LN215 (14),
U-251 MG-O (13), and HTB138 (Hs 683) (13).

Construction of cDNA Library and DNA Sequencing. Total
cellular RNA was isolated from the cell line HTB17 by the
guanidinium thiocyanate/cesium chloride procedure (15) and
poly(A)+ RNA was isolated by oligo(dT)-cellulose chroma-
tography (16). Double-stranded cDNA was prepared (17)
from 5 ,ug of poly(A)+ RNA. cDNA molecules were inserted
into AgtlO DNA (18) and packaged in vitro, and duplicate

Abbreviations: IF, intermediate filament; GFAP, glial fibrillary
acidic protein; hGFAP, human GFAP; mGFAP, murine GFAP;
pGFAP, porcine GFAP.
*The sequence reported in this paper is being deposited in the
GenBank data base (accession no. J04569).
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filters of a portion of the library (105 plaques) were then
screened with a 32P-labeled mGFAP DNA probe (9). Recom-
binant phage DNA was prepared (19) and purified DNA
fragments were subcloned into pGEM-3Z (Promega) by stan-
dard procedures (20). The cDNA clone phgp-1 was se-
quenced directly from plasmid DNA (21) by the chain-
termination method (22) with Sequenase (United States Bio-
chemical) as the DNA polymerase. Sequencing was initiated
on both strands by using SP6 and T7 promoter primers
(Promega). Subsequently, the entire phgp-1 insert was se-
quenced on both strands by using synthetic oligonucleotides
as primers.

Isolation of DNA and Southern Blot Analysis. DNA was
extracted by standard procedures (20) from tissue and cell-
line pellets that had been stored at -70°C. For Southern blot
analysis, DNA (15 ,ug) was digested with EcoRI restriction
endonuclease (Bethesda Research Laboratories) according
to the supplier's recommendations, electrophoresed in 0.8%
agarose gels, and transferred to Nytran filters (Schleicher &
Schuell). Hybridizations were carried out essentially as de-
scribed by Southern (23). The mGFAP cDNA EcoRI insert
(9) and phgp-1 EcoRI insert probes were labeled in vitro to a
specific activity of =2.5 x 108 cpm/,ug by nick-translation
using [a-32P]dCTP. The final hybridization wash was with 15
mM NaCl/1.5 mM sodium citrate, pH 7/1% NaDodSO4 at
65°C for 1 hr.

-- Coil 2
.- --.-

Isolation ofRNA and Northern Blot Analysis. Total cellular
RNA was prepared (15) from human tissues and cell lines.
RNA (20 ,ug per lane) was size-fractionated by electropho-
resis in 1% agarose/6% formaldehyde gels, transferred to
Nytran, hybridized, and washed as described (24).

RESULTS
To identify molecular clones encoding hGFAP, we con-
structed a cDNA library in AgtlO by using poly(A)+ RNA
from the human glioma-derived cell line HTB17, which is
known to express high levels of GFAP (25). Using a cDNA
probe that recognizes DNA sequences encoding mGFAP (9),
we screened 4105 Agt10 recombinants and obtained 5 phage
clones hybridizing to the probe. All 5 recombinants were then
subcloned into pGEM-3Z and found to have restriction
endonuclease patterns compatible with the possibility that
they contained overlapping stretches of DNA. One of these
subclones, phgp-1, contained an insert of =3 kilobases (kb),
a length similar to that of the GFAP transcript we observed
in RNAfrom HTB17 by Northern blot hybridization (data not
shown) using a probe that recognizes mGFAP mRNA (9).
The complete nucleotide sequence of this clone was deter-
mined for both DNA strands and is shown in Fig. 1, where it
is aligned with the DNA sequence of human vimentin (26),
the only other human type III IF protein (3) for which the
complete nucleotide sequence is known. Fig. 2 shows a
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FIG. 1. Comparison of the nucleotide sequences of hGFAP (hgp-1) and human vimentin (humvim) (26). Nucleotides at the end of each line
are numbered. In the GFAP sequence, dashes represent gaps inserted to optimize the alignment. A shaded box indicates the putative initiation
methionine codon of GFAP, and an open box indicates a possible polyadenylylation signal. Regions coding for the predicted protein domains
in the mature proteins are indicated [head, rod (consisting ofcoil la, linker 1, coil lb, linker 1-2, and coil 2), and tail] above the alignment. Identical
nucleotides between the two sequences are signified by colons and the translation termination codon is indicated by an asterisk.

GCCACCCTGGCCCGTCTGGATCTGGAGAGGAAGATTGAGTCGCTGGAGGAGGAGATCCGGTTCTTGAGGAAGATCCACGAGGAGGAGGTTCGGGAACTCCAGGAGCAGCTGGCCCGACAGCAGGTCCATGTGGAGCTTGACGTGGCCAAGCCAGACCTCACdGCAGCCCTGAAAGAGATC

CGCACGCAGTATGAGGCAATGGCGTCCAGCAACATGCATGAAGCCGAAGAGTGGTACCGCTCCAAGTTTGCAGACCTGACAGACGCTGCTGCCCGCAACGCGGAGCTGCTCCGCCAGGCCAAGCACGAAGCCAACGACTACCGGCGCCAGTTGCAGTCCTTGACCTGCGACCTGGA.T-C7T

CTGGACATCGAGATCGCCACCTACAGGAAGCTGCTAGAGGGCGAGGAGAACCGGATCACCATTCCCGTGCAGACCTTCTCCAACCTGCAGATTCGAGAAACCAGCCTGGACACCAAGTCTGTGTCAGAAGGCCACCTCAAGAGGAACATCGTGGTGAAGACCGTGGAGATGCGGGATGGA
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phgp-1

VIMENTIN FIG. 2. Sequence homology between phgp-1 and vimentin
cDNAs and between their predicted proteins. (Upper) Schematic
representation of the alignment between phgp-1 and human vimentin
(26) cDNAs shown in Fig. 1. The broken black bar shown at the 5'
end of vimentin cDNA indicates sequence not shown in Fig. 1.
Sequences coding for the head, rod, and tail domains are delineated
by vertical broken lines, and those coding for subdomains of the rod
are delineated by vertical solid lines. The homologies between phgp-1

HGFAP and vimentin coding sequences are shown as percentages and were
determined by the ratio of identical bases to total number of bases for

VIMENTIN particular regions of the cDNAs. (Lower) Schematic representation
of the predicted hGFAP and vimentin. L1, linker 1; L1-2, linker 1-2.

schematic representation of this alignment and summarizes
the nucleotide identities found between human vimentin and
GFAP. A comparison of the nucleotide sequences of phgp-1
and the coding regions of the human vimentin gene indicates
that the region of greatest identity lies in those sequences
encoding the rod domain (Fig. 2 Upper). The overall identity
of sequences in this region of vimentin cDNA and the
corresponding region of phgp-1 is 66%.
A comparison at the nucleic acid level of the amino- and

carboxyl-terminal regions of human vimentin with the cor-
responding regions of phgp-1 reveals the expected sequence
divergence. There is also rather modest structural variation
in the head region, where the human vimentin sequence
extends an additional 99 base pairs (bp) upstream from the
putative initiation codon for hGFAP (data not shown, but see
Fig. 2 and ref. 26). In the tail region, the genes for these
proteins share an important structural feature; namely, both
have translation termination codons located at identical po-
sitions, compatible with the assertion that all IF genes arose
from a common progenitor (2, 27, 28).

There is an extensive 3' untranslated region in phgp-1 (1734
bp), while the human vimentin gene has a relatively short 3'
untranslated region of 57 bp. Within this region the hGFAP
cDNA contains a putative polyadenylylation signal located
18 bp upstream from the poly(A) tract, whereas human
vimentin has two possible polyadenylylation signals, one
within the 3' untranslated region, located 20 bp upstream
from the poly(A) tract, and one that overlaps the translation
termination codon. It has not been determined which ofthese
polyadenylylation signals is actually used.
An alignment of the amino acid sequences of GFAP from

different species is shown in Fig. 3. The primary structure of
pGFAP was determined by amino acid sequence analysis of
GFAP-derived peptides and corresponds to =50% of the
porcine protein (8). The amino acid sequences for hGFAP
and mGFAP were predicted from our human cDNA clone,
phgp-1, or from mouse cDNA and genomic DNA sequences
reported by others (9, 10). The homology between the
predicted amino acid sequence of hGFAP and the porcine
amino-terminal head domain and carboxyl-terminal tail do-
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main was 83% and 99%, respectively, demonstrating the
anticipated close relationship between these proteins and
providing strong evidence that phgp-1 encodes hGFAP.
Other experiments, in which a monoclonal antibody recog-
nizing authentic hGFAP (Boehringer Mannheim) was used to
immunoprecipitate protein translated in vitro from the single
RNA species transcribed in vitro from phgp-1, complement
these findings (data not shown).
Our observation that the pGFAP initiation methionine

agrees with the putative initiation methionine designated for
phgp-1 strongly suggests that phgp-1 encodes the entire
hGFAP. We therefore predict that phgp-1 encodes a protein
composed of432 residues with a calculated molecular weight
of 49,891. While the predicted amino acid sequence of
hGFAP and the determined amino acid sequence of pGFAP
are very similar in both the head and tail domains, there are
major amino acid sequence differences between the head
domains of GFAP from these species and that predicted for
mGFAP (Fig. 3). The rod and tail domains of all three species
are >90% homologous, indicating that this apparent diver-
gence is limited to the amino-terminal region of the protein.
The putative initiation methionine codon in the mGFAP gene
(9) is located downstream from the initiation methionine
codon that was determined for pGFAP and that is apparently
conserved in hGFAP. Comparison of phgp-1 and mGFAP at
the nucleic acid level indicates that this initiation methionine
codon is also conserved in the mouse (10), although in a
different reading frame, suggesting that the amino-terminal
domains ofGFAP from each ofthese species are more closely
related than a cursory analysis would reveal. Alternatively,
it is possible that the GFAP of these species may vary or that
there are multiple, structurally divergent forms of GFAP
either encoded by different genes or transcribed from the
same gene but into different mRNAs. Since the pattern of
hybridization of phgp-1 to human genomic DNA (Fig. 6, see
below) suggests that there is only a single human gene for
GFAP, the last possibility appears more likely.
We used phgp-1 DNA to examine the steady-state levels of

GFAP mRNA in a variety of human tissues and tumor-
derived cell lines. Fig. 4 demonstrates findings representative
of this analysis and confirms a large body of immunohis-
tochemical data indicating that GFAP expression is restricted
to normal and neoplastic tissues of the central nervous
system (29, 30). Our finding that GFAP expression may be
regulated at the level of gene transcription extends these
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FIG. 4. Northern blot of total RNA from normal and malignant
human tissues probed with [32P]phgp-1. Lanes: 1, adult brain white
matter; 2, kidney; 3, spleen; 4, liver; 5, muscle; 6, fibroblast line; 7,
Ewing sarcoma cell line; 8, T-lymphoma cell line; 9, neuroblastoma
cell line; 10 and 11, non-small-cell and small-cell lung carcinoma cell
lines; 12, glioblastoma cell line HTB17. Positions of 28S and 18S
rRNAs are shown.
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FIG. 5. Northern blot analysis of
GFAP expression in glioma-derived cell
lines. Total RNA (20 iSg per lane) from
the cell lines HTB17 (lane 1), U-343 MGA
CL 2:6 (lane 2), HTB138 (lane 3), LN18
(lane 4), and LN215 (lane 5) was probed
with [32P]phgp-1.

studies and suggests that an understanding of the molecular
mechanisms that regulate the tissue-specific expression of
GFAP might provide insight into the regulated expression of
other genes unique to the astrocytic lineage.
The immunohistochemical detection of GFAP is one of the

few objective means by which nonneuronal tumors of neu-
roepithelial origin can be classified and graded (7). Virtually
all tumors thought to arise from astroglia have been found to
stain positively for GFAP when examined by immunohis-
tochemical techniques. Among the numerous tumor cell lines
that have been established from GFAP-positive central ner-
vous system tumors, however, we have examined 32 and
found only 3 glioma cell lines, HTB17, U-343 MGA CL 2:6,
and U-251 MG-O, that stain positively for this IF protein
(data not shown). To determine whether an RNA encoding
GFAP could be detected in cell lines we knew to be immu-
nohistochemically negative for GFAP, we used phgp-1 as a
probe to analyze RNA isolated from a number of such human
glioma-derived cell lines. Fig. 5 shows a representative
experiment from this survey in which we were unable to
detect GFAP mRNA in three cell lines that were immuno-
histochemically negative for GFAP (lanes 3-5), whereas
GFAP mRNA was easily detected in two cell lines known to
stain positively for GFAP (lanes 1 and 2). These findings
suggest that GFAP expression in glioma cell lines may be
regulated at the level of transcription.
Gene rearrangements play an important role in the patho-

genesis of human tumors (31, 32). For both lymphoid and
myeloid tumors of the hematopoietic lineage, tumor-specific
chromosomal rearrangements occur within genetic loci con-
taining genes that are typically expressed at high levels in that
particular cellular lineage (33). To determine whether the
chromosomal region encoding GFAP might be rearranged
during the development of glial tumors or tumor cell lines and
thereby contribute to the lack of GFAP expression in these
tissues, we analyzed the structural organization of the GFAP
locus in several human glioma cell lines by Southern blot
hybridization using [32P]phgp-1 as a probe (Fig. 6). We
observed two EcoRI fragments that were indistinguishable in
the normal and neoplastic tissues. These findings indicate
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FIG. 6. Southern blot analysis of
the hGFAP gene in normal tissues
and glioma-derived cell lines. DNA
samples (15 ,ug) were digested with
EcoRI and probed with [32P]phgp-1.
HindIII-digested A phage DNA pro-
vided size markers. Lanes: 1, adult
brain; 2, fetal brain; 3, kidney; 4,
HTB17; 5, U-343 MGA CL 2:6; 6,
HTB138; 7, LN18; 8, LN215.
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that no large genomic rearrangements have occurred within
the region recognized by a probe encompassing the entire
GFAP coding region.

DISCUSSION
We have isolated a cDNA clone encoding hGFAP. This clone
contains the complete GFAP coding region, which spans 12%
nucleotides. The predicted protein sequence confirms the
approximate molecular weight of 50,000 determined by gel
electrophoresis (34, 35) and indicates that the molecular
organization ofGFAP is consistent with the consensus model
proposed for IF proteins (2, 4). Of particular interest is our
determination that the amino-terminal methionine residue
found in pGFAP is conserved in the head domain of hGFAP.
This finding indicates that the head domain of this protein,
consisting of 45 residues, has little homology with, and is
considerably shorter than, the comparable regions of either
vimentin or desmin, which are the IF proteins from nonep-
ithelial tissues that share the greatest homology with GFAP
(2, 4). This variation is in contrast to the tail domains, in
which there is both extensive primary sequence homology
and structural similarity among these proteins.
To date, there has been little information indicating how IF

proteins are assembled into filaments, although the basic
structural unit of nonepithelial filaments seems to be a
homodimer of IF protein (1, 2). Since isolated rods do not
form authentic filaments (2), it has been suggested that the
terminal, nonhelical domains of the molecule may play an
important role in filament formation (2). Rarely, GFAP and
vimentin are present in the same cell (36, 37). If copolymers
between these two IF proteins can be formed, as suggested
by in vitro studies (38, 39), the very disparate sizes of the
terminal regions of GFAP and vimentin suggest it is more
likely that the individual IF protein molecules would be
arranged head-to-head and tail-to-tail rather than in a head-
to-tail manner. This molecular organization would be con-
sistent with the antiparallel arrangement of IF dimers pro-
posed on the basis of structural analysis of a-keratin (40) and
could provide both homopolymers and heteropolymers not
only the capacity for increased structural variability but also
the potential for enhanced functional plasticity. That vimen-
tin and GFAP are coexpressed in immature glial cells (36),
some glioma cell lines (38, 39), and reactive astrocytes (37),
but not in mature, growth-arrested astrocytes, is compatible
with this possibility and suggests that in each of these cell
types the cytoskeleton might have quite distinct biological
functions.
Another structural feature of the predicted hGFAP se-

quence that may be of functional importance is the conser-
vation of serine and threonine residues in the carboxyl-
terminal tail. These amino acids are potential sites for IF
phosphorylation, a posttranslational modification known to
occur in GFAP (41). IF protein phosphorylation has been
most extensively studied for the neurofilament protein NF-H
(42, 43), in which altered phosphorylation of the tail region is
associated with alterations in the biophysical properties of
the molecule (44). The conservation of five serine and thre-
onine residues in the tail regions of human vimentin and
GFAP suggests the importance of these sites for IF protein
function, although their precise role remains speculative. The
availability of a hGFAP cDNA makes possible a systematic
genetic approach to defining more precisely the activities of
this protein in both normal astrocytes and those that are so
frequently associated with pathologic lesions of the central
nervous system.
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