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By screening of a cDNA library made on mRNA isolated from UV-irradiated human epidermal keratinocytes
for sequences whose relative concentration increases in the cytoplasm after irradiation, we have isolated 40
cDNA clones (T. Kartasova, B. J. C. Cornelissen, P. Belt, and P. van de Putte, Nucleic Acids Res.
15:5945-5962, 1987). Here we describe two distinct groups ofcDNA clones which do not cross-hybridize to each
other but nevertheless encode proteins of very similar primary structure. These polypeptides are small (8 to 10
kilodaltons) and exceptionally rich in proline, cysteine, and glutamine and have similar repeating elements not
found elsewhere. The new proteins were designated sprl and sprIl (small, proline rich). The presence of
prolines and cysteines suggests that they may be either structural proteins with a strong secondary structure
or metal-binding proteins such as metallothioneins. Southern blot and sequence analyses of the cDNAs indicate
that at least the sprII group of clones represents a family of related genes. The nucleotide sequence of both
groups seems to be conserved upon evolution. The level of mRNAs corresponding to the two groups of cDNAs
is increased in the cytoplasm of human epidermal keratinocytes after both UV irradiation and treatment with
4-nitroquinoline 1-oxide or 12-O-tetradecanoylphorbol 13-acetate.

UV light is well known for its carcinogenic effect on
human skin. Photoproducts which appear in DNA after UV
exposure may be mutagenic and can lead to skin malignancy
via mutation induction. To gain a better understanding of the
interference of UV light with normal cellular functions and
of the cellular response to a challenge with UV light, we
have initiated a study of the UV-inducible regulation of gene
expression in cultured human epidermal keratinocytes by
cloning genes which are induced upon UV irradiation.
Keratinocytes derived from the skin epidermis are function-
ally specialized to protect the organism against the damaging
effects of different external agents, including UV light.
Therefore, they represent an attractive system to study the
influence of UV irradiation on gene expression.
A cDNA library was constructed from poly(A)+ RNA

isolated after UV irradiation. This library was differentially
screened with cDNA probes synthesized on poly(A)+ RNA
isolated from either UV-irradiated or nonirradiated cells (9).
Here we describe two groups of clones of which the deduced
proteins show a striking homology at the level of both their
amino acid composition and structural organization. For
both groups a relative increase in the cytoplasmic mRNA
level was detected on Northern (RNA) blots after UV
irradiation and treatment with either 4-nitroquinoline 1-oxide
(4-NQO) or the tumor promoter 12-O-tetradecanoylphorbol
13-acetate (TPA).

MATERIALS AND METHODS
Cell culture and treatment with UV, TPA, and 4-NQO. A

primary culture of epidermal keratinocytes was established
from human foreskin by the method of Rheinwald and Green
(21) with some modifications described by Ponec et al. (20).
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Keratinocytes were grown in the presence of lethally irradi-
ated 3T3 cells used as a feeder layer. The culture medium
was a 3:1 mixture of Dulbecco-Vogt modified Eagle medium
and Ham F12 medium supplemented with 5% fetal calf
serum, 0.4 pug of hydrocortisone per ml, 10"1 M cholera
toxin, and 10 ng of epidermal growth factor per ml. For UV
irradiation shortwave (254-nm) UV light was used at 1 J/m2
per s. Dose rates were determined with a UVX radiometer
(Ultraviolet Products, Inc., San Gabriel, Calif.). Before
irradiation cells were washed twice with prewarmed phos-
phate-buffered saline; then the phosphate-buffered saline
solution was removed, and the cells were irradiated with the
doses indicated below. TPA treatment was for 12 h at a
concentration of 20 ng/ml. 4-NQO was used at a concentra-
tion of 0.5 mM. Cell incubation with 4-NQO was for 4 h at
37°C; then the cells were washed, and fresh medium was
added. RNA was isolated 12 h later.
RNA isolation and Northern blot analysis. Total cytoplas-

mic RNA was isolated, and poly(A)+ RNA was purified on
poly(U)-Sepharose as described previously (9). The amount
of poly(A)+ RNA for each RNA preparation was quantitated
by hybridization to 3H-labeled poly(rU) (4). Equal amounts
of poly(A)+ RNA, ranging from 0.1 to 0.5 ,ug per slot for
each experiment, were treated with glyoxal, electrophoresed
in 1.5% agarose gel, blotted onto Gene-Screen filters (New
England Nuclear Corp., Boston, Mass.), and hybridized to
radiolabeled cDNA probes (22) as described by Sarachu et
al. (24).

Primer extension. A 20-nucleotide-long primer was chem-
ically synthesized, corresponding to nucleotides 35 through
54 of clone 128. The primer was 32p labeled at its 5' end by
the kinase reaction described by Maniatis et al. (15). Eight
micrograms of poly(A)+ RNA isolated from TPA-treated
keratinocytes was used as a template for cDNA synthesis
(15) in the presence of 7.5 ng of primer. The product of the
reverse transcriptase reaction was purified by electrophore-
sis on a 10% polyacrylamide-8 M urea gel. The radioactive
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bands were localized by autoradiography and eluted from
the gel as described by Maniatis et al. (15).

Source ofDNA and Southern blot analysis. High-molecular-
weight DNA was isolated from cultured human epidermal
keratinocytes and a rat kangaroo cell line, Pot3 (generous
gift of J. de Wit, Department of Cell Biology, University of
Rotterdam), by the method of Maniatis et al. (15). DNA
preparations isolated from hamster and mouse cell lines and
from a monkey kidney cell line (CV-1) were generous gifts of
E. Zwarthoff (Department of Pathology, University of Rot-
terdam) and J. van der Lubbe (Sylvius Laboratory, Univer-
sity of Leiden), respectively. Equal amounts of DNA (10 ,ug
per slot) were electrophoresed in 0.8% agarose gel. Southern
blot and hybridization were performed by the method of
Southern (25).
Sequence analysis. cDNA inserts were cloned in M13

phage vectors and sequenced by the dideoxy-chain termina-
tion method of Sanger et al. (23). The method of Maxam and
Gilbert was used for the sequencing of the cDNA product
after primer extension of mRNA with reverse transcriptase
(16).

RESULTS
A library of 180,000 cDNA clones was prepared by the

method of Okayama and Berg (19) by using a mammalian
expression vector, a derivative of pSV2-glo (17). Poly(A)+
RNA isolated from UV-irradiated human keratinocytes was

used as a template for the cDNA synthesis. The cDNA
library was differentially screened with cDNA probes syn-
thesized on poly(A)+ RNA isolated from UV-irradiated and
nonirradiated keratinocytes (9). Among the 40 cDNA clones
isolated and characterized, two groups of clones were se-

lected because of the remarkable primary structure of the
proteins deduced from their nucleotide sequences.
Primary structure and deduced amino acid sequence of

group 1 cDNA inserts. The first group of clones (group 1)
consisted of five related cDNAs, notably 128, 12F, 15B,
41D, and 109, which cross-hybridized to one other. Clone
128 contained the longest insert (622 nucleotides; Fig. 1A)
and hybridized on a Northern blot to mRNA of a similar
length (600 to 700 nucleotides), suggesting that the cDNA
insert of clone 128 represents a full-length cDNA. To con-

firm this, a primer extension experiment was performed on

cytoplasmic poly(A)+ RNA isolated from keratinocytes. The
sequence of the 20-nucleotide-long primer was complemen-
tary to nucleotides 35 to 54 from clone 128 (Fig. 1A). The
products of the extension reaction were separated on a

polyacrylamide gel. Two specific bands migrating close to
one other were detected, and DNA purified from these bands
was sequenced (data not shown). The primary structure of
the slower-migrating DNA appeared to be identical to the
5'-end sequence of the insert of clone 128. The sequence of
the faster-migrating band was four nucleotides shorter.
Thus, clone 128 indeed represents a full-length DNA copy of
the corresponding mRNA.
The first ATG at positions 69 through 71 started an open

reading frame of 89 amino acids which ended with a TAA
stop codon at positions 336 through 338. The sequence
AGCATGA around the ATG codon was in good agreement
with the consensus sequence PuNNATGPu determined by
Kozak (11), which favors the optimal translation initiation on
eucaryotic mRNAs. A possible polyadenylation signal (26)
was 14 nucleotides upstream from the poly(A) tail. How-
ever, the sequence CAYTG, which is found adjacent to the
polyadenylation site in many eucaryotic mRNAs (3), was not
found in the 3' part of the cDNA insert of clone 128.

The protein encoded by the open reading frame of clone
128 is small (Mr 9,888), basic, and hydrophilic and has an
exceptionally high content of proline (29%), glutamine
(18%), and cysteine (9%) (Fig. 1C). Comparison of the codon
usage of the clone 128 protein with the codon usage of other
eucaryotic proteins (5) indicates that the clone 128 codons in
general belong to the frequently used ones (Table 1). Eight
cysteines were distributed along the amino acid sequence in
the following order: NgCN14CN7CN7CN7CN7CN7CN7CN16.
In the amino acid sequence of the clone 128 protein, two
kinds of repeats could be identified. The sequence
QQQKQPCIPPPQ (amino acids 4 through 15) was repeated
with only one insertion and one substitution at positions 18
through 30, and the octamer PKVPEPCH was repeated
tandemly with some variations six times in the clone 128
protein (Fig. 1C).
The cDNA insert of clone 12F was identical to that of

clone 128, except that the cDNA insert of clone 12F was four
nucleotides shorter. The differences in nucleotide and in
deduced amino acid sequences between clones 128 and 12F
on the one hand and clones 15B and 41D on the other hand
are indicated in Fig. 1A and B, respectively. Clone 109
contained a cDNA insert of only 333 nucleotides, and its
nucleotide sequence was identical to the 3'-end sequence of
clones 128 and 12F.

Primary structure and deduced amino acid sequence of
group 2 cDNA inserts. Initially, only one group 2 cDNA
clone, clone 1740, was isolated by differential screening.
Eight additional clones were obtained after rescreening of
the library with the cDNA insert of clone 1740. Based on
restriction enzyme and nucleotide sequence analyses, these

TABLE 1. Codon usage in clone 128 and 930 proteins

No. of No. of
Amino codons Avg Amino codons Avgamin Codon used acid n used %

128 930 128 930

Glu GAG 5 2 64.5 Cys TGT 0 4 38.3
Glu GAA 1 0 35.5 Cys TGC 8 8 61.7

Val GTG 4 2 51.2 Tyr TAT 0 1 37.0
Val GTA 0 0 7.8 Tyr TAC 0 0 63.0
Val GTT 1 0 13.1
Val GTC 1 0 27.9 Leu TTG 0 0 12.0

Leu TTA 0 0 4.9
Ala GCG 0 0 10.1
Ala GCA 1 0 17.6 Ser TCG 0 0 6.1
Ala GCT 0 0 26.5 Ser TCA 1 0 10.7
Ala GCC 1 0 45.8 Ser TCT 0 1 17.0

Ser TCC 1 2 26.0
Ser AGT 1 0 9.9
Ser AGC 0 1 30.2 Gln CAG 16 10 75.4

Gln CAA 0 0 24.6
Lys AAG 8 7 64.0
Lys AAA 3 1 36.0 His CAT 0 0 36.2

His CAC 3 0 63.8
Met ATG 1 1 100.0

Leu CTG 0 0 46.8
Ile ATA 1 0 11.7 Leu CTA 0 0 5.5
Ile ATT 0 0 28.3 Leu CTT 1 0 8.9
Ile ATC 2 0 60.0 Leu CTC 0 0 21.9

Thr ACG 0 1 11.3 Pro CCG 0 1 12.6
Thr ACA 0 1 22.1 Pro CCA 7 13 19.3
Thr ACT 1 0 20.7 Pro CCT 8 7 28.3
Thr ACC 2 0 45.8 Pro CCC 11 7 39.1

' Percentage of codon usage in human proteins (5).
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FIG. 1. (A) Nucleotide sequences of clones 128, 15B, 41D, and 109. Symbols: *, starts of mRNAs as determined by primer extension; L I,
sequence used as a primer; T , start of clone 109; 4 , end of clone 41D. The poly(A) signal is underlined. (B) Amino acid sequences of clones
128 (12F), 41D, and 15B. (C) Amino acid sequence of clone 128. Symbols: *-. and #-i, repeats; *, amino acids that can interact with nucleic
acids. The hydropathy plot was done by the method of Kyte and Doolittle (12).
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cDNA clones could be divided into three subgroups: the first
subgroup was represented by clones 930 and 1137, which
had an internal EcoRI site; the second group was repre-
sented by clones 174, 1480, and 375, which had an internal
PvuII site; the third group included clones 1292, 60, 1546,
and 1740, which had both internal EcoRI and PvuII sites.
Each subgroup had 90% homology with the two other
subgroups on the DNA level. In the coding region the
homology reached 94 to 98%.
The sequence of the cDNA insert of clone 930 of the first

subgroup was 682 nucleotides long (Fig. 2A). On a Northern
blot, mRNA of 700 to 800 nucleotides in length was detected
after hybridization with this clone. Thus, the cDNA insert of
clone 930 might represent a full-length copy of the corre-
sponding mRNA. The first ATG was at positions 65 through
67 and was preceded by two in-frame TGA stop codons at
positions 44 through 46 and 48 through 50, supporting the
notion that this ATG is the start of the putative encoded
protein. The sequence AGGATGT around the initiation
codon had quite a good homology to the consensus PuN-
NATGPu determined by Kozak (11). The open reading
frame of 72 amino acids ended at positions 280 through 282
at a TAA stop codon. There was no other significant open
reading frame encoded by this sequence (Fig. 3). A possible
polyadenylation signal (26) was 15 nucleotides upstream
from the poly(A) tail. The sequence CAYTG (3) was not
found in the 3' part of the cDNA insert of clone 930.
The protein deduced from the nucleotide sequence of

clone 930 was small (Mr, 7,830), basic, and hydrophilic (Fig.
2C) and was extremely rich in proline (39%), glutamine
(17%), and cysteine (17%). Comparison of the codon usage
of the clone 930 protein with the codon usage of other
eucaryotic proteins (5) indicates that the clone 930 codons in
general belong to the frequently used ones (Table 1). Twelve
cysteines were distributed along the amino acid sequence in
the following order: N7CN3CN5CN4CN3CN4CN3CN4CN8
CN3CN8CN3CN5. Furthermore, in the predicted protein
sequence a nonamer, PKCPE(Q)PCPP, was repeated tan-
demly with some alterations four times.
The differences in nucleotide sequence and in deduced

amino acid sequence between three subgroups of the cDNA
clones and within the second subgroup (clones 174N, 1480,
and 375) are indicated in Fig. 2A and B, respectively.
Comparison of the two groups of cDNA clones. When the

nucleotide sequences of clone 128 (group 1) and clone 930
(group 2) were compared by computer analyses with
UWGCG programs, a homology of 49% was found in the
coding region (Fig. 4). No significant homology was found
outside of this region.
The proteins deduced from the nucleotide sequence of

group 1 and group 2 cDNA clones appeared to be very
similar in their amino acid composition (Table 2). The
predominant amino acids in both sequences were proline,
glutamine, cysteine, and lysine, which together comprised
68.5 and 83.3% of the deduced protein sequences of clones
128 (group 1) and 930 (group 2), respectively. All other
amino acids were represented poorly or not at all, so that the
clone 128 protein consisted of only 13 different amino acids
and the clone 930 protein consisted of only 10 (Table 2).
The most prominent feature of group 1 and group 2 cDNA

clones was the presence of a striking similarity in the
primary structures of their predicted polypeptides: they
contained repeating elements (Fig. 1C and 2C). Moreover,
when the two amino acid sequences were aligned, it was
evident that the first 16 amino acids of the group 2 protein(s)
were conserved in the N-terminal region of the group 1

protein(s) (Fig. 5). In addition, the sequence PK*PEPC was
present both in the octamer PKVPEPCH, found six times in
group 1, and in the nonamer PKCE(Q)PCPP, occurring
four times in group 2. Some homology was also found
beyond the repeating elements at the C terminus of group 1
and group 2 protein(s) (Fig. 5).
The deduced group 1 and group 2 amino acid sequence as

well as the sequence PK*PEPC were compared with the
amino acid sequences of the NBRF bank by computer
analysis with UWGCG programs. No significant homology
was found, except for a homology of the PK*PEPC se-
quence with the N-terminal region of the chicken cardiac
myosin Li catalytic chain (192 amino acids): PKKPEPKKA-
PEPKKEEPKPAPKPAEPEPKK, which has a high content
of proline, lysine, and glutamic acid (13).

Effects of UV, 4-NQO, and TPA. Figure 6 shows a North-
ern blot analysis of a gel run with equal amounts of cy-
toplasmic poly(A)+ RNA from UV-irradiated and nonirradi-
ated cells. Group 1 mRNAs were more abundant in
nontreated cells than group 2 mRNAs, since a clear hybrid-
ization signal was obtained with the probe of group 1 (clone
15B) on Northern blots loaded with 0.1 to 1.0 ,ug of poly(A)+
RNA. For Northern blot hybridizations, probes were used
which cross-hybridized with other members of the same
group of cDNA clones. Hybridizations were carried out
under stringent conditions. On Northern blots each probe
hybridized to a single band, indicating that mRNAs within
each group are approximately the same size.
A clear relative increase in the cytoplasmic level ofmRNA

corresponding to both groups of cDNA clones was detected
on Northern blots 12 h after UV irradiation with 50 J/m2 (Fig.
6, lane a) or 6 h after irradiation with 35 J/m2 (lane d). The
level of mRNA corresponding to the elongation factor 1-
alpha (Fig. 6) as well as of mRNA corresponding to the
gamma-actin (data not shown) decreased after this treat-
ment. The induction ranged between 3 to 5 and 5 to 10 times
for group 1 and group 2 cDNA clones, respectively. Treat-
ment of keratinocytes with a potent carcinogen, 4-NQO,
which mimics the effects ofUV light on living cells (7), led to
a 5- to 10-fold increase in the level of the group 2 mRNA and
to a somewhat smaller increase in the level of group 1 mRNA
(lane c). Incubation of keratinocytes with the tumor pro-
moter TPA affected the cytoplasmic level of the mRNAs for

TABLE 2. Amino acid composition of clone
128 and 930 proteins'

No. of amino acid in
Amino acid protein from clone:

128 930

Pro 26 28
Gln 16 12
Cys 8 12
Lys 11 8
Glu 6 2
Val 6 2
Ser 3 4
Thr 3 2
Met 1 1
Ile 3
His 3
Ala 2
Leu 1
Tyr 1

"The clone 128 protein contained 13 different amino acids; the clone 930
protein contained 10 different amino acids.

MOL. CELL. BIOL.
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FIG. 2. (A) Nucleotide sequences of clones 930 (1137), 174N (375, 1480), and 1291 (60, 1548, 1740). Symbols: *, base substitutions in clone
1480; **, base substitutions in clone 375; , substitution in 1480 and 375. The 3' end of clone 375 is indicated by an arrow. The poly(A)
signal is underlined. (B) Amino acid sequence of clone 930 (1137) compared with those of clones 174N (375, 1480) and 1292 (60, 1548, 1740).
(N) in clone 1480 and (S) in clone 375. Symbol: *, nonsense codon in clone 1292. (C) Amino acid sequence of clone 930. Symbols: -- .
repeats; *, amino acids that can interact with nucleic acids. The hydropathy plot was done by the method of Kyte and DooLittle (12).
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FIG. 3. Possible open reading frames in three subgroups of group
2 cDNA clones. Symbol: _, open reading frame of 72 amino acids.

both groups (lane e). The relative increase in the mRNA
level in the cytoplasm after treatment with TPA was between
3 to 5 and 10 to 20 times for group 1 and group 2 cDNA
clones, respectively.

Southern blot analysis. The genomic organization of the
genes corresponding to group 1 and 2 cDNA clones was
studied by using Southern blot analysis (Fig. 7 and 8). After
digestion with restriction enzymes KpnI (Fig. 7A, lane g),
BglII, and BamHI (data not shown), which do not cut within
the group 1 cDNA probe, only one band was detected on
Southern blots. Further restriction analysis by EcoRI, Hin-
dIll, and PstI enzymes and by EcoRI-PstI double digestions
indicated the presence of at least one intervening sequence
within the group I genomic sequence (Fig. 7A, lanes a
through f). Weak cross-hybridizing bands were also de-
tected. The group 2 cDNA probe was hybridized to genomic
DNA cut with PstI, HindlIl, and BamHI (Fig. 8A, lanes a
through c). These restriction enzymes did not cut within the
group 2 cDNA inserts. On Southern blot numerous bands
appeared when the genomic DNA was cut with PstI and
HindIII. The bands generated by BamHI digestion were
concentrated in the region of 15 to 25 kilobases. This made it
difficult to estimate the exact gene copy number. The anal-
ysis with PstI and HindlIl indicates the presence of several
copies of group 2-like genes in the human genome and/or the
presence of intervening sequences within the coding region.
We have examined the genomes of other eucaryotic

species for the presence of sequences similar to group 1 and
group 2 genes. Monkey, mouse, hamster, and rat kangaroo
DNAs were digested with EcoRI and run on agarose gels.
After hybridization to a group 1 cDNA probe, two bands
could be detected on Southern blots with monkey, mouse,
and hamster DNAs and three bands were detected after
hybridization to rat kangaroo DNA (Fig. 7B, lanes a through
d). After hybridization to a group 2 cDNA probe, several

bands appeared on a Southern blot with monkey and mouse
DNAs and at least two bands appeared with rat kangaroo
DNA (Fig. 8A, lanes d through f). The hybridization ofgroup
1 and 2 cDNA probes to the rat kangaroo DNA was much
weaker than to the DNA from other higher mammals. This
might be the consequence of a high sequence divergency
between human and kangaroo group 1 and group 2 genes.

DISCUSSION

Two groups ofcDNA clones, group 1 and 2, were isolated
by screening of a cDNA library for sequences whose levels
increase in the cytoplasm of human epidermal keratinocytes
after UV irradiation. Sequence analysis of these clones
demonstrates that although the homology at the DNA level
is limited, the primary structures of the deduced proteins are
very similar. Analysis of the amino acid sequence predicted
from the open reading frames of group 1 and group 2 cDNA
clones revealed unusual amino acid composition, repeating
elements, and overall homology in the structures of these
proteins. We term the group 1 and group 2 deduced proteins
sprl and sprIl (small, proline rich).
Comparison of the codon usage of the sprl and sprll

proteins with the codon usage of other eucaryotic proteins
suggests that the translation of the sprl and sprll mRNAs is
not hampered by an unusual codon usage. The high proline
content largely excluded alpha-helical or beta-sheet confor-
mations in the secondary structure of the proteins. Only in
the 23 N-terminal and 8 C-terminal amino acids of the sprI
protein(s) and in the 10 N-terminal amino acids of the sprll
protein(s) some alpha-helix or beta-sheet configuration was
found (6). The repeating unit of the sprl protein(s) contains
one cysteine per unit, and the repeating unit of the sprIl
protein(s) harbors two. The cysteines can play a role in intra-
and intermolecular formation of S-S bonds and protein
dimerization or polymerization or form potential metal-
binding sequences (2). The high proportion of amino acids
such as glutamine, lysine, serine, and threonine, which were
shown to mediate the DNA-protein interaction in repressor
proteins (18), indicates that the sprl and II proteins might be

U
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Ii I,/

II

_o/____I I

M.no ek: 57U I to 602

FIG. 4. Comparison of the nucleotide sequence of clones 128
(group 1) and 930 (group 2). Comparison was done by the method of
Maizel and Lenk (14), with window 21 and stringency 14, Symbol:
EIi, open reading frames.
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930

MssYwP11 IrrVI'L IrePKTKEnMVLFEKMVVPEIKQr VPEVLLnHKVPEKLI YTPl 1APAQIVJTKIQK

.45EQOCKQPCQPXP1~PKCPECPPK*PEK

MStQQ%KQPCQPP CPTPKCPEPCPPPVKCPEKPPPVKCPQPSPPQQCQVCPFVTSPKQPKCPFSK

FIG. 5. Comparison of the amino acid sequences of clone 128 and 930 proteins. Symbols: Iz1i, repeats; U *, homology with the sequence
PK*PEPC; ---, homology in the C terminus.

active in binding nucleic acids. On the other hand, the
homology of the N-terminal region of myosin Li chain (13)
suggests a structural function for these proteins.
Northern blot analysis showed that the expression of

group 1 and 2 genes is stimulated by UV light, 4-NQO, and
TPA. It would be interesting to find out whether the expres-
sion of these genes is also affected by other stress treatments
like heat shock or anoxia.
The exact number of genes corresponding to group 1

cDNA clones is difficult to estimate and needs further
investigation. Preliminary analysis of genomic blots indi-
cates the presence of at least one gene copy of approxi-
mately 12 kilobases in length, although a tandem organiza-
tion of several copies cannot be excluded. A weak
hybridization to multiple bands on Southern blots can be due
to the presence of group 1 related sequences in the human
genome or to the nonspecific hybridization to G+C-rich
sequences, since the cDNA insert used for nick translation
contained the G+C tail. The detection on Southern blots of
fragments that were smaller than the DNA insert itself
suggests the presence of at least one intervening sequence in
the group 1 gene(s). Sequence variation between clones 128
and 12F on the one hand and clones 41D and 15B on the
other hand (nucleotides 137, 249, and 306 in Fig. 1) can be
explained by the expression of three slightly different alleles
or might be the consequence of the introduction of wrong
bases into the cDNA sequence during the cDNA synthesis.
Group 2 cDNA clones represent a multigene family of highly
homologous genes. The stop codon at position 79 in clones

1292, 60, 1548, and 1740 (Fig. 2A) is probably a nonsense
mutation in one of the genes of this family which is still
expressed at a relatively high level as compared with that of
other group 2 sequences, since four independent cDNA
clones carrying this mutation were isolated. Preliminary
results on the presence of group 1 and 2 genes in different
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FIG. 6. Northern blot analysis ofmRNA corresponding to group
1 and 2 cDNA clones. Equal amounts of poly(A)+ RNA (0.1 ,ug),
determined by hybridization to 3H-labeled poly(U), were separated
on 1.5% agarose gel after denaturation with glyoxal. Lanes: a and d,
poly(A)+ RNA from keratinocytes 12 h after irradiation with 50 J/m2
and 6 h after irradiation with 35 J/m2, respectively; b and f, poly(A)+
RNA from nontreated cells; c and e, poly(A)+ RNA from cells
treated with 4-NQO and TPA, respectively. I, Group 1 (clone 15B);
II, group 2 (clone 1740); EF, elongation factor 1-alpha (control).
Only the parts of the gel containing the bands of RNA recognized by
each particular probe are shown.

labelled probe

FIG. 7. Southern blot analysis of genomic organization of group
1 cDNA clones. (A) Human DNA digested with PstI-EcoRI (a), PstI
(b), Hindlll-Psil (c), HindIll (d), EcoRI-HindIII (e), EcoRI (f), and
BamHI (g). (B) Monkey (a), mouse (b), hamster (c), rat (d), and rat
kangaroo (e) DNA digested with EcoRI. (C) 32P-labeled fragment of
the cDNA insert of clone 15B used for hybridization. E, EcoRI; H,
HindIII. Hybridization was performed under stringent conditions
(15) at 42°C in 50% formamide and 5x SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate); blots were washed at 60°C in 2x SSC
and finally in 0.1x SSC.
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FIG. 8. Southern blot analysis of genomic organization of group
2 cDNA clones. (A) Human DNA digested with Pstl (a), HindlII (b),
and BamHI (c), and monkey (d), mouse (e), and rat kangaroo (f)
DNA digested with EcoRI. (B) 32P-labeled fragment of the cDNA
insert of clone 174N used for hybridization. E, EcoRI; P, Pwill. The
conditions of hybridization and washing were as described in the
legend to Fig. 7.

mammals suggest that these genes are evolutionarily con-
served.

It is worth noting that in several aspects the spr proteins
resemble metallothioneins, although there is no homology in
the nucleotide and amino acid sequences between these two
groups. Metallothioneins constitute a family of small, cys-
teine-rich, metal-binding proteins (8). Moreover, the expres-
sion of metallothioneins is induced not only by exposure to
heavy metals or glucocorticoides but also by UV light and
TPA treatment (1). However, the sprl and sprIl proteins
differ from metallothioneins by a high content of proline and
glutamine and by the presence of repeating elements. It
would be interesting to find out whether the expression of
the group 1 and group 2 genes could be also affected by
heavy metals or glucocorticoides and whether the spr pro-
teins, by analogy with metallothioneins, are metal binding.

It is still to be proven whether the sprl and sprIl polypep-
tides contain metal ions and whether they can bind nucleic
acids. Further characterization of these proteins will reveal
their possible role in UV-inducible response or in any other
cellular event. Recent results obtained with the antibodies
specific to the chemically synthesized polypeptide corre-
sponding to one of the group I genes confirm the existence of
the predicted protein in vivo and indicate the regulation of
the expression of group 1 proteins during keratinocyte
differentiation (10).
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