Multiple Genes Encoding Zinc Finger Domains Are
Expressed in Human T Cells

Hans-Jiirgen Thiesen

Proteins containing zinc finger domains have been implicated in developmental control of gene
expression in Drosophila, Xenopus, mouse, and humans. Multiple cDNAs encoding zinc (IT)
finger structures were isolated from human cell lines of T-cell origin to explore whether zinc
finger genes participate in the differentiation of human hematopoietic cells. Initial restriction
analysis, genomic Southern blotting, and partial sequence comparisons revealed at least 30
nonoverlapping cDNAs designated ¢Kox(1-30) encoding zinc finger motifs. Analysis of cKox1
demonstrated that Kox1 is a single-copy gene that is expressed in a variety of hematopoietic and
nonhaematopoietic cell lines. ¢cKox1 encodes 11 zinc fingers that were shown to bind zinc when
expressed as a §-gal-Kox1 fusion protein. Further analysis of the predicted amino acid sequence
revealed a heptad repeat of leucines NH,-terminal to the finger region, which suggests a potential
domain for homo- or heterodimer protein formation. On the basis of screening results it was
estimated that approximately 70 zinc finger genes are expressed in human T cells. Zinc finger
motifs are probably present in a large family of proteins with quite diverse and distinct functions.
However, comparisons of individual finger regions in cKox1 with finger regions of cKox2 to
¢Kox30 showed that some zinc fingers are highly conserved in their putative a-helical DNA

binding region, supporting the notion of a zinc finger—specific DNA recognition code.
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Differentiation is thought to be a process deter-
mined by genetic programming of individual cells,
partially mediated by cell-cell contacts and regulated by
hormones and cytokines. In the mammalian hematopoi-
etic system, many decisions on lineage commitment and
maturation must be made during differentiation from
pluripotent stem cells to mature cells comprising multi-
ple lineages (B and T lymphocytes, granulocytes, mac-
rophages, mast cells, erythrocytes, and megakaryocytes)
(Dexter and Spooner, 1987; Metcalf, 1989). In turn,
each lineage is composed of numerous cell types. Thus,
mature T lymphocytes can be further subdivided accord-
ing to function (for example, helper or cytotoxic T cells)
and phenotype (McMichael et al., 1987; Strominger,
1989). Such differentiation processes involve the expres-
sion of lineage- and stage-specific genes (Maniatis et al.,
1987). In recent years it has become clear that the
transcription of genes is regulated by DNA-protein
interactions and depends on the interplay of common
and cell-type/cell-lincage—specific DNA-binding pro-
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teins (Lichtsteiner et al., 1987; Mitchell and Tjian,
1989).

In Drosophila, analysis of developmental mutants
led to the characterization of genes that play a pivotal
role in the differentiation process. Many of these genes
encode protein domains conserved in higher species,
such as mouse and man (for example, homeobox:
Manley and Levine, 1985; Gehring, 1987; Holland and
Hogan, 1988; paired box: Bopp et al., 1986; Deutsch et
al., 1988; and zinc finger: Chowdhury et al., 1987). The
zinc finger domains first found in Xenopus transcription
factor IITA (TFIITA) (Ginsberg et al., 1984) are typi-
fied by the Drosophila gap genes Kriippel (Rosenberg et
al., 1986) and hunchback (Tautz et al., 1987). The zinc
finger motif is a tandemly repeated 28-amino acid
sequence analyzed in TFIIIA by Brown et al. (1985)
and Miller et al. (1985). The conserved cysteines and
histidines of one repeat (YxCxxCxxxFxxxxxLxxHxxx
HTGER /KP) have been shown to chelate one zinc atom
(Diakun et al., 1986), stabilizing the proposed finger
structure (Miller et al., 1985). For TFIIIA and for the
yeast transcription activators ADR1 and SWIS5, the
finger domain has been identified as the DN A-binding
component (Blumberg et al., 1987; Stillman et al.,
1988). A collection of 159 zinc finger motifs found in 25
translated genes, including the three human zinc finger
genes SP1 (Kadonaga et al., 1987), GLI (Kinzler et al.,

363



364 / Hans-Jiirgen Thiesen THE NEW BIOLOGIST, Vol. 2, No. 4 (April 1990: 363-374)

A Kox 1

10 30 50 70
GGGCGGIGGTGCTTTGTCTCCTCAGCACTCTGCTGTCACTCAAGGAAGTATCATCAAGAACAAGGAGGGCATGGATGCTA
G 6GGALSPQHSAVTO QG STITIZ KXNZE KTETGMDAK

90 110 130 150
AGTCACTAACTGCCTGGTCCCGGACACTGGTGACCTTCAAGGATGTATTTGTGGACTTCACCAGGGAGGAGTGGAAGCTG
$ L TAWS®RTTLVTTFIE KT DVTFVDTFTTZ RTETETWZE KL

170 190 210 230
CTGGACACTGCTCAGCAGATCGTGTACAGAAATGTGATGCTGGAGAACTATAAGAACCTGGTTTCCTTGGGTTATCAGCT
LDTAQOQOIVYRNVMLENYZ RKND®VSLGYQQ®

250 270 290 310
TACTAAGCCAGATGTGATCCTCCGGTTGGAGAAGGGAGAAGAGCCCTGGCTGGTGGAGAGAGAAATTCACCAAGAGACCT
TKPDVI@RLEEKTEGETETP?WLVETRTETTEHGO QET H

330 350 370 390
ATCCTGATTCAGAGACTGCATTTGAAATCAAATCATCAGTTTCCAGCAGGAGCATTTTTARAGATAAGCAATCCTGTGAC
P DS ETATFETII K S SV S SRS TITFIE KDIEXKTUG QST CTD

410 430 450 470
ATTAAAATGGAAGGAATGGCAAGGAATGATCTCTGGTATTTGTCATTAGAAGAAGTCTGGAAATGTAGAGACCAGTTAGA
I KMEGMARNDTULWYTUL S L EZEVWI KT CRUDUOQTL D

490 510 530 550
CAAGTATCAGGAAAACCCAGAGAGACATTTGAGGCATCAGCTTATTCATACTGGAGAAAAACCCTATGAGTGTAAAGAAT
K'Y QENUPEW RUHILARIHEHOQLTIUHTGETZ KTPTYTETCTE KTE C

570 590 610 630
GTGGAAAGTCTTTCAGCCGGAGTTCTCACCTCATTGGACATCAAAAGACCCATACTGGTGAGGAACCCTATGAATGTAAA
G K SF SRS S HUILTIGHO QIZ KT HTGETET PV YEC K

650 670 690 710
GAATGTGGARAATCCTTCAGCTGGTTCTCTCACCTTGT TACTCATCAGAGAACTCATACAGGAGACAAACTGTACACATG
ECGZX SF S WP F S HLVTUHOQRTUHTGDI KTLYTC

730 750 770 790
TAATCAGTGTGGGAAATCTTTTGTTCATAGCTCTAGGCTTATTAGACACCAGAGGACACATACTGGACACARACCCTATG
N Q C G K S F V HS SR UL I R H Q R T H T G H K P Y E

810 830 850 870
AATGTCCTGAATGTGGGAAATCTTTCAGACAGAGCACACATCTCATTCTGCATCAGAGAACCCATGTGAGAGTGAGGCCC
C PECGI K S FR QS TUHTLTITULUHG QI RTHVYVI®RUVTRP

890 910 930 950
TATGAATGCAATGAATGTGGAAAGTCTTACAGCCAGAGATCTCACCTTGTTGTGCATCATAGAATTCACACTGGACTAAA
Y ECNZETZCGI K S Y S QRS HULUVV HHRTIIUBHTGTL K

970 990 1010 1030
ACCTTTTGAGTGTAAGGATTGTGGAARATGTTTTAGTCGAAGCTCTCACCTT TATTCACATCAAAGAACCCACACTGGAG
PF ECIKDT CG KT CTFS SRS S HLY S HOQURTUHTGE

1050 1070 1090 1110
AGAAACCATATGAGTGTCATGATTGTGGAAAATCTTTCAGCCAGAGTTCTGCCCTTATTGTGCATCAGAGGATACACACT
K P Y ECHDTGCGZ XK ST F S QS SATLTIVHO QR RTIIEHT

1130 1150 1170 1190
GGAGAGAAACCATATGAATGCTGTCAGTGTGGGAAAGCCTTCATCCGGAAGAATGACCTCATTAAGCACCAGAGAATTCA
G EKUPYET CT CO QG CGI KA ATFTIRIEKNINTIDTILTII KU HTZ QT RTIH

1210 1230 1250 1270
TGTTGGAGGAGAGACCTATAAATGTAATCAATGTGGCATTATCTTCAGCCAGAACTCTCCATTTATAGTTCATCARATAG
vVGGGETYZ XKCNO QG CGTIIVF S QNSPF I VHOQTIA

1290 1310 1330 1350
CTCACACTGGAGAGCAGTTCTTAACATGCAATCAATGTGGGACAGCGCTTGT TAATACCTCTAACCTTATTGGATACCAG
HTGEQF LT CN QU CGTA ATLU VUNTSNTILTIGYVYQ

1370 1390 1410
ACARATCATATTAGAGAAAATGCTTACTAATAAATATGGGAATTTTTCACAAAT
T NH I R E N A Y * x*

Figure 1A. Nucleotide sequence and predicted amino acid sequence of cKox1.
The finger region starts at nucleotide position 461 and ends at 1384. Methionine and leucine residues of the zipper

region are encircled (amino acids 66 to 87). The negatively charged region (net charge —6) spans from amino acid
position 89 to position 115.



1988), and TDF (Page et al., 1987), has been structur-
ally compared by Gibson et al. (1988).

As an initial step in determining whether genes
encoding zinc finger domains are involved in differentia-
tion of hematopoietic cell lineages we have isolated and
characterized 30 nonoverlapping ¢DNAs containing
multiple zinc fingers derived from libraries of T-cell
origin,

RESULTS AND DISCUSSION

Structure of cKoxI Isolated from Molt-4 cells

We isolated a ¢cDNA clone derived from Molt-4
cells, a human T-cell line, on the basis of cross-
hybridization with the zinc finger region of mouse
Kriippel mkr1 (Chowdhury et al., 1987). This clone was
named cKox1 for Kriippel box. On genomic blot analy-
sis this cDNA clone detected a single-copy gene in the
human genome (see below). Under the same hybridiza-
tion conditions we did not detect cross-hybridization
with mouse DNA, suggesting that the sequence is not
highly conserved in evolution (data not shown). Se-
quence analysis (Fig. 1A) demonstrated an open reading
frame of 462 amino acids potentially encoding a protein
of at least 50 kD. The predicted protein sequence
revealed the presence of 11 consecutive zinc fingers (Fig.
1B) which encoded the two highly conserved Cys/His
residues necessary for zinc coordination with variations
in finger 1 and finger 11. The H/C-link consensus
sequence TGEKP is only present in three links (fingers

B

KCRDOLDKYQENPERHI REQLTHTGEKP
YECKECGKSF' SRS SHLIGHQOKTHTGEEP
YECKECGKSF SWF SHLVTHQRTHTGEKL
YTCNQCGKSFVHS SRLIRBORTHTGHKP
YECPECGKSFRQSTHLITHBQORTHVRVRP
YECNECGKSY SORSHLVVHHRTHTGLKP
FECKDCGKCF SRSSHLY SHORTHTGEKP
YECHDCGKSFSQSSALIVHQRTHTGEKP
YECCOCGKAF IRKNDLIKHQRTHVGGET
YKCNQCGI TF SONSPF IVHQTARTGEQE
LTCNQCGTALVNT SNLIGYQTNHIRENA

RRrRYO~NJoyUlaWNR

Ho-

cons. : YeCxxCgksFsxxshLixHqgrxBtgekp

Figure 1B. Compilation of 11 zinc fingers together with the consen-
sus sequence predicted from ¢Kox1 nucleotide sequences (Fig. 1A).

The finger region starts at nucleotide 461 and ends at nucleotide
1385. Bold capitals show amino acids generally conserved in zinc
finger motifs; small letters in the consensus sequence show amino
acids that are repeated in several fingers of Koxl with some
variations in positions (underlined) thought to be involved in DNA
binding.
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Figure 2. Comparison of heptad repeats of leucines present in Kox1
with leucine zipper structures from v-Fos, v-Jun, c-Myc, 1-Myec,
C/EBP, and GCN4.

Conserved amino acids within heptad repeats of v-Fos, v-Jun, c-Myc,
1-Myc, C/EBP, and GCN4 are indicated by arrows.

1, 7, and 8). Comparisons of individual fingers in Kox1
indicated that several amino acids are conserved be-
tween individual fingers (Fig. 1B). Besides the zinc
finger consensus sequence (YeCxxCgksFsxxshLixHqrtH-
tgekp) several amino acids are repeated in several
fingers (small letters) with some variations in positions
(underlined) thought to be involved in DNA binding
(Gibson et al., 1988).

Heptad Repeats of Leucines Present in Kox1

The analysis of transcription factors in yeast and
higher eukaryotes established that transcription factors
consist of DNA-binding domains, such as the homeobox
(Desplan et al., 1988; Hoey and Levine, 1988) and basic
regions (GCN4: Hope and Struhl, 1986), and an activat-
ing domain that can be negatively charged (GCN4:
Hope et al.,, 1988; Ptashne, 1988) or may contain
glutamines (SP1: Courey et al., 1988). A search of the
coding region of cKox1 for significant homologies re-
vealed the presence of a structure resembling a leucine
zipper from nucleotide 197 to nucleotide 262 (Fig. 2).
However, this is followed by a negatively charged region
(net charge of —6) from nucleotide position 268 to
position 346 which is in contrast to the basic region seen
in the analogous position in canonical leucine zipper
structures. A leucine zipper, a heptad stretch of leucines
separated by six amino acids, was first described in
C/EBP and found to be present in the Myc family, in
Jun, Fos, and GCN 4 (Landschulz et al., 1988). This
region is involved in facilitating DNA-protein interac-
tion as a result of homodimer formation in GCN4
(O’Shea et al., 1989) and heterodimer formation be-
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tween c-Jun and c-Fos (Sassone-Corsi et al., 1988;
Gentz et al., 1989; Turner et al., 1989). A comparison of
the amino acids within the leucine stretches of Jun, Fos,
Myc, and C/EBP with Kox1 reveals that additional
amino acids are conserved (Fig. 2). Furthermore, a
detailed analysis of the postulated leucine zipper is
reminiscent of the coiled coil structure described in
interfilament proteins, in which hydrophobic amino
acids appear at every 3rd or 4th and 7th position
(O’Shea et al., 1989). A detailed sequence comparison
with the National Biomedical Research Foundation
(NBRF) protein data bank with Mx,Lx,Lx(L from the
Wisconsin GCG package being used as a mask revealed
homologies to ¢-Myc in the rainbow trout, to human
dystrophin, and to E4 and E7 from human papilloma
viruses (Fig. 3). In this respect it is worth mentioning
that E7 is suspected of forming oligomers or of being
associated with one or more proteins (Smotkin and
Wettstein, 1987). It is tempting to postulate that these
interactions are determined by this methionine/leucine
structure.

Though negatively charged regions in transcription
factors have already been shown to activate transcrip-
tion (Ma and Ptashne, 1987), it is unclear whether, in
Kox1, the negatively charged region from amino acid
position 89 to 115 and the leucine zipper region from
amino acid position 66 to 87 form one functional unit for
protein-protein interaction or whether they present two
independent functional regions. Although several leu-
cine zipper-containing transcription factors have been
described, the product of Koxl is the first example
where a multiple zinc finger protein contains heptad
repeats of leucines that might be involved in homodimer
or heterodimer protein formation.

Expression of Kox1

It was established by Northern analysis (Fig. 4)
that Kox!1 is expressed in various hematopoietic and
nonhematopoeitic cell lines. The highest expression
compared to that of GAPDH was observed in U937, a
myelomonocytic cell line. No expression has been de-
tected thus far in HT29, a colon carcinoma cell line, or
in OVCA, an ovarian carcinoma cell line. In addition to

MLENYKNLVSLGYQLTKPDVILRL

Figure 3. Methionine/leucine heptad repeats of Kox1
found in human papilloma virus, human dystrophin, and [
rainbow trout.
The methionine/leucine heptad motif from Koxl I
(Mx,Lx,LxcL) is present in E4 (amino acids 11-34)
and E7 (amino acids 1-24) in human papilloma virus, [
in c-Myc (amino acids 376-400) from rainbow trout,
and in human dystrophin (amino acids 975-996). |
Vertical lines above individual sequences show identity
to amino acids in Kox1.

MVGEMPALKDLVLOLEPSVLDLDL
MAAQLYVLLHLYLALYEKYPLLNL
MAAQLYVLLHLYLALHKKYPFLNL
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Figure 4. Northern blot probed with cKox1.

Poly(A)* RNA selected from 100 ug of total RNA by mAP paper
(Orgenics, Yavne, Israel) were run on 1% agarose-formaldehyde gel,
transferred to GeneScreen (Dupont), and hybridized with cKox1.
RNA was obtained from cell lines indicated above the lanes. The
GAPDH probe (Piechaczyk et al., 1984) was used to show that equal
amounts of RNA were loaded in each sample. Phage A digests (EcoRI,
HindIIT) were used as size markers.

the longest transcript of cKox1, shorter transcripts were
visible that might represent alternatively spliced prod-
ucts of the Kox message or transcripts of related genes.
Although the expression of Kox1 was not restricted to
hematopoietic cells, the level of expression seemed to
vary within hematopoietic lineages: Kox1 may be more
strongly expressed in the myelomonocytic compartment
(U937) in comparison to the lymphoid compartment
(Molt-4, Jurkat, and Ramos).

Zinc Binding

Several amino acids are highly conserved within
zinc finger regions (Gibson et al.,, 1988). In ADRI

cKoxl

(N I

E7(HPV: type la)

I I b

E4 (HPV: type 11)

[ I I

E4 (HPV: type 6b)
I |

cmyc (rainbow trout)
I I |

dystrophin (human)



(Parraga et al., 1988) and TFIIIA (Frankel et al., 1987)
it has been demonstrated that one zinc atom coordinates
the two Cys/His residues of one finger domain (Diakun
et al., 1986). It is proposed that this coordination
determines and stabilizes the putative zinc finger struc-
ture, thus reducing the degree of potential conforma-
tions and giving the zinc finger a more rigid structure
independent of the amino acids at the non highly
conserved positions (Parraga et al., 1988). A zinc blot
performed on a 8-gal-Kox1 fusion protein demonstrated
the product of specific zinc binding to Kox1 (Fig. 5). A
low level of zinc binding was observed with native
B-galactosidase. Additional zinc blots with recombinant
Kox1 consisting of the first five or last five zinc fingers
demonstrated clear zinc binding in the absence of
B-galactosidase sequences (data not shown).

Isolation of Multiple Zinc Finger cDNAs
(cKox2-30)

In a second screening procedure, with cKox1 being
used as a probe, 29 nonoverlapping ¢cDNAs encoding
zinc finger structures were isolated from T-cell libraries
(cKox 2-29 from Jurkat and cKox30 from Molt-4 cells).
Partial sequence analysis and restriction analysis of
cKox2 to cKox30 indicated that these ¢cDNAs are
different from each other. Many zinc finger genes

B

p-gal-kox1 -

B-gal .

Figure 5.  Zinc blot onto Kox1 3-gal-fusion protein,

¢Kox1 was expressed as a $-gal-fusion protein in pUEX3, run on a
7.5% SDS-polyacrylamide gel, and electrotransferred to nitrocellu-
lose. A zinc blot was then performed with *Zn (Schiff et al., 1988).
Lanes: 1, 8-gal; 2, 8-gal-Kox1 (reverse); 3, 3-gal-Kox1; 4, zinc blot of
1; 5, zinc blot of 2; 6, zinc blot of 3. Proteins in lanes 1 to 3 were stained
with Coomassie brilliant blue.
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harbor EcoRI restriction sites within the zinc finger
region. Therefore, we grouped the cKox clones in Fig. 6
according to the position of their zinc finger regions.
cKox1 and cKox30 encompass complete zinc finger
regions. Most of the cKox clones probably represent
separate genes, because genomic blots with individual
cKox cDNAs as probes gave different hybridization
patterns (Fig. 6). Genomic clones representing the cKox
family are currently being analysed to determine whether
different Kox genes are linked to each other. However,
preliminary data obtained by hybridizations with dif-
ferent stringencies indicate that Kox genes can be
grouped into different subsets of genomic clones, indicat-
ing that zinc finger regions might have diverged through
evolution from each other (H.-J. Thiesen, unpublished
data). The fact that many fragments are detected on
genomic Southern blots by cKox8, by cKox24, and by
cKox27 supports the notion that a large number of zinc
finger genes are present in the human genome. The ratio
of clones recovered from the Jurkat cDNA library only
once to those recovered twice suggests that a lower limit
for the number of zinc finger genes expressed in T cells is
approximately 70. This is a minimum estimate based on
the assumption that all genes are expressed in equal
copy numbers and represented equally in amplified
libraries. Studies of the expression of these Kox genes on
Northern blots are complicated by this high number of
different zinc finger genes and their low abundance
(H.-J. Thiesen, in preparation).

Protein sequences of two consecutive zinc fingers
derived from each of cKox2 to cKox30 are presented in
Fig 7. The amino acids of the zinc finger consensus
sequence (YxCxxCxxxFxxxxxLxxHxxxHTGEKP) are
generally highly conserved in this collection of Kox
finger regions. The second cysteines are replaced by
serine and tyrosine in two Kox24 fingers. One histidine is
altered to tyrosine in one Kox26 finger. The hydrophobic
residues phenylalanine and leucine are present in most
cKox fingers. Leucine is replaced by isovaline in Kox13
and by phenylalanine in Kox5 and Kox14. In Kox7 one
leucine was detected instead of phenylalanine, which
was replaced by tyrosine in Kox17 and Kox20. These
hydrophobic residues are thought to stabilize the finger
tip by forming a hydrophobic core (Gibson et al., 1988).

Comparison of Individual Kox Zinc Fingers

Although zinc finger proteins might have quite
diverse functions, the zinc finger domain is thought to
bind specifically to DNA or RNA, as indicated in
extensive analyses of TFIITA (Engelke et al., 1980;
Fairall et al., 1986; Pieler et al., 1985, 1987). Rhodes
and Klug (1986) suggested that the repetitive structure
of zinc finger domains might be reflected in a repeated
DNA target sequence. Structural models generated by
comparing known structures of metalloproteins (Berg,
1988) and by doing computer modelling (Gibson et al.,
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Figure 6. Genomic Southern blots probed with cKox1 to cKox30.

For the genomic Southern blots, 10 ug of Molt 4 DNA were digested with the restriction enzymes shown below the
panels (BamH1, B; HindIII, H; and EcoRI, E), electrophoresed in 7% agarose gels, transferred to GeneScreen
(Dupont) and hybridized with cKox probes as shown above the panels. The cKox!1 blot was probed with a fragment
containing the first 660 residues of cKox1 (Fig. 1A). cKox blots were grouped according to the location of the finger
region in the cDNAs. The 3’ zinc fingers were located in cKox2, 3, 8, 10, 12, 18, 19, 24, and 25, and the 5’ fingers
were located in cKox4, 5, 7,9, 11, 13, 14, 15, 16, 17, 21, 23, 26 and 29. cKox1 and cKox30 encompass complete
finger regions. cKox20, 22, 27, and 28 contain only zinc finger motifs. Phage A that had been cut with
EcoRI/HindIII and pUC19 that had been cut with BamH]1/Avall were used as size markers.

1988) suggest that each finger contains an «-helical
region as previously predicted by Brown and Argos
(1986); this region seems to start around the third
position prior to the conserved leucine and end around
the second conserved histidine, and thus spans three to
four helical turns. A similar placement of an a-helix was
identified in ADR1 (Parraga et al., 1988). In addition, it
is claimed that amino acids at positions 3 and 2 prior to
the conserved leucine, and both amino acids located
between the leucine and the first conserved histidine,

determine sequence specificity (Gibson et al., 1988).
Recently, the three-dimensional solution structure of a
single zinc finger derived from the Xenopus protein Xfin
was determined by nuclear magnetic resonance (NMR);
this work showed that the zinc finger is an independently
folded domain with a compact globular structure, and
suggested that the side-chains of the amino acids on the
exposed face of the well-defined helix may participate in
DNA binding (Lee et al., 1989). Mutations of the yeast
regulatory protein ADR1 also suggest that the position
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zinc finger proteins (Fig. 8). The triplets SSH, SSR, and

SSA appeared in several other Kox zinc fingers. It is
questionable whether the SS doublet confers any speci-
ficity because of the low selectivity of serines in terms of
hydrogen bonding to nucleotides (Saenger, 1984). In
further comparisons identical amino acid doublets were

YKCEECGKAFSRSSNLTKHKKIHIEEKEKEP
YKCEECGKAFKWSSKLTEHRHKITHTGEEKTE?
YECKECGKTFSRASYLVQHSRIHTGE KK KTP?P
YECKECGEKAFSSGSYLVQHQRTI
YECSECGRSFSKSSALISHQRIHTGEKEP
YECAECGKSFSKSSTILANHQRTHTGEEKD?P
YECQECGKSFRQOQKGSLTLEERIHTGOQK?P
FECTHCGKSFRAKANLVTHQRIHT.
single DNA-binding regions of Koxl appear in other
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in the numbering of each cKox clone. Thus, Kox2.3 zinc finger sequences are derived from the 3’ end of the cKox2

Predicted amino acid sequences have been derived from the 3’ or 5’ end of the cDNA clones as indicated by a 3 or 5
clone.

Figure 7. Two consecutive zinc finger domains from cDNAs cKox2 to ¢Kox30.
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Each individual finger derived from ¢Kox1 (total

11) was compared to two consecutive fingers derived

from cKox2 to kKox30 (total 58) to evaluate whether
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just prior to the leucine might contribute to DNA

recognition (Blumberg et al.,, 1987). This region is
thought to interact with nucleotides in the major groove

YECNECGKSFGRTSHLSQHQRIHTGEXKDP
FECNECGRCFTSKRNLLDHHRIHTGEKTP
YQCKECGKAFSINAKLTRHQRIHTGEKTP
of the DNA (Berg, 1989).

KOX 13.5
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Y
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Kox8 YKCEECGKSFIL SSH L. TT HKIIHTGEKP
Kox1.F7 FECKDCGKCFSR SSH L YS HQRTHTGEKP
Koxl.F2 YECKECGKSFSR SSH L IG HQKTHTGEEP
Kox15 YQCDECGRCFSQ SSH L IQ HQRTHTGEKP
Kox25 YECNECGKAFSQ SSH L YQ HQRIHTGEKP
Kox1l.F8 YECHDCGKSFSQ SSA L IV HQRIHTGEKP
Kox29 YECSECGRSFSK SSA L IS HQRIHTGEKP
Kox9 YRCSVCGKAFSH SSA L IQ HQGVHTGDKP
Kox1.F4 YTCNQCGKSFVH SSR L IR HQRTHTGHKP
Kox4 YKCNKCTKAFGC SSR L IR HQRTHTGEKP
Kox18 HECNECGKAFSH SSN L IL HQRIHSGEKP
Kox1l.F5S YECPECGKSFRQ STH L IL HQRTHVRVRP
consensus  YeC..CgksFs. 8S. L I. HgrtHtgekp

Figure 8. Comparison of individual zinc fingers of Kox1 with zinc
fingers of Kox2 to Kox30.

The Kox fingers (Kox1.F) are listed only if they contain high
conservations of amino acids within the putative DNA binding
region (xxxLxxH), implying similar specificities in DNA binding.
Identical triplets and doublets are presented in bold characters.

noticed located between leucine and histidine. The Kox1
fingers 2, 4, and 8, when compared with fingers from
Kox4, 9, 15, 18, and 29, differ only in the first position
prior to leucine and in the first position prior to histidine
(ssxlixH). It is worth asking whether every third posi-
tion in these two consecutive helical turns determines
specific binding to DNA or whether mainly identical
triplets and doublets confer similar specificities for
DNA recognition. If one compares the fourth finger of
Kox1 with a finger in Kox4, one finds a total identity in
the putative DNA-binding regions, suggesting that
these two fingers should recognize the same DNA target
sequence according to the models generated by Berg
(1988) and Gibson et al. (1988). With the identification
of Kox target sequences, finger-swap experiments will be
the appropriate method to evaluate the existence of a
zinc finger specific recognition code.

Genes Encoding Zinc Finger Motifs Expressed in
Human T Cells

In this report, I have described the existence of at
least 30 nonoverlapping cDNAs (cKox1l to cKox30)
encoding the zinc finger motif consensus sequence Y/
FxCxxCxxxFxxxxxLxxHxxx HTGEK/RP, most of them
representing distinct genes. These cDNAs were derived
from libraries generated from human T-cell lines. We
expect that some of the Kox genes might be related to
differentiation processes during the generation of ma-
ture T lymphocytes. In my laboratory we are currently
exploiting the advantages of working with individual
T-cell clones that represent different subsets of differen-
tiated T cells to ask whether zinc finger genes differ in
their expression pattern when thymocytes differentiate
to peripheral T cells. Preliminary data seem to indicate
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that Kox27 is predominantly expressed in the B- and
T-cell lineage (data not shown). Evidence for the involve-
ment of zinc finger genes in hematopoietic development
comes from the murine system where an ectopic expres-
sion of a zinc finger gene (Evil) induced by retroviral
insertion prevented Il-3—dependent myeloid cell lines
from terminally differentiating (Morishita et al., 1988).
Furthermore, the zinc finger gene cHF.12, whose finger
region is identical to that in Kox25, was reported to be
downregulated during myelomonocytic differentiation
(Pannuti et al., 1988).

Recently, Kongsuwan et al. (1988) reported the
detection of more than 20 transcription factors encoding
homeobox domains in hematopoietic cells. It now ap-
pears that at least two families of transcription factors
encompassing two highly conserved DNA-binding mo-
tifs (homeobox and zinc fingers) are present in he-
matopoietic cells, and it seems likely that some of them
are involved in the commitment and differentiation of
these cells.

Comparison of Zinc Finger Genes

Sequence comparisons with published zinc finger
structures revealed that the Kox genes (with the possible
exceptions of cKox10 and cKox25) are new representa-
tives of the human zinc finger family. Partial sequences
available to us indicate identity between cKox10 and
HPFp3 (Bellefroid et al., 1989) and between cKox25
and cHF.12 (Pannuti et al., 1988). However, since we do
not have complete cDNA sequences we cannot rule out
some sequence divergence outside of the homologous
regions we have identified. We estimate that approxi-
mately 70 zinc finger genes are expressed in human T
cells. Thirty nonoverlapping cDNAs (cKox1 to cKox30)
have been reported in this paper, supporting the notion
that zinc finger motifs have been exploited frequently
during evolution. Thus far, about 20 human zinc finger
genes have been identified as cDNAs or genomic clones
(Kadonaga et al., 1987; Kinzler et al., 1988; Page et al.,
1987; Joseph et al., 1988; Pannuti et al., 1988; Ruppert
et al., 1988; Sukhatme et al., 1988; and Bellefroid et al.,
1989). We have not obtained any zinc finger genes that
code for only two zinc fingers as in ADR1 (Hartshorne
et al., 1986) or three as in SP1 (Kadonaga et al., 1987)
and NGR-1a (Milbrandt, 1987). In addition, the zinc
finger repeats of the Kox family did not encode four
amino acids between the conserved cysteine residues
identified in SP1 and in the GLI family (Ruppert et al.,
1988). The alternative spacing of three and four residues
between the histidine residues observed in TDF (Page et
al., 1987) were also not found in our zinc finger
collection.



Does a Zinc Finger-Specific Recognition Code
Exist?

Comparison of individual Kox1 fingers (Fig. 1B)
with fingers from the proteins encoded by the cKox
family (Fig. 7) established that different zinc finger
proteins can have identical or related DNA binding
regions if one assumes that these fingers bind similar
sequences with the same affinity or the same sequence
with different affinities. If the postulated a-helical re-
gion can be shown to be the DNA recognition site, it will
be interesting to see whether individual positions in the
a-helix (every third position, for example, the consensus
in Fig. 8) or whether the neighboring amino acids (pairs
or triplets) are important in determining the specificity.
It is possible that careful analysis of zinc finger struc-
tures might lead to the discovery of a zinc finger—specific
recogmition code. Perhaps finger swap experiments could
be designed to see whether a recognition code can be
extracted by determining target preferences for con-
served doublets, such as IR and IL, or conserved triplets,
such as SSH, SSA, and SSR (Fig. 8). In this laboratory
we envisage the existence of a zinc finger—specific DNA
recognition code on the basis of the following assump-
tions: (i) Individual fingers have the potential to bind
DNA (Parraga et al., 1988); (ii) conserved H/C links
position a-helical regions of zinc fingers in the major
groove of a distorted B-form of DNA (Gottesfeld et al.,
1987); (iii) amino acids at specific positions within the
postulated a-helix of the zinc finger determine the
sequence-specific DNA binding (Blumberg et al., 1987);
(iv) the specificity of multiple fingers may be determined
by knowing the specificities of each individual finger;
and (v) knowing the position of the putative a-helix in
regard to the DNA should make it possible to determine
specific amino acid—nucleotide interactions.

The existence of a DNA recognition code has been
postulated previously but not yet substantiated (Seeman
et al., 1976; Pabo and Sauer, 1984). Besides the lack of
appropriate methods, mutations within DNA-binding
motifs run the risk of destroying the overall conforma-
tion necessary for DNA recognition. Summarizing cur-
rent knowledge, one can view the zinc finger domain as a
rigid structure where changes of amino acids that are
not highly conserved do not dramatically influence the
overall structure determined by zinc coordination and
the hydrophobic interactions between phenylalanine
and leucine. Each individual finger domain found in zinc
finger proteins can be considered as one mutant of the
zinc finger consensus. Thus, the zinc finger structure can
be interpreted as a passe-partout: Depending on the
amino acids in the putative recognition helices, specific
amino acids interact with the DNA with variable
affinities. The highly conserved H/C link provides the
appropiate spacing to position the a-helical region in the
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major groove of DINA. These considerations suggest
that zinc finger genes may bind to quite diverse target
sequences. Each finger may be considered to have the
potential for high-, medium-, and low-affinity binding.

CONCLUSIONS

Thirty nonoverlapping cDNAs (cKox1 to cKox30)
encoding zinc finger domains have been isolated from
human T-cell lines. Screening results indicate that a
high number of zinc finger proteins are expressed in
human tissues. Sequence comparisons and Southern
blots with the Kox genes as probes indicate that various
zinc finger genes can be further classified into subfami-
lies. We are interested in determining whether some
Kox genes are clustered in the genome and whether the
expression pattern of some of them is restricted to
specific cell lineages within the hematopoietic differenti-
ation system. Taking cKox1 as one representative of the
zinc finger family, we have demonstrated that Kox1 is
expressed in various hematopoietic and nonhematopoie-
tic cell lines and that the finger region of Kox1 incorpo-
rates zinc and binds to double-stranded DNA (H.-J.
Thiesen, unpublished data). It is also possible that
cKoxl encodes a protein domain outside the finger
region that facilitate protein-protein interactions.

In view of the high number of zinc finger genes and
the postulated complexity of gene regulation, it can be
assumed that nuclear transcription factors constitute a
network of factors with activating and repressing func-
tions. It will now be important to identify target genes of
the cKox family in order to evaluate the influence of the
Kox proteins on gene expression. Thus far, target sites
and target genes are known for SP1 (Dynan and Tjian,
1983) and GLI (Kinzler and Vogelstein, 1990) in
humans, for Zif268 (Christy and Nathans, 1989) in
mouse, for ADR1 (Blumberg et al., 1987) and SWI5
(Stillman et al., 1988) in yeast, for Kriippel (Stanojevic
et al,, 1989) and suppressor of Hairy-wing protein in
Drosophila (Spana et al., 1988) and for TFIIIA (En-
gelke et al., 1980) in Xenopus laevis.

Since the genomes from Drosophila to human
harbor hundreds of zinc finger genes with multiple
consecutive fingers we believe that the finger structure
presents a highly conserved protein domain that might
be described as a passe-partout for DNA binding. If
certain rules for zinc finger—specific DN A-protein inter-
actions could be generated, it should be possible, theoret-
ically, to determine consensus target sites for zinc finger
proteins and, even more exciting, to generate zinc finger
domains for desired DN A target sites.

We have been able to demonstrate sequence-specific
binding of Kox1 protein to double-stranded oligonucle-
otides selected by the target detection assay (TDA)
(H.-J. Thiesen, in preparation). This TDA method has
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been designed to determine target sites for putative
DNA-binding proteins by using randomized oligonucle-
otides in combination with the amplification steps of the
polymerase chain reaction (Thiesen, in press). Further
characterization of zinc finger genes and their expres-
sion patterns should help to elucidate their mechanisms
of action.

MATERIAL AND METHODS

Cell Culture and DNA and RNA Extraction

The cell lines Jurkat and Molt-4 (T-cell lines),
Ramos (B-cell line), SK-Mel (melanoma cell line),
U937 (myelomonocytic cell line), HT29 (colon carci-
noma cell line), OVCA (ovarian carcinoma cell line),
and HeLa (adenocarcinoma cell line) were obtained
from the American Type Culture Collection and grown
as recommended. Total RNA was isolated from cell
lines according to the guanidium thiocyanate procedure
of Chirgwin and collaborators (1979), as modified by
Maniatis and collaborators (1982). Poly(A)* RNA was
selected by mAP paper (Orgenics, Yavne, Israel), using
100 ug of total RNA.

c¢DNA Library Screening

A pEX-Molt-4 cDNA library (Almendral et al.,
1987) was prehybridized (1 h) and hybridized with the
finger region of mkrl (kindly supplied by P. Gruss)
(>10° cpm/ug of DNA) at 50°C in 0.5 M sodium
phosphate, pH 7.2, 7% SDS, and 1 mM EDTA for 20 h.
Washing was done in 40 mM sodium phosphate, pH 7.2,
1% SDS, for 30 min (2x) at 50°C. Positive clones
appearing in duplicate were rescreened, isolated, and
transferred to pUC19 plasmids. We obtained the clones
cKox2-29 by screening a Jurkat ¢cDNA library (pur-
chased from Clontech) and cKox30 by screening a
Molt-4 library with cKox1 (hybridization as done for
the mkrl probe). Positive inserts were cloned into
Bluescript and nucleotides encoding finger regions were
determined by sequencing.

DNA Sequencing and Sequence Analysis

The Kox c¢cDNAs were cloned and subcloned in
Bluescript and pUCI19. Both strands were sequenced
using universal and internal primers by the Sequenase™
procedure (USB). Nucleotide and amino acid sequence
analyses were carried out using the Wisconsin GCG
Sequence Analysis Software Package.

Southern and Northern Blots

Genomic Southern blots were done with 10 ug of
genomic Molt-4 DNA that was digested with BamH]1,
EcoRI, or HindIIl, eletrophoresed on 0.7% agarose, and
transferred to GeneScreen membrane (Dupont). The
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DNA was then UV cross-linked, baked for 2 h at 80°C,
and prehybridized (2 h) and hybridized (24 h) in 0.5 M
sodium phosphate, pH 7.2, 7% SDS, and 1| mM EDTA
with **P-oligo-labeled cKox1-30 at 67°/69°C. As cKox
probes, complete inserts of isolated Kox cDNA were
used. In the case of cKox1, a probe containing the first
660 nucleotides (Fig. 1A) was used. Washings were
done in 40 mM NaPO,, pH 7.2, and 1% SDS at
67°/70°C twice for 30 min. For the Northern blots,
poly(A)* RNA was extracted from 100 ug of total
RNA with the use of mAP paper (Orgenics, Yavne,
Israel) and then loaded on a 1% agarose-formaldehyde
gel, electrophoresed, and transferred to nitrocellulose.
Hybridization was done as above. Filters were washed
twice at 65°C in 0.1 x SSC containing 1% SDS for 30
min. Kodak XARS film was exposed for 1 to 7 days at
—70°C in the presence of an intensifying screen. For
rehybridization with GAPDH the filters were stripped
of the probe by washing for 1 h at 80°C in 1 mM Tris
{pH 8.0), 0.1 mM EDTA, and 0.05% SDS.

Zinc Blotting

cKox1 was expressed as a fusion protein in pUEX 3
(Bressan and Stanley, 1987), an overnight culture was
diluted 1:100 in L.B-medium (final volume 5 ml), grown
at 28°C to an optical density of 0.2 (600 nm), and then
induced at 42°C for 2 h. The E. coli pellet was taken up
in 400 ul of SDS-Laemmli sample buffer and 25 ul was
run on a 7.5% SDS-polyacrylamide gel (Laemmli,
1970). One half of the gel was stained with Coomassie
brilliant blue, the other half transferred to nitrocellulose
and a zinc blot performed according to Schiff et al.,
1988.

Accession Numbers

The nucleotide sequence data reported here will
appear in the EMBL, GenBank, and DDBJ nucleotide
sequence databases under the following accession num-
bers:

Human KoxI ¢cDNA to human KoxI0 cDNA,
numbers X52332 to X52341.

Human Kox11 ¢cDNA to human Kox20 cDNA,
numbers X52342 to X52351.

Human Kox21 ¢cDNA to human Kox30 cDNA,
numbers X52352 to X52361.
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