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By subsmunna non consclved amino acids presem in the ;mxmlnted w-helica) region of zine Hnaer dommns. we demonstruted that Cys,m:s, type

zine finger domains could be targeted to new DNA binding sites. The putative z-helica) regmn of the second 5P zine finger (RSDELQRH) was

repluced by umine acids (KSSA LISH) oceurring in analogous zine finger pasitions of human zinc finger protein Kox 29. The DNA binding specifi-

city of the FPLC purified “chimaeric protein (SP1-Kox 29) was determined by use of the target detection assay (TDA). Chimaeric protein SPL-Kox

29 was subjected to randemized ohgonuclenudes (GGG NNNN GGC) thut were designed on'the basis that cuch SPL zine finger interacts with
3-4 nucleatides concerning ity cognate target site GGG GCGG GG, By this analysis the DNA binding specificity of SP1-Kox 29 was shown

10 huvc switched from the cognate SPI binding site to GOG GGTG GGC. Structure-function unalysis of this type should ﬂlcnhmtc the determina-

‘ tion of DNA binding specificitics far any individual zine finger of i interest. ‘

Human transcription factor SP1; Zine finger protein domains: DNA-protein interactions; Zing fingér specific recognition code

1. INTRODUCTION

- The classical Cysz/Hisa zinc finger repeats first iden-
tified in .Xenopus transcription factor Illa [1,2] and in
the Drosophila gap gene Kriippel {3} have been shiown
to be conserved in several hundred genes analysed from
‘yeast to man {4~9]. The zinc finger domains (YxCxz-
CxsFxsLx:Hx;HTGEKP) are stabilized by zinc, tetra-
hedrally ‘ coordinating the 2 conserved cysteine and
histidine residues [10]. A particular three-dimensional
.protein conformation seems to be required for achiev-

ing sequence-specific DNA. contacts [10-15]. Interac-

tive computer modelling  strategies indicated the
-existence of .an e-helical region in the zinc finger do-
main [11,12]). By nuclear magnetic resonance (NMR)
analysis an a-helical structure was detected from amino
acid position 16 to 24 including the conserved leucine
and the conserved histidine [13,14] (for assignment of
amino acid positions, see reference [12]). Therefore, in
comparison to a-helical regions analysed in helix-turn-
helix ‘motifs [16,17] and in homeo-domains [18], it
séems likely that the sequence specificity of zinc finger
proteins is determined by specific amino acids that are
positioned in the putative a-helical region and probably
contact DNA via the major groove. :
Analysis of mutations in ADR1 [19] and .in
Drosophila  Kriippel [20] indicates that - sequence-
specific DNA binding is impaired once evolutionary
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conserved amino acid residues, such as cysteine,

. histidine or amino acid residues of the histidine/cys-

teine finger link, have been mutated. It is thought that

.in most of these cases the general conformation of the

zinc finger is distorted, e.g. if one of the amino acids
involved in coordinating zinc is replaced, the rigidity
and. structural constraints of the zinc finger are pro-
bably altered [20]. The formation of the postulated
hydrophobic core in the putative finger tip are most
likely effected once the conserved amino acids phenyl-
alanine and leucine of the zinc finger consensus
(YrCx;CxaFxsLxaHx;sHTGEKP) are mutated [21].

In order to deduce specific rules for zinc: finger

specific DNA-protein interactions, the chimaeric pro-
“tein SP1-Kox 29 was generated by substituting the

amino acid region (KSSALISH), present in Kox 29,
for RSDELQRH in the second SP1 finger. By applying
the target detection assay (TDA) the analysis of DNA
recognition done with chimaeric SP1-Kox 29 protein

reveals that SP1-Kox 29 has gained a new DNA target

specificity.

2. METHODS AND MATERIALS

" 2.1. Oligonucleotides

Oligonucleotides for site-dirécted mutagenesis and . for elec-
trophoretic mobility shift assays (EMSA) were synthesized on 380A
Applied Biosystems DNA Synthesizer. The oligonucleotide 1892 used
in ' EMSA contains one SP] binding site TTGGGGCGGGGCTT

-surrounded by cassette sequences [22], which contain the appropriate

primer annealing sites for primer A and primer B [23,24]. For the
TDA analysis  randomized cassette. oligonuclectide - 2736 was
generated [25] resulting in TGGGGNNNNGGCTT. For site-directed
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muagenesis oligonucleailde 2744 (AAGTCOGTCTGCCCTAATTA:
GTCACAAACGTACACACACAGGTGAGAAG) and. migan\wlm'
lide 2743 (GTOACTAATTAGGGCAGACGACTTTOTGAAGE G
TETCCCACAGTATGA) were synthesized ¢ncading lysine (K)
rine finger poxitlon 15, serine (8) at position 17, alanine (A) at posi-
fion 18, isoleucine (1) ar positon 20 and serine at position 21 (for
assignment. of amino acld positons, “see. reference [12)) The
oligonucleotitles 393 (GTAAAACOACGGCCAGTGYand J92 (AA-
ACAGCTATGACCAT, which are universal primers.of Blueseript
plasmid (Stratagenc), have been used togather with the aligopucido.
tides 2744 and 2745 in PCR mutagenesis {26}, Oligonuelcotide 1936
(CAGCCCGGGAGATCTGCCACCTOGCATGAC)  introduces &
Bl site ar the 3! end of the SP1 fragment:in pB-5316¢.

2.2, Site-divected nnagenesis

The BamH1-Bgilt fragment derived from pPyuSpl-Sl6e [27). en-
coding 3 zine fingers of the human ranseription facter SP) (8], was
cloned into the BamH1 site of Blueseript (Stratagene) 1o yield
pB-516c. Two polymerase ehain reactions (PCR) were performed us-
ing oligonucleotide pairs 39372745 and 27447392 together witly
PB-316¢ generating Spl fragments A and B (Fig. 1), Each fragment
harbours the introduced mutations ¢ither at the 3* or §* site, They
were isolated from a 6% polyaérylamide gel [25). The compleie SPU
fragment encoding the desired mutations and a restored 2471 site was
generated by performing a second PCR using primer 393, 1956 on
SP1 ‘fragments A and B, The PCR produet was extracted with
phenollmloroform digestedd with BamH] and Bgilt, gel purified and
cloned into pAR 3019 [28] to vield pAR-SP1-Kox 29. Standard PCR
conditions were applied [25). Introduced mutations were verified by
dideoxy sequence analysis,

2,3. E. coli expression

Mutated Spl protein was expressed and purified according to the
procedure described for the analogous wild type SP1 protein [24).
Mutated SP1 protein was diluted 1:10in buffer A (8 M uren, 200 mM

MES pH 5,0, 2mM EDTA), subjected 1o FPLC Mono S chroma- -

tography and cluted with an increasing salt gradient of buffer B (I M
NaCl, 8 M urea, 20 mM MES pH 5.0, 2 mM EDTA). Peak fractions
were collected and analysed together. with' recently purified SP1
[23,24) on 15% polyacrylamldc SDS .gel. Fractions containing the
mutated SPI protein were pooled. Protein concéntrations were deter-
mined by the method -of Bradford [30) to be 0.5 mg/ml,

2.4, Target detection assuy (TDA)

Double-stranded randomized cassette ohgonuc.h.ondcs 2736 were

generated by PCR-[23} and labelled using TAQ polymerase [24).
Bccause of the reduced complexity of utilized oligonuclectide 2736
(r1 = 4) the TDA selection [23] was simplified by performing only 3
consecutive electrophoretic mobility shift assays (EMSA). Chimaeric
SP1-Kox 29 (15 ng) protein’ was incubated with 10 «! labelled
oligonucleotide 2736 (1000020000 Cerenkov cpm) in a 30 x! stan-
dard electrophoretic mobility shift assay (EMSA). The reaction mix-
ture consisted of 1041 of 3 x band shift buffer (15 mM NaCl,
150 mM KCl, 36 mM HEPES pH 7.9, 36% glycerol, 5§ mM MgCl,,
300 M ZnCly), 6] H0, 3 4l DTT (10 mM) and 10 4l labelled
oligenucleotide 2736 (10000~20000 Cérenkov cpm), 14l protein
(15 ng). SP1-Kox 29 protein was diluted by addition of H,0. The
band shift reactions were incubated for 30 min at R.T. and loaded
onto a 6% polyacrylamide band shift gel (acrylamide/bisacrylamide
30%:0.8%) containing 100.4M ZnCl, and 0,25 x Tris-borate elec-
trophoresis buffer (TBE) [24]. The gel electrophoresis was run in 0.25
x TBE:at 10 V/cm and a current not exceeding 20 mA. The gels were
dried onto Whatman 3MM paper and exposed to Kodak XAR. The
retarded band shifts were eluted, amplified, subjected to 2 further

rounds of TDA selection and finally cloned. into the EcoRV site of ‘

Bluescript (Stratagene) [24].

2.5. Electrophoretic Mobility Shift Assay (EMSA)

" Double-stranded oligonucleotide 1892 was generated by PCR
amplification using primer- A -and .primer B [22) ‘ar‘\d labelled as
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Flg. 1. PCR based site-direcied mutagenesis {26]. The 3 SP1 #ne

Fingers are represented by 3 pyramids, The second finger was mutated
by using oligonucleotides 2744 and 2745,

previously deseribed. [24]. Cloned fragments derived from TDA.
selected oligonucleatide 2736 were amplified by PCR and labelled, By
performing EMSA analysis, the fragment NACB4 present in plasmid
pN4CB4 was identified to bind selectively to SPI-Kox 29 in contrast
to oligonucleotide 1892, The binding site in pN4CB4 was determined
by didéoxy sequence analysis.

3. RESULTS AND DISCUSSION

The: modular. organization of zinc finger proteins
supports the notion ‘that certain rules for zince finger
specific DNA protein interactions can be deduced by a
careful structure-function analysis of individual zinc
finger domains [9]. Recently, non conserved amino
acids ‘present in the putative alpha helical regions of
Kox-20 [31] and of SP1 {29] have been identified to
alter the binding specificities of zinc finger domains.

- However,. this type of analysis is hampered whenever

zinc finger mutants are generated whose cognate DNA
target sites cannot be predicted. Thus, the analysis of
DNA binding affinities is dependent on the availability
of corresponding DNA target sites. In order to over-
come this limitation, we introduced the target detection.
assay (TDA) [23,24]. The TDA method only requires a
mixture of ‘randomized oligonucleotides [22] and a
purified DNA binding protein for 1dennfymg putatwe
DNA target sites.

In this study, the chimaeric protem SP1-Kox 29 was
employed to demonstrate that sequence-specific DNA
recognition of zinc finger proteins can be altered by
substituting amino acid residues in the putative alpha
helical zinc finger region. The helical region of the
second SP1 finger, RSDELQRH, was replaced by the
amino acids KSSALISH, which ate present at identical
positions. in one of the fingers in Kox 29, a human zinc
finger protein [9]. Oligonucleotides with mutations in
the second finger of SP1 were made by performing
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PCR based sutc-dirccted mutagenesis on pB -§16¢
(Fig. 1). The non conserved amino acids, arginine (R),
aspartic acid (D), glutamic acid (E), glutamine (Q) and
arginine (R) at zine finger positions 15,17,18,2¢ and 21,
were replaced by lysine (K), serine (S), alanine (A),
isoleucine (1Y and serine (S) (for assignment, see
referénce [12]1). Recombinant mutated SP1-Kox 29 pro-
rein was purified by FPLC Mono S chromatography
(Fig. 2A). Peak fraction 5 containing mutated SP1-Kox
29 protein was identified by sodium dodecyl sulfate
(SDS)-polyacrylamide electrophoresis [32] (Fig. 2B).
The DNA binding specificity of the ¢chimaeric protein
5P1-Kox 29 was established by using a madified TDA
procedure. In previous TDA- studies, the analysis of
recombinant wild type SP1 protein confirmed that SP)

protein preferentially selects high affinity binding sites

containing GCG nucleotides in the middle of its
cognate target site (CGGGCGGGGC) [17,30]. Foot-
primt  analysis, methylation interference studies and
mutational analysis of SP1 iarget sites demonstrated
that the SP1 target site encompasses 9-10 nucleotides

{5]. Recent reports indicated that zine fingers might in-

teract independently of each other with their target site
leadmg to the postulate that individual zinc fingers
recognize about 3 nucleotides [29, 31].. Theoretically,
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Fig. 2. (&) Elution paitern of chimaeric protein Spi-Kox 29 by FPLC ‘

" purification, Proteins bound to FFLC Mono S column were eluted
by an increasing gradient of buffer B. (B) 15% SDS polyacrylamide

gel electrophoresis [32] of purified SP1-Kox 29, SP1-Kox 29 was .

eluted’in peak: fraction 5, demonstrated by Coomassie blue stajning
of 25 ug purified SP1-Kox 29 protein,
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cach of the 3 SP1 zinc fingers can be assigned to 3
nucleotides of the target site. Thus, we assume that

- mutations in the second zine finger of SP1 should only

effect the DNA-protein interactions of the mutated
protein to 3 or 4 nucleotides positioned in the middle of |
the SP1 cognate target site GGG GCGG GGC (Fig. 3).
Therefore, we simplified the TDA procedure by reduc--

-ing the complexity of the utilized randomized oligo-

nucleotides by employing randomized oligonucleotides
encoding GGG NNNN GGC. These oligonucleotides
harbour only random nucleotides at - 4 positions
generating a complexity of 256 (4 ) putative target sites

(Fig. 3).

The DNA binding activity of mutated SP1- Kox 29
protein was assessed by incubating double-stranded
randomized oligonucleotides (n = 4) with chimaeric
protein Spl-Kox 29, Aftefr performing electrophoretic
mobility  shift assays (EMSA), the retarded oligo-
nucleotides were isolated, amplified and applied to 2
further TDA rounds using EMSA, ‘The affinity of

-SP1-Kox 29 to the cognate SP! binding site was com-

pared with affinitics of the TDA selected oligonucleo-
tides that were finally cloned. One fragment N4CB4

~was identified to bind selectively SP1-Kox 29 (Fig. 4,
'lane la)-as opposed to SP! binding site GGG GCGG

GGC (Fig. 4, lane 1b) which did not generate a visible
band shift in EMSA analysis. Sequence of N4CB4 en-
codes nucleotides Ny = GGTG. Thus, the structure-
function analysis of mutated SP1 identifies the intro-
duced mutations in the second finger as a loss of func-

tion (no binding to the cognate SP] site) as well as a

gain of function mutation (new target specificity by

~binding to GGG GGTG GGC),

The mutations in the second finger of SP1-Kox 29
represents the first example where the binding affinity
of SP1 has been changed by site-directed mutagenesis
of amino acids that.are not highly conserved in the zinc
finger consensus {12]. Chimaeric protein SPI1-Kox 29
displays a new target specificity. It should be highly in-
teresting in assigning sequence-specific’ and non. se-
quence-specific DNA interactions to individual amino
acids once crystallographic data of zine fingers are
available. Structure-function  analysis of the kind
reported here will reveal whether a zinc finger specific
DNA recognition code can be deduced and later on be

GGG NNNN GGC

/ i )
HNGFRI FINGERZ FINGER 3

f?ig. 3. Model of chimaeric SP1 protein SP1-Kox 29 binding to

-randomized. oligonucleotides (n = 4) positioned in the SP1 cognate

target site GGG GCGG GGC. Each finger of SP1 has been assigned
to 3 or 4 nucleotides, This model.implies that the second finger

shiould always interact with target sites which have been preserved for

fmger 1 (GGG).and 3 (GGC)

25



Volume 283, number |

SP1~Kox 29

la 1b

Fig. 4, Electrophoresis mobility shift assay (EMSA) using SP1-Kox
29 protein, Chimacric protein SP1.-Kox 29 (15 ng) was incubated with
labelled double stranded oligonucleatide N4CB4 encoding GGG
GOTG GGC and with labelled double-stranded oligonucleatide 1892

that harbours-one cognate SP1 bindirg site GGG GCGG GAGC: (Lane

Ta: ds 2736/N4CB4; Lane Ib: ds 1892.) Protein=DNA complexes
were analysed on a 6% polyacrylamide gel,

applied for designing DNA binding domains with

desired specificities [9].

The experimental procedure of mutatmg zinc finger
domains and analysing corresponding effects in their
DNA target specificities can be applied for studying
any zinc finger mutation of interest. It can be estimated
that probably several thousand individual zinc finger
domains occur in nature representing Cys/His type zinc
finger structures. For example, the human genome en-
codes several hundred zinc finger proteins with multiple

zinc finger domains {7,8]. Based on the assumption that

each finger recognizes 3-4 nucleotides, less than 256
putative DNA binding sites might be recognized by
them. Thus, numerous non identical zinc fingers should
be capable of interacting with identical DNA target
sites. However, it seems likely that zinc fingers that
display similar target specificities may have different
affinities for target DNA., In this study, the DNA target
site specificities of zin¢ finger proteins could be altered
by replacing amino acid residues in the putative alpha
helical zinc finger region and detected by employing the
target detection assay (TDA). In ongoing experimenits
we are currently analysing whether the binding specifi-
city of an individual zinc finger, determined in the

background of the SP1 zinc finger configuration, is

dependent or independent of the binding specificities of
the neighbouring zinc fingers. If the latter assumption
-should turnout to be the case, it seems likely that in the
near future DNA binding sites of zinc finger domains
can be predicted from their primary protein structure.
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