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From Repression Domains to Designer Zinc
Finger Proteins: A Novel Strategy of
Intracellular Immunization Against HIV

HANS-JURGEN THIESEN
Institut fiir Immunologie, Schillingallee 70, D-18055 Rostock, Germany

Tissue-specific gene regulation of eukaryotic organisms is to a large extent mediated by transcription
factors that interact with genomic DNA sequences in a sequence-specific manner. The purpose of this
synopsis is to put forward the potential of designer zinc finger proteins in treating infections of human
immunodeficiency virus (HIV). Artificial transcription factors containing designer zinc finger structures
fused to activator or repressor domains have been designated Transcription Response Modifiers (TRM:s).
The principle of engineering TRMs has been derived from the analysis of human Kriippel-type zinc finger
genes and their products. Our research efforts encompass two fascinating features that are displayed by
the human Kriippel-type zinc finger protein KOX1: 1) the Kriippel-type zinc finger domains display rules
of sequence-specific DNA recognition, and 2) the evolutionarily conserved Kriippel-associated box
(KRAB) presents one of the strongest transcriptional repressors identified so far in mammalian organisms.
The KRAB repressor activity is postulated to be mediated through corepressor molecules, such as Silencing
Mediating Protein-1 (SMP-1). Thus, the structural organization and functional analysis of zinc finger
proteins revealed principles of zinc finger transcription factors that are applicable for reducing the viral
load in individuals infected with HIV. In this article, a novel concept of generating therapeutic proteins is
outlined that might be conceptually promising in modulating gene expressions of any kind.

Designer zinc finger proteins Kriippel-type zinc finger genes Repressor domains Activator
domains HIV-1

HUMAN IMMUNODEFICIENCY interventions that effect the replication of HIV
VIRUS (HIV) production should delay or even prevent the onset

Pathogenesis of human immunodeficiency vi- of AIDS.

rus type-1 (HIV-1) infection is closely linked to

the generation of viral RNA particles in vivo (35). Intracellular Immunization: A Novel Approach

Many patients remain healthy for years despite Jor Treating HIV

their HIV infection. During this time period the Within the last decade, numerous strategies
human immunodeficiency virus has been shown to such as drugs, antisense RNA, RNA decoy, and
continously replicate in lymphoid organs (20,67). ribozymes have been developed to interfere with
Finally, HIV mutants are hypothesized to accu- HIV replication (26). To delay HIV production
mulate in the body that escape the surveillance of these therapeutic compounds have to be delivered
the immune system (34). Thus, the replication of either daily or to be administered by gene transfer
the viral genome might turn out to be a prerequi- techniques (15). In 1988 David Baltimore (2) dis-
site for the development of full-blown aquired im- cussed the term “intracellular immunization” for
munodeficiency syndrome (AIDS). Therapeutic therapeutic procedures that include gene transfer
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of genes designed to modulate viral or endogenous
gene expressions. In the case of HIV infections,
immune cells have to be transduced with therapeu-
tic genes that are capable of inhibiting HIV repli-
cation. At the Cold Spring Harbor Meeting on
Gene Therapy in 1992 our concept of generating
designer zinc finger proteins designated Transcrip-
tion Response Modifiers (TRMs) was presented,
emphasizing that the frame of zinc finger domains
displays an excellent tool to generate DNA bind-
ing domains of altered nucleotide specificities. It
is challenging to assess to what extent designer
zinc finger proteins are capable of reducing the
replication of the HIV genome. Whether an ap-
proach encompassing gene transfer techniques is
finally successful in preventing the outbreak of
AIDS symptoms might in particular be dependent
on prevalent mechanisms of how the HIV virus
finally surmounts immune defense mechanisms.
Recently, the life-span of an autologous T cell in
HIV-positive individuals has been evaluated in
identical twin pairs in which one twin is HIV posi-
tive and the other HIV negative. Genetically
marked T cells survived for at least 10 months

(12).

Transcription Response Modifiers

Numerous naturally occurring transcription
factors consist of at least two domains: a DNA
binding domain and an effector domain. Within
the last decade, protein domains have been eluci-
dated that bind to nucleic acids in a sequence-
specific manner (10,12,24,42,47,68). Further-
more, individual amino acid residues could be
identified that determine sequence-specific DNA-
protein interactions (48,49). In particular, by ex-
changing specific amino acid residues novel DNA
target site specificities could be obtained using the
zinc finger backbone (32,33,54). In view of ef-
fector functions, protein domains have been
found that activate or repress transcriptional gene
regulation. So far, chimeric transcription factors
have been generated by linking DNA binding do-
mains of cloned transcription factors to various
trans-acting effector domains, such as VP 16 (44),
steroid binding domains originating from the glu-
cocorticoid receptor (40), or the estrogen receptor
(66). However, the binding preferences of these
chimeric transcription factors virtually resemble
DNA target site specificities displayed by their na-
tive factors.

TRMs represent a novel class of artificial tran-
scription factors (58). These factors consist of de-
signed DNA recognition domains engineered to

THIESEN

recognize desired DNA target sites and of modi-
fied protein domains that are utilized to activate
[VP 16 (62)] or to repress [KOX1-KRAB (29)] tran-
scriptional gene expression. In comparison to
chimeric transcription factors, designer zinc finger
molecules can be envisaged to be engineered for
any DNA binding site of interest (7,8,37,70).

Thus, the potency of engineered transcription
factors is dependent on the affinity and selectivity
of how DNA binding domains interact with their
corresponding target sites and on the efficiency of
how effector domains are capable of turning on or
switching off gene expressions. Artificial tran-
scription factors might be engineered that behave
like endogenous factors, but the purpose of these
factors is to interfere with inappropriate expres-
sions of endogenous genes. Besides modulating
transcriptional gene regulation of endogenous
genes, HIV expression might be prevented by de-
signer transcription factors of the type outlined
in Fig. 1. Concerning TRMs that are designed to
abrogate HIV replication, two essential parame-
ters are necesary. First, a DNA binding domain
has to be generated that exclusively recognizes
HIV-specific sequences without binding to endog-
enous cellular sequences. In theory, this DNA
binding domain at the best should recognize one
HIV-specific sequence within the human genome
of 2.9 billion base pairs in size. Second, the ef-
fector domain applied to prevent the generation of
HIV particles has to inhibit transcriptional mecha-
nisms under any physiological stimuli in a manner
that the HIV genome under any circumstances is
not actively transcribed.

ZINC FINGER PROTEINS

The human genome is estimated to encode sev-
eral hundred zinc finger genes whose functions

FIG. 1 Inhibition of HIV-specific gene expression by designer
zinc finger proteins. This diagram shows the principle of how
designer transcription factors can be used to prevent viral repli-
cation of HIV particles. A strong repression domain such as
KOX1-KRAB is fused to a designer DNA binding domain that
interacts with sequences of the HIVV genome. The rationale of
this approach is based on transcriptional mechanisms described
in Fig. 5.
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have yet to be determined (1,3,5). Most of these
zinc finger proteins contain zinc finger domains
with multiple consecutive zinc fingers. One third
of all human Kriippel-type zinc finger domains
should hold KRAB suppressor domains (4,56).
Zinc fingers of the Cys/His-Kriippel type are inde-
pendently folding domains that are stabilized by
zinc (31). In 1990 we reported the cloning and
analysis of 30 human Kriippel-type zinc finger
proteins designated KOX1-30. Sequence analysis
of zinc finger domains derived from 30 KOX zinc
finger proteins indicated the presence of common
rules for DNA recognition that were hypothesized
to lead to the description of a zinc finger-specific
recognition code (51). Interestingly, the structural
analysis of the protein structure displayed by
KOXI1 revealed the presence of a leucine zipper-
like structure. Later on this protein domain turned
out to be present in several hundred zinc finger
proteins and was designated Kriippel-associated
box (KRAB) (3,56). Target genes regulated by
KRAB zinc finger proteins have not yet been iden-
tified. The physical localization of KOX genes on
human chromosomes revealed that KOX zinc fin-
ger genes are clustered in the human genome
(22,43,63). However, target genes controlled in
their expression by KOXI1 are currently searched
for in our laboratory at the University of Rostock.

Repression Domains

Several protein domain encoding repression do-
mains have been identified within the last years
(36). Several repression domains present in Dro-
sophila genes engrailed A and D (19), Drosophila
even-skipped (19), Kriippel (27,45), and human
genes egr-1 (17), Wilms (WT-1) (28,65), and
KOX1 (29) are summarized in Fig. 2. Interest-
ingly, the KRAB domain of KOX1 was originally
identified because of its resemblance to leucine
zipper-like structures (51). The protein KOX1 rep-
resents one member of more than 100 human zinc
finger proteins that contain KRAB (3,56,57). The
KRAB domain of KOXI1 has recently been found
to actively repress transcription of the HIV
(29,39,59) and of the CMV promoter from remote
enhancer positions (13). According to our analy-
sis, the KRAB domain turned out to be the strong-
est human repression domain characterized so far
that works in mammalian cells in a distance-
independent manner ( Thiesen, unpublished). Re-
pressor activities of KRAB containing zinc finger
genes have been characterized in man (29,64),
mouse (25), and rat (41,69). The repression do-
main exemplified by KOX1-KRAB has recently

Repression domains

engrailed D)  RQQQAAAAAATAAMNLERANFLNCFNP
(55 aa) AAYPRIHEEIVQSRLRRSAANAVIPPPM
even-skipped ~ PYPPYAPAAAAAAAAAAAVGHPSPYGQY
(57 aa) RYTPYHIPARPAPPHPAGPHMHHPHMMG
Kriippel VHLDRSMSLSPPMSANTSATSAAAIYPAM
(85aa) GLQQAAAASAFGMLSPTQLLAANRQAAA
FMAQLPNSTLAMTLFPHNPAALFGAWAA
engrailed (A) ~ MALEDRCSPQSAPSPITMQMQHLHHQQ
(80aa) QQQQQQQQOMQOHLHQLQQLQQLHQQQ

LAAGVFHHPAMAFDAAAAAAAAAAAAA

egr-1 (34aa) QPSLTPLSTIKAFATQSGSQDLKALNTTYQSQLI
EEQCLSAFTVHFSGQFTGTAGACRYGPF
GPPPSQASSGQARMFPNAPYLPSCLES
QPAIRNQGYSTVTFDGTPSYGHTPSHHA
AQFPNHSFKHED

RTLVTFKDVFVDFTREEWKLLDTAQQIVYR
NVMLENYKNLVSLGYQLTKPDDVILRLEK
GEEPWLV

wtl (96aa)

KOX1 (76aa)

FIG. 2. Summary of several protein domains with repressor
activities. Protein domains are listed that have been docu-
mented to repress transcriptional gene expression. Specific
characteristics common to these domains have not been eluci-
dated to date. However, the KRAB domains seem to display
the strongest repression activities observed to date (Thiesen,
unpublished).

been fused to the tetracycline repressor. TetR-
KRAB proteins have been applied for switching
on and off stably integrated luciferase reporter
genes (13).

The Kriippel-Associated Box

The KRAB domain originally described as a
heptad repeat of leucines (51,56) can be subdi-
vided in an A and B box (3) (Fig. 3). In particular,
the A box promotes the repressor activity whereas
the KRAB B box potentiates the repressor activity
of KRAB A (64). The KRAB domain of KOX1
fused to the GAL4-DNA binding domain and to
the tetracycline repressor protein (tetR-KRAB)
was targeted to GAL4 upstream activating se-
quences (UAS) and tetracycline operator (tetO) se-
quences, respectively. UAS and tetO target se-
quences were utilized proximal and/or distal to
Sv40, TK, HIV, and CMV promoters.

By inserting two prolines in the highly con-
served amino acid residues present in the KOXI1-
KRAB domain (Fig. 4), the repressor activity of
this domain could almost be completely abolished
(Fig. 6). KRAB mutations presented in Fig. 4 were
preferentially analysed by Margolin et al. (29). In
particular, our analysis demonstrated that the
KRAB domain actively repressed transcription
gene expression of any mammalian promoter that
has been studied so far, such as SV40, tk, and
CMV promoters (Thiesen, unpublished). In par-
ticular, the metallothionein promoter was re-
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KRAB-A box KRAB-B box
REFERENCE:

11 * * * * 76
KOX1 RTLVTFKDVFVDFTREEWKLLDTAQQIVYRNVMLENYKNLVSL - GYQLTKPDVILRLEKGEEPWLV
ZNF133 MA-R--A----QD--R--SP--RTL--E------ S-------ISFS--EL-TQ--Q-K-T-RE
ZNF141] ME-L--R--AIE-S----- C--PD--NL--D------ R----- +-VAISN--LVTC--QRK--YN-
ZNF140 QGS-~--R--AI--SQ----W-QP--RDL--C------ GH----+-LSIS----VSL--Q-K----G
ZNF7 MEV---G--A-H-S----QC--PG-RAL--E----- HSSVAG-A-FLVF--EL-S---Q----- VL
ZNF43 M--AIE-CL---QC--I---NL-~-=~===~ R---F-+-IAVS---L-TC-LQEK---EP
ZNF45 KEA------ A-V-SE--LQ---L--RKL--D----- FR-V~--V.-H-ST.-~-GLPQ--RE-KL-MM
ZNF91 MG-L--R--AIE-SP---QC------ NL--------- R--AF~---IA-S---L-TY--Q-K--~-NM
HTF9 MGPLE-R--AIE-SL---HC------ NL--D------ RH--F-+-IVV----L-TC--Q-KK-FT-
HTF12 MGPL--R--KIE-SL---QC----PGNL--D---~-- R---F-ccevvecccrrccccccccnncne
HPF4 MGPL--R--AIE-SLK--QC----- RNL---=------ R---F-+-ITVS---LLITTCLL-QGKEA

CONSENSUS: .L.F.DV.,..F..EEW..1D..Q. . LYR.VMLENY...LV..G....KPDL...LE.....W..
helix 1 helix 2

FIG. 3. Comparison of several KRAB domains present in human Kiuppel-type zinc finger proteins. The consensus of these KRAB
domains has been used to identify amino acid residues mediating the repressor activity. Several mutations abolished the repressor
activity (29).

KRAB DOMAIN KOX1
1 4 114 145 469
| ZnZnZnZnZnZnZnZnZnZnZn l
| A B ]
1 ]
|
EXPRESSION PLASMIDS: : |
24 A B2
PKRAB-KOX1
24 A B4
PG-KOX1-AB SV40 GAL4 1-147
24 A B 1M 145
pPG-KOX1-ATG Sv40 GAL4 1-147
1 A B 145
pG-KOX1 SV40—| GAL4 1-147
|”’— ---------- 1
1 ]
KRAB-A DOMAIN KRAB-B DOMAIN
k7 » - * * 98
KOX1: RTLVTFKDVFVDFTREEWKLLDTAQQTVYRNVML, ENYKNLVSL ~ GYQLTKPOVILRLEKGEEPWLY
KOX1-PP: PP ———mmmmmm mmmm e
KOX1-LE: Y NSO
KOX1-MLE: - -—— KK Keommmmmm e e
ZNF43: MGPLT-M--ATE-CL---QC--I--~NL~--~-- ---R---F- -IAVS---L-TC-LQEK---EP
CONS. : ...L.F.DV...F..EEW..ID..Q. .LYR.WL ENY..LV.. G....KPDL...LE..... W..

FIG. 4. Description of GAL(1-147)-KRAB(KOX1) fusion proteins. Expression constructs of these fusion
proteins are cotransfected with reporter constructs that encode GAL4 DNA binding sites. Furthermore,
the KRAB mutants were fused to NF«B and SP1 (Thiesen, unpublished), LexA (Georgiev, unpublished),
and tetracycline repressor (13).
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pressed in the presence of zinc induction. Endoge-
nous transcription factors activated during
addition of zinc were kept functionally inactive
due to the presence of coexpressed GAL4-KRAB
protein (Georgiev, unpublished). Once strategies
have been established to engineer DNA binding
domains for given DNA binding domains, the
KRAB domain of KOX1 seems to be a potent ef-
fector domain to generate transcription factors for
repressing endogenous gene expression.

Transcriptional Repressor Mechanisms of Gene
Expression

Transcription of eukaryotic genes is regulated
by transcription factors that in most cases present
a modular structure and consist of at least two
different functional domains: a DNA binding do-
main and effector domains that mediate and/or
determine the function of these proteins. These
types of transcription factors interact with their
cognate DNA binding sites in a sequence-specific
manner whereas effector functions are thought to
be mediated by domains that interact with factors
of the basal transcriptional machinary [for review
see Drapkin et al. (14)]. Recently, a factor of
around 110 kDa designated Silencing Mediating
Protein-1 (SMP-1) has been partially analyzed
that most likely mediates the repression exempli-
fied by the KRAB domain of KOX1 (13). SMP-1
presents a candidate for a putative corepressor
protein that possibly interferes with transcrip-
tional processes of gene activation in a dominant
fashion (Fig. 5). Once KRAB zinc finger proteins

TATA GENE

FIG. 5. Model of how KRAB containing zinc finger proteins
repress gene expression. This model is based on our experimen-
tal data that were obtained during the analysis of stably ex-
pressed tetracycline-repressor-KRAB (TetR-KRAB) fusion
proteins in Hela cells (13). In particular, our immunoprecipi-
tation of TetR-KRAB led to the identification of a KRAB-
associated protein of 110 kDa designated silencing mediating
protein-1 (SMP-1). Interestingly, KRAB zinc finger proteins
possibly enhance the local concentration of KRAB-associated
proteins at c/s-acting elements recognized by KRAB zinc finger
proteins, exemplified by KOX1.

are selectively bound to specific regulatory ele-
ments, effector domains of the KRAB-KOX1 type
(13) possibly increase the local concentrations of
factors such as SMP-1 in the neighborhood of
promoters. It is likely that KRAB-SMP-1 com-
plexes interfere with transcriptional processes of
gene activation (Fig. 5).

Interestingly, because KRAB zinc finger pro-
teins constitute a large family of proteins, SMP-1
might be a transcriptional cofactor mediating
functions of several, if not all, KRAB zinc finger
proteins. However, functional KRAB-specific re-
pressor activities have not been detected in insect
and in yeast cells to date (Thiesen, unpublished).
Our data indicate that the KRAB domain might
have evolved at the time when amphibians evolved
on earth.

To determine that the KRAB domain represses
transcription in a orientation- and distance-inde-
pendent manner, GAL4-mutants shown in Fig. 4
were cotransfected with pGL2-promoter con-
structs (Promega) with and without GAL4 DNA
binding sites (44) that were placed in the Bgl Il and
in the BamH]I restriction sites of pGL2 constructs.
Only in cases where reporter constructs harbor
DNA target sites were strong silencing activites
obtained in a distance- and orientation-inde-
pendent manner (Fig. 6). If the KRAB domain
was coexpressed without any DNA binding do-
main (KK = KRAB-KOX1), the reporter con-
structs were hardly effected in their native expres-
sion activities.

To assess whether transcriptional repression re-
quires 5 x GAL4 or only one GAL4 DNA bind-
ing site, reporter constructs were cotransfected
with expression plasmids that expressed GAL4(1-
147), GAL4-KRAB(KOX 1), and GAL4-WT-1. It
is interesting to note that the KRAB domain re-
presses transcription on a single target site more
efficiently than does the repression domain of
Wilms tumor suppressor protein (WT-1) (Fig. 7).

To investigate whether the repressor activity of
the KRAB domain is dominant over the activation
mediated by VP 16 (62), products of the expression
plasmids GAL4-VP16 and GAL4-KOX1 were tar-
geted to the same DNA targets represented by five
GALA4 sites (Fig. 8). In ongoing experiments tetO
(18), UAS (44), and LexA DNA binding sites (6)
were placed in reporter constructs 2000 bp apart
from each other and cotransfected with corre-
sponding expression plasmids (Thiesen, unpub-
lished). The KRAB domain even repressed the
function of VP 16 containing transcription factors
when the binding sites were separated by 2 kb.
Experiments of this type (Fig. 15) excluded that
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FIG. 6. Silencing of GAL1-KRAB constructs in transient co-
transfection assays. GAL1 mutants shown in Fig. 4 were co-
transfected with pGL2 promoter constructs (Promega) with
and without GAL4 DNA binding sites placed in the Bgl II
(p5XxUAS 5’ ~) and in the BAMHI restriction sites (SXUAS
3’4+ and 3’ —). Only in cases where reporter constructs har-
bor DNA target sites were strong silencing activities obtained
in a distance- and orientation-independent manner. When the
KRAB domain was coexpressed without any DNA binding do-
main (KK = KRAB-KOX1), the reporter constructs were
hardly effected in their native repressor activities.

100

Chloramphenicol-Acetyl-Transterase Activity (%)

5xUAS-tk-CAT
+ GAL4-KOX1
+ GAL4I-WT1
1xUAS-tk-CAT
+ GAL4-KOX1
+ GAL4-WT1

FIG. 7. Comparison of reporter constructs (tk-CAT) that
harbor 5§ x GAL or only one GAL4 binding site. Reporter
constructs were cotransfected with expression plasmids that
expressed GAL4(1-147), GAL4-KRAB(KOX]1), and GAL4-
WT-1. It is interesting to note that the KRAB domain represses
transcription on a single target site more efficiently than the
repression domain of Wilms tumor suppressor protein (WT-1).
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FIG. 8. The repressor activity of the KRAB domain is domi-
nant over the activation mediated by VP16. The products of
the expression plasmids GAL4-VP16 and GAL4-KOX1 are tar-
geted to the same DNA targets represented by five GAL4 sites.
KRAB-mediated repression is dominant over VP16-mediated
activation of gene transcription.

the observed dominance of the KRAB domain was
just due to the fact that two transcription factors
simultaneously compete for the binding to the
same DNA target region.

To analyze whether the repressor activity of the
KRAB domain is sufficient to regulate gene ex-
pression of stably integrated genes, stable, double-
transfected HeLa cells (TIS-10) carrying a chro-
mosomally integrted ptetO7-CMV-L reporter
construct and expressing the TetR-KRAB protein
(13) were grown in the presence of tetracycline.
Tetracycline binds to the tretracycline repressor
and releases TetR-KRAB protein bound to tetO7
target sites (18). Addition of tetracycline induced
a 50-fold induction of transcriptional gene expres-
sion by removing TetR-KRAB proteins from their
target sites (13). At day 5 of tetracycline exposure
the induction of luciferase expression was hin-
dered because the HeLa cells could no longer be
kept at confluency (Fig. 9).

Recently, the phenomen that the KRAB do-
main totally inactivates the transcriptional activity
of VP16 was employed to establish a transient co-
transfection assay for comparing transcriptional
repressor activities. This assay system has been
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Induction of Hela TIS-10 Cells by Tetracycline
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FIG. 9. Induction of luciferase expression by addition of tetra-
cycline. Stable, double-transfected HeLa cells (TIS-10) carry-
ing a chromosomally integrated ptetO7-CMV-L reporter con-
struct and expressing the TetR-KRAB protein (13) were grown
in the presence of tetracycline. Tetracycline binds to the tetra-
cycline repressor and releases TetR-KRAB protein bound to
tetO7 target sites. At day 5 the induction of luciferase expres-
sion did not further increase because the HeLa cells could no
longer be kept at confluency.

designated trancriptional repressor assay (TRA).
Repressor domains fused to GAL4-VP16 con-
structs are going to be compared to GAL4-VP16
constructs in transient cotransfection assays with
reporter constructs that contain GAL4 DNA bind-
ing sites (61).

DNA-Protein Interactions of Kriippel-Type Zinc
Finger Domains

The architecture of zinc finger domains identi-
fies the zinc finger itself as an ideal backbone for
designing DNA binding domains with DNA target
site specificities for DNA target sites of interest. In
particular, the Kriippel-type zinc finger domains
present in SP1, in KOX1-32, and in more than 150
other human zinc finger proteins display common
rules specifying zinc finger-specific DNA-protein
interactions. The presence of a zinc finger-specific
DNA recognition code was initially put forward
by the structural analysis of zinc finger domains
present in the KOX gene family (51). Mutagenesis
analysis of zinc finger domains demonstrated that
DNA binding characteristics of individual zinc
fingers can be altered by varying one or more
amino acid residues of the «-helical positions
(32,54). However, by making use of the Target

Detection Assay (50,52), novel target site specifici-
ties were determined for mutant SP1 proteins
(54,55,58).

Zinc finger domains of zinc finger proteins en-
compassing zinc fingers of SP1, ZIF268,
KROX20, and KOX(1-30) were compared, dem-
onstrating that individual zinc finger were identi-
fied to contain almost identical amino acid resi-
dues in the helical region of the putative DNA
binding portion of the zinc finger. This sequence
comparisons supported our hypothesis of the pres-
ence of a zinc finger-specific DNA recognition
code. Substituting SP1 zinc finger domains by
KOX-derived zinc finger domains strengthened
our hypothesis that the zinc finger structure ful-
fills the criteria of a passe-partout: specific amino
acids interact with the DNA with variable affini-
ties depending on the amino acids present in the
a-helical zinc finger region (51). By subjecting mu-
tant proteins to our target detection assay (TDA),
we found that all three zinc finger proteins were
involved in contacting cognate SP1 target sites
(Schroder, diploma thesis, 1992). Our model of
colinear binding of all three SP1 zinc finger is
given in Fig. 10. Concomitantly, our working hy-
pothesis was verified by crystal structures of
ZIF268-DNA complexes (37). The fascinating
feature derived from crystal structures of zinc fin-
ger-DNA complexes is that three amino acids
from the a-helix contact three adjacent bases (a
triplet) of their cognate DNA binding site (37).
Our mutagenesis analysis of SP1 indicates that in
particular the arginine residues of the second SP1
zinc finger protein most likely interact with the
guanine residues of the triplet GCG present in the
cognate binding site GGG GCG T/G GG of SP1.
Thus, in analogy to the crystal structure of ZIF
268, the following model for SP1-specific DNA
recognition has been postulated (Fig. 11). This
model guided us in our mutagenesis analysis of
SP1 protein in 1990 and 1991. Because SP1 zinc

GGG
ccc

GGG
CcCC

r44
z2Z
r44

Finger 3 Finger 2 Finger 1

FIG. 10. Model for DNA-protein interactions of zinc finger
proteins. This model guided us in our mutagenesis analysis of
SP1 protein in 1990 and 1991.
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finger 2 resembles zinc finger 1 and 3 of ZIF268,
X-ray analysis of ZIF268-DNA cocrystals finally
confirmed the exact contact sites between amino
acid residues and corresponding nucleic acid resi-
dues in ZIF 268 and presumably in SP1 (37).

Determination of DNA Target Sites by
the Target Detection Assay

Mutational analysis of SP1 zinc fingers demon-
strated that amino acid residues that are not highly
conserved in the helical region of individual zinc
finger domains determine the specificity of se-
quence-specific DNA recognition (53,54). To ver-
ify our notion of the presence of a zinc finger-
specific recognition code, we mutated the third
and the second zinc finger of SP1, demonstrating
that DNA binding specificities were changed by
substituting amino acid residues in the helical re-
gion of individual zinc finger domains (53,54).
Our mutagenesis of the second SP1 zinc finger
domain did not interfere with DNA recognition of
SP1 zinc fingers 1 and 3. It is noteworthy that by
making use of the TDA (50), novel DNA binding
specificities could be detected for mutated SP1
protein. By just mutating the second finger of SP1
the binding specificity of the mutated second SP1
finger could be determined because SP1 fingers 1
and 3 still recognized their cognate DNA binding
sites of the consensus sites GGG NNN NGG (54).

A pool of GGG NNN NGG oligonucleotides
has been subjected to recombinant SP1 zinc finger
domains. The following oligonucleotides were se-
lected regarding the random positions NNNN:

Number: N =1 N=2 N=3 N=4
6% G C G T
5% G T G T
3% G A G T
2X G C G G
2X G T G G
2X G A G G
1x G G C G

From the sequence analysis of the selected oli-
gonucleotides we arrived at the conclusion that the
SP1 zinc finger protein is positioned by sequence-
specific interactions of SP1 zinc finger 2. Based
on these results, DNA protein interactions of SP1
protein shown in Fig. 11 have been derived. In
particular, the two arginine residues present in the
second SP1 zinc finger most likely interact with
the guanine residues at nucleotide position N = 1
and N = 3.

After having mutating the second finger of
SP1, recombinant SP1 zinc finger domains were
subjected to the TDA. The pool of oligonucleo-
tides encompassed the pattern GGG NNN NGG
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Finger 2

Finger 1

FIG. 11. Model of how SP1 zinc finger proteins interact with
their cognate target sites. Because zinc fingers in SP1 and
ZIF268 are quite homologous in sequence, X-ray analysis of
ZIF268-DNA cocrystals has been used to confirm the exact
contact sites between amino acid residues and corresponding
nucleic acid residues in SP1 (37). By subjecting the mutant
proteins to our target detection assay (TDA), we found that all
three zinc finger domains of SP1 were involved in contacting
the cognate site of GGG GCG GGG.

(54). TDA selections of mutated SP1 proteins re-
vealed that SP1 zinc fingers 1 and 3 retained their
DNA binding specificities (54,58). Thus, finger 1
and finger 3 guide the mutant SP1 protein to bind
to a pool of sequences of GGG NNN NGG in
which finger 1 binds to NGG and finger 3 binds to
GGG. Mutations of SP1 finger 2 did not affect
the positioning of the mutant protein on the DNA
(Thiesen, unpublished). A similar strategy has
been applied for displaying mutant zinc finger do-
mains on bacteriophages (7). ZIF 268 and SP1
contain three consecutive zinc fingers that bind to
GCG G/TGG GCG and GGG GCG TGG, respec-
tively. DNA binding specificities of SP1 and ZIF
268 were shown to be altered after having mutated
the second zinc finger (7,8,32,54).

Due to these structural constraints of zinc fin-
ger proteins a complete affinity matrix of individ-
ual zinc finger mutants was established (Bach, di-
ploma thesis, 1991). According to the consensus
GGG NNN GGG all 64 possible DNA binding
sites were generated. Finally, a complete affinity
matrix was established for the DNA-protein inter-
actions of SP1 protein mutants MQ135 (58) and
MQO91 (Fig. 12). The helical region of the second
SP1 zinc finger RSDE L QR H were replaced by
QSSY L IK H in MQ91, in E. coli expressed, puri-
fied, renatured, and subjected to electromobility
shift assays (EMSA). The complete repertoire of
binding sites covering the local region contacted
by the second zinc finger of SP1 was analyzed
(Bach, diploma thesis, 1991). Furthermore, for
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GRAPH MQ91-20- A SERIES
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FIG. 12. An affinity matrix was established for the SP1 mutant proteins MQ91. The helical region of the second SP1 zinc finger
RSDE L QR H was replaced by QSSY L IKH, in E. coli expressed, purified, renatured, and subjected to electromobility shift
assays (EMSA). The complete repertoire of binding sites covering the local region contacted by the second zinc finger of SP1 was

used.

the first time target sites were determined display-
ing worst affinities for particular zinc finger do-
mains (58).

In summary, the backbone of ZIF 268 and SP1
zinc finger proteins seem to present ideal struc-
tures to engineer zinc finger mutants in the second
zinc finger and to select binding specificities to one
of the 64 possible DNA binding sites that can be
recruited from a triplet of 64 putative nucleotide
combinations (43 = 64).

Designer Zinc Finger Domains Selected by Phage
Display Techniques

Filamentous bacteriophages have been utilized
for displaying peptides or protein domains on
their surfaces. By fusing immunoglobulin variable
region genes (V-genes) to the phage gene 3 protein
(g3p), antigen binding sites with novel antigen
specificities have been selected (21,30).

Recently, phage display libraries have success-
fully been applied to select DNA binding domains
of interest. Instead of using specific antigens for
selection, double-stranded DNA sequences were

used to select individual zinc finger domains spe-
cific for particular DNA binding sites (7,8,23). In
particular, Choo et al. (9) showed that zinc finger
domains can be generated specific for oncogenic se-
quences by making use of zinc finger domains dis-
played on filamentous phages. To adapt phage dis-
play techniques for selecting zinc finger domains,
candidate zinc finger structures derived from
ZIF268 were used whose first and third finger both
bind to GCG sequences. ZIF 268 mutant proteins
with amino acid substitutions in the second zinc fin-
ger do recognize the consensus GCG NNN GCG.
Based on our own observation, the application of
ZIF268 instead of SP1 protein structures might be
advantageous because ZIF268 seems to be more rig-
idly positioned on its cognate consensus binding
site than SP1. In general, zinc fingers that recognize
GCG motifs are, in our opinon, more selective than
zinc finger 3 of SP1 that binds to GGG.

In the phage display procedure of Choo and
Klug (7,8), a library of zinc finger domains is gen-
erated having mutations in the second finger of
ZIF268. Mutant ZIF 268 domains are fused to
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the minor coat protein (pIII) of bacteriophage fd.
Thus, mutated zinc finger domains are expressed
on the tip of the capsid. Nucleotides harboring
binding sites for desired triplets are generated in
which selected sequences of three nucleotides are
surrounded by GCG sequences. These double-
stranded oligonucleotides are attached to streptav-
idin-coated paramagnetic beads and are used to
select phages that are bound to these sequences.
After three rounds of selection phages are purified
and sequences of zinc finger domains selected are
analyzed. Each zinc finger selected can be consid-
ered to be an independent DNA binding unit rec-
ognizing particular DNA triplets. Thus, a DNA
binding site of nine consecutive nucleotides can be
recognized by three zinc finger domains of which
each binds to three nucleotides in a linear manner.
Finally, an appropriate zinc finger protein is gen-
erated by combining individually selected zinc fin-
ger domains present in the pool of ZIF268-derived
zinc finger mutants. Thereafter, newly engineered
proteins have then to be tested in terms of their
DNA binding properties in vitro and in vivo.

Functional Analysis of Designer Zinc Finger
Proteins

Biochemical and biophysical properties of engi-
neered designer zinc finger domains have to be
characterized prior to their final application. In
this respect, the TDA (50) might be ideal for deter-
mining DNA binding preferences to exclude that
DNA targets are recognized with higher affinities
than target sites used for selection. For facilitating
a profound biochemical analysis of recombinant
designer proteins, procaryotic expression systems
might be advantagous to be utilized [see (52)]. In
particular, purified zinc finger mutant protein
could be subjected to the TDA to determine high-
affinity binding sites. The presence of high-
affinity binding sites different to target sites se-
lected for can be determined by the TDA analysis
(50). The analysis of the repertoire of DNA target
sites is required to predict binding preferences of
designer proteins under study.

In Vivo Analysis of Designer Zinc Finger Proteins

In transient cotransfection assays, cell lines and
primary cell cultures ought to be used to study
the effect of stably transfected designer genes. To
evaluate whether engineered zinc finger proteins
recognize desired DNA target sites in vivo, tran-
sient cotransfection assay systems might be suit-
able to start with. Reporter constructs should at
least contain the desired DNA target sites in a tri-
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ple copy number. The designer zinc finger do-
mains could be fused to effector domains, such as
VP16 or KRAB(KOX]1) to determine functionally
active DNA binding affinities. Once reasonable
long-term expressions have been observed in tissue
cultures, transgenic mice constitute an informative
model to finally determine the in vivo function
and to assess side effects of these designer con-
structs on endogenous cellular functions (16). If
transacting functions are mediated via the interac-
tions of an engineered DNA binding domain with
its prospective binding site, a factor fulfilling the
classification of TRM would have been generated.

APPLICATION OF TRANSCRIPTION
RESPONSE MODIFIERS

First of all, it has to be admitted that our un-
derstanding of KRAB zinc finger proteins and
their in vivo functions is still at its infancy. How-
ever, it is noteworthy to propagate ideas that out-
line the feasibility of designer protein in gene ther-
apy and in particular in the management of HIV
infections. The first question that has to be an-
swered is whether TRMs consisting of designed
zinc finger domains can be engineered that specifi-
cally recognize HIV sequences. The second ques-
tion would be whether TRMs stably transfected
into human T cells render these cells resistant to
HIV replication. However, the most important
question would be whether functionally active
TRMs against HIV sequences do not interfere
with T-cell function and with lymphoid differenti-
ation.

Because most of human zinc finger proteins
have not been studied in detail, it is possibly too
early to make profound predictions about the
prospects of designer transcription factors in gen-
eral. Though the application in human gene ther-
apy might be the ultimate goal, a serious evalua-
tion has to take into account that an engineered
DNA binding domain of three individual zinc fin-
gers should only recognize nine nucleotides. In
theory, an artificial transcription factor speciic for
nine nucleotides would bind to too many genomic
target sites in order to be capable of exclusively
regulating one particular target gene. Thus, strate-
gies for selecting and engineering zinc finger do-
mains consisting of at least six zinc fingers have to
be developed. It is an open question whether DNA
binding domains can be generated that are capable
of recognizing one sequence within the human ge-
nome. In the end of the designer process, gene
therapist might discover that their final gene prod-
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uct might be immunogenic to the human organ-
ism. In this case, sequence information on endoge-
nously occurring zinc finger domains might be
advantageous to reduce immunogenicities of par-
ticular TRMs by site-directed mutagenesis.

The following applications of TRMs can be
foreseen:

1. The expression of endogenous genes might be en-
hanced to modulate immune functions, such as
MHC class I and class II expression.

2. Endogenous oncogenes ought to be suppressed (8).

. Intracellular immunizations against HIV might be

performed.

w

Perspectives of Artificial Transcription Factors in
HIV Therapy

One of the first experiments we conducted was
to determine whether the KRAB domain is capa-
ble of preventing the HIV promoter from becom-
ing activated in the presence of coexpressed HIV-
TAT (59,60). Because zinc finger domains
specificly recognizing HIV sequences are not
available, we fused the KRAB domain to the TAT
protein itself, expecting to inactivate TAT-
mediated gene expressions. In Fig. 13, we demon-
strate that the KRAB domain fused to TAT pro-
tein does not significantly reduce the rate of
TAT-mediated activation of gene expression. This
finding was surprising because GAL4-KRAB do-
mains targeted distal to the reporter gene in pHIV-
CAT were efficiently repressed (Thiesen, un-
published). Furthermore, activation of gene
expression by GAL4-VP16 constructs was totally
abrogated by GAL4-KRAB (Fig. 8) and TETR-
KRAB expression constructs (Thiesen, unpub-
lished). We assumed that mutated TAT would be
applicable to target the KRAB domain to the HIV
genome. | outlined our opinion to Luigi Lania at
the Biotech meeting in Flourence in 1994. In the
meantime, his group generated a TAT-KRAB con-
struct using mutated TAT. Their data demon-
strated that transduced TAT-KRAB constructs in-
terfere with the transcriptional regulation of the
HIV promoter (38). Despite their promising re-
sults, I personally think that the KRAB domain
should be directly targeted to HIV sequences to
utilize the complete potency displayed by the
KRAB domain in repressing transcriptional gene
expression.

Our model of KRAB-mediated gene regulation
(Fig. 5) makes the following predictions. 1) Once
the KRAB domain is bound to the DNA, the local
concentration of the cofactor SMP-1 is raised and
repression of gene expression occurs. 2) Because
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FIG. 13. Transactivation of the HIV promoter by the fusion
protein TAT-KRAB. The KRAB domain fused to HIV-TAT
did not interfere with the TAT-mediated activation of the HIV
promoter as we reported at the Biotech 94 in Florence in 1994.
In comparison to Fig. 14, we concluded that the TAT-mediated
activation cannot be prevented by the KRAB domain once the
KRAB domain is fused to wild-type TAT. The numbering of
expression constructs used indicates that different plasmid
preparations were used. HIV-CAT was used as reporter con-
struct.

numerous KRAB zinc finger proteins are ex-
pressed in one cell (51,57), the SMP-1 protein
should be quite abundantly expressed to serve for
several KRAB zinc finger proteins. 3) Local
changes in the concentration of SMP-1 molecules
determine whether a promoter is going to be acti-
vated or to be inactivated.

Based on these assumptions above, it is likely
that the SMP-1 protein is a much stronger repres-
sor than the KRAB domain itself once tethered to
DNA binding domains. Therefore, I favor replac-
ing the KRAB domain with the repression domain
of SMP-1 (Fig. 5) to enhance the efficacy of TRM
constructs. However, the secret of interfering with
endogenous gene expression is to direct these fac-
tors voluntarily to regulatory sequences of thera-
peutic importance. One possibilty would be to de-
sign DNA binding domains specific for sequences
that naturally occur at genes of clinical relevance.

However, if artificial transcription factors have
to compete with transcription factors binding to
the same target sites, significant regulatory effects
are only obtained when the engineered factor itself
is dominant in its function. However, engineered
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TRMs would only be of any therapeutic value if
they are capable of counteracting regular func-
tions of endogenous transcription factors. The
principle of this approach has already been dem-
onstrated on several transdominant-negative tran-
scription factors (46). HeLa cells that stably ex-
press TETR-KRAB (13) suppressed the function
of transduced GAL4-VP16 constructs. Only in the
presence of tetracycline, which relieved the repres-
sor activity of TETR-KRAB, did the activator
protein GAL4-VP16 regain its transcriptional ac-
tivity (Fig. 14).

As long as viral genes that have been incorpo-
rated in the genome have to be protected from
becoming transcriptionally active, repression do-
mains have to be selected or engineered that only
represent one state of regulatory activity. In the
case of HIV infection, the repression domain has
to prevent transcriptional gene activation under
any circumstances. In regard to the DNA binding
specificity of TRMs, a strong repressor domain
might generate side effects due to DNA-protein
interactions of genomic target sites that resemble
target sites present in the HIV genome.

Today, with the advent of phage display tech-
niques, a novel and efficient screening method has
been adapted for the selection of DNA binding
domains specific with selected DNA target prefer-
ences (7,8,23,70). In principle, TRMs can be gen-
erated that consist of engineered and designed
DNA binding domains and of transacting effector
domains such as VP16 or KRAB domains. Once
DNA binding domains can be designed for any
DNA sequence of interest, artificial transcription
factors can be utilized for modulating endogenous
gene expression. On the way to a therapeutic ap-
plication of TRMs many hurdles have to be taken.
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FIG. 14. TetR-KRAB repressors are dominant over GAL4-
VP16-mediated activation of gene expression. Reporter plas-
mids of the pGL2-Control-luciferase family containing tetO7
binding sites and GAL4 binding sites inserted at the Bgl II
site were cotransfected in HeLa cells that stably expressed the
TetR-KRAB protein (13). Cotransfected GAL4-VP16 (1 ug)
did not show any transcriptional activity. However, when tet-
racycline (1 ug/ul) was added the reporter construct was acti-
vated from 175 to 5067 of relative luciferase units. The addi-
tion of tetracycline to the reporter construct without
cotransfecting GAL4-VP16 confirms that the strong activation
displayed by GAL4-VP16 in the presence of tetracycline is due
to the combined effect of transcription factors binding to the
SV40 promoter and to the activation domain of GAL4-VP16.

Many problems might not even be obvious to us
at the moment. Definitely, research projects con-
cerned with designing molecules for modulating
transcriptional gene regulation will at least im-
prove our understanding of gene regulation in
mammalian organisms.
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