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Selective Dimerization of a C2H2
Zinc Finger Subfamily

domains with novel DNA-sequence specificities (Pabo
et al., 2001; Segal and Barbas, 2000, 2001).

The consensus sequence for C2H2 zinc fingers is
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(F/Y)-X-C-X2-5-C-X3-(F/Y)-X5-�-X2-H-X3-5-H, where X isMolecular Biology Institute
any amino acid and � is a hydrophobic residue (Wolfe2 Department of Energy Center for Genomics
et al., 2000). In addition to the cysteines and histidinesand Proteomics and
that coordinate zinc, C2H2 fingers contain conserved3 Department of Microbiology, Immunology,
hybrophobic residues that pack in the hydrophobicand Molecular Genetics
core. These conserved amino acids lead to the formationUniversity of California, Los Angeles
of the characteristic structure comprised of a two-Los Angeles, California 90095
stranded antiparallel � sheet and an � helix (see Figure
7A). Structures of several C2H2 domains bound to DNA
have been solved by X-ray crystallography and NMR

Summary (Wolfe et al., 2000). The structures reveal that nucleotide
base contacts are mediated primarily by residues near

The C2H2 zinc finger is the most prevalent protein the N-terminal half of the � helix. The four residues most
motif in the mammalian proteome. Two C2H2 fingers commonly involved in specific base recognition are at
in Ikaros are dedicated to homotypic interactions positions �1, 2, 3, and 6, relative to the beginnning of
between family members. We show here that these the � helix.
fingers comprise a bona fide dimerization domain. Di- Although most C2H2 fingers appear to contribute to
merization is highly selective, however, as homolo- protein-DNA and protein-RNA interactions, C2H2 fin-
gous domains from the TRPS-1 and Drosophila Hunch- gers have also been implicated in protein-protein inter-
back proteins support homodimerization, but not actions (Mackay and Crossley, 1998). However, struc-
heterodimerization with Ikaros. Ikaros-Hunchback se- tural information has been obtained only for domains in
lectivity is determined by 11 residues concentrated which the contribution of the C2H2 finger to the protein-
within the �-helical regions typically involved in base protein interaction is indirect. For example, dimerization
recognition. Preferential homodimerization of one chi- of the RAG1 recombinase is mediated by a domain con-
meric protein predicts a parallel dimer interface and taining a RING finger and a C2H2 zinc finger (Bellon et
establishes the feasibility of creating novel dimer al., 1997). In this domain, the C2H2 finger helps form a
specificities. These results demonstrate that the C2H2 stable scaffold upon which the dimer interface is formed,
motif provides a versatile platform for both sequence- but the finger does not directly participate in dimer-
specific protein-nucleic acid interactions and highly ization.
specific dimerization. Ikaros is a protein expressed in hematopoietic cells

that has been implicated in gene silencing and activation
(Ernst et al., 1999; Georgopoulos, 2002). Four C2H2 fin-Introduction
gers near the N terminus of Ikaros are involved in se-
quence-specific DNA binding (Hahm et al., 1994; MolnarThe C2H2 zinc finger was first identified in transcription
and Georgopoulos, 1994). The C terminus contains twofactor IIIA (TFIIIA) as a sequence-specific DNA binding
additional C2H2 zinc fingers that play no apparent role inmotif that stabilizes its folds through the coordination
the protein-DNA interaction (Hahm et al., 1994). Rather,of a central zinc ion (Miller et al., 1985; Wolfe et al.,
previous studies using yeast two-hybrid screens and2000). Although several other types of zinc-coordinating
coimmunoprecipitation assays demonstrated that theymotifs have been identified (Mackay and Crossley, 1998;
are essential for self-interactions and for interactionsSchwabe and Klug, 1994), the C2H2 finger has emerged
with the corresponding zinc fingers of other Ikaros familyas the most prevalent protein motif in mammalian cells,
members (Hahm et al., 1998; Sun et al., 1996; Honmawith over 5000 encoded by the human genome (Lander
et al., 1999; Perdomo et al., 2000). A protein fragmentet al., 2001; Venter et al., 2001). The prevalence of C2H2
spanning the two zinc fingers was sufficient for the inter-fingers highlights their unusual versatility. This versatility
action, which was disrupted by mutations in the zinc-

is evident from the dramatic evolutionary expansion of
coordinating cysteines and histidines and by zinc dis-

C2H2 zinc finger proteins, from approximately 40 in Sac-
placement (Sun et al., 1996).

charomyces cerevisiae to over 800 in Homo sapiens Although the C-terminal fingers of Ikaros did not di-
(Lander et al., 2001; Venter et al., 2001). This expansion rectly contribute to protein-DNA interactions, they are
suggests that new genes with novel DNA binding speci- critical for high-affinity DNA binding, which usually in-
ficities could be generated more readily by duplication volves the recognition of tandem binding sites by two
and modification of C2H2 motifs than by modification subunits of an Ikaros complex (Cobb et al., 2000; Molnar
of other types of DNA binding domains. The versatility and Georgopoulos, 1994; Trinh et al., 2001). Homotypic
of the C2H2 motif has been further demonstrated, and interactions mediated by the C-terminal fingers are also
also exploited, by the successful engineering of C2H2 necessary for the targeting of Ikaros to pericentromeric

heterochromatin, which has been hypothesized to be
important for the pericentromeric recruitment and heri-*Correspondence: smale@mednet.ucla.edu
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table silencing of Ikaros target genes (Brown et al., 1997, approximately 50% of the IK I protein migrated with a
molecular weight of 67 kDa, consistent with the size of1999; Cobb et al., 2000). Although the C-terminal fingers
an IK I dimer (Figure 1D, lanes 19–21). A weak 85 kDaare involved in protein-protein interactions, rather than
band was also observed, raising the possibility that IKprotein-DNA interactions, both fingers match perfectly
I contains a domain that supports multimer formation,the C2H2 consensus sequence, with the exception of a
as previously suggested (Trinh et al., 2001). Crosslinkedsingle missing F/Y in the second finger (Figure 1A). The
products were not observed with mutant D18Q (Figureabsence of this F/Y does not explain its unusual function,
1D, lanes 4–6) or mutant m2/3 (data not shown), demon-however, as a hydrophobic residue is missing at this
strating that crosslinking is dependent on the intactposition in several DNA binding zinc fingers, including
C-terminal fingers.the first and third fingers of the DNA binding domain of

To examine this interaction in greater detail, a smallerIkaros.
protein was prepared that contains only 79 amino acidsIn this study, we have examined in greater depth the
from the N terminus of IK I (NTS) fused to a 64 aminoproperties of this unusual C2H2 finger domain from the
acid region containing the C-terminal zinc fingers. AC terminus of murine Ikaros. We first established that
FLAG epitope tag was included at the N terminus. Thisthe two C-terminal fingers comprise a bona fide dimer-
18 kDa protein, f-IkDZF, migrated with a molecularization domain that is necessary and sufficient for dimer-
weight of 23 kDa (Figure 1D, lanes 1 and 16). Followingization. We then demonstrated that homologous C2H2
crosslinking, most of the protein molecules migrateddomains from the murine TRPS 1 and Drosophila Hunch-
with a molecular weight of 40 kDa (Figure 1D, lanes 2,back proteins (Momeni et al., 2000; Tautz et al., 1987)
3, 17, and 18), as expected for a protein dimer. Largeralso support dimerization. Dimerization was found to be
crosslinked products were not observed with this smallhighly selective, however, as the Ikaros domain was
protein, confirming that the C-terminal fingers representunable to form heterodimers with the TRPS 1 and
a dimerization domain. We have named this 64 aminoHunchback domains. Most interestingly, delineation of
acid region the Dimerization Zinc Finger (DZF) domain.the amino acids responsible for Ikaros-Hunchback di-

To examine the stability of dimers formed via themerization selectivity revealed that they reside largely
Ikaros DZF, extracts containing IK I were mixed withwithin the same regions of the � helices that are respon-
extracts containing f-IkDZF. After incubation at roomsible for base recognition in DNA binding zinc fingers.
temperature for 1, 3, or 10 min, DSS was added, followedThe selective homodimerization of one Ikaros-Hunch-
by incubation for an additional 7 min. The immunoblotback chimera provides additional information about the
results revealed the emergence of a band correspondingdimer interface and establishes the feasibility of creating
in size to heterodimers between IK I and f-IkDZF (Figurenovel dimerization specificities.
1D, lanes 23–30). This band was relatively weak in the
sample incubated for a total of 8 min (lanes 23 and 24).Results
However, in the sample incubated for 17 min, the relative
intensities of the bands corresponding to homodimersThe C-Terminal Fingers of Ikaros Comprise a Bona
and heterodimers suggest that the exchange reactionFide Dimerization Domain
had reached equilibrium (lanes 29 and 30). In a parallel

To determine the stoichiometry of complexes formed by
experiment using the D18Q mutant in place of IK I, cross-

the C-terminal zinc fingers, gel filtration chromatography
linked products corresponding to f-IkDZF/D18Q hetero-

was performed with extracts from HEK 293 cells that
dimers were much less abundant (Figure 1D, lanes

overexpress Ikaros isoform I (IK I). IK I is a 32 kDa, 8–15), demonstrating that a functional DZF is important
naturally occurring isoform that lacks the DNA binding for the formation of f-IkDZF/IK I heterodimers. These
zinc fingers near the N terminus of the larger isoforms results demonstrate that, although dimerization is effi-
(Figure 1A). Immunoblot analysis of the gel filtration col- cient, dissociation and subunit exchange can occur
umn fractions revealed a protein peak with an apparent quite rapidly. Efforts to quantify binding affinities and
molecular weight of 75 kDa (Figure 1B, top), most con- association and dissociation rates have been hampered
sistent with the predicted migration of an IK I dimer. by the challenge of expressing a functional DZF in E.

To determine whether the elution profile was depen- coli.
dent on the C-terminal fingers, two IK I mutants were As a routine assay for DZF-mediated dimerization, the
tested. Mutant D18Q contains a substitution at aspartate f-IkDZF protein or a variant of this protein was coex-
18 (Figure 1A), which is conserved in all Ikaros family pressed in HEK 293 cells with untagged IK I or an IK I
members. This mutant eluted with an apparent molecu- variant (Figure 1C). Dimerization was then monitored
lar weight of 40 kDa (Figure 1B, middle), consistent with by immunoprecipitation with the FLAG M2 monoclonal
the migration of a monomer. Mutant m2/3 contains a antibody, followed by extensive washing and immu-
complete replacement of the C-terminal fingers of IK I noblot analysis using Ikaros antibodies that recognize
(fingers 5 and 6) with N-terminal DNA binding fingers 2 the common NTS (see Figure 1A). Using this assay,
and 3 (Figure 1A). This mutant also eluted with an aver- f-IkDZF supported efficient coimmunoprecipitation of
age molecular weight of 40 kDa (Figure 1B, bottom), untagged IK I (Figure 1C, lane 3). The high efficiency
demonstrating that only a subset of zinc fingers support of coimmunoprecipitation confirmed that most protein
dimerization. molecules exist as dimers. IK I did not precipitate from

To confirm the stoichiometry of the protein com- extracts lacking the f-IkDZF protein and was not ob-
plexes, extracts containing IK I were incubated with the served in either the extract or immunoprecipitation pellet
chemical crosslinking reagent, dissuccinimidyl suberate when the IK I expression plasmid was omitted from the
(DSS). Crosslinked samples were analyzed by immu- transfection (Figure 1C, lanes 1 and 2). IK I coimmuno-

precipitation was not dependent on nucleic acids, asnoblot. In the presence of high concentrations of DSS,
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Figure 1. Dimerization of the Ikaros C-Terminal Zinc Fingers

(A) Full-length Ikaros isoform VI contains four N-terminal C2H2 zinc fingers that mediate DNA binding and two C-terminal C2H2 fingers that
support interactions between family members. IK I is a naturally occurring isoform that arises through alternative pre-mRNA splicing. f-IkDZF
contains a FLAG epitope tag, the Ikaros N-terminal sequence (NTS), and 64 residues encompassing the C-terminal fingers. The sequences
of the C-terminal zinc fingers of murine Ikaros, Helios, and Aiolos, and of five Ikaros mutants, are shown. Mutant amino acids derived from
N-terminal fingers 2 and 3 are in red.
(B) Extracts of HEK 293 cells overexpressing wt or mutant IK I proteins were analyzed by gel filtration chromatography.
(C) Interactions between untagged and FLAG-tagged proteins were analyzed using a coimmunoprecipitation assay. Extracts were from 293
cells cotransfected with expression plasmids for untagged proteins in the context of IK I and smaller FLAG-tagged proteins. Extracts were
analyzed prior to immunoprecipitation (top) and following immunoprecipitation with the FLAG M2 monoclonal antibody (bottom). Proteins
were visualized by immunoblot using antibodies directed against the Ikaros NTS. Proteins containing finger 3 migrate more slowly through
SDS protein gels (lanes 6 and 8).
(D) Chemical crosslinking of proteins within HEK 293 extracts was performed with DSS. In the mixing experiments, extracts from cells
transfected with f-IkDZF were mixed for variable times (1–10 min) with extracts from cells transfected with either D18Q (lanes 7–15) or IK I
(lanes 22–30). Crosslinking was then carried out for 7 min, followed by immunoblot analysis.

the results were unaltered in the presence of ethidium and Helios (Figure 1A) were substituted for the Ikaros
DZF in the context of the FLAG-tagged protein, creatingbromide, DNase I, and RNase A (data not shown).

To monitor the specificity of dimerization, the closely f-AioDZF and f-HelDZF. These proteins supported effi-
cient coimmunoprecipitation of IK I (Figure 1C, lanes 4related DZF domains from Ikaros family members Aiolos
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Figure 2. Selective Interactions Mediated by DZF Domains

(A) DZF sequences from the murine Ikaros and D. melanogaster Hunchback proteins are aligned.
(B) Interactions between untagged proteins in the context of IK I and smaller FLAG-tagged proteins were analyzed using the coimmunoprecipita-
tion assay.
(C) DZF sequences from the murine Ikaros and human TRPS 1 proteins are aligned.
(D) Interactions between untagged proteins in the context of IK I and smaller FLAG-tagged proteins were analyzed using the coimmunoprecipita-
tion assay.
(E) Dimerization of the Ikaros and TRPS 1 DZF domains was analyzed using the chemical crosslinking assay.

and 5), consistent with previous reports (Hahm et al., that all proteins containing finger 3 migrate with slower
mobility for reasons that remain unknown.) The specific-1998; Sun et al., 1996). In contrast, coimmunoprecipita-

tion of IK I was not observed when DNA binding fingers ity of the interaction was further confirmed by the ab-
sence of coimmunoprecipitation when only 8 amino2 and 3 were introduced into the FLAG-tagged protein in

place of the DZF (f-DZFm2/3, Figure 1C, lane 6). Coimmu- acids at the C terminus of DZF finger 6 were replaced
by the corresponding amino acids from DNA bindingnoprecipitation was also undetectable when DNA binding

finger 2 was substituted for DZF finger 5 (f-DZFm2/6) finger 3 (f-DZF**, lane 9). The interaction was retained
when the substitution was restricted to 5 amino acidsand when DNA binding finger 3 was substituted for DZF

finger 6 (f-DZFm5/3, Figure 1C, lanes 7 and 8). (Note (f-DZF***, lane 10).
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Highly Selective Dimerization Mediated atic approach was necessary to identify the determi-
nants of selective dimerization. As a starting point, twoby the DZF Domain

The zinc finger organization found in mammalian Ikaros series of Ikaros-Hunchback DZF chimeras were gener-
ated in the context of untagged IK I (Figures 3A and 4A).proteins also exists within the Drosophila gap segmen-

tation protein Hunchback (Tautz et al., 1987). The These chimeras were expressed in HEK 293 cells along
with either f-HbDZF or f-IkDZF. Protein-protein interac-C-terminal fingers of Ikaros and Hunchback exhibit con-

siderable sequence homology (Figure 2A), suggesting tions were monitored using the coimmunoprecipitation
assay.that the Hunchback fingers may support dimer forma-

tion. To examine this possibility, the Hunchback C-ter- The first series of chimeras contains decreasing
amounts of the Hunchback DZF N terminus fused tominal fingers were substituted for the Ikaros DZF in the

context of both the epitope-tagged protein (f-HbDZF) increasing amounts of the Ikaros DZF C terminus (Hb-
IK1 to Hb-IK6, Figure 3A). An efficient interaction withand untagged IK I (Hb I). Hb I efficiently coimmunopreci-

pitated with f-HbDZF (Figure 2B, lane 5), confirming that f-HbDZF was retained when Ikaros amino acids 53–64
were included in the chimeric protein (Hb-IK2, FigureHunchback C-terminal fingers contain a functional DZF

domain. Interestingly, Hb I did not coimmunoprecipitate 3B, lane 3), but not when amino acids 47–64 were in-
cluded (Hb-IK3, Figure 3B, lane 4). These results suggestwith f-IkDZF, and IK I did not coimmunoprecipitate with

f-HbDZF (Figure 2B, lanes 3 and 4). These results dem- that at least 1 residue between amino acids 47 and 52
is required for selective homodimerization of the Hunch-onstrate that DZF-mediated dimerization is selective.

This surprising degree of selectivity was equally appar- back DZF, but that amino acids 53–64 are not involved
in selectivity.ent in chemical crosslinking experiments (see Figure 6

below). The second series of chimeric proteins was used to
define the amino acids at the N terminus of the Hunch-Recently, the human TRPS 1 protein, which is respon-

sible for tricho-rhino-phalangeal syndrome, was found back DZF that are required for selective dimerization.
This series contains decreasing amounts of the Ikarosto contain a C-terminal domain with homology to the

Ikaros DZF (Momeni et al., 2000). When this domain from DZF N terminus fused to increasing amounts of the
Hunchback DZF C terminus (Ik-Hb1 to Ik-Hb6, Figuremurine TRPS 1 (Figure 2C) was expressed in the context

of a small, FLAG-tagged protein, it could not coimmuno- 4A). An efficient interaction with the f-HbDZF protein
was observed when Ikaros amino acids 1–14 were in-precipitate IK I (Figure 2D, lane 4). Chemical crosslinking

experiments confirmed that this small protein, f-TrDZF, cluded in the chimeric protein (Ik-Hb5, Figure 4B, lane
5), but the interaction was lost when Ikaros amino acidscan form homodimers, but not heterodimers with IK I

(Figure 2E). When f-TrDZF was expressed by itself and 1–27 were included (Ik-Hb4, Figure 4B, lane 6). These
results demonstrate that at least 1 residue betweenincubated with DSS, a band corresponding in size to an

f-TrDZF homodimer was observed (Figure 2E, lanes 5 amino acids 15 and 27 is required for selectivity and that
amino acids 1–14 are not involved. Thus, the residuesand 6). This same f-TrDZF homodimer band, along with a

band corresponding to an IK I homodimer, was observed involved in selective dimerization of the Hunchback DZF
are located between amino acids 15 and 52 (summarizedwhen f-TrDZF and IK I were coexpressed and incubated

with DSS (Figure 2E, lanes 11 and 12). However, in these in Figure 5D).
The two sets of chimeric proteins were then used tosame samples, a band corresponding in size to an IK

I-TrDZF heterodimer was not detected. In parallel sam- define the region required for dimerization with the
Ikaros DZF. Using the Hb-Ik series (Figure 3A), an effi-ples, coexpression of IK I and f-IkDZF yielded cross-

linked products corresponding in size to both homodi- cient interaction with f-IkDZF was observed when the
chimeric protein included Hunchback amino acids 1–27mers and heterodimers (Figure 2E, lanes 8 and 9).
(Hb-Ik6, Figure 3C, lane 7). However, an interaction was
not observed when Hunchback amino acids 1–31 wereDeterminants of Dimerization Selectivity Identified
included (Hb-Ik5, Figure 3C, lane 6). Using the Ik-Hbby Chimeric Protein Analyses
series (Figure 4A), an efficient interaction with theTo identify the amino acid determinants of selective
f-IkDZF protein was observed when the chimeric proteindimerization, the Ikaros and Hunchback DZF sequences
included Hunchback amino acids 52–60 (Ik-Hb1, Figurewere first compared (Figure 2A). This comparison re-
4C, lane 8). Inefficient coimmunoprecipitation was ob-vealed striking similarities and differences. Within the
served when the chimeric protein included Hunchback60 amino acid region, 23 of the amino acids (38%) are
amino acids 34–60 (Ik-Hb2, Figure 4C, lane 7), and noidentical, consistent with the conserved functions of the
coimmunoprecipitation was observed when Hunchbackdomains. The atypical length of the spacer between
amino acids 32–60 were included (Ik-Hb3, Figure 4C,the final two histidines (5 residues) is also conserved.
lane 6). These results suggest that the residues contrib-Despite the high degree of identity, five positions contain
uting to selective dimerization of the Ikaros DZF arecharge reversals, ten positions vary between charged
located between amino acids 28 and 51 (Figure 5D).and nonpolar residues, and seven positions vary be-

tween polar and nonpolar residues. These three catego-
ries represent 37% of the DZF amino acids, making it Contributions of Specific Amino Acids

to Dimerization Selectivitydifficult to predict which residues are responsible for
dimerization selectivity. Comparison of the Ikaros and To define more precisely the amino acids involved in

selective dimerization of the Ikaros DZF, all of the aminoTRPS 1 DZF sequences, or the Hunchback and TRPS
1 sequences, revealed similar degrees of identity and acids that differ between the Ikaros and Hunchback

DZFs (between amino acids 1 and 59) were replaced,divergence.
Because of the high degree of divergence, a system- either individually or in pairs. To create these substitu-
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Figure 3. Chimeric Protein Analysis to Delineate the DZF Regions that Contribute to Selective Dimerization

(A) The Hunchback and Ikaros sequences included in each Hb-Ik chimera are shown.
(B) Interactions between Hb-Ik chimeras and f-HbDZF were assessed using the coimmunoprecipitation assay.
(C) Interactions between Hb-Ik chimeras and f-IkDZF were assessed using the coimmunoprecipitation assay.

tions, Hunchback DZF amino acids were inserted at the 18–22). A combined total of 13 residues were altered in
these nine mutants.corresponding positions of the Ikaros DZF in the context

of the f-IkDZF protein. To confirm that these mutations disrupt dimerization,
the mutant proteins were tested in the chemical cross-The interactions between the mutant f-IkDZF proteins

and wild-type IK I were first monitored using the coim- linking assay. This assay is thought to be less stringent
than the coimmunoprecipitation assay because exten-munoprecipitation assay. In this assay, coimmunopre-

cipitation of IK I was strongly reduced with 9 of the 23 sive high-salt washes are not involved. As shown in
Figure 5B, mutant DZF-DZF homodimers were unde-mutant proteins (Figure 5A, lanes 9, 11, 12, 15, and

Figure 4. Chimeric Protein Analysis to Delineate the DZF Regions that Contribute to Selective Dimerization

(A) The Ikaros and Hunchback sequences included in each Ik-Hb chimera are shown.
(B) Interactions between Ik-Hb chimeras and f-HbDZF were assessed using the coimmunoprecipitation assay.
(C) Interactions between Ik-Hb chimeras and f-IkDZF were assessed using the coimmunoprecipitation assay.
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Figure 5. Identification of Amino Acids Required for Selective Dimerization of the Ikaros DZF

(A) Interactions between IK I and 23 f-IkDZF mutant proteins were analyzed using the coimmunoprecipitation assay. Western blots with Ikaros
NTS antibodies were performed on the input samples and immunoprecipitation pellets.
(B) The mutants that disrupted dimerization in the coimmunoprecipitation assay were analyzed in the less stringent crosslinking assay. Bands
corresponding to uncrosslinked proteins, as well as mutant DZF-DZF homodimers, IK I-IK I homodimers, and mutant DZF-IK I heterodimers
are indicated.
(C) Since four of the critical mutants alter 2 amino acids, single amino acid substitutions of these residues were analyzed in the crosslinking
assay.
(D) The 8 Ikaros residues that were most essential for selective dimerization are shown in red or green. Three residues that were less important
are shown in yellow. Residues that are conserved between Ikaros, Aiolos, Helios, Hunchback, and TRPS1 are shown in blue, with the exception
of the zinc-coordinating histidines and cysteines. At the top, structural features of DNA binding zinc fingers are indicated. Positions �1, �2, �3,
and �6, which usually recognize bases in DNA binding zinc fingers, are circled. Position �10, which contributes to base recognition within
TFIIIA, is also circled on the N-terminal finger. At the bottom, the chimeric protein results from Figures 3 and 4 are summarized, with the
minimal regions required for selective Ikaros (solid line) and Hunchback (dashed line) dimerization indicated.

tectable in reactions performed with six of the nine mu- mained detectable. With one other mutant (lane 24), the
mutant homodimer and heterodimer were detected, buttants (Figure 5B, lanes 6, 9, 12, 15, 21, and 27). In these

reactions, the mutant DZF-IK I heterodimers were also both species were greatly reduced relative to the IK I-IK
I homodimer species. Efficient homodimerization andgreatly reduced relative to wild-type (lane 3), but re-
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Figure 6. Selective Dimerization of Ikaros-Hunchback Chimeras

(A) Self-association of Ik-Hb4, Ik-Hb3, and Ik-Hb2 was assessed using the coimmunoprecipitation assay. The chimeric DZFs were expressed
in the context of both the larger untagged protein and the smaller FLAG-tagged protein.
(B) Self-association of Ik-Hb4 and association with the Ik DZF and Hb DZF were assessed using the crosslinking assay. Multimeric species
at the top were omitted for simplicity (see Figure 1D, lanes 20 and 21).

heterodimerization were observed with the remaining Preferential Homodimerization of an
Ikaros-Hunchback DZF Chimeratwo mutants (lanes 18 and 30). These results demon-

strate that a maximum of 10 residues contribute to selec- The identification of two distinct DZF specificities raises
the question of whether novel specificities can be cre-tive Ikaros dimerization when the interaction is moni-

tored using the crosslinking assay (residues 17, 21, 28, ated. To address this question, we focused on the three
chimeric proteins that were unable to coimmunoprecipi-34, and 46–51). An additional 3 residues (residues 44,

45, and 52) are required for Ikaros dimerization to with- tate efficiently with either f-IkDZF or f-HbDZF (Ik-Hb4,
Ik-Hb3, and Ik-Hb2; Figure 4). Coexpression of Ik-Hb4stand the stringent washes employed in the coimmuno-

precipitation assay. in the context of both the tagged and untagged proteins
revealed its capacity to form homodimers (Figure 6A,Because 2 residues were altered in four of the critical

mutants, it was important to determine whether one or lane 3). Less efficient homodimerization was detected
with Ik-Hb3 (Figure 6A, lane 5), while Ik-Hb2 was unableboth residues in each mutant are required for dimeriza-

tion. Using the chemical crosslinking assay, single sub- to homodimerize (Figure 6A, lane 7).
The Ik-Hb4 results were confirmed using the less strin-stitutions of R47 and F50 disrupted dimerization (Figure

5C, lanes 6 and 15). Mutations at Y48 and E49 slightly gent chemical crosslinking assay. Crosslinking was per-
formed with extracts from HEK 293 cells in which smallreduced but did not eliminate dimerization (Figure 5C,

lanes 9 and 12); these single residue substitutions were and large DZF-containing proteins were overexpressed
simultaneously. f-IkDZF/IK I dimers were readily appar-less detrimental than the mutation that alters both resi-

dues simultaneously (Figure 5B, lane 27). In contrast, ent (Figure 6B, lanes 1–3, top panel), but f-IkDZF/Hb I and
f-IkDZF/Ik-Hb4 heterodimers were undetectable (lanesmutations at D46 and S51 did not significantly affect

dimerization (Figure 5C, lanes 3 and 18). Similar results 4–9, top panel). Similarly, f-HbDZF/Hb I dimers were
apparent (lanes 4–6, center panel), but f-HbDZF/IK Iwere obtained in the coimmunoprecipitation assay.

However, in this assay, Y48 and E49 were both essential heterodimers were absent (lanes 1–3, center panel). An
f-HbDZF/IK-Hb4 dimer was detectable (lanes 7–9, cen-for dimerization, as coimmunoprecipitation of IK I was

not observed (data not shown). The results of the mutant ter panel), but was less abundant than the f-HbDZF or
Ik-Hb4 homodimers observed in the same reactions.analysis are summarized in Figure 5D and are discussed

below (see Discussion). Detection of f-HbDZF/Ik-Hb4 heterodimers in this assay,
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but not in the coimmunoprecipitation assay, is presum- a typical C2H2 finger motif is shown in Figure 7A and
is oriented similarly to finger 1 in Figure 7B.ably due to the reduced stringency of this assay. Finally,

In the second finger, the 4 residues that are mostabundant f-Ik-Hb4/Ik-Hb4 dimers (lanes 7–9, bottom
important for selective dimerization, R47, Y48, E49, andpanel) and slightly less abundant f-Ik-Hb4/Hb I dimers
F50, are adjacent to one another on the � helix. A hy-(lanes 4–6, bottom panel) were present, but f-Ik-Hb4/IK
drophobic residue that packs in the core is expected atI dimers were undetectable (lanes 1–3, bottom panel).
the position occupied by F50. Therefore, this residueTaken together, the coimmunoprecipitation and cross-
is almost certainly at the core and does not directlylinking results demonstrate that IK-Hb4 preferentially
contribute to the dimer interface. Instead, F50 is likelyhomodimerizes. Although an interaction between this
to make an important contribution to the structure ofchimera and the Hunchback DZF was observed in the
the finger. Interestingly, this residue cannot be replacedcrosslinking experiments, the absence of coimmuno-
by the leucine found at the same position in the Hunch-precipitation in Figure 4B suggests that this heterodimer
back DZF. This observation suggests that the structuresis relatively unstable. Thus, these results establish the
of the hydrophobic cores of the Ikaros and Hunchbackprinciple that novel DZF homodimer preferences can
DZFs differ, which may be important for selectivity.be created. Because the Ik-Hb4 chimera combines the

Residues R47, Y48, and E49 are likely to be importantN-terminal DZF finger from Ikaros with the C-terminal
constituents of the dimer interface. Because the hy-DZF finger from Hunchback, the preferential homodi-
drophobic cores of C2H2 motifs are highly compact, allmerization of this protein provides strong support for a
three of these residues are likely to be exposed. How-parallel interaction between the dimer subunits.
ever, the precise orientations of the amino acid side
chains cannot be determined in the absence of an exper-Discussion
imentally defined structure. The presence of arginine,This study provides insight into a C2H2 zinc finger do-
tyrosine, and glutamate residues at the Ikaros dimeriza-main that is dedicated to homodimerization and hetero-
tion interface (R47, Y48, and E49) suggests that a combi-dimerization with closely related family members. It is
nation of salt bridges, hydrogen bonds, and hydropho-well established that protein-protein interactions can be
bic interactions stabilize the dimer. Equivalent positionssupported by zinc binding motifs that are distinct, both
of the Hunchback DZF sequence contain hydrophobicstructurally and at the amino acid sequence level, from
residues, suggesting that stabilization of the Hunchbackthe more prevalent C2H2 zinc finger (Bellon et al., 1997;
dimerization interface may be more dependent on vanFox et al., 1998; Liew et al., 2000; Mackay and Crossley,
der Waals interactions.1998). In addition, a few C2H2 DNA binding motifs have

Although 7 of the 8 critical residues are located inbeen shown to interact with other proteins (Lee et al.,
the clusters described above, the eighth residue, P341993; Payre et al., 1997; Zhou et al., 1995). These interac-
(Figures 7B and 7C; green), is located in the linker regiontions have not been examined in detail but appear to
between the two zinc finger domains. A proline residueinvolve regions of the zinc fingers that are distinct from
is expected to reduce flexibility of the protein main chain.the protein-DNA interface. The DZF domain described
Therefore, the requirement for this residue for the forma-

here is unique in three respects. First, the DZF domain
tion of Ikaros dimers suggests that the relative orienta-

supports efficient homotypic interactions rather than
tions of the two finger domains may contribute to selec-

interactions with other types of domains. Second, di-
tivity.

merization is highly selective, as the Ikaros, Hunchback, The 3 residues that were less important for dimeriza-
and TRPS 1 domains can form homodimers, but not tion (because mutations disrupted dimerization only in
heterodimers, even when dimerization is monitored us- the stringent coimmunoprecipitation assay; S44, Q45,
ing the nonstringent crosslinking assay. Third, dimeriza- S53) cluster adjacent to the patches formed by the 7
tion selectivity relies primarily on amino acids near the critical residues (Figures 7B and 7C; orange). Finally, a
N terminus of the putative � helix, the same region in- subset of the residues that are conserved among all of
volved in selective base recognition in DNA binding zinc the DZFs that have been characterized (in Ikaros, Aiolos,
fingers (Wolfe et al., 2000). Helios, Hunchback, and TRPS1) are in close proximity

Using a homology model of the Ikaros DZF, we note to the two patches (Figures 7D and 7E; blue). D18, which
that 7 of the 8 residues identified in this manuscript was shown to be essential for dimerization in Figure 1,
as important for selective dimerization cluster on the is located at a particularly prominent position of the
surface of the model (Figures 7B and 7C, red). We infer finger 1 cluster (Figure 7D).
that these patches are likely to represent the dimer inter- It is interesting to note that the two key clusters corre-
face. The clusters correspond primarily to the � helices spond to the regions that typically contact specific
of both zinc finger domains. Within the first finger, the bases in DNA binding zinc fingers. The residues that
clustering of the 3 critical residues, L17, M21, and C28 most frequently contact bases are at positions �1, 2,
(red residue to the right of L17 in Figure 7B), was ex- 3, and 6 (Figure 5D, circled), where position �1 corre-
pected on the basis of the 7 residue spacing between sponds to the first residue on the helix (Wolfe et al.,
M21 and C28 on the � helix, and the 4 residue spacing 2000). In this region of the first DZF finger, the critical
between M21 and L17 (which is at the end of the second residues L17 and M21 correspond to positions �2
� strand). Because the orientation of the � helix is con- and �3. The third critical residue, C28, is at position 10,
strained by the conserved hydrophobic residue, Y22, which contributes an essential base contact in TFIIIA
which packs in the hydrophobic core, there is a high (Wolfe et al., 2000; Wuttke et al., 1997). Within the second
probability that these critical residues will be exposed DZF finger, the 7 residues that contributed to selective

dimerization lie between positions �3 and �6. Thesein the DZF structure. For reference, a ribbon diagram of
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Figure 7. Homology Model of the Ikaros DZF Domain

(A) Ribbon diagram of a typical zinc finger domain from a protein engineered to bind a TATA box (Protein Data Bank code 1G2D [Wolfe et
al., 2001]). The finger contains the conserved cysteine (gold) and histidine (blue) residues that coordinate a zinc ion within the core. The
diagram is oriented similarly to DZF finger 1 in the following models.
(B) Surface representation of the Ikaros DZF homology model. The N-terminal finger, finger 1, is on the left; the C-terminal finger, finger 2, is
on the right. The residues that, when mutated, perturb dimerization in both the crosslinking and coimmunoprecipitation assays are colored
red (L17, M21, C28, R47, Y48, E49, and F50). Mutation of P34 (green) in the linker region also disrupts dimerization in both assays. The 3
residues that, when mutated, perturb dimerization only in the stringent coimmunoprecipitation assay are colored orange (S44, Q45, and S52).
A subset of these colored residues are labeled.
(C) 180� rotation about the vertical axis of the homology model shown in (B). Mutation of the residues on this side of the molecule to the
Hunchback sequence does not affect homodimerization, supporting the notion that the binding interface is on the other side of the molecule.
(D) Identical to (B), except residues in Ikaros that are identical in Hunchback, TRPS1, Aiolos, and Helios are colored blue (F16, D18, V20, Y22,
M26, F35, and R56). In addition, the 3 residues shown in orange in part (B) are colored red.
(E) 180� rotation about the vertical axis of the model in (D). These figures were generated using the program PYMOL (http://www.pymol.org).

observations demonstrate that similar structural ele- (Isalan et al., 2001; Pabo et al., 2001; Segal and Barbas,
2000, 2001). The preferential homodimerization of onements are involved in selective dimerization and in selec-

tive protein-DNA interactions. of the Ikaros-Hunchback chimeras suggests that it may
be possible to perform similar types of manipulationsPrevious studies demonstrated that C2H2 zinc fingers

can be manipulated more easily than other DNA binding to generate novel dimerization specificities. Previous
examples in which the specificity of a dimerization motifmotifs to generate novel DNA-sequence specificities
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method (Stratagene). All plasmids were confirmed by DNA se-has been altered include the conversion of homodimer
quencing.and heterodimer preferences of leucine zippers (O’Shea

et al., 1992; Sellers and Struhl, 1989).
Because of the importance of protein dimerization for Gel Filtration Chromatography

Gel filtration chromatography was performed with a Superose 12cellular processes, strategies for promoting dimeriza-
HR 10/30 column (Pharmacia) equilibrated with Buffer H60 (20 mMtion in a cell are of considerable interest (Klemm et al.,
HEPES, pH 7.9, 1.5 mM MgCl2, 60 mM KCl). The column was con-1998). The ability to create novel dimerization specificit-
trolled by a Pharmacia LCC 500 Plus Control Module attached to

ies is already benefiting our studies of Ikaros, as fully Pharmacia P-500 pumps and was subjected to constant flow at a
functional Ikaros family members that cannot dimerize rate of 0.5 ml/min. Protein Sizing Standards (Pharmacia) were used
with endogenous Ikaros proteins can now be engineered to calibrate elution volumes. After calibration, 200 �l (�800 �g) of

cytoplasmic lysate was injected and run under identical conditions.and expressed in lymphocytes. In previous attempts to
400 �l fractions were collected, and 10–30 �l aliquots were sepa-avoid dimerization with endogenous Ikaros proteins, the
rated by 12% SDS-PAGE. Proteins were visualized by immunoblotC-terminal zinc fingers were replaced by a leucine zipper
analysis using Ikaros antibodies (Hahm et al., 1994, 1998).

from a Arabidopsis GBF protein (Cobb et al., 2000). Al-
though this leucine zipper does not appear to interact

Coimmunoprecipitation Assayswith mammalian leucine zipper proteins, it is difficult to
Cytoplasmic extracts were clarified by microcentrifugation for 2 minexclude this possibility. Furthermore, the leucine zipper
prior to use. In a typical experiment, 10 �l of lysate were diluted tohas greater potential to disrupt the functions of Ikaros
a volume of 200 �l with cold RIPA buffer (150 mM NaCl, 50 mM

proteins than more subtle mutations that alter the speci- Tris, pH 7.5, 0.1% SDS, 0.025% sodium deoxycholate, 1% NP40).
ficity of the DZF. Altered specificity DZF domains may RIPA buffer-equilibrated FLAG Affinity M2Ab Resin (10 �l; Kodak,
be useful for promoting the selective dimerization of Sigma) was then added and the sample was rotated for 1.5 hr at

4�C. The resin was pelleted and washed three times with 1 ml coldother ectopically expressed proteins. Although highly
RIPA buffer. Proteins were eluted by boiling in 30 �l 2� samplespeculative at this time, it is also conceivable that it
loading buffer and were separated by 12% SDS PAGE. Immunoblotwill be possible to design DZF domains that support
analysis was performed with antibodies directed against the N-ter-

selective interactions with any protein surface, which minal 79 amino acids of Ikaros (Hahm et al., 1994, 1998). Goat
would parallel most closely the creation of C2H2 zinc �-rabbit Ig (Zymed) was used as secondary antibody. ECL (Amer-
fingers capable of binding any DNA sequence (Isalan et sham) was used for visualization.
al., 2001; Pabo et al., 2001).

Finally, it is noteworthy that a dramatic expansion of
Chemical Crosslinking

the C2H2 zinc finger family has been documented during Cytoplasmic lysates (10 �l, 40 �g) were adjusted to 50 �l with buffer
eukaryotic evolution (Lander et al., 2001; Venter et al., H60. Disuccinimidyl suberate (DSS) dissolved in DMSO (5 mg/ml)

was added at final concentrations ranging from 0.1 to 2 �g/�l. Cross-2001). The evidence that the C2H2 zinc finger can use
linking reactions were carried out at room temperature and weresimilar structural elements both for sequence-specific
stopped by the addition of an equal volume of 2� sample loadingDNA binding and for selective dimerization confirms the
buffer. Crosslinked products were separated by SDS-PAGE, fol-unusual versatility of the motif and may explain, in part,
lowed by immunoblot analysis.

the rapid expansion of the C2H2 family. It is noteworthy
that all of the proteins that contain well-documented

Homology ModelingDZF domains contain other C2H2 zinc finger domains
The Ikaros DZF sequence was used to search the Protein Data Bankthat support DNA binding. One can speculate that the
(PDB) for similar sequences. The zinc fingers of a TATA box binding

DZF originally emerged in a Hunchback ancestor by protein, PDB code 1G2D (Wolfe et al., 2001), share 30% sequence
duplication of the C2H2 DNA binding zinc fingers, fol- identity with both fingers of the Ikaros DZF. The cysteine and histi-
lowed by mutation and selection to create a dimer inter- dine residues allowed accurate alignment of the DZF and TATA box

binding protein sequences. In addition, the zinc-finger domains offace. This strategy for adding a dimerization domain to
the human enhancer binding protein, MBP-1 (PDB code 1BBOthe ancient protein may have been easier to accomplish
[Omichinski et al., 1992]), share 23% sequence identity with the DZFthan the transposition of a dimerization domain-encod-
sequence. Like the Ikaros DZF, the C-terminal finger of MBP-1 has

ing exon from another gene. an atypical 5 residue spacer between histidine residues, which pro-
vided additional information for the modeling of the DZF structure.

Homology modeling was accomplished using the program MOD-
Experimental Procedures ELLER6v2, which uses spatial restraints derived from the alignments

to arrive at the most probable structure for a sequence (Sali and
Plasmids and Transfections Blundell, 1993). One advantage of this program is that multiple align-
HEK 293T cells were transfected by the calcium phosphate method ments to the target sequence may be used. The Ikaros DZF homol-
(Ausubel, 1995), using 1 or 2 �g DNA for expression of tagged and ogy model was generated and manually inspected for steric clashes
untagged proteins, respectively. Cells were harvested after 48 hr as between residues.
described (Hahm et al., 1994, 1998), except the cytoplasmic frac-
tions were retained for analysis. Plasmids were prepared by stan-
dard PCR methods in pcDNA3 (InVitrogen). Briefly, the desired cod- Acknowledgments
ing regions were amplified from mRNA or cDNA clones using 5	 and
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