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Structural Studies on a Protein-Binding Zinc-Finger Domain of Eos Reveal Both
Similarities and Differences to Classical Zinc Fingers
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ABSTRACT. The oligomerization domain that is present at the C terminus of Ikaros-family proteins and
the protein Trps-1 is important for the proper regulation of developmental processes such as hematopoiesis.
Remarkably, this domain is predicted to contain two classical zinc fingers (ZnFs), domains normally
associated with the recognition of nucleic acids. The preference for protein binding by these predicted
ZnFs is not well-understood. We have used a range of methods to gain insight into the structure of this
domain. Circular dichroism, U¥vis, and NMR experiments carried out on the C-terminal domain of

Eos (EosC) revealed that the two putative ZnFs (C1 and C2) are separable, i.e., capable of folding
independently in the presence of'ZkVe next determined the structure of EosC2 using NMR spectroscopy,
revealing that, although the overall fold of EosC2 is similar to other classical ZnFs, a number of differences
exist. For example, the conformation of the C terminus of EosC2 appears to be flexible and may result
in a major rearrangement of the zinc ligands. Finally, alanine-scanning mutagenesis was used to identify
the residues that are involved in the homo- and hetero-oligomerization of Eos, and these results are discussed
in the context of the structure of EosC. These studies provide the first structural insights into how EosC
mediates protetnprotein interactions and contributes to our understanding of why it does not exhibit
high-affinity DNA binding.

There has been substantial interest in zinc-binding domains DNA-binding Oligomerisation
(zinc fingers or ZnFs) over the last 10 years, because of both
their abundance in the human genome and their structural N—M =
and functional diversity. These small modules are known to ﬁ’/ \
bind DNA, RNA, lipids, and other proteind); Zinc-binding Finger C1 Finger C2

domains are classified according to the number and spacingeosc
PegC

of zinc-ligating residues, and by far, the most common
configuration is the classical or CCHH configuration. Clas-

sical Znf's bind double-stranded DNA in tandem arrays ( Ficure 1: Primary structure of lkaros proteins. A schematic
and each doma”.] gomprises a single N-'Fel’mﬁﬁddalrpl_n diagram of Ikaros proteins is shown, along with the ZnF domains
followed ana helix. In contrast to DNA-binding classical  (white) and the sequences of EosC and PegC. These domains
ZnFs, protein-binding CCHH ZnFs are poorly characterized. consists of two ZnFs (fingers C1 and C2) that each complies with
Classical ZnFs from transcriptional regulators such as YY1 the consensus sequence of classical ZnFs (shown at the bottom; X
and KLF-family proteins have been shown to recruit protein refers to any amino acid). The letters-dindicate differences in

t in biochemical Ith h little else i EosC and PegC to the consensus sequence. The amino acids that
partners in biochemical assay&7), although little else is compose the constructs EosC2 and PegC1 are boxed. The arrow

know about these interactions. shows the position of the putative non-zinc-ligating cysteine residue
Members of the Ikaros family of protein8)(are predicted  that was mutated to serine in the constructs EosC1 and PegCl.

to contain two clusters of classical ZnFs (Figure 1). While Zinc-ligating residues and the positions of the conserved hydro-

the N-terminal cluster recognizes specific sequences in phobic residues in classical ZnFs are highlighted in black and gray,

double-stranded DNA9-12), the C-terminal region has respectively.

been shown to mediate both homo- and heterotypic interac-go5 and Pegasudl, 13). The mRNA that encodes these
tions with other family members3(10, 11, 13, 14). As well proteins is detected primarily in hematopoietic cell link&-{

as the founding member, the transcriptional regulator Ikaros 15 14 16—19), although Eos mRNA is also expressed in
(15), the family also includes Aiolosl(), Helios (2, 14), the developing brain and nervous systel8) (and Pegasus
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in the foetal brain23). It has recently been shown that Eos previously described?d, 27). A Gly-Ser fragment remained
(but not other Ikaros-family proteins) interacts with Trpsl at the N terminus of PegC1 and EosC2 following thrombin
(24), and it is possible that these two proteins cooperate in cleavage. All single and double ZnF constructs were further
some way to regulate early brain development. purified by Ggreversed phase high-pressure liquid chroma-
In some instances, the proteiprotein interactions medi-  tography (rpHPLC), and the peptide identities were con-
ated by the C-terminal domains of Ikaros proteins facilitate firmed using electrospray mass spectrometry.
high-affinity DNA binding and concomitant transcriptional ~ Circular Dichroism (CD) SpectropolarimetrySamples
regulation 8, 10, 11, 13, 14), consistent with the view that ~were prepared by dissolving lyophilised rpHPLC-purified
Ikaros-family proteins oligomerize on DNA. While the peptide in 50uM tris(2-carboxyethyl)phosphine (TCEP;
N-terminal region may contain a variable number of ZnFs Pierce, Rockford, IL) and 50M ZnSQ, to a final concentra-
arising from alternate splicingd), the C-terminal domain  tion of 15uM. The pH was adjusted to 5:®.0 using 1 M
always contains two fingers and is highly conserved, from NaOH. CD spectra were recorded atZDon a Jasco J-720
sea lampreys to humang5, 26). spectropolarimeter, equipped with a Neslab RTE-111 tem-
Despite the importance of this C-terminal domain in both Perature controller. CD data were collected over the wave-
the biology of Ikaros proteins and, more generally, as a novel length range 184260 nm, with a resolution of 0.5 nm, a
protein-recognition domain, nothing is known about its Pandwidth of 1 nm, and a response tinfes using a 1-mm
structural characteristics. In this study, the C-terminal domain Path-length cell. Final spectra were the sum of three scans
of Eos (EosC) has been examined using a combination ofaccumulated at a speed of 20 nm/min and were baseline-
structural and molecular biological methods. We show that corrected. _ _
EosC comprises two separable domains that fold in's zn ~ UV—Vis SpectrophotometrfzosC2 was dissolved in 100
dependent fashion and that both fingers form conformations#M TCEP (to 80uM), and the pH was adjusted to 8.7 using
that resemble classical ZnFs. The solution structure of thel M NaOH. Data were collected at 2C on a Shimadzu
second finger of EosC has been determined, and it revealsJV-1601 spectrophotometer using the slow-speed setting.
several unusual properties for a ZnF. Finally, alanine- Ultra-violet (2506-500 nm) and visible (506800 nm) spectra
scanning mutagenesis identified the residues that are involvedVere recorded after each addition of a 2.5 mM solution of
in the homo-oligomerization of Eos, and these results are COCk, which was added to both the sample and reference
discussed in the context of the structure of the C-terminal Cuvettes. The spectrum for EosC2 without metal was
domain. These data add to our understanding of both theSubtracted from all subsequent spectra.

Ikaros proteins and the ability of ZnFs to mediate protein Analytical Ultracentrifugation Sedimentation equilibrium

protein interactions. experiments were carried out at 28 using a Beckman
Optima XL-A ultracentrifuge equipped with an Anti-60 rotor.

EXPERIMENTAL PROCEDURES The PegC1l NMR sample was examined at two loading

] concentrations (50 and 1Q0M), whereas the EosC2 NMR

Subcloning of Single ZnF Constructs and Mutants Used sample was first dialyzed (with 20 mM GBOONa at pH
in Alanine-Scanning MutagenesiSingle-finger constructs 54 100 mM NaCl, 40QeM TCEP, and 70QuM ZnSQy)
EosC1 (amino acids 474600; Cys498Ser), EosC2 (amino  and examined at three loading concentrations (50, 100, and
acids 501-532), PegC1 (amino acids 36390; Cys385Ser),  200,M). Absorbance (280 and 360 nm) versus radius scans
and EosC (amino acids 474632; Cys498Ser) were amplified  (0.001-cm increments) were collected at 3-h intervals until
using standard polymerase chain reaction (PCR) techniquesthe samples had reached equilibrium. Data were recorded at
Cysteine substitutions were introduced using site-directed 45 goo rpm for PegC1 or 45 000 and 54 000 rpm for EosC2.
mutagenesis. Mutants (MIM21) were generated from EoSC  aAnalysis of the data was carried out using the NONLIN
by either an overlap PCR or a single primer mismatch PCR software p8). The density of the solvent and the partial
with Pfu polymerase (Stratagene, La Jolla, CA). Primer gpecific volume of the peptide (adjusted to include the
sequences are available on request. contribution of Z; p = 0.7187 g/mL) were estimated using

PegC1 and EosC2 were inserted into pGEX-2T (Amer- Sednterp 29). Final parameters were determined by a
sham Biosciences, NSW, Australia), and EosC1 was insertednonlinear least-squares fit to models incorporating either a
into pIH1120 (described previously in r2f)). For yeast two- single, nonassociating species or a reversible dimerization
hybrid assays, EosC2 and EosC1 were cloned into pGBT9, reaction. Residuals were examined to determine the goodness
whereas EosC1 and mutants (MU21) were cloned into  of fit.
PGAD10. The DNA encoding M3, M7, M8, and M10 was  Sample Preparation for NMR SpectroscopegC1 was
also inserted into pIH1120. dissolved in a solution containing 0.6 mM TCEP and 0.5

Overexpression and Purification of Single-Finger Con- mM ZnSQ, to a concentration of100 uM. The pH was
structs and M3, M7, M8, and M1®egC1 and EosC2 were adjusted to 6.0 by the addition of BlPO, (pH 6.0) to a
produced as C-terminal fusions with glutathidgransferase  final concentration of 30 mM. EosC2 was resuspended to a
(GST), and their overexpression was carried out af@7  final concentration of~100 uM in a solution containing
and induced by the addition of isoprog$§4e-thiogalacto- TCEP and ZnSQ(100 and 20Q«M, respectively). The pH
pyranoside (0.1 mM). EosC1, M3, M7, M8, and M10 were was adjusted to either 5.3 or 6.9, and the sample volume
overexpressed in a similar manner as C-terminal fusions withwas reduced in a vacuum centrifuge such that the final
maltose-binding protein (MBP), except that glucose (0.2% peptide concentration was0.5 mM.
w/v) was also added to the LB. The subsequent steps (cell For mixing experiments, lyophilised, rpHPLC-purified
lysis, purification by glutathione/amylose-affinity chroma- Eo0sC1 was resuspended in a 3d0-solution containing
tography, and thrombin cleavage) were carried out as TCEP and ZnS@®(100 and 20Q«M, respectively) to a final
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concentration of~40 uM. The pH was adjusted to 5.3. An  Swiss-PdbViewer40, 41)] was used. The ZnFs with PDB
aliquot of the EosC2 sample was diluted (in MilliQ water) entry codes 1ZNF and 1SP1 were manually loaded as
such that its concentration was comparable to the EosCltemplate structures.

sample, as judged by 1BH NMR spectra. These two For HADDOCK (42) calculations, the “active residues”
samples were then added together to record théHLRMR were defined as follows in EosC1: Glu480, His481, Asp488,
spectrum of the mixture. O (5% v/v; Sigma, St Louis, MO)  His489, Val490, Met491, Thr493, and lle494; and in
and 2,2-dimethylsilapentane-5-sulfonic acid (DSS; ta®0) EosC2: Phe501, Arg502, Asn508, and 11e509. All of these
Sigma) were added to all NMR samples. residues also satisfied the requirement of having a high
NMR ExperimentsNMR spectra were acquired on a solvent accessibility¥50%), as determined by NACCESS
Bruker Avance 600 MHz spectrometer and processed and(43). The “passive residues” (defined as having a high solvent
analyzed using XWINNMR (Bruker, Karlsruhe) and XEASY  accessibility and neighboring an active residue) were identi-
(30). Total correlation spectroscopy (TOCSY) spectra were fied by the manual inspection of structures and were as
recorded with mixing times of 70 ms, and nuclear Overhauser follows in EosC1: Phe477, Arg483, Leu487, Gly497, and
effect spectroscopy (NOESY) spectra were recorded with Hjs499; and in EosC2: Asp503, Glu506, His513, and
mixing times of 250 ms (PegC1) or 200 ms (EosC2). lterative Gly532. Subsets of active and passive residues were used in
manual assignment of NOEs was used to calculate initial additional runs. These active and passive residues were
structures of EosC2 using DYANA3(). Initially, the converted into ambiguous interaction restraints, with maxi-
calibration of peak integrals against distance was performedmum values of 2.0 A. The flexible interface was defined as
using standard DYANA parameters, and later, the calibration g active and passive residuestwo sequential residues,
of backbone atoms was reparametrized such that the averaggnd Gly500 and Phe501 were allowed to be fully flexible.
distance increased from 3.53 to 4.53 A At this stage, the The C terminus of EosC1 and the N terminus of EosC2 were
fOIIOWing upper and lower distance restraints were added: forced to be near each other by induding the fo”owing
Cys507 $—Cys510 $=3.55-3.95 A, Cys507 &-His523 unambiguous distance constraint: C of Gly500 (Eos€1)
N = 3.30-3.70 A, Cys507 &-His529 N? = 3.30-3.70 N of Phe501 (EosC2¥ 1.0-2.0 A. The docking procedure
A, Cys510 $—His523 N? = 3.30-3.70 A, Cys510 &- was performed using the default parameters supplied with
His529 N2 = 3.565-3.95 A, and His523 N—His529 N2 = the HADDOCK software, and in the final calculations, 200
3.30-3.75 A. structures were generated for rigid-body docking and the 50

Once no further assignments could be made, furtherjowest-energy structures were used for refinement and
refinement was carried out in an automated manner USIngana|ysis_ No water refinement was performed_

ARIA 1.2 (32, 33) implemented in CNS 1.13@). Zinc
coordination 85) was incorporated in the ARIA calculations, RESULTS
which were carried out using a standard protocol. The
following hydrogen-bond restraints, based on the presence Selection of C-Terminal Domain Construdgarlier work
of characteristica-helical NOE patterns, were included: carried out in our laboratory revealed that the C-terminal
Arg517 O-Ser521 i = 0.50-1.80 A, Arg517 O-Ser521 domain of Eos forms a monodisperse®-subunit oligomer
N = 0.50-2.8 A, Tyr518 O-Ser522 Hf = 0.50-1.80 A, in solution [total molecular mass 70 kDa @4)]. Because
and Tyr518 G-Ser522 N= 0.50-2.80 A. Final calculations ~ extensive efforts to crystallize this oligomer were un-
were performed with the angles of Arg502 and Ser514 successful and because classical ZnFs are regarded as
constrained to negative values. The final assignments madeautonomously folding motifs, we chose to examine the
by ARIA were checked and corrected manually when structural characteristics of each putative ZnF from this
necessary. Calculations were carried out in the simplified region of Eos separately (EosC1 and EosC2; Figure 1).
all-hydrogen PARALLHDGS5.2 force field with nonbonded ~Preliminary work revealed that EosC1 was prone to ag-
interactions modeled by PROLSQ force fieRb). Floating gregation, and we therefore instead selected the equivalent
chirality assignment37) was used for all methylene and ZnF from Pegasus (PegC1) for analysis (the C-terminal
isopropy| groups, because no Stereospeciﬁc assignmenté}lomains of Pegasus and Eos exhibit 80% sequence similarity;
were made. The 20 conformers with the lowest valuegf ~ Figure 1). A third cysteine residue, conserved in the C1
were visualized and analyzed using MOLMOBS{ and domain of all Ikaros-family proteins and marked with an
PROCHECK B89). arrow in Figure 1, was mutated to serine to avoid oxidation
Yeast TWO_Hyb”d Assa_ygompetent HF7c yeast cells prOblemS. This mutation did not affect the ab|||ty of the
were transformed simultaneously with the appropriate plas- domain to fold in a zinc-dependent fashion. The final
mids using the Clontech Two-Hybrid Matchmaker system constructs used in this study are boxed in Figure 1.
protocol (Palo Alto, CA). For the alanine scan, MU21 PegC1 and EosC2 Are Separable Domains that Require
were subcloned into pGAD10 and were cotransformed with Zinc(ll) to Fold. The far-UV CD spectra of PegC1 (Figure
either pGBT9-EosC, pGBT9-lkaros45517, pGBT9- 2) and EosC2 (not shown) were similar when recorded at
Pegasus221420, or pGBT9-Trps1/12221281. pGAD10 low pH (~2.0) in the absence of Znand were typical of
and pGBT9 encode the Gal4 activation domain and the Gald mostly unstructured polypeptides. After the addition of Zn
DNA-binding domain, respectively. The transformants were (to more than 1 molar equiv) and an increase in pH (Figure
selected on-Leu—Trp minimal media plates after growth  2), the observed spectral changes are consistent with the
at 29°C and were then patched ontd_eu—Trp—His plates formation of a mixture of botlw andf secondary structures
and monitored for growth for up to 3 days. in PegC1 and EosC2. Although there are differences in the
Homology Modeling and ProteinProtein Docking Using position of the minima and the wavelength of the zero-
HADDOCK To model EosC1, Deep View [formerly called crossing point for each polypeptide, it is not straightforward
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g ] —~- PegCT, unfolded 46). Furthermore, the intensity of these banégdm~ 900

— - PegC1, folded M~* cm™?) indicates that the coordination of the 'Cion is

4 1 — EosC2, folded tetrahedral 47). Finally, the change in absorbance at 310
nm (inset, left panel of Figure 3A) reveals that the metal/
peptide ratio is probably 1:1. When these results are taken
together, they demonstrate that EosC2 ligates orlei@o

via two cysteine and two histidine residues and are consistent
with the prediction that EosC2 is a classical ZnF.

PegC1l Resembles a Classical Zritandard'H NMR

Ficure 2: CD spectropolarimetry reveals that PegC1 and EosC2 methods W?re used to assign the pro_to_n cheml_cal shifts of
require zinc to fold. In the absence of'Zand at a low pH, Pegc1 ~ P€gC1. While the data_we_re not of sufficient quality to allow
and EosC1 (not shown) are mostly unstructured. Upon the addition a full structure determination, we were able to compare the

Ellipticity (mdeg)
o

190 200 210 220 230 240 250 260
Wavelength (nm)

of Zn'" and an increase in pH, PegC1 and EosC2 develapd He chemical shifts with those from a known classical ZnF,
secondary structures. The protein concentration in each sample Wagamely, the third ZnF of BKLF [PDB accession code 1P7A
~154M, and data were recorded at 20. and BMRB accession code 58548]f]. A plot of the H*
A chemical-shift index49) for both peptides reveals similar
05 _ 02 sl %10 overall patterns (Figure 3B). Both display a stretch of
g 0.4 s Ul e negative values at the C terminus (indicative ofeahelix)
Soa < M5 05 s 0.06 [Co(l)] and alternating positive and negative values at the N terminus
o2 Co?/peptid ratio 0.04 (consistent with the presence ofsehairpin). These results
0.1 0.02 suggest that PegC1 is likely to take up a solution conforma-
1) I — o, tion similar to that of a classical ZnF, and because of the
it Sﬂ?vavi?:ngt:?:m;m 00 S0 20 ﬁvﬁgvef::g';‘zgm: SR E00 high homology within the C terminus of Ikaros-family
proteins, it is likely that the structures of this domain from
B i —— Coxng other family members will be very similar. Given that the
e o il P NMR data for PegC1 indicate that it forms a classical ZnF
2001 0'20';;?3*’2"'”‘“" =TT fold, a homology model was created for EosC1 using Deep
é_mf_ €045/ 230 240 View [formerly called Swiss-PdbViewe#(, 41)] and was
£ 8 1o 15 20 25 30 35 § r442 (o) used for the analysis of results from the alanine scan (see
5] Peglt| 10y below). In contrast, the quality of the NMR data that we
§ 0.05 | obtained for EosC2 allowed us to determine its structure
° o directly.
s fo 15 20 25 % 330 235 240 245 250 Determination of the Structure of EosCAnalysis of
Residue Number ré/2 (em?) homonuclear two-dimensional NMR experiments permitted

FicurRe 3: PegCl and EosC2 appear to be classical ZnFs, andthe assignment of 80% of the proton chemical shifts in
EosC2 is monomeric in solution. (A) Position and intensity of peaks gqsc2. Assignments were incomplete for His523, lle524,

in UV (left panel) and visible (right panel) spectra obtained during . .
a Cd titration indicate that EosC2 ligates metal in tetrahedral Gly527, Glu528, and His529 because of selective spectral

coordination geometry via two cysteine and two histidine residues. broadening (data not shown). Given that sedimentation
The inset (left panel) shows a plot of absorbance (310 nm) againstequilibrium data indicated that EosC2 is monomeric in
the Cd'/peptide molar ratio, and the appearance of a plateau at thesolution (Figure 3C), the broadening indicated the existence
~1:1 metalipeptide ratio suggests that each EosC2 moleculeqt some form of intramolecular conformational exchange

coordinates one metal ion. (B) Comparison of the dhemical- To check that this behavi
shift index against the residue number for the third ZnF from BKLF PrOCess. To check that this behavior was not a consequence

(top; PDB accession code 1P7A and BMRB accession code 5851)0f the pH at which the experiments were conducted, a
and PegC1 (bottom) is shown. The overall pattern of values for TOCSY spectrum was recorded on a pH 7.0 sample. The
each ZnF suggests that the secondary structure content is similarsame pattern of selective broadening was observed, and the
(C) Concentration distribution of one data set obtained by sedi- pH 5.3 data (which were of higher overall quality) were

mentation equilibrium experiments using EosC2 is shown (54 000 .
rpm, [E0sC2J~ 200uM at 20°C), along with the line of best fit therefore used for the subsequent structural analysis.

for an ideal, single-species model and the residual plot for this fit  After iterative cycles of NOE assignment and structure
(inset). calculations using DYANA31), the data were used as input
to draw further conclusions about the relative amounts of into ARIA 1.2 (32, 33) for the final calculation of a family
secondary structure because of the small size of theseof structures. In addition to NOEs, several other sets of
domains and the varied number and position of aromatic constraints were introduced. A ¥rion was included, and
residues that contribute to the far-UV CD spectrum. tetrahedral coordination geometry was maintained. In addi-

The metal-binding characteristics of EosC2 were also tion, hydrogen-bond constraints were included for the
explored by U\~vis spectrophotometry. Gds often used backbone of residues Arg5+Ber522, because chemical-
as a spectroscopic probe for'Zhinding proteins 44, 45), shift indices in this region49, 50) indicated the presence
and Figure 3A shows the spectra obtained aswas titrated of an a helix. ARIA 1.2 identified 534 unambiguous and
into EosC2. The charge-transfer bands-&81.0 and 340 nm 15 ambiguous restraints for the final structure calculations
indicate that cysteine residues are involved in metal ligation, (Table 1). The 20 lowest energy structures are presented in
while the positions and intensities of bands in the visible Figure 4A. This final ensemble of conformers contains no
region are similar to those obtained for CCHH ZnBdg, ( violations of distance restraints greater than 0.1 A.



13322 Biochemistry, Vol. 43, No. 42, 2004

Table 1: Statistics for the Ensembles of EosC2 Structures
Experimental Input

total NOE restraints 549

total unambiguous restraints 534
intraresidue 288
sequential|{ —j| = 1) 130
medium range (% |i —j| = 3) 37
long range|i —j| = 4) 79

total ambiguous restraints 15

PROCHECK Statistics for First Ensemble (Blue)
structured region (residues 56326)

residues in most favored regions (%) 48.6
residues in allowed regions (%) 32.3
residues in generously allowed regions (%) 15
residues in disallowed regions (%) 4.1
rmsd of backbone atoms (residues 5&26, A) 0.34+ 0.16
rmsd of all heavy atoms (residues 56226, A) 0.99+ 0.2

PROCHECK Statistics for Second Ensemble (Orange)
structured region (residues 56326)

residues in most favored regions (%) 41.8
residues in allowed regions (%) 33
residues in generously allowed regions (%) 20.7
residues in disallowed regions (%) 4.6
rmsd of backbone atoms (residues 5826, A) 0.54+0.14
rmsd of all heavy atoms (residues 56226, A) 1.05+0.14
Overall (20 Structures)
rmsd of backbone atoms (residues 5&26, A) 0.76+ 0.16
rmsd of all heavy atoms (residues 56826, A) 1.33+0.15
mean deviations from ideal geometry
bond length (A) 0.001 86
bond angle (deg) 0.359

@ A total of 11 structures belong to the first ensemble, and 9 structures
belong to the second ensemble.

Description of the Structure of EosCEach conformer
in Figure 4A contains a loosg hairpin that positions the
two cysteinyl zinc ligands, followed by a sharthelix, which
contains the pair of zinc-ligating histidines. The length and
nature of thisu helix, which varies between four (Tyr538
Ser521) and seven residues (Tyr5Mal525) among the
ensemble and the N-terminal portion (Tyr518er521), is
very well-ordered-¢ angle order parameters ard®.99 for

Westman et al.
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Ficure 4: Solution structures of EosC2. (A) Ensemble of the 20
lowest energy solution structures of EosC2 calculated using ARIA
1.2 is shown in stereo. The two subfamilies of conformers present
within this ensemble are shown in blue (Eo$Cand orange
(EosC?2), and these structures are shown separately in B (EpsC2

this region. The structures of EosC2 all display good covalent 11 structures) and C (EosC29 structures), along with a ribbon
geometry (Table 1), and the root-mean-square deviationdiagram of the best structure for each set of conformers dthe

(rmsd) for a backbone overlay of the structured region
(residues Arg502Arg526) is 0.76 A (Table 1). Residues
His523-His529 appear mostly disordered because of the
missing assignments in this region.

Interestingly, two distinct sets of conformers (blue and
orange, referred to as EosCa@nd EosC2, respectively;

helix recognized by MOLMOL is in green). The structures are
superimposed for best fit over the backbone atoms of residues
Arg502—Arg526, and the rmsd of these fits are 0.76, 0.34, and
0.54 Ain A, B, and C, respectively. For clarity, the unstructured
residues (Phe501, Val531, and Gly532) are not displayed. The side
chains of the zinc-ligating residues and the corresponding zinc ion
are in dark blue or dark red and are labeled in B and C. The N and
C termini are indicated. (D) Comparison of the zinc coordination

Figure 4A) are present within the ensemble of structures of gjies of EosC2(blue) and EosC2 (orange) is shown. The zinc-
EosC2. In parts B and C of Figure 4, the 20 lowest energy ligating residues are labeled, and the zinc-ligating atoms in His523
structures are separated according to which of the two and His529 are shown as gray spheres.

conformers is taken up and the lowest energy structure from

each ensemble is also shown as a ribbon diagram. Note thag major determinant of which conformation is adopted. It is
the lowest energy structure of EosC2 belonged to the EbsC2 notable that His523His529 is the region of the sequence
(orange) set of conformers. These conformers differ in the that proved difficult to assign and which gave rise to
region of the polypeptide backbone between the two zinc- broadened, absent, or duplicated resonances. Our favored
ligating histidine residues, His523 and His529, and conse- interpretation is that the exchange process observed in the
quently in the arrangement of the zinc-ligation sphere. NMR spectra results from the two sets of conformers.

Analysis of the Ramachandran plot for each set of conform-
ers revealed that the largest difference lay in¢hangle of
Ser24 (pu4); in all EosC2 structures,gp.4 Was positive,
whereas in all EosC2structures,g.4 was negative. Ad-
ditional structure calculations in whigpp, was constrained

to be either positive or negative confirmed that this angle is

EosC2 and EosC2 Differ at the Zinc-Binding SiteThe
most striking difference between the two conformations of
EosC2 occurs at the zinc-binding site. In Figure 4D, the side
chains of the zinc-ligating residues are shown. Although the
side chains of the equivalent cysteine residue from each
conformation are in approximately the same position, the
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| EosC2” |+ [1BBO |

G

R N!l
Y ) | e N

switched compared with His522&nd His529. This switch
has the effect of inverting the chirality of the zinc-binding
site. According to the convention described by Bebd)(
EosC2 has anS configuration, which is the same as that
found in all other classical zinc fingers, while EosC2as
an R configuration. This difference results in two distinct
conformations for the C-terminal region of EosCand
EosC2. In one conformation (blue; Figure 4B), the backbone
completes another helix-like turn after His528dopts an
extended conformation for residues Arg5261u528, and
forms a small loop to position His52fbr zinc coordination. B =

ositions of the side chains of His528nd His529 are
: A + 1880 |

~

However, in the second conformer (Figure 4C), His5%9 N

placed in approximately the same position as His583he / : -.._\ )

backbone forming a large loop that runs roughly perpen- )Y, "’(\

dicular to the long axis of the: helix. )l = \ "é{l
Comparison with Classical ZnF€lassical ZnFs can vary (1524"M49)” /N ) (Y5127/F37)

in the spacing between their zinc ligands. The two conforma- F520"/L45 7% €2/ N

tions of EosC2 were therefore compared with the structure 9” 21 35147/F39

of a classical ZnF that possessed an identical spacing of zinc F505"/Y30 /j-

ligands (i.e., G-X,—C—X;,—H—Xs—H, where X is any
amino acid), namely, the second ZnF from MBP-1 [MBP-
1/2; PDB accession code 1BBBZ)]. In Figure 5A, it can
be seen that thg-hairpin structure in the N-terminal half of
MBP-1/2 is essentially maintained in EosGhd EosC2,
and ana helix is present in the C-terminal half of all three
ZnFs. The major differences occur between Eds@ad
MBP-1/2 in the region that encompasses the zinc-ligating
histidine residues. The position of the final two histidine
residues in EosC2is swapped in comparison with the
equivalent residues in MBP-1/2, which is accommodated by D
a dramatic change in the backbone conformation of E6sC2
The residues that comprise the hydrophobic core of
classical ZnFs are normally highly conserved (Figure 1). A
comparison of the hydrophobic cores of EoSQthe lowest
energy structure) and MBP-1/2 is shown in Figure 5B.
Overall, the arrangement of the key residues is conserved.
This is rather remarkable, given that the phenylalanine, which
is usually present after the second zinc-ligating residue FIGURE 5: Comparison of the two conformations of EosC2 with
(Phe39 in MBP-1/2), is replaced by a serine in EosC2. classm’al ZnFs. (A) Lowest energy structures of Eds(GRie) and
S - . EosC2 (orange) are shown as ribbon diagrams in the first and
Examination of the Electrostatic Potential Surfaces of gecond columns, respectively, and are overlaid with MBP-1/2 (light
EosC1 and EosC2 The electrostatic potential surfaces of yellow; PDB accession code 1BBO). The backbone atoms of
EosC1 (the homology model) and Eo$Gthe lowest energy  residues between (and including) the second cysteine and the first
Structure) were examined (parts C and D of Figure 5) It histidine were used for the overlay (rmsd 1.7 and_ 2.2 A for
can be seen that no signficant regions of posiive charge S05C21850, 201 CosCLo80 overaye, fespectueh) Only
are present, and this is consistent with the finding that EoSC ghown, The zinc-ligating residues and "Zions are colored
is not involved in DNA binding 24). The mixture of charges  appropriately. (B) Comparison of the hydrophobic cores from
on the surfaces of EosC1 and Eo&@2similar to the surface E08C"4|'I (Orleﬁge)_ ;mthBP-er (|i9dht yel'lovl\\lﬂ)BTDhi/tz)atﬁktt)onelfraces‘f
of the protein-binding classical ZnF from ATF-33. ﬁsdvr/g h%sbic ?:osrleilr?d ?;]réseo uriSesllleﬁtefelsr;dues i-n Etisig@g]he:)vsnup "
Alanlne-Scannlng_ Mutag_ene_asﬁals the ReS|d_ues that Ir?lbra?:kets are the residueg that make up the hydrophobic core of
Are Important for OligomerizationAfter we determined the  \vBP-1/2 but are not necessarily conserved among all classical
solution structure of EosC2, alanine-scanning mutagenesiszZnFs. (C and D) Electrostatic surface potentials of EosC1 (C) and
was employed to establish which residues were responsibleEosC2 (D) are shown. The left and right models are related by a
for mediating homo- and hetero-oligomerization. Mutants 180 turn about a vertical axis in the plane of the page. Red
(M1—-M21) were tested for their ability to interact with EosC negative, blue= positive, and white= neutral.
(containing the Cys498Ser mutation introduced to minimize  The ability of M3, M6, M7, M8, M10, and M13 to interact
oxidation), as well as the C-terminal domains of lkaros, with EosC was clearly impaired (Figure 6B). Similar results
Pegasus, and Trpsl (IkC, PegC, and Trps1C, respectively)were obtained when the ability of the EosC mutants to hetero-
in a yeast two-hybrid assay. All residues, except for glycine, oligomerize with IkC or PegC was tested, although some
zinc-ligating cysteine and histidine residues, and hydrophobic minor differences were observed (Figure 6B). Furthermore,
residues known to be important for the structure of classical all EosC mutants with the exception of M20 failed to interact
ZnFs, were mutated pairwise to alanine (Figure 6A). strongly with Trps1C, suggesting that the Ees@psl1C
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Ficure 6: Alanine-scanning mutagenesis revealed residues that are important for EosC2 homo- and hetero-oligomerization. (A) Amino
acids that were substituted with alanine (in a pairwise fashion) ir-M21 are highlighted alternatively with light and dark gray. The
numbering from full-length Eos is shown above the primary sequence. Typical secondary structural elements in classical ZnFs are indicated,;
arrows represerft strands, and cylinders indicatehelices. (B) Summary of the results obtained when mutants were tested for their ability
to interact with EosC, IkC, PegC, and Trps1C in a yeast two-hybrid assay. Yeast growth is ranked from absent te- stroAgH, and
+++). EosC, IkC, PegC, and Trps1C were tested for their ability to auto-activate the histidine reporter gene (not shown) and to interact
with EosC. (C) Sequence line up reveals the amino acid differences (gray) in IkC, AiolC, PegC, and Trps1C as compared with EosC. Only
the differences that occur in regions found to be important for the interaction between EosC and Trps1C (boxed) are highlighted. Arrows
indicate cysteine and histidine residues that are involved in zinc ligation.

QLLHHCOHCDI

interaction is highly specific and/or weaker than the other o0)  TM3,-zn(l) | 4 M7, +Zn(ll)
interactions. The specificity is consistent with our previously M3, +Zn(l)

reported observation that IkC, AiolC, PegC, and Trps1C are o

not able to interact with Trps1Q4). A comparison of the g’

primary sequences of these domains is shown in Figure 6C, £ 5

where the positions of amino acids that appear to be impor- Z M8, +zn(ll)| , M10, +Zn(ll)
tant for the Eos& Trps1C interaction are boxed and devia- g 1

tions in IkC, AiolC, PegC, and Trps1C that occur at these S _ 0 — =
positions (compared to EosC) are highlighted in gray. It is 4

intriguing that IkC, although it contains only four changes -10

190 210 230 250 190 210 230 250

compared to EosC within the boxed regions, is incapable of
Wavelength (nm)

interacting with Trps1C, and this provides further evidence

that the Eos€ Trps1C interaction is highly specific. Ficure 7: CD spectra of noninteracting mutants. The ability of

: ; ; ; noninteracting mutants to form secondary structure was monitored
Tt(') Clonflrmtth?t the lack of interaction fog.sew?.d Wlt? by CD. The spectrum recorded for M3 in the absence df @
particular mutants was a consequence of disruption of a g, pH is shown (---). M3, M7, M8, and M10 appear to

specific contact surface, rather than destabilization of the syccessfully refold following the addition of ¥rand an increase

global structure, each mutant was checked for structuralin pH (to ~5.3). The protein concentration in each sample was

integrity by CD spectropolarimetry (Figure 7). M3, M7, M8, ~15uM, and data were recorded at 26.

and M10 all fold in a zinc-dependent manner, similar to wild-

type EosC 24). M6 and M13 could not be expressed in to be important for EosC homo-oligomerization were ex-

Escherichia coli and it is possible that these mutants may amined using the homology model of EosC1 and the lowest

not be folded correctly. energy structure of EosC2 note that residues in EosC2
Identification of the Contact Surfaces in EosC Homo- important for homo-oligomerization occur in the N-terminal

oligomers The three-dimensional positions of residues found region, which is essentially the same in both Eds&zd
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EosC1’ tion equilibrium data revealed that both PegC1 (not shown)
and EosC2 (Figure 3C) are strictly monomeric in solution.
Yeast two-hybrid experiments indicated that EosC1 is unable
to interact with either itself or with EosC2, and this latter
result was also confirmed by a combination of NMR titration
data (not shown). These findings demonstrate that each ZnF
domain is necessary but not sufficient for oligomerization
and that a covalent link is required between the C1 and C2

domains for this process to take place.

DISCUSSION

Itis clear that proteins in the lkaros family of transcription
factors are important for normal cellular development.
However, despite the fact that Ikaros was first discovered
over 10 years agolf), the details of the molecular
mechanisms of action of this family have remained elusive.
Recent work in our laboratory revealed that the C-terminal
double-ZnF domain of Eos mediates the formation of
monodisperse oligomers containing 9 or 10 subur®), (
and in the current study, we sought to examine this domain
at a more detailed level.

In a “divide-and-conquer” strategy, we have used several
biophysical methods to characterize the structures of the two
putative zinc-binding domains (C1 and C2) in the C-terminal
region of Eos and Pegasus. CD, BVis, and NMR
spectroscopic studies revealed that the two domains are each

; V490 F5019
D4gg H489

Ficure 8: Probing the structure of EosC. (A) Structures of EosC1
(left) and EosC2 (the lowest energy structure; right) are shown as
ribbon models. (B) EosC1 and EosCare shown as space-filling
models, in the same orientation as in A, and models are rotated by

180° about a vertical axis in the plane of the page in C. In all
models, the residues that were not targeted in the alanine scan ar
in light gray or orange for EosC1 or EosG2respectively, and
residues that did not disrupt oligomerization are in magenta, while
those that did are in yellow. The N and C termini are indicated in
the ribbon diagrams.

EosC2. Ribbon diagrams of EosC1 and Eo$Calong with

able to adopt zinc-binding folds independent of the other

gnd that each fold resembles that of the classical ZnF.

NMR spectra of the C2 domain of Eos revealed the
existence of a conformational exchange process involving
the C-terminal third of the domain. The family of conformers
calculated for EosC2 from the NMR data contained two
subfamilies that differ substantially in the arrangement of

the side chains that were targeted in the alanine scan, ardhe protein chain at the C terminus. In particular, the spatial
shown in Figure 8A. The residues that when mutated to arrangement of the two histidine side chains that ligate the
alanine did not disrupt oligomerization are in magenta, while Zn" ion is reversed in the different conformers. Intercon-
those that did are in yellow. Space-filling models in the same Vversion between these two conformers would probably
orientation as the ribbon diagrams are in Figure 8B (“front" require dissociation of the two histidine Iigands from thd.Zn
views), and the “back” views are in Figure 8C. Interestingly, we have recently observed metal exchange
In an attempt to discern complementarity between EosC1 taking place on a millisecond to second time scale in a
and EosC?2 that may reflect their relative orientations in classical ZnF. Such a time scale is consistent with the
the Eos oligomer, we used the protein-docking program chemical exchange broadening observed in our spectra. It
HADDOCK (42). HADDOCK is a derivative of the NMR ~ should be noted that because relatively few experimental
calculation package, ARIA, which uses information from constraints were observed for residues in this region of the
experiments such as mutagenic screens to generate ambigurotein, the observed conformers may not reflect the precise
ous intermolecular distance constraints. Different subsets ofnature of the exchange process. Nevertheless, our principal
the mutants M3, M7, and M8 (in EosC1) were combined conclusion that a substantial degree of conformational
with M10 (in EosC2) in a series of HADDOCK calcula-  flexibility exists in EosC2 is accurate.
tions, but no clear consensus structure was observed. This is an intriguing result, given the common view that
PegC1 and EosC2 Are Insufficient for Oligomerization classical ZnFs are compact, well-ordered structures. Poten-
The results presented here indicate that the C-terminaltially, EosC2 may take up a better-defined structure by
domains of Eos and Pegasus consist of two autonomouslypacking against EosC1 and/or the formation of the oligomeric
folding, classical ZnF domains. Because the intact C-terminal state. Recently, it was reported that the conformation of one
domains of Eos and Pegasus have been shown to mediatef the ZnFs from the transcription factor MTF-84), which
homo- and heterotypic interactiond1j, we sought to contains six classical ZnFs, is also dynanbd)( Selective
determine whether the single ZnFs were sufficient for these broadening in NMR spectra of MTF-1 led to the finding that
interactions. In the case of Ikaros, it has been shown thatthe fifth ZnF undergoes conformational exchange that is
mutation of the zinc-ligating cysteine residues in either highly dependent upon the zinc concentration. The confor-
C-terminal ZnF results in the abrogation of homo-oligomer- mational exchange occurred even in the presence of the
ization [as tested in a yeast two-hybrid ass@)y, (ndicating flanking ZnFs (ZnFs 4 and 6), presenting the possibility that
that both ZnFs are required for these interactions. Sedimenta-the dynamic behavior observed for EosC2 might occur even
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in the context of intact Eos. Thus, conformational instability ~ In summary, we have sought to address the lack of
may be relatively common among zinc-binding domains. structural information on lkaros-family proteins, which is

Another notable feature of the structure of EosC2 was the due in large part to the poor solution properties of each of
arrangement of the hydrophobic core (Figure SB)' which was the isolated ZnFs and of the intact C-terminal domain. The
well-defined, despite the absence of the phenylalanine residuesolution structure of EosC2 has revealed both similarities
(four positions after the second cysteine; Figure 1) that is @nd differences to other classical ZnFs, and site-directed
generally taken as one of the invariant residues in classicalmutagenesis has allowed us to define the amino acids
ZnFs. This residue is substituted by serine in EosC2, andequired for both the self-association and hetero-oligomer-

the loss of the bulky hydrophobic amino acid appears to be ization of Eos.

compensated by both the substitution of a normally conserved
leucine for phenylalanine (Figure 1) and the repositioning

of Phe505 and Tyr512 closer to the center of the core.
Interestingly, it is possible that the substitution of Ser514

for the conserved phenylalanine in EosC2 contributes to the
conformational exchange observed for this single ZnF; 4
studies on another classical ZnF (from ZFY) revealed that
replacement of this conserved phenylalanine residue with a
leucine similarly leads to a more dynamic structusé)(

Alanine-scanning mutagenesis revealed that at least four

pairs of amino acids are important for the oligomerization 6.

of EosC. Two additional pairs of amino acids (Asp488,
His489 and Asn508, 1le509) may also play a role in the
interaction, although our inability to recombinantly express g
domains with mutations at these positions implies that these

residues are instead involved in maintaining the structural 9

integrity of EosC. The latter possibility, if true, would
indicate that the structural requirements of EosC might
deviate substantially from those of other classical ZnFs.

Other groups have identified residues in IkC that are
important for oligomerizationg, 56). Generally, our results
corroborate those from McCarty and co-workers, indicating
that the N-terminal end of the helix in the first ZnF of
EosC (Figure 6A) and IkC is important for homo-oligomer-
ization, although the results of Sun and co-workers are not
completely consistent with this conclusion. There are also

discrepancies regarding which residues in the second zZnF 14

are required for oligomerization. It is notable that the effects
of mutations on the structural integrity of IkC were not tested,
and it is therefore possible that some of the residues identified

in IkC as being important for self-association are instead 16

required for structural integrity.

Examination of the electrostatic surface potentials of 17.

EosC1 and EosC2 revealed that neither ZnF possesses the
extensive positively charged region that is common in DNA-
binding ZnFs. The mixture of charges present on the surfaces
of EosCl and EosC2 may reflect the higher level of
complexity required by ZnFs to bind to other proteins rather
than to bind to the regular, negatively charged structure of
DNA. Differences such as this may prove to be useful criteria
in distinguishing protein binding from DNA-binding ZnFs
on the basis of amino acid sequence.

Finally, a combination of yeast two-hybrid and biophysical
experiments demonstrated that neither of the single C-
terminal ZnFs is capable of associating either with itself or
with the other ZnF. Thus, the double-ZnF domain is strictly
required for homo-oligomerization, as reported previously
for Ikaros Q). It is worthwhile to note that the linker between
the C-terminal ZnFs is different from the highly conserved
linker (TGEKP) that normally occurs between classical,
DNA-binding ZnFs 67). This linker region may play a role
in the self-association of lkaros-family proteins.
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