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Xenopus nuclear factor XNF7, a maternally expressed
protein, functions in patterning of the embryo. XNF7
contains a number of defined protein domains implic-
ated in the regulation of some developmental processes.
Among these is a tripartite motif comprising a zinc-
binding RING finger and B-box domain next to a
predicted a-helical coiled-coil domain. Interestingly,
this motif is found in a variety of proteins including
several proto-oncoproteins. Here we describe the
solution structure of the XNF7 B-box zinc-binding
domain determined at physiological pH by 'H NMR
methods. The B-box structure represents the first three-
dimensional structure of this new motif and comprises
a monomer having two B-strands, two helical turns
and three extended loop regions packed in a novel
topology. The r.m.s. deviation for the best 18 structures
is 1.15 A for backbone atoms and 1.94 A for all
atoms. Structure calculations and biochemical data
shows one zinc atom ligated in a Cys2-His2 tetrahedral
arrangement. We have used mutant peptides to deter-
mine the metal ligation scheme which surprisingly
shows that not all of the seven conserved cysteines/
histidines in the B-box meotif are involved in metal
ligation. The B-box structure is not similar in tertiary
fold to any other known zinc-binding motif.
Keywords: B-box domain/NMR/protein structure/RING
finger/Xenopus XNF7

Introduction

Xenopus nuclear factor, XNF7 (609 amino acids), is a
maternally expressed protein that is retained in the cyto-
plasm until the mid-blastula transition, at which time it
enters the nucleus (Dreyer et al., 1983; Miller et al., 1989,
1991; Reddy et al., 1991; Li et al., 1994a). Based on its
primary structure, subcellular localization, nucleic acid
binding properties and the ability of the N-terminal domain
to transactivate a reporter gene, XNF7 is thought to
function as a transcription factor (Miller et al., 1989;
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Reddy et al., 1991). Preliminary evidence indicates that
XNF7 is involved in dorsal ventral patterning of the
embryo (W.Shou and L.Etkin, unpublished observations).
Interestingly, XNF7 has been detected in association with
the mitotic spindle and condensed chromosomes during
mitosis (Li et al., 1994b), a process which is functionally
important. k

XNF7 belongs to a family of proteins which contain
two novel zinc finger domains named RING (Freemont
et al., 1991; Freemont, 1993; Lovering et al., 1993) and
B-box (Reddy and Etkin, 1991) followed closely (5-8
amino acids) by a predicted a-helical coiled-coil domain
forming a tripartite motif (Figure 1a; Kastner et al., 1992;
Reddy et al., 1992). The spacing between the three
elements of the motif is highly conserved among family
members, suggesting that the relative positions of the
domains is of functional importance. .

There are a number of proto-oncoproteins within the
B-box family, including the ret finger protein (RFP)
(Takahashi et al., 1988), PML (de Thé et al., 1991,
Goddard et al., 1991; Kakizuki et al., 1991; Kastner ef al.,
1992) and TIF1 (T18; Miki et al., 1991; Kastner et al.,
1992; Le Douarin et al., 1995). RFP, PML and T18
(TIF1) are oncogenic in humans and mice when found as )
translocations that include the RING, B-box and a-helical
coiled-coil domains recombined with other genes. PML
is of particular importance owing to its direct association
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RFP  (101-142) GEMGVC EKH REPLKLYCEEDQMPICVVCDRSRE H RGHSVLPL
ATDC B2 (220-2600 FEARKC PVH GKTMELFCQTDQTCICYLCMFQE H KNHSTVTV
EFP B2 (152-191) LLRRKC SQH NRLREFFCPERSECICHICLVE B KTCSPASL
TIF1 B2 (217-258) QRPVFC PFH KKEQLKLYCETCDKLTCRDCQLLE E KEHRYQFI
PML B2 (184-232) TNNIFCSNPNH RTPTLTSIYCRGCSKPLCCSCALLDSSH SELKCDISAE
ATDC B1 (168-216) SEEVLC DSCIGNKQKAVKSCLVCQASFCELHLKP HLEGAAFRDHQLLEP
EFP B1 (102-148) NAQVAC DHC LKEAAVKTCLVCMASFCQEHLQP HFDSPAFQDHPLQPP
TIF1 B1 (157-200 KSNQVC TSC EDNAEANGFCVECVEWLCKTCIRA HQRVKFTKDHTVRQK
PML B1 (124-166) DAQAVC TRC KESADFWCFECEQLLCAKCFEA H QWFLKHEARPL
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Fig. 1. The B-box family. (a) Schematic representation of the tripartite
motif for XNF7. The RING and B-box are separated by 39 amino
acids. The B-box and a-helical coiled-coil domains are adjacent. (b)
Sequence alignment of the B-box family. The putative conserved metal
ligands are shown in bold and are labelled with a *. Conserved
hydrophobic residues are labelled with a $. Each sequence is
referenced in the text and the top numbering refers to the XNF7 B-box
peptide (residues 1-42). The actual protein numbering is given in
parentheses.
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Table I. '"H NMR assignments of the B-box peptide

Residue Chemical shift (p.p.m.)

NH oH B/A’H Others
Argl - 4.35 1.94 1.78 (y), 3.25()
Pro2 - 4.51 2.2212.35 1.92/2.00 (y/y'), 3.62/3.78 (8/8°)
Leu3 - 5.00 1.95 1.54 (y), 1.04 (8)
Glu4 8.53 3.78 2.25/2.89 2.71(y)
LysS 9.14 3.86 1.82 1.51(y), 1.71 (3), 2.96 (¢)
Cys6 8.28 4.14 -
Ser7 7.74 455 4.16/4.29
Glu8 6.86 4.84 2.28/2.36
His9 8.33 3.96 3.19/3.49 8.27(H2), 6.86 (H4)
Aspl0 9.18 4.28 3.06/3.19
Glull 8.54 4.14 1.45/1.85
Argl2 7.74 4.35 1.94 1.70 (y), 3.25 (8)
Leul3 7.56 4.13 1.81/1.97 1.44 (y), 0.74/0.84 (8/8)
Lys14 7.74 4.56 1.42/1.66 1.11 (y), 1.51 (8), 2.85 (¢)
Leul5 8.63 5.33 1.35/1.42 1.27 (y), 0.33/0.79 (8/8°)
Tyrl6 9.78 5.00 2.73/2.85 6.85 (3,5), 6.95 (2,6)
Cysl17 9.58 5.18 3.25/3.81
Lys18 7.07 3.48 1.55 0.78/0.99 (y/v'), 2.98 (¢)
Aspl9 7.01 4.45 2.42/2.95
Asp 20 8.13 4.77 2.71/2.90
Gly21 8.34 3.78/4.00
Thr22 7.31 4.56 4.04 1.21 ()
Leu23 8.49 434 1.68 0.91/0.96 (8/3°)
Ser24
Cys25 8.82 5.46 2.69/3.58
Val26 9.29 3.58 2.12 0.92/0.98 (y/v')
Ile27 8.94 3.68 1.08 0.28 (y),1.16 (yMe), 0.73 ()
Cys28 8.23 4.00 2.77/3.67
Arg29 8.48 4.25 1.85 1.65 (y), 3.22 (§)
Asp30 8.20 4.88 3.36/3.58
Ser31
Leu32 7.78 4.09 1.30/1.75 1.61 (y), 0.91/0.95 (8/8°)
Lys33 - 3.90 1.45/1.65 1.01/1.06 (y/y’), 1.60 (3), 2.89 (¢)
His34 7.40 4.02 3.05/3.46 8.24 (H2), 7.47 (H4)
Ala3s 7.37 4.30 1.42
Ser36
His37 - 4.07 3.70 8.18 (H2), 7.49 (H4)
Asn38 8.85 5.06 2.71 7.14,7.82 (NH,A)/7.02,7.88 (NH,B)?
Phe39 8.92 5.45 2.73/2.95 6.85 (4), 7.45 (3,5), 7.18 (2,6)
Leu40 9.61 5.08 1.76 1.67 (y), 0.99/1.02 (8/8°)
Pro41 - 4.86 2.18/2.38 2.04 (y), 3.75/3.88 (8/8°)
Tle42

Assignments were carried out using standard assignment methods as described in the text. Data were collected at pH 7.5 and 30°C.
*There were two cross-peaks in the 'H,O TOCSY which corresponded to the amide side-chain of Asn38. The presence of two cross-peaks indicated

that these protons were undergoing slow exchange on the NMR time-scale.

with acute promyelocytic leukaemia as a fusion protein
with retinoic acid receptor alpha (e.g. see Goddard et al.,
1991). TIF1 has been shown to interact with several
nuclear receptors in vivo and is proposed to mediate the
ligand-dependent transcriptional activation function of
nuclear receptors (Le Douarin et al., 1995). EFP, an
oestrogen-responsive gene product, is another family
member thought to represent an oestrogen-responsive
transcription factor mediating phenotypic expression due
to oestrogen action (Inoue et al., 1993). PML, TIF1 and
EFP all possess two B-box-like domains (B1 and B2)
which appear to form a subgrouping of the B-box family
as highlighted by the presence of an extra potential metal
ligand (Figure 1b; Reddy et al., 1992; Inoue et al., 1993).
The other members of the family include RPT-1 (Patarca
et al., 1988), SS-A/Ro-52 (Chan et al., 1991) and PwA33
(Bellini et al., 1993). RPT-1 (mouse) has been implicated
in the down-regulation of the interleukin-2 receptor, acting
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as a putative transcription factor (Patarca et al., 1988).
SS-A/Ro-52 is a human auto-antigen and forms part of a
ribonucleoprotein complex, although no direct interaction
between SS-A/Ro-52 and RNA has been observed (Chan
et al., 1991; Slobbe et al., 1992). PwA33 (Pleurodeles)
may also function as a component of RNP complexes
(Bellini et al., 1993). To date, two gene products have
been reported as possessing a B-box and coiled-coil
domain but with no RING finger. These include a candidate
gene for ataxia—telangiectasia group D (ATDC) which
possesses two B-box domains and a coiled-coil domain
similar to PML, TIF1 and EFP (Leonhardt er al., 1994).
The other is a gene found at the breast cancer locus, 1
A1.3B (Campbell et al., 1994) which has one B-box and
a coiled-coil domain, and appears tightly linked to the
BRCA1 gene which interestingly possesses a RING finger
but no B-box or coiled-coil domains (Brown et al., 1994;
Miki et al., 1994).
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Fig. 2. NMR data used in XNF7 B-box structure calculations. (A) A section of the amide alpha region of a TOCSY and (B) a 290 ms NOESY in
'H,0. In (A) and (B) the o;N; connectivities observed in the B-strands are traced out and the corresponding positions of the intra-residue
connectivities are indicated in the TOCSY spectrum. Most NOEs occur between the o-carbon proton from the preceding residue to the amide proton
of the next residue. For example, L1500Y 16NH indicates a NOE between Leul5 a-carbon proton and Tyr16 amide proton. See text for further
details. (C) A distance map summarizing the NOEs observed for the XNF7 B-box domain. Reading the residue from the x-axis indicates the proton
type. Symbols: O, a-carbon proton; @, side chain proton; X, amide proton; +, ring proton. (D) Distance restraints per residue are shown with
long-range (open bars), medium-range (cross-hatched bars) and short-range (solid bars).

In order to determine the molecular function of the B-box
domain a number of studies have been initiated. Deletions
of the XNF7 B-box domain result in a loss of binding to
mitotic chromosomes (Li et al., 1994b) while deletions and
point mutations in the B-box of PwA33 results in the loss
of association with the lampbrush loops of chromosomes in
the oocyte nucleus in Pleurodeles (Bellini et al., 1993;
M .Bellini, personal communication). In addition, results of
studies of the B-box family member RFP, which is closely
related to XNF7 (Figure 1b), showed that the B-box and
coiled-coil domains are both involved in homodimerization
(T.Cao and L.Etkin, unpublished observations). Together,
these data suggest that the B-box domain may mediate
protein—protein interactions and in the case of XNF7 and
PwA33 is important for the association of these proteins

with subcellular structures during Xenopus and Pleurodeles
development.

In order to understand the functions of the RING, B-box
and coiled-coil domains in molecular detail, we have initi-
ated a number of structural and biophysical studies of these
domains (Borden et al., 1993, 1995; Lovering et al., 1993).
Previously, we reported a biophysical characterization,
including metal binding and secondary structure analysis,
of a42-residue synthetic peptide corresponding to the XNF7
B-box domain (Borden et al., 1993). Here, we extend these
earlier studies and now present the three-dimensional solu-
tion structure of the XNF7 B-box, representing the first
structure, topology and metal ligation system for a B-box
domain. The structure now provides a basis for investigating
the molecular role of the B-box domain in XNF7 function
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and Xenopus development and also provides insights into
the function of the B-box domain within the B-box family.

Results and discussion

NMR structure determination
The three-dimensional structure of the XNF7 B-box domain
(XNF7 residues 219-260) was determined using standard

two-dimensional NMR techniques (see Materials and
methods). It should be noted that experiments were carried
out at physiological pH of 7.5 as the peptide—although
soluble—was unstructured at lower pHs as assayed both by
CD and NMR. 'H chemical shift assignments are given in
Table 1. The NOESY footprint region (Figure 2B) shows
connectivities from Leul5 to Cys17 and Asn38 to Leu40
which form part of the two B-strands in the B-box structure.




Also shown are the alignments to the corresponding region
of the TOCSY spectra (Figure 2A). It should be noted that
in the NOESY (Figure 2B) the amide proton (i) to o.-carbon
proton (i) intra-residue cross-peaks are missing whereas the
a-carbon proton (i) to amide proton (i+1) inter-residue
cross-peaks are very intense. This pattern of cross-peak
intensity is characteristic of phi and psi angles which occur
in extended conformation, such as B-strands (Wiithrich,
1986). In addition there are several tertiary NOEs between
the strands (see Figure 2C). A summary of the observed
sequential and long-range NOEs is given in Figure 2C in
the distance map format. A total of 154 non-intra-residue
distance constraints and 27 dihedral angle constraints (13
Phi, 7 Psi and 7 Chil), were used as input into the program
XPLOR (Briinger, 1992). Of the distance constraints, 64
were short-range (i to i+2), 12 medium (i+3 to i+5) and
78 long-range (i to > i+5). A summary of the constraints
per residue is given in Figure 2D. It is notable that there are
a number of areas within the peptide where there are no
constraints. These regions generally correspond to positions
where amide protons could not be assigned due to either
overlap or exchange with bulk solvent. Of the 50 structures
calculated, 39 converged with the remaining 11 as mirror
images. The r.m.s. deviations for all 39 converged structures
(residues 5-17; 25-41) are 1.39 A for the backbone and
2.13 A for all atoms. From the XPLOR calculations, 18
structures had NOE violations <0.5 A with angle violations
of <10° and have r.m.s. deviations (residues 5-17; 25-41)
of 1.15 A for the backbone and 1.94 A for all atoms. An
overlay of the a-carbon atoms of the 18 structures is shown
in Figure 3A. The r.m.s. deviation for the flexible loop
(residues 18-24) is 1.42 and 2.29 A for backbone and all
atoms respectively, suggesting that there is a correlated
motion within the loop rather than complete disorder. The
r.m.s. separation (residues 5-17; 25-41) between the aver-
age structure before and after inclusion of the Zn?* para-
meters was 0.73 A (backbone) and 1.13 A (all atoms),

B

XNF7 B-box structure

demonstrating that the overall B-box structure did not
change significantly after including Zn?" in the structure
calculations.

B-box structure and topology

The B-box structure consists of one B-strand (B1) and an
extended region running parallel to Bl and a second
B-strand (B2) running perpendicular to B1 (Figure 3B).
The overall dimensions of the molecule are ~30X20X15
A with the longest dimension including the flexible loop,
described above, at its fullest extent (Figure 3B). A stereo
view of all heavy atoms is given in Figure 3C.

The N-terminal three residues of the B-box peptide are
poorly constrained and appear to be very flexible. Residues
4-6 form an extended region which continues into a
loop/turn (residues 7-12) and then into the first B-strand
region (B1; residues 13-18). B1 is followed by another
extended loop and turn (residues 19-25) which appears
to move in a correlated fashion (see Figure 3 and above).
This loop/turn leads into an extended region which is
parallel to B1. A helical turn (27-31) and extended region
(residues 32-37) leads into the second PB-strand (B2;
residues 38—41) which lies perpendicular to B1. In the
context of the tripartite motif, B2 leads directly into the
predicted helical coiled-coil region (Figure 1A). This
unusual topology may be necessary for the correct orienta-
tion of the B-box motif relative to the predicted coiled-
coil domain.

The B-box domain has a tightly packed hydrophobic
core consisting of the Leul5 side chain, Cys17 side chain,
Ile27 side chain and Phe39 ring (Figure 3C). There appears
to be a second smaller hydrophobic core formed by the
Tyr16 ring packed on the Pro41 ring with involvement of
the Leu40 side chain (Figure 3C). All of these hydrophobic
interactions are probably necessary for stabilizing the
overall B-box structure. There are also hydrogen bonds
(as seen in the form of unexchanged amide protons)

D

Fig. 3. The XNF7 B-box structure. (A) o-Carbon overlay of 18 XNF7 B-box structures. The three N-terminal residues are disordered and are not
shown. The average position of the Zn?* atoms are represented as a white sphere. The average NOE energy for the 18 structures was 66 * 19
kcal/mol and the overall energy was 439 * 61 kcal/mol. Deviations from idealized geometry were as follows: bonds 0.0165 * 0.0005 A, angles
1.17 % 0.14° and impropers of 0.64 * 0.12°. (B) Topology of the XNF7 B-box domain. The two B-strands are shown as arrows (magenta). The
cysteine and histidine side chains which form the zinc binding site are labelled and shown in blue. The Zn?* atom is represented as a white sphere
and the N- and C- termini are labelled. (C) A stereo view showing all heavy atoms. Main chain atoms are shown in green, side chains in gold with
core hydrophobic residues coloured white. The Zn?>* atom is represented as a white sphere with the proposed Zn** ligands coloured blue.

(D) a-Carbon representation of the B-box structure in the same orientation as (B) showing the proposed metal ligands (Cys6, His9, Cys28 and
His34; blue) and the other conserved putative ligands (Cys17, Cys25 and His37; green). The Zn%* atom is represented as a white sphere and the N-

and C- termini are labelled.
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Fig. 4. Comparison of XNF7 B-box with nitrogenase iron binding protein. A stereo superposition of the B-box domain (residues 1-42) and
nitrogenase iron binding protein (residues 40-88; r.m.s. separation for 26 C-a. atoms is 2.6 A). The main chain in both structures is represented as a

thin tube with B-box in green and nitrogenase in blue.

between the carbonyl oxygen of Leul5 and the amide
proton of Leu40, as well as the converse bond between
the carbonyl of Leu40 and the amide proton of Leul5,
which further stabilize the core of the B-box domain.

A search of representative structures and folds from the
protein database for similarities to the B-box topology
using the program STAMP (Russell and Barton, 1992)
showed a number of weak homologies. The B-box domain
has a similar chain tracing to a small portion of the
nitrogenase iron binding protein but removed from the
iron binding site (Figure 4; Georgiadis et al., 1992). In
particular, both proteins have a parallel extended loop
region with a perpendicular region crossing over it (Figure
4). However, we do not believe that the observed similarity
has any functional significance. Interestingly, there is weak
homology between B-box and one of the iron binding
sites in ferredoxin, although the zinc/iron metal and ligands
do not overlap, suggesting little evolutionary significance.

Determination of the zinc binding site

Previous studies on the XNF7 B-box peptide using a
chromophoric chelator indicated that only one zinc atom
per peptide was bound (Borden et al., 1993). Cobalt
binding studies showed that the binding arrangement was
tetrahedral and involved some cysteines. The curve shape
in the 600-750 nm range also suggested a Cys2-His2
ligation scheme similar to that observed by Michael et al.
(1992). However, which four of the seven possible ligands
(see Figures 1B, 3B and D) were involved in metal ligation
was unknown. Furthermore, a homologous B-box domain
from the Pleurodeles protein PwA33, also binds one zinc
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atom per B-box molecule and uses His34 as a zinc ligand
(M.Bellini, personal communication). Unfortunately,
standard NMR techniques using '>Cd could not be carried
out as cadmium did not fully induce structure at concentra-
tions used for circular dichroism (Borden et al., 1993)
and the peptide precipitated in the presence of ''3Cd at
NMR concentrations. Therefore, Cys and/or His mutant
peptides were synthesized and their metal binding and
spectroscopic properties monitored. Eight peptides were
studied: Cys17Cys25AAla; Asp20AAla; Cys28Asp20AAla;
His34AAla; His37AAla; Cys6His9AAla; Cys6AAla and
His9AAla.

Initially, the ability of each peptide to bind cobalt was
monitored optically. The Cys17/Cys25 and Asp20 mutant
peptides bound cobalt, producing a peak at ~650 nm
similar to wild-type, which is characteristic of cobalt
bound in a tetrahedral complex (Berg and Merkle, 1989).
The remaining peptides, however, showed a diminished
signal in this wavelength range, indicating less tetrahedral
binding. Therefore, the ability of the mutant peptides to
fold into native complexes was monitored by 1D 'H NMR.

The 1D 'H NMR spectra of each mutant peptide were
collected in the absence and presence of zinc. In the wild-
type spectra, four resonances are clearly visible in the
region 5.1-6.0 p.p.m. (Borden et al., 1993). These
resonances correspond to the o-carbon protons of
Leu40/Asn38, Cys17, Leul5 and Phe39/Cys25. The pres-
ence of a-carbon protons in this region of the spectra
indicates the presence of B-strand (Wishart et al., 1991).
The Cys17/Cys25 and Asp20 mutant peptides had the
same pattern and number of resonances in this region as



the wild-type spectrum with the exception that the Cys17
peak which was absent in the Cys17/Cys25 mutant, as
one would expect. This suggests that the two peptides
have native-like secondary structure. Further, the presence
of the Phe39 a-carbon proton resonance is of particular
importance when one considers that the Phe39 ring forms
the core of the protein. The pattern of aromatic resonances
of Cysl7/Cys25 and Asp20 peptides is also similar to
those observed in wild-type, suggesting that the tertiary
structure of these peptides is similar to wild-type. In
summary, Cysl7, Cys25 and Asp20 appear not to be
involved in metal ligation within the B-box monomer.

The remaining mutant peptides had fewer resonances
in the 5.1-6.0 p.p.m. range. The Asp20/Cys28 mutation,
only had one resonance present, corresponding to Leuls.
The His34 and His37 mutant only had the Leu40/Asn38
resonance present. The Cys6/His9 mutant only had the
Leud40/Asn38 and Leul5 resonances. This information
clearly shows that none of these mutations is folding
into a wild-type structure. Furthermore, the aromatic
resonances for all these mutants were very similar to those
observed for precipitated wild-type peptide which had
been boiled in DTT in an attempt to recover it (data not
shown). Therefore, it appears that mutations in any of
these residues preclude the formation of a native-like
structure.

Interestingly, His37 appears to be more flexible than
the other putative ligands, suggesting that it may not be
involved directly in ligation. The amide proton resonance is
absent from both 'H,O TOCSY and NOESY experiments,
suggesting that it is exposed to solvent and not involved
in a stable hydrogen-bonding network. However, the amide
protons are present in both 'H,O NOESY and TOCSY
for all other putative ligands. Furthermore, the NH (y)
protons of the Asn38 side chain are involved in a slow
exchange process (see Table I).

In summary, these studies indicate that there are five
possible ligands for the tetrahedral binding site in XNF7
B-box, namely Cys6 (C6), His9 (H9), Cys28 (C28), His34
(H34) and His37 (H37). Of course, the assays used make
it difficult to differentiate between mutations which destroy
the peptides’ ability to bind metal and therefore form a
nascent structure or disrupt the tertiary contacts, particu-
larly in the case of the histidine residues. From these
results there are five possible ligation schemes: C6, H9,
C28, H34; C6, C28, H34, H37; H9, C28, H34, H37,
C6, H9, C28, H37 and C6, H9, H34, H37. Structural
calculations were carried out in order to determine if the
NOE and dihedral angle information obtained from the
2D 'H NMR data of wild-type B-box could be used to
ascertain the ligation scheme.

These data were used as input into the distance geometry
embedding procedure with the appropriate metal ligation
scheme included for each set of tests. These structures
were used as input into simulated annealing protocols in
XPLOR (Briinger, 1992). Twenty structures were gener-
ated for each ligation scheme. Table II summarizes the
number of low violation structures out of the 20 calculated,
and the average number of violations per residue and
average overall energy for all 20 structures. The C6, H9,
C28, H34 scheme produced a family of structures with
low violations (<0.5 A and <10°). The use of His34 as
a zinc ligand is in agreement with zinc binding studies on

XNF7 B-box structure

PwA33 B-box homologue (M.Bellini, personal commun-
ication). Large violations were observed with all other
ligation schemes with many fewer low violation structures
and significantly higher energies than for the C6, H9,
C28, H34 ligation scheme (Table II). Therefore 50 struc-
tures using the C6, H9, C28, H34 ligation scheme were
calculated, the results of which are described above (see
Figure 3). It is possible, however, that one of the alternative
ligation schemes is correct, although it is clear that
whichever of the schemes is used, there is little difference
in the overall B-box fold since the r.m.s. deviation between
representatives of each ligation scheme was 0.96 A (back-
bone) and 1.03 A (all atoms). The reasons for similarities
between the various ligation schemes involving residues
6,9,28,34,37 is clear upon inspection of Figure 3D. Here,
the four ligands shown in blue and His37 (in green) are
located near to each other in space. Therefore only minor
backbone rearrangements would be necessary to obtain
one of the other ligation schemes. However, as shown in
Table II, the structures calculated with His37 as a ligand
only had 0-2 structures converged with <0.5 A violations
for distance restraints and <10° violations for angle
constraints whereas the 6,9,28,34 ligation scheme yielded
over four times the number of low violation structures.
The data presented here indicate that the best fit of the
2D NMR data is obtained with the Cys6, His9, Cys28,
His34 ligation scheme.

This leads to speculation as to what are the roles of the
other putative metal-binding ligands (Figure 3D). One
possible function may be metal-dependent inter-domain
dimerization, especially with regard to Cys17 and Cys25
which occur on the same face and either side of the
flexible loop and seem to form a half zinc site (Figure
3D). Interestingly, Asp20 (which is a cysteine in the
B1/B2 sub-family) is also located on the same face of the
loop (Figure 3D). In the context of the whole protein, the
B-box domain leads directly into the predicted helical
coiled-coil domain. Helical coiled-coil domains often form
protein—protein interaction surfaces that can mediate either
homo- or heterodimerization or even oligomerization
(Harbury et al., 1993). Preliminary studies with RFP show
that both the B-box and coiled-coil regions together are
necessary for efficient dimer formation (T.Cao and L.EtkKin,
unpublished observations). Therefore, in an XNF7 homo-
dimer, two B-box domains would be positioned in close
proximity to each other. One could speculate that the
extra putative metal ligands orient the two domains into
functionally active structural units, through inter-domain
metal ligation as observed in the HIV Tat protein (Frankel
et al., 1988). His37 is located too far away from the loop
with Cys17, Asp20 and Cys25 to interact directly or to
share a ligand. The role of this residue may become more
clear in the context of the entire protein. Clearly, the exact
role of the remaining putative metal ligands will have to
await further study.

Conserved residues within the B-box family

The main hydrophobic core residues 15, 16, 27, 28, 39,
40 and 41 are generally well conserved within the B-box
family (Figures 1B and 3C). In particular, there is a
striking preference for an aromatic residue preceding
Cysl17. In XNF7 this residue is a Tyr which is involved
in interactions with Leud40 and Pro4l, stabilizing the
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Table II. Calculations of alternative ligation schemes

Putative ligation schemes Structures with low violations?

Average violations for all structures®

Average energies for all 20
structures® (kcal/mol)

6,9,28,34 9
6,9,28,37 0
6,9,34,37 1
6,28,34,37 2
9,28,34,37 0

w s OoN—

518 = 188
971 + 388
1018 = 336
732 * 339
865 = 513

Data shown from XPLOR calculations using different zinc ligation schemes as described in the text.
2The number of structures out of the 20 calculated for each ligation scheme which had violations of <0.5 A and <10° is given.
bViolations reported are the average number of violations from all 20 structures where violations were >0.5 A on distance restraints and >10° on

angle restraints.
°Energies reported are the average from all 20 structures.

packing of B2 onto B1 (Figure 3C). This packing arrange-
ment, of B1 and B2, may be important for biological
function and is probably conserved in B-box domains. It
is interesting to note that residues which comprise Bl
(13-18) are among the most highly conserved residues
within the family (Figures 1B and 3C).

A number of conserved charged residues are located
on the surface of the B-box structure, in particular residue
11, which is usually a glutamic acid (Figure 1B). Also,
the flexible loop region (19-25) tends to be highly charged
throughout the family and also comprises two unligated
Cys residues (Cys17/25). Interestingly, within this loop
the B1 and B2 B-boxes have a putative metal ligand at
residue 20 (Cys/His) whereas standard B-boxes have a
completely conserved Asp (Figure 1B). An exception to
this is ATDC B2, which resembles more a standard B-box
as highlighted by the conservation of Asp at this position
(Figure 1B). It is tempting to speculate that this flexible
loop region forms another divalent metal-binding site
which in the context of the whole XNF7 would be involved
in interacting with another domain via metal ions. It is
noticeable that there are some different patterns of residue
conservation between the standard and the B1/B2 B-boxes
which may reflect functional differences within the B-box
family. However, the roles of these residues are at present
unclear, and await further study.

Functional implications

Recent functional studies of XNF7 have shown that
the B-box domain is probably involved in forming
protein—protein interactions with components of chromo-
somes (Li et al., 1994b) and—based on data with RFP—
probably also homodimerization (T.Cao and L.Etkin,
unpublished observations). Furthermore, a point mutation
of His34 (HisAAsn) in the homologous PwA33 B-box
dramatically affects PwA33 association with the transcrip-
tion units of lampbrush chromosomes (M.Bellini, personal
communication). These data suggest that a fully folded
B-box in PwA33 is important for chromosomal targeting,
as His34 forms one of the core zinc ligands required for
monomer B-box folding (see above).

Our modelling studies of the B-box structure and coiled-
coil domains suggest that the orientation of the B-box
relative to the coiled-coil is specific and probably con-
served among B-box-containing proteins. For a B-box
dimer model, the first B-strand B1 and parallel extended
region could form a specific interaction surface on each
side of the coiled-coil. Electrostatic surface potential
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calculations suggest that the XNF7 B-box domain is highly
positive with the conformationally flexible loop negative
(K.L.B.Borden, unpublished observations). It is interesting
to speculate that this surface might mediate functional
interactions, perhaps by extending into a B-sheet for a
protein—protein interaction. In conclusion, the solution
structure of the XNF7 B-box domain reported here pro-
vides a basis for in-depth site-directed mutagenesis studies
to determine the molecular role of the B-box in XNF7
function and also in other B-box family members, especi-
ally the human proto-oncogene products PML, T18 and
RFP.

Materials and methods

Peptide synthesis and purification

A peptide comprising residues 219-260 of XNF7 and eight subsequent
mutant peptides were synthesized on a Model 431A Applied Biosystems
Solid Phase Synthesizer and purified as described previously (Borden
et al., 1993). The yields of the 42mer peptides varied but were on
average ~20%. A few micrograms of each pure peptide (peak fraction
from HPLC separations) were analysed by Matrix-Assisted Laser Desorp-
tion mass spectrometry (Karas and Hillenkamp, 1988). A single species
was observed with experimental molecular weights within 1 Da of
the calculated masses for fully reduced forms of the peptides. The
concentrations of XNF7 wild-type and mutant B-box peptides were
measured optically using a calculated extinction coefficient of 0.26 for
a 1 mg/ml solution measured at 280 nm. Samples were purified in the
presence of ethane dithiol and in general, subsequent experiments had
trace amounts of ethane dithiol present.

Optical spectroscopy and 1D 'H NMR experiments

Cobalt binding studies and 1D 'H NMR methods were used to determine
the metal-binding properties of the XNF7 wild-type and mutant B-box
peptides. The cobalt-binding reactions were monitored on an HP 8452
diode array spectrophotometer using a 1 cm path length at room
temperature. The spectra were corrected by subtracting the contribution
from the peptide and buffer alone. Typically, a solution (1 ml) containing
40-50 uM of XNF7 B-box peptide or mutant (10 mM Tris—HCIl, pH
7.5) was titrated with a 1 mM solution of CoCl,. For 1D 'H NMR
measurements, ~5 mg of the XNF7 B-box peptide or mutant peptide
was dissolved in 10 mM sodium phosphate and 100 mM KCl at pH 7.5
(uncorrected for isotope effects) in 0.5 ml of either 'H,O or 2H,0. The
proton chemical shifts were referenced to 0.1 mM internal sodium tetra-
dimethyl-2,2,3,3-tetra-deutero-4,4-dimethyl-4-silapentanoic acid. ~All
NMR experiments were carried out at 30°C. Argon gas was bubbled
through the solution to reduce problems with precipitation. The final
sample concentrations were between 1-1.5 mM. Some mutant peptides
were less soluble, with final concentrations of ~500 uM. The peptides
were not soluble at higher concentrations. 'H,O samples contained 10%
2H,0 to provide a lock signal. When further additions of Zn2* caused
no further shifting of the peaks the peptide was considered to be fully
saturated with metal ion.



"H NMR experiments

Experiments were carried out at 30°C and pH ~7.5. NOESY, TOCSY,
DQF-COSY and ROESY experiments were carried out in 2H,O and
NOESY and TOCSY in 'H,0. 1D and 2D NMR experiments in *H,0
were collected at 11.7 T on a Bruker AM spectrometer or at 14.1 T on
a Varian Unity spectrometer. Phase-sensitive data were collected using
the method of time-proportional-phase-incrementation on the Brucker
system (Marion and Wiithrich, 1983) or by the method of States er al.
(1982) on the Varian Unity system. In all cases, sine-modulated data
were recorded with proper adjustment of the receiver phase and dead
time to produce a flat base-plane (Frenkiel et al., 1990). A 'H TOCSY
experiment with a 50 ms mixing time using MLEV 17 (Bax and Davis,
1985) to produce the isotropic mixing was carried out. The spin-lock
field strength was 7.4 kHz. The acquisition time was 170 ms in t% and
33.2 ms in t;. A series of phase-sensitive NOESY experiments in “H,0
in which the mixing time was varied from 200-500 ms were also
recorded. A total of 400 increments of 2048 points were collected with
a 2.5 s recycle delay. The acquisition times were identical to those in
the above TOCSY. A DQF-COSY experiment was recorded with 512
increments of 2048 points and a 2.5 s recycle delay. The acquisition
time was 205 ms in t; and 51 ms in t;. ROESY experiments with a 150
ms mixing time and a spin lock field strength of 3.25 kHz were also
collected according to the methods of Bothner-By et al. (1984) and
Bauer et al. (1990). For all of the 2D experiments carried out in 2H,0,
the residual HDO signal was suppressed using presaturation. The free-
induction decays were zero-filled to 8192 points in t, and 2048 points
in t;. Before Fourier transformation, experiments were apodized with a
n/3 shifted sine bell squared function for Bruker data or a Gaussian
function for Varian data. Both TOCSY and NOESY experiments in
'H,O were recorded at 14.1 T on a Varian Unity spectrometer. Both the
TOCSY and NOESY experiments were collected using an echo delay
to produce a flat base plane. 'H,O samples contained 10% 2H,0 to
provide a lock signal. The intense water signal was suppressed using
presaturation. In the NOESY experiment, a 180° pulse was applied in
the middle of the mixing time to further suppress the 'H,O signal. The
NOESY experiments were collected with mixing times varied from
250-350 ms where 290 ms was determined to be the optimal mixing
time. A total of 400 increments of 4096 data points were collected. The
acquisition time was 294 ms in t and 56 ms in t;. A NOESY experiment
(tm = 300 ms) using a pre-TOCSY sequence in order to recover bleached
o protons was also collected (Otting and Wiithrich, 1987). In this case,
the experiment was collected with a pre-TOCSY mixing time of 25 ms
and a spin-lock field strength of 7.7 kHz using MLEV 17 to produce the
isotropic mixing. The acquisition time was 256 ms in t, and 63 ms in
t;. The number of increments and data points are identical to those
discussed above. The TOCSY echo experiment (as described above)
was collected using MLEV17 to produce isotropic mixing time at a
spin-lock field strength of 8.1 kHz for a mixing time of 50 ms. A total
of 400 increments of 4096 data points were collected with an acquisition
time of 294 ms in t, and 63 ms in t;. Data were zero-filled to 8192 in
t, and 1024 in t; and data processing was apodized with a Gaussian
function of width 0.118 and 0.016 s shift in t; and 0.13 s width in t;
and then Fourier transformed.

Generation of restraints

Standard sequential 2D '"H NMR methods were used to assign 80% of
the amide proton resonances and 91% of the side chain resonances.
Pseudoatom corrections were used as described by Wiithrich (1986). A
comprehensive list of NOE connectivities was compiled and divided
into categories based on the intensity of the cross-peaks and then ascribed
upper distance limits. Phi, Psi and Chil angles were also extracted from
the data. Phi angles were obtained from measuring the value of the
3Jn coupling constants in high digital resolution TOCSY experiments
(Searle, 1993). Psi angles were calculated using the program PROPHET
(A.N.Lane, unpublished) which uses the distances between the aH; and
NH;+, and BH, to NH;,,, and 3Jun- Chil values were obtained using
the method of Wagner et al. (1987) where the distances between otH
and BH and oH and B,H were extracted from ROESY experiments in
order to avoid the problem of spin-diffusion. Values for JaB;, JoB,,
dNB, and dNB, were also used.

Structure calculations

Distance and angle constraints were used as input into XPLOR v 3.1
(Nilges et al., 1988; Briinger, 1992). The distance geometry embedding
procedure was carried out followed by simulated annealing, slow cooling
and 1000 steps of Powell energy minimization. Unless stated otherwise,
50 structures were calculated using the XPLOR protocol with the
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following changes: molecules were heated to 1000 K, and were then
allowed to cool slowly to 100 K in 4000 steps. From the 50 structures
calculated, 39 converged into properly folded peptides while 11 formed
the pseudo mirror image. The Zn?* atoms were then included in the
XPLOR calculations with additional constraints as previously described
(Neuhaus et al., 1992) to maintain the tetrahedral bonding geometry of
the sites and the correct bond lengths. These structures were refined
and energy minimized in XPLOR as described above and in Borden
et al. (1995).
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