Crystal structure of an OCA-B peptide
bound to an Oct-1 POU domain/octamer
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We have determined the crystal structure, at 3.2 A, of a ternary complex containing an OCA-B peptide, the
Oct-1 POU domain, and an octamer DNA site. The OCA-B peptide binds in the major groove near the center
of the octamer site, and its polypeptide backbone forms a pair of hydrogen bonds with the adenine base at
position 5 of the octamer DNA. Numerous protein-protein contacts between the OCA-B peptide and the POU
domain are also involved in the ternary complex. In particular, the hydrophobic surface from a short a-helix
of OCA-B helps to stabilize the complex by binding to a hydrophobic pocket on the POU-specific domain. The
structure of this ternary complex is consistent with previous biochemical studies and shows how
peptide-DNA and peptide—protein contacts from OCA-B provide structural and functional specificity in the

regulation of immunoglobulin transcription.
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The OCA-B (OBF-1, Bobl) coactivator protein functions
in immunoglobulin transcription and B-cell differentia-
tion by forming a complex with the Oct-1 or Oct-2 tran-
scription factors and the octamer DNA sequence (ATG-
CAAAT) (Luo et al. 1992; Gstaiger et al. 1995; Luo and
Roeder 1995; Strubin et al. 1995). OCA-B is expressed
almost exclusively in B cells and is essential for high
levels of immunoglobulin gene transcription (Luo et al.
1992; Luo and Roeder 1995; Strubin et al. 1995; Gstaiger
et al. 1996; Kim et al. 1996; Schubart et al. 1996). Ab-
sence of OCA-B causes failures in the immune system,
including the elimination of germinal centers, the reduc-
tion of some immunoglobulin isotypes in serum, and
severe deficiency in B-cell-mediated responses to antigen
stimulation (Kim et al. 1996; Schubart et al. 1996). The
biological role and promoter specificity of transcription
stimulated by OCA-B is correlated with binding data
showing that it prefers an A in the fifth position of the
octamer and suggesting that this peptide makes direct
contact with the DNA (Cepek et al. 1996; Gstaiger et al.
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1996). OCA-B will not bind to complexes of Oct-1 or
Oct-2 when the octamer element contains a T at posi-
tion 5. In addition, biochemical and mutagenesis studies
of ternary complex formation suggest that OCA-B con-
tacts both the POU-specific domain and the POU ho-
meodomain (Babb et al. 1997; Gstaiger et al. 1996; Luo
and Roeder 1995; Sauter and Matthias 1998). We have
determined the structure of a ternary complex to help
understand the structural basis for combinatorial control
and sequence-specific recognition in the regulation of
immunoglobulin gene expression.

Results

Previous studies have shown that the amino-terminal
portion of OCA-B (residues 1-65 or 1-118 out of 256
residues in the intact protein) make all of the contacts
required for stable complex formation with the POU do-
main and the octamer site (Luo et al. 1992; Gstaiger et al.
1995, 1996; Luo and Roeder 1995; Strubin et al. 1995;
Cepek et al. 1996). Although there was no strong homol-
ogy between the sequence of OCA-B and other sequences
in the public databases, we noticed a putative internal
repeat in OCA-B that aligns residues 60-130 with resi-
dues 131-200. One of the most striking features of
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this repeat is conservation of the sequence (YTT/
VPGPS) at positions 60 and 130 (data not shown). Given
this partial sequence repeat, which may indicate some
type of domain structure, and the previous deletion
analysis by others (Strubin et al. 1995; Cepek et al. 1996;
Gstaiger et al. 1996), we first tested complex formation
and crystallization trials with peptides containing resi-
dues 1-59 and 1-118 of OCA-B. Both peptides formed the
ternary complex with high affinity and both preferred A
over T at the fifth position of the octamer element (data
not shown). Consistent with previous observations,
these peptides could bind the octamer element with low
affinity even in the absence of the Oct-1 POU domain,
and this peptide binding required an A at the fifth posi-
tion (data not shown; Cepek et al. 1996).

The first crystals of the ternary complex contained the
Oct-1 POU domain, an octamer element, and the OCA-B
1-59 peptide, but were hard to grow reliably. We subse-
quently did binding studies with a series of peptides con-
taining the first 34, 39, 44, 49, 54, or 59 residues of
OCA-B to identify shorter peptides that could still form
the ternary complex and improve the crystallization.
The OCA-B 1-39 peptide was the smallest in this series
to form the ternary complex with high affinity (data not
shown). However, measurements of ternary complex for-
mation (monitored by gel electrophoresis) suggested that
the 1-44 peptide binds the preformed Oct-1 POU do-
main/octamer element complex with the highest affin-
ity (K. Cepek, V. Wang, and P. Sharp, unpubl.). Binding
studies using surface plasmon resonance techniques es-
tablished that the OCA-B 1-44 peptide binds a preformed
Oct-1 POU domain/octamer complex with an equilib-
rium dissociation constant of [20 nm. As observed with
the full-length OCA-B protein, stable complex formation
with this peptide required an A rather than a T at posi-
tion five of the octamer element (K. Cepek, D. Chasman,
and P. Sharp, unpubl.).

Crystals of a ternary complex with the OCA-B 1-44
peptide were grown and were solved by molecular re-
placement and multiple isomorphous replacement (MIR)
methods. Although the diffraction of the crystals was
limited to [B.2 A, the structure solution and all of our
key conclusions were confirmed with unbiased omit
maps (see Materials and Methods). We find that [0 resi-
dues of the OCA-B peptide are well-ordered in the crys-
tals and that the structure of the Oct-1 POU domain/
octamer DNA portion of the ternary complex is very
similar to that reported previously for the binary com-
plex (Klemm et al. 1994). The ordered region of OCA-B
begins at residue 16 with a section of extended polypep-
tide that is near the Oct-1 homeodomain and the sugar
phosphate backbone (Figs. 1A, 2A,B, and 3A). A turn at
Gly-21 redirects the polypeptide strand so that it
traverses the major groove and passes right next to the
critical AT base pair at position 5 (Fig. 1B). After crossing
the major groove, there is a turn near Pro-26, and the
remaining ordered region of OCA-B forms a two-turn
a-helix that contacts the POU-specific domain. At the
carboxy-terminal end of this helix, a few residues make
contacts with symmetry-related complexes in the crys-
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Figure 1. Octamer element and OCA-B 1-44 peptide used in
crystallization of the ternary complex. (A) Sequence of the
OCA-B 1-44 peptide used for crystallization. The boxed region
indicates the portion of the peptide that is ordered in the struc-
ture. Lowercase letters below the amino acid sequence refer to
elements of secondary structure in the crystal structure. (t)
Turn; (H) helix. Boldface type highlights residues Val-22 and
Val-24, which make base-specific contacts at the fifth and sixth
positions of the octamer element. (B) Sequence of the octamer
element and the oligonucleotide used for crystallization. The
octamer site is underlined, and the A at position 5 of this site is
circled.

tal, and the peptide becomes disordered after Gly-37 or
His-38. (There are two complexes in the asymmetric
unit, and they differ slightly in how well these terminal
residues are ordered.) The three peptide segments nearly
encircle the DNA (Figs. 3A and 4), with the POU-specific
domain and POU homeodomain binding on opposite
sides of the double helix, the OCA-B peptide stretching
across the major groove near the center of the octamer
site, and the amino-terminal arm of the POU homeodo-
main fitting into the minor groove near the center of the
octamer site (Klemm et al. 1994).

Surprisingly, the crystal structure shows that the
specificity for an A at position 5 of the octamer site is
primarily due to a pair of hydrogen bonds made by the
polypeptide backbone from Val-22 of the OCA-B peptide
(Fig. 3B,C). The electron density in this region of the map
is very clear (Fig. 2), and both Ade-5 and Val-22 have
some of the lowest B factors in the entire structure. We
find that there is one hydrogen bond between the back-
bone amine group of residue 22 and the N7 of adenine 5,
and there is another hydrogen bond between the back-
bone carbonyl group of residue 22 hydrogen and the exo-
cyclic amine of adenine 5. Although these base contacts
are made by the polypeptide backbone of OCA-B, the
arrangement may be stabilized by contacts that the
Val-22 and Val-24 side chains make with neighboring
groups in the major groove. In particular, one of the
methyl groups from Val-22 makes hydrophobic contact
with the methyl group of thymine at position 6’ (4.2 A).
Val-24 (two residues later in the sequence) makes addi-
tional hydrophobic contacts with the methyl groups of
Thy-5' (4.5 A) and Thy-6’ (4.5 A). Val-24 also makes van
der Waals contacts with Leu-55 of the Oct-1 POU-spe-
cific domain. [Some striking similarities between the he-
lix-turn-helix units of the N\ repressor and the Oct-1
POU-specific domain have been noted elsewhere (Assa-
Munt et al. 1993; Dekker et al. 1993; Klemm et al. 1994).
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Figure 2. Electron density for the interaction between the ad-
enine at the fifth position of the octamer element and Val-22.
An SA-omit electron density map (which gives an unbiased way
of checking a structure) was calculated with ¢*-weighted 2Fo-
Fe coefficients (Read 1986) after omitting both Val-22 and the
entire Ade-5 nucleotide from the final model and subjecting this
partial model to simulated annealing in XPLOR (Brunger 1996).
Gly-21 (gray), Val-22 (gray and purple), Arg-23 (gray), and Ade-5
(green and blue) from the final model are shown in the context
of the SA-omit electron density contoured at 1.50. (A) The view
perpendicular to the plane of the Ade-5 base (green, same view
direction as in Fig. 3C) illustrates the electron density for the
pair of hydrogen bonds (dotted lines) between the polypeptide
backbone of Val-22 and the adenine ring. (B) The view looking
into the major groove of the octamer element (same view direc-
tion as in Fig. 3A) illustrates the electron density for the Val-22
side chain (purple).

However, it is remarkable that Leu-55 of Oct-1, which
has important contacts with the OCA-B peptide, corre-
sponds to Asn-55 of the \ repressor, which in turn has
important contacts with repressor’s amino-terminal
arm.|

Numerous other peptide-DNA and peptide—protein
contacts help fix the position of the polypeptide strand of
OCA-B in the major groove and help stabilize the base
specific contacts made by Val-22 and Val-24 (Fig. 3B,C).
At the amino-terminal end of the ordered region of OCA-
B, Arg-17 makes salt bridges and hydrogen bonds with
the phosphate of Cyt-4 of the octamer and the amide of
GIn-20 of OCA-B. The side chain of GIn-20 may make a
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second hydrogen bond to Lys-55 of the POU homeodo-
main, and its peptide bond is positioned so that it could
form a hydrogen bond to the phosphate of Cyt-4. Inter-
esting van der Waals contacts are made by Tyr-19, which
wedges between the deoxyribose groups of Gua-3 and
Cyt-4 and has its ring parallel to the bases. Arg-23 (which
is between the two valine residues that make base con-
tacts) may adopt two conformations: In the better or-
dered complex of the asymmetric unit, it reaches away
from the major groove to contact both the aromatic ring
of Tyr-19 and the carboxyl terminus (in a symmetry re-
lated complex) of the Oct-1 POU homeodomain. In the
other complex, the conformation of Arg-23 is less clear,
but the density indicates that its guanidinium group is
directed either toward Tyr-19 or toward the phosphate
group of Ade-7 (4.9 A). Lys-25 (which is just beyond the
critical valine residues) forms simultaneous hydrogen
bonds with the phosphate groups of nucleotides Thy-7’
and Ade-8'. This overall set of contacts helps to con-
strain the Val-22 and Val-24 residues of OCA-B to lie
along the surface of the major groove.

The short a-helical segment of OCA-B (residues 28-36)
makes extensive contacts with the Oct-1 POU-specific
domain and thus firmly anchors the carboxyl-terminal
end of the ordered peptide segment. Val-28, Leu-31, and
Leu-32 of OCA-B form a hydrophobic surface on one face
of the a-helix, and this surface binds to a complementary
hydrophobic pocket in the Oct-1 POU-specific domain,
which is lined by residues Leu-6, Leu-9, Leu-53, Phe-57,
and Met-60 (Klemm et al. 1994) (Fig. 3D). Upon binding
to the POU domain/DNA complex, the OCA-B peptide
covers [500 A? of solvent accessible surface on the POU-
specific domain, [(B50 A? of surface on the octamer ele-
ment, and (170 A2 of surface on the POU homeodomain.
Solvent accessible residues on the hydrophilic face of
this OCA-B helix also contribute to its interaction with
Oct-1. For example, Lys-35 of OCA-B makes a hydrogen
bond with Glu-7 of the Oct-1 POU-specific domain,
while Arg-36 of OCA-B makes hydrogen bonds with both
Glu-7 and Glu-10 of the Oct-1 POU-specific domain.
Lys-29 of OCA-B also makes important contacts: the
-NH3" of this side chain reaches toward both the phos-
phate of Ade-8’ and the amide oxygen of Asn-54 from the
Oct-1 POU-specific domain; the aliphatic portion of the
Lys-29 side chain makes van der Waals contact with the
deoxyribose of Ade-8'. Finally, we note that the short
a-helical region is stabilized by several internal salt
bridges involving interactions of OCA-B residues Arg-33
and Arg-34 with OCA-B residues GIn-26 and Gln-30.

Extensive mutational analysis previously had been
used to characterize the OCA-B/Oct-1 interactions
within the ternary complex (Gstaiger et al. 1996; Babb et
al. 1997; Sauter and Matthias 1998), and the structure
readily explains observations from these studies. Accord-
ingly, mutations that substitute alanine for large hydro-
phobic side chains in the pocket region of the POU-spe-
cific domain compromise the interaction with OCA-B
(Leu-6, Leu-9, Leu-53, and Met-60) (Babb et al. 1997).
Similar effects are noted for POU homeodomain residue
Ile-59, which is near the interface with OCA-B (Babb et
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Figure 3. Structure of the ternary complex of the OCA-B 1-44 peptide, the Oct-1 POU domain, and an octamer element. (A) Overview
of the ternary complex showing the OCA-B peptide (purple), the Oct-1 POU domain (the POU homeodomain is in red; the POU-
specific domain is in yellow), and DNA containing the octamer sequence (position 5 is in green). About 20 amino acids of the OCA-B
1-44 peptide are well-ordered in the crystal. The OCA-B peptide traverses the major groove at the A:T base pair at position 5 of the
octamer site. At the amino terminus of the ordered region, the OCA-B peptide makes contacts with the POU homeodomain; at the
carboxyl terminus of the order region the OCA-B peptide forms a short a-helix and makes extensive contacts with the POU-specific
domain. (B) Schematic summary of protein-DNA and protein—protein contacts in the ternary complex. The OCA-B 1-44 peptide is
represented by the shaded rectangle across the center of the DNA; the positions of the POU-specific domain and the POU homeodo-
main are suggested by dashed outlines. Close contacts (<4.0 A) between the OCA-B peptide and the POU-specific domain are
summarized in the box in the upper left; close contacts with the POU homeodomain are summarized in the box in the lower right.
All major DNA contacts are shown for the OCA-B peptide, but only key base contacts between the Oct-1 POU domain and the DNA
are shown. The complete set of DNA contacts for the Oct-1 POU domain is very similar to those observed previously in its structure
with an octamer element only (Klemm et al. 1994). (C) Contacts between the OCA-B 1-44 peptide (purple) and bases 5 (green) and 6
(gray) of the octamer element. The POU-specific domain, the POU homeodomain, and other bases in the octamer are not shown.
Hydrogen bond contacts between the polypeptide backbone of the OCA-B peptide residue Val-22 and the exocyclic amine and N7 of
adenine at position 5 are shown with red dots [the relevant atoms at these positions are blue (NJ, red (O), and gray (C)]. Hydrophobic
interactions between OCA-B Val-22 and Thy-6’, and between OCA-B Val-24 and both Thy-5’ and Thy-6’ are indicated with gray dots.
Residues at the amino terminus (Ala-16-Pro-18, extended chain) and at the carboxyl terminus (Lys-29-His-38, helix) of the ordered part
of the OCA-B peptide are represented according to their secondary structure. (D) Interaction between the hydrophobic surface of the
OCA-B peptide helix and the hydrophobic pocket of the Oct-1 POU-specific domain. POU-specific domain (yellow) residues at the
amino terminus of helices one (Leu-6, Leu-9) and four (Phe-57, Met-60), and at the carboxyl terminus of helix three (Leu-53) form a
shallow hydrophobic pocket. The surface of the helix from the OCA-B peptide (purple; Val-28, Leu-31, Leu-32) docks against the
hydrophobic pocket of the Oct-1 POU-specific domain. The helices of the POU-specific domain are labeled with Roman numerals.
Bases for one strand of the octamer element are also indicated.
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Figure 4. Mutations that attenuate the interac-
tion of OCA-B with the complex of the Oct-1
POU domain and the octamer element are lo-
cated at the peptide-protein interface. The posi-
tions of the POU-specific domain (yellow) and
the POU homeodomain (red) are indicated by il-
lustration of their Connolly solvent accessible
surfaces (Connolly 1983). The OCA-B peptide
(purple) is indicated by a ribbon. Residues
deemed essential—via previous mutagenesis
studies (Gstaiger et al. 1996; Babb et al. 1997;
Sauter and Matthias 1998)—for ternary complex
formation are shown in space-filling representa-
tion, and all of these are clustered at the peptide—
protein interface seen in our crystal structure.

al. 1997; Sauter and Matthias 1998), and OCA-B residue
Leu-32, which makes contacts with residues in the POU-
specific domain hydrophobic pocket (Gstaiger et al.
1996). The consequences of a Leu-55 - Ala mutation in
the Oct-1 POU-specific domain can also be understood
since this change would disrupt van der Waals contacts
to Val-24 of OCA-B and thus reduce the affinity of
OCA-B in the ternary complex (Gstaiger et al. 1996; Babb
et al. 1997; Sauter and Matthias 1998). Mutations in
Oct-1 that attenuate binding of OCA-B by eliminating
hydrogen bonding and/or ionic interactions can also be
explained by the structure. These include Glu-7 - Ala
or Glu-10 - Ala changes in the POU-specific domain
and Arg-58 — Ala, or Lys-55 — Ala changes in the POU
homeodomain (Babb et al. 1997; Sauter and Matthias
1998). Mutation of certain DNA-contacting residues in
the Oct-1 POU domain also seems to interfere with bind-
ing of OCA-B (Gstaiger et al. 1996; Babb et al. 1997).
These effects can be rationalized since (1) Ser-56 makes a
direct contact with both OCA-B and the DNA, (2) Asn-
51 makes one of the most important homeodomain-
DNA interactions, and mutation may affect the docking
of the POU homeodomain (Klemm et al. 1994; Jacobson
et al. 1997), and since (3) Arg-49 and Asn-59 of the POU-
specific domain make critical contacts to the DNA. A
double mutation of OCA-B (residues Glu-26 - Gly and
Pro-27 - Leu) has been shown to interfere with ternary
complex formation (Gstaiger et al. 1996). Our structure
shows that these residues are at the interface with the
POU-specific domain and the DNA, and the mutations
may disrupt the turn immediately preceeding the OCA-B
helix. Finally, it has been shown that an OCA-B protein
missing residues 4-18 is unable to form a ternary com-
plex (Luo et al. 1998), presumably due to the removal of
the three amino acids (16-18) that form the first ordered
region of OCA-B in the crystal structure.

Discussion

The OCA-B/POU domain/octamer ternary site complex
shows how the OCA-B polypeptide chain can specifi-
cally recognize the POU domain/octamer DNA inter-
face and generate a new level of structural and functional
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specificity. Stable binding of the OCA-B peptide involves
both peptide-DNA contacts (with the octamer site) and
peptide-protein contacts (with the POU domain). Oct-1
binding alone to an octamer site stimulates transcrip-
tion, but the ternary complex with the coactivator
OCA-B confers additional stimulatory effects on tran-
scription to octamer sites with an A at position 5. The
most important contact in OCA-B’s reading of the oc-
tamer sequence has the most surprising structural ar-
rangement: The polypeptide backbone makes a pair of
hydrogen bonds with the critical adenine at position five
of the octamer site. Thus, the specific binding of the
small OCA-B peptide to the Oct-1 protein-DNA inter-
face significantly alters the function of a large transcrip-
tion complex. More generally, this structure and other
recent structures illustrate the huge potential for highly
specific regulation of transcription through combinato-
rial arrangements of transcription factors that are re-
sponsible for distinct regulatory schemes (Li et al. 1995;
Batchelor et al. 1998; Chen et al. 1998a,b; Tan and Rich-
mond 1998). Our structure shows a novel way that speci-
ficity in ternary complex formation may be achieved.

Examination of the structure also suggests that other
proteins that interact with the Oct-1 POU domain and
an octamer element may use contacts related to those
used by OCA-B. In particular, some of the interactions
between Oct-1 and the SNAP,,, component of the
SNAP,_ snRNA transcription complex may be analogous
to the interactions with OCA-B. Here, the region of
SNAP, , critical for binding to Oct-1 is homologous to
part of the OCA-B peptide seen in the crystal structure,
including a perfect match of the residues that form the
hydrophobic surface on the short OCA-B a-helix (corre-
sponding to Val-28, Leu-31, and Leu-32 in OCA-B) (Ford
et al. 1998). Strengthening the analogy, it has been ob-
served that a Glu-7 — Arg mutation of the POU-specific
domain disrupts interaction with SNAP,, (Mittal et al.
1996); the mutation can be suppressed by changing Lys-
900 - Glu in SNAP, 4, The proposed Lys900 « Glu-7
interaction would align perfectly with the salt bridge ob-
served between OCA-B Lys-35 and Glu-7 of the POU-
specific domain.

It would not be surprising if related contacts are found



in other systems as well. We note that key residues of
the hydrophobic pocket of the POU-specific domain
(Leu-6, Leu-9, Leu-53, Phe-57, and Met-60) are conserved
in several members of the POU family. This set of pro-
teins is characterized by a very high degree of sequence
conservation throughout the POU-specific domain and
includes not only the Oct-1 and Oct-2 homologs from a
variety of vertebrate species, but also proteins with roles
in early development in Drosophilia (pdm-1, pdm-2) and
in the development of mammalian skin cells (skn-1).
[SwissProt accession identifiers for these proteins:
PDMI1 DROME (pdm-1), PDM2 DROME (pdm-2),
SKI1I_RAT and SK1A_RAT (skn-1}]. It will be interesting
to see whether these closely related proteins exploit a
capacity for peptide binding and use co-activators analo-
gous to OCA-B for stimulating transcription and distin-
guishing closely related binding sites. Recognition of a
protein-DNA interface, by a peptide making contacts
with both the protein and the DNA, may provide a very
effective basis for specificity in higher order complex for-
mation.

Materials and methods

Expression and purification of proteins

A synthetic gene had been constructed previously for expression
of residues 1-118 from the amino terminus of OCA-B, with all
codons optimized for high levels of expression in Escherichia
coli. This expression system, based on the pGEX-5X-3 vector
(Cepek et al. 1996) (Pharmacia), was then modified with stan-
dard procedures to direct expression of peptides containing resi-
dues 1-44 or 1-59 of OCA-B. These peptides were expressed and
purified as described for the OCA-B 1-118 peptide (Cepek et al.
1996) with an additional purification step by FPLC on Mono-S
(Pharmacia). Purified peptides were dialyzed against 5 mm
HEPES (pH 7.5), 25 mm NH,OAc, and 1 mm DTT and concen-
trated to 1.0 mM in a Centricon device (MWCO 1000, Amicon).
The Oct-1 POU domain was expressed and purified as described
(Klemm et al. 1994) except that the DNA-cellulose was re-
placed with chromatography by FPLC on Mono-S (Pharmacia)
(Klemm et al. 1994). The Oct-1 POU domain was dialyzed and
concentrated under the same conditions used for the OCA-B
peptides. DNA for crystallization was prepared as described
(Klemm et al. 1994).

Templates for coupled transcription and translation in vitro
were constructed using the pCITE system (Novagen). The prod-
ucts of this system have the S-peptide of RNase fused to various
amino-terminal peptides of OCA-B (ranging in 5 amino acid
increments from 34 to 59 residues in length). Peptide products
from these templates were quantified by reconstitution of
RNase A activity in the presence of the RNase S-protein (as
described by the manufacturer), and the ability of these peptides
to form a ternary complex with the Oct-1 POU domain and an
octamer element was assessed in a gel electrophoresis mobility
shift assay (Cepek et al. 1996).

Crystallization and structure determination

The ternary complex was formed by mixing the OCA-B 1-44
peptide (1.0 mm), the Oct-1 POU domain (1.0 mm), and the
octamer element oligonucleotide (010 mm, Fig. 1B) in a stoichi-
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ometry of 1.0:1.0:1.2. This sample was combined with a precipi-
tant containing 33 mMm Am,SO,, 50 mm HEPES (pH 7.5), 10 mm
MgCl,, and 24%-26% PEG (av. MW, 3350). Crystals, which
were grown by vapor diffusion, appeared in a few days and
reached maximum size within 2 weeks. These crystals formed
in the space group P4,2,2 and had cell dimensions
a=b=92.722 A and c = 152.651 A. For cryoprotection, crystals
were soaked to equilibrium (a few hours) in solutions of the
precipitant buffer supplemented (successively) with 1%, 5%,
and 15% glycerol before flash freezing in gaseous nitrogen
at -170°C.

A highly redundant diffraction data set from frozen crystals
was collected at the National Synchrotron Light Source (NSLS,
beamline X4A). Diffraction data had a maximal resolution of 2.9
A and a useful resolution of 3.2 A (where 50% reflections have
I/ol>2). All processing was done with the HKL, CCP4, or
XPLOR suites of programs (Collaborative Computational Proj-
ect 1994; Brunger 1996; Otwinowski and Minor 1997). An ini-
tial solution of the crystal structure, which contained two ter-
nary complexes in the asymmetric unit, was obtained by mo-
lecular replacement using the Oct-1 POU domain bound to an
octamer element as the search model and using the AMORE
program (Navaza 1994). Improvement of the phases from this
initial solution by iterative rounds of noncrystallographic sym-
metry (NCS) averaging, solvent flattening, and histogram
matching with DM (Cowtan 1994) revealed electron density
that did not correspond to either the Oct-1 POU domain or the
octamer element . This new density could be traced across the
major groove in the vicinity of the A:T base pair at position five
and extended in both directions to contact the POU-specific
domain and the POU homeodomain. To improve the maps, de-
rivatives were prepared with iodo-uracil at specfic positions in
the octamer site, and data from two derivatives (using two crys-
tals for each) were collected to a resolution of 3.3-3.5 A (Fig. 1B;
Table 1). Iodine positions were located from different Patterson
maps, and the positions of these heavy atoms confirmed the
molecular replacement solution: All of the iodine positions
were close to the 5-methyl groups of the corresponding thymi-
dine bases in the preliminary model. An electron density map
calculated from multiple isomorphous replacement using the
anomalous signal (MIRAS) phases combined with solvent flip-
ping density modification in SHARP (La Fortelle and Bricogne
1997) also confirmed the molecular replacement solution. In
this experimental map, an a-carbon trace for [20 amino acids of
the OCA-B peptide could be identified, and the trace revealed
that the overall arrangement of the OCA-B peptide in the two
complexes of the asymmetric unit were equivalent. Noncrys-
tallographic averaging of the solvent flattened MIRAS map with
RAVE (Jones 1992) allowed unambiguous assignment of the side
chains in the OCA-B model. Side chain assignments were con-
firmed by simulated annealing omit maps in XPLOR. Several
rounds of model building with O (v. 5.10.3) (Jones et al. 1991)
into 2Fo-Fc maps, positional refinement with XPLOR, tightly
restrained individual B-factor refinement, and a bulk solvent
correction gave a final model (R, = 0.260, R;. = 0.326) that
included amino acids 16-37 and 16-38 of OCA-B for the two
complexes in the asymmetric unit. Noncrystallographic sym-
metry restraints were used in the very early stages of refine-
ment, but these were not helpful—and thus were not applied—
in the later stages. At every stage of the refinement, the peptide
backbone and side chain geometry was monitored with Ram-
achandran plots and PROCHECK (Laskowski et al. 1993). The
two ternary complexes in the asymmetric unit differ by 0.70,
0.68, 0.58, and 0.51 A rms difference (measured for Ca or P
atoms) for the POU-specific domain, the POU homeodomain,
the OCA-B peptide, and the octamer element, respectively. A

GENES & DEVELOPMENT 2655



Chasman et al.

Table 1. Crystallographic data

Preparation Native I-1# I-1 +I-10"*
Data Collection and MIR Statistics
Crystal and data set A A B A B
Resolution (30.0 A 32A 34 A 35A 33A 35A
Total (Unique) Reflections 175486 (11803) 124686 (8942) 212021 (10180) 151902 (10827) 53730 (9067)
Completeness 99.5% 99.0% 99.4% 99.7% 71.2%
RmcrgcdC 0.084 0.101 0.147 0.126 0.102
cullis
centric — 0.727 0.642 0.604 0.585
acentric
Isomorphous — 0.682 0.572 0.598 0.540
anomalous — 0.930 0.891 0.595 0.881
Phasing Power®
centric — 1.83 2.03 2.20 227
acentric
Isomorphous — 2.48 2.94 2.93 3.07
Anomalous — 1.24 1.50 1.26 1.51
Refinement
R0t (30.0-3.2 A) 0.260
Ryl (30.0-3.2 A) 0.326
rms deviation in bond lengths (protein/DNA): 0.007 A/0.006 A
rms deviation in bond angles (protein/DNA): 1.395°/1.222°
rms in the difference of B factors between bonded atoms: 3.8 AP

“Native data collected at NSLS. All other data collected with a rotating anode source (Rigaku and MSC Corp.). All data collected on
RAXIS-TV detectors (MSC) and reduced with the HKL suite of programs (Otwinowski and Minor 1997). Derivatives were prepared by
substitution of thymine bases with 5-iodo-uracil in the octamer element either at position 1 or at position 1 and 10 (numbering as in
Fig. 1B).

PReflects highest resolution for which at least 50% of the reflections satisfy I > 201

S - @l

all unique equivalent obs.
refs. of unique ref.

>

all obs.

c
Rmerge =

(Phase - integrated LOC)
<|th - Fp|>

d
Reullis =

(1P calc)
(Phase — integrated LOC)

ePhasing power =

2 ||F0bs| - |Fcalc||
all unique obs.

E |Fobsl

all unique obs.

f
R factors =

for reflections in the working (R, or test (R;,..) data sets. Test set represented 10% of the total number of reflections selected at
random. R factors were calculated with the bulk solvent model.

B-factor refinement procedure that assigned only two B factors
to each residue—one for the main chain atoms and one for the
side chain atoms—gave essentially the same R factors
(Ryyork = 0.332, Rpee =0.267). The same regions of the Oct-1
linker that were disordered in the binary complex (Klemm et al.
1994) remain disordered in the ternary complex. Figures were
made with the program Setor (Evans 1993). Coordinates are be-
ing deposited with the Protein Data Bank (accession 1CQT).
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