STEPHEN K BURLEY

MINIREVIEW

Rel revealed: cocrystal structures of the
NF-xB p50 homodimer

Crystal structures of the NF-kB p50 homodimer, a member of the Rel family of
transcription factors, bound to a DNA target give insight into how these
proteins use loops between f-strands to recognize DNA
and how they are inactivated by IxB.
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NF-kB is a prototypic member of a large family of
cukaryotic transcription factors that share a 300 amino
acid region of homology to the product of the ref
oncogene (Fig. 1). The Rel homology region is respon-
sible for both DNA binding and dimerization; Rel
family members must form either homodimers or
heterodimers to function. The Rel family members
differ from most transcriptionally-active, DNA-binding
proteins In two important respects. First, most DNA-
binding prateins have a small subdomain or module
within the protein that can interact with DNA inde-
pendently: in Rel family members, in contrast, the
complete Rel homology region is required for DNA
recognition. Second, unlike other DNA-binding pro-
teins, NI'-KB activity 15 controlled by interactions with
other, inhibitory, proteins which restrict its access to the
nucleus, keeping it in the cytoplasm (for example, kB
sequesters the biologically-active NF-kB p50-p65
heterodimer). A most impressive combination of struc-
tural and molecular biology has now explained these
unique features of the Rel proteins, proving vet again
that there is often no substitute for a direct look at a
biological system, and setting the stage for detailed,
atomic-level dissection of the mechanism of action of

Rel proteins. Sigler and coworkers [1] and Harrison
and coworkers {2| have determined two highly-similar
and entirely novel three-dimensional structures of the
NE-kB p30 homodimer bound to distinct DNA
targets. Recent studies using the Drosophila proteins
Dorsal (a homolog of NF-kB) and Cactus (an 1xB
homolog) have also provided insight into the mecha-
nism of Rel protein control i vive (N. Lehming, ef al.,
personal communication).

Rel proteins as transcription factors

NF-XB was first purified from B lymphocytes on the
basis of its ability to bind to a ten-base~pair KB site in
the immunoglobulin Kk light-chain enhancer element
[3]. Further work demonstrated chat a heterodimer of
the p50 and p65 {RclA) subunits 1s required for DNA-
binding activity. The p50—p65 heterodimer binds
directly to DNA, and is responsible for controlling
B-cell development. It also acuvates the expression of
specific hose-defense genes in response to infection aud
other forms of stress in all cell types (reviewed in [4]).
Other Rel fanmily members (such as Dorsal from
Drosophila) affcet transcription as homodimers |5/, and
homodimers of both p50 and the related p32 protein
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can in fact compete with NF-kB tor its DNA targets.

modulating the transcription  of

(revicwed 1n [6]).

certamn - genes

NF-KB subunits have been found in all mammalian
cells, but are typically inactive because they are limited
to the cytoplasm by inhibitors of the TxT3 family. These
inhibitory proteins contain repeats of the ankyrin
motif, which are necessary tor binding to NF-«xB. IkB
binding to NF-KkB effectively masks its nuclear localiza-
tion signal, preventing transit into the nucleus
(reviewed in [7]).Viral infections and other inducers of
NF-KB, such as lipopolysaccharide and phorbol ester
treatment, trigger dissociation and/or degradation of
Ix13, allowing the p30/p63 heterodimer to enter the
nucleus and activate transcription in cell types other
than B lymphocytes (reviewed in [4,60]). Paradoxically,
human immunodeficiency viruses (I1IV) and some
other viral pathogens exploit the very mechanism that
regulates transcription ol host defense genes. Reverse
transcription of the HIV-1 RNA genome creates a pair
of DNA-binding sites for NF-kB, which in turn
activates transcription  of the gene encoding the
retroviral polyprotein, allowing viral replication.

Structure determination

Two highlv-similar structures were obtained with trun-
cated forms of p30. The p30 forms used by the two
groups had different amino-termini, but nearly identical
carboxyl-termini, and included the carboxy-terminal
nuclear localization signal.''hese proteolyticallv-defined

Fig. 2. Structure of the homodimeric NF-
kB p50 subunit bound to an oligonu-
cleolide containing a B recognition
element. (a) Ribbon drawings of the
entire complex viewed down the DNA
helix axis with the dyad axis running
vertical left). The same view with the
van der Waals space filling model of the
oligonucleotide removed and the DNA
interacting loops labeled (right). (b)
Figure in (a) rotated 40° around the: verti-
cal dvad. Secondary siructural elements
are labeled {rightl. Reprinted with per-
mission from [1].

p>0 fragments (amino acids 39-364 {1] and 2-366 [2])
form symmetric homodimers and bind specifically to
DNA sites recognized by NF-xB. Ghosh ¢f al. [1] used
a minimal 10-base-pair palindromic KB site with an
overhanging 1 at the 3' end for cocrystallization. In
contrast, Muller er al. |2 cocrystallized their p50 con-
struct with a very unusual 19-base-pair oligonucleotide,
containing a quasi-palindromic 11-base-pair site (with a
single A:A mismatch at the center) flanked by four
bases at cither end which made contacts with neigh-
boring protein-DNA complexes In the crystal lattice.,
Both structure  determinations  were  challenging
enough to require the entire modern crystallographic
armamentarium,  including  data  collection  with
extremely intense synchrotron wiggler beam lines and
Fuji image plates at liquid nitrogen temperature, a com-
bination of muldple isomorphous replacement and
multiple wavelength anomalous dispersion to obtain
initial experimental phases, and considerable compura-
tional manipulation of the phase information to obtain
interpretable electron-density maps. Technical difficul-
ties notwithstanding, the final resolution limits of 2.3
and 2.6 A, respectively, and the high quality of the
refined structures are a testament to the impressive
power of modern protein crystallography.

Dimerization and DNA binding

The three-dimensional structure of the symmetric p50
homodimer—DNA complex resembles a butterfly with
the protein domains as wings surrounding a cylindrical
B-form DNA (Fig. 2). Each polypeptide chain folds into



Fig. 3. I'he dimer interface, viewed along the DNA helix axis,
showing side chains mediating dimerization and DNA contacis.
Reprinted with permission from [2].

two domains, and it is immediately apparent that there is
no DNA-binding subdomain within the Rel homology
region. Residues from the entire length of the protein
contribute to the DNA-interaction surface.

Both domains contain f-sandwich core structures with
immunoglobulin-like folds, which 15 a remarkable

Fig. 4. Stereoviews ol protein—-DNA
interactions in homodimeric NF-kB
P50 bound o an oligonucleatide con-
taining a kB recognilion element. (a) u-
Carbon trace  iblue) of both p5s0
subunits and complete atomic stick
figure model of the kB element (red
and purple) displaying side chain and
backbone  contacts  (vellow). (b)
Fxpanded image of the central region
in (a} showing hvdrogen bonds (white
dotted lines). Reprinted with permis-
sion from {1].

Structure of NF-xB bound to DNA Burley

coincidence when one considers that NF-kB regulates
transcription of genes encoding inununoglobulins. The
larger amino-terminal domain is connected to it
carboxy-terminal partner by a loop region that is well
defined in the electron-density map and contributes to
interactions with  the DNA. In addition to its
immunoglobulin-like core structure, domain 1 contains
an insertion of two ¢-helices, which pack in an anti-
parallel fashion against the medial f-shect face without
interacting with the other subunit. Dimerization is sup-
ported entirely by the smaller immunoglobulin-like
carboxy-terminal domain, and results from a series of
interdigitating hydrophobic residues projecting away
from the medial B-sheets of the two p30 subunits (Fig.
3). Sequence alignments demonstrate that the amino
acids responsible for dimerization and those defining
the hydrophobic core of the carboxy-terminal donain
are highly conserved, suggesting that the p50 homo-
dimer structure is a good model for both homo- and
heterodimerization of other Rel family members. The
biological importance of protein dimerization was the
subject of an earlier review in this journal [8].

Figs 2 and 4 reveal a mode of DNA binding for
which there 18 no precedent (for recent reviews of
more typical DNA-binding motifs see [9-111]). The
p50- homodimer cmbraces a slightly bent, slighty
unwound, B-form double helix, donating a total of ten
loop DNA with  both

regions  for contacts
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HMGI(Y)

Fig. 5. Surface representation of the NI-xB p50 homodimer
hound to DNA, showing likely regions for interactions with |xB
and the high-mobility group protein I(Y) (HMG (Y}, which is
essential for transcriptional activation at some NF-xB sites.
Asterisks mark the positions of two Dorsal mutations, which
inhibit binding of the 1xB homolog Cactus. Rel family members
also interact with non-lkB protcins  during  transcription
(reviewed in [6]). For cxample, NF-kB and HMG I(Y) simultane-
ously occupy complementary portions of the human interferon-
promoter [17]. Reprinted with permission from [2]. NLS, nuclear
localization signal.

phosphodiester/ribose backbones and the major groove
edges of some bases. The extensive protein-nucleic acid
interaction surface (the buried solvent accessible area
exceeds 3500 A% includes the entire KB site, and cach
subunit makes contacts throughout the length of
the recognidon clement. As in many protein-DNA
complexes, both direct and water-mediated contacts arc
seen within the interface.

What da the p50 homodimer cocrystal structures tell us
about Rel DNA-binding specificity? The NF-kxB
p50/p65  hetcrodimer binds with extremely high
affinity Ky ~1072M) to both symmetric and
asymmetric decameric DNA sequences of consensus
5-GGGPuNNPYPYCC-3' [12], and site-selection
studies with p50 and p65 homodiniers suggest that these
subunits have quite distinct DNA-binding specificities
[13]. In vivo, Rel homo- and heterodimers modulate
transcription of a wide range of ccllular and viral genes
via interactions with a similarly varied collection of
target sites. Although the two cocrystal structures were
obtained with recognition elements of different length
and sequence, there are similar features that may be
common to other Rel family members. In each p50
subunit, two Arg side chains donate a pair of hydrogen

bonds to the two guanines at the 5' end ot each strand
(bold lettering indicates the corresponding four
base pairs in the consensus NF-xB binding site,
53'-GGGPuNNPyPyCC-3'). The remaining intcractions
between side chains and bases differ between the two
cocrystal structures, suggesting that some of the DNA-
binding loops are flexible and are capable of recognizing
different sequences within the variable portion of the
CONSensus site.

Recently, Spolar and Record [14] and Sigler, Sturtevant
and coworkers [15] published the results of scanning
microcalorimetric studies of protein—nucleic acid recog-
nition, demonstrating that the process is characterized
by a large negative heat capacity change. Spolar and
Record analyzed this remarkable thermodynamic
behavior in terms of possible entropic contributions, aud
suggested that molecular recognition proceeds via local
folding or ‘induced fit' [16] of the protein and/or
nucleic acid components. Sequence-specific DNA
binding via flexible loops by members of the Rel family
of transcription factors could provide useful examples
with which to test this ‘induced fit" model of
protein—nucleic acid recognition.

Mechanism of Rel inhibition

Rel inhibition by IkB eftectively masks the Rel nuclear
localization signal (NLS), which is disordered in hoth
cacrystal structures. Fig. 5 illustrates the position of the
first residue of the NLS and demonstrates its proximity
to the sites of two mutations in Dorsal (the Drosophila
homolog of NF-xDB) that prevent interaction with
Cactus (the Drosophila homolog of IKB) (N. Lehming, ef
al., personal communication). In addition, a mutation in
Cactus suppresses the effects of both Dorsal changes.
These data suggest that IxB interacts with both the NLS
and the sites on p50 corresponding to the Dorsal muta-
tions (Fig. 3). Althouagh it is not yet clear how IKB masks
the NLS, these structural models provide an immensely
detailed foundation from which to design cxperiments
to ask this question.
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