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New perceptions of transcription factor
properties from NMR

Stefan Bagby, Cheryl H. Arrowsmith, and Mitsuhiko lkura

Abstract: The complementarity of NMR and X-ray crystallography for biomacromolecular studies has been particularly
evident in analysis of transcription factor structures and interactions. While X-ray crystallography can be used to tackle
relatively complicated structural problems including multicomponent (three and higher) complexes, NMR studies have
provided new insights into the nature of protein—DNA and protein—protein interactions that would be difficult to obtain
by other biophysical methods. We describe herein some of the novel and important information recently derived from
NMR studies of transcription factors.

Key words protein—DNA interaction, protein—protein interaction, induced folding, conformational fluctuations,
transcriptional regulation.

Résumé: La complémentarité de la RMN et de la cristallographie par rayons X pour les études de macromolécules
biologiques est particulierement évidente dans le cas de I'étude de la structure et des interactions des facteurs de
transcription. Alors que la cristallographie par rayons X peut étre utilisée pour étudier des probléemes structuraux
relativement compliqués, comme les complexes ayant trois constituants ou plus, la RMN permet d’obtenir de nouvelles
informations concernant la nature des interactions protéine—ADN et protéine—protéine qu'il serait difficile d’obtenir par
d’autres méthodes biophysiques. Dans cet article, nous décrivons quelques-unes des nouvelles informations importantes
obtenues récemment grace a I'étude de facteurs de transcription a l'aide de la RMN.

Mots clés: interaction protéine—ADN, interaction protéine—protéine, repliement induit, fluctuations de conformation,
régulation de la transcription.

[Traduit par la Rédaction]

Introduction

NMR spectroscopy and X-ray crystallography are the tworange of frequencies and includé} &n appreciation of the
principal techniques for obtaining atomic resolution structuresoupling of local protein folding and proteHbdNA or
of biomacromolecules. In addition to the three-dimensionaprotein—protein interaction,iij an appreciation of the dy
structures of many DNA-binding domains (DBDs) and somenamic nature of the protein—-DNA interfacaii  an appre
protein-DNA complexes (Billeter et al. 1993; Chuprina et al.ciation of the role of hydration water in the dynamic
1993; Foster et al. 1997; Huth et al. 1997; Love et al. 1995protein—DNA interface, and\() an improved understanding
Ogata et al. 1994; Omichinski et al. 1993, 1997; Werner et alof the spatial and motional relationship between domains of
1995, 1997; Zhang et al. 1994; Zhou et al. 1998), NMR stud multidomain transcription factors.
ies have provided unique insights into transcription factor Below we discuss the recent studies that have produced
properties. Much of this novel information arises from thethese new insights and end with an account of recently ex
capacity of NMR to probe the dynamic characteristics ofploited sources of structural information that permit elueida
proteins and their macromolecular complexes across a widgon of long range order by NMR. These new methods are
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Table 1. Local folding processes for protein—-DNA interactions identified from NMR studies.

Protein Folding process coupled with DNA binding*

trp repressor Increased helical content in helix-turn-helix motif

Glucocorticoid receptor Folding of Zn-finger motif and dimerization

GCN4 basic leucine zipper Folding of basic region from coil to helix

Gal4 Helix formation and dimerization via coiled-coil interactions

Ant homeodomain Disordered N-terminal residues (1-6) become ordered and interact with the
DNA minor groove

NFAT Two loops become ordered, including formation of a helix, at DNA

binding surface of protein

* See text for citations.

particularly suited to the study of protein—DNA complexesanother transcription factor, AP-1, in the NFAT-AP-1-DNA

among other systems. ternary complex (Sun et al. 1997). Induced structure in

NFATC1 DBD is therefore important for both protein—-DNA

- - and protein—protein interactions.

Coup_ll_ng of Ioc_al f_oldlng and sequence- It has been proposed that this coupling of local folding

specific DNA binding with DNA binding is a general feature of protein—~DNA-in
Comparison of the solution NMR structures of a Varietyteractions and that it can be considered as an allosteric effect

; ; ; ; f DNA on the protein(s) (Lefstin and Yamamoto 1998).
of DBDs with the corresponding high-resolution crystal © .
structures of the protein—-DNA complexes has revealed gpolar _and Re.cord (1994) pomte_d out that the d.egree-of lo
common theme in protein—DNA interactions: very often theCal folding (which can vary from limited to extensive) corre

solution structure of the unbound DBD contains less second@t€S With the negative changes in heat capacity that

ary, tertiary, and (or) quaternary structure than the proteifdccompany these binding reactions. The higher degree of

conformation in the crystal structure (and NMR structuredisorder revealed by the NMR studies therefore reflects an

when available) of the protein—-DNA complex. The impor- important thermodynamic property_of DNA-bindin_g_proteins
tance of NMR in revealing this coupling of local folding in solution, rather than a shortcoming in the precision of the

with DNA binding is underscored by the fact that the in- NMR technique relative to X-ray crystallography.
creased disorder observed for the unbound proteins in solu-
tion is often not seen in crystal structures of the freeDomains involved in transcriptional
proteins, possibly because of the lower temperatures used jggulation: coupling of local folding and
collect X-ray crystallographlc data or the stabilizing eﬁeCtSprotein-protein interaction
of crystal packing.
Transcription factors that take on additional structure in Evidence derived from NMR and other biophysical stud
the DNA-bound state (Table 1) includéntennapedia ies indicates that transcriptional activation domains are- typi
homeodomain (Kissinger et al. 1990; Qian et al. 1989)cally largely unstructured in aqueous solution at neutral
Escherichia coli trp repressor (Arrowsmith et al. 1991; pH (Cho et al. 1996; Dahlman-Wright et al. 1995;
Otwinowski et al. 1988; Zhao et al. 1993), yeast GAL4 Donaldson and Capone 1992; Lienhard Schmitz et al. 1994;
(Baleja et al. 1992; Kraulis et al. 1992; Marmorstein et al.Van Hoy et al. 1993). Some activation domains may be in
1992) (Fig. 1), yeast GCN4 (Ellenberger et al. 1992; Saudekluced to adopti-helical conformations (Dahlman-Wright et
et al. 1991) and the basic leucine zipper family (Pathak andl. 1995; Donaldson and Capone 1992; Lienhard Schmitz et
Sigler 1992),Drosophila GAGA (Omichinski et al. 1997), al. 1994; McEwan et al. 1996) and others to ad®pgtrand
the glucocorticoid receptor DBD (Hérd et al. 1990; Luisi et conformations (Van Hoy et al. 1993) using hydrophobic
al. 1991), and human NFATC1 (Wolfe et al. 1997; Zhou etsolvents or acidic conditions. More recently, it has been
al. 1998). With the notable exception of NFATC1, most of demonstrated using NMR that local folding of a
these proteins have predominantiyhelical DNA-binding  transactivation domain can occur upon interaction with a
domains that have increased helical content upon bindingtructured polypeptide target. For example, Verdine and co
DNA. workers (Uesugi et al. 1997) used transfer nuclear
The core DNA recognition domain of NFATC1 provides Overhauser effect (NOE) experiments to show that the -mini
an excellent example of induced local folding and its impli mal activation domain of the herpes simplex virus VP16
cations for transcriptional regulation. NFATC1 DBD adopts protein undergoes an induced transition from random coil to
an antiparalleB-barrel fold that is structurally related to a-helix upon interaction with one of its targets, human
s-type domains of the immunoglobulin superfamily. Relax TAF;31. The phosphorylated kinase-inducible domain
ation measurements on free NFATC1 DBD show that two(pKID) of the CREB transactivation domain also undergoes
large surface loops are disordered. These loops become @ coil-to-helix transition upon interaction with the KIX do
dered in the NFATC1-DNA complex: one of them, main of the coactivator CBP (Radhakrishnan et al. 1997).
corresponding to the Rel insert region (RIR), includes apKID forms two helices, of which an amphipathic helix
shorta-helix and both are directly involved in protein~-DNA makes most of the interactions with KIX. The N-terminal re
interaction (Fig. 2). This induced folding orders two residuesgion of Drosophila TAF,,230 undergoes a more complex in
in the RIR that are important for cooperative interaction withduced folding process upon interaction with the TATA box
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Fig. 1. Induced structural changes accompanying DNA interaction by the DNA-binding domain (residues 1-655attharomyces
cerevisiaetranscriptional activator GAL4. (Left) The ensemble of NMR-derived structures of the free form (Baleja et al. 1992) and
(right) the X-ray crystallographic structure of the DNA-bound form (Marmorstein et al. 1992) of GAL4 DNA-binding domain. The
yellow spheres represent metal ions (cadmium was used in both free and DNA complex structures, but zinc is the physiological metal
ligand). One monomer of the DNA-bound dimer is red, the other is blue. The N- and C-termini of the displayed polypeptides are
labelled. The region corresponding to the parallel coiled coil dimerization element (residues 50-64) is disordered in the absence of
DNA (left) such that the free DNA-binding domain is monomeric. This figure was prepared using Molscript (Kraulis 1991) and
rendered using Raster3D (Merritt and Bacon 1997).

binding protein (TBP) to form a compact domain comprisingstructure and dynamics of the first three zinc fingers of
three a-helices and g-hairpin (Liu et al. 1998). The TBP TFIIIA (zf1-3) in complex with a 15 base pair oligonu
binding surface of dTAf230 mimics the TATA element cleotide corresponding to the TFIIIA recognition site on the
surface, providing the structural basis of the mechanism b$S RNA gene (Foster et al. 1997). TFIIIA contains nine zinc
which dTAR,230 inhibits TBP interaction with the TATA fingers (Ginsberg et al. 1984; Miller et al. 1985), but zf1-3
element. In these last two instances, NMR methods werés sufficient for specific, high-affinity DNA binding. Each of
used to determine the full three-dimensional structures of théhe three fingers comprises a helix packed against a small
pKID:KIX (Radhakrishnan et al. 1997) and TBP—dTf30  [(-hairpin. Protein—DNA contacts are made predominantly by

complexes (Liu et al. 1998). residues in the helix and at the fingertip. Fingers 2 and 3 lie
along the major groove and finger 1 lies across the major
- ) groove.
Conformational fluctuations at the The NMR characteristics of lysine side chains involved in
protein-DNA interface conferring sequence specificity on TFIIIA-DNA interaction
suggest that the side chains fluctuate between contacts with
TFIIA different bases rather than making discrete contacts. Lys-26

NMR has been used to provide the first direct structuraland Lys-29 of finger 1 are proximal to highly negatively
analysis of a TFIIIA-DNA complex through a study of the charged regions and can potentially form a hydrogen bond
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Fig. 2. Induced structural changes accompanying DNA
interaction by NFATC1-DBD. (A, top left) NMR-derived solution
structure of NFATC1-DBD in the unliganded state (Wolfe et al.
1997) highlighting the disorder in the DNA recognition loop
(shown in magenta) and RIR (red) by the use of the ensemble of
NMR-derived structures for those parts of the protein. (A, top
right) NMR-derived solution structure of the NFATC1-DBD-
DNA complex (Zhou et al. 1998) in which the DNA recognition
loop and RIR become ordered, including formation ofcen

helix. (A, middle) Model built from the NFATC1 DBD-DNA
complex solution structure and the X-ray crystallographic
structure of the AP-1 bZIP domain (Glover and Harrison 1994),
with orientation based on the results of affinity cleavage
experiments (Chen et al. 1995). Arrows show the direction that
the NFATC1 DBD and AP-1 domains must move to adopt the
positions observed in the X-ray crystallographic structure of the
ternary NFATC2—-AP-1-DNA complex (Chen et al. 1998). (B)
Comparison of the NFATC1 DBD-DNA solution structure (blue)
(Zhou et al. 1998) with the corresponding portion of the
NFATC2-AP-1-DNA X-ray crystallographic structure (yellow)
(Chen et al. 1998). This figure was reproduced with permission
from Cell.

haviour of the zif1-3—-DNA complex or from differences be-
tween NMR-derived data and X-ray diffraction derived data
is unclear.

lac repressor headpiece

Kaptein and coworkers determined solution structures of
lac repressor headpiece residues 1-8& HP56) in both
free (Slijper et al. 1996) and DNA-bound (Chuprina et al.
1993) statedac HP56 comprises three helices, with the first
and second helices forming a helix-turn-helix motif. The
structure remains largely unchanged upon binding DNA,
with the exception of the loop between helices Il and IlI: its
conformation changes significantly to allow two side chains
to contact DNA.

The same group subsequently recordéN relaxation
data for both backbone and side-chain nuclei of free and
DNA-boundlac HP56 (Slijper et al. 1997). These data-de
with more than one base. The broad line widths and low inpend mainly on the dynamics of the N-H bond vector rela
tensities of Lys-26, Lys-29, and Lys-87 side-chain signals intive to the external magnetic field and reflect both global
the NMR spectra of the zf1-3—-DNA complex indicate thatBrownian rotational tumbling of the molecule—complex
the conformational fluctuations of these lysine side chainsand the presence of local internal mobility. The most sig
occur on a microsecond—millisecond time scale. nificant change in backbon&N dynamics between free

Faster conformational averaging of the side chain ofand DNA-boundlac HP56 occurs in the loop between heli
Lys-92 infinger 3 is evidenced by the presence of NOEs be ces Il and IlI: the entire loop loses its flexibility in the DNA
tween its @ and & protons and bases of both G3 and T26 complex, most probably owing to His-29 contacts with
on opposite DNA strands. Lys-92 hydrogen bonds with- sevDNA.
eral different bases among the ensemble of NMR-derived Side-chain*®N-*H bond vector dynamics should provide a
structures, but its importance is confirmed by severe abrogadeeper understanding of the protein—-DNA interface because
tion of DNA binding affinity upon mutation of Lys-92 to asparagine, glutamine, arginine, and lysine are important for
alanine. protein—-DNA binding. The!>N relaxation parameters indi

Whereas the NMR evidence suggests flexibility in thecate that two of the DNA-contacting side chains (GIn-18 and
TFIIIA-DNA interface, the base contact residues displayArg-22) exhibit a significant loss of mobility in the DNA
discrete conformations in the crystal structures of Tramtrackcomplex relative to free HP56. In contrast, the side chains of
Zif268, and Gli zinc finger protein complexes with DNA GIn-26, Asn-50, and Arg-51 remain highly mobile.

(Fairall et al. 1993; Pavletich and Pabo 1991, 1993). The DNA-contacting side chains of GIn-18, Arg-22, and
Whether this contrast arises from a real difference in the beArg-25 show evidence of intermediate time-scale chemical
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exchange in the HP56-DNA complex. This suggests thawith the other repeats: it is much less thermally stable (melt
these residues undergo time-dependent fluctuations betweéng temperature of 43°C compared with 61 and 57°C for R1
multiple hydrogen bonding interactions. Evidence for suchand R3) (Sarai et al. 1993) and its proton NMR signals are
multiple hydrogen bonds was found in both the ensemble obroader, suggesting that R2 undergoes greater confor
NMR-derived structures and in a restrained molecular dymational fluctuations on the microsecond to millisecond
namics simulation of the HP56—DNA complex (Chuprina ettime scale. The authors ascribe these properties to the pres

al. 1993). ence of a cavity at the centre of the hydrophobic core of R2
(Ogata et al. 1995).
Trp repressor Measurement and analysis of backbdpié relaxation pa

Further evidence of the dynamic nature of protein~DNArameters confirms that R2 undergoes slow conformational
interfaces was provided by NMR studies of the ternary comfluctuations (Ogata et al. 1996). A mutation that acts to fill
plex between thérp repressor homodimer, thep operator, the central cavity (V103L) stabilizes the structure of R2 but
and the corepressar;tryptophan*3C- and!>N-labelled intriguingly results in reduced DNA-binding activity and
L-tryptophan was used to determine the exchange rate fdransactivation (Ogata et al. 1996). The V103L mutation
the corepressor ligand (Lee et al. 1995). While the ternarynay hamper the observed reorientation of Trp-95 upon
complex has a lifetime on the order of minutes, theDNA binding and may induce some strain in the Myb—DNA
corepressor exchanges in and out of the protein-DNA-comcomplex. The authors conclude that the packing of the R2
plex on a millisecond time scale. Ligand exchange ishydrophobic core is optimized for the DNA-bound rather
very likely the mechanism by which the repressor sensethan free protein.
and rapidly responds to changes in the cellular concen
tration of tryptophan. Since the ligand is buried within
the protein—DNAcomplex with contacts to both the protein Role of hydration water at the protein-
and DNA, there must be significant movement or “breath DNA interface
ing” of one or both of the macromolecules to allow the
corepressor to exchange. This is supported by the fact th#tomeodomain
amide protons in the helix-turn-helix motif (which form one  Both NMR and X-ray crystallography can probe hydration
side of the corepressor-binding pocket) undergo rapid hydrowater molecules associated with macromolecules and
gen exchange even in the ternary complex (Zhang et athereby provide important information in elucidating the role

1994). of solvent water in biological recognition processes. Identifi-
cation of hydration water molecules by NMR depends upon
Ets-1 the observation of NOEs between hydrogen nuclei (protons)

The DNA-binding domain of Ets-1, the ETS domain, is a of a water molecule and hydrogen nuclei of the protein. The
member of the winged helix-turn-helix superfamily of DBDs NOE intensity has a 1y dependence on interproton distance
(Donaldson et al. 1996). The ETS domain has several corand depends also on a correlation function describing the
served arginine side chains, positioned at the protein—DNAtochastic modulation of the proton—proton dipole—dipole
interface in the ETS-DNA complex, that could not be fully coupling. This modulation can depend upon the Brownian
assigned in the protein—-DNA complex owing to apparentrotational tumbling of the macromolecule or upon transla
conformational averaging (Werner et al. 1997). Thesdional diffusion of the coupled spins, for example owing to
arginines are known from mutagenesis studies to be crucialomplex dissociation.
for high-affinity DNA binding, and many arginines in the A water molecule resides in a protein hydration site for
ETS-DNA complex are protected from exchange with bulksome time before exchanging between the protein site and
solvent, suggesting direct, but probably multiple, interac bulk solvent. The sign and intensity of protein—water NOEs
tions with DNA. are related to the rate of exchange between bulk solvent and

The etsfamily also provides an example of cooperativity macromolecular hydration site, and thereby give an idea of
between polypeptides to enhance DNA binding (Graveshe residence time of a particular water proton in a particular
1998). NMR and biochemical studies revealed that helix 4ydration site. Lifetimes are typically less than 1 ns on a
of Ets-1 negatively regulates DNA binding by packing molecular surface and exceed 1 ns in a protein interior or
against helix 1 and two other helices that are N-terminal tasurface cavity. X-ray crystallography provides information
the ETS domain (Donaldson et al. 1996). In the crystalon the total fraction of time for which a hydration site is-oc
structure of the ternary complex of GABPa member of cupied but does not indicate the duration of individual visits
the ets gene family, GABB, and a DNA duplex (Batchelor to a hydration site. NMR spectroscopy and X-ray crystallog
et al. 1998), the GAB® helix corresponding to helix 4 of raphy therefore provide complementary data on macro
Ets-1 does not contact helix 1. It is proposed that GBBP molecular hydration.
changes the position of the inhibitory helix to derepress Waiithrich and colleagues determined the structure of the

DNA binding (Batchelor et al. 1998). complex between a mutarmintennapediahomeodomain
(Cys-39 replaced by Ser) and a 14 base pair DNA du
Myb plex (Billeter et al. 1993). The homeodomain includes a

The DNA-binding region of Myb comprises three imper helix-turn-helix DNA-binding motif with the recognition
fect tandem repeats (R1, R2, and R3), each with a variatiohelix in the major groove. An N-terminal arm of the
of the helix-turn-helix DNA recognition motif (Ogata et al. homeodomain contacts the minor groove. Crystal structures
1994, 1995). R2 exhibits distinctive behaviour comparedof DNA complexes involving homologous homeodomains
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Fig. 3. Schematic representations of the multidomain and bases and is consistent with a time-dependent ensemble
transcription factors discussed in the te®accharomyces of protein—DNA interactions involving GIn-50 and Asn-51.
cerevisiaeTFIIS, human TFIIB, and TFIIIA fromXenopus laevis
oocytes. NMR analysis of multidomain transcription
3 helix bundle  Zn ribbon factors
TRs | 1§ m  f mr | Most NMR studies of transcription factors have been of
1 8t 240 309 small DBDs, which, owing to their size and modular nature,
B g A o ool T can be readily amenable to NMR analysis. There are often
cases, however, in which two or more domains of a protein
Zh ribbon cyclin box repeats are needed for biological activity, even though these do
TFIB ] - ~ > mains may fold independently of one another. The general
] 3 123 316 transcription factors TFIIS, TFIIB, and TFIIIA are three
TBP-DNA/activator binding such proteins (Fig. 3). Recent NMR structural and especially

dynamics studies have provided important insights into the
CaHa Zn fingers (24 residues per finger) biochemical mechanisms of these multidomain proteins.

WIS n Nl nnln o
1 nunnn TFIIS

DNA binding Transcription elongation factor TFIIS binds to arrested
RNA polymerase Il elongation complexes and stimulates an
endoribonucleolytic cleavage activity in the polymerase that
realigns the active site of polymerase with the newly gener

display very similar overall characteristics (Kissinger et al.2€d 3 end of the nascent RNA transcript, allowing tran
1990; Wolberger et al. 1991). scription elongation to continue. TFIIS comprises three

In a subsequent study of hydration water and its rolestructural dqmains (I—II.I) (Morin et al. 1996). Domain_ll of
in homeodomain-DNA interaction (Qian et al. 1993 TFIIS contains a 3-helix bundle responsible for binding to
Waiithrich 1993), 39 hydration sites were identified in a cav-RNA polymerase I1, followed by two small flexible helices
ity at the protein — nucleic acid interface with residence(Morin et al. 1996). Domain Il contains a flexible linker
times between 1 ns and 20 ms. In any one NMR-derivedo!lowed by a Zn-ribbon (Qian et al. 19831993), a struc-
conformer, the interfacial cavity contains 1-5 water mole-tural motif also found in TFIIB (Zhu et al. 1996). Only pro-
cules occupying different positions. The water molecule lo-€in constructs that contain both domains Il and Il are
cations are therefore not precisely defined. active for stimulation of transcription elongation; domains Il

The envelope defined by the 39 hydration sites encomand Il are inactive either individually or in noncovalent
passes most of the homeodomain recognition helix. For tw§Ombination. Furthermore, mutations at the junction be-
of the residues in the recognition helix, GIn-50 (functionally twvéen domains Il and Ill can abrogate elongation activity,
important) and Asn-51 (strictly conserved), hydrogen bond suggesting an important role for the region linking _the two
ing with the DNA bases is sterically unfavourable unlessdomains. Olmsted and coworkers used NMR chemical shift,

mediated by water molecules. Since the residence times QfOE, and relaxation data for transcriptionally active wild-
individual water molecules at the protein—-DNA interface arelyP® and mutant yeast TFIIS to show that the 3-helix bundle
below 20 ms, and the water locations are apparently nensp&nd Zn-ribbon domains are structurally independent mod
cific, it seems that GIn-50 and Asn-51 make transient, watert/€s linked by the C-terminal portion of domain Il and the
mediated hydrogen bonds with multiple bases. Furthermoré\r']'tem"''n"j1I portion of domain Ill (Olmsted et al. 1998).-Al
experimental NMR evidence has been obtained for millisect?ough the linker residues do not have a defined tertiary
ond time-scale motion of the side chain of Asn-51 in theStructure and only a small amount of helical secondary
Antp(C399-DNA complex (Billeter et al. 1993; Qian et al. Structure, they are just as susceptible to inactivating muta
199%). Water-mediated hydrogen bonding has also been oions as the 3-helix bundle or the Zn-ribbon regions. The
served in crystal structures of DNA complexes with theNMR data combined with site-directed mutagenesis suggest
paired homeodomain (Wilson et al. 1995) and the even@ mechanism in which a specific conformation of the linker
skipped homeodomain (Hirsch and Aggarwal 1995). region is induced upon interaction of TFIIS with the elonga
One drawback of the exchange rate information availabldion complex but an initial degre_e of flexibility is required to
by NMR is that it does not provide precise values for waterlit together the ternary elongation complex (Olmsted et al.

molecule residence times but rather gives bounds that m

range over several orders of magnitude. To address this

problem, a 2-ns molecular dynamics simulation in explicitTFIIB

solvent water of am\ntennapedidiomeodomain—DNA com TFIIB is an essential factor for initiation of transcription
plex was carried out (Billeter et al. 1995). This simulation of protein-coding genes by RNA polymerase Il. Human
indicates that the water residence times at the protein~-DNAFIIB is a 316-residue polypeptide (Ha et al. 1991; Malik et
interface are closer to the lower bound obtained from the real. 1991) comprising two structured domains: residues 106—
sults of NMR experiments (i.e., closer to nanoseconds thaB16 form a protease-resistant core domain (TFIIBc)
milliseconds). The simulation also confirms the possibility (Barberis et al. 1993; Malik et al. 1993) and the N-terminal
of water-mediated hydrogen bonds between GIn-50, Asn-5160 residues form a putative zinc-binding domain (TFIIBn)
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that in thePyrococcus furiosusiomologue of TFIIB adopts relative orientations and mobilities of the three zinc finger
a TFIIS-like zinc ribbon fold (Zhu et al. 1996). TFIIBc is domains (Brischweiler et al. 1995). Rotational anisotropy
sufficient for binding of TFIIB to its TATA box binding analysis indicated that the first three zinc fingers of TFIIIA
protein—-DNA target but TFIIBn is essential for subsequentadopt an average solution conformation that is elongated.
steps in assembly of a functional transcription initiation The rotational diffusion of zf1-3 is much slower than- ex
complex. The three-dimensional structure of TFIIBc haspected for a single zinc finger, indicating restricted motion
been determined by NMR spectroscopy and comprises twof the zinc finger domains relative to one another. A single-
internally repeated motifs, each with fivehelices arranged residue linker mutation that results in reduced DNA-binding
as in the cyclin box (Bagby et al. 1995). Compared with theaffinity also promotes increased linker flexibility, supporting
crystal structure of TFIIBc in complex with TBP and a the hypothesis that motional restriction imposed by the
TATA-containing oligonucleotide (Nikolov et al. 1995), the interfinger linkers is important in reducing the entropic price
NMR-derived solution structure of free TFIIBc is more com of zf1-3 interaction with DNA (Briischweiler et al. 1995;
pact, with a different repeat-repeat orientation and a signifi Foster et al. 1997).

cantly shtzgter first helix in the second repeat. Analysis of More recently, the dependence of heteronuclear relax
backbone™N relaxation parameters indicates the presencetion rates on rotational diffusion anisotropy has been used
of relatively large amplitude, nanosecond time-scale motiongg provide input data for simulated annealing calculation of
N the TF”BC Interrepeat |In|(el’ and Stl’UCtUI’a| ﬂuctua“onsthree_dimensiona| protein structure (Tjandra et a|_ w97
throughout the backbone (Hayashi et al. 1998). Interactiof, addition to nonspherical proteins, this method is peten
of TFIIBc with the acidic activation domain of VP16 or with +ja)ly very useful for determining nucleic acid structure.
TFIIBn induces 'H-1N chemical shift and line-width
changes concentrated in the first repeat, the interrepe%

linker, and the first helix of the second repeat. These resulté ; : : : . .
' . ; ouplings in magnetically oriented molecules. In isotropic
suggest that TFIIB is somewhat pliable and that the Canorsqution, dipolar couplings have been largely neglected on

m'?e};ggt%fntr\:\(/aitr?:cferrmnteellr;ci)r:gldz?rzrgzallariln%?rrl] bg modulated by o 2ssumption that the couplings average to zero owing to
) ) g domain. rotational diffusion. Dipolar couplings, however, have a
small, nonzero value for molecules with a nonzero magnetic
TFIIA _ _ susceptibility anisotropy owing to a small degree of align-
_ TFIlIA ' was mentioned above with respect to conforma-ment with the magnetic field. The couplings vary with the
t|onall fluctuations at the protein—-DNA mterfa_ce. Another square of the magnetic field (Gayathri et al. 1982) and are
prominent feature of the zf1-3-DNA complex is the occur-sensitive to the relative orientation of the internuclear vector
rence of extensive contacts between zinc fingers (Foster efng molecular magnetic susceptibility tensor. Alternatively
al. 1997). The average conformation of unbound zf1-3 ing perhaps more generally than depending on a sufficiently
elongated, with flexibility in the interfinger linkers such |rge molecular magnetic susceptibility anisotropy, a tunable
that the three fmgers are essentially mdep_endent of one aRfegree of solute alignment with the magnetic field can be in-
other (Bruschweiler et al. 1995). Comparison of backbong,gquced by dissolving macromolecules in a medium con-

"N relaxation parameters for free and DNA-bound zf1-3aining magnetically oriented particles (Tjandra and Bax
shows that the backbone mobility of the linker residues-is at1gg7)

tenuated upon binding DNA, consistent with the substantial
packing interactions between the DNA-bound fingers in
volving both linker and finger residues. The importance of

linker residues for DNA-binding affinity had been indicated factor GATA-1 in complex with its cognate 16 base pair

giea\llllofggz)b ypn;gi?rfgrfnfgﬁgﬁisoghﬁ ;:;’/‘leg:] ili'n%:gf?nlg;]evr\g?:%rr]]DNA fragment. Incorporation of dipolar coupling restraints
tribufe to bi.nding affinity and influence orientation of the into the simulated annealing protocol for structure calcula

: L . tion results mostly in small local structural changes eom
domains within the major groove. pared with the original GATA-1-DNA complex structure
(Omichinski et al. 1993). The percentage of residues in the
Long-range structural restraints most favourable region of the Ramachandran map and the

number of bad contacts are, however, improved significantly

Three novel NMR methodologies have been reported reby the inclusion of dipolar coupling restraints (Tjandra et al.
cently for obtaining long-range structural restraints, indepen1997). The loop between strand® and[4 of GATA-1
dent of more conventional sources of structural informationundergoes a large displacement when dipolar couplings are
available from NMR spectra such as the NOE and scalataken into account. There are no long-range NOESs involving
coupling constants, both intrinsically short range. One of thehe residues in this loop. Dipolar coupling restraints intro
novel techniques relies upon the dependenceé®sftrans  duce new long-range structural information to define the
verse and longitudinal relaxation rates on the anisotropy ofoop orientation relative to the rest of the polypeptideN
rotational diffusion for nonspherical molecules. This paricu relaxation analysis indicates that the loop has low mobility,
lar method is restricted by the requirement that the diffusiorsuch that the lack of long-range NOEs does not in this case
anisotropy exceeds 1.5. reflect enhanced mobility/conformational fluctuations on a

The rotational anisotropy method has been applied t@icosecond—nanosecond time scale. Motional averaging on a
zf1-3 from TFIIIA (the structure and dynamics of the microsecond time scale can also be ruled out as the cause of
zf1-3—-DNA complex were discussed above) to probe thehe change in loop orientation because the dipolar couplings

The second NMR method for obtaining long-range struc
ral constraints relies on measurement of residual dipolar

Bax and colleagues (Tjandra et al. 189Measured the
small residual one-bond®N-'H and *3C-H dipolar cou
plings for the DBD of the erythroid-specific transcription
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for the loop residues are larger than predicted from the -origiapproximately 3 kcal/mol (1 cal = 4.1868 J) (Doig and
nal structure or have opposite sign. Sternberg 1995). Similar considerations apply to other types
Nucleic acid constitutes a good test system for the use off macromolecular interfaces, as evidenced by the direct
dipolar coupling restraints because the stacked aromatidemonstration by NMR of flexibility in a protein—peptide
groups of the bases lead to a relatively large magnetie susnterface (Pascal et al. 1995). The newly exploited sources
ceptibility anisotropy. In contrast, the aromatic side chainsof structural information discussed in the final section of this
and peptide groups that dominate the magnetic susceptibilitteview demonstrate the vigour of the solution biomolecular
of most diamagnetic proteins are arranged such that theMMR field in working towards increased complexity of the
magnetic susceptibility anisotropy tensors are not collinearmolecular systems that can be studied successfully.
The resultant overall magnetic susceptibility anisotropy ten
sor is therefore small and hence the potential importance ghcknowledgements
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