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The LEF-1 High-Mobility Group Domain Undergoes a Disorder-to-Order Transition
upon Formation of a Complex with Cognate DNA
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ABSTRACT: Lymphoid enhancer-binding factor-1 (LEF-1), a member of the high-mobility group (HMG)
family of proteins, functions as an architectural transcription factor. In complex with its cognate DNA,
the LEF-1 domain is highly ordered, and its NMR spectra are characteristic of a folded globular protein.
In contrast, the uncomplexed protein exhibits NMR evidence of substantial conformational heterogeneity,
although circular dichroism spectra indicate that much ofotHreelical secondary structure of the DNA-
bound state is retained in the free protein. Heteronuclear NMR experiments performed on the free LEF-1
domain reveal that helix Il and helix Il of the HMG domain are folded, although helix Il is truncated

at its C-terminal end relative to the DNA-bound protein. The major hydrophobic core between helices Il
and IIl appears to be formed, but the minor core near the C-terminus of helix Il is unstructured in the
free protein. Backbone resonances of helix | are undetectable, probably as a result of exchange broadening
due to fluctuations between two or more conformations on a microsecond-to-millisecond time scale. On
the basis of the circular dichroism spectrum, this region of the polypeptide appears to adopt helical structure
but the helix is not fully stabilized in the absence of DNA. These findings argue that, prior to binding,
bending, and distorting DNA, the HMG domain of LEF-1 exists in a segmentally disordered or partially
folded state. Upon complex formation, the protein domain undergoes a cooperative folding transition
with DNA to a highly ordered and well-folded state.

Lymphoid enhancer-binding factor-1 (LEF*13 a sequence-  that usually have multiple HMG domains, bind DNA with
specific and cell type-specific transcription factor that plays little or no specificity, and are found in most cell types.
an important role in regulation of the T cell receptor (TGR)-  Proteins in this subclass recognize DNA structure rather than
gene enhancerl{3). By bending DNA through an angle sequence and therefore preferentially bind prebent DNA, e.g.,
of approximately 1080 LEF-1 facilitates interactions between Holliday junctions or DNA damaged by chemotherapeutic
transcription factors (e.g., Ets-1, PERR2and ATF-CREB) agents such as cisplatii@ 11). Members of the second
bound at sites flanking the LEF-1 binding sit&, @, 5). subclass, which includes LEF-1, usually contain a single
LEF-1 appears to regulate the enhancer through its archi-HMG domain and are cell type-specific transcription factors
tectural role in assembling and stabilizing this higher-order that recognize and bend specific sequences of DNA. Proteins
nucleoprotein complex5( 6). LEF-1, and the closely related  of both subclasses have been shown to bind DNA primarily
T cell factors (TCF), have also been shown to interact with in the minor groove &, 12, 13). High-resolution structures
p-catenin and play important roles as nuclear mediators of have been determined for HMG domains from both sub-
Wnt signaling ¢, 8). Sequence homology between the DNA classes, including examples from the sequence-specific
binding domain of LEF-1 and the high-mobility group subclass in complex with their cognate DNA sequentds (
HMG1 and -2 proteins places LEF-1 in the HMG family of  15) and from the non-sequence-specific subclass with various
proteins and classifies its DNA binding domain as an DNA sequences and DNA adducts modified by cisplatin
“HMGB” domain (6, 9). (16—21).

The family of proteins containing HMGB domains can | EF-1 is one of the best-characterized examples of
be divided into two subclasses. One subclass consists of g, an HMG domain functions to regulate transcription

ubiquitous set of proteins (typified by HMG1 and HMG2)  through the direct architectural modification of a specific

sequence of DNA. Biochemical analys2) and subsequent
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DNA, have the same fundamental architecture. The proteins
are L-shaped, with the short arm formed by two antiparallel
helices (helices | and Il) and the long arm formed by helix
[l and by an extended region at the N-terminus (Figure 1).
In all structures, helices | and Il and the N-terminal region
of helix Il enclose a central hydrophobic core, which will
be termed here the major hydrophobic core. Domains from
the non-sequence-specific subclass [e.g., the HMG1 and
HMG-D domains 24—26)] form a secondary and less
extensive hydrophobic core or strip between helix Il and
the N-terminal strand. In the DNA-bound states of sequence-
specific domains LEF-1 and SRY, this minor hydrophobic
core is largely restricted to a small cluster of residues in a
turn that terminates helix 1l and a single hydrophobic side
chain near the beginning of the N-terminal stratd, (15).
Although the HMG domain of LEF-1 is well-folded in
the presence of DNA1d), NMR spectra of the free protein
reveal that it is not well-structured. LEF-1 thus joins a grow-
ing number of DNA-binding proteins that are incompletely
folded in the absence of DNA and undergo folding transitions

N-terminus

Helix III(-

&

__ C-terminal
“Basic tail”

Ficure 1: GRASP image illustrating the hydrophobic contacts

upon binding to their specific DNA target86—39). This

between the concave side of the L-shaped LEF-1 domain (backbonePaper describes the combined use of heteronuclear multi-

worm) within the minor groove of DNA. Each DNA strand is
depicted as a surface image with the CytQyt 15 strand colored

pink and the Gua 16Gua 30 strand colored red. Side chains that
form the closest hydrophobic contacts with the DNA are colored

yellow. The side chains of Leu 7, Met 11, and Met 14 form a

hydrophobic patch with the methyl group of Met 11 penetrating

dimensional NMR and circular dichroism (CD) to character-
ize the structure of the free HMG domain of LEF-1 and
to elucidate the conformational changes and increase in
structural order that occur upon binding cognate DNA.

MATERIALS AND METHODS

deeply between Ade 23 and Ade 24 at the primary site of
intercalation. The breaking of helix 11l by Pro 68 allows the protein

. Protein and DNA Preparation and PurificationThe
backbone to cross back over the compressed minor groove wherq_"vIG d in of LEE-1 db o
Tyr 76 is inserted and packs against Ade 11 and Gua 12. The omain o -1 was prepared by overexpression In

secondary site of partial intercalation is formed by the penetration Escherichia coli The gene corresponding to the minimal
of the methyl group of Ala 31 between the bases of Cyt 5 and Thy HMG domain was subcloned from a 105-amino acid GST

6. This view _also iIIustr_ates the close fit of the LEF-1 domain within fusion construct supp“ed by R. Grosschem)( The gene
the vastly widened minor groove (adapted from €. corresponding to the 86-amino acid minimal DNA-binding

. . . . . . domain was subcloned into a T7 vector (pET21a, Novagen)
(Figure 1). The minor groove interactions involve the partial and transformed int&. coli strain BL21(DE3) for protein
insertion of hydrophobic side chains into cavities where expression. Cells were grown in M9 minimal medium to an
optimal DNA base stacking has been disrupted. On the sideODGOO of 1'2 before induction with IPTG~1 mM). The
opppsite Fhe hydrophlobic inFeraction, resjdues from a hig_hly protein was expressed as inclusion bodies (i.e., it pelleted
basic region, located immediately C-t'ermilnal tq the canonical with the insoluble portion of disruptdel. coli cells) that were
HMG domain (termed here the "basic tail"), bind across the o5 ate from the soluble cell contents by centrifugation at
compressed major groove and function to neutralize the 550 1hm after cellular disruption by sonication. The
negative charges of the phosphate oxygen atoms as they, . sion hodies were solubilized Wi M guanidine hydro-

come into unfavorable proximity upon DNA bending. The ., 0 ide (GuHCI) and separated from insoluble aggregates
contac; between the !‘E.F'l domain and DI.\IA IS relat_|ve|y by centrifugation. The soluble fraction was dialyzed to
extensive and quite intimate and results in the burial of remove GuHCI and centrifuged. The supernatant containing
approximately 1600 A of molecular surface area upon o'\ EF-1 domain was purified to homogeneity by reverse
binding (4). phase HPLC and lyophilized. Protein expression levels were
Structural and dynamic information for free HMG domains enhanced by the cotransformation of pUBS520, containing
from the non-sequence-specific subclass have been gatheredhe geneargU (dnaY) which encodes the minor arginine
including HMG1-A (16, 23), HMG1-B (24, 25), HMG-D tRNAacaace (40, 41). The yield of the purified protein from
(26), and NHP6A 7). In addition, the structures of two of  expression in minimal medium was20 mg/L of medium.
the six tandem domains of hUBF were determined by NMR | aheled protein for NMR studies was prepared by standard
(28, 29) The hUBF prOtein is Unique in that it partly bridges methodS, usinglfN]ammonium sulfate (2 g/L) andlr]_
the two subclasses because it binds SpeCiﬁca”y to promoter%]ljcose (2 g/L) The protein punty was verified by standard
of RNA polymerase I-transcribed genes but with “relaxed” spS-PAGE and reverse phase HPLC, and the correct
specificity and without any discernible DNA recognition molecular weight was confirmed by ion spray mass spec-
sequenced(, 31). To date, only two structures of free HMG  trometry. Residue numbering for the LEF-1 HMG domain
domains from the sequence-specific subclass have beenn this paper is slightly different from that in the paper with
reported: Sox-432) and Sox-5 §3—35). the published structurd ). To match the formatting found
All of the currently available high-resolution structures of in the Protein Data Bank file for the complex structures
the HMG domains, whether in the presence or absence of(2LEF), the N-terminal methionine residue is now numbered
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Ficure 2: 1H—15N HSQC spectra of the (A) free and (B) DNA-bound LEF-1 HMG domain. Residues that exhibit minimal (blue), moderate
(black), and significant (red) differences in chemical shifts between states are denoted.

residue 1, resulting in an increase of 1 for the numbering of  Exploration of Optimal Solution Conditions for NM#{—
each residue. 15N HSQC spectra of the free LEF-1 domain were collected
The 15 bp DNA duplex, containing the consensus under a variety of conditions on the AMX-500, AMX-600,
recognition sequence for the LEF-1 HMG domairi-(5 and DRX-750 MHz spectrometers. The various solution
CACCCTTTGAAGCTC), was synthesized and purified as conditions that were explored included the following: tem-
previously describedld). perature (5, 10, 12, 22, and 3Q), pH (5.0, 6.0, 6.75, and
NMR SpectroscopyNMR spectra were acquired on 7.0), salt concentration (50, 100, and 150 mM NacCl, 150
Bruker spectrometers operating at 500, 600, and 750 MHz. MM N&SQ,, and 150 mM sodium phosphate), and protein
The triple-resonance experiments used to obtain backboneconcentration (0.3, 1.0, 1.5, and 2.5 mM). Regardless of the
assignments were carried out at 295 K on the AMX-500 conditions, all'H—"*N HSQC spectra of the protein free in
MHz spectrometer equipped with a triple-resonance, solution exhibit heterogeneous line broadening and are
triple-axis gradient probe. Proton chemical shifts were consistently poorly dispersed.
referenced to!H,O or residual 'HHO at 4.79 ppm Circular Dichroism. CD spectra were collected on an
relative to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). AVIV model 61 DS spectropolarimeter. The spectra were
13C and 15N chemical shifts were referenced indirectly recorded at 22C. To eliminate experimental error and avoid
to DSS using ratios of 0.251449530 fofC and subtraction of the free DNA signal from that of the protein
0.101 329 188 fof>N (42). DNA complex, all spectra were recorded in a 10 mm quartz
Triple-resonance data were collected on 2 mM dodisy tandem mix cell. Both the free LEF-1 domain and the duplex
and *N-labeled LEF-1 HMG domain at pH 6.0 in a 90% DNA were in 10 mM potassium phosphate buffer (pH 7)
H,0/10% 2H,0 mixture containing 10 mM KCI, 5Q:M containing 50 mM KCI. Before mixing was carried out, one
NaNs, and 10uM EDTA. The following triple-resonance cell of the cuvette contained AV protein while the other
experiments were performed: CBCA(CO)NHK3{ with a contained M duplex DNA (15 bp). Spectra were scanned
spectral width of 4032 Hz and 512 complex pointsaig from 320 to 195 nm in 0.5 nm steps with a bandwidth of
(*H), a spectral width of 1050 Hz and 31 complex points in 1-50 N and an averaging time of 4 s/point.
w2 (**N), and a spectral width of 8333 Hz and 57 complex

points inw; (*3C); HNCACB (44) with a spectral width of RESULTS

4032 Hz and 512 complex pointsdr (*H), a spectral width Solution Conditions for the NMR Study of the LEF-1 HMG
of 1050 Hz and 30 complex pointsds, (*°N), and a spectral ~ Domain. Two-dimensionallH—1*N HSQC spectra of the
width of 8333 Hz and 60 complex points im; (*°C); uniformly *N-labeled LEF-1 domain were recorded for both

C(CO)NH-TOCSY 4¢5) with a spectral width of 4032 Hz  the free protein (Figure 2A) and the protein in complex with
and 512 complex points im3 (*H), a spectral width of a 15 bp DNA duplex containing its consensus binding
1050 Hz and 31 complex points im; (**N), and a spectral  sequence (Figure 2B). The spectrum of the protein bound to
width of 8333 Hz and 60 complex points iy (**C), with the DNA is clearly better than that of the free form. The
a mixing time of 15.2 ms. spectrum of the complex contains the expected 83 backbone
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the free protein, a truncated version of the LEF-1 domain
was expressed lacking the nine-residue basic tail. The
spectrum of this 77-amino acid fragment was even poorer
in quality than that of the longer 86-amino acid construct.
To facilitate determination of the three-dimensional struc-
ture of the LEF-1DNA complex, the sole cysteine residue
in the HMG domain, Cys 25, was mutated to serine to
stabilize the protein against oxidation during NMR data
acquisition (4). It was experimentally ascertained that the
C25S mutation did not affect the DNA binding function (R.
Grosschedl, personal communication). To determine whether
the disorder exhibited by the free domain was due to this
functionally silent mutation, the wild-type protein (i.e.,
containing Cys at residue 25) was expressed. TFhel®N
HSQC spectrum of this species is as poorly dispersed as that
of the C25S mutant domain. All subsequent experiments
were therefore performed on the original C25S mutant.
Self-Association of the Free LEF-1 HMG Domaift
NMR concentrations (e.g.»~1 mM), the LEF-1 HMG
domain exhibits variable states of association as a function
of temperature. In a temperature range from approximately

F 3. Assignments and solution characteristics of the free 25 to 35 °C, the protein undergoes a relatively slow
IGURE 3: i uti isti ; ;
LEF-1 HMG domain mapped onto the structure of the DNA-bound aggregation to a gel-like state. For example, a 2.5 mM sample

form (2LEF). The coloring scheme for the backbone worm is as Of the LEF-1 domain in NMR buffer [i.e., 10%H,0, 10
follows. Regions colored pink correspond to residues for which no mM KCI, 50 uM NaNs, and 10uM EDTA (pH 6.0)] formed
assignments were made due to the absence of signals. Regions oA viscous, gel-like solution within 24 h at 28&. Once
the worm that are colored light blue exhibit a minimal change in formed, the gel could not be solubilized by dilution with

the IH—1N chemical shift assignments when the free state is . . e
compared to the DNA-bound state (turn 2). Regions of the worm buffer and was only resolubilized wit6 M guanidine

colored dark blue correspond to residues that exhibit two sets of hydrochloride. Following denaturation and repurification by
NMR signals in the free state. The coloring scheme for the HPLC, the protein has the same molecular weight and refolds

alphanumeric labels is as follows. Residues highlighted with an to its pre-gel-like state as determined by mass spectrometry
asterisk f) are those which exhibit significant changes in thie- and NMR, respectively.

15N chemical shift assignments upon DNA binding; residues labeled Gel formation was monitored using one-dimensiotl

in black exhibit moderate changes, and those labeled in light blue 8 . s A
exhibit little to no change in thBH—25N chemical shift assignments ~ NMR spectra and two-dimension&fi—'*N HSQC experi-
when the free state is compared to the DNA-bound state. The sidements; the signals do not broaden appreciably, nor are any
chains of residues within the central well-conserved, major gpecific peaks rendered nonobservable. Instead, the overall

hydrophobic core are colored green, while those in the smaller g intensity decreases as if the sample concentration were
C-terminal, minor hydrophobic core are colored violet. The side

chains of residues that interact very closely with DNA are colored P€iNg reduced over time. This implies that for the portion
yellow. of the protein that enters the gel state the NMR signals are

broadened to the point where they are no longer detectable;

amide peaks, exhibits significant dispersion, and is homo- the observable signals correspond to molecules that remain
geneous in line width and peak intensity. In contrast, the in a monomeric state in solution. Gel formation was not
IH-15N HSQC spectrum of the free protein is poorly observed below 25C, and therefore, all NMR and CD
dispersed, contains only63 of a potential 83 backbone experiments performed on the free LEF-1 domain were
amide peaks, and exhibits heterogeneous line width andcarried out at 22C. Above 35°C, and at NMR concentra-
intensity, all characteristics of a flexible and dynamic tions between 1.0 and 2.5 mM, the LEF-1 domain forms
molecule. A wide variety of solution conditions were insoluble aggregates that cannot be resolubilized even with
explored in an effort to improve the spectra (see Materials 6 M guanidine hydrochloride. The melting temperature of
and Methods), but the line widths and signal dispersion the LEF-1 domain, as determined by thermal melts monitored
remained consistently poor and very similar to those of the by CD, is~37 °C (data not shown). Interestingly, a truncated
spectrum shown in Figure 2A. 77-residue form of the HMG domain, lacking the C-terminal

The 86-amino acid fragment of LEF-1 used in the NMR basic tail, gels more rapidly, more completely, and at a lower
studies contains a nine-residue basic tail located at thetemperature than the 86-amino acid construct. This may
C-terminus (Figures 1 and 3). Although this basic tail has indicate that intermolecular electrostatic repulsion caused by
been shown to enhance the affinity of the protein for DNA the presence of the basic tail partially inhibits the protein
and modulate the DNA bend anglg}, it is not part of the protein interactions that result in the formation of the gel.
canonical HMGB domain as originally classified)( The Resonance AssignmerBackbone resonance assignments
substantial amount of structural and functional data subse-were made for the free LEF-1 HMG domain using HNCACB,
quently published on HMGB domains has revealed the CBCA(CO)NH, and C(CO)NH TOCSY experiments. Only
important role that N- and C-terminal basic regions play in 68 amide proton resonances are observable, five of which
binding and bending DNA. To ascertain whether the basic arise from splitting of peaks due to conformational hetero-
tail contributes to the poor quality of the NMR spectra of geneity. No assignments could be made for residues in the
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contiguous region from Ala 9 through Glu 24, which
encompasses the entire first helix, or for the following
residues: Glu 29, Ser 30, GIn 35, lle 36, Arg 39, Arg 40,
Trp 41, and Tyr 53.

Backbone'>N and 'H assignments were made for 56
residues, and®Co assignments were obtained for 61

Biochemistry, Vol. 43, No. 27, 2008729

Proline Isomerization and Conformational Heterogeneity.
Heterogeneity is observed for the resonances of a number
of residues in the vicinity of turn 3, at the beginning of the
C-terminal basic tail. Doubling of backbone resonances is
observed for several residues, including Pro 68, Gly 69, Ser
71, Ala 72, and Arg 73, and may be indirectly attributed to

residues. These residues are located predominantly withinth€Cis—transisomerism of Pro 68. Proline isomerization is
turns 1 and 2, helix Ill, and the N- and C-termini. Resonances Known to occur on a time scale of second3)(i.e., at a

of amino acids located within the N- and C-terminal regions
(Met 1—Ala 9 and Pro 68Lys 86, respectively) are sharp

rate that is relatively slow on the NMR chemical shift time
scale. Proline 68 is the residue that in the context of the

and intense, indicative of rapid backbone motions of a Protein~DNA complex breaks the third helix and is located
disordered random coil conformation, while signals from Within the turn that helps form the minor, C-terminal

residues within turns 1 and 2 and helix IIl are of average

hydrophobic core in the DNA-bound forni4) (Figure 3).

intensity. Connectivities can be traced in the triple-resonance!t 1S likely that the multiplicity of resonances observed for

spectra from turn 2 back into the C-terminal region of helix
Il (i.e., traced from Ser 45 back to His 42), but the signals

thereafter (i.e., from residue 41 to residue 29) weaken and

lose intensity to the point where they are no longer
observable. Peaks in the HNCACB and CBCA(CO)NH
spectra that correspond to thee@nd @3 atoms of the other

five residues within helix Il for which assignments were

obtained are also quite weak and were assigned on the basi
of the unique chemical shift patterns of their sequences. The
location of the residues for which assignments could be made
is shown in Figure 3, where they are mapped onto the

structure of the DNA-bound formid).

N and'H Chemical Shift Comparison of the Free and
DNA-Bound StatesAlthough there are a number of reso-

nances missing from the spectra of the free protein, com-

parison of!®N and'H chemical shifts for the observable

residues in the vicinity of Pro 68 is due to isomerization of
this residue. The residue immediately preceding Pro 68 is a
tyrosine; aromatic residues preceding prolines are well-
known to favor the formation of a minor population of the
cisisomer in unfolded and partly folded peptides and proteins
(48—50). Evidence for Pro 68 isomerism comes directly from
the 13CS and *Cy chemical shifts. On the basis of random

goil chemical shifts for therans (**Cf at 31.9-32.3 ppm

and®Cy at 27.0-27.6 ppm) anatis (*3CS at 34.5-34.8 ppm
and °Cy at 24.6-24.9 ppm) proline isomers relative to
DSS 61), the dominant conformer~88% population) of
Pro 68 appears to be in thens configuration {3C3 and
3Cy resonances at 31.76 and 27.54 ppm, respectively),

with a minor population £12%) in thecis configuration

(*3CB at 33.8 ppm and®Cy at 24.54 ppm). Only a single
set of resonances was observed for Pro 68 in the DNA
complex, with'3CS and **Cy chemical shifts (31.12 and

signals of the free state to those of the corresponding residues)7 33 ppm, respectively) that are similar to those observed
in the DNA-bound state proved to be quite informative in ¢,; the trans isomer of the free LEF-1 domain. Thus. it
discerning structural similarities and differences between the appears that Pro 68 is fully in theans form in the DNA’

two states. The strongest similarity observed is in ‘i

complex. Interestingly, the backbone and @sonances of

and*H chemical shift values of residues that make up the | ys 4 are also split in the spectra of free LEF-1. It is possible
tumn 2 region located between helices Il and lll, i.e., the major nat this splitting arises from relatively weak interactions with
hydrophobic core. These residues are labeled in light blueine pro 68 region, since the backbone of Lys 4 is in the

in the two spectra (Figure 2A,B) and consist of Ala 43, Leu roximity of the side chain of Tyr 67 in the structures of the
44, Ser 45, Arg 46, Glu 47, Glu 48, and GIn 49. The chemical | EF.1—DNA complex. For the sequence-specific HMG

shifts of these residues vary little between states, with a meangomain Sox-5, it was reported that, in the free state, NOEs

proton chemical shift difference of 0.0& 0.03 ppm  \yere observed between the side chains of residues from the
compared to a value of 0.2 0.28 ppm for all observable  hirg helix (i.e., Leu 59, His 63, and Leu 64) and backbone
signals. Similarly, the mean nitrogen chemical shift difference atoms from residues in the N-terminal strand (i.e., Met 7/Asn
between states over this span of residues (i.e., AlGGIB g Arg 5, and Lys 4). This indicates that, for the free Sox-5
49) is much lower than the difference between states for all gomain, some degree of interaction occurs between the
observable signals (0.7% 0.30 and 1.59+ 1.46 ppm, N-terminal strand and the region encompassing the minor
respectively). The four residues for which signals can be hydrophobic core. This interaction is most likely similar in
observed from the turn 1 region exhibit moderate chemical the free LEF-1 domain, but possibly to a lesser extent.
shift differences when compared to those of the domain in  cjrcylar Dichroism.Circular dichroism (CD) spectra were
complex with DNA. These residues are labeled in black in gptained for the free LEF-1 HMG domain, free 15 bp cognate
Figure 2 and consist of Ser 25, Thr 26, Leu 27, and Lys 28. DNA, and the proteirr DNA complex (Figure 4). The CD
Examples of residues that exhibit large differences in spectrum of the free protein in the absence of DNA (Figure
chemical shift values between the free and DNA-bound states4A) contains minima at-222 and~207 nm indicative of
are underlined and labeled in red in Figure 2 and denotedthe presence af-helical structure. The fact that the minimum
with asterisks in Figure 3. These include Ser 71, Ala 72, at ~207 nm is more negative indicates contributions from
and Gly 77. The proton chemical shift value for Ala 72 random coil states. The overall helicity of the free protein is
moves downfield by 1.05 ppm upon binding DNA, and the estimated to be-50%, based on the ellipticity at 222 nm
1N andH chemical shifts for Ser 71 move 1.01 ppm upfield (i.e., —18174 deg cthdmol!) and assuming tha,,, for
and 2.83 ppm downfield, respectively. TH& resonance  100% helix equals-36000 deg crhdmol* (52, 53). The
of Gly 77 moves significantly, shifting 7.42 ppm downfield, spectrum of the free 15 bp DNA duplex (Figure 4B) (minima
while its *H resonance moves 0.77 ppm upfield. at~210 and~245 nm, a sharp maximum &200 nm, and
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Ficure 4: CD spectra of the free and DNA-bound states of the
LEF-1 HMG domain, obtained in a tandem mixing cell: (a) free
LEF-1 HMG domain alone (buffer only, no DNA in the second
cell), (b) free 15 bp DNA alone (buffer only, no protein in the
second cell), (c) free LEF-1 HMG domain in cell 1 and free 15 bp
DNA in cell 2 before mixing, and (d) free LEF-1 HMG domain in
cell 1 and free 15 bp DNA in cell 2 after mixing of the two cells
for trace c, resulting in the formation of the proteidDNA complex.

a broad maximum between 265 and 285 nm) is indicative
of normal B-form structure54, 55).

The spectrum obtained from the tandem mix cell prior to
mixing is the summation of the spectrum of the free HMG
domain protein and free DNA (Figure 4C). The protein
region of the spectrum (26230 nm) remains very similar
after the components are mixed (Figure 4D), but the CD
spectrum of the DNA changes significantly upon formation
of the complex, reflecting conformational changes in the
DNA and DNA bending. The changes in the DNA ellipticity
at ~217 nm and, especially, above250 nm indicate that
the DNA structure takes on a more A-form-like geometry
(54, 55) which is consistent with the NMR-determined
structures of the proteinDNA complex (L4). A qualitative

interpretation of the CD spectra can be used to assess changes

in secondary structure on binding to DNA. The ellipticity
of the protein changes little, indicating that there is probably

little change in the protein secondary structure upon complex

formation.

DISCUSSION

Structural Differences between Free and Bound States
Contiguous regions of the free LEF-1 HMG domain exhibit
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chemical shift differences of the DNA-bound state from
random coil, and of the free state from random coil, together
with the 3Ca chemical shift difference between the two
states, are plotted in Figure 5. The secondary structure
predicted by thé3Ca chemical shift comparison of the bound
state and random coil (Figure 5B) is in good agreement with
that obtained from calculated structurdd)( Helices in the
calculated structures (residues 24, 30-41, and 46-66)

are depicted in orange and interhelical turns in blue.
Downfield *Ca. shifts are observed for most residues in the
helices. Met 17, located in a kink near the center of helix 1,
is an exception in that it$Ca resonance is shifted 1.5 ppm
upfield, diagnostic of nonhelical andy angles. This bend

is a characteristic of HMG domains from both subclasses
and occurs at the site where helix | crosses helix Il. The
nine-residue basic tail located at the C-terminus exhiffiis
chemical shift values that are close to those of a random
coil. This is consistent with the ill-defined secondary structure
in this region of the DNA-bound protein, and the large rms
deviations between calculated solution structures for this
fegion (L4). This feature is also observed for the basic tail
region located C-terminal to the HMG-D domaibgj.
Results from both circular dichroism and differential scan-
ning calorimetry indicated that the 26-residue basic tail of
the HMG-D100 domain is unfolded even at°& (58).
Residues in the N-terminal extended region (HisAzn 8)
and the region between Tyr 67 and Tyr 76, which forms the

.minor hydrophobic core at the C-terminus of helix Ill and

makes minor groove contacts with the DNA4J, display

conformational heterogeneity that renders NMR signals relatively large deviations from random céiCa chemical
from these regions nonobservable. Although this precludesshifts, indicative of ordered backbone structure.

calculation of high-resolution structures, the combined use

of heteronuclear NMR and circular dichroism provided
significant insight into the structure and dynamic behavior
of the free protein.

The3Ca chemical shift is highly sensitive to localand
y dihedral angles and secondary struct&& 57). The'3Ca

Deviations of the'3Ca. chemical shifts from random coil
values are shown for the free LEF-1 HMG domain in Figure
5A. As noted above, backbone resonances of all residues in
helix | and of some residues in helix 1l were broadened
beyond detection and could not be assigned. However, the
secondary shifts observed for those residues that can be
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assigned in helix Il are comparable in sign and magnitude LEF-1 domain forms insoluble aggregates. The melting
to the values found for the same residues in the LEF-1 temperature of the LEF-1 domain, as determined by thermal
DNA complex. This provides evidence that helix Il is folded melts monitored by CD, is~37 °C (data not shown). A
in the free protein, but it appears that local regions are subjectcomprehensive thermodynamic description of the sequence-
to conformational fluctuations that cause resonance broaden-specific Sox-5 domain revealed that the protein unfolds in
ing. Comparison of the secondal§Ca shifts in the helix two separate stage84). The temperature midpoint of the
Il region shows that this helix is also folded in the free first stage {34 °C) was attributed to the minor wing (i.e.,
protein over approximately 60% of its length, from Arg 46 the N-terminal strand packed against helix IIl), while the
to Glu 59. Between residues Arg 60 and Leu 66, however, midpoint of the second unfolding stage-46 °C) was
the secondary shifts are significantly smaller for the free attributed to the major wing (i.e., helices | and Il and the
protein, suggesting destabilization of the helix with probable major hydrophobic core). We suspect, in a manner similar
fraying at its C-terminal end. It is likely that in the free state to that described for the Sox-5 domain, that it is the unfolding
the helical structure is stabilized in the middle and N-terminal of the LEF-1 major wing above 3% that results in insoluble
regions of helix Il through packing involving the central, aggregation, and by analogy, it may be the observed lack of
major hydrophobic core. Variable stability in the helix Il stability in the minor wing that results in the reversible, gel-
region was also observed for the free Sox-4 domaa). (n like aggregation that occurs between 25 and®@5or the
particular, backbone amide proton exchange was rapid infree LEF-1 domain. Upon binding to DNA, the residues that
the region encompassing residues—59 of helix lll, make up the C-terminal minor hydrophobic core adopt a
consistent with a less rigid and more exposed character fordefined structure and Tyr 76 forms important interactions
helix 1l in the free state 32). in the minor groove.

The change if®C* chemical shift (bound- free) is shown There are no marked differences in fite N, and**Co
in Figure 5C. Chemical shift differences between the free chemical shifts of residues located in the turn between helices
and DNA-bound states for tH€Ca resonances of residues Il and Ill between the free and DNA-bound states (Figures
25—28, which form the turn between helices | and I, suggest 2 and 5). This region encompasses the major hydrophobic
conformational changes in this region upon DNA binding. core of the protein, and the similarity of the NMR spectra
In addition, the!HN and N shifts (not shown) are closer of the two states implies a similar spatial geometry of the
to random coil values for the free protein, suggesting that core residues and the presence of tertiary structure in this
this region may be partially disordered in the absence of area in the free state. This region appears to be relatively
DNA. We note that®N relaxation experiments with the non-  rigid, and therefore, the angle between helices Il and I, a
sequence-specific HMG1-A and HMG-D domains in the defining characteristic of many HMG domains, does not vary
absence of DNA indicate increased local motion in this to a significant degree between states.
interhelical region 23, 26). Additionally, solution structure Structure of Helix | in the Free Stat@he origin of the
analysis of the free Sox-4 sequence-specific domain revealedconformational averaging observed for the free LEF-1 HMG
that the assignments of residues found in this loop (i.e., Asndomain in the helix 1 region is unclear. However, the
28 and Ala 29) could not be established, also implying the structure of the LEF-XDNA complex (4) reveals a
possible existence of conformational heterogeneity in this pronounced kink near the middle of helix 1, where it crosses

region @2).
The largest difference in &€ chemical shift between the

helix II (Figure 3). This kink disrupts backbone hydrogen
bonding interactions, which might lead to instability of the

two states is displayed by Asn 8 (bar colored green in Figure helix in the absence of stabilizing interactions with the DNA.

5) which has a positive\0**Ca in the free state and a
negative value in the DNA-bound state. Although Asn 8
functions to cap helix | in the bound state, it is not actually
part of the helix (helix | starts at Ala 9). In complex with
DNA, Asn 8 forms important bipartite hydrogen bonds with
specific basesld). In the absence of these interactions, the
N-terminus of helix | may propagate further and include Asn
8, giving rise to a @ chemical shift that is more charac-
teristic of a helix in the free state of the protein.

The minor hydrophobic core formed in the DNA-bound
state by lle 3 in the N-terminal extended region and by
residues Tyr 67 and Trp 70 near the C-terminal end of helix
11l (14) is largely unfolded in the free protein. Formation of
this smaller hydrophobic core and stabilization of the
C-terminal end of helix 1l are clearly dependent upon
interactions with the DNA. Furthermore, residues-756 are
unstructured in the free LEF-1 HMG domain, with nearly

random coil chemical shifts. As noted above in the Results,

Conformational heterogeneity in this region in the absence
of DNA is not surprising, since some of the most intimate

DNA contacts, including intercalated residues Met 11 and
Met 14, are made by residues in helix I.

Although NMR cannot provide direct information about
the regions of the LEF-1 domain that cannot be assigned,
the use of circular dichroism, combined with the observable
NMR signals, has provided substantial insight into the
similarities and differences between the free and bound states.
None of the NMR signals for the helix | region can be
observed, since the backbone resonances are too broad to
be detected, but the CD spectra suggest this helix is at least
partly formed. The calculated structures of the proté&NA
complex indicate that the bound protein~%7% helical.

On the basis of the measured ellipticity at 222 nm in the
CD spectrum, the overall helicity of the free protein is
estimated to be~50%. If helix | was not formed to any
degree, then the overall helicity would be onk38%. The

the LEF-1 domain exhibits variable states of association asCD-based estimate of50% helicity for the free HMG

a function of temperature. In a range of temperatures from domain and the fact that the ellipticities at 208 and 222 nm
approximately 25 to 38C, the protein undergoes a relatively do not change much upon DNA binding (Figure 4) argue
slow aggregation to a (chemically reversible) gel-like state, strongly that helix I is partly formed in the absence of DNA.

whereas above 38C (and at NMR concentrations), the The most probable explanation for the absence of NMR
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signals for helix | residues is that the signals are broadenedlll. These findings indicate that, in a manner similar to that
by slow (i.e., microsecond to millisecond) time scale observed for the free LEF-1 domain, regions of Sox-5 exhibit
conformational fluctuations; a single conformer becomes some degree of dynamic disorder when studied free in
stabilized upon DNA binding such that a single set of solution. Interestingly3June coupling constants for residues
resonances with widths comparable to those for other regionsat the C-terminal end of helix Il and for N-terminal residues
of the protein is observed for the complex. Such behavior is (i.e., Lys 4, Arg 5, and Met 7) are lowered when the
not without precedent: resonances of the F helix of apomyo- temperature is lowered from 25 to TZ, indicating an
globin are broadened beyond detection by conformational increase in structural order at lower temperatu@s 85).
fluctuations but become observable after stabilization of This is a marked difference from the behavior of the free
helical structure when heme is bound to form the holoprotein LEF-1 domain; i.e., there is no improvement in the quality
(59). of the NMR spectra of the free LEF-1 domain regardless of
Members of the subgroup of sequence-specific HMG the temperature that was tested (5, 10, 12, 22, antC30
domains that are designated Sox, in relation to the Sry box This difference, in combination with other findings described
(the mammalian testis-determining factor encoded by the Y herein, argues that the LEF-1 domain may possess even less
chromosome), also have been shown to display lower structural order than the Sox-4 or Sox-5 domain.
stability than non-sequence-specific HMG doma3).(The It has been reported that the yeast NHP6A HMG domain,
calculated NMR structure of the Sox-4 domain indicates an a member of the non-sequence-specific subclass, appears
o-helical content of 53% which is consistent with the to be largely unfolded at 37C (27). The yeast NHP6A
reported CD-based estimate of secondary structure thatdomain is somewhat unusual in that, although it belongs to
revealed am-helical content of 54%32). Our results argue  the non-sequence-specific subclass, it only contains one
that the LEF-1 domain may be even less stable than the Sox-4HMG domain. The only other structurally characterized
domain and that it is probably the observed increase in member of this subclass with one HMG domain is the
mobility and fraying of the LEF-1 helices that preclude high- HMG-D domain fromDrosophila melanogast€@6, 61, 62).
resolution structure elucidation. IH—-15N TROSY experiments performed on the free NHP6A
Is the Disorder Obsefed for the Free State of the LEF-1 domain revealed a dramatic increase in NMR signal disper-
HMG Domain Functional?n comparison to the partially  sion and quality when the temperature was reduced from 37
disordered state of the free LEF-1 domain, members of theto 20 °C (27). This improvement allowed the structure of
structure-specific subclass (e.g., HMG1-A, HMG1-B, and the free NHP6A domain to be determined at ZD. This
HMG-D) exhibit quite different conformational stability in  finding is similar to that observed for the sequence-specific
the absence of DNA. The NMR spectra of these free domainsSox-5 domain, but, as described above, not for the LEF-1
are high in quality and thus indicative of relative structural domain. The high-resolution structure of the NHP6A domain
stability. In fact, rigorous analysis 8N relaxation experi- in complex with a 15 bp DNA duplex comprising the SRY
ments performed on HMG1-A2@) and HMG-D @6) recognition sequence has also been determiéd As in
indicates that, although certain regions within these domainsthe LEF-1:-DNA complex structure, there are significant
exhibit mobility on a picosecond time scale, and there is some structural changes in the DNA, but unlike the LEF-1 domain,
evidence of minor structural heterogeneity, the molecules there are only minor changes in the protein structure when
are well-ordered overall and, due to their L shape, tumble the DNA-bound NHP6A domain (determined at 32) is
anisotropically as rigid ellipsoids. compared to the free NHPG6A structure determined a0
On the other hand, experimental results indicate that (mean backbone rmsd 2.58 A). Thus, upon binding DNA
members of the sequence-specific subclass (i.e., Sox-4, Soxat 37°C, the NHP6A domain appears to undergo a transition
5, and LEF-1) are less ordered in comparison to membersto higher structural order similar to that observed for the
of the structure-specific subclass. Structural heterogeneityfree NHP6A domain at lower temperatures. By contrast, the
may have contributed to the lack of a complete NMR data LEF-1 domain becomes more ordered only upon binding
set for Sox-4. Additionally, the rmsd values for the Sox-4 DNA (at 30°C). Deuterium exchange experiments performed
solution structures increase significantly at the N- and on the free and DNA-bound states of the NHP6A domain
C-termini, in particular near the C-terminus of the third helix. indicate that the major hydrophobic core is stable in the free
This is the case even though the third helix of Sox-4 state (there are 12 slowly exchanging amide protons in this
superimposes on itself well (rmsd 0.76+ 0.26 A) which region) and that 18 additional amides are stabilized against
is also in good agreement with CD da&®). These findings  deuterium exchange upon DNA bindir20j. The additional
imply that the secondary structure elements are likely formed amides protected upon complex formation extend away from
but are possibly more mobile and dynamic at helix termini the primary hydrophobic core along the helices and N-
and not locked into one unique structure. terminal extended strand. The fact that there is little change
The presence of increased structural dynamics in thein chemical shift upon DNA binding for residues that make
N-terminal strand and at the C-terminus of helix Il has also up the primary hydrophobic core region of the LEF-1 domain
been reported for the free Sox-5 doma@dd)( For helix 11l implies that a similar increase in structural order (i.e., toward
residues, the’Jun, values steadily increase from 3.0 Hz the helical termini and the N-terminal strand) occurs within
(characteristic of backbone dihedrals in helices) to 7.0 Hz the LEF-1 domain upon formation of a complex with DNA.
(indicative of extended structures) from the midpoint of the Thus far, there is no obvious reason the LEF-1 domain should
helix to the C-terminal end, implying a loosening or fraying exhibit the highest degree of conformational heterogeneity
of the helix at the end furthest from the major hydrophobic and lack of structural order when free in solution.
core. This conclusion is bolstered by lo# and *H—'5N A recent alanine scanning mutagenesis study performed
values reported for residues at the C-terminal end of helix on the Sox-9 HMG domain from zebra fish revealed the
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importance of certain residues and their influence on protein 3.
stability and DNA binding §3). In addition, the authors
calculated a theoretical “instability index” and reported
the average instability indices to have contrasting values of
67 and 30 for the sequence-specific and non-sequence-
specific subclasses, respectively (the higher the value, the
greater the instability). The authors hypothesize that the
observed differences in structural stability between the two
subclasses are correlated to their biological functioniand
vivo half-life; i.e., the non-sequence-specific HMG proteins
are ubiquitous and expressed throughout an organism’s
lifetime and therefore necessarily have longer half-lives,
whereas the sequence-specific HMG transcription factors
are only expressed during specific times during develop-
ment and therefore have functionally shorter half-lives.
This supposition, which quite possibly may reflect part of
the reason for the stability differences between subclasses,
has yet to be verified experimentally.

On the basis of the collective data published for HMG
domains, and on the basis of the results reported herein, we 1q.
suggest that members of the sequence-specific subclass tend
to be stable in complex with DNA yet, under physiological
conditions, are partially mobile and disordered when free in
solution. Conversely, members of the more ubiquitous, non-
sequence-specific (structure-specific) subclass are usually 12.
more stable and ordered free in solution. This hypothesis
was recently strengthened with the experimentally determined
values for the enthalpy and entropy of the second unfolding
transitions of the sequence-specific Sox-5 domain and non-
sequence-specific HMG-D domaif8). Extrapolation of the
enthalpy and entropy of the second transition of the Sox-5 14
domain to 41.7°C gives 154 kJ/mol for the enthalpy and
486 J K'* mol™* for the entropy. The averaged values for
the enthalpy and entropy of the second transition for HMG-D
are 193 kJ/mol and 611 J K mol™, respectively. The
authors conclude that since the unfolded states of these HMG
domains are not expected to differ significantly, the globular
part of the HMG-D protein is more rigid and less flexible
than that of the Sox-5 domaib§). The difference in stability
between the free state of LEF-1 (and other sequence-specific ;.
HMG domains) and structure-specific domains may reflect
the various modes of binding of these subclasses. The well-
formed structures of HMG1-A, HMG1-B, and HMG-D
recognize and bind prebent DNA, while the flexible and
partially disordered LEF-1 domain binds to, distorts, and
bends a specific sequence of linear DNA. We therefore
propose that the experimentally observed flexibility of the
LEF-1 HMG-1 domain may be functionally significant and
is yet another example of induced folding upon bindiBg
38). The disorder and conformational heterogeneity displayed
by the free LEF-1 domain may be necessary to allow both
it and the DNA to bind one another and simultaneously
collapse to the relatively compact, lower-energy conforma-
tion attained upon final complex formation.
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