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ABSTRACT:. Most nuclear receptors recognize the same consensus hexameric sequence, AGGTCA. An
important question has been how the various members of this transcription factor family distinguish identity
features in these closely related DNA sites. We determined structures from several crystal forms of the
RevErb—-DNA complex and analyzed the patterns of protedNA interactions and DNA distortions.

We found a significant and consistent DNA distortion at a TA step directly preceding the first consensus
5-AGGTCA-3 recognition sequence. Importantly, while this base-pair sequence is associated with RevErb’s
high-affinity sites, there are no sequence-specific contacts formed with the protein. Our study shows that
RevErb relies instead on the intrinsic geometry and flexibility of this TA site to make the required fit
between the proteins’ independent major groove and minor groove binding interactions, which occur on
both sides of the TA step. Our findings extend the description of response element discrimination to
include a role for sequence-dependent DNA deformations and suggest how other monomeric members of
this superfamily, such as NGFI-B, SF-1, and ROR, could also recognize unique geometric features in
their DNA targets.

RevErb is an orphan member of the nuclear hormone the core DNA sequence elements are highly conserved. In
receptor superfamily, which includes the steroid receptors, this regard, a fundamental feature of all nuclear receptor
the thyroid hormone receptor, retinoid receptors, and the DBDs is the use of a recognition alpha helix [residues 19
vitamin D receptor and related proteins. These transcription 31 in Figure 1(a)] which always engages the major groove
factors target specific DNA binding sites, known as response of AGGTCA half-sites found in nonsteroid receptor re-
elements, from which they regulate their target genes. Uponsponse elements, such as those of RXR, RAR, TR, RevErb,
binding of ligand, these receptors are able to control specific and NGFI-B, and AGAACA half-sites in steroid receptor
genes responsible for differentiation, growth, and homeostasisresponse elements such as those of GR, PR, MR, and
in species ranging from insects to humatp The orphan AR. Several recent DBBDNA structures have better
receptors have been identified by sequence homology toelucidated the factors that delineate target site discrimination
known receptors, but their respective ligands are unknown, in this family (11—17). These factors include monomeric
and in some cases the receptor may act in a ligand-inde-vs dimeric binding, homodimeric vs heterodimeric binding,
pendent mannelj. RevErb acts as transcriptional repressor, relative orientation of the two-half-sites (e.g., inverted,
and is expressed from two genesa: and § (NR1D1 and everted, direct repeat), and the size of the inter-half-site
NR1D2, respectively) 3). It is implicated in growth and  spacing 1{8—20).
differentiation in several tissues and species, including muscle In addition, the structures of RevEtl{16), nerve growth
and adipocyte differentiation in mice and nervous system factor inducible B (NGFI-B) receptorl@), and thyroid
development in mice and chickeré—6), and has homo-  hormone receptor (TR) DNA complexe$4] highlighted
logues in fruit flies (E75) 7) and worms (SEX-1)8), which additional proteirr DNA interactions involving the C-ter-
are involved in metamorphosis and sex determination, minal extensions (CTEs) of the DBDs. These studies
respectively. This receptor represents a subclass of orphamrovided evidence that the CTE can form a second inde-
receptors that can bind DNA efficiently as monomers, but pendent DNA binding surface that makes interactions along
in the case of RevErb a homodimeric binding mode to DNA the minor groove 5to the half-sites. The sequence require-
is also observedd 10. ments in these cases were established previously through a

One of the key questions about the superfamily has beensite-selection assay starting with random sequences and/
how different receptors distinguish their respective responseor a conventional DNA binding assay using mutated DNA
elements, since both the DNA binding domains (DBRs)d elements in the case of RevEr®, (10 NGFI-B, (21—-23),

TR (24, 29, and related receptors for which structural
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seen in the crystal structures. Numbering is according to the common numbering scheme for DBDs, in which the first coordinating cysteine
in the first Zn module is labeled residue 1. (b) Sequence of the 20-mer DNA duplex in the structures. The AGGTCA half-sites are boxed
in gray; the upstream (bflanking sequence required for tight binding are shown in reverse type. (c) Crystal structure of the overall
complex, from crystal form |. Upstream monomer is shown in blue and downstream monomer in greenafth& &nds of the DNA are

labeled, and zinc atoms are in red and their coordinating cysteine side chains are shown in yelpwigdrams showing the crystal

packing in the different crystal forms: (d) crystal form [; (e) crystal form II; (f) crystal form Ill. The box indicates the unit cell, but in (e)

the second complex has been left out for clarity.

information is still not available, such as SF22( 23 and sequence preferences at base-pair8 hre largely based
RORo (26). on the steric properties at the minor groove edges of the base,

Table 1 is a synopsis of these data for Reverb’s monomericWhich must allow the GRIP-box loop to penetrate deep in
binding, and the consensus sequences for the monomer anf€ groove in a way that leads to favorable van der Waals
dimer were identical in this region. Each subunit of RevErb interactions. However, the initial crystal structure we deter-
uses two distinct interfaces to bind its extended monomeric Mined could in no way explain the clear sequence preferences
site, which consists of the conserved AGGTCA sequence &t positions 5 and 6 (see Table 1), which are located between
as well as a specific' lanking sequence [see Figure 1(b,c)]. the minor groove and the major groove binding sites. Thgre-
At positions preceding the half-site (i.e., base-pairs3), fore, we wanted to better assess how these base-pair se-
ReVErb uses a so-called GRIP-box within its CTE to contact duences could contribute to RevErb’s binding site selectivity.
DNA at the minor groove. The GRIP-box was defined in Here we show how certain sequence requirements at the
the crystal structure as a second DNA binding interface, and5' flanking sequences of the RevErb binding site contribute
is composed of Phe-73, Gly-74, Arg-75, and resides in the primarily to DNA deformability and not to contacts with the
context of an extended peptide (YRGR}IP) that forms RevErb protein. To further investigate the structural deter-
numerous contacts along the floor of the minor grod\&).( minants of these sequences in the RevErb binding site that
This Grip-box does not form obvious sequence-discerning were unexplained previously, we solved multiple crystal
hydrogen bonds with the base-palvst the interactions with ~ forms of the RevErbDNA complex and looked at the
the minor groove are extensive and contribute favorably to degree of preservation in various DNA geometric features,
the overall binding stability of the monomeric complex. The including roll, twist, and slide. Multiple structure analysis
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Table 1: Comparison of Biochemical Data and Crystallographic The tranSIation search was carried out f_rom 15 tp 4.0 A'
Data on the RevErBDNA Interactior? searching for one peak per cross-rotation solution. The
no. of sequence _ mutation/ highest peak fr_om the cross-rotation search _had a solution
consensus representations in effect on location Whose COI’I’e|atI0n CoefﬂC'ent was 029, WhICh WaSOl8
position sequence site selection assay binding of contact above the next highest peak. This solution was fixed, and
1 AT 18/23 minor groove the second tran_slation s_egrch carried out. The second solution
2 A 20/23 Cr minor groove gave a correlation coefficient of 0.65, which wasd&above
3 AT 23/23 CH minor groove the next highest peak and had a high packing function
4 N - S “Onpgﬁgerence/ score. This solution had aR-factor of 44.7%, and a free
5 T 16/23 Ch++  none Refactor of 45.7%. After one round of rigid-body refinement
6 A/G 23/23 none from 15 to 2.5 A in CNS, theR-factor and freeR-factor
7 G 2223 major groove were 41.3% and 41.6%, respectively. The initieh2F. and
8 G 22/23 majorgroove £ electron density maps showed strong density for the
9 T 22/23 major groove . . .
10 c 23/23 GH+ major groove 8 Z|r}c atoms and 12 DNA base-pairs not in the searc;h model,
11 A 23/23 Ch+ major groove confirming that the molecular replacement solution was
2 Data shown in columns 3 and 4 have been derived from Harding correct. Positional refinement was carried out in CNS using
and Lazar, 19939). Full binding is represented by five plus-) conjugate-gradient minimization against a maximum likeli-
symbols. Data in column 5 are from the analysis of the ReviErNA hood target using structure factor amplitudes, a bulk-solvent
cocrystal structures reported here. correction, and no data cutoffs. Model rebuilding was done

in O (28) using SigmaA-weighted maps, with OOP S8
has provided a more precise description of a key DNA used to help automate the process. DNA geometry and weak
distortion at a TA step and suggests that it occurs irrespectiveharmonic restraints were used initially and released in later
of the crystal packing environment. The DNA distortion, stages of refinement. NCS restraints were used between the
composed of a large negative roll and large positive twist at two independent complexes until the final rounds of refine-
this step, is seen in each of the four crystallographically ment, which were carried out against all the data with no
independent structures precisely between the major and minofrestraints. Initially, groupeB-factor refinements were carried
groove binding sites contacted by a RevErb protein. The out, with restrained individuaB-factor refinement used in
distortion allows the DNA to undergo the necessary induced later stages. When the free-factor had dropped to ap-
fit within the complex, allowing the recognition helix to  proximately 32%, CNS was used to place waters in ap-
contact the major groove, and the CTE to engage the minorpropriateF,—F. peaks, which were then checked in O for
groove. We propose that sequence-dependent DNA flexibility good hydrogen bonding environments. The refinement
may act as an important discrimination feature for NGFI-B, steadily converged to the values shown in Table 4. The model
SF-1, ROR, and other receptors which have similar protein was checked with simulated-annealed omit maps, and there
organizations composed of coordinated major and minor are no residues in disallowed regions of the Ramachandran
groove binding interfaces and which bind to éxtended  plot as defined by the program PROCHECBO).

monomeric sites. Crystal form Il was also solved by molecular replacement,
using the same components of model | used for the crystal
MATERIALS AND METHODS form Il solution as a search model. The highest peak from

the cross-rotation function was only 6.@&bove the next

PUriﬁC&tiOn/crysta”ization/Data CollectionThe prOtEin h|ghest peak, but again all the solutions were fed into the
purification, DNA purification, complex formation, and translation function search. The translation function gave a
crystallization are described elsewhef)( Interestingly, peak 2.1 above the next highest peak, with a good packing
all three crystal forms grew out of exactly the same con- function score. This solution had @factor of 43.4% and
ditions (16). The protein construct used is RevEtbThe 3 freeR-factor of 47.2%. Rigid-body refinement from 15 to
previously described structure (crystal form I) has a 5-i0- 3,0 A in CNS gave af-factor and a fre@®-factor of 41.2%
douridine in place of thymidine at position 13 on strand 1. and 45.6%, respectively. The same refinement strategy was
The second structure (crystal form Il), which has two copies ysed for model Il as was used for model II, except that
of the complex in the unit cell (IlA and IIB), has @ harmonic restraints were used, as well as NCS restraints
5-iodouridine in place of thymidine at position 19 on strand petween the upstream and downstream peptide core regions
2. Itis possible that the iodine atoms subtly perturb the local and AGGTCA sequences for the upstream and downstream
DNA geometry, but in neither case are they located near half-sites. The DNA restraints were removed early in the
any protein-DNA contacts or critical DNA loci and thus  refinement, but removing the NCS or harmonic restraints
are unlikely to affect the conclusions presented here. caused the freR-factor to increase, so they were included

Structure Determination and Refinemeifhe structure in the refinement until the final rounds (which were carried
determination and refinement of model | are described out against all the data with no restraints). GroupBefa.ctor
elsewhere. Crystal form Il was solved using molecular refinement was carried out. Model Ill was also checked with
replacement in CNS2({), with model | used as a search omit maps, and there are no Ramachandran outliers, as
model. The model consisted of both peptide chains (without defined by PROCHECK. The refinement statistics are shown
the zinc atoms) and DNA residues 60618 and 622635. in Table 4.
The cross-rotation was carried out with data from 8 to 4.0 Model Bvaluation/Comparison.SQMAN (29) and O £8)
A. This gave a peak that was 3.&bove the next highest were used to do the model superpositions. The pretein
peak, but all the solutions were fed into the translation search.nucleic acid 81) and proteir-protein 32) interaction servers
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Table 2: Overall DNA Parametérs

B-DNA I A 1B i NGFI-B

major groove

width (&) 11.4 11.3(1.1) 11.2(0.8) 11.4(0.8) 11.4(0.7) 11.1(1.0)

depth (A) 4.0 4.2(0.9) 3.9(1.3) 3.8(1.1) 4.1(0.9) 4.8(0.7)
minor groove

width (A) 5.9 6.0(0.6) 6.1(0.6) 6.0(0.6) 6.3(0.6) 6.6(1.2)

depth (A) 5.5 5.3(0.5) 5.2(0.6) 5.2(0.5) 5.1(0.6) 5.0(1.5)
base-pair roll (deg) 1.7(0.1) 3.4(5.2) 3.5(4.5) 3.6(4.9) 2.6(5.3) 2.8(4.5)
base-pair slide (A) 0.45(0.3) 0.33(0.9) 0.37(0.8) 0.35(0.7) 0.27(0.8) 0.00(1.0)
rise per base-pair (A) 3.4(0.0) 3.3(0.2) 3.3(0.4) 3.3(0.3) 3.3(0.3) 3.3(0.1)
helical twist (deg) 35.9(0.9) 35.8(4.7) 35.5(5.3) 35.7(4.7) 35.4(5.1) 35.4(5.9)
helical Dx (A) 0.49(0.4) —0.13(1.7) —0.19(1.8) —0.11(1.7) —0.12(1.6) —0.71(1.9)

aValues shown are averages from the four structures, with standard deviations indicated in parentheses. Groove widths and depths were calculated
with Curves 83); all other values were calculated with 3DNA&4). NGFI-B data is from PDB entry 1CTT.

Table 3: DNA Deformation Energiés Table 4: Data Collection and Refinement Statistics
TA CA AT AA crystal form
roll 1.84 3.85 2.26 1.84 | Il 1]
twist 2.70 2.45 12.20 7.64 - i
v Data Collection Statistics

slide 3.58 1.93 30.45 1085 wavelength (A) 0.9054 0.9054 0.9207

aShown are elastic deformation energies, in unitéhfwherek is resolution t(:A) 19.4-2.30 19.6-2.35 18.6-2.70
the Boltzmann constant arilis the absolute temperature in degrees — Rmerge(%0)* 8.8(26.1) 8.3(32.3) 7.8(25.8)
kelvin, required for different base-step dimers to adopt the roll, twist, Wo()® . 21.9(2.8) 11.3(2.9) 9.6 (3.18)
and slide conformations seen at the T5-A6 step in the RevBR2 completeness (%)  97.3(94.0)  87.3(82.8)  96.6(93.3)

complex. The TA and CA dimers are clearly selected with respect to Unidue reflzcti%rrs 13§852 (666) 2523;0 (2476) 6f574 (732)
slide and twist, and the TA dimer is selected over the CA dimer with 3‘;]?33'? rgr;nQe?e?rgy : : :
respect to roll. Values were calculated using the mean value reported n

. . . ab.c(A) 38.7,45.7,48.0 44.9,52.2,78.9 35.9,39.6,58.6
in Olson et al. 44) for the given parameter and dimer, and the — ,'g jeq) 75.2,80.6,85.6 85.8,76.6,74.5 84.1,72.1,70.2
corresponding force constant derived from the inverse harmonic analysis space group (no. of  P1 (1) P1(2) P1 (1)
listed at http://rutchem.rutgers.eehdlson/force_cnst.html. complexes in
asymmetric unit)

. solvent content (%) 51 58 56
were used to calculate the_burled surface areas. The DNA Refinement Statistics
geometry was analyzed using the program Curés for resolution (A) 19.42.3 19.6-2.4 18.6-2.8
global helical axis and groove depth and width calculations, Rerys{Riee(%)° 19.5/28.0 25.3/29.9 26.1/31.3

and the program 3DNABY) for all other parameters. Figures ~ total atoms (non-H)

. protein/DNA 1282/820 2367/1640 1163/820
were prepared with SETOR?’@' zinc/solvent 4/234 8/279 4/9
RMS deviations
RESULTS bonds (A) 0.011 0.007 0.009
angles (deg) 1.80 1.30 2.30

Overall Comparison of Four ReErb—DNA Complexes. aveprr?)?ﬁlfgﬁifs ) 20.2/28.8 641508 £6.1/60.0
The RevErb-DNA structure we reported earlier at 2.3 A zinc/solvent 22.6/42.9 41.6/47.2 56.7/61 5
resolution is referred to here as model6). Here, we report

; P 2 Rmerge = Znkiillitky — DV ZhkZillinip ) wherel; are individual
three new structures derived from two additional crystal measurements for any one reflection afids the average intensity of

forms (see Table 4). The new structures in crystal forms Il the symmetry-equivalent reflectiorfsvalues in parentheses are for the
and 1l were solved by molecular replacement to resolutions high-resolution bin: 1(2.382.30 A), 11(2.43-2.35 A), 111(2.80-2.70
of 2.4 and 2.8 A, respectively. Crystal form Il has two A). ¢ Values in parentheses are the number of reflections used in the
. . . i d = _
complete complexes in the asymmetric unit, referred to as €St set for calculation dRiee. © Roryst = X|Fo — Fl/ZF,, whereF, and
del 1A and model IIB. respectively: models 1 and Il each Fc are observed and calculated structure factors, respecti®glyis
mo - ’ P y - calculated in the same way Bsys: wWith a test set of reflections removed
have one complex in the asymmetric unit. All crystal forms from the refinement.
belong to the space grolfd. Both the lateral lattice contacts

and the angle between the axis of the DNA and the long petween 27.3 and 32.0944, 36-39). The larger atomic
axis of the unit cell are different in the three crystals [Figure B-values associated with crystal forms Il and Il agreed well
1(d—f)], indicating that the complexes are in different wjith those estimated for the data using Wilson plots. The
crystallographic environments and that consistent dis- models have good stereochemistry (see Table 4 and Materials
tortions in the DNA are not simply due to crystal lattice and Methods) and good electron density in the core regions

constraints. of the monomers and at the proteiBNA interfaces. Figure
Table 4 shows that crystal forms Il and Il have moderately 2 shows the superposition of all the structures.
high average crystallographic temperatuB} Yalues and The DNA bases deviate from standard Wats@rmick

R-values. Thesdr-values are in line with other protein geometry at positions 5 and 6. An estimation of the co-
DNA complexes of similaB-values and diffraction limits.  ordinate errors based on Luzzati plo2§)indicates that the
Several recently reported proteiDNA structures in the  expected coordinate errors are smaller than the observed
resolution range 243.1 A show a range oR-values shifts in the coordinates of base-pairs 5 and 6 from their
between 19.2 and 27.3%, and a range of fRegalues standard (WatsonCrick) positions. Model | has a coordinate
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Ficure 2: Stereopairs showing comparisons of the four different structures of the ReREW complex. (a) Upstream monomer/AGGTCA
half-site. (b) Downstream monomer/AGGTCA half-site. (c) Dimer interface. In each case, model 1 is in dark blue, model IlA is in green,

model 1IB is in light blue, and model Il is in magenta. In (c), only the DNA from model | was used, shown in gray. Figures prepared using
SETOR @5).

error of 0.34 A, but the T5-A6 atoms are shifted 1.42 A the loop regions immediately surrounding the Zn Il region
(RMSD) from their standard positions. Models IIA and 1IB  (residues 3142), which are flexible in most nuclear receptor
have coordinate errors of 0.42 A, and the shift in T5-A6 DBD structures. The protein buries an average of 2035 A
from their standard positions is 1.46 and 1.51 A, respectively. (SD 90 A2) of solvent-exposed surface on the DNA in the
Model IIl has a coordinate error of 0.5 A, but the T5-A6 four complexes, with the downstream half-sites burying an
atoms are shifted 1.56 A from their standard positions. Figure average of 150 Amore surface area than the upstream half-
3 shows that canonical B-DNA geometry would not fit the site 32). This difference in buried surface area between the
observed density in this region. two half-complexes is due to the fact that the upstream
The gross features of the two independent DNA binding subunit stabilizes the downstream subunit's CTE through the
interfaces of RevErb are preserved in the four independentprotein dimer interface, which buries an average of 143 A
complexes we examined. However, there are subtle differ- (SD 16 2) of surface area3Q).
ences in protein conformation, DNA geometry, and water  The upstream and downstream subunits have CTEs which
molecule positioning that illustrate the degree of plasticity are in different local environments, owing to the participation
possible in such structures. Pairwise superpositions of theof the downstream CTE in protetprotein dimerization [see
four crystallographically independent complexes show that Figure 1(c)]. As the upstream CTE is not stabilized by any
overall the models have an RMSD of 0.8 A for ale@nd subunit interactions, it is slightly more disordered and marked
phosphorus atoms. Difference-distance matrixes that haveby somewhat higher atomiB-factors. In fact, while none
been corrected for the uncertainty of the coordinate® (  of the four upstream CTEs exhibit density beyond Arg75,
(not shown) indicate that the only significant differences in all of the downstream CTEs have good density at least
protein main chain position between the structures occur in through Pro77. Also, the upstream and downstream CTEs
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face different DNA sequences: CAACT for the upstream (@

CTE and TCACT for the downstream CTE. ok 5
| ats : “4

Ala70, Val71, and Phe73 also align closely, while the side ; ¥ 1
chains of Arg68, Arg72, and Arg75 show more variability. T 2 =
The side chains of Arg68 in models | and Ill make hydrogen SCIAACTIAGGTCAICT[AGGT C AIGY
bond contacts with both upstream Arg52 and the phosphate 4,
oxygen atoms of G15. Those from models IIA and B contact
the G15 phosphate oxygens and the carbonyl oxygen from
Ile28. In models | and lll, the Arg72 guanidino group forms
water-mediated hydrogen bonds to the carbonyl oxygens of
Arg72 and Gly74, while in models IIA and B, the guanidino

Overall, the backbone atoms of the downstream CTE IV 2 . Pt
(residues 6775) align well with respect to one another £ 5[/ A g <AV Y \
(RMSD < 1.0 A). The side chains of residues Ser67, Asp69, & ¢ 4 L7 ARVANA 7
= /] -

group functionally replaces the water molecule, forming psliiu o
direct hydrogen bonds with the two carbonyl oxygens (see SCIAACTIAGGTCAJCTIAGGT CAIGY
Figure 4c). 9 -

RevErb’s Readout of DNA Geometry and Distortidrhe L . A
RevErb-DNA is in the B-form, with an average rise per 1 A H /\,_% h

base-pair of 3.35 A (Table 2). Alignment of the RevErb 3 B - fr %
DNA with a canonical B-DNA model of the oligomer a Y A N \ ‘% =
(average RMSD 1.5 A for the four model$4) shows that L y

the response element DNA, when viewed over its entire Ly S
length, appears slightly skewed toward the upstream bound SCAACTIAGGTCACTAGGT C AJGY
protein [Figures 1(c) and 6(a)]. Our examination of these
various crystallographic models shows several unique DNA
distortions that are well preserved in all of the structures.
These consistent structural features include the major groove
width, which has an average minimum of 9.8 A in the region
of G7 and G15 in the AGGTCA half-sites (compared to a
width of 11.4 A for fiber B-DNA), and a broad maximum

of between 12.5 and 13.8 A in the spacer region. The major
groove depth has sharp minima ranging between 2 and 3 A
at the T-A step at the'®nd of both half-sites (T5-A6/T13-
A14), compared with 4.0 A in B-DNA. Upstream of the first
AGGTCA half-site, the minor groove narrows and deepens FiGure 3: (a) Comparison of DNA parameters (roll, twist, and
slightly, to ~5.3 A and~5.9 A, respectively (compared to slide) for the four RevErb models. Model |, filled circles; model

: ; _ lIA, filled squares; model 11B, open circles; model Ill, open squares.
a width of 5.9 A and depth of 5.5 A for canonical B-DNA). Thin solid lines indicate ideal B-DNA geometries. The vertical

This is in contrast to the same region in NGFI-B, which qteq lines denote the loci of consistent distortions at the T5-A6

widens to ove 7 A (12). step, and arrows highlight the consistent distortion. AGGTCA half-
To detect other types of distortions in the DNA, we show sites are boxed with solid lines; the upstream AACT sequence is

in Figure 3(a) the parameters sensitive to deformation (baseboxed with dashes. In the pictograms to the right, the minor groove

. : . - : side of the base-pair is shaded. (b) Electron density of the model
pair roll, twist, and slide) as a function of base-pair sequence. IIA T5 and A6 bases, contoured at &3demonstrating that the

We identified a significant and consistent distortion at the geformation is seen clearly in the electron density map. The magenta
T5-A6 step immediately '5o the upstream AGGTCA half-  models are from model lIA. For comparison, base-pairs in gray
site, where there is significant negative roll (base-pair edgesindicate that base-pairs with standard (B-DNA) parameters would
rotating away from each other on the major groove side), Mot fit the density equally well.
increased twist, and positive slide (relative translation along _
the long axis of the bases). There is also positiveis- but that th|.s TA §tep has not adopted the same structure as
placement (translation toward the major groove with respect 1 2-A6. This region of the DNA, where the downstream
to the locally defined helical axis) at this juncture in all four GRIP-box is interacting with the DNA, also has protein
complexes (not shown). Figure 3(b) specifically shows that CONtacts in the major groove from the upstream recognition
the region of the electron density map around base-pairs 5helix, which does not allow the geometry to be determined
and 6 of the DNA is well-defined and correctly represented solely by the GRIP-box interaction. The differences in
in the refined models, and not compatible with idealized geometry seen for these two dinucleotide steps (T5-A6 versus
Watson-Crick base-pair geometry. The distortions resultin T13-A14) suggest that the TA step has an intrinsic flexibility
an overall local increased winding about the helical axis, that may be an important recognition feature for the RevErb
with concomitant compression of the base-pairs in the minor protein. Interestingly, mutating T18 &t C modestly reduces
groove and movement of the A6 base-pair toward the major dimeric binding (0), and as there are no base-specific protein
groove. contacts at this base-pair, this result suggests that the local
It is important to note that a similarly configured CTAG geometry induced in T13-A14 is also important, though
sequence also appears at the downstream half-site (T13-Al4)different from that of T5-A6.
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Ficure 4: Comparison of RevErb and NGFI-B DNA binding complexes. (a) Superposition of the downstream RevErb monomer and its
associated DNA with the monomeric NGFHBNA complex. RevErb monomer is shown in dark blue; RevHINA backbone and

AGGTCA half-site bases are in blue; RevErb upstream (flanking) base-pairs are in light blue; NGFI-B protein is in red; NGFI-B DNA
backbone and AGGTCA half-site bases are in magenta; NGFI-B upstream bases are in gray. The side chains from residues F73, R75 from
RevErb, and R311, R313 from NGFI-B are shown. (b) NGH@TE interactions at the minor groove, showing the hydrogen bond network
between the carbonyl oxygens of (RevErb equivalents in parentheses) R310(72), R311(73), G312(74), and R313(75). R303 has no counterpart
in RevErb. (c) Downstream RevErb CTE, showing the hydrogen bond network between the carbonyl oxygens of R72, F73, G74, and R75.
Alternate side chain conformations of R72 and R75 from model IIA are shown in cyan. Amino acids in the peptides are colored by atoms,
waters are shown as red spheres, and hydrogen bonds are red dotted lines. The dashed circles highlight the conserved backbone configuratior
in RevErb and NGFI-B.

A roll/itwist combination of approximately-8° and 48, the association of the T5-A6 step with the optimal binding
respectively, is adopted at the T5-A6 step (Figure 3) and is sites of RevErb. Position 6 can be either purine (A or G),
the major DNA distortion in the 20 base-pair sequence; this and position 5 is preferentially a T, although mutating it to
is true for each of the four crystallographically independent a C, which is still a pyrimidine, reduces monomeric RevErb
structures that we have studied. DNA site selection experi- binding by only 40% (see Table 1), whereas other changes
ments show that the base at position 5 must be a thymidinehave a more dramatic effect on binding).(Purine-purine
for ideal monomer or dimer binding, but that the base at and purine-pyrimidine steps were not represented at this
position 6 can be either an adenine or a guanine, both oflocation in any of the RevErb binding sequences derived
which are purines (Table 1P). The greater flexibility of from the DNA site selection assay. As Table 3 shows, these
pyrimidine-purine base-pair steps over all other combinations combinations (represented by AA and AT, respectively)
has been described previously from gel mobility assays, require much more energy to deform into the observed con-
computational studies, and surveys of proteddNA struc- formation. In comparing the TA and CA steps, the observed
tures @1-43). Olson et al (44) recently proposed an roll conformation strongly favors the TA step. Thus, the
empirically derived dimer model, based on harmonic poten- requirement for the TA step at the &nd of the half-site is
tials for the three rotational (roll, twist, and tilt) and three not a result of any specific contacts, but stems from a
translational (rise, slide, and shift) base-pair degrees of requirement for a specific DNA geometry that can be best
freedom, that gives elastic force constants impeding theseaccommodated by this pyrimidine-purine step and therefore
motions for a given base-pair step. This analysis showed thatlead to the best fit between the proteins’ major and minor
the T-A step is also the most flexible of the pyrimidine- groove binding elements and their cognate sequences. Our
purine steps. Using the mean value of a parameter for a givenanalysis of the crystallographigvalues further indicates that
step, along with the derived force constant (http://rutchem. the DNA at the T5-A6 step may be pushed into a locally
rutgers.edutolson/force_cnst.html), one can calculate, in stabilized conformation, as the atonidactors in that region
units of kT, the deformation energy required for several types of the DNA are 5-10 A? less than those of their neighboring
of base-pair steps to adopt the precise conformation seen abases in each structure.
the T5-A6 site in our structures. Table 3 shows a comparison Comparison of DNA Deformations in the #&b and
of energies for selected base steps in the conformation seeiNGFI-B ComplexesFigure 7 shows how several orphan
in the four RevErb-DNA complexes at the T5-A6 step. It  nuclear receptors have sequence similarity in their CTEs
is clear that the TA and CA steps would be able to adopt including related GRIP-box elements, and it is also known
the conformation seen in the crystal structure with the lowest that these receptors require specific sequenctds their
energetic costs. AGGTCA sites for optimal binding1(, 22, 45. The CTE

Therefore, the energies shown in Table 3 provide a is sufficient to determine which upstream DNA sequence a
reasonable explanation for the biochemical data suggestingreceptor will bind to; chimeric constructs with either the CTE
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Ficure 5: Comparison of NGFI-B and RevERDNA geometries. NGFI-B parameters are shown using solid lines, and RevErb parameters
are shown using dashed lines. For RevErb, data shown are the average value for baseij2airsrd the four models, with one standard
deviation shown as error bars. For NGFI-B, data are shown for the similar DNA site composed of base-paifs8to 7 in the authors

original numbering scheme). The RevErb sequence is shown alongakis, with the NGFI-B sequence shown below where the two
differ. The prominent distortions in the RevErb and NGFI-B response element DNA occur 1 base-pair away from each other (indicated
with arrows and asterisks, respectively) and are different in terms of roll, twist, and slide parameters.

(a)

Ficure 6: Helical curvatures of RevErb and NGFI-B DNA compared with standard B-DNA. Arrows indicate direction of distortion. (a)
RevErb-DNA from crystal form | shown in dark blue with its global helical axis from curves shown in red. The standard B-DNA structure
for this sequence is shown in gray. The DNA sequence is listed to the right and is boxed as in Figures 3 and 5. (b} NISAIsBucture.

The NGFI-B-DNA is in dark blue, with its helical axis shown in red. B-DNA is represented in gray.

of SF-1 attached to the core DBD of NGFI-B or the CTE of inserted with respect to RevErb (Figure 7). Figure 4(a) shows
NGFI-B attached to the core DBD of R@Rconfer specific- that the core DBDs of RevErb and NGFI-B superimpose
ity for the SF-1 and NGFI-B response elements, respectively quite well, while their CTEs (residues past Met66 in RevErb
(46). The comparison of RevErb and NGFI-B structures and Met297 in NGFI-B) follow different trajectories in
shown in Figure 6 demonstrates how DNA site selection approaching the DNA minor groove, stemming from the
could be accomplished through recognition of DNA geom- different sizes of their CTE preceding the GRIP-box. The
etry, despite the fact that both receptors use highly related NGFI-B CTE buries nearly 1002more protein surface area
recognition alpha helices, a consensus AGGTCA site, and aon the DNA than does the RevErb CTB1f, with more
superficially related GRIP-box that interacts with the minor overall and base-specific contacts to the DNA. However,
groove of 5 flanking sequences. One critical difference to close inspection of the GRIP-boxes (the sequence RFGR in
note is the size of the connecting loop linking the GRIP- RevErb and RRGR in NGFI-B) reveals that they have a
box to the core DBD, with NGFI-B having seven residues conserved architecture, even though they are displaced from
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Receptor CTE Monomer response element
------------- é-s-“ Position: 4321

RevErb GMSRDAV------- RFGRIPKR AACTAGGTCA

NGFI-B GMVKEVVRTDSLKGRRGRLPSK AAAAGGTCA

ROR GMSRDAV------- KFGRMSKK WWCWAGGTCA (0l ) /AACTAGGTCA (02)
SF-1 GMRLEAVRADRM- -RGGRNKFG TCAAGGTCA

Ficure 7: Alignment of the CTEs and the DNA binding sites for RevErb, NGFI-B, RO&nd SF-1. The amino acid sequences shown

start with the last residue of the conserved core DBD (Gly-66) and include the CTEs. Dashes indicate absence of any corresponding
sequence, and the GRIP-box residues are in boldface type. The preferred DNA binding sites for these monomeric response elements are
also shown, with the common hexameric sequence shown in boldface type and their digtétpiéhces indicated. ROR has two isoforms

which differ primarily in sequences preceding their core DBD, and both binding sites are shibwanda2). W refers to an A or T base.

one another when the core DBDs are aligned. As shown indimer interface effectively at this site. This observation
Figure 4(b,c), the carbonyl oxygen atoms from the first and argues that the T5-A6 step is highly flexible, and is useful
third residues (Arg72/Gly74 in RevErb, Arg310/Gly312 in in terms of the induced fit required to form a stable complex
NGFI-B) and the second and fourth residues (Phe73/Arg75, with RevErb. Many proteins that bind DNA take advantage
Arg311/Arg313) interact through either bridging nitrogen of the increased flexibility at pyrimidine-purine steps to create
atoms from arginine side chains or water molecules. This a better binding surfacet{—44). Both Dickerson 41, 42
required conformation explains part of thé B/T-rich and Olson 44) found in studies of high-resolution protein
region’s sequence specificity in both receptors, as variousDNA structures that the thymidine-adenine step had the
studies have shown tha G atposition 3 for RevErb or at  greatest flexibility of all the pyrimidine-purine steps. In
the position immediately upstream of the AGGTCA for RevErb’s case, a roll/twist combination of approximately®
NGFI-B abolishes binding, due to steric exclusion of the and 48, respectively, is needed at the T5-A6 step. This TA
conserved glycine which is fixed by the interlocking sequence appears to be critical based on DNA site selection
hydrogen bonds9 10, 23. experiments, and our analysis suggests that this is because

We next compared the DNA geometry in the RevErb and it accomquates these roll and twis_,t value_s with the least
NGFI-B binding sites to see if we could more precisely amount of input energy for geometric rea_d;ustment, rather
account for their different DNA structure, and found that than because of specific sequence recognition by the protein
there are significant differences in geometry associated with Side chains.
their flanking A/T-rich regions (Figure 5), resulting in Importance of DNA Flexibility in ProteinDNA Recogni-
different DNA curvatures when each is compared with tion. It has been known for some time, based on computa-
canonical B-DNA (Figure 6). Figure 5 shows that the RevErb tional studies and gel mobility assays, that the DNA structure
target’'s minor groove is noticeably narrower and deeper, can adopt various types of distortion, and that certain
while the NGFI-B target’s minor groove becomes wider and Sequences are more flexible than others. In addition, several
shallower than normal B-DNA. The NGFI-B DNA exhibits ~ early proteinr-DNA crystal structures, such as thep
typical “A-tract bending” 47) with positive roll and reduced  repressor-operator complex4g), showed that proteins could
twist at the A406-A407 step two steps upstream of the bind to specific sequences without direct contacts to the DNA
AGGTCA site, resulting in a slight bending-(5°) of the bases, implying that there must be some form of indirect
helix toward the major groove [Figure 6(l)H). This readout of the DNA sequence. More recent studies have
contrasts with the RevEriDNA geometry discussed above, investigated subtle DNA distortions, such as those reported
which has negative roll and increased twist at the T5-A6, here, that can modulate the formation of proteDNA
one step upstream of the AGGTCA site, resulting in slight complexes. Garvie and Phillipg9) showed that there is a
bending toward the minor groove-6°). NGFI-B prefers a  flexible TA step in the Met repressepperator complex that
more convex surface to accommodate simultaneous bindingis critical for indirect readout of the correct operator
of its CTE and core DBD. Due to the presence of seven sequence. Multiple crystal structures of the interferon regula-
fewer residues in RevErb, this receptor needs a slightly tory factor (IRF) DBD homodimer bound to DNA showed
concave surface at its DNA element to accommodate optimal@ conserved deformation of the core GAAA sequerkid®, (
binding. Therefore, it is clear that in both RevErb and which had no base-specific contacts from the protein. This
NGFI-B response elements, the DNA duplexes must be Protein binds cooperatively to the DNA, but there are no
predisposed or induced into specific conformations to form Protein—protein contacts in the crystal structure, implying

the complementary binding surface for their proteins. that the DNA conformation is the primary cause of the
cooperativity. Several studies of the Papillomavirus E2
DISCUSSION protein bound to different DNA sequences by Hegde et al.

(51-53) have shown that the intrinsic flexibility of the tar-

We have shown that a necessary thymidine-adenine baseget DNA is crucial for determining binding behavior. Sev-
pair step in the 5flanking sequence of the RevErb binding eral groups have studied the sequence requirements for
site adopts a unique and accommodating distortion whenbinding of the TATA-box by TATA binding protein (TBP)
bound to RevErb in all of the crystal forms of the complex (54—56). This is another case where TA steps are crucial
that we have solved. Importantly, a similar TA sequence for protein binding, although the deformation is much more
(T13-Al14) in the same DNA duplex does not adopt the same severe, as phenyalanine side chains are inserted between
distortion, in part because the two subunits must form their consecutive base-pairs.
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There is evidence that DNA flexibility is used as a sequences inthe SF-DNA complex indicate that both the
discrimination feature by other nuclear receptors. The crystal protein and the DNA will have distinct conformations from
structure of the RXR DBD homodimer bound to a DR1 those seen in the RevErb and NGFI-B complexes.
response element showed that the global helical DNA axis The orphan receptor R@QRhas a more closely related
was bent by 12 while in the RXR-RAR DR1 crystal struc-  CTE to that of RevErb, including a very similar GRIP-box
ture, the axis was bent by only §15). This result is par-  (KFGR in ROR versus RFGR in RevErb) and the same size
ticularly interesting, since the DNA used in both complexes connecting loop as RevErb, and has been shown to bend
contains the same DR1 architecture with two AGGTCA sites, DNA (Figure 7) 68). However, ROR has two isoforms (1
implying that the DNA can be induced to distort differentially and 2) that have differences in their amino-terminal domains
in these two complexes, with the locus of the DNA distortion and which have been shown to bind slightly different flanking
the central spacer element separating the two half-complexessequences (Figure 7%). RORx2 has an identical consensus
This suggests that differential distortability at the spacer base-target sequence and binding pattern to mutant oligonucle-
pair or flanking sequences may allow the RXR homodimer otides as those of RevErb, but R@R has a consensus
and the RXR-RAR heterodimer to select their cognate sequence of A/T-T/A-C-A/T-AGGTCA and binds with 65%
response elements preferentially, even though the coreof wild-type affinity to a probe wit a G atposition 5 @5).
binding sites are DR1 in both cases. In addition, a phasing These results would indicate that the region N-terminal to
analysis of DNA bending by the RXRTR heterodimer on  the core DBD may interact with the DNA in RQR and
a DR4 response element indicated that the DNA was bentcould involve yet another type of DNA distortion.
by 10°, which is consistent with the crystal structuy),

Differential distortability may play prominently in site CONCLUSIONS

selection by RXR-TR and RXR-LXR, both of which must
discriminate their binding sites despite their related archi-
tecture. In this way, sequences outside the hexameric site
may be induced to adopt different distortions that allow each
of these heterodimers to discern their distinct gene regulatory
sites.

In a number of cases, local deformations in the DNA that
do not propagate obviously along the entire duplex have not
been carefully considered in terms of their importance to
the induced fit between a protein and its DNA site. This is
likely due in part to the fact that there are few cases where
there are multiple crystal forms of the complex that improve
the signal-to-noise ratio of subtle geometric anomalies
enough to allow sufficient confidence in the precision of
these irregularities.

Site Discrimination by Other Monomeric Receptd@gice
specific 3 flanking sequences are also required for optimal
binding of other monomeric receptors, we have considered
how receptors with CTE sequences related to RevErb and
NGFI-B could discriminate their sites. Importantly, our study
would predict that DNA distortability could be an important
factor for these other receptors, with bipartite DNA binding AckNOWLEDGMENT
motifs requiring both a major groove and a minor groove
interface. Moreover, NGFI-B, RevErb, and several other We thank Mitch Lazar for the RevEeb expression
orphan receptors all bind to monomeric sites containing the construct, Sepideh Khorasanizadeh for assistance with crys-
same AGGTCA site but extended with differensBquences.  tallography, and Robert Kretsinger and Christine Wright for
Figure 7 shows that the orphan receptor steroidogenic factorhelpful discussions. We are grateful to the staff at beamline
1 (SF-1 in humans, FTZ-F1 in fruit flies, NR5A13)( like X31, DORIS storage ring, DESY, Hamburg, Germany, and
RevErb and NGFI-B, also contains an Arg-Gly motif within  the staff at beamline X4A, NSLS, Brookhaven National Lab,
its CTE, and this receptor has also been shown to bind for assistance with data collection.
monomerically to an extended AGGTCA si2?). However,
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