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ABSTRACT. The retinoid X receptor (RXR) is a prominent member of the nuclear receptor family of ligand-
inducible transcription factors. Many proteins of this family exert their function as heterodimers with
RXR as a common upstream partner. Studies of the DNA-binding domains of several nuclear receptors
reveal differences in structure and dynamics, both between the different proteins and between the free-
and DNA-bound receptor DBDs. We investigated the differences in dynamics between RXR free in solution
and in complex with a 14 base-pair oligonucleotide, usthgand >N relaxation studies. Nano- to
picosecond dynamics were probed 8N, employing Lipari-Szabo analysis with an axially symmetric
tumbling model to estimate the exchange contributions to the transverse relaxation rates. Furthermore,
milli- to microsecond dynamics were estimated qualitatively fdrand 1°N, using CPMG-HSQC and
CPMG-T, measurements with differential pulse spacing. RXR shows hardly any nano- to picosecond
time-scale internal motion. Upon DNA binding, the order parameters show a tiny increase. Dynamics in
the milli- to microsecond time scale is more prevalent. It is localized in the first and second zinc fingers
of the free RXR. Upon DNA-binding, exchange associated with specific/aspecific DNA-binding of RXR

is observed throughout the sequence, whereas conformational flexibility of the D-box and the second
zinc finger of RXR is greatly reduced. Since this DNA-binding induced folding transition occurs remote
from the DNA in a region which is involved in proteitprotein interactions, it may very well be related

to the cooperativity of dimeric DNA binding.

The retinoid X receptor RXR is a member of the family wealth of structural information. Considering the high
of nuclear receptors. These ligand-inducible transcription sequence homology between the receptors, it is not surprising
factors regulate gene transcription by binding specific DNA that these structures are very much alike. All nuclear
sequences, the so-called hormone response elements (HREsYeceptors exhibit a similar fold, consisting of two copies of
The HREs consist of two copies of a consensus hexamera zinc finger subdomain, in which a zinc ion is coordinated
motif (AGGTCA), organized in various way4); The exact by four cysteines, immediately followed by a helix. The two
organization of these DNA sequences (direct repeats or palin-helices are oriented almost perpendicularly.
dromes, and the number of spacing base pairs between them) However, some interesting differences are observed be-
determine to a large extent the protein specificRy 3). tween the family members. For the oestrogen receptor ER

The nuclear receptors are organized into three functional (5, 11) and RXR 6, 10), as well as for a longer construct of
domains, the central of which is the DNA-binding domain the glucocorticoid receptor GR4,(8), a largely distorted
(DBD). The three-dimensional structure of many nuclear second zinc finger was observed, whereas shorter constructs
receptor DBDs have been determinett(7), giving a of GR (7, 17) reveal a distorted helix. In the retinoic acid
receptor RAR @), both zinc fingers are slightly disordered.
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of conformational averaging in each of the receptors suggestsExchanging the zinc with cadmium ions, together with the
biological relevance of the motion in molecular recognition cysteine substitution, drastically improves the long-term
upon DNA binding. stability of the protein.

Structural differences were also observed between the DNA Purification. Two complementary strands (14 base
solution structures of the free protein and the crystal nucleotides: 5GGCAAGTTCACTCG-3) of DNA were
structures of the proteins in complex with DNAZF-15). purchased from Carl Roth GmbH & Co. Each strand was

The tip of the second zinc finger, which is disordered in the purified using a Q-sepharose ion exchange column, eluting
free RXR and ER, folds to a distorted helix if the protein is With a linear salt gradient of 0 to 1.5 M KClI, at pH 9. The
complexed to DNA. Furthermore, in all nuclear receptors strands were mixed in a 1:1 ratio based on UV extinction
the conformation of the D-box alters upon binding to DNA. and subsequently desalted with an Amicon dialysis flow cell.
In the crystal structure of ER, the tip of the second zinc finger ~Sample PreparationThe sample of the free protein
in the two different dimers of the unit cell exhibit different consisted of approximately 1.5 mM RXRd}, 200 mM
conformations 13). One dimer contains a distorted helix, NaCl, 3 mM DTT, and approximately 0.1 mM Nalt 95%/
similar to the glucocorticoid receptor (GR)J). In the other, ~ 5% HO/D;O, with the pH adjusted to 6.8. All spectra of
the tip is partially unfolded due to crystal packing, which the free RXR were recorded at 298 K. The RXBNA
supports the idea that the structure is at best marginally stablecomplex was prepared by adding small aliquots of a protein
in solution (L3). Independent evidence for a local folding Solution (approximately 2 mM RXECd}, 200 mM NaCl, 3
event upon DNA binding of GR is provided by thermody- MM DTT, pH 6.9) to a DNA solution (approximately 2 mM
namic studies, which showed large negative changes in theDNA, 20 mM NaCl, pH 7.0). The titration was followed by
heat capacity upon complex formation. These heat capacityNMR until a 1:1 ratio was obtained. The final sample
changes were associated with a local folding of about 17 conditions of the proteirRDNA complex (approximately 1.5
residues/GR molecule, consistent with the number of residuesmM RXR-DNA, 75 mM NaCl, 3 mM DTT) were obtained
in the second zinc finger2@). using an Amicon dialysis flow cell. The resulting complex
It was noted early on that for high-affinity DNA binding did not show any significant degradation for several months.
the C-domain alone does not suffice. Deletion mutagenesis | "€ PH was adjusted to 6.7, and all spectra were recorded
experiments indicated the need for the first-115 residues ~ at 304 K. . .
of the D-domain for ER, GR, and RAR, and even 24 residues _ R€sonance Assignmentssignment of the resonances of
in the case of TR, to achieve optimal DNA bindirp). As 'SN/HC RXR{Cd} was accomplished using triple resonance
was mentioned before, RXR is the only receptor to contain €xPeriments. All spectra were recorded on a Varian Inova
an a-helix in the T-box, when free in solutiors( 10). 500 MHz spectrometer, equipped with a triple resonance
However, this helix was reported to unfold upon complex HCN probe and a shieldedigradient. The fN,'H) HSQC
formation @6, 15). In the TR crystal structure, a helix was ~ (27), HNCO, HNCA 8), CBCA(CO)NH @9, 30), HBHA-

observed in a region C-terminal to the T-box, called the (CBCACO)NH @1), HNCACB (30, 32), HN(CA)HA (33),
A-box (15). and C(CO)NH 84) were all recorded with gradient coherence

selection and a sensitivity enhancement scheBe-87).
The C(CO)NH experiments were recorded by adjusting the
(*>N,'H) reverse INEPT magnetization transfer delay from
5.5 to 2.75 ms. The spectra were processed using the
NMRPipe software38). The data were apodized using sine-
bell and squared sine-bell window functions shifted by0.3
or 0.47. Linear prediction in thé®N dimension and zero-
filling were applied prior to Fourier transformation. Final
matrixes of the 3D spectra consisted typically of 256 ¢r
13C), 128 {°N), and 1024 {H) points. The Regine software
package 89) was used for data analyses.

The assignment procedure yielded 88% of all backbone
5N, HN, and*3C? resonances and 86, 92, and 78% for the

Here, we preseriH and*®N relaxation data, obtained for
RXR free in solution and complexed to a 14 base-pair
oligonucleotide, containing a RXR half-site. Lipai$zabo
analysis of thé®N data (taking rotational diffusion anisotropy
into account) and qualitative estimates of € and 15N
exchange revealed dynamics associated with the equilibrium
between specific and aspecific RXIDNA complexes.
Furthermore, milli- to picosecond time-scale flexibility in
the dimerization regions of RXR greatly reduces upon
complex formation. These results provide evidence for a
folding transition which may be related to the cooperativity
of dimeric nuclear receptor DBD binding to DNA.

MATERIALS AND METHODS 8C', 13Co, lanle‘1 resonances, respectively.
Relaxation MeasuremenfBhe relaxation data for the free
Protein Expression and Purificatiohe hRXRx (132— protein are taken from Mulder et a%). Performance of

209), with a C195A substitution, was expressed and purified the relaxation measurements and extraction of the relaxation
as described(l). The two zinc ions, initially present in the rates for the complex are essentially performed as described
protein, are substituted by cadmium ions according to the by Vis et al. @0) for the longitudinal relaxation rateR()
following procedure. Approximately 10 mg of RXR is and the!™>N{'H} heteronuclear NOE, and by Rt al. ¢1)
dissolved in 2 mL of buffer A [200 mM KCI, 3 mM DTT,  for the relaxation rates in the rotating franf® . Measure-

50 mM imidazole (pH 6.6), approximately 0.1 mM NgN  ments of the proteirDNA complex were performed on a
5% glycerol]. This solution is subsequently washed with 6 Varian Inova 500 MHz spectrometer, equippedwvat mm

mL of buffer B [buffer A+ 50 mM CdC} + 50 mM EDTA] triple resonance (HCN) probehead with a shieldggadient.

and 6 mL of buffer A again. Addition of the EDTA prevents Typical data sets with 5& 768 complex points in thg—t,

the cadmium from precipitating at these pH values. Subse-dimensions, with spectral widths of 1271 and 7000 Hz in
quently, the sample is exchanged to NMR conditions. All F; and F,, respectively, were acquired. Relaxation delays
washing is performed with an Amicon dialysis flow cell. of 32, 64, 128, 256, 512, 880, and 1200 ms were used for
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Table 1: Expressions for Spectral Density Functions

optimized
model spectral density function parameters

1 J(w) =[Sl (1 + 0?T?)] &

22 J(w) =[Sl (1 + 0?1 + (1 — D1 (1 + w?td)] S e

3 J(w) =[Sl (1 + 0?T?)] &, Rex
1/T2(0bs)= 1/T5 + Rex

4 J(w) =[Sl (1 + 0%tm2) + (1 — D)7ed(1 + w?rd)] S, Te, Rex
1/T2(0bs): 1T, + Rex

5P J(w) =[St/ (1 + 0?7r?) + S2(1L — SATY(1 + w?r?)] S, SA, Te

6 Jw) = Hs[SFrml (1 + 0?ti?) + SH(1 — SATY(L + 0Zd)] §?% 82, e, Rex

1/T2(0bs): 1/T; + Rex

a1y = Tt (Tm + To). P76 = Tt (T, + 79), F = S

determiningR,, collecting 96 scans per FID. Relaxation

mised by several factors, e.g., noise on the data, monemer

delays of 8, 16, 32, 48, 64, 96, and 128 ms were used for dimer equilibrium, rotational diffusion anisotropy and chemi-

theRy, series, acquiring 56 scans/FID. For #§{'H} NOE,
160 scans per increment were recorded.

cal exchange45—48).
To identify the most suitable model of the spectral density

The presence of chemical exchange on the amide protonsunction for each residue, an iterative procedure was

was derived from the CPMG-HSQ@2) experiments which

employed:

were recorded and analyzed as described by Van Tilborg et Step 1 The first cycle is the same as the first cycle of the

al. (21). Qualitative exchange rates f&6iN magnetization

were determined by a simple modification of an experiment

for determination of theT, relaxation time employing a
CPMG pulse train42). Two experiments were recorded with

procedure as described by Li and Monteliod&)( After an
initial guess for the overall rotational correlation tims,),
the Lipari—Szabo motional parameters for each residue are
calculated. This is repeated six times, each time assuming a

the same effective transverse relaxation delay of 32 ms andjiterent spectral density function (see Table 1). The best-

an interpulse delay between succesfMrefocusing pulses

of 1.2 ms and 40Q:s, respectively. The intensities which

can be derived from these spectra Blgandll,,, respec-

fit model for each residue is determined employing the
following criteria: Rex was introduced when its value
exceeded the noise on the data. The model with the lowest

tively. To compensate for the different radio frequency, ,2 was accepted, and in case of eggfathe simpler model
heating a dummy CPMG sequence with interpulse delays \yas preferred. Subsequenthy,is optimized by simultaneous
of 400 us and 1.2 ms, respectively, was applied between fjtting with the other Lipari-Szabo parameters. All residues
individual scans; 160 scans were added per increment. Thefor which the relaxation rates could be reliably determined

spectral widths were the same as described above.
Strategy for Optimization of LipariSzabo Motional

Parameters Including Anisotropy of the Diffusion Tensor.

The relationship between the amit¥l relaxation rates and

the spectral density function is well-known [adapted from

(44)]:

R, = pplI(wy - @) + 3N wy) + 6)(wy + wy)] +
Aesad(on)

R,= (1/2)QDD[4‘J(0) + Jwy — oy) + 3)(wy) +
6J(wy) + 6J(wy + ©)]+ (1g) Gesal4I(0) + 33(wy)]

NOE = 1+ (yu/y\)dopl6I(wy + wy) —
Joy — op)l(VRy)

wheredop = (Y10)(uo/4m)? A%y HPrun~8; Gesa = ((l1is)on®
Ao?; uo is the permeability in a vacuunti is Planck’s
constant divided by 2, wn andwy are the Larmor frequen-
cies of the!™>N and*H spins, respectivelyyy andyy are the
gyromagnetic ratios of th&®N and'H spins, respectively;
run is the internuclear HN distance;Ao is the chemical
shift anisotropy of the®>N nucleus; and NOE is th&N-
{H} steady-state nuclear Overhauser effect.

were included in this first step. Residues exhibiting large-
amplitude fast internal motion (identified BYN{*H} NOE

< —0.4) and residues exhibiting significant contributions to
the line width from chemical exchangB.( > 2 Hz) were
identified.

Step 2 The analysis of the anisotropy of the rotational
diffusion tensor was performed with the program quadricl.1
(49, 50). For each spin, (i) a local diffusion constdbt =
(67m,)tis defined, based dR,,; andR; ;. Least-squares fitting
procedures to optimize the fit between bevalues and the
input structure were performed, to determine the diffusion
tensor for asymmetric, symmetric, and spherical rotators.
Since all differences ifR,; and Ry with respect to thdR,
and R, values averaged over the entire sequence are
interpreted in terms of anisotropic diffusion, care must be
taken to exclude the previously determined residues with
large-amplitude fast time scale dynamics and residues subject
to chemical exchange line broadening from the analysis.

The rotational anisotropy in the diffusional model as well
as the relative orientation of the diffusion axes in the model
could be determined. Since the axially symmetric diffusion
tensor provided a significant improvement over the isotropic
model, the angle of each NH vector with respect to the
parallel axis of the diffusion tensof) could be derived.

Protein motion is often analyzed by the Model Free As input structures, model 20 of the ensemble of RXR
approach45), using a linear combination of Lorentzians for solution structuresl() was chosen for the free RXR, because
the spectral density function. It has been noted, however,it is closest to the average structure. For the complex, no
that an accurate determination of the Lipari-Szabo order complete model was available. The RXR molecule plus the
parameters and correlation times can be severely compro-central RXR half-site with one flanking base pair on either
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Ficure 1: Overlay of thg1"N-1H} HSQC spectra of RXR free in solution (black) and complexed with DNA (red). The underlined residues
represent signals too weak for reliable relaxation analysis (see text for further details).

side, extracted from the crystal structure of the RXR and RESULTS

TR on a DR4 15), lacks the coordinates for a total of 6

Relaxation Rates and #@rall Correlation Time.The

base pairs and 10 residues [representing approximately 4.5overlay of the HSQC spectra of the free and complexed RXR

kD (15%) of the total weight of the complex]. A more
complete model of the RXRDNA complex, which was

(see Figure 1) reveals that virtually every resonance has
shifted upon complex formation. In Figure 2 tifieandT,,

used in the analysis of the rotational diffusion anisotropy, decay curves for three residues are shown, both free and
was constructed (see Figure 6): The crystal structure of complexed with DNA. Relaxation rates for the cadmium
RXR/TR/DR4 served as a basis. TR was removed, and DR4substituted RXR, both free in solution and in complex with

was replaced by a stretch of B-DNA of 14 base pairs.

DNA, are shown in Figure 3. The average transverse and

Furthermore, the third helix, present in the solution structure longitudinal relaxation rates are 18.1 and 1.29 Hz for RXR

of RXR (10) was added to the crystal structure.

Step 3 This step is similar to step 1, but now anisotropy
of the rotational diffusion was taken into account. It is
implemented by exchanging the (globa}) in the calcula-
tions by the anisotropy-corrected valuergffor each residue
(Tm,), which is calculated from the diffusion constants parallel
(Dy) and perpendicularYy) to the symmetry axis of the
diffusion tensor and. The determination of the best-fit
spectral density function was performed as before. All

in the complex and 9.06 and 1.90 Hz for RXR free in
solution. The NOE values [plotted aga{— 1o)/lo, Wherel sy
andl, are the peak intensity with and without heteronuclear
NOE, respectively), were-0.30 and—0.25 for RXR in the
complex and free in solution, respectively. A number of
residues were omitted from the analysis. These include the
N-terminal residues 132 and 133. Furthermore, residues 143,
155, 180, and 187 in the complex have been assigned, but
the peak intensities for these residues in the relaxation spectra

residues were taken into account in this step. The error in were too weak to allow reliable interpretation. The backbone
the fitted parameters and their reliability were calculated N—H resonances of the remaining residues (free RXR, 143,
using a Monte Carlo procedure (using 500 steps) as described 53, 184-188; complexed RXR, 147, 154, 156, 18184,

by Mandel et al. %2). From this procedure, standard

188, and 206) were not visible in the spectra, whereas many

deviations and bias were obtained for each fitted parameter.of the 3C and aliphatic resonances could be assigned.

The bias was defined aB — [Py /Psit, wherePs; and Py

Measurements performed at°@ employing a water flip-

represent the relaxation parameter based on the initial fit andback strategy to avoid saturation transfer froaOHyielded

the Monte Carlo simulation, respectively. Models for which

only few additional cross-peaks, belonging to arginine side-

the bias of one of the fitted parameter exceeded 0.1 werechain N—H¢ resonances. As arginine side-chain protons are

discarded and a simpler model was chosen.

generally much more labile than backbone amide groups, it
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Initial guesses of the overall rotational correlation time
(tm), assuming isotropic rotation, were based onRh@nd
R; values of all residues. They were found to be 6.00 ns for
RXR free in solution and 13.85 ns for RXR complexed to
DNA. After simultaneous optimization ot, with the
Lipari—Szabo motional parameters, the optimizedre-
mained virtually unchanged: 5.95 and 13.85 ns for RXR
free in solution and in the complex, respectively.

Both RXR Free in Solution and in the Half-Site Complex
Are Best Described by an Axially Symmetric Diffusion
Tensor.Residues 207209 in the free protein and residues
146, 179, and 207209 in the complex showed large
amplitude fast internal motions. In step 1 of the analysis,
residues 146147, 149, 157, 172174, and 178181 in the
free protein and residues 150, 153, 157,-1663, 169, 176,
192, 194, 198, 199, and 201 in the complex were identified
to exhibit exchange contributions to the transverse relaxation
times of at least 10% (cutoffs of 1 Hz for the free protein
and 2 Hz for the complex were employed). A total of five
residues in the complex (134, 26205) were excluded from
the analysis because they are lacking from the crystal
structure of RXR. The remaining residues (54 for the free
protein and 36 for the complex) were used in the rotational
diffusion analysis. The ratios of the moments of inertia (1:
0.70:0.58 for the free protein and 1:0.83:0.53 for the
complex) already indicate a nonspherical shape for the
molecule. Indeed, the axially symmetric description of the
diffusion tensor provides a statistically significant improve-

recorded at 600 MHz, whereas the spectra for the complex are ment over the isotropic model. However, no distinction can

recorded at 500 MHz.

be made between the axial oblate and axial prolate form (see
Table 2). On the basis of the moments of inertia in

was concluded that the missing resonances were broadenedonjunction with the inability to distinguish between oblate
beyond detection by intermediate time-scale dynamics. Theand prolate, one might expect that the rotational diffusion
relaxation behavior of the Cd-substituted RXR is virtually tensor should be best described by a fully anisotropic model.
identical to that of the (wild-type) Zn-form (results not However, several factors compromise the accuracy and the
shown). precision of the diffusion tensor determination: (1) inac-
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Table 2: Diffusion Parameters for RXR frotiN Relaxation

Diso 0 [ 1/; pb
tensor (10"7s™Y)  2D,d(DxctDyy) DydDyy (rad) (rad) (rad) 22 Fa2 (%)
free RXR
isotropic 2.76+ 0.01 145
axial (oblate) 2.78t 0.01 0.84+ 0.02 1.274+ 0.09 0.17+0.10 87 11.1 0.001
axial (prolate) 2.78:0.01  1.27+0.02 1.64+ 0.06 4.90+ 0.09 89 10.5 0.002
anisotropic 2.78: 0.01 1.15+ 0.03 1.12+0.04 151+0.11 —-0.33+1.47 —-0.53+1.08 80 2.16 15
complex
isotropic 1.21+0.01 162
axial (oblate) 1.2G: 0.01  0.82+0.03 1.12+0.07 1.50+ 0.21 110 5.00 0.6
axial (prolate) 1.2G:0.01  1.26+0.04 0.344+0.06 4.14+ 0.07 103 6.16 0.2

anisotropic 126Gt 0.01  1.24+£0.04 1.15+£0.04 0.41+0.05 1.21+0.30 —0.14+0.28 87 3.22/2.35 2.65/7.74

2 F-test to determine the statistical significance of decreag@ with the increase in fitting parametefsThe probability P) that the observed
improvement of the fit is obtained by chanéélhe first and second number represent the statistics of the anisotropic model versus the axial oblate
and prolate, respectively.
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Ficure 4. Dependence of the loca} on (3 codd — 1)/2, wherefd represents the angle between thelvector and the unique axis of
the symmetric diffusion tensor for the free (A) and complexed (B) RXR DBD. The lines represent the determined correlation Biven by
= {6Diso — 2[3 c0$0(Dpar — Dpen]} ~1. The open circles represent residues which have been omitted from the anisotropic analysis because
they were subject to substantial dynamics (see text for details).

curacy of theR,/R; values, (2) unequal distribution of the approximated by the simpler axially symmetric tensor. This
HN bond vector orientations (see Figure 8)), and (3) the approximation may yield two minima foi? (see Table 2),
accuracy and completeness of the structural model of therepresenting prolate and oblate approximations to the real,
complex used in the determination of the diffusion tensor. more complex form of the moleculesg, 54). For the
Figure 4 shows that for the complex the accuracy and remainder of the analysis, the axial oblate model was
distribution of the [(3 co® — 1)/2, 7c0ca] Pairs to be less  assumed for the protein free in solution and the axial prolate
good in the complex than in the free protein, which is also model for RXR in complex with DNA.
reflected by the values for thHe-statistics. It can be clearly Interpretation of the®>N Relaxation Data of RXR Free in
seen in Figure 4 that the residues omitted from the anisotropy Solution and Complexed with DNA in Terms of the Model
analysis have substantially deviating.ca Values when Free Approach.There is little pico- to nanosecond time-
compared with the majority of residues. With respect to the scale internal motion in RXR, either free in solution or
structural models used in this analysis, it can be noted thatcomplexed with DNA (see Figure 5). Overall, the most rigid
it was easier to find a good model for the free RXR than for parts & > 0.9) are the three helices and a number of residues
the complex. Employing the extended model of the pretein in the first zinc finger. The only residues with substantial
DNA complex, based on the X-ray structure (see Materials large amplitude fast internal dynamic® (< 0.6) are in the
and Methods), rather than the X-ray structure itself, improves termini (residues 134 and 26209). In the uncomplexed
the fit between the experimentally determined diffusion RXR little internal dynamics (0.6 & < 0.9) is located in
tensor with respect to the calculated inertia tensor (resultsthe first zinc finger, the extended region, which connects
not shown). Systems which might be truly anisotropic are the first helix with the second zinc finger (16468), and
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FiGUrReE 5: Contribution of exchange to tHéN transverse relaxation rates (A) and the Lipe8zabo order paramete®] (B), as a function
of residue number. The light gray and the black bars indicate RXR free in solution and in the complex, respectively. The values have been
derived from Lipari-Szabo analysis with an axial model for the overall tumbling.

the second zinc finger. Overall, t1# values experience a 15, /1" values for the free protein show elevated values
slight increase upon complex formation. Especially for RXR for residues 150, 175, 17778, which coincide with the
free in solution, incorporation of an anisotropic diffusional regions in which chemical exchange was identified for the
model decreases the number of residues with complicatednitrogen spins. When RXR is in complex with DNA, the

forms of the spectral density (models-6) as best-fit.S, IoudIis values show an elevation over the entire se-
S?, S§? 1., andRey values with standard deviations together quence. For the complex, also peak intensity ratids/(
with their corresponding motional model aptiresidual are [N

<ow) for N were determined, in which exchange can be

available as Supporting Information. identified especially for residues 157 and 185.

Schurr et al.45) noted that rotational diffusion anisotropy
can be mistaken for exchange. A complication inherent to DISCUSSION
the method is presented by the fact that in order to determine
conformational flexibility one needs to know its exact Localized Exchange in the Free Protein Is Caused by
structure. However, in Figure 4 the residues designated highlyConformational Changed.he exchange in the free RXR is
dynamic Q©) fall, in the majority of cases, outside the extrema highly localized to the second zinc finger and the tip of the
presented by the tumbling anisotropy (free RXR 568 joca first zinc finger. In principle, this exchange broadening could
< 6.17; complexed RXR 13.3% 7 joca < 15.04). Therefore,  be caused by conformational transitions or by an equilibrium
it seems valid to assume that these residues are dynamic an@letween free and dimerized RXR. GST pull-down experi-
the lack of structure merely results in a larger error on the ments (results not shown) were performed in which RXR
parameters describing the motion. homodimers could not be detected under near-NMR condi-

In the free protein, the remaining residues subject to tions, in contrast to RXR/RAR heterodimers. This leaves
chemical exchange are mainly located in two regions (seeconformational dynamics to be the sole cause for the
Figure 5). The tip of the first zinc finger (146.50) and the observed chemical exchange in the free RXR.
second zinc finger (173175, 178-182). The data for the Equilibrium between Specific and Aspecific RXBNA
complex show the chemical exchange to be randomly Complexesln the complex, even more processes can occur
distributed throughout the sequence, particularly affecting which give rise to chemical exchange, e.g., the equilibria
residues 150, 153, 157, 16163, 169, 176, 192, 194, 198, between free and DNA-bound RXR, and between specific
199, and 201. However, the uncertainty on the contributions and aspecific DNA binding of RXR. Figure 7 shows the
of chemical exchange to the transverse relaxation rates arecorrelation between thigl,, /I and I} /IS, values of the
rather large as judged by Monte Carlo back-calculations. complex and theé\d2, whereAd represents the amide proton

Conformational Exchange in RXRhe exchange ofN or N chemical shift difference between the free and the
spins, as well as of the amide protons, is probed by DNA-bound RXR in panels A and B, respectively. Several
comparing the peak intensities in the higher and lower explanations can be given for the deviations between the
repetition rate CPMG experiments (see Figure 6). The observed intensity ratioAny and the calculated intensity
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FIGURE 7: H (I8pudlfh) (A) and 1N (I8 /13,.) (B) transverse relaxation data as a functionAaf?, where Ad is the chemical shift
difference between the RXR free in solution and in complex with DNA.

ratios from linear regression line-fitting to the data points processes (e.g., conformational exchange at the protein
(Aca0), as well as deviation of,psfrom 1 for Ad = 0. When DNA interface) may play a role. Second, imperfect balancing
assuming a free/bound equilibrium, additional exchange of the CPMG-HSQC and the reference HSQC, or other
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Ficure 8: Model of the RXR-DNA structure used for the analysis of the rotational diffusion anisotropy (based on the RXR/TR/DR4 as
described in the Materials and Methods). Note that the third helix as found in the solution structure of the free RXR is included in this
model. The backbone of RXR is color coded according to the differences in exchange mediated transverse relaxation between RXR free
in solution and in the complex. The residues which exhibit exchange solely in the free protein, are depicted in green. Shown in red are
residues 157 and 185, which exhibit exchange in the complex that cannot be accounted for by the specific/aspecific equilibrium. The
picture was generated using MOLMOET).

artifacts, may give rise to these deviations. If an equilibrium data of the complex4g, 55). Zechel et al. %6, 57) reported
between specific and aspecific DNA-bound RXR is domi- that, in contrast to RXRRAR heterodimerization, no
nant, the correlation shown in Figure 5 implies that the homodimerization occurs on a DNA half-site. To distinguish
chemical shifts of RXR in the aspecific complex resemble between the free/bound and specific/aspecific equilibrium,
those of RXR free in solution. Deviations betwe&gasand the sample of the complex was diluted by a factor of 10.
Acaic could then result from differences in chemical shifts None of the resulting chemical shift changes in the spectrum
between the unbound RXR and aspecifically bound RXR. exceeded 0.01 ppm, suggesting that virtually all the protein
The rather substantial difference between the slopes for theis present in the DNA-bound form, which discards the free/
amide protons and th®N nuclei in Figure 7 is explained  bound equilibrium. Another line of evidence supporting a
by a combination of two factors. First of all, the signal specific/aspecific equilibrium rather than a free/bound equi-
intensities in the four experiments (two for proton and two librium is provided by the off-rate of the complex. Since
for nitrogen) are all differently affected by exchange. In case the increasing slope s With increasingAd? indicates a
of the proton experiments, the difference in exchange- medium-fast exchange regime, the exchange process should
mediated transverse relaxation is much larger than for theoccur in the millisecond (or faster) time range. The binding
two nitrogen experiments. Furthermore, the chemical shift strength restricts the off-rate to values significantly slower
differences (in hertz) for nitrogen are, in general, smaller than this. Furthermore, the off-rates in the RXBNA
than the chemical shift differences for proton. Since the complex derived with biochemical methods were found to
kinetics are in the medium to fast exchange regime for the be in the order of minutes (data not shown). A number of
signals (see below), the observable effect on nitrogen will residues remained unassigned, which is either due to satura-
be smaller than for proton. tion transfer of the amide signal due to exchange with the
Discrepancies between the contribution of chemical ex- water, or exchange line broadening on either of the main
change to the transverse relaxation rates, derived from eithemuclei involved in the assignmertiHN, 15N, 13C%). If these
the Lipari-Szabo analysis or the CPMG-measurements,  signals are broadened beyond detection due to exchange, the
are explained by the large errors on the former. The Monte nature of it is unknown and can involve all of the previously
Carlo back-calculations indicate possible variationgRin mentioned mechanisms.
up to 50%, which is ample to obscure the subtle relationship Differential Dynamics between Free and Bound RXR
between betweerR.x and the differences between the Indicate Conformational Constraining of RXR upon DNA
chemical shifts of RXR in the free and the bound state.  Binding.Upon DNA binding, the dynamics of RXR changes
Both a monomerdimer equilibrium on DNA as a free/ completely (see Figure 8). In the complex, chemical ex-
bound equilibrium can influence the analysis of the relaxation change resulting from the specific/aspecific equilibrium
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affects many residues throughout the sequence. Moreover,
residues 157 and 185 exhibit larges, values than can be
expected, based on the chemical shift difference. The
presence of both residues at the protddNA interface
indicates that, here, additional conformational exchange takes
place. The most marked difference in dynamics between the
free and the bound RXR is observed in the zinc finger
regions, the second of which has been identified as one of
the major dimerization interfaces in dimeric protein binding
to DNA. Major exchange contributions are present in the
free protein, which virtually vanish upon formation of the
complex. The only indication of residual dynamics is found
for residues 170 and 177, which appear to be in slow
exchange for the protons. For the stretch 2884, confor-
mational exchange cannot be excluded. While this work was
in progress, the formation of a distorted helix in the second
helix was reported for RXR upon binding to a DNA half
site 20), whereas at the same time the C-termiaghelix
unfolds. Since the dynamical behavior of the C-terminus does
not exhibit great changes, it is likely that the helix is replaced
by another stable structure.

Previously, differences have been observed between the
solution structures of the free DBDs of GR, ER, and RXR

4.

6.

7

8.

9.

10.

11.

12.

13.

on one hand and the crystal structures of these proteins, as14-

homodimers complexed with DNA, on the other. These
differences were postulated to result from a folding transition
in the DBDs, which occurs upon contacting the DNAL(
12). We have shown that DNA binding of RXR in solution
does result in conformational constraining in the second zinc
finger. These findings are complementary to the structural
changes in the dimerization areas of RXR induced by DNA
binding 0, 10). The dynamical behavior of the nuclear
receptor DBDs (especially in the milli- to microsecond time
scale) displays quite a variety. It is quite likely that this
differential dynamics is an important element in intermo-
lecular recognition during complex formation.
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