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ABSTRACT: Runx proteins constitute a family of mammalian transcription factors that interact with DNA
through their evolutionarily conserved Runt domain. @BElternatively denoted PEBP2is the non-
DNA-binding heterodimer partner and acts to enhance the DNA binding affinity of Runx proteins. Runx
proteins and CBF are associated with a variety of biological functions and human diseases; they are, for
example, together the most frequent targets for chromosomal rearrangements in acute human leukemias.
We have determined the solution structure and characterized the backbone dynamics of C-terminally
truncated fragments containing residuesl#1 of CBF. The present apo-CB¥structure is very similar

to that seen in a RuntCBFj3 complex. An evaluation of backboA®N NMR relaxation parameters shows

that CBFB is a rigid molecule with high order parameters throughout the backbone; the only regions
displaying significant dynamics are a long loop and the C-ternuirtalix. A few residues display relaxation
behavior indicating conformational exchange on microsecond to millisecond time scales, but only one of
these is located at the Runt binding surface. Our structure and dynamics analysis @fti@&B&fore
suggests that the protein binds to Runt without large conformational changes or induced folding (“lock-
and-key” interaction). The apo-CBFstructure presented here exhibits several significant differences with
two other published NMR ensembles of very similar protein fragments. The differences are located in
four regions outside of the centrgtbarrel, whereas thg-barrel itself is almost identical in the three

NMR structures. The comparison illustrates that independently determined NMR structures may display
rather large differences in backbone conformation in regions that appear to be well-defined in each of the
calculated NMR ensembles.

CBFp, also called PEBR2 is the non-DNA-binding that CBFp is required for the function of the Runx1 protein
heterodimer partner for the Runx family of mammalian also in vivo €). The dominantly inherited human disease
transcription factors. All three known Runx proteins share familial platelet disorder with propensity to acute myeloid
the evolutionarily conserved Runt homology domain (RD) leukemia (FPD/AML) is caused by defects in one of the two
named after th®rosophila melanogastegeneRunt(1). The copies of theRunxlgene ¥). Point mutations found in FPD/
RD is sufficient for both DNA binding and heterodimeriza- = AML and in several percent of acute leukemias cluster within
tion with CBFj3. The ternary CBB—RD—DNA complex is the RD. Together, the Runx1/AML1 and CBRenes are

formed at a 1:1:1 ratio2). Runx] also denotedAML1, the most frequent targets for chromosomal rearrangements
PEBP2:B, or CBFa.2, is essential for blood cell formation,  in acute human leukemia$,(8—10).

since mice with homozygous disruption of this gene totally
lack definitive hematopoietic stem cells and consequently
lack all blood cells 8, 4). Hematopoietic stem cells are also
important in promoting angiogenesis)(CBFS deficient
mice have the same defectsRusnx1deficient mice, showing

Runx2 is essential for differentiation of osteoblasts and
formation of bone. The dominantly inherited human disease
cleidocranial dysplasia, characterized by multiple skeletal
abnormalities, is caused by defects in one of the two copies
of the Runx2gene 9, 11).

T This work was supported by grants to T.H. from the Swedish To date, only one mammaliaGBFS gene has been

Foundation for Strategic Research (SSF), the Swedish Research Councildentified (12, 13), whereas twdDrosophila CBFB genes,
and the Knut and Alice Wallenberg Foundation, and by a grant to T.G. Brother and Big-brother, have been found1d). CBFS is

fropTﬂ:ee535%3205%%:%203%% CBFensemble are deposited at ubiquitously expressed, localized to the cytoplasm, and
the RCSB Protein Data Bank as entry 1ILF. transported to the nucleus after heterodimerization with Runx
* To whom correspondence should be addressed. Red6-8-608 proteins (5). The 135 N-terminal amino acid residues of
92 90. E-mail: Torleif.Hard@biochem kth.se. CBFB are sufficient for heterodimerization with the RIDG].
; 5%@1 lSrS]it\I/tg:Eit?/f Technology. CBFS binding to Runt proteins induces a several-fold
1 Abbreviations: CBPBi14;, amino acid residues 1141 of core increase in DNA binding affinity by decreasing the rates of

binding factor; FPD/AML, familial platelet disorder with propensity  dissociation from DNA {2). The mechanism is allosteric

to acute myeloid leukemia; RD, Runt homology domain; rmsd, root- 54 involves the stabilization of one minor and one major
mean-square deviation; NMR, nuclear magnetic resonance; HSQC,

heteronuclear single-quantum coherence: NOE, nuclear Overhausedro0ve DNA binding loop in the RDI(7). As anticipated
effect; TOCSY, total correlation spectroscopy; SA, simulated annealing. from biochemical datal@), X-ray diffraction studies have
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shown that CBB does not make any DNA contact$7( at 24°C, and descriptions of these experiments can be found
18). in ref 25, Backbone resonance assignments of GBFwere

Here we describe the solution structure and a characteriza-Obtained on the basis of complementary HNCA/HN(CO)-
tion of backboné®N dynamics of apo_CBIE The work is CA and HNCACB/CBCA(CO)NH eXperimentS. Aromatic
part of our continuing studies of the functional and structural Side chain assignments were obtained from a DQF-COSY
biology of the AML1/Runx-1 transcription factol§—21). spectrum recorded in . The remaining side chain and
In particular, the studies presented here were carried out to@ll carbonyl carbon assignments were obtained fron2éef
investigate how and to what extent CBEindergoes con- Side chain assignments were verified with a three-dimen-
formational changes when binding to the RD. GRfonsists  sional (3D) HCCH-TOCSY experiment. NOE-derived dis-
of a partially open six-stranded up-and-dogbarrel capped ~ tance restraints were obtained from a 120'fh&edited 3D
by o-helices. The question of conformational change has NOESY-HSQC spectrum acquired in,®, a 100 ms'*C-
come up since two previously determined NMR structures €dited 3D NOESY-HSQC spectrum acquired igDand a
of CBFS (22, 23) display very different backbone conforma- 90 ms two-dimensional (2D) NOESY spectrum acquired in
tions in several regions outside the centpabarrel. The  D20. A 3D HNHA spectrum was acquired to obt&ifinma
conformations of these regions are also in both cases differentscalar coupling constants. NMR data were processed using
from those seen in the RD-complexed GBR4). A re- the Azara suit of programs (W. Boucher, University of
examination of the structure of apo-CBIS therefore needed ~ Cambridge, Cambridge, U.K.), XWINNMR (Bruker), VNMR
to resolve the issue of conformational change and understancp-3 (Varian), and NMRPipe2(?) and subsequently analyzed
how CBFj functions at a molecular level. Complementary Using Ansig for Windows 28).
studies of backbone dynamics were carried out to investigate Measurements 6fN R, andR; relaxation rates and steady-
if inherent flexibility in apo-CBB might be implicated in  State heteronucledH—*>N NOEs were taken at 24C using
the RD-CBFS recognition mechanism. The structure that the experiments described in 29. TheR, experiments were
we determine here differs significantly from the two previous acquired with relaxation delays of 10, 100, 200, 300, 400,
NMR structures of CBE, but it is on the other hand very 500, 600, and 700 ms with a duplicate data set acquired at
similar to that observed in the RECBFS complex. We also 200 ms to estimate experimental uncertainties. The CPMG
find that the backbone of apo-CBFs quite rigid with high ~ delay in theR, measurement was 9Q@s, and data were
order parameters for sub-nanosecond dynamics and on|yaCCIUi|’ed with relaxation delays of 15.6, 31.2, 46.8, 62.5, 78.1,
limited contributions from chemical exchange, with the 93.7,109.3, and 156.2 ms, with a duplicate data set acquired
exception of a long surface loop and the C-termindielix. at 78.1 ms. All relaxation data points were obtained by
Our structural and dynamic data therefore suggest that RDintegration of cross-peaks in two-dimensional spectra using
binding proceeds without backbone rearrangements or sta-Procedures available within XWINNMR. Experimental errors

bilization of flexible regions in CBB. in Ry, Ry, and steady-staféd—*N NOEs were estimated as
described in re80. R, andR; relaxation rates were calculated
EXPERIMENTAL PROCEDURES by nonlinear fitting of relaxation decays to the equation
A x exp(Rt) using Mathematica (Wolfram Research).
Cloning, Purification, and Sample Preparatiofwo NOE and Hydrogen Bond Distance RestrailN@E cross-

different plasmid constructs were used for the overproduction peaks were assigned and integrated within Ansig for

of amino acid residues-1141 of CBFB (CBFf141). Forthe  windows. Calibration of cross-peak intensities was carried
structure determination, we subcloned DNA corresponding out against known distances in antiparafiedheet structures

to CBRB141into the pET-15b plasmid (Novagen; this plasmid (31). The NOE distance restraints were divided into three
encodes an N-terminal 6*-polyhistidine tag plus 14 other classes: strong, medium, and weak corresponding te 1.8
non-native N-terminal amino acid residues). Expression and2.7, 1.8-3.6, and 1.8-6.0 A, respectively. To account for
purification were performed as described previoust§)(  the increased apparent intensities of methyl resonances, 0.5
For backbone dynamics measurements, we instead used th@ as added to the upper distance limits for all cross-peaks
plasmid pET-11c (Novagen) that produces native proteins. inyolving methyl protons. Redundant intraresidue NOE
CBFf.14; produced with pET-11c was purified by using distances were removed with Ansig for Windows and AQUA
DEAE-Sepharose CL-6B, Phenyl Sepharose CL-4B, and (32). Non-stereoassigned diastereotopic groups were treated
Superdex 75 gel filtration columns (all columns were as suggested in ré&3. Multiplicity corrections were achieved
purchased from Pharmacia Biotech). The purified proteins by usingr—e summation in the structure calculations.

were finally resuspended in the appropriate NMR buffers, sjowly exchanging amide protons were identified by
desalted on PD-10 columns (Pharmacia Biotech), and acquiring al®N HSQC spectrum on a lyophilized CBE:

concentrated in Centricon tubes (Amicon). UnlabeléN; sample dissolved in 100%D. Backbone amide resonances
labeled, and®N- and **C-labeled CBB141 samples were yisible after 20 min were identified as hydrogen bond donors.
produced. NMR samples were concentrated te-0.8 mM Main chain hydrogen bond acceptors were identified from
in 20—-150 mM NacCl, 0 or 0.1 mM EDTA, 25 mM NaP  stretches of regular secondary structure. Two distance
(pH 6.5), 5 mM DTT, and 0.1% NaiN restraints were incorporated for each hydrogen bond: the

NMR SpectroscopNMR data were acquired at 600 and donor hydrogen to acceptor oxygen distance was sette-1.70
800 MHz on Varian Inova spectrometers and at 600 MHz 2.20 A and the donor nitrogen to acceptor oxygen distance
on a Bruker AVANCE spectrometer. The spectrometers were to 2.70-3.20 A.
equipped with three rf channels, pulsed field gradients, and Dihedral Angles and Stereospecific AssignmemRe-

5 mm triple-resonance’f, N, and '3C) probes. NMR straints for backbone dihedral angles were derived from
spectra used for the structure determination were recordedthe 3D HNHA experiment. Calculatedynn, values were
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multiplied by a factor of 1.15 to account for the different (43—45). Model selection was carried out using the program
relaxation properties of the diagonal and cross-peak signalsModelfree 4.01 (A. G. Palmer, Columbia University). With
(34). Dihedral ¢ angle restraints were divided into three three measured relaxation parameters, it is possible to fit up
groups depending on the magnitude of &gyn, values. to three parameters in five different ways. The five models
For 3Junhe Scalar couplings larger than 9.0 Hz, larger than include fitting S (model 1),$ andz. (model 2),S andRex
8.0 Hz, or in the range of 3:66.0 Hz, ¢ values were  (model 3),S2, 7, andRex (Model 4), 0r§?, &, andz. (model
restrained to—120 £+ 20°, —120 £ 30°, or —60 £ 30°, 5), whereS (=S2S?) is the square of the generalized order
respectively. Coupling constants in the range of-B® Hz parameter reflecting the amplitude of internal motio&3,
were assumed to be averaged, angnalues were assigned andS? are the squares of the order parameters for dynamics
to the corresponding residues. Additiogabnd vy torsion on slow and fast time scales, respectivelyis the effective
angle restraints were obtained with the program TALGS.( correlation time for internal motions, arfeL, is a confor-
These angles were restrained to withirf 20 the predicted mational exchange contribution to tRerelaxation rate. For
value for those residues that were assigned good predictionsach residue, we first tested if model 1 was sufficient for a
by the program. Stereospecific assignments-aiethylene good fit of experimental data. The fit was considered good
resonances angt torsion angles were determined from the if T was less than? 102 Goodness of fitIj, and critical
relative intensities of intraresidue"HH? NOEsina 50 ms  values,y?,., were defined and used as described in3@f
15N-edited 3D NOESY-HSQC spectrum in conjunction with Next, we examined if a fit of model 3 to the remaining
the relative size ofJ,s coupling constants estimated from a residues yielded an improved fit, and model 3 was selected
30 ms*®N-edited 3D TOCSY-HSQC spectrur@f). Stereo- if I'; was less thap?o.10,: Residues with relaxation behavior
specific assignments of valine and leucine methyl groups that did not fit model 1 or 3 were analyzed using model 2.
were obtained by acquiring a constant-time (27 r§) With these, we also tested model 4 if the following three
HSQC spectrum on a 109%C-labeled CBB141 sample criteria were fulfilled: (i) for model 2 was greater than
dissolved in 100% BD (37). All methyl groups except those  15¢% 10,1 (i) I'i = O for model 4, and (iii) the uncertainty in
of Val106 could be stereospecifically assigned in this way. the Re value (with model 4) was smaller than tRg, value.
Structure CalculationsCBFf314; structures were calculated Model 5 was tested in a similar way. Following model
with the program CNS 1.(8@) using torsion angle dynamics  selection, we classified the fits as very good’ifwas less
simulated annealing (SA). Force constants were set to theirthany? 10,, good if I} was less than %, 10,, acceptable if
default values given in the original anneal.inp protocol, T was less than &0, ,, and poor if[; was greater than
except for the force constant for dihedral angle restraints 9y%.10,- Residues with poor fits were excluded from further
which was set to 1 kcal mol rad 2. Other SA parameters  analysis. Uncertainties in optimized dynamics parameters
were set to default anneal.inp values, but the molecules werewere obtained from Monte Carlo simulatior&s).
initially heated to 70 000 K (instead of 50 000 K) with a
longer first cooling period of 3700 steps (yielding 55 ps of RESULTS
molecular dynamics during the first cooling period). A Backbone Conformation of Apo-CBFThe SA ensemble
second Cartesian cooling period was also included. The 200f CBFf14; structures is shown in Figure 1, and structural
non-native N-terminal amino acid residues, including the statistics are summarized in Table 1. The overall topology
polyhistidine tag, were omitted in the structure calculations. is that of a partially open up-and-down six-strangedarrel
A total of 58 SA structures were calculated, and the 25 surrounded byr-helices of different lengths (Figure 2), and
structures with total CNS energies o390 kcal/mol were it is very similar to the topology observed in other studies
selected to represent the solution structure ensemble ofof CBFS (17, 18, 22—24). The structural precision of the
CBFB141. These structures were analyzed using the programsensemble is good with the exception of a long loop (Ala71
PROCHECK-NMR 82) and MOLMOL (39). Glu84) andu-helix 4. These regions are less well determined
Evaluation of'>N Relaxation DataRelaxation data were  due to a lack of long-range distance restraints. The long loop
first used to determine the extent of overall rotational is followed by a short stretch of extended peptide (Ty+85
diffusion and rotational diffusion anisotropy and then Asp87). The conformation of this peptide fragment is well-
quantitated in terms of local dynamics parameters. To defined, and it is very likely that it forms an extension of
examine overall rotation, we selectBgR, ratios for residues  theS-barrel by interacting witl-strand 4 (we have identified
which do not display rapid local dynamic¥H-**N NOE one putative hydrogen bond and several NOEs supporting
> 0.65) and which also have limited contributiondRofrom such an extended secondary structure). We were able to
conformational exchangd(). The energy-minimized aver-  identify 11 of the 19 observable main chain amide moieties
age CBIB14; structure was used to fit an optimal diffusion in the polyhistidine tag. According to the chemical shift index
model to selected experiment&,/R, ratios using the  based on the--carbon chemical shiftslf), the polyhistidine
programs pdbinertia 1.1 and quadric_diffusion 1.11 (A. G. tag adopts a random coil conformation. Only intraresidue
Palmer, Columbia University, New York, NY). An axial NOEs could be observed for the resonances in the polyhis-
symmetric diffusion model was selected on the basi& of tidine tag.
tests 41) (Results). Values for local rotational correlation Assignment and Conformation of the Tyr29 HydroXyle
times, tv, were then calculated from optimized overall side chain of Tyr29 occupied two different conformations
diffusion coefficients and local orientations of the NH vectors during the early stages of the iterative structure refinement
with respect to the symmetry axis for rotational diffusion process. One conformation was solvent-exposed, and the
(30, 42). other was buried in a hydrophobic environment that consisted
Local backbone dynamics were quantitated using param-of side chains from residues iw-helix 3 and some
eters in spectral density functions of the LipaBizabo type surrounding regions. Further examination of the 2D NOESY
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Ficure 1: Stereoview of the 25 SA models representing the solution structure ensemble Bf4CBFRe backbone atoms of tifestrands
are superimposed. All molecular illustrations in this article were prepared with MOLMOL (

Table 1: Structural Statistics for the Ensemble of SA Models of o
CBFﬂMl S . m

no. of NOE-derived distances

intraresidue 596
sequential|{ — j| = 1) 516
medium-range (K |i —j| < 4) 363
long-rangeli —j| > 4) 664
total 2139
no. of hydrogen bonds 43
no. of dihedral angle restraints
¢ obtained from HNHA 44
¢ obtained from TALOS 52
y obtained from TALOS 83
! 36 N
no. of stereospecific assignments )
S-methylene 36 ﬂze h W %«-&4@\
Val and Leu methyl groups 32 N : \N*
Ramachandran plot analysis = ;17 P L C
residues in most favored regions 82.5% x ( )
residues in additional allowed regions 15.2% S ‘3
residues in generously allowed regions 2.2% . . . )
residues in disallowed regions 0.1% Ficure 2: Ribbon drawing of CBB14; with notation off-strands,
coordinate precision a-helices, and the long loop. The first CBf; structure of the SA
residues irB-strands (2429, 52-57, ensemble is shown here. The side chain of Y29 is also shown, and
62—67, 95-103, 106-114, the C* atoms of A71 and E84 are highlighted to mark the location
and 126-127) of the long loop.

rmsd from mean (backbone atoms) 0.27 A
rmsd from mean (all heavy atoms) 0.71 A

residues 141 to be fixed by hydrogen bonds between the hydroxyl oxygen
rmsd from mean (backbone atoms) ~ 0.78 A and the backbone amide of Glu54, and between the hydroxy!
rmsd from mean (all heavy atoms) 1.39 A
deviations from idealized covalent geometry proton and the backbone carbonyl oxygen of Arg40.
bonds 0.002& 0.00008 A Backbone Dynamics of CBFThe backboné®N relax-
angles 0.4& 0.0T ation parameters of CBir.; at a'H frequency of 600 MHz
impropers 0.36t 0.02 . . . .
no. of violations are shown in Figure 3. To quantify these parameters with
distance restraints<0.5 A) 0 the model free approach, we first determined which overall
dihedral angle restraints-5°) 0.24 rotational diffusion model would best fit the relaxation data.

The R /R, ratios from 98 selected NH vectors were found to
spectrum led to assignment of the” lgroton of Tyr29 fit an axially symmetric diffusion model with an average
resonating at 6.79 ppm. Within the Tyr29 side chain, the H rotational correlation timegy s, Of 10.00+ 0.11 ns and a
proton has a strong NOE to the’ Hrotons and a weak NOE  ratio of rotational diffusion coefficientspa/Dpes Of 1.21
to the H protons. These NOEs lack corresponding DQF- + 0.021 (Table 2). Our estimate ofyso is Somewhat lower
COSY cross-peaks, as expected. Several long-range NOEghan the value of 11.4 ns that was estimated ind&fAn
could subsequently be assigned between therdton and axial diffusion tensor with these parameters corresponds to
side chain protons of, for example, Phe4d4ihelix 3. When local correlation times between 9.58 and 10.65 ns depending
these distance restraints were included in the structureon the orientation of the NH vector with respect to the
calculations, the side chain of Tyr29 relaxed into the buried diffusion symmetry axis. Locaty constants were fixed to
conformation (Figure 2). A buried and slowly exchanging calculated values before model selection and optimization
tyrosyl H? proton is expected to participate in hydrogen of other local dynamics parameters. Of the total of 111
bonding. The structural precision of the Tyr29 side chain is residues with determined relaxation parameters, 9 were
well-defined in relation to neighboring groups, and it appears excluded due to poor fits to all models. Of the remaining
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Table 2: Rotational Diffusion Models for CBirs,®

model TM,iso (ns}] Dpa,/Dper Dx/Dy ered Fe pd
isotropic 10.02+ 0.11 - - 6.970 - -
axial symmetric 10.0&: 0.11 1.21+ 0.021 5.921 6.66 0.0004
anisotropic 10.03:0.11 1.21+ 0.022 1.08+ 0.025 5.932 0.90 0.41

a2The evaluation is based on $8/R; values and the averaged and energy-minimized & RBFtructure, as described in the tekEffective
correlation time fw,iso = 1/6Diso, WhereDiso = (2Dper + Dpa/3]. ¢ F ratio (41) for assessing the validity of a reduction jfes when additional
parameters are added to the modérobability that the reduction ij%.q is achieved by chanc&Dpa/Dper = 2D//(Dx + Dy).
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FiGure 3: Backbone!N relaxation parameters of CB ] .
measured at aH resonance frequency of 600 MHR; (A), R, Ficure 4: Model free backbone dynamics parameters Rad
(B), and{H} —15N NOE values (C) could be determined for 111 Values from analysis oPN NMR relaxation in CBB14. In all,
of 135 total non-proline amino acid residues. 102 of the 111 amino acid residues with determined relaxation

parameters could be fitted with modelsA (see the text). (A) Order
; ) . arameters®), (B) effective correlation times for internal motions
102 residues, we could fit 38, 52,_ 9, 2, and 1 relaxation Fre), and ?g)) (co)nformational exchange contributiorRs) to
parameter set to models-b, respectively. Of these, 50, 42, {ransverse relaxation rates.
and 10 fits were judged to be very good, good, and
acceptable, respectively. Local dynamics parameter&and Backbone order parameters of GBIp are high, indicating
terms for CBIB are shown in Figure 4. a well-ordered and rigid molecule. This is expected since a
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Table 3: Precision of the Three CBRMR Ensembles and Comparison with GBi the CBFF—RD Complex

1ILF
(this study) 2JHB 1CL3
precision of apo-CBF
secondary structure’@ 0.46 A 0.50 A 0.47 A
heavy atoms in all residugs 1.37A 1.24 A 1.32A

comparison to the
CBF3—RD complex
secondary structure’@ 1.03+0.04 A 1.92+0.08 A 2.65+ 0.05 A

aThe rmsd (pairwise against mean) is calculated féra@ms in secondary structure elements determined in this study, i.e., residliés 8
16—22, 24-29, 37-50, 52-57, 62-67, 95-103, 106-114, 126-127, and 129-139.° Residues 4141, which are present in all three CBF
ensemblest Average rmsd values and standard deviations in pairwise comparisons of individual NMR models in the three ensembles to the B-chain
CBF monomer in the CBF—RD complex 24). ¢ As defined by MOLMOL @9) for the B-chain CBB monomer in the X-ray structure of the
CBF5—RD complex (residues-814, 16-22, 25-29, 3749, 52-57, 62-67, 86, 87, 94103, 106-115, 126-127, and 129-133).

all 70 models in the three ensembles is only 0.78 A. If instead
residues 4141 are superimposed, the rmsd increases to 2.6
A, indicating that there are structural differences in regions
outside of thes-barrel. Inspection of the structures reveals
that the differences are localized to four regions (Figure 6).
These regions have, in all three ensembles, somewhat lower
precisions than th@-barrel core. Regions 1, 2, and 4 are
still relatively well defined, whereas region 3, containing the
long loop, is less defined in all structures.

Region 1 (GIn8-Ser22 and Glul29Alal39) contains
o-helices 1, 2, and 4, which have different relative orienta-
tions in the three ensembles. The conformation we observe
here, as well as the conformations of regions4? is
supported by several restraints derived from NOHs,
couplings, and chemical shifts, of which we mention a few
critical ones. For instance, we have identified long-range
NOEs between Ser22°Hn o-helix 2 and Glul26 M in
p-strand 6, between Val4Hn a-helix 1 and Gly105 M in
the turn betweerg-strands 4 and 5, and between thé H
Ficure 5: Location of significant internal motions or conforma protons of Phe12 io-helix 1 and the Hprotons of Glu129
tional exchange in the 839541 backbone. Small black spheres n th? begl'nnlng. obe-helix 4 These NOEs contribute to the
indicate residues with af of <0.8. Large gray spheres indicate  'elative orientations of helices 1, 2, and 4 that we observe.
residues with aRex of >3.0 s'&. The large black sphere indicates Furthermore, théJynn, coupling constant for Asp128 was
an & of <0.8 and arRe of >3.0 s™. measured to be 8.8 Hz. This value was interpreted as a
angle restraint of-120+ 30°. We also included @ angle
restraint for Asp128 obtained from TALOS of 122 20°.

This ¢ andy restraint pair directs Asp128 into an allowed
region of the Ramachandran diagram. Differences in the main

pB-barrel is a rigid fold with numerous hydrogen bonds
connecting the antiparallgtstrands and leaving only limited
degrees of freedom fqr bacl_<bone nucle within the bgrrel. chain torsion angles at Asp128 might inflict the different
There are only two regions with lower order parameters: the orientations of C-terminak-helix 4 in the three ensembles
long loop and the C-terminak-helix. Both these regions i ) . . '
have low structural precision in our ensemble (Figure 1). Region 2 (Tyr29-Asp50) containsx-helix 3 and eight
The reason for the lack of long-range NOEs in these regionsPreceding amino acid residues. We assigned long-range
therefore appears to be the large amplitude of the internalNOES in this region between the side chains of Tyr29 and
motions. Only 11 residues were fitted with conformational His37 (for instance, between Tyr29 lind H37 H? protons),
exchange contributions to the obsenRdrelaxation rates, ~ for which resonances were resolved in the 2D NOESY
with the largest being 9.6-§for A92 and the smallest 1.59  spectrum acquired in £D. The®Junna coupling constant for
s1 for W73. Amino acid residues with significant internal  Glu38 (the second residue afhelix 3) was measured to be
motions or conformational exchange contributions are mapped3.7 Hz, and this value corresponds t¢ angle restraint of
on the CBPB141 backbone structure in Figure 5. —60 + 30°. They angle suggested by TALSO for Glu38
Comparison of Apo-CBFStructures Determined by NMR.  Was —44 £+ 20°, which is consistent with a peptide in a
Two independently determined NMR structures of @BF helical conformation.
have been published [PDB entries 2JHB)(and 1CL3 22)]. Region 3 (Pro76 Ser82) contains a large fragment of the
We have compared these to each other and to our apgCBF long loop. The loop is less well defined, but its conformation
structure. The structural precision of backbone and side chainin the three NMR ensembles appears to be significantly
atoms is very similar in the three NMR ensembles (Table different also when the lower resolution is considered (Figure
3). Thep-barrel parts also overlap very well (Figure 6A); 6A). In region 3, we assigned long-range NOEs between the
the rmsd value following a superposition of {hestrands of H? methyl protons of Ala71 and the’Hprotons of Arg131.
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Region 2

Region 3

Region 1

Ficure 6: (A) Comparison of three CBFNMR structures determined in different laboratories. The models were superimposet on C
atoms inj-strands. For clarity, residues MetAsp7, GIn140, and GIn141 are not shown and only the first 10 models in each ensemble are
presented. Three regions with different backbone conformations in the three ensembles are colored blue, red, and green for the 1ILF, 2JHB,
and 1CL3 ensembles, respectively. Region 4 is partially hidden in this view and is shown in panel B. Thdamel of CBIB is colored

gray. (B) Conformations of region 4 in the three NMR ensembles. Residues AR§30 are color-coded as the residues are in panel A.

The view is rotated by approximately 186ompared to the view in panel A.

For GIn79, TALOS suggesteplandy angles of-105" and interpreted as ay angle of —120 + 30°. The y angle
140, respectively. These torsion angles force GIn79 to adopt suggested by TALOS for Glu89 was 14230°. This is clear
an extended conformation. evidence that Glu89 adopts an extended conformation and
Region 4 (Arg83-Arg90) contains residues terminating is not part of a helical segment. Furthermore, long-range
and following the long loop. Here, the 1CL3 ensemble NOEs were assigned between th® tiésonances of Asp87
contains an eight-residue;ghelix that is absent in our  and Tyr96, and between®df Leu88 and M of Tyr96, and
ensemble and the 2JHB ensembles (Figure 6B). We find nothese are consistent with the calculated structure.
NOE data supporting the presence of this helical segment. The origin of the differences between the three NMR
In contrast, we identified NOEs that are consistent with a structures may, at least in part, arise due to experimental
putative backbone hydrogen bond between the amide protondifferences. For instance, we note that the N-termini of the
of Lys98 (3-strand 4) and the backbone carbonyl oxygen of three studied molecules differ in length. The possible
Tyr85. This observation is in good agreement with the influence of the longer N-terminal fragment with a histidine
possibility that this fragment indeed adoptg-atrand also  tag used here and other differences in experimental conditions
in the apo state. The chemical shift index for GBfas been are discussed below.
published previously26), and it is also consistent with a Comparison of Apo- and RD-Bound CRRVe have made
p-strand conformation. Th&Junne coupling constant for  a comparison of the three NMR apo-CBBtructures and
Glu89 was measured to be 9.9 Hz, a value which was CBFS in the crystallographically determined structure of a
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FiGURE 7: Backbone stereoview comparison of the B-chain @Bfonomer in the CBF—RD X-ray structure (gray)34) and our mean

and energy-minimized NMR structure (black). Amino acids1S35 are shown, with the exception of GIn7@In77 which are missing in

the X-ray structure. The two molecules were superimposedoat@ns in secondary structure elements found in the X-ray structure (see
Table 2).

CBF3—RD complex 24) (PDB entry 1E50). The rmsd as there are only a few backbone amides with conformational
between the four different CBlchains (B, D, E, and F) in  exchange contributions to obsenil R, relaxation rates.

the X-ray structure is 0.06 A for the°CGatoms in residues  These residues are distributed over the molecule with no
2—70 and 86-135. The chains therefore have identical obvious correlation to RD-binding regions (defined in ref
conformations, and we chose one of them, the B-chain 24), with the exception of Arg33 that directly interacts with
monomer, for the comparison. The B-chain is also very the RD @4). Arg33 has anRe term of 3.0 s%, and the
similar to CBFB in the quaternary RBCBFS5—C/EBR3— possibility that conformational exchange might be important
DNA complex (L7) with an rmsd of 0.54 A for a superim-  for RD binding in this region cannot be excluded. Overall,
position of ¢ atoms in residues-270 and 82-135. The though, it appears that conformational changes do not occur
differences between the apo-CBRnodels and the X-ray  upon binding to the RD and that local dynamics in apo-
structure of the CBF—RD complex were measured, and the CBFS are not implicated in the recognition process. The
smallest rmsd values found for the individual NMR models crystallographic analyses also show that there is no structural
are summarized in Table 3. The backbone conformation of adaptation of CBB between the dimeric (CBFRD) and

our mean and energy-minimized apo-GB$tructure is very  trimeric (CBF3B—RD—DNA) states {7, 24). On the basis
similar to that of the RD-bound structure (Figure 7) with an of the data presented here and these structures, we therefore
average rmsd of 1.0 A, which can be compared to rmsds of conclude that the role of CBFis to provide a rigid template
1.9 and 2.7 A for the 2JHB and 1CL3 ensembles, respec-for the RD to stabilize the optimal DNA-binding conforma-
tively. The conformations of the long loop in the apo and tion of the RD.

RD-bound states cannot be compared, as some residues in the g harrel part of our structure is very similar to that

the loop are absent in the X-ray structure. observed in the two independently determined NMR struc-
tures of apo-CBEB. There are, however, also significant
DISCUSSION differences between the three ensembles, such as in the
We have determined the solution structure and quantified relative orientation ofx-helices -4, the conformation of
the backbone dynamics of CBFn solution. When compar-  the long loop, and the secondary structure of residues
ing our apo-CBP structure to that observed in the het- Arg83—Arg90. Several experimental observations supporting
erodimeric CBB—RD complex 24), we find no evidence  the conformations reported here have been described above.
of substantial rearrangements of the backbone conformationWe have also examined to what extent our restraints are
upon RD binding. Not only thes-barrel but also the  compatible with the 2JHB and 1CL3 models. We find that
surroundinga-helices adopt very similar conformations in a large number of NOEs (and coupling constants) are
the two states. Analysis of the backbotf® relaxation incompatible with these structures. Most of these NOEs were
parameters also reveals that most of apo-EBFvery rigid identified in the 2D NOESY spectrum acquired at 800 MHz
with high & values for backbone NH vectors. The only parts using a sample dissolved in,D. It appears that high-
of CBFf that display significant dynamics on the nanosecond resolution NOESY data for samples dissolved yODvere
time scale are residues in the long loop and the C-terminal not collected in either of the two other structure determina-
o-helix. The long loop probably maintains its flexible nature tions, and it is possible that the observed differences in part
in the dimeric and ternary states since it could not be tracedarise from this fact. However, we cannot draw any further
in either of two crystallographic studies of these two conclusions in this matter, because we have not examined
complexes 17, 24). The role of the C-terminal helix is not  the experimental data used for the calculations of the 2JHB
clear, but it is distant from the RD-interacting surface. The and 1CL3 structures that, to the best of our knowledge, have
dynamics on longer time scales for GBRre also restricted  not been published. It is also important to note that the three
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structures were not determined under identical experimental
conditions. First, the three protein fragments differ in the
way they were subcloned and purified. The 1CL3 ensemble
was determined from a native protein fragment. The 2JHB
ensemble contains two additional amino acid residues
N-terminal to Metl, and our CBFfragment contains an
N-terminal 6*-polyhistidine tag that in total adds 20 amino
acid residues N-terminal to Metl. The chemical shift index
for the polyhistidine tag and the fact that only intraresidue
NOEs can be observed in the N-terminus suggest that the
tag adopts a random coil conformation and probably is
completely flexible. It is unlikely that a flexible purification
tag would affect the structure of CBFand cause all the
conformational differences that we observe, but the pos-
sibility cannot be ruled out. Second, the three structures have
been determined at similar pH values, but there are some
differences in ionic strength and temperature. Our structure
was determined in 20150 mM NacCl and at 24C, whereas

the 1CL3 and 2JHB structures were determined without salt
and at temperatures of 30 and 2D, respectively. Here too,

it is unlikely that the small differences in experimental
conditions cause rather substantial differences in the con-
formations of four regions in a protein, but salt and
temperature effects cannot be completely ruled out. To
summarize, it is not possible to draw conclusions about the
origin of conformational differences in three published NMR
models of apo-CBF. However, it is interesting to note that
NMR studies of a protein by independent investigators using
very similar techniques can yield structures that differ in
regions that appear to be well-resolved in the individual
ensembles.
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