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Abstract

Backbone dynamics of the baghelix-loop-helix domain oPho4from Saccharomyces cerevishave been probed by

NMR techniques, in the absence of DNA, nonspecifically bound to DNA and bound to cognate DNA. Alpha proton
chemical shift indices and nuclear Overhauser effect patterns were used to elucidate the secondary structure in these
states. These secondary structures are compared to the co-crystal conpledbbund to a cognate DNA sequence
(Shimizu T, Toumoto A, Ihara K, Shimizu M, Kyogou Y, Ogawa N, Oshima Y, Hakoshima T, 18880 J 15
4689-4697. The dynamic information provides insight into the nature of this DNA binding domain as it progresses
from free in solution to a specifically bound DNA complex. Relative to the unbound form, we show that formation of
either the nonspecific and cognate DNA bound complexes involves a large change in conformation and backbone
dynamics of the basic region. The nonspecific and cognate complexes, however, have nearly identical secondary
structure and backbone dynamics. We also present evidence for conformational flexibility at a highly conserved
glutamate basic region residue. These results are discussed in relation to the mechanism of sequence specific recognition
and binding.

Keywords: helix-loop-helix protein; nonspecific bindingho4 protein dynamics; sequence-specific binding; spectral
density mapping

The PHO system is a set of at least 17 geneSaecharomyces brane, which is mediated by the import recepRseYKapl21
cerevisaethat assist in the regulation of phosphate metabolismcomplex(Kaffman et al., 1998b When inside the nucleu®ho4
(Oshima, 1982 They encode several phosphatases, transport praserves its role as a positive transcriptional regulator.
teins, and transcriptional regulators. The PHO4 gene product is a Pho4 accomplishes its positive transcriptional control, in part,
312 amino acid, repressible transcription factor that regulates thby recognition and binding of an E-box sequef@eCANNTG3')
expression of several other genes in the PHO sys®shima, in the promoter regions of genésogel et al., 1982 Binding to
1982; Gilliquet & Berben, 1993 Like most transcription factors, this recognition element occurs through the basic regiefix-
it is composed of several domaif®@gawa & Oshima, 1990and loop-helix (bHLH) motif, which is formed by the homodimeriza-
its function and cellular localization are highly regulated. Undertion of the C-terminal 65 residues. This bHLH motif is a member
phosphate rich condition®ho4is under the negative control of of a subclass of HLH protein domain foldkittlewood & Evan,
the cyclin-CDK complex oPho80-Pho85Schneider et al., 1994; 1995. HLH domains, first identified by Murre et a{1989, con-
O'Neil et al., 1996. This cyclin/CDK complex phosphorylates sist of either homo- or heterodimers. Although higher order asso-
Pho4and results in localization d?ho4in the cytoplasmic space ciation has been observéd., formation of oligomepsdimerization
(Kaffman et al., 1998aIn times of phosphate starvation, however, is the most frequent mode of associatidrittlewood & Evan,
Pho81 prevents phosphorylation d?ho4 by the Pho80-Pho85  1995. Each monomer contributes two helices that are separated by
complex and allows for translocation across the nuclear mema loop region and form a four helix bundle upon dimerization.
Another subclass of HLH dimers is further stabilized by the ad-
dition of a leucine zipper domain adjacent to the HLH féfiorm-
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ize with other HLH proteins that do, and thus serve as effectivebound states of this bHLH domain. The structural and dynamic
negative regulatoréLittlewood & Evan, 199%. DNA binding by  differences are discussed in relation to a possible mechanism for
HLH proteins occurs through a helical region, containing a numbethe recognition of E-box DNA sequence By104
of basic residues, that is adjacent to the HLH fofdrming a
bHLH or bHLH/Z motif). The binding of DNA by this basic
region is reminiscent of the basic region in the bZIP m(&fien-
berger, 1994 Using sequence alignments with other known bHLH and bIAZH
Detailed characterization of the interactions between bHLH andlomaing Littlewood & Evan, 1995, Pho4wild-type residues D248
bHLH/Z domains specifically bound to promoter DNA sequencesto T312(Fig. 1B) were chosen to be the construct utilized in this
has been achieved for several proteins using X-ray diffractiorpresent study(this construct is simply referred to &ho4 here
(Ferre-D’Amare et al., 1993, 1994; Ellenberger et al., 1994; Maaften. These residues are capable of forming a bHLH motif and
et al.,, 1994; Shimizu et al., 1997; Parraga et al., 1998ese  E-box sequence specific binding. An amino terminal methionine
structures verified the expectation that dimerization occurs by forresidue was added to the construct as a consequence of the recom-
mation of the four helix bundléMurre et al., 1989 and that  binant bacterial expression system. The cognate target DNA se-
sequence specific recognition of E-box half sites is mediated byjuence(Fig. 1B) was constructed with an E-box element at its
the highly conserved residues in the basic region of each monometenter. The nonspecific DNA target sequeriédy. 1B) was de-
These structural studies have further revealed that residues locatsijned to have the same nucleotide composition as the cognate
on the loops separating the helices of the core HLH fold cansequence, but the E-box nucleotides were rearranged to prevent
contact the DNA phosphodiester backbone and contribute to theognate complex formation. Circular dichroig@D) analysis of
stability of the protein-DNA complex. DNA titrations with Pho4reveals thaPho4binds both sequences
The structure of the?ho4DNA complex was determined by tightly (Fig. 2A). The cognate complex, however, has a lower
Shimizu and co-workers using X-ray crystallograg8himizu etal.,  dissociation constantKd) than the nonspecific complefKd =
1997. In addition to the many structural features common to thel nM andKd ~ 20 nM for the cognate and nonspecific complexes,
previous co-crystal structures of bHLH or bHI/E@ DNA com- respectively. Despite the relatively tight binding with the nonspe-
plexes, thé®ho4complex also revealed some novel features. Amongcific target DNA sequence, polyacrylamide gel electrophoresis mo-
these was a short helical segment in the loop connecting the twbility shift assays(EMSA) reveal thatPho4 does not bind this
helices forming the HLH core. In all previous studies, the looptarget sequence with any specificitifig. 2B). The EMSA exper-
region was devoid of secondary structure. The crystal structuréments also display a highétd for the cognate completKd ~
also showed several side-chain contacts to base pairs flanking tf nM) than was observed with the CD titrations, but this obser-
consensus sequence, which explains w4 can preferentially  vation is most likely due to the presence of unlabeled nonspecific
recognize and bind particular E-box sequences among various gewempetitor DNA in the gel mobility shift experiments.
promoter regions also containing E-box elements. Experimental conditions chosen for the NMR experiments in
Considerable structural information about DNA bound com-this work were determined by screening one-dimensidHalMR
plexes of bHLH or bHLHZ proteins is available; however, far spectra under various pH and temperature in the presence of cog-
less is known about the bHLH or bHLAZ motifs in the absence nate DNA. These experiments indicated optimal resolution of ob-
of DNA sequences that they specifically bind. Fairman etl#97) servable resonances at € and pH 6.3.
have studied the bHLH motif d&47in the absence of DNA using The formation of both nonspecific and cognate complexes was
NMR. Much like the solution NMR studies of bZIP domains in the accompanied by the partial precipitation upon addition of the bHLH
absence of DNASaudek et al., 1991; Talanian et al., 1992; Brackenand DNA componentgthe DNA sequences used are displayed in
et al., 1999, the basic region of thE47bHLH domain appears to  Fig. 1). ®N-H heteronuclear single quantum cohereid&QC)
lack well-defined secondary structure. For both classes of proteispectra collected while titrating DNA into a solution witho4
folds, however, there is evidence for nascent or flexible helicalindicates thaPho4free and in the complex exchange at a rate that
secondary structure. Understanding the dynamic behavior of DNAs significantly faster in the nonspecific complex than in the cog-
binding domains in the absence of DNA will provide a better nate complex. The averageN peak width in the HSQC spectra was
understanding of the nature of these domains when transcriptiothe same for all three samplé&l + 2, 22+ 2, and 21+ 2 Hz for
factors are not bound to DNA. the free form, nonspecific, and cognate complexes, respectively
To our knowledge, there is no structural information on bHLH Some residues, however, significantly deviate from these average
or bHLH/Z domains bound to DNA that is devoid of a cognate linewidths. Much of the basic region and the first four residues of
recognition sequendghat is, nonspecifically bound to DNAFur- helix 2(S44 to T4 in the nonspecific complex demonstrate slightly
thermore, there have only been a few structural studies publisheldroader line$24 + 2 Hz). Within the basic complex of the cognate
describing the interactions of sequence specific DNA binding do-complex, residue E12 also had a modestly broader linewadiiiiz)
mains in the presence of nonspeific DNA sequeri@éiskler etal., and Q13 was visibly broader, but could not be reliably measured.
1993; Gewith & Sigler, 1995; Jen-Jacobson, 199he interaction Portions of the!>N-'H HSQC spectra foPho4in the absence
of sequence specific DNA binding domains with nonspecific DNA of DNA, in the presence of nonspecific DNA and in the presence
is an important intermediate step in the process of sequence spef cognate DNA are presented in Figure 3. Of the 62 backbone
cific recognition and binding. amide resonances expected, both the unbound sample and the cog-
In this study, we have used solution NMR techniques to invesnate complex contain 61 cross peaks while the sample with the
tigate the secondary structure and backbone dynamics of the bHLHonspecific complex has 57. The nonspecific complex has 20 and
domain fromPho4bound to a cognate DNA sequence, nonspecif-cognate complex has 24 observed backbone HSQC resonances that
ically bound to DNA and free in solution. We report differences in significantly change relative to the unbound cross-peak chemical
the secondary structure and backbone dynamics for the differentlghift values(see Fig. 4. The residues that changes the most are
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A H,N- Activation Domain bHLH domain |FCOOH
wild-type I I I I
residue 1 110 248 312
basic region helix 1 loop region helix 2

MDDKRESHKHAEQARRNRLAVALHELASLIPAEWKNQQNVSAAPSKATTVEAACRYIHLQQNGST

bHLH [ | | | | I I |
construct 10 20 30 40 50 60 65
numbering

Non-specific DNA binding sequence  5'- CGCGCGGGATCCCGCGCG-3'

Cognate DNA binding sequence 5'- CGCGC ACACGTGLGCGCG-3'

E-box

Fig. 1. A: Aschematic of thého4protein is shown, indicating the positions of the transcriptional activation and bHLH DNA binding
domains. The expanded region displays the construct and residue numbering system used in the pregntseudjgonucleotide
sequences used to form the nonspecific and cognate DNA complexes.
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Fig. 2. The binding behavior of the cognate and nonspecific complekeThe fraction of 1uM Pho4bound as a function of DNA
concentration. The fraction &fho4bound was determined by the CD absorbance at 222 nm during the titration. The cognate complex
(open circleg has been fit with a curve correspondimmya 1 nMKd, while the nonspecific complegsolid triangle$ has been fit with

a 20 nMKd curve. Curves representing 1, 10, 25, and 50KdiA/alues have also been plotted as a referétieel nM curve overlaps

with the cognate complex curkeB: EMSA experiments demonstrate thRtto4sequence specifically binds the cognate DNA target,
while its interaction with the nonspecific target displays no such preference.
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Fig. 3. Overlays of regions fromH-'>N HSQC spectra of thBho4bHLH domain and NDA complexes are showki. The unbound
form of Pho4 (red contoursand nonspecific completblack contoursare shownB: The nonspecific completblack contoursis
overlapped with the cognate compléxeen contouns

primarily found in the basic region, the loop region, and the onstrated that the presence of either nonspecific or cognate DNA
N-terminal portion of helix 2. Significant changes in the observedresults in an approximate 25% increase in the observed helical
backbone amid&N and*H chemical shifts were anticipated based content. This observed increase in helical content is approximately
on preliminary CD experiments. CD measuremdifig. 5 dem-  equivalent to the percentage of the basic region relative to the
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Fig. 4. A: The observed changéppm) in the *H-1>N HSQC cross-peak position upon forming the nonspecific comfdark gray

barg and cognate compleftight gray bar$, relative to the free protein cross-peak positiddsThe observed changéppm) in the

IH-13N HSQC cross-peak position between the nonspecific and cognate complexes. The changes in cross-peak positions were
quantified by[(A™Ngpm)2 + (AHppm)2)]1Y2.



2358 J.W. Cave et al.

1x10°

!

-1x10°

2x10°

© (deg cm 2 dmol ™)

-3x10°

LI s S s s B I N

4x1 05 L N L 1 s 1 " s N 1 . N . 1 1
200 220 240 260 280 300

Wavelength (nm)

Fig. 5. CD data(in molar ellipticity, ®) of the free proteirtblack), the nonspecific compleidarker gray, and cognate compleiighter
gray).

entire Pho4 construct. This observation also coincides well with dom coil and helical secondary elements would be present. Using
previous structural studies of bZIP, bHLH, and bHIZH DNA 15N resolved[*H-'H] nuclear Overhauser effect spectroscopy
binding proteingWeiss, 1990; O'Neil et al., 1991; Anthony-Cahill (NOESY)-HSQC data, helical secondary structure can be recog-
et al., 1992; Ferre-D’Amare et al., 1994; Meierhans et al., 1995nized by unique patterns dH-H NOE contacts, including NOE
Kunne et al., 1998; Winston et al., 1998etween the nonspecific contacts between amide protons of neighboring residdésN

and cognate complex, however, the residues that display a signitontact$, contacts between the alpha proton of iferesidue and
icant change in their cross-peak position are exclusive to the basithe backbone amide proton of the 3 andi + 4 residuegdaN,; ;3
region. anddaN, 4, respectively as well as contacts between tagoro-

tons of thei ™" residue and of the amide protons of ihe 1 residue
(dBN).

Figure 6 displays the observed short- and medium-range NOEs
Backbone resonances of the three samples were assigned usiolgserved in°N resolved *H-*H]NOESY experiments for all three
double and triple resonance experiments. The assignments for MsamplesdaN; . 4 contacts were not observed in any of the samples.
D2, K9, P31, and P43 in the unbound protein were never estabAll three samples show a well-defined HLH core. Helix 1 is well
lished. Relative to the unbound form Bho4 most of the back- defined from residue A20 to 130 while helix 2 shows some vari-
bone amide'H and 5N resonances of the HLH fold exhibit only ation. In the unbound protein, helix 2 is well defined between
modest changes in their chemical shift values in the nonspecificesidues E50 and Q60, while in both DNA complexes this helix
and cognate complexésee Fig. 4. The basic region in both of the extends to encompass residues A46 to N62. NOE contacts also
DNA complexes, however, was more challenging to assign. Theshow that there is a short helix between residues A32 and Q37
assignment process for this region was hindered by the poor cdA32 to K35 in the free form
herence transfer out to the side chains. The assignment process wad/Vithin the HLH core, both DNA complexes also exhibit inter-
assisted by recent studies with a modiffédo4construct bound to  esting NOE contacts in the loop regioW39 to A42). The Pho4
nonspecific DNA. The modified constru¢lacking the last three co-crystal structure does not indicate that there should be any
C-terminal amino acigshas a nearly identical chemical shift dis- secondary structure in this region. In addition to the obsedid
persion as the original construct, but forms a more soluble compleandd3N NOEs, NOE contacts are observed between Y39 and
and provides higher quality data. Assignments from the modifiedhe backbondéN)H of S40 and A41 as well adaN;,, contacts
Pho4nonspecific complex mapped directly onto the original non-from V39 to S40 and S40 to A41 and A42.
specific complex. The backbone resonances for residues M1, D2, The basic region demonstrates the most dramatic change in
E12, Q13, P31, and P43 in the original and modifféab4 non- secondary structure between the three samples. The unbound form
specific complex, however, were never identified. The nonspecifids almost devoid of inter-residue NOEs. Both DNA complexes
complex assignments facilitated the completion of assignments fashow the shorter range NOE patterns consistent with helix forma-
the cognate data sets. The only backbone assignments absent in than, but medium-range NOEs, suchdag\; , 3, were not identified
cognate complex were for residues M1, D2, P31, and P43. in the basic region for these complexes. Identification of such
longer range NOEs, however, was complicated by residues miss-
ing or obscured in thé>N resolved[*H-'H]NOESY-HSQC data
sets. For the cognate complex, data for residues K9, Q13, and A14
From crystallographic and NMR studies that have been publishe#vere missing from the spectrum, while residues H8, K9, E12, Q13,
with bHLH and bHLH/Z proteins, it was expected that only ran- and A14 were missing in the nonspecific complex data set. The

Backbone resonance assignments

Secondary structure
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Fig. 6. The observed short- and medium-range NOEs(&@ag*H CSI for the free protein, nonspecific complex, and cognate complex

are shown schematically. For the CSI data, a value dfindicates a helical chemical shift and a valuetdf indicates a strand-like
chemical shift. Asterisks indicate that the information is absent because of a missing backbont-sanid@r *°N assignments. Open
triangles indicate information that is obscured due to chemical shift degeneracy. Open circles indicate peaks for the given residue within
the relevant experiment were not present despite assignment of the backboné'taraint'>N chemical shifts and not a result of
chemical shift degeneracy.

absence of data for E12 and Q13 in the nonspecific complex is duBackbone dynamics
to missing assignments; Q13 in the cognate complex is most likely
missing due to line broadening; the absence of the other residueBackbone'>N T, T,, and[*H]-*N heteronuclear NOEhetNOE
however, is unexplained. experiments allow for the determination of the backbone mobility.
The secondary structural characteristics established from th&hese!®N relaxation parameters reflect both local and global mo-
NOE data can be supplemented with fi@x)*H chemical shift  tions that occur on the nanosecond timescale, although the T
index (CSI). CSl analysis relies on the well-documented observa-experiment can also detect motions at the millisecond timescale.
tion that the formation of secondary structure generates consisteltecause either the assignment was lacking, the signal to noise ratio
changes in the observed chemical shift values of backbone nucleias too low to obtain reliable data, or chemical shift degeneracy,
compared to those found in random c@Ngishart & Sykes, 1994 relaxation data were not obtained for residues H8, K9, Al14, R15,
The (Ca)'H CSI information for the unbound form and DNA R18, A20, H24, L29, A42, and A51 in the unbound state; K9, H10,
complexes is displayed in Figure 6. For all three forms, the region&£12 through N17, Q37, K45, T46, T48, E50, R54, R57, and L59
of helical secondary structure, as defined by the NOE data, are alsa the nonspecific complex; K9, Al4, L19, Q36, Q37, V49, and
supported by théCa)*H CSI values. Within the free form, how- C53 in the cognate complex.
ever, the regions defined to be helical in the CSI analysis are larger To properly analyze the experimental relaxation data, the most
than suggested by the NOE data. These regions with helical CSirobable shape and global rotational of the unbound and DNA
character, but lacking helical NOE data, would suggest that theypoundPho4samples had to be considered. The dimensions of the
are transiently stabléor nascenthelices. Residues V39 and A42, DNA complexes could be readily estimated from the coordinates
which are the in loop region that forms a turn-like structure in theof the Pho4-DNA co-crystal structure. From these measurements,
DNA complexes, havéCa)*H CSl values that are characteristic of theD,/D, ratio of the Pho4-DNA complexes is approximately 2.0,
a B-strand conformation. Residues S40 and A41, however, arand thus there is significant rotational anisotropy in solution. In the
within the range of random coil chemical shifts. absence of DNA significant rotational anisotropy is also expected,
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but it is difficult to approximate the dimensions because a signif-given circumstances, reduced spectral density map(ftagrow
icant portion of the basic region appears to be random coil. et al., 1995; Ishima & Nagayama, 1995 the most appropriate
The model free analysis, as described by Lipari and SZe#8Pa, method to analyze the experimental relaxation data. This type of
19821, efficiently allows for the calculation of a residue specific analysis is independent of assumptions regarding the shape of the
backbone order paramet&®?) and internal correlation timére). spectral density function and global rotational diffusion that are
For proteins with global anisotropic rotation, the determination ofimplicit in the model free methods.
S? andr. becomes cumbersome. Bd® and ., must be defined The reduced spectral density data for the three samples are
with respect to a projection onto each motional axis describingdisplayed in Figure 7. Those residues for which relaxation data
rotational anisotropy and the rotational correlation times forwas not obtained are necessarily missing from the reduced spectral
each motional axis must also be known. Alternative protocols tadensity analysis. Examination of Figure 7 shows that the helices of
model free analysis for anisotropically rotating proteins havethe HLH dimerization foldresidues A20 to 130, A32 to K35, and
been propose(Schurr et al., 1994; Bruschweiler et al., 199But  T48 to Q60 have consistent spectral density values in all three
these alternative protocols are only best applied to systems witeamples. The highe«(0) and lowJ(0.87wy) values are represen-
D,/D, < 2.0 (Schurr et al., 1994; Lee et al., 199Under the tative of residues with a well-ordered backbone conformation. Res-
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idues Q37 to A42, within the loop region, that connect the shortsame regioriFairman et al., 1997 Several other groups have also
helix (A32 to K35 and helix 2 within the HLH fold, however, reported evidence from NMR studies for transient and flexible
possess lowed.(0) values and larged(wy) and J(0.87wy) val- helices within the basic region of bZIP proteins in the absence of
ues. These spectral density values indicate an increase in highBNA (Saudek et al., 1991; Talanian et al., 1992; Bracken et al.,
frequency nano-picosecond motions and most likely reflect a lowefl999. Our findings with Pho4 are unexpected, however, since
degree of conformational order and an increase in internal mobilsolution NMR studies with a nearly identical bHLPho4 con-
ity. The J(0.87wy) values very clearly indicate that the conforma- struct reported in the crystal structure paper indicated no evidence
tional flexibility of these loop residues decreases upon complexatiofior helical secondary structure within the basic region under DNA
with DNA, but they remain less ordered than the stable helicalfree conditions(Shimizu et al., 199X It is not clear from that
regions. This implies that the possible turn structure formed byreport, however, if that interpretation included transient helices.
N38 to A42 revealed in the NOE data must possess considerable Upon binding either nonspecific or cognate DNA, the basic
flexibility. region residues adopt a helical conformation. This transition is
The basic region residues display significant changes betweewell characterized by the COCa)*H CSI, NOE, and backbone
the unbound protein and DNA complexes. In the absence of DNAdynamics data. Analysis of tHeél-1>N HSQC cross-peak positions
the spectral density values of the basic region form a gradient thailso reveals that residues Q36 to N38 and S44 to T48 exhibit
runs from the N-terminus to the start of helix 1. The residues asignificant changes upon DNA binding as well. The cross-peak
the N-terminus are dominated by high frequency motidasge  positions of residues Q36 to N38 shift as a result of the extension
J(0.87wy) and smallle;(0) values and reflect a random coil back- of the helical nature of residues A32 to K35. The NOE &bdl)*H
bone conformation. The intensity of these high frequency motionsCSI data show that this short helix in the loop region expands upon
progressively diminishes until the junction with helix 1 where the DNA binding to include residues Q36 and Q37. The cross-peak
spectral density values reflect those of the well ordered helices ofhanges for residues S44 to T48 are the result of the interaction of
the HLH fold. A very similar backbone dynamic gradient has alsoS44 and K45 with the phosphodiester backbone of the DNA. This
been seen with the basic region of the unbound GCN4 bZIP dointeraction between residues in helix 2 and the DNA is a conserved
main(Bracken et al., 1999This gradient in the backbone motions interaction among bHLH protein&arrell & Campuzano, 1991;
within the basic region also is consistent with the formation of Littlewood & Evan, 1995.
nascent helical secondary structure by residues nearest helix 1, asAlthough it does not produce a dramatic change in‘tHe'>N
suggested by thé€Ca)'H CSI data. HSQC cross-peak positions, the NOE data suggest that loop res-
Upon complexation with DNA, the spectral density values of theidues V39 to A42 adopt a backbone conformation that is induced
basic region residues become similar to those of the well-orderetly both nonspecific and cognate DNA binding. Tt@w)'H CSI
HLH helices. This change in the spectral density for these residuedata also indicate that residues V39 and A42 have an extended
is expected based on the C@Ca)'H CSI, and NOE data that conformation, and it is tempting to speculate that residues V39 to
detail a coil to helix transition associated with DNA binding. Be- A42 may form a turn-like structure. The dynamics data, however,
tween the nonspecific and cognate DNA complexes, however, therghow that these residues do not possess the same backbone order
do not appear to be any significant changes in the observed speand motions of the well-ordered helical regions. The presence of
tral density. This indicates that the backbone order of the nonspesuch backbone mobility allows for the possibility that the observed
cific complex is essentially the same as the cognate complex. Thu§yOE patterns may be the result of interconverting conformations.
the changes observed the in the HS&Cand*®N chemical shifts  Thus, the precise backbone conformation for these residues cannot
between these two DNA bound complexes are not the consequenbe ascertained at the present time.
changes in backbone conformation. The nonspecifically and cognate bouRtio4DNA complexes
Only the residues D3 and K4 appear to remain unstructured ifhave nearly identical secondary structure characteristics and back-
the basic region of the DNA complexes. The C-terminal residueshbone dynamics. The largest changes observed in the chemical shifts
G63 to T65, also display similar spectral density characteristicof the *H-15N HSQC cross-peak positions between the two DNA
and also appear to be random coil in the all three of the samples.omplexes are confined to those residues, and their adjacent neigh-
bors, that make DNA base specific contacts in the cognate com-
plex. In both DNA complexes, the basic regions and helix 1 form
a continuous helix. The spectral density data indicate that this
The NMR data presented show that complexation of DNA by thecontinuous helical region has the same backbone order in the non-
Pho4bHLH domain is highlighted by a large conformational change specific complex as it does in the cognate complex. This would
in the basic region. In the absence of DNA, only the residues in thesuggest that backbone conformational flexibility is not crucial for
three helices of the HLH dimerization fold are organized in well the nonspecifically boun&ho4to recognize and bind its cognate
formed secondary structure. The basic region residues have a backequence.
bone dynamics profile that forms a gradient running from the The broader>N linewidths that are observed for the basic re-
stable helix 1 interface to the random coil N-terminus. T@e)'H gion residues of the nonspecific complex in fi¢-15N HSQC are
CSI data and dynamics profile suggest that the basic region resprimarily the result from the nonspecific nature of the target DNA.
dues H10 to L19 exist in a transient helical conformation. TheThese residues presumably come into contact with several differ-
remaining residues of the basic region have backbone conformant combinations of base pairs by directly binding different DNA
tional flexibility and fast internal motions. base pairs or by sliding along the target sequence. The sampling of
Evidence for nascent-helical secondary structure within the base pair environments can produce chemical exchange contribu-
basic region in the absence of DNA is not entirely unexpectedtions to line broadening. Contributions from backbone conforma-
Solution NMR studies on an E47 bHLH construct in the absencdional motions to the observed line broadening, however, cannot be
of DNA found evidence for nascent helix formation within the completely ruled out.

Discussion
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Basic region residues E12 and Q13 in the cognate complex tha
were observed to have broader linewidths are interesting becaus
E12 is a highly conserved residue in all E-box binding bHLH or
bHLH/Z proteins. In crystal structures, this residue contacts the
initial CA base step in the E-box sequence. Because of the natur
of cognate binding, the observed line broadening should not be
from the sampling of multiple DNA base pair environments. Con-
formational flexibility is the likely source of this line broadening.

While it is possible that these motions are inherent in bHLH do-

mains, it is also possible that there are additional elements withir

the full lengthPho4protein that stabilize basic region when bound

to DNA and they are not present in our current construct. Alter-

natively, an additional protein may be required for greater stability

of the basic region. The binding of the full leng®ho4protein to

the PHOS5 promoter has been shown to involve cooperative bind-

ing with the transcription factdPho2(Barbaric et al., 1996, 1998 pm—
ThePho2interaction site withirPho4has been demonstrated to be
near or overlapping with basic regigiirst et al., 1994; Shao

et al., 1996. This protein—protein interaction may have an effect

on the stability on the basic region when bound to DNA.

The absence of medium-randeN; . ; anddaN;, , NOEs, char-
acteristic of am-helical backbone geometry, in the basic region of
both DNA complexes is an interesting observation. The current &
paradigm is that the basic region in each monomer of bHLH and
bHLH/Z domains adopts am-helical backbone conformation upon Fig. 8. The Kabsch-Sander secondary structure represent&taysch &

DNA binding. The published crystal structure of tRo4cognate _ﬁsgr‘?gri'nlsiﬁgi;‘t’s%ﬁ%”;;;ep&%ﬁiﬂ iig”ect“;f ggg;’? lgggpllgxﬁfgg
complex, however, describes s_everal_ asymmetric features WlthlHr-HeIical regions are represented by cylinders. The darker shAtied

the Pho4 dimer-DNA complex, including the presence of &3 monomer isa-helical for residues Q13 to R16, R18 to L26, A32 to K35,
helix stretching from E6 to A1l in only one of the monomers and T48 to Q60. The lighter shad&ho4 monomer isa-helical for resi-
(using the present residue numbering; Shimizu et al., 1995ing ~ dues K4 to R18, V21 to H24, K45 to RS54, and 156 to Q60. The DNA
the Kabsch and Sander analysis of secondary structure eIemer‘cfgos‘phc’d"aSter backbone is represented as a ribbon.

(Kabsch & Sander, 1983; Fig),8one can see that tHiho4back-

bone geometry in the crystal structure deviates fromwdrelical

conformation in several places in an asymmetric manner. As seen

in Figure 8, whereas one of tHieho4 monomers isx-helical be- From the NMR data presented in this study, we have been able
tween residues K4 to R18, the other has only one tura-bglix describe the secondary structure and backbone dynamics changes
from Q13 to R16. The solution structure of tRBo4bHLH dimer  of Pho4that occur when it is bound to nonspecific and cognate
must be symmetric, however, since there is only one set of resd®NA sequences. The formation of the nonspecific complex, which
nances in the NMR data. The single crystal packing interactiompresumably is formed first when transcriptionally competeimb4
reported between symmetry related molecules cannot account fenters the nucleus, induces the random coil basic region to adopt
the extensive asymmetric secondary structure inRhe4DNA a stable helical backbone conformation. Unlike éhbelices of the
co-crystal complex. Thus, it is not immediately obvious which HLH fold, it is not clear whether the helical conformation of the
monomer conformation is expected to be closest to the true solusasic region is a trua-helix. DNA binding also appears to induce
tion structure. It is possible that the solution structurePbio4  elements of secondary structure in the loop residues V39 to A42.
bound either to nonspecific or cognate DNA has each monomer ofhe nature of this secondary structure, absent from the co-crystal
the Pho4 dimer in a conformation that is intermediate to those structure, is not known as the backbone dynamics indicate that
described by the crystal structure. This intermediate conformatiohese residues retain a significant degree of conformational flexi-
may preclude the observation of medium-radg®; , s anddaN,; ;4 bility and the observed NOEs may not reflect a single conforma-
NOEs. tion. The formation of the cognate complex involves virtually no

There are no published solution NMR structures of bHLH or change in the secondary structure or backbone dynamics relative to
bHLH/Z domains free or complexed with DNA to which we can the nonspecific complex. Thus, the nonspecifically bound complex
compare our data. Applying the Kabsch and Sander analysis to dlles directly along the pathway to the formation of the specifically
of the bHLH and bHLHZ co-crystal structures accessible in the bound complex. It has been proposed that the conformational
Protein Data Bank reveals that all of the complexes also posseshanges and loss of overall conformational entropy associated with
disruptions in thex-helical backbone conformations. For example, the formation of protein-DNA complexes are compensated by the
both strands in the Max dimer also show a disruption iruieslical binding free energyJohnson et al., 1994; Spolar & Record, 1994
backbone at the highly conserved glutamate residue in the basithe similar backbone conformation and dynamics of the basic
region. Although disruption of the-helical backbone seems to be region in both nonspecific and cognate complexes implies that
a common feature in bHLH and bHLH proteins, there does not cognate sequence recognition and binding is dominated by protein
appear to be a common pattern in the location of these disruptionside chain conformation and dynamics. Although the role side-
in the bHLH or bHLH/Z folds. chain dynamics must be crucial, the observation that residues E12
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and Q13 in the basic region of the cognate complex may retairtoncentrations of the protei®DNA complexes were-0.8 mM for
some backbone conformational flexibility suggests that backbonéoth the nonspecific and cognate samples.

dynamics may have some influence binding site selection. Alter-

natively, additional proteins may be required for stability of the

basic region. CD measurements
All CD measurements were acquired with an AVIV CD spectro-
Materials and methods photometerAviv Associates, Lakewood, New JergeWleasure-
ment of thePho4 Kdvalues was performed by observing the
Cloning, protein purification, and sample preparation ellipticity signal at 222 nm(the signal was averaged for 20. s

) ) ) ) DNA was titrated into a 1uM Pho4 solution that was buffered
The gene encoding the C-terminal 65 residues encoding the bHLE i 30 mM sodium phosphate at 25. The DNA was titrated

domain of Pho4 was given to our lab as a generous gift by Dr. E.Kf5 1 an initial concentration of 500 nM to a final concentration of

O’Shea(UCSF, San Francisco, Californidt was subcloned into 2 uM. The data were analyzed using KaliedagréBinergy Soft-
PET21d (Novagen, Madison, Wiscongirusing Ncol and EcoRIl |\~ o Reading, Pennsylvahia

restriction endonuclease sites. The plasmid was amplified using 1o spectra in Figure 5 were acquired at@5with 2 uM of
DHSa Escherichia colicells (from Gibco/BRL, Rockville, Mary-  gjther unboundPho4bHLH dimer or dimeyduplex DNA complex
land) and transformed into the BL2DE3) strain of E. coli cells in 30 mM sodium phosphate buffépH 6.3 over the wavelength

for protein expression. _ _ _ ) . range of 190 to 300 nm. Signals were averagedfs and incre-
Protein expression and uniform isotopic enrichmentel mented in 0.5 nm steps.

or 15N/*3C were accomplished by growing the transformed
BL21(DEJ) cells on M9 growth medium. The M9 medium used
[**N]NH,CI and[**C,]d-glucose(from Cambridge Isotope Lab- polyacrylamide gel electrophoresis mobility shift assays

oratories, Andover, Massachusetts or Isotec Inc., Miamisburg,) Ohio ) . . . .
as its sources of isotopic enfichment. Cells were grown 4638 ~ EMSA experiments were conducted using 8% 29:1 acrylamide-

an OD of 0.6 and induced with isopropgp-thiogalactopyranoside ~ Pisacylamide gels with a running buffer of 25 mM Tris-borate,
(IPTG) from Calbiochem(La Jolla, California so that the final  PH 8:0, and 1 mM EDTA. Target DNA sequences were ordered as
concentration of IPTG was 5 mM. After induction, cells were ©ligonucleotides that would hava 3 base pair'soverhang upon
allowed to grow anothe8 h before being harvested. Following duplex formation. The dugzlex sequences were then incubategl with
centrifugation, the cell pellets were resuspended in 40 mL of 50 mp<l€now fragment, dATPy=*P dCTP, dGTP, dTTP, and a labeling
Tris, pH 6.0, 1 mM ethylenediaminetetraacetic adEDTA) and buffer (Amersh_am-Pharmaua Biotecht 37"_(2_ for_l h. The Kle-

20 mM dithiothreitol (DTT). The resuspended pellet was soni- "OW fragment incorporated thigP label by filling in the 5 over-

cated on ice for six 15 s intervals separated by 45 s. The sonicatdtfNd regions of the oligonucleotide sequence. The radio-labeled

cellular debris was removed by centrifugation. The resulting suPNA was purified from the unincorporated nucleotides by using

pernatant was decanted and run through a gravity flow SP Se3iZ€ exclusion spin chromatography colunisoRad, Hercules,

phrarose columtPharmacia Biotech, Swedefhe cation exchange California. .
column was rinsed with 40 mL of 0.5, 1.0, 1.5, and 2.0 M NaCl In addition toPho4 the labeled DNAat 0.1xM) was incubated

solutions.Pho4elutes in the 1.0 M NaCl fraction and was further &t r0om temperature with calf thymus DNA, BSA, and 0.05%

purified using reversed-phase high-performance liquid chromatogl\P-40- After an hour, glycerol was addétio% final v/v) and

raphy with a C18 column. The purity of the isolatBtio4 bHLH loaded into the gel. Gels were run at 200 V for 15 min and then at

fragment was determined by electrospray-ionization mass spec:00 V for anothe 1 h and 45 min. The gels were imaged using
trometry. For the unbound form, NMR samples were made byphosphorlmage(rMoIecuIar Dynamics Amersham Pharmacia, Pis-

dissolving the lyophilized protein in 30 mM sodium phosphate atcataway, New Jersgyand the data were analyzed using Cricket
pH 6.3 with 10 mM DTT and 1 mM Nal All unbound NMR Graph(Cricket Software, Malvern, Pennsylvajia
samples were 50QL and contained 3—6 mNPho4bHLH dimer.

For the DNA complexes, the DNA sequences were synthesize
by Operon TechnologiegAlameda, California The sequences
used were 5CGCGCGGGATCCCGCGCG*3or the nonspecific  All data were collected at 3% on either a Bruker AMX-600 or
complex and 5CGCGCGCACGTGCGCGCG:Jor the cognate  Bruker DRX-500 spectrometgBruker Instruments Inc., Karls-
sequence. To ensure proper annealing of the self-complimentanphe, Germanyequipped triple axis or single axis gradient probe,
DNA sequences, the DNA sequences were dissolved in 30 mMespectively. The'H and N correlation spectra were examined
sodium phosphate at pH 6.3 and heated t6®@%efore being for suitable spectral dispersion using HSQC experiméMeri
slowly cooled back to room temperature. The concentrations of thet al., 1995. The triple resonance heteronuclear three-dimensional
DNA samples were quantified by measuring the absorbance axperiments utilized for backbone assignments were the HNCA
260 nm while at 95C. ThePho4bHLH and DNA complexes were  (Grzesiek & Bax, 1992 HNCACB (Wittekind & Mueller, 1993,
formed by slowly titrating thePho4 bHLH into a DNA solution ~ and CBCACONH(Bax & Pochapsky, 1992 The °N resolved
with 30 mM sodium phosphate at pH 6.3, 10 mM DTT, and 1 mM [*H-*H]NOESY-HSQC (Talluri & Wagner, 1996 and °N re-
NaN;. The protein was added so that there was a 1:1 ratio oBolved[*H-*H]TOCSY-HSQC experiment&Cavanagh & Rance,
duplex DNA andPho4 bHLH dimer. The solutions of complex 1992 were used to supplement the triple resonance backbone as-
were concentrated to a final volume of 420 using centrifugation  signment data and gather secondary structure information:rhe
with YM-3 Centricon filters(Millipore, Bedford, Massachuselts  dynamics data were collected usifigH]**N-NOE, T, and T, ex-

The final volume was adjusted to 5@0_ with D,O and the final ~ periments(Barbato et al., 1992

RIMR experiments
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All data processing was done on Silicon Graphics Indigo2 work-Bracken C, Carr PA, Cavanagh J, Paimer AG. 1999. Temperature dependence of
stations(Silicon Graphics Instruments, Mountain View, California intramolecular dynamics of the basic leucine zipper of GCN4: Implications

. ) . . . for the entropy of association with DNA. Mol Biol 2852133-2146.
with Felix 95 or 97(BIOSYM/Molecular Simulations, San Diego, Bruschweiler R, Liao X, Wright PE. 1995. Long-range motional restrictions in

California). Directly acquired dimensions were treated with a con-  a multidomain zinc-finger protein from anisotropic tumblifgcience 268

volution function to minimize the water signal and skewed sine-  886-889.

i ati : . . Cavanagh J, Rance M. 1992. Suppression of cross-relaxation effects in TOCSY
bell apodization functions before Fourier transformations. The spectra via a modified DIPSI-2 mixing sequendeMagn Reson 9679—

transformed, directly acquired dimensions were phased and base- g7g.
line corrected using third order polynomial correction functions. Ellenberger T. 1994. Getting a grip on DNA recognition: structures of the basic
Indirectly acquired dimensions were apodized with skewed sine- region leucine zipper, and the basic region helix-loop-helix DNA binding

bell f fi bef. Fourier t f fi d licati f domains.Curr Opin Struct Biol 412-21.
€ll Tunctions beifore Fourer transtormation and application 0 Ellenberger T, Fass D, Arnaud M, Harrison SC. 1994. Crystal structure of

phase correction. Any additional baseline adjustments required af- transcription factor E47: E-box recognition by a basic region helix-loop-
ter transforming the indirectly acquired dimensions were done usin% _helix dimer. Genes Dev £70-980.
ai

. . . . . . - 13, 15
the baseline convolution function available in Felix 95 and 97. rman R, Beran-Steed RK, Handel TM. 1997. Heteronudiéidy 'C, *N)
NMR assignments and secondary structure of the basic region-helix-loop-

helix domain of E47Protein Sci 6175-184.
Relaxation data analysis Farrow NA, Zhang O, Szabo A, Torchia DA, Kay LE. 1995. Spectral density
mapping using 15N relaxation data exclusivelyBiol NMR 6153-162.
Peak intensities of the processed dynamics spectra were measuregire-D’Amare AR, Pendergrast GC, Ziff EB, Burley SK. 1993. Recognition by

using Felix 95 or 97. For the hetNOE data, the ratio of the peak g"g?’gf_zg cognate DNA through a dimeric/BHLH/Z domain. Nature

intensities from the saturation experiment relative to reference exgerre-D'Amare AR, Pognonec P, Roeder RG, Burley SK. 1994. Structure and

periment were calculated to determine the NOE enhancement. Three function of the WHLH/Z domain of USFEMBO J 13180-189.

sets of hetNOE data were collected to determine an average hegarrell J, Campuzano S. 1991. The helix-loop-helix domain: A common motif
. . for bristles, muscles and seRioessays 1393-498.

NOE enhancement. For tffg andT, relaxation experiments, peak Gewith DT, Sigler PB. 1995. The basis for half-site specificity explored through

intensities were transferred to Kaliedagra@ynergy Software, a non-cognate steroid receptor-DNA complabat Struct Biol 2386-394.

Reading, Pennsylvaniand plotted as a function of the corre- Gilliquet V, Berben G. 1993. Positive and negative regulators of the Saccharo-

. . . ~ : . _myces cerevisae “PHO system” participate in several cell functi®EMS
sponding relaxation delay. Using a least-squares fit algorithm pro Microbiol Lett 108333-340.

vided by Kaliedagraph, each plot was fit to the equation = Grzesiek S, Bax A. 1992. Improved 3D triple resonance NMR techniques ap-
loexp(R; or Ry)7, wherelg is the initial peak intensityl(7) is the ~ plied to a 31-kD proteinJ Magn Reson 9832-440. o
peak intensity at time poinzt, and R, and R, are ]/Tl and ]/Tz, Hirst K, Fisher F, McAndrew PC, Goding CR. 1994. The transcription factor,

respectively. Reduced spectral density mapping of the relaxation Egeacndukt’ri'ttizggr!?g?]g?é&%g%gLljl%tirl'(?_' r;ggg the transcriptional response
data was preformed according to the protocol of Farrow et alishima R, Nagayama K. 1995. Protein dynamics revealed by quasi spectral
(1995 and outline of Bracken et a{1999. density function analysis of amide N-15 nucBiochemistry 383162—-3171.
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structure and binding energy in the transition stBiepolymers 44153-180.
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