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ABSTRACT. A model of transcriptional activatercoactivator recognition is provided by the mammalian
CREB activation domain and the KIX domain of coactivator CBP. The CREB kinase-inducible activation
domain (pKID, 60 residues) is disordered in solution and undergoeslaiical folding transition on
binding to CBP [Radhakrishan, I., Perez-Alvarado, G. C., Parker, D., Dyson, H. J., Montminy, M. R.,
and Wright, P. E. (1997Fell 91, 741-752]. Binding requires phosphorylation of a conserved serine
(RPpSYR) in pKID associated in vivo with the biological activation of CREB signaling pathways. The
CBP-bound structure of CREB contains tedhelices (designatedA andaB) flanking the phosphoserine;

the bound structure is stabilized by specific interactions with CBP. Here, the nascent structure of an
unbound pKID domain is characterized by multidimensional NMR spectroscopy. The solubility of the
phosphopeptide (46 residues) was enhanced by truncation of N- and C-terminal residues not involved in
pKID—CBP interactions. Although disordered under physiologic conditions, the pKID fragment and its
unphosphorylated parent peptide exhibit partial folding at low temperatures. One recognitiormAglix (

is well-defined at £C, whereas the otheaB) is disordered but inducible in 40% trifluoroethanol (TFE).
Such nascent structure is independent of serine phosphorylation and correlates with the relative extent of
engagement of the twa-helices in the pKID-KIX complex; whereastA occupies a peripheral binding

site with few intermolecular contacts, the TFE-induciblB motif is deeply engaged in a hydrophobic
groove. Our results support the use of TFE as an empirical probe of hidden structural propensities and
define a correspondence between induced fit and the nascent structure of peptide fragments.

Regulation of eukaryotic gene expression is mediated in or P-Box; 8, 11, 13, 16). Although direct effects of
part through the assembly of promoter-specific preinitiation phosphorylation on proteinDNA recognition are contro-
complexes I). Such assembly requires not only protein  versial (L7—22), correlations are well-established between
DNA recognition @) but also a network of specific protein the strength of a biological signal, downstream CREB
protein interactions3). Of particular interest are interactions
between transcriptional activation domains and coactivators *Abbreviations: 1D, one-dimensional; 2D, two-dimensional; 3D,

_ - : . three-dimensional; bZIP, basic region-leucine zipper motif; AMP,
(4, 5). A well-characterized example is provided by the adenosine monophosphate; CBP, CREB-binding protein; CREB, cAMP-

mammalian CREB protein, a member of the bZfamily response-element binding protein; DG, distance geometry; DNA,
of transcription factorsg—10) and a component of conserved deoxyribonucleic acid; DQF-COSY, double-quantum-filtered COSY;

; _ i ; inDTT, dithiothreitol; FPLC, fast-performance liquid chromatography;
signal-transduction pathways that can be induced by protelnHNI QC. heteronuclear mutiple-quantum coherence: HMQIDESY-

kinase A Q.l, 12) Such ;ignaling reqUire.S bi”ding Of CREB HMQC, 3D NMR experiment designed to resolve NOEs between amide
to a transcriptional coactivator, CREB-binding protein (CBP; protons with overlappingH chemical shifts along tw&N dimensions;

13—15) Protein assemb|y (un”ke DNA recognition) re- HTH, helix—turn—helix; HTLV-1, human T-cell leukemia virus 1; KID,

- : : - - kinase-inducible domain; KIX, pKID-binding domain of CBP; MALDI,
quires phosphorylation of a particular serine in the CREB matrix-assisted laser desorption/ionization; NMR, nuclear magnetic

kinase-inducible transactivation domain (designated pKID resonance; NOE, nuclear Overhauser enhancement; NOESY, NOE
spectroscopy; NOESYHMQC, heteronuclear 3D NOESY spectrum
edited by'H—1°N correlations; PKA, protein kinase A; pKID, phos-
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phosphorylation, and transcriptional activatid?B), The In particular,'H and*>N chemical shifts were observed to
three-dimensional structure of a CREB pKHOBP regula- be not significantly different from random-coil values. In
tory complex has recently been describ2d) @nd provides this study, we show that a central fragment of the pKID
a model of a coil— a-helix transition on assembly of a domain (residues 166151, 46 residues) is by contrast highly
transcriptional activatercoactivator complex. The observed soluble in aqueous solution, permitting its detailed charac-
mode of phosphopeptide recognition, binding of an induced terization by multidimensional NMR spectroscopy. This
helix—turn—helix, differs from that of SH2 and PTB domains fragment includes the critical phosphoserine and induced
(25, 26). Here, we demonstrate that the induced pKID HTH HTH recognition motiff N- and C-terminal residues trun-
motif is predicted by the intrinsic structural propensities of cated in the present construction are disordered in the pKID
the isolated phosphopeptide. CBP complex and apparently not engaged in phosphopeptide
CREB-CBP-dependent transcriptional activation regulates protein recognitiof (24). At low temperatures, chemical
diverse signaling pathways (such as those of peptide shifts are observed to exhibit small but significant deviations
hormones, growth factors, calcium, and ligBt;27—29). from random-coil values, and these deviations are enhanced
Such pathways have attracted broad interest as their dereguby addition of trifluoroethanol (TFE). Analysis of nuclear
lation is associated with impairment in memory, neoplasia Overhauser effects (NOEs) demonstrates that the induced
(30), and developmental abnormaliti€xl]. CREB contains HTH motif is foreshadowed by the nascent structural
two transcriptional activation regions, one kinase-inducible propensities of the isolated phosphopeptidEhese observa-
(designated pKID) and the other autonomous (QR;32). tions support an analogy between induced fit in macromo-
Whereas the former domain interacts with CBP, the latter lecular assembly and early steps in the nucleation of protein
interacts with the hTAFFL30 subunit of basal transcriptional  folding (42—46).
initiation factor TFIID @33, 34). CBP (and its paralog P300;
35) also participates in CREB-independent regulatory path- MATERIALS AND METHODS
ways, such as those involving the steroid-hormone receptor ) ) )
superfamily 86, 37), nuclear proto-oncoproteins Juthdj Materials. The human CREI_B pKID domain (residues
and Myb @8), signal-transduction factors Sap-189) 106-151; designated CREP-p in Figure 1B) was prepared
cubitus interruptus in hedgehog signaling Drosophila by solid-phase peptide synthesis using t-BOC chemistry as
melanogaste(40), and a viral virulence factor associated described47,48). The crude peptide was purified by size-
with human malignancy (HTLV-1 Tax41). Structures of exclusion chromatography (G25 Sephadex Superfine column)
complexes between CBP and such CREB-independentdnd reverse-phase (rp) HPLC (Waters C18 column). The
regulatory factors have not to date been determined. fidelity of synthesis was verified in each case by N-terminal
Biochemical studies of intact CREB have demontrated that S€quencing and mass laser-desorption time-of-flight (MALDI-
the pKID domain is unusually susceptible to proteolysis and 1 OF) mass spectrometry. Peptide purity was estimated to
hence likely to be unstructure8)( Biophysical character- P& >98% by analytical rp-HPLC. Whereas an extended
ization of the isolated pKID domain (residues a0 of ~ CREB pKID peptide (60 residues) is sparingly soluble and
human CRER, 60 residues) was limited in the original study 2d9regates in the absence of CBP or guanidine hydrochloride
of a pKID—CBP complex by the phosphopeptide’s sparing (24)_, a smal_ler fragment encompassing the CBI_D_-blndlng
solubility in the absence of guanidine hydrochloric( motif (46 residues) was found to exh!blt hlgh_s_oluk_nllty_ over
In accord with previous studies with circular dichroish, a broad pH range (pH-28). Its elution position in size-

evidence was nevertheless obtained that showed that thé&Xclusion chromatography is similar to that of monomeric
domain is a random coil under experimental conditions and unfolded 34-residue fragments of parathyroid hormone

employed with an extremely small propensity towartelix. (49).
Phosphorylation. The synthetic peptide (15 mg) was

2 Residue numbers refer to the intact CREB protein sequence andPh0Sphorylated in vitro by cAMP-dependent protein kinase
not to the synthetic peptide. The protein numbering sché@niegludes A (PKA) in the presence of 20 mM ATP in 50 mM MOPS
residues encoded by exon D (14 residues; designated the CREB 34 pH 7.0) and 10 mM MgGl for 1 h at 37°C. The

isoform); an alternative numbering exists in the literature derived from : o o
a splicing isoform lacking this exon (CREB 327); (for example, see phosphorylated peptide was repurified by ion-exchange

ref 22). S133 in the present numbering scheme corresponds to S119 inFPLC (Mono-Q); the column was equilibrated in 20 mM
the CREB 327 isoform. Tris (pH 8.0). The phosphopeptide was elutedaiO to 1

3The use of “helix-turn—helix” is meant as a description of the i i
phosphopeptide structure induced in the pKIRIX structure @4) and M NaCl gradient. An aliquot of the recovered peak was

is not meant to suggest any structural or evolutionary relationship to Mixed with an equal amount of the unphosphorylated peptide
the HTH class of DNA-binding proteing). In particular, we note that ~ and reloaded on the column. Application of the same NaCl
the classical HTH contains characteristic helbelix contacts not concentration gradient demonstrated that the phosphorylated

Tgntamed in the orthogonal HTH in the pKHXIX structure (Figure and unphosphorylated peptides were well resolved. Analo-

4The phosphopeptide employed (46 residues) is smaller than thatgous FPLC analysis of the O_Vigina| reaFtion mixture dem-
employed by Radhakrishan et aR4f (60 residues). The N- and  onstrated that-95% of the original peptide was phospho-
C-terminal residues (14 residues in total) not included in this present ry|ated. The FPLC fraction containing the phosphopeptide

peptide (i.e., residues 16106 and 152160) are not engaged in . . . . .
CREB-KIX interactions and disordered in the solution structure of Was made 25 mM in ammonium/trifluoroacetic acid (TFA)

the complex. These 14 residues are shared between the CREB 341 an@nd applied to a C18 Sep-Pak column. The column was

CREB 327 isoforms and are hence are unrelated to the 14 exon-D-washed with 25 mM ammonium/TFA containing 0 and 20%
encoded residues discussed in footnote 2. it ; ;

5 The sequence afA suggests that a nascent helix may be stabilized acemmt.nle' The_ pho?)phopeptl_dg was eluted .Wlth 25 mM
by an aspartic acid N-cap8®) and possibleif+3) and (,i+4) salt ammonium/TFA in 50% acetonitrile and lyophilized. The

bridges 63); aB is amphipathic. final yield was 10 mg.
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Ficure 1: (A) Ribbon model (stereo representation) of the CREB pKID domain (red) and the CBP KIX domain (blue) as described by
Radhakrishan et al2g; figure reproduced with permission of the authors). Two recognitidrelices (designatedA andaB) are induced

in CREB pKID on binding CPB. (B, upper panel) Sequence and position of indoadeelices (red rectangles) in the phosphopeptide
fragment of CREB (residues 16160, 60 residues) investigated by Radhakrishan et2d). (The asterisk indicates the site of serine
phosphorylation (S133). Residues shown in red are engaged in intermolecular side chain contacts at-th€Xki2rface; contacts

with oA are less extensive than are contacts wiB (Lower panel) Sequence and positionoehelices in free CREB fragment in this

study (designated CREB-p, residues #061). In aqueous solution at’€, nascent folding oftA (red rectangle) is observed whereds

(green) is induced on addition of 40% TFE (bottom panel). pKID residues not included in CREB-p (residud93Gihd 152 160) are
disordered in the solution structure of the KHBIX complex (24). Their truncation was serendipitously found to enhance the solubility of
the pKID fragment.

Isotopic Labeling.t-BOC protected amino acids contain- Normalized CD spectra and inferred helix contents are
ing >N were purchased from Cambridge Isotopes, Inc. independent of peptide concentration in the range tested.
(Woburn, MA), and used in solid-phase peptide synthesis NMR SpectroscopySpectra were obtained at 500 MHz
(47). Two labeled peptides were prepared containing clusterssing a Varian Unity-plus spectrometer equipped with a 5
of labeled residues at the N- or C-terminal portions of the ;ym 1H—15N indirect detection probe. 1D spectra were
peptide (set A, residues 106, 107, 109, 110, 113, 115, 116,optained at successive temperatures4@°C), percentages
118, and 120; and set B, residues 137, 138, 140, 141, 144of TEE (0-40%), and peptide concentrations (050 mM).

145, 147, and 148). The labeled peptides were purified and chemical shifts were found to be independent of peptide
phosphorylated as described for the unlabeled peptide. Theconcentration at the concentrations tested; resonance line
fidelity of incorporation was verified by 2B°N—'H NMR widths are consistent with a monomeric fragment. 2D NMR
HMQC spectroscopy (see Results; Figure 3A). studies focused on the phosphorylated peptide in aqueous

Circular Dichroism. CD spectra were obtained using an solution and on the unmodified peptide under two condi-
Aviv CD spectropolarimeter equipped with a thermister tions: aqueous solution at°€ and in 40% TFE (v/v) at 25
temperature control. A path length of 1 mm was used. °C. 2D NOESY (mixing times of 200 and 400 ms), TOCSY
Spectra were normalized to the mean-residue ellipticity on (mixing time of 55 ms), DQF-COSY, aniN—'H HMQC
the basis of peptide concentrations as determined by opticalspectra were obtained in each case. Because of the similarity
density at 280 nm (estimated extinction coefficient based between spectra of the phosphorylated and unmodified
on an amino acid composition of one tyrosine). Spectra were peptides, 3D NMR experiment$@) focused on the more
obtained at successive temperaturesg@°C), percentages  abundant unmodified sample. 38—'H TOCSY—NOESY
of TFE (0—80%), and peptide concentrations {1100 mM). spectra were obtained under the two solvent conditions with
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Ficure 2: (A) Circular dichroism spectra of the CREB KID domain at@ at successive concentrations of TFE: 08),(20% (©), and

40% (a). Spectra are unaffected by the presence or absence of phosphorylation at S133 and are independent of peptide concentration in the
range of 16-100uM. (B) 1D *H NMR spectra of the CREB KID domain: spectra a and b, phosphopeptide (pKID) and unmodified peptide
(KID) at 4 °C in H,O solution (50 mM KCI at pH 4.5); and spectrum c, unmodified peptide &C 40% TFE.*H NMR spectra in either

solvent are unaffected by the presence or absence of phosphorylation at S133 (except in the immediate neighborhood of the modification;
see Supporting Information) and are independent of peptide concentration in the range®htVs (C and D) Fingerprint,n regions

of homonuclear 2D NOESY spectra of unmodified peptide in (C) aqueous solutiohGatAd (D) 40% TFE at 28C. Helical segments

of sequential assignment are outlined in each case §tAd,and greenpB' in 40% TFE). The limited resolution in these regions made
necessary editing by homonuclear &fd heteronuclear NMR methods (Figure 3) for complete assignment.

respective mixing times of 55 and 400 m¥N NOESY— data matrices were 98 48 x 1024 and 96x 24 x 1024,
HMQC (mixing time of 300 ms)*N TOCSY—-HMQC (55 respectively, and extended to 532256 x 1024 in each
ms), and'>N HMQC—-NOESY-HMQC (200 ms) spectra  case. Use of such data in sequential assignment was carried
were also obtained. 3D spectra were processed using Variarout as described5@). Random-coil values otH NMR
software with linear prediction. For thél—*H TOCSY— chemical shifts were obtained from Wuthrich3}.

NOESY spectra, the observed 3D data matrix was 628 Buffers. CD and NMR spectra were obtained in aqueous
x 1024 and extended by linear prediction to 26612 x solution containing 50 mM KCI at pH 4.5 as adjusted with
1024. Use of such data in sequential assignment was carriedlilute concentrations of HCI; aliquots of neat TFE were
out as described (Figure 3C,[31). For SN NOESY— added to this solution to obtain successive concentrations of
HMQC and®>N TOCSY—HMQC spectra, the observed 3D TFE (0-40% v/v).
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Ficure 3: (A and B) Selectivé®N labeling of C-terminal residues permits observation of well-resole-*H HMQC correlations (A;

obtained as @;—w3 projection of the 3D TOCSY¥HMQC experiment) and®N-edited'H TOCSY spin systems (th@,—w3 projection

shown in panel B). Assignments in A and B are as indicated; the TOCSY mixing time was 55 ni€a{@ and D) Homonuclear 3D
TOCSY—NOESY spectra of the unmodified peptide in (C) aqueous solutiorf@tand (D) 40% TFE at 25C. Cross-peaks in individual

w,—w3 planes are shown by residue. In panel C, sequential assignment of the peptide segment from D111 to V116 is illustrated at respective
TOCSY editing frequencies in the; dimension of 2.75, 3.97, 2.09, 1.90, 3.97, and 2.19 ppm. In panel D, sequential assignment of the
peptide segment from S109 to D117 is illustrated at respective TOCSY editing frequenciesvindimeension of 3.89, 2.10, 2.86, 3.98,

2.20, 2.10, 3.89, 2.20, and 2.86 ppmp.& 3D TOCSY-NOESY connectivities were used in each case as defined by Gao étlal. (
Assignments are provided as Supporting Information.

RESULTS HMQC, HMQC—NOESY-HMQC, and TOCSY-HMQC);

the latter employed peptides containing multips isotopic
labels (see Materials and Methods). Resolution is incomplete
in standard 2D spectra in either solvent (Figure 2C,D) but
is extended in 3D spectra; shown in Figure 3 are representa-
tive sections of heteronuclear 3D NMR spectra (panels A
and B) and homonuclear 3D NMR spectra (C and D). The
former illustrates the essentially complete resolutiotPiif
edited spin systems. The latter are organized by residue to
illustrate the use of homonuclear 3D TOCSMOESY
cross-peaks in sequential assignméxt).( Main chain*H

Circular Dichroism In accord with previous studie$®),
the CD spectrum of the pKID fragment at room temperature
lacks evidence of significant ordered structure. As the
temperature is lowered to 4C, however, a partial and
progressiven-helical folding transition is observed in the
far ultraviolet. The magnitude of this transition is indepen-
dent of peptide concentration (in the range of-100 M)
and of serine phosphorylation as previously inferred in
studies of intact CREB2(). The helical signature of the
phosphopeptide is accentuated by addition 640% TFE . . o . i .
(Figure 2A). On the basis of the values of the mean residue chemical s_hn‘ts are.shown In F|gu_re 4in comparison with
ellipticity ([0]) at 222 nm, helix contents in agueous solution random.—con values., tables of assignments are provided as
and in 40% TEE are estimated to be-115% and 36-40%, Su.pportlng Information. In general_, dewapons from random-
respectively. As expected in an isolated peptide, thermal cail values £3) are Ia_rgest _for main chain resonances and
unfolding is not cooperative in either solvent (Supporting d€crease from jito distal side chain resonances.
Information). Intrinsic Helical Propensities Diagnostic short- and

NMR Analysis 'H NMR spectra of KID and pKID medium-range NOES5Q) provide a footprint of regions of
fragments in aqueous solution (50 mM KCl at pH 4.5) exhibit nascenti-helix (Figure 5). This footprint is independent of
temperature-dependent dispersidhl NMR chemical shifts ~ serine phosphorylation. In aqueous solution atGl a
at 4°C exhibit small but significant nonrandom values. These contiguous series @l ,i+3) anddegsi+3 NOES distinguishes
are independent of peptide concentration (in the range ofresidues 119130 (NOEs shown in red in Figure 5). These
0.5-5 mM) and of serine phosphorylation (except in the and a second contiguous series (residues-134; NOEs
immediate vicinity of S133). Dispersion is enhanced on shown in green in Figure 5) are observed in 40% TFE at 25
addition of 0-40% TFE (Figure 2B). Complete sequential °C; NOEs observed only in 40% TFE are shown in black.
assignment at 4C and in 40% TFE at 25C was obtained =~ We imagine that these regions exhibit fluctuating (and not
using a combination of 2D NMR (NOESY, TOCSY, and rigid) structure as described for peptide fragments of native
DQF-COSY), homonuclear 3D NMR (3D TOCSWOE- proteins 42, 44). Contiguous TFE-independent and TFE-
SY), and heteronuclear 3D NMR experimertdl(NOESY— dependenti(i+3) contacts between residues 134 and 141
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Ficure 4: Comparison of observed main chakh NMR chemical shifts and random-coil chemical shii§){ (A) phosphorylated peptide

in agueous solution at 4C, (B) unphosphorylated peptide in aqueous solution &t 4and (C) unphosphorylated peptide in 40% TFE at

25°C. Each symbol indicates a residue. ResiduasAnare shown in red, whereas in selected panels, residues in TFE-inducubleBelix

are shown as green triangles. Solid lines at the diagonal of the lower panels indicate the expected correlation in an ideal random coil.
Residues i A (red circles) exhibit systematic upfield deviations (left of diagonal). Because no correction to amide random-coil values

was applied for temperature in the upper panels, in an ideal random coil, a linear correlation would be expected as an offset parallel to the
diagonal of the plot.

RCREB-p W NS EAOEEVISTCSOSAREILSMARSYREILKOLIBIARTYRR] 15 for a-helix is not readily induced by 40% TFE elsewhere in
the fragment.

. s B An apparent helical stop56) occurs followingaA in

B L Ly e ot U et Y i agueous solution and persists in 40% TBE)( The helical
stop includes the phosphoserine. In aqueous solution,

iz L 0= — residues RPpSY in fact exhibit a stromigng,+2) contact
between P132 and Y134 and a strahg contact between

"I‘__ ﬂh pS133 and Y134. These contacts, characteristigbfuan,
_ - are consistent with the structure of the pktBBP complex
i (24). Although the 133-134 dyy NOE is also observed in
-’E._ ‘.‘l-. the unmodified peptide, it is possible that a propensity for a
Ficure 5: Summary of sequential assignment in the Wuthrich p-turn at this site is enhanced by the negative charge of
format. Red segme)rllts indi?:ate NOEs (?bserved both in aqueousphosr)hos.erlne as the P132134 dungjta cONtact is not
solution at 4°C and in 40% TFE at 25C; green segments indicate  OPServed in the absence of phosphorylation (its presence or
NOEs observed only in 40% TFE and black segments NOEs absence in 40% TFE is obscured by resonance overlap). No
observed only in agueous solution. Because results are identicallong-range NOEs are observed in either solvent. In the
for the phosphopeptide and unmodified peptide, only a single pKID—CBP complex 24), a single interhelical contact is
summary is provided. observed between the side chains of L128 and Y134 as the
aromatic ring packs between the side chains of L128 and
further sgggest that the cosolvent enhar_1ces alatent structurgf 1 3g Although the presence or absence of this contact in
propensity §4). The two nascent helical segments Cor- the jsolated phosphopeptide could not be established due to
respond to well-defined recognition helice#\ andaB in overlap in the methyl resonances of the two leucines, we
the structure of the pKIBCBP complex (Figure 1B24). note that each of these resonances exhibits negligible
The induced helixaB’ is shorter tharB in the bound state  secondary shifts. Because the orientation of Y134 in the
(residues 133144). As expected5f), Hq, resonances in  structure of the pKIB-CBP complex predicts large upfield
regions of nascent helix (shown in red and green in the lower ring-current shifts, the unremarkable chemical shifts of L128
panels of Figure 4) exhibit systematic upfield secondary and L138 in the isolated phosphopeptide suggest that this
shifts. The site of phosphorylation (RPpS) is not engaged local hydrophobic cluster (if present) is not well organized.
in helical structure in either solvent. Non-native propensity This suggests in turn that the relative orientation of the proto-
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oA and aB segments is not well defined in the free a-helix at 4°C, whereas the amphipathic recognition helix

phosphopeptide. oB is in part uncovered in 40% TFE at 2& (Figure 5).
The mode of binding of pKID is thus foreshadowed by the
DISCUSSION intrinsic structural propensities of the phosphopeptide as

summarized in Figure 1B. Phosphorylation of S133 does
not affect the helical propensity ofA in agueous solution

but does enhance an adjoining turn-related N®E 63),
perhaps via electrostatic interactions between the negative
charge of the phosphoserine and the positive charges of
neighboring arginine side chains. We speculate that the
stronger propensity oftA than of oB to adopt a helical
structure (in the absence of either KIX or cosolvent) is due
to the former segment’s favorable N-cap and possikile )

and {,i+4) electrostatic interaction®4). It is intriguing

that these relative propensities correlate with the extent of
engagement oftA and aB in the pKID—KIX complex:

" Whereasa A occupies a peripheral binding sitaB lies
within a hydrophobic groove and makes more extensive
contributions to the proteinphosphopeptide interface (Figure

Cyclic AMP provides a “second messenger” in conserved
signal-transduction pathways from membrane receptors to
the nucleus11, 12). Transmission of the signal to respon-
sive genes is mediated by families of specific transcription
factors @). This study focuses on one such factor, the
cAMP-response-element binding protein (CREB:9). The
functional system in the nucleus includes both CREB, an
associated transcriptional coactivator CBE3-{15), and
basal initiation factors including TFIIC8). Phosphorylation
of a particular serine in (S133) is required for CBFCREB
recognition 8, 13, 16) and regulation of target gene23j.
This serine lies in a conserved kinase-inducible domain
designated pKID. The region of CBP that is involved in
CREB binding and transcriptional activation (designated
KIX) is likewise conserved among eukaryotic coactivators. i ; T . .
In addition to binding CREB, CBP functions in diverse ﬁA,hI'ZL?\.t ds'.de Cg‘?"”;'” pKllé) in contact with CBP are
regulatory pathwaysld, 36—40), contains histone acetylase Ighlighted n red in Figure 1.
activity (58), and recruits other enzymatic activities (such ~ The utility of TFE as an empirical probe of hidden

as an RNA helicasd&9) to the preinitiation complexs( 60). structural propensitiess, 65) is of interest in light of its

A human genetic disorder (Rubinstein-Taybi syndrome) is Widespread use in diverse studies of peptide hormones and
associated with mutations in CBR1). The biological ~ protein fragments (see, for example, ré 62, and 66—
importance of the specific kinase-inducible CREGBP 71). Because structures of receptdigand complexes are

signaling pathway is highlighted by the observation of unavailable in many cases (for example, for glucagon,

somatotrophic hypoplasia and dwarfism in transgenic mice secretin, and parathyroid hormone), the relevance of TFE-

expressing a nonphosphorylatable CREB mut&u}. ( induced structure in isolated peptides remains controversial.
The structure of a specific complex between the pkID 1h€ PKID—CBP complex may be regarded as a model

domain of CREB and the KIX domain of CBP has recently receptor-ligand complex in which the utility of TFE has
been determined26) and provides the first model of a been validated herein. Foreshadowing of the active structure

transcriptional activatercoactivator complex. The structure  ©f PKID in the nascent structure of the phosphopeptide does
is remarkable for the induced fit of an HTH element in pkID ot imply, however, that such propensities limit its range of
(shown in red in Figure 1A); the two inducedhelices are induced structures in l_Jnre_Iated protein complgxes. Indeed,
nearly orthogonal and flank the site of serine phosphorylation the structure of protein kinase A (PKA) and its mode of
(S133; asterisk in Figure 1B). Whereas an isolated Kix Substrate binding7@, 73) imply that KID binds to the kinase
domain (residues 586672 or 586-679 of mouse CBP)  active site as an extended pep.tlde. Critical recognition sites
exhibits an autonomous structure, an unbound pKID phos- N the PKA—KID complex are likely to occur N-terminally
phopeptide is essentially a random coil as previously inferred With respect to the site of phosphorylation, iia.or amino-
on the basis of CD studies at room temperatag).(Inthe ~ Proximal to the region of the nascea®\ helix. Whether
original study p4), characterization of this phosphopeptide the intrinsic structural propensities of the peptide sequence
(residues 102160 of the human CREB isoform 341) was are realized or overridden is likely to be a function of the
limited by its sparing solubility in the absence of guanidine ©overall structural context and the available free energy of
hydrochloride. In the course of screening pKID fragments binding. The peripheral binding site @fA in the KIX
of different length, we fortuitously found that a smaller complex thus exploits this segment’s intrinsic helical pro-
fragment (residues 166151; lower panel of Figure 1B) is  pensity, whereas the deeply engaged catalytic site of PKA
by contrast highly soluble and monomeric in aqueous Provides sufficient binding free energy to override this
solution (pH 4.5). This fragment contains the site of serine propensity. These considerations also underlie design of
phosphorylation and flanking HTH motif; the truncated Proteins containing “chameleon” sequencéé)( Indeed,
residues are disordered in the pKHBIX complex (24), and Radhakrishan et al2§) speculate that the sequence of pKID
so their absence is unlikely to influence these results. Therepresents an evolutionary compromise between the compet-
smaller phosphopeptide (46 residues) thus provides a modeing constraints of a helical binding mode in one case (KIX)
in which the folding propensities of the unbound pKID motif and an extended binding mode in another (PKA). Analogous
could be informatively investigated by NMR spectroscopy. competition between constraints has been proposed to
Our results delineate a partial folding transition at low Underlie the evolution of insulin sequences: a helix in the
temperatures. This transition is apparent in the CD spectrumA-chain is required for receptor binding, whereas an extended
at 4 °C (Figure 2A) and nonrandom pattern 8% NMR strand is employed in prohormone processiig [76).
chemical shifts (Figures 2B and 4). Sites of nascent structure The nascent structure of isolated peptides and the effects
were localized by observation of residue-specific NOEs: The of TFE have been extensively investigated in relation to
N-terminal recognition helixxA is observed as a nascent mechanisms of protein folding. Transient formation of
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secondary structure is proposed to precede formation of REFERENCES

compact intermediatest8—45). Whereas classic studies
emphasized the role of such intermediates in a putative
pathway {7), a recent perspective emphasizes an ensemble

of nascent structures in rapid dynamic equilibriurg)( This

ensemble coalesces to define a folding funnel en route to
the folded state?9). Peptide fragments of sperm whale
myoglobin, for example, have been studied by CD and NMR

as models of possible folding initiation site80f. Some

peptides exhibit intrinsic conformational propensities in
agueous solution that correspond to their structures in the

native state (the GH region), whereas others (heliceEB

are unstructured in water but exhibit a marked propensity to
populate helical configurations on addition of cosolvents.
Although the mechanism by which TFE affects peptide
structure is unclear6d), it is thought that TFE biases a
preexisting helix-coil equilibrium (in part by enhancing the
strength of peptide hydrogen bonds) and so provides an
empirical probe for uncovering propensities that would 12.
otherwise be inaccessible in experiments conducted in
aqueous solutionsd, 81). This study suggests an analogy
between the mechanisms of protein folding and assembly.
The induced fit of the pKID HTH from an unstructured
phosphopeptide at physiological temperature is likely to
recapitulate physical events regulating the coalescence of
partially folded conformations into a native state. In
particular, just as CBP provides an external template for
folding of pKID, we imagine that a folded subdomain in a
compact intermediate can provide an internal template. An
example of such an internal template has been proposed in
a model of an oxidative protein-folding intermediate of

human proinsulin{6). As in the KIX domain, the partial

fold of the proinsulin intermediate provides a hydrophobic

groove between helices (residues A1&19 and B9-B19)

in which docks an otherwise disordered strand (residues Al
A8) with an intrinsic helical propensity. Protein folding and
protein recognition may thus be viewed as complementary

problems. In particular, ordeiisorder transitions are likely

to be of central importance in regulating the assembly of

transcriptional regulatory complexes.
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