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Abstract: We recently described a pair of ligands, PPKID4" (4P) and PPKID6Y (6Y), which present the
a-helical functional epitope found on helix B of the CREB KID activation domain (KIDF) on a pancreatic
fold protein scaffold. 4” and 6V bind the natural target of KIDP, the KIX domain of the coactivator CBP, with
equilibrium dissociation constants between 515 nM and 1.5 xM and compete effectively with KIDP for binding
to CBP KIX (KIX).! Here we present a detailed investigation of the binding mode, orientation, and
transcriptional activation potential of 47 and 6Y. Equilibrium binding experiments using a panel of well-
characterized KIX variants support a model in which 4" binds KIX in a manner that closely resembles that
of KIDP but 6Y binds an overlapping, yet distinct region of the protein. Equilibrium binding experiments
using a judiciously chosen panel of 4 variants containing alanine or sarcosine substitutions along the
putative a- or PPII helix of 47 support a model in which 4® folds into a pancreatic fold structure upon binding
to KIX. Transcriptional activation assays performed in HEK293 cells using GAL4 DNA-binding domain fusion
proteins indicate that 4° functions as a potent activator of p300/CBP-dependent transcription. Notably, 6Y
is a less potent transcriptional activator in this context than 4" despite the similarity of their affinities for
CBP KIX. This final result suggests that thermodynamic affinity is an important, although not exclusive,
criterion controlling the level of KIX-dependent transcriptional activation.

Introduction helical binding epitope. This procedure, used Wwhh® or
) . . . ] without®1011 directed evolution, has successfully identified

~There is considerable current interest in the design or miniature protein ligands possessing nanomolar affinities for
discovery of molecules capable of binding protein surfaces and g array of protein and duplex DNA targets. These targets
inhibiting the formation of transient proteirprotein interactions  include the DNA sequences recognized by G&MNand the
inside the celf~* Molecules with these properties can report Q50K variant of theengrailed homeodomair! the related
on the functional relevance of discrete protein interactions and antiapoptotic proteins Bcl-2 and Bcl¢7 the oncoprotein
have potential as therapeutic leads for the large fraction of the hDM2 2 and the EVH1 domain of the cytoskeletal protein
genome currently considered “undruggable”. Over the past few Mena® The most striking feature of well characterized protein
years our laboratory has developed a miniature protein-basedsurface ligands derived from aPP is their ability to discriminate
strategy for the identification of high affinity ligands for protein- the desired target from other macromolecules, even those that
interaction surfaces and demonstrated that these molecules caare extremely close in sequence, structure, or bothRecently,
function as potent and selective protejrotein interaction ~ our miniature protein design strategy was applied by Shimba
inhibitors 57 This strategy makes use of the small but well- and co-workers to generate an aPP-based ligand for the
folded protein avian pancreatic polypeptide (eR#2)a scaffold Karposi sarcoma-associated herpesvirus protease that inhibited

for the presentation and stabilization of arhelical or PPIl-  Protein dimerization with an affinity in the micromolar con-
centration range and by Cobos et'ato generate a 2@M
* Department of Chemistry. ligand for the Abl SH3 domain.
;Bepamtnegzof Molgculflr, ?e”glart aﬂdEDeYemP_menﬁl S_iol?gg- o Recently we applied our miniature protein design strategy to
resent address: Centre for Protein Engineering, Medical Research. . .
Council Centre, Hills Road, Cambridge CB2 2QH. UK. identify a set of molecules that recognize a shallow surface gleft
(1) Rutledge, S. E.; Volkman, H. M.; Schepartz, A Am. Chem. So@003 on the transcriptional coactivator CBP (the KIX domain) with
125 14336.
(2) Cochran, A. GCurr. Opin. Chem. Biol2001, 5, 654.
(3) Sidhu, S. S.; Bader, G. D.; Boone, Curr. Opin. Chem. Biol2003 7, 97. (9) Chin, J. W.; Schepartz, Al. Am. Chem. So@001, 123 2929.
(4) Arkin, M. R.; Wells, J. A.Nat. Re.. Drug Disca. 2004 3, 301. (10) Zondlo, N. J.; Schepartz, A. Am. Chem. S0d.999 121, 6938.
(5) Chin, J. W.; Schepartz, AAngew. Chem., Int. ER001, 40, 3806. (11) Montclare, J. K.; Schepartz, A. Am. Chem. SoQ003 125, 3416.
(6) Golemi-Kotra, D.; Mahaffy, R.; Footer, M. J.; Holtzman, J. H.; Pollard, T.  (12) Kritzer, J. A.; Zutshi, R.; Cheah, M.; Ran, F. A.; Webman R.; Wongjirad,
D.; Theriot, J. A.; Schepartz, Al. Am. Chem. So2004 126, 4. T. M.; Schepartz, A. Manuscript in preparation.
(7) Gemperli, A. C.; Rutledge, S. E.; Maranda, A.; Schepartd. Am. Chem. (13) Shimba, N.; Nomura, A. M.; Marnett, A. B.; Craik, C. &.Virol. 2004
So0c.2005 127, 1596. 78, 6657.
(8) Blundell, T.; Pitts, J.; Tickle, I.; Wood, S.; Wu, C.-Wroc. Natl. Acad. (14) Cobos, E. S.; Pisabarro, M. T.; Vega, M. C.; Lacroix, E.; Serrano, L.; Ruiz-
Sci. U.S.A1981, 78, 4175. Sanz, J.; Martinez, J. d. Mol. Biol. 2004 342, 355.
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A p R consistent data set describing the free energy landscapes of the
L-"‘"?L!f" KID e;"i't“:;:’“a] o three KIX complexes. The data support a model in which the
Ry —pg@% ) q%g?% phosphorylated ligand4” and KID P bind KIX with virtually
C 33 \f B \fﬂfunclimal identical footprints, whereas the unphosphorylated liggbd
7 e : @%9 selection t“::;”fr‘iz " binds an overlapping but distinct region of the protein. Next
CREB k|DP. h:?‘i "rg,mmure d=mIs = ) " we made use of a set of elevdnvariants in which one residue
CBP KIX %?f‘app protein library " :s: 'f'g 1M was substituted by alanine and/or sarcosine to probe the
complex scaffold =i =" conformation of4” when bound to KIX. The relative affinities
AN of these variants support a model in whi#hfolds into an aPP-
B like conformation upon binding to KIX. In an attempt to
1 5 10 15 20 25 30 H H : : H H H
aPP @PSOPTYPGDDAPVEDLIRFYDNLOQYLNVY correlate blndlng mode and orleptatlon to blgloglcal _fL_m_ctlon,
we next determined the potencies 4f and 6V as artificial
KID-BP (Helix B) RRPSYRKILNDLSSDAP

Library GXSXXTXXGDDAPVRRLSFFYILLDLYLDAP

C

4P GPSOPTYPGDDAPVRRLSFFYILLDLYLDAP
6U GISWPTFEGDDAPVRRLSFFYILLDLYLDAP
KiDP TDSQEKRREILSRRPSYRKILNDLSSDAP

Figure 1. (A) Design and discovery of PPKIF44") and PPKID& (6Y),

two high affinity ligands for the KIX domain of CBPIn the KIDP-KIX
complex!® the backbone of KID-Bis in blue, the residues along helix B
that comprise the functional epitope are in red, and the PKA recognition
site used to direct the PKA-dependent phosphorylation of serine is in green.
(B) Alignment of the sequences of aPP, KID-Besidues 136146), and

the library used to identifyd” and 6Y.* Residues along the- and PPII-
helices that contribute to formation of the aPP hydrophobic core are in
blue and orange, respectively, residues important for binding KIX are in
red, and residues that comprise the PKA recognition site are in green.

activation domains when fused to a heterologous DNA-binding
domain. Transcription assays performed in HEK293 cells
indicate tha#® activates transcription at a level comparable to

KID P through a p300/CBP-dependent mechanism. Surprisingly,
6Y does not activate transcription, but phosphorylation converts
this ligand into a moderate activation domain. These results
suggest that equilibrium binding affinity and binding mode both

contribute to transcriptional activation potency in the context

of CBP and CREB.

Results

Do 4P and 6Y Occupy the CREB KID Site on KIX? In our
previous work, we reported that bo#i and6Y bind wild-type
KIX with high affinity.® In the case of the phosphorylated ligand
4P, the affinity for KIX (5154 44 nM) was comparable to that

Residues randomized in the library are indicated by X. (C) The sequencesof the full length phosphorylated CREB KID domaiKID P

of 47, 6Y, and KID". Selected residues are in orange, and the phosphorylated
serine residues are in pink.

high nanomolar to low micromolar affinity (Figure 1A)These
molecules were identified from a phage library of phosphory-
lated or unphosphorylated aPP variants containingcthelical
epitope from helix B of the CREB KID domain (the KD

K¢ = 562 + 41 nM), whereas the affinity of the unphos-
phorylated ligandg¥ for KIX was approximately 3-fold lower
(Kg= 1.5+ 0.1uM) than that of KID-AB".1 To further explore
the binding location and orientation 4f and6Y, we made use
of a set of twelve well-studied KIX variant§.These twelve
KIX variants each contain a single alanine substitution within

functional epitope) (Figure 1B). The highest affinity phospho- or around the CREB-binding groove, and their affinities for
rylated and unphosphorylated ligands for CBP KIX (abbreviated KID P span a 3.7 kcal mot range (Table 1). We reasoned that
KIX henceforth) identified in this work are shown in Figure if 4 and6Y interact with KIX in a manner that mimics that of
1C. [Throughout this work, phosphorylated ligands are indicated KID P, whose interactions with KIX have been characterized in
by a superscript P and unphosphorylated ligands are indicateddetail by NMR1® then their affinities for these twelve variants

by a superscript U.] The phosphorylated ligand PPKID4
(abbreviated4® henceforth) binds KIX as well as the KID
domain of CREB (abbreviate&ID P), with an equilibrium
affinity of 5154 44 nM for KIX.1 The unphosphorylated ligand
PPKID@” (abbreviated6Y henceforth) binds KIX with an
equilibrium affinity of 1.5+ 0.1xM.* Both 4” and6Y compete
with KID P for binding to KIX in fluorescence polarization
experiments. Moreover, the results of extensive competition
experiments indicate thdf and6Y exhibit high specificity for
KIX over proteins that bind hydrophobic arhelical molecules,
such as carbonic anhydrase and calmodulin.

In this work we explore in detail the binding mode and
orientation of4” and6" on the surface of KIX and evaluate the
ability of these ligands to function as transcriptional activation
domains in cultured mammalian cells. Binding mode and
orientation were explored with a set of twelve well-characterized
KIX variants in which one residue within thi€lD P binding
groove was substituted by alanitfeThe relative affinities of
these twelve variants fot”, 6Y, andKID P provided a large,

(15) Radhakrishnan, I.; Perez-Alvarado, G. C.; Parker, D.; Dyson, H. J;
Montminy, M. R.; Wright, P. ECell 1997, 91, 741.
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should parallel one another. The twelve KIX variants were
expressed irE. coli as fusions with glutathion&transferase
to aid purification, and the GST tag was removed prior to
analysis. The relative affinities ¢fID P, 47, and6" for the panel
of KIX variants, as well as for an analogous protein containing
the wild-type KIX sequence (KIX), were measured by equilib-
rium fluorescence polarization (Figure 2 and Table 1). The
affinities of KID P, 4°, and 6V for KIX (Table 1) agree well
with the affinities for HisKIX measured previously.
Comparison of the Binding Modes of & and KIDP. A.
Recognition of PhosphoserineRecognition of the phospho-
serine residue iKKID P by Y658 and K662 in KIX contributes
significantly to the stability of the KIEKIX complex, with
energetic contributions between 1.5 and 4 kcal Théf—18
Therefore we first evaluated the extent to which recognition of
the 4P phosphoserine contributes to the binding energy of the

(16) Parker, D.; Jhala, U. S.; Radhakrishnan, I.; Yaffe, M. B.; Reyes, C.;
Shulman, A. |.; Cantley, L. C.; Wright, P. E.; Montminy, NYol. Cell
199§ 2, 353.

(17) Mestas, S. P.; Lumb, K. Mat. Struct. Biol.1999 6, 613.

(18) Zor, T.; Mayr, B. M.; Dyson, H. J.; Montminy, M. R.; Wright, P. B.
Biol. Chem.2002,277, 42241.
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Table 1. Equilibrium Dissociation Constants of the Complexes between 4P, 6Y, and KIDP and Selected KIX Variants
KIDP & 6
AAG AAG AAG
KIX Ky (uM) (kcal mol™Y) Ky (uM) (kcal mol™Y) Ky (M) (kcal mol™)
wild-type KIX 0.414+0.04 0.614 0.04 0.544 0.06
phosphoserine contact substitutions
Y658A 1424 12 35 3.9£0.3 1.1 1.7+ 04 0.68
Y658F 26+5 2.5 4.1+ 0.2 1.1 2.8£04 0.97
K662A 4.8+0.4 15 3.9+£03 1.1 1.8+ 0.3 0.71
hydrophobic contact substitutions
(within binding cleft)
L599A 1.1+0.1 0.58 1.6£0.1 0.58 3.3: 0.3 1.1
L603A 3.4+0.3 1.2 3.4£05 1.0 2.5+£0.3 0.91
K606A 2.34+0.2 1.0 3.14+0.2 0.97 1.2 0.1 0.47
Y650A 9.4+ 0.7 1.8 3.0£0.3 0.95 1.3t 0.2 0.52
LL652-3AA 29+0.2 1.2 29+0.2 0.93 0.14+0.02 —0.80
1657A 1.940.1 0.90 2.4 0.1 0.89 3.6:0.4 1.1
hydrophobic contact substitutions
(outside cleft)
E655A 0.71+ 0.05 0.32 0.54t 0.05 —0.07 1.7£0.2 0.68
1660A 0.274+0.03 —0.26 1.1+ 0.1 0.35 6.4 0.7 1.4
Q661A 0.93+ 0.07 0.48 1.H01 0.35 0.4H-0.06 —0.16
Hydrophobic Hydrophobic
; Phosphate (within binding cleft) fe binding cleft)
AR S Su— " T . F i T . =
§ A ,‘i'! 11 B ,a‘i’# C }_5"""
E ' . 5
g o
B o’
; e
i ] }8" - Figure 3. Close-up view of (A) phosphoserine and (B) hydrophobic
10 10 contacts in thekID P-KIX complex s The backbones oKID P and KIX
o E T e are shown as red and blue ribbons, respectively; the side chains of Y658,
s 't' K662, L603, K606, and Y650 (from KIX) and S133, L138, L141, and A145
;3 .;’ (from KID P) are shown explicitly.
i
» . .
'g o monium group forms a salt bridge to a secdhé Y658F and
g “,;z‘ K662A KIX both bind KID P with significantly lower affinity
* m“ﬁ . o than does wild-type KIX, consistent with previous resdftsy
. form complexes with equilibrium dissociation constants of 26
k-] Fw s .
5 | FoviEt + 5and 4.8t 0.4uM, respectively. Thesky values correspond
g ;.' £ to binding free energies that are 2.5 and 1.5 kcal thtdss
?g £ favorable, respectively, than that of the wild tyl¢D P-KIX
H 1 s ) complex. The free energy changes measured for these two
§ *““ T variants, as well as for the Y658A variant (discussed below),
! 0.:;*- T T wl_’gf L T O;"" T are consistent with previous work and are fully supported by
KIX (M) the KID P-KIX structure®16
.
e WiKIX ® L5S9A o LLG52-3AA ® YE58F  ® YB50A YB58F and K662A KIX also bind” with significantly lower
o WKIX © LG03A E655A o I660A  ® YB58A affinity than does the wild-type KIX protein. The equilibrium
A WEKIX  ® KG0BA e I657A o Q661A KE62A dissociation constant of thé”-Y658F complex is 4.1+ 0.2

Figure 2. Binding isotherms illustrating the equilibrium affinities @Ff,

6Y, andKID P for KIX variants as determined by fluorescence polarization
analysis at 23C. Each plot illustrates the fraction of 25 nKID P (A—C),

4P (D—F), or6Y (G—1) bound as a function of the molar concentration of

KIX variant. Observed polarization values were converted to fraction of
ligand™ bound usingPmin andPmax values derived from the best fit of the

uM, corresponding to a binding free energy that is 1.1 kcal
mol~! less favorable than that of tH&-KIX complex. This value

of AAG is approximately one-half the value calculated in the
case of the&kID P-YB658F complex. The equilibrium dissociation
constant of thed”-K662A complex is 3.9+ 0.3 uM, corre-

polarization data to eq 1. Curves shown represent the best fit of the data tosponding to a binding free energy that is 1.1 kcal Thdéss
eq 2. Phosphorylated ligands are indicated with circles, whereas unphos-fayorable than that of the wild typté’-KIX complex. This value

phorylated ligands are indicated by triangles. Each point represents an

average of three independent trials; error bars denote standard error.

4P-KIX complex by examining two KIX variants containing

of AAG is virtually identical to the value calculated in the case
of the KID P-K662A complex. Thus, both Y658 and K662
contribute significantly to the affinity of KIX fod®, although

phenylalanine and/or alanine in place of Y658 and K662 (Figure the relative contributions of these two residues may differ

3A). In the solution structure dfID P bound to KIX, the KIX

between theKID P-KIX and 4P-KIX complexes.

Y658 side chain donates a phenolic hydrogen bond to one We also examined the affinities d€ID ® and 4 for the

terminal phosphoserine oxygen &dD P and the K662 am-

Y658A variant of KIX, in which the Y658 side chain is replaced

J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005 4651
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by alanine. The NMR structure of thi€lD P-KIX complex envisioned that analysis of these variants could report on subtle
shows the Y658 aromatic ring packed against the side chain of differences in the binding modes of° and KIDP. The
L128, which is located on helix A dfID P.15 Y658A KIX binds equilibrium dissociation constants of ti@D P complexes of

KID P with exceptionally low affinity Kg = 142 + 12 uM), a these three variants fall between 02270.03 and 0.93t 0.07

loss in binding free energy of 3.5 kcal mél Presumably the M, values very close to that of the wild-type complexAG
large value oAAG results from loss of contributions from both = —0.26 andt-0.48 kcal mot?, respectively). These three KIX
the Y658 hydroxyl group and aromatic ring. Sin€elacks any variants bind4P with equilibrium dissociation constants between
residue corresponding to L128 on helix A, one would expect 0.544 0.05 and 1.1+ 0.1 uM, corresponding to free energy
the stability of the4”-Y658A complex to be comparable to that changes betweer0.07 and 0.35 kcal mot.

of the4”-Y658F complex. Indeed, the equilibrium dissociation Comparison of the Binding Modes of & and KIDP. A.

constant of thed”Y658A complex is 4.1+ 0.2 uM, corre- Recognition of PhosphoserinesV lacks the phosphoserine that
sponding to a free energy loss of 1.1 kcal mipla value dominates the energetics of tABKIX and KID P-KIX inter-
identical to that measured for t#-Y658F complex. actions. Therefore, i6Y binds KIX in a manner mirroring that
B. Hydrophobic Contacts. Next we considered those  of 47 andKID P, then we would expect it would be less sensitive
residues that line the shalloiD P binding cleft on KIX. Six to substitution of KIX residues that contact téD P phospho-
of the twelve variants (L599A, L603A, K606A, Y650A, LL652- serine, notably Y658 and K662. Surprising§” binds both
BAA, and 1657A) contain alanine in place of.a residue within  yvg58F and K662A KIX with significantly lower affinity than
this cleft. For example, Y650 of KIX comprises one face of i hinds wild-type KIX. The equilibrium dissociation constants
the binding cleft and interacts with three hydrophobic side chains ¢ the 6Y-Y658F and6V-K662A complexes are 2.& 0.4 and
of KIDP, 1138, L141, and A145 (Figure 3Bj.The Y650A 1.8+ 0.3uM, corresponding to free energy losses of 0.97 and
variant bindskID * with significantly reduced affinity Kq = 0.71 kcal mot?, respectively, relative to the complexes with
9.4+ 0.7uM), correqundmg to a 1.8 kcal mdlioss in b|nd|n_g KIX. Interestingly, 6Y binds the Y658A variant with higher
energy. Together, residues L603 and K606 form one side of affinity (Kg = 1.7 = 0.4 4M) than it binds the Y658F variant

the KIX binding cleft, interacting wittKID P residues L141 and (Kg = 2.8+ 0.4 uM), whereas, as described abo&,binds
A145. The L603A and K606A KIX variants binKID P with equally t0 Y658A and Y658F . '

equilibrium dissociation constants of 34 0.3 and 2.3+ 0.2 drophobi furth | giff
M, corresponding to binding free energy losses of 1.2 and 1.0 B- Hydrophobic Contacts. To further explore differences

kcal mol compared toKID P-KIX. Other KIX residues that " the binding modes of” and6", we measured the affinity of
comprise part of the hydrophobic cleft are L653 and 1657; both 6Y for KIX variants with substitutions of side chains that line
interact withKID P residue L141 in addition to other residues. € KID” binding pocket (variants L599A, L603A, KEO06A,
As expected, LL652-3AA and 1657A KIX bindID P with Y650A, and 1657A) (Figure 2H and Table 1). Five of the six
lower affinity (Kg = 2.9 0.2 and 1.9t 0.1xM), corresponding variants form complexes wité that are between 0.47 and 1.1
to binding free energy losses of 1.2 and 0.9 kcal Thol  Kcal mol less stable than the Wild-typ@U-KIX complex,
respectively. Located at the bottom of the binding cleft, residue Whereas the complex with LL652-3AA is 0.8 kcal mbrn'ore
L599 interacts with only one residue, P146, KD P. The stable than the wild-typéU-KIX complex. The largest differ-
L599A variant bindsKID P with lower affinity, but the free ~ ences in affinity foi6” are seen with L599A, L603A, and 1657A
energy loss in this case is smaller than that observed with otherKIX, with Kq values of 3.3+ 0.3, 2.5+ 0.3, and 3.6+ 0.4
variants with substitutions in the hydrophobic cleft; #iD P- uM, respectively AAG = 1.1, 0.91, and 1.1 keal mo},
L599A complex is characterized by an equilibrium dissociation respectively). KEOBA and Y650A KIX bin@" with affinities
constant of 1.1 0.1 M, a binding free energy loss of 0.58 much closer to that of the wild-type compleiXy(= 1.2+ 0.1
kcal molL. In summary, all six KIX variants with side chain and 1.3+ 0.2 uM; AAG = 0.47 and 0.52 kcal mot, _
substitutions at positions that participate in hydrophobic contacts respectively). Analysis of the differences in affinity among this
with KID P, as judged by NMR? bind KID P with diminished set of 6Y-KIX complexes reveals a pattern very different from

affinity. that observed for the analogo#dD P or 4° complexes. For

The six KIX variants with substitutions in the hydrophobic €xample, the Y650A and L599A variants ;"orm tt;e most and
cleft also show diminished affinity fosP, with equilibrium least stable complexes, respectively, Wit ® and4"”, but the
dissociation constants between 160.1 and 3.4+ 0.5 uM least and most stable complexes wéth

(Figure 2E, Table 1). Thes€q values correspond to the free C. Residues Surrounding the Binding PocketAlthough
energy changesA(AG) that range between 0.58 and 1.0 kcal KIX variants E655A, I1660A, and Q661A display affinities for
mol~1, values that are, with one exception, in close agreement KID P and4® that are comparable to that of wild-type KIX, two
with those measured for the analogous complexes KAEP. of the variants show significantly diminished affinity f6Y. In
The one exception to this trend is Y650A KIX, whose complex particular, I1660A and E655A KIX bind6Y poorly, with
with KID P is 1.8 kcal mot? less stable than the complex with  equilibrium dissociation constants of 6410.7 and 1.7+ 0.2
wild-type KIX. By contrast, thel”Y650A complexisonly 0.95  4M and free energy losses of 1.4 and 0.68 kcal Thol
kcal mol™! less stable than the complex with wild-type KIX. respectively. Q661A bind§Y with an affinity comparable to
C. Residues Surrounding the Binding Pocketln addition that of wild-type KIX. These differences in the relative and
to the KIX variants described above, which contain mutations absolute contributions to stability among the KIX variants
within the KID P binding pocket, we also examined three emphasize the differences in the binding moded"oénd 6Y
variants, E655A, 1660A, and Q661A, containing alanine in place irrespective of the ability of6Y to compete withKID P for
of a residue that surrounds tH€iD P binding pocket. We binding to wild-type KIX.

4652 J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005
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0.8 A ® 4F
P5 =T e L17A
/ g 06 e F20A
5 o L24A
(7] ® Y27A
E_a o L28A
Figure 4. Close-up view of side chain packing in the aPP hydrophobic &
core, illustrating the relative orientation of F20, L24, Y27, and L28 on the =
a-helix (blue) and P3 and P5 on the PPII helix (yelldw). 2 T .
[=] = - ® 4P
Is 4° Folded When Bound to KIX? The results described S 081 j,;f 1 e P2A
above support a model in which teehelix in 47 is positioned ‘g 06 s poz
within the KIX cleft in a manner that closely mimics that of i .% PSA
KID P. However, this model sheds no light on the conformation 0.4 5.7 1 e psz
or location of the N-terminal proline-rich region ef°, in .)f//'
X ; ) . S 02 = 4 e P8A
particular, whether4® is folded into an aPP-like hairpin j;t/ o P8z
conformation when bound. We previously reported th&t 0

1 1 3
10 10°%

[KIX] (M)

Figure 5. Binding isotherms illustrating the equilibrium affinities @f
variants for KIX as determined by fluorescence polarization analysis at 25

C_1
. .. . . 7
displays only nascemt-helicity in water in the absence of KIX, 10
as determined by circular dichroism, but that the extent of
helicity increased ino-helix promoting solvents such as
. . . P .

t.rlfluoroethano_l. We hypot.heglzed that #” folds into an ‘?‘PP' °C. Each plot illustrates the fraction of 25 nM of tHB variant bound as
like conformation upon binding to KIX, then the stability of  a function of the molar concentration of KIX. Each point represents an
the complex should depend on the presence of residues thagverage of three‘ indep_endent trials. C_)bserved polarization valges were
comprise the intact hydrophobic core. To test this hypothesis, converted to fraction of ligari bound usingmin andPrax values derived

. . . . from the best fit of the polarization data to eq 1. Curves shown are the best
we prepargd aset (_)f eleveR Va”ant§ in which alan'n? and/or it of fraction of ligand™ bound values to the equilibrium binding eq 2.
sarcosine is substituted for 4 residue that comprises the (A) Binding isotherms fod variants L17A, F20A, L24A, Y27A, and L28A.
hydrophobic core in the putative folded st&t€hese variants ~ (B) Binding isotherms foa® variants P2A, P2Z, P5A, P5Z, P8A, and P8Z.
include five with alanine substitutions along the face of4Re 2 Indicates the substitution of sarcosine.
o-helix that is located opposite the face used to contact KIX Table 2. Equilibrium Dissociation Constants of Complexes
(L17A, F20A, L24A, Y27A, and L28A) and six with alanine  between KIX and 4P Variants As Determined by Fluorescence

or sarcosine substitutions along the PPII helix (P2A, P2Z, P5A, Polarization
P5Z, P8A, and P8Z). A close-up view of packing in the . AAG
hydrophobic core of aPP is shown in Figure 4. i e (M) (keal mol”)
4P Variants Display a Range of Affinities for Wild-Type wild-type 0.61+0.04
KIX. We used fluorescence polarization analysis to determine polyproline helix variants
the KIX-binding affinities of eight4” variants in which one ﬁ%@ g'ggi 8'83 g'ié
residue within the putative hydrophobic core had been substi- P5A 1.02+ 0.09 0.30
tuted with alanine. Five of these residues lie on the internal P5Z 0.80+ 0.03 0.16
face of the aPR.—helix, whereas three lie on the internal face P8A 1.07+0.08 0.33
of the PPII helix. We also studied three variants in which a P8z o 0.78+0.05 0.15
proline residue on the internal face of the PPII helix was ﬁf;‘/’\“x"a”ams 0,68 0.05 0.07
substituted by sarcosine (Figure 5 and Table 2). The equilibrium F20A 255+ 0.25 0.85
dissociation constants of th variantKIX complexes range L24A 1.164 0.07 0.38
from 0.68+ 0.05 to 3.09+ 0.18uM, corresponding to binding Y27A 3.09+0.18 0.96
L28A 0.83+0.11 0.18

energies between 0.1 and 1.0 kcal mdless favorable than
the wild-type4P-KIX complex. The stabilities of the complexes

fall into three categories. The least stable complexes, containing ¢ | 24 packs against P8 and F20, and the side chain of Y27
variants F20A and Y27AF; are 0.85 and 0.96 kcal mMdess 50k against P8. By contrast, those side chains that contribute
stable than the wild-typ@™KIX complex. Moderately stable  minimally to stability, P2, L17, and L28, lie at the edge of the

complexes containing variants PSA, P8A, and L24A are 0.3 10 4pp hydrophobic core and participate in fewer van der Waals
0.38 kcal mot? less stable than the wild-tyB-KIX complex. interactions.

%;(m(: dﬂc]srr:/igaztss, Ft)ﬁ ?(I; chZa;t Zfezé'riﬁi; _Ir_ll;zrand OL(Z);;?(; Can PPKID Peptides Function as Transcriptional Activa-
plexes wi impart gy (©. tion Domains in Cultured Cells? Eukaryotic transcriptional

1 ild- P.
021 kca(; _mc;’L) to tthetw;ltihtypieé dKIXt cotmplexf. V;/Ee_': if activators, such as CREB, stimulate gene expression primarily
vaa;?rlgeth I?the cor:dex f‘ inetk? te :trriltJJCtureioniz nllse r by recruitment of the general transcription machinery to the
€ at tnose side chains that o ute signimicantly o promoters of genes they reguldfeThese transcription factors

moderately to4P-KIX complex stability, F20, L24, Y27, P5, T -
and P8, all lie at the center of the aPP hydrophobic core (Figure possess modular structures, containing both a specific DNA

4)' In this SijCtur% the aromatic side chain of F20 'nserts .(19) Ptashne, M.; Gann, Asenes & SignalsCold Spring Harbor Laboratory:
between the side chains of P5 and P8, the branched side chain " New York, 2002.
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Figure 6. (A) Schematic of transcription reporter assay. (B and C) Transcriptional activation mediated by Gal4 DBD fusions of PPKID4, PPKID6, and KID
in HEK293 cells in the absence (blue bars) or presence (pink bars) of exogenous p300. Bars and standard error represent results from at |eastdénee inde
trials. Where indicated, GM forskolin (Fsk) was added to the culture madi h prior to harvesting cells. When indicated, cells were also transfected with
25 ng CMV/p300-HA (p300), an expression vector encoding full-length p300 under control of the CMV préiexgression of each Gal4 DBD fusion
protein was verified using Western blots (see Supporting Information).

binding domain that targets the gene of interest and an activationplasmids, Gal4-KID, Gal4-PPKID4, and Gal4-PPKID6, in which
domain that binds and recruits the transcriptional machinery. the gene encoding the KIX ligands KID, PPKID4, or PPKID6,
The functions of the DNA binding and transcriptional activation respectively, was fused to the C-terminus of the gene encoding
domains are separable and can be swapped among proteinghe Gal4 DNA-binding domain (DBD) (residues-147). Gal4-
within and outside a given famif;*! or replaced altogether  KID, Gal4-PPKID4, and Gal4-PPKID6 are all derivatives of
with nonnatural counterparts,?* to obtain molecules with  the previously reported expression vector p&twhich directs
novel and informative properti@$.The development of fully the expression of the Gal4 DBD and was used as a control.
artificial transcriptional activators is an important goal i G514-KID. Gal4-PPKID4. and Gal4-PPKID6 were introduced
chemical biology’* However, although there has been consider- i, qiviqually into HEK293 cells by transfection along with a
able success in the development of non-natural molecules thatpreviously describéid reporter plasmid, G5B-luciferase, con-
bind DNA W'th. afflnltles an?ligimflcmes that rival those of taining five Gal4 binding sites upstream of the firefly luciferase
natural transcription factofsl1.23.25the development of mol- gene (Figure 6A). The cells were also transfected with a
eculeszethat activate transcription has lagged ConSiderablycommercially avaiiable plasmid (pRL-null) encodifenilla
behind?® By virtue of their ability to bind CBP, a transcriptional . . . . .
coactivator protein that acts as a conduit between gene-specificgjf;'éfészs t‘?’hr:aoF:rgr?illllzea;hde fﬁitfz/fﬁjrcig::enZii;%g:nj;ﬁggon

activators and the basal transcription machinery, we hypoth- =, o ) )
esized that® and 6Y might function as artificial activation different substrates, facilitating the sequential analysis of both

domains when fused to a heterologous DNA-binding domain. €NZyme activities in a single sample. Transfected HEK293 cells

To test this hypothesis and investigate the activation potential Were incubated at 37C for 36 h and lysed, and the ratio [R] of

of these ligands, we prepared a series of mammalian expressiorfireﬂy and Renillaluciferase activities was measured using the
Dual-Luciferase Reporter Assay System (Promega). The potency

(20) Brent, R.; Ptashne, MCell 1985 43, 729.

(21) Ansari, A. Z.; Mapp, A. KCurr. Opin. Chem. Biol2002 6, 765.

(22) Frangioni, J. V.; LaRiccia, L. M.; Cantley, L. C.; Montminy, M. Rat.
Biotechnol.200Q 18, 1080.

(23) Dervan, P. B.; Edelson, B. &urr. Opin. Struct. Biol.2003 13, 284.

(24) Minter, A. R.; Brennan, B. B.; Mapp, A. K. Am. Chem. So@004 126,
10504.

(25) Beerli, R. R.; Barbas, C. F., lINat. Biotechnol2002 20, 135.

(26) Mapp, A. K.Org. Biomol. Chem2003 1, 2217.
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of each activation domain (fold activation) was determined by
dividing the [R] values measured in cells transfected with Gal4-
KID, Gal4-PPKID4, or Gal4-PPKID6 by the [R] value measured
in cells transfected with pAL Based on a previous study that
observed a correlation between KIX-binding affinity and the
activation potency of short peptidéswe expectedi® and 6Y
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would activate transcription at levels comparabl&t® P due
to their similar affinities for KIX.

Activation Potential of 49", 6UP and KIDYP. First we
investigated transcriptional activation potential of Gal4-PPKID4,
Gal4-PPKID6, and Gal4-KID in the absence of forskolin
treatment, conditions under which the phosphorylation of cellular
proteins by PKA is not stimulated (Figure 6B). We previously
reported that4” and KID Y (which are not phosphorylated)
possess low affinityg = 12.14+ 2.4 uM and >116 uM) for
KIX in vitro.! The level of firefly luciferase activity in cells
transfected with 5 ng of Gal4-KID or Gal4-PPKID4 was, in

limiting,32 hence an increase in the CBP/p300 concentration
should lead to an increase in transcriptional activation that occurs

via the CBP/p300 pathway.

As expected, coexpression of exogenous p300 along with
Gal4-KID and treatment with forskolin led to a 20-fold increase
in the level of transcription compared to the level observed in
cells transfected with pAl, a 2.7-fold increase relative to the
level observed in the absence of exogenous CBP/p300 (Figure
6C). The 2.7-fold increase observed in this work compares well

with the 6-fold increase reported earlier for full-length CREB.

In the absence of forskolin, coexpression of exogenous p300

the absence of forskolin, no higher than that in cells transfectedwith Gal4-KID led to a 7.5-fold increase in the level of
with pAL; under identical conditions. Surprisingly, despite the transcription (data not shown). Similarly, coexpression of

fact that6Y possesses significant affinitiK¢ = 540+ 60 nM)

for KIX in vitro (Table 1), the level of firefly luciferase activity

in cells transfected with 5 ng of Gal4-PPKID6 was also no
higher than that in cells transfected with pAunder identical
conditions. The overall levels of firefly luciferase activity in
cells transfected with Gal4-KID, Gal4-PPKID4, and Gal4-
PPKID6 were typically between 50% and 90% of the levels
obtained in cells transfected with pAL

Next, we investigated the activation potential of Gal4-
PPKID4, Gal4-PPKID6, and Gal4-KID after treatment with
forskolin, conditions under which protein phosphorylation is
stimulatec®® Each of these ligands contains a serine residue in
the context of an excellent PKA substrédleand when phos-

phorylated synthetically, each possesses significantly greater

affinity for KIX in vitro. * Therefore we expected that addition
of forskolin to the cell culture media would result in the
phosphorylation of PPKID4, PPKIDG6, and KID, leading to a

exogenous p300 along with Gal4-PPKID4 and treatment with

forskolin led to a 20-fold increase in the level of transcription

compared to the level observed in cells transfected withpAL

a 2.7-fold increase relative to the level observed in the absence
of exogenous p300. In the absence of forskolin, coexpression
of exogenous p300 and Gal4-PPKID4 did not activate transcrip-
tion (data not shown). Likewise, coexpression of exogenous
p300 along with Gal4-PPKID6 and treatment with forskolin led
to a 15-fold increase in the level of transcription compared to
the level observed in cells transfected with pAla 6-fold
increase relative to the level observed in the absence of
exogenous p300. Somewhat surprisingly, addition of p300 also
increased transcription activation by Gal4-PPKID6 in the
absence of forskolin treatment to levels 4.5-fold over basal
transcription levels, whereas Gal4-PPKID6 failed to activate
transcription in the presence of only endogeous CBP/p300. Thus,
although6Y is perhaps best described as a weak activation

commensurate increase in their potency as CBP-dependenfjomain' it nevertheless activates transcription via the CBP/p300
transcriptional activators. Cells previously transfected with Gal4- Pathway. These results are consistent with a model in which

KID, Gal4-PPKID4, or Gal4-PPKID6 were incubated with
forskolin (0—100 x«M) for various times to optimize the level
of transcription activation; we found tha 6 hincubation with

5 uM forskolin led to the largest fold increase in transcriptional
activation by Gal4-KID (7.5-fold), Gal4-PPKID4 (7.5-fold), and
Gal4-PPKID6 (2.5-fold). Increasing the amount of Gal4-KID,
Gal4-PPKID6, and Gal4-PPKID4 plasmids transfected—(10
20 ng) did not further increase the level of transcription.

Does Transcriptional Activation by the PPKID Peptides
Occur via the CBP/p300 Pathway? Previous work has
demonstrated that transcriptional activation mediated by CREB
occurs via recruitment of CBP to promoters where CREB is
bound3® However, in the cell, transcription can be activated
by a variety of different pathway®. To investigate whether
Gal4-PPKID4 and Gal4-PPKID6 activate transcription in a CBP-

4P, 6°, andeV, like KID, activate transcription by recruitment
of CBP/p300 via the KIX domain to the promoters where they
are bound.

Transcription Inhibition by 4 P. The results presented above
support a model in which Gal4-PPKID4 and Gal4-PPKID6
activate CBP-dependent transcription in a phosphorylation-
dependent manner. This model suggests 4Rand 67, when
separated from the Gal4-DBD, should competitively inhibit
transcription activated by proteins that interact with KIX.
Therefore, to provide additional evidence of transcriptional
activation via a CBP-dependent pathway, we analyzed the levels
of transcription in forskolin-stimulated HEK293 cells transfected
with 5 ng of Gal4-KID, Gal4-PPKID4, or Gal4-PPKID6 in the
presence of increasing amounts—&0 ng) of the pPPKID4
plasmid, encoding PPKID4 without the Gal4 DBD.

dependent manner, we performed experiments in which HEK293 As expected, transcriptional activation was reduced from

cells were transfected with the CMV/p300-HA plasAiid

7-fold to 3.5-fold when HEK293 cells were transfected with a

encoding the CBP paralog p300 as well as Gal4-KID, Gal4- 2:1 ratio of plasmids encoding PPKID4 and Gal4-PPKID4 and

PPKIDA4, or Gal4-PPKID6 and compared the level of transcrip- Incubated in the presence of forskolin. Cotransfection of
tion to that observed in absence of exogenous p300. Previoud 1EK293 cells with a 5:1 ratio of the two plasmids reduced the
work has demonstrated that in the presence of exogenous CREB',e"el of transcriptional activation by 100%, to the level observed

components of the transcriptional machinery such as CBP areW,he,n cells were trar)sfected with the contr.ol plasmid fDAL
Similarly, cotransfection of HEK293 cells with a 5:1 ratio of

plasmids encoding PPKID4 and Gal4-KID reduced the level

(27) Kasper, L. H.; Brindle, P. K.; Schnabel, C. A.; Pritchard, C. E.; Cleary,

M. L.; van Deursen, J. MMol. Cell Biol. 1999 19, 764.

(28) Gonzalez, G. A.; Montminy, M. RCell 1989 59, 675.

(29) Pearson, R. B.; Kemp, B. Blethods Enzymoll991, 200, 62.

(30) Cardinaux, J. R.; Notis, J. C.; Zhang, Q.; Vo, N.; Craig, J. C.; Fass, D. M;
Brennan, R. G.; Goodman, R. Wol. Cell Biol. 200Q 20, 1546.

(31) Hochheimer, A.; Tjian, RGenes De. 2003 17, 1309.

of transcriptional activation from 8-fold to 2-fold; transcription

(32) Kwok, R. P.; Lundblad, J. R.; Chrivia, J. C.; Richards, J. P.; Bachinger, H.
P.; Brennan, R. G.; Roberts, S. G.; Green, M. R.; Goodman, Rlatlre
1994 370, 223.
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Figure 7. Inhibition of transcription byl in HEK293 cells. HEK293 cells
were cotransfected with 5 ng of Gal4-KID, Gal4-PPKID4, or Gal4-PPKID6
expression plasmids and indicated amount of pPPKIBD4@®ng). Forskolin

(5 uM) was added to culture meali6 h prior to harvesting cells. Bars and
standard error represent the results from at least three independent trials.
Fold increase in transcription was determined by dividing the [R] values
measured in cells transfected with Gal4-KID, Gal4-PPKID4 or Gal4-
PPKID6 by the [R] value measured in cells transfected with plith
each indicated amount of pPPKID4 to correct for any effect pPPKID4 has
on basal transcription. On average, the addition of 50 ng of pPPKID4, in
the presence of forskolin, decreased basal transcription 2-fold.

was completely inhibited when a 10:1 ratio was used. Due to
its low level of activation, Gal4-PPKID&ctivation was reduced
100% when a 2:1 ratio of plasmids encoding PPKID4 and Gal4-
PPKID6 were cotransfected in HEK293 cells and incubated in
the presence of forskolin. These results also support a model in
which 4”7 and 6" activate transcription in a CBP-dependent rjg e g Relative stabilities of the KIX complexes of (AID P, (B) 47,

manner. and (C)6Y mapped on the structure of KIX. Residues are color-coded
according toAAG values listed in Table 1 in order to compare the extent
Discussion to which complex stability is affected in the contextkiD P, 47, and6Y.

. . The substituted residues in complexes characterizeXg values between
Protein grafting is an adaptable strategy that has been usec .5 and 3.5 kcal mof are colored red, those in complexes characterized

to identify miniature protein ligands for the DNA major by AAG values between 1.7 and 2.4 kcal mbére colored orange, those

groove9*11'33deep protein cleftd and certain PPII recognition in complexes characterized WAG values between 0.9 and 1.6 kcal mbl
! . . e . are colored yellow, those in complexes characterizedA#yG values
domains? With the identification of PPKID ligands for KIX,  petween 0.3 and 0.8 kcal mdlare colored green, and those in complexes

this approach was extended to the recognition of shallow protein characterized bAAG values< 0.3 kcal mof? are colored blue.

sPl:Deralc[:)ei. H;re WS 'S\éﬁtg’g teGLn dtita” thte tt)lr:dlnghmggf of Residue K662 (shown in yellow) contributes virtually equally
bl @ )t an PP-lik ( f)' et. ex er; ObW 'g dth to the stabilities of th&ID P and4P complexes with KIX AAG
assemples Into an ar=-like conformation when bound, andtn€_ 4 5 54 1 1 kcal mot, respectively), whereas Y658 (shown

ability of PPKID4 and PPKID6 to recruit CBP and activate red in Figure 8A and in yellow in Figure 8B) contributes more

tran_scr_|pt|on n culturegl ma’_“ma]['a” ceII_s. ) b to the stability of the complex witKID P (AAG = 2.5 and 1.1
Bll_ndlng Mkoge ang Orlen;atlon gﬁCBP Ldgands. PPK![;4H kcal mol1, respectively). Those KIX residues that line the
Earlier work has shown that bo#t and6° compete with the 1, 4,50hopic cleft, contacting CREB L141 (L603, K606, Y650,

structurally well-characterized Iig_a_nd Kfor binding to KIX ! 653, and 1657, shown in yellow), with the exception of residue
Although the observed competition supports an overlapping Y650, contribute more modestly but virtually equally to the

binding mode for these two ligands, it is also consistent with a stabilities of theKID P and 47 complexes (Table 1). Finally,
nonoverlapping binding mode in which conjpetltllon OCCUTS  those KIX residues that contribute little (L599, Q661, and E655;
through allostery. The results reported herein, using a broad g,,n in green) or not at all (1660; shown in blue) to the binding
panel of KIX variants, support a model in which thehelix in of KID P also contribute little or not at all to the binding 4f

4P interacts with KIX in a manner very similar to the-helix (L599, Q661 and 1660 in green and E655 in blue). The
of KID P. This conclusion is best illustrated by Figure 8, in which obser\,/ation that the free energies of #feKIX complexes
the free energy differences listed in Table 1, the differences in mirror those of theKID P-KIX complexes provides strong

ili P P
stability between thekID ” and 47 complexes of the KIX evidence that the KIX residues in question contribute in a similar

var;)an;s, are COIOr'COdeg and marp])ped on th%struc';]ure of KIX. way to complex formation with the two ligands, supporting an
In both cases, K662 and Y658, the KIX residues that contact analogous binding mode for the two ligands.

phosphoserine, contribute most significantly to complex stability. The parallels between the free energy landscapes o#the

(33) Chin, J. W.; Grotzfeld, R. M.; Fabian, M. A.; Schepartz,Bloorg. Med. and KID ” complexes notwithstanding, two residues of KIX,
Chem. Lett2001, 11, 1501. Y658, which contacts the phosphoserine, and Y650, which
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participates in hydrophobic interactions, contribute more heavily
to KID P complex formation than td” complex formation. In
the context ofKID P, the amino acid changes embodied in the
Y658F and Y650A KIX variants lead to complexes that are
2.5 and 1.8 kcal mol less stable, respectively, than the wild-
type complex, whereas in the context45fthe corresponding
free energy changes are 1.1 and 0.95 kcal ¥ aokspectively.
Despite the diminished contributions of these two residues, KIX
binds with equal affinity t&KID P and4”. Taken together, these

case the side chains of residues F20, L24, and Y27 would be
solvent-exposed and substitution with alanine should have little
or no effect on KIX affinity. Additional support for a model in
which the 4 hydrophobic core forms upon binding to KIX
derives from differences in the effect of alanine and sarcosine
substitutions along the PPII helix. Substitution of P5 or P8 with
alanine eliminates the portion of the pyrolidine ring that would
pack againsia-helix residues F20 and Y27 (Figure 4). By
contrast, substitution of P5 or P8 with sarcosine (P5Z and P82)

results suggest that an additional energetic factor contributesretains the portion of the pyrolidine ring that would pack against

to the stability of the4P-KIX complex but not theKID P-KIX
complex. As discussed below, one source for this additional
factor is the free energy of folding” upon binding to KIX.

Binding Mode and Orientation of CBP Ligands: 6Y. The
results reported herein support a model in whithinteracts
with KIX in a manner that overlaps, but is clearly distinguished
from, that of either4” or KID P. Although the amino acid
changes embodied in several KIX variants (L603A and 1657A)
lead to equivalent changes @& andKID P complex stability,
these variants are among the minority; the majority of variants
form complexes with6Y whose stabilities are affected very
differently than the complexes witf or KID P. For example,
variants with substitutions in the hydrophobic cleft surrounding
CREB L141 (K606A, Y650A and L653A) form complexes with
6Y whose stabilities are roughly equivalent to the corresponding
complexes with wild-type KIX AAG —-0.8 to +0.5
kcalmol™1), whereas the analogous complexes viilD P or
4P are considerably less stabldAG = 1.0 to 1.8 kcal mot?
for KID P complexes andAAG = 0.9 to 1.0 kcal mot?! for 4P
complexes). In addition, variants containing substitution of a
residue that contacts phosphoserine inKtig P-KIX complex
(YB658A, Y658F, and K662A) form complexes witiY whose
stabilities are significantly lower than the wild-type complex,

o-helix residues F20 and Y27, allowing for hydrophobic
packing. Both alanine and sarcosine are well-tolerated within a
type 1l polyproline helix3435 Therefore, the observation that
the P52KIX and P8ZKIX complexes are more stable than the
P5A-KIX and P8AKIX complexes provides additional evidence
that 4P folds into an aPP-like conformation upon binding to
KIX, with residues P5, P8, F20, L24, and Y27 forming part of
the hydrophobic core. It is possible that this folding energy
represents the additional energetic factor contributing to the
stability of the4P-KIX complex but not theKID P-KIX complex.
We appreciate, however, that the differences in stability could
also result from differences in conformation of the free ligands.
PPKID as Transcriptional Activators. Previously, Mont-
miny and co-workers screened a phage library to identify an
unphosphorylated peptide octamer (KBP 2.20) that bound KIX
with a K4 of 16 uM and, when fused to a Gal4 DNA-binding
domain, activated p300/CBP-dependent transcription approxi-
mately 40-fold. Analysis of a set of KBP variants suggested a
direct correlation between the KIX binding affinity and tran-
scriptional activation potential in this seri&sA direct correla-
tion between binding affinity and transcriptional potency has
been suggested as a general model by a number of studies on
activation domains. In one example, the equilibrium binding

despite the absence of a phosphoserine residue. Finally, the Kixaffinities of mutants of the yeast Gal4 activating region for

variant whoset" complex differs most significantly from that
of the wild-type complex is 1660A, in which the amino acid
substituted is on the face of KIX opposite tKéD P-binding
site, and does not contribute to the stability of the wild-type
KID-KIX complex. The residues that contribute most heavily
to recognition oY are widely scattered on the surface of KIX,
suggesting tha6” may bind to KIX by wrapping around the
protein, making contacts with both tle and PPII-helix.

PPKID4P Folding. The relative affinities of the elevedf
variants for KIX indicate that a small core of residues located
on the (presumably) interior face of td& a-helix (F20, L24
and Y27) contribute significantly to the affinity of this ligand
for KIX. Substitution of each of these residues with alanine led
to complexes with KIX that were 0.4 to 1.0 kcal mdlless
stable than the wild-type complex. In addition, substitution of
two residues located on the (presumably) interior face of the
PPII helix (P5 and P8) with alanine led to complexes with KIX
that were more than 0.3 kcal mdlless stable than th&-KIX
complex. All of the side chains that contribute significantly or
moderately to4”-KIX complex stability, F20, L24, Y27, P5,
and P8, lie at the center of the aPP hydrophobic core (Figure
4), consistent with a model in which the PPII helix4h folds
on thea-helix upon binding to form an aPP-like structure. These
results are not consistent with a model in which the PPII helix
in 47 wraps around the KIX surface, making additional contacts
similar to the KID helix A, as previously discussédl this

transcriptional proteins TBP and TFIIB were shown to predict
the extent of gene activaticfiln a second example, the binding
affinities and activation potential of a number of natural
activation domains including Gal4, VP16, p53, GCN4, and Tat
and non-natural activation domain AH were measuifethe
results obtained suggested that the affinities of these activation
domains for both transcriptional and nontranscriptional proteins
were directly related to their transcriptional activation potencies.
Our results are consistent with this model in the case of the
phosphorylated KIX ligand4” and6P. Both 4" and6® function

as transactivation domains when fused to a Gal4 DNA-binding
domain, eliciting levels of transcription in the presence of
forskolin that are comparable to that elicited by the comparable
KID construct under equivalent conditions. This equivalence
in function is not surprising given the equivalence in binding
mode, orientation, and overall affinity that we observe. In
addition,4” andKID P give rise to similar transactivation profiles

in the presence of additional p300, suggesting that transcription
activation by both ligands occurs via the CBP/p300 pathway.
More surprising is the observation trgi fails to function as a
transactivation domain when fused to a heterologous DNA-
binding domain, despite its high affinity for KIX. The difference

(34) Rucker, A. L.; Creamer, T. RRrotein Sci.2002 11, 980.
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in transcriptional activity betwees!’ and6” may be attributed

to the 2.5-fold difference in affinity for KIX. However, the
binding mode of6P has not been investigated, and we cannot
role out effects on transcriptional activity due to differences in
binding mode. Interestingly, bo#t and6Y possess significantly
higher affinity for KIX than KBP 2.20, yet they elicited a lower
level of transcriptional activation. Analysis of the binding
footprint of KBP 2.20 on KIX revealed that the peptide bound
an overlapping yet minimal surface of KIX as compared to
phosphorylated CREB or unphosphorylated KIX ligand c-Myb.
Moreover, KBP 2.20 appeared to penetrate further into the
hydrophobic groove. Taken together with the data@érand

6°, the results suggest that although KIX affinity plays a role
in determining the level of transcriptional activation mediated
by a particular ligand, it is not the sole criterion. In fact, many
factors may affect transcriptional activation potential including
the lifetime of the ligandCBP complex, the orientation of ligand
binding, the resulting accessibility of CBP for binding to other
essential transcription proteins, the rate of modification (phos-
phorylation), and susceptibility of the activator to degradation
pathways in the cell. It is possible thdf, 6V, and related

region of the protein. Equilibrium binding experiments using a
judiciously chosen panel off variants containing alanine or
sarcosine substitutions along the putativveor PPII helix of4P
support a model in whichP folds into a pancreatic fold structure
upon binding to KIX. Transcriptional activation assays per-
formed in HEK293 cells using GAL4 DNA-binding domain
fusion proteins of PPKID4 and PPKID6 indicate thaft
functions as a potent activator of p300/CBP-dependent tran-
scription. 6V is a less potent transcriptional activator in this
context tharP despite the similarity of their affinities for KIX.
This final result suggests that thermodynamic binding affinity
is an important, although not exclusive, criterion controlling the
level of CBP-dependent transcriptional activation.
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Conclusions

Equilibrium binding experiments using a panel of well-
characterized KIX variants support a model in which PPKID4
(4P) binds KIX in a manner that closely resembles that of KID-
ABP (KID P) but PPKID® (6Y) binds an overlapping yet distinct
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