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An Isolated Helix Persists in a Sparsely Populated Form of KIX under Native
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ABSTRACT. NMR relaxation dispersion techniques were used to investigate conformational exchange of
the three-helix bundle protein KIX under native conditions. These experiments provide site-resolved kinetic
information about microsecond-to-millisecond time scale motions along with structural (chemical shift)
information without requiring a perturbation of the equilibrium. All kinetic data are consistent with an
apparent two-state transition between natively folded KIX and a partially unfolded high-energy state that
is populated to 3.6t 0.2% at 27°C. By combining'3C- and!®*N-based experiments that probe specific
structural aspects, we show that the sparsely populated high-energy state displays a strong conformational
preference. An isolated secondary structural element, C-terminaldagliss highly populated, while the
hydrophobic core of the domain and the remainder of the protein backbone, including bdliarda.2,

are disordered and devoid of specific interactions. This high-energy state presumably represents the
equilibrium analogue of a folding intermediate that is transiently populated in stopped-flow kinetic
experiments [Horng, J. C., Tracz, S. M., Lumb, K. J., and Raleigh, D. P. (ZBio2hemistry 44627—

634].

A comprehensive description of how a protein folds are these states sufficiently populated under native conditions
requires the detailed structural characterization of its unfolded to permit direct structural characterization by standard NMR
state along with any partially unfolded states that may be and other spectroscopic metho@. (
transiently populated during the folding transition. Unfolded  Protein folding kinetic measurements are typically per-
and partially unfolded states of proteins represent ensemblegormed by methods in which folding or unfolding is initiated
of rapidly interconverting and structurally heterogeneous by rapidly changing the experimental conditions such as
conformations that can display variable amounts of residual denaturant concentration, temperature, or pH, and the
structure and compactnesis<3). The exact composition of  recovery of equilibrium is monitoredd). Recently, NMR
these states appears, however, to be highly sensitive torelaxation dispersion methods have become available, en-
experimental (solvent) conditions, and quite generally, abling protein folding studies under native conditions without
chemical denaturing agents and experimental conditions thatrequiring a perturbation of the folding equilibriuniq).
promote unfolding lead to loss of residual structure and Kinetic information about the folding and unfolding process,
compactnessiy. along with structural information and pathway information,

In light of the sensitivity of (partially) unfolded proteins  has been obtained even in cases where unfolded states (and
to experimental conditions, kinetic and structural studies by folding intermediates) are populated to only a few percent
methods that do not require a perturbation of the folding (11—15). Moreover, these experiments provide information
equilibrium are crucial. For most natively folded proteins, at multiple sites within the protein, unlike spectroscopic
however, such states are notoriously difficult to study due techniques such as fluorescence and circular dichroism that
to their low population at equilibrium. With the exception provide nonspecific information about aromatic side chains
of hydrogen exchange method4, 6), most experimental  and averaged properties of the polypeptide backbone,
approaches require tipping of the balance between nativerespectively.
ground states and high-energy states in populating unfolded | this work, we have studied microsecond-to-millisecond
and partially unfolded forms of proteins, for example, by conformational exchange processes of the KID-binding
chemical modifications of side chains, by removal of (KIX) domain of CREB-binding protein (CBP). Like its
cofactors, or by means of mutatio-{8). Only in few cases  paralogue, p300, CBP is a modular transcriptional co-
activator that participates in the regulation of numerous
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transcriptional processe$, 17). In detail, the KIX domain NaNs;, and a 92% KO/8% D,O mixture. All experiments
of CBP is involved in the integration of signals from various were performed at pH 5.5 to match conditions used in NMR
signaling pathways in binding to a number of co-activators. structural studies of the KIX domairi9, 22).

The interaction domains of these co-activators are intrinsi-  NMR Relaxation Dispersion ExperimenBackbone!sN
cally unstructured in isolation but undergo folding on binding single-quantum28, 29) and side chain methyfC single-
to KIX, underlining the prominent role of coupled folding  quantum 80) relaxation dispersion experiments were per-
and binding in the fine-tuning of proteirprotein interactions  formed on Varian Inova spectrometers operating at static
(18). In addition, various interaction sites on the KIX domain magnetic field strengths of 11.7 and 18.8 T at 27 and@0
have been identified10—22), and the cooperativity of oy 15N-labeled KIX and selectively methyl-labeled KIX,
binding different interaction partners has been characterizedrespectively. CPMG-based radio frequency field strengths,
in detail @2—24). vepme Fanged from 40 to 960 HZYN) and from 33.3 to

We have performed site-specific conformational exchange 1000 Hz ¢C), and relaxation delays of 50 and 60 ms for
kinetic measurements by NMR relaxation dispersion tech- 15N and3C, respectively, were used. Spectra were collected
niques to investigate microsecond-to-millisecond processesas series of two-dimensional data sets. Duplicate data sets
in KIX under nondenaturing conditions. Specific structural were recorded at selectedpyc values for error analysis.
aspects of conformational exchange were probed by com-Protein concentrations were 1.0 mM f8N-labeled samples
bining backbone relaxation dispersion experiments in as- and 1.6 mM for the selectively methyl-labeled sample (unless
sessing secondary structure formation with side chain-basedstated otherwise). Peak intensities were converted to relax-
experiments in studying hydrophobic packing. All experi- ation rates, and uncertainties in relaxation ratesyere
mental data are consistent with an apparent two-statecalculated from repeat experiments as described previously
transition between natively folded KIX and a sparsely (12).
populated partially unfolded form. In the native state, KIX Data Fitting. Conformational exchange involving KIX
is composed of threa-helices (and two short;ghelices) backbone!®N and side chain methy#®C nuclei is in the
that pack against each other and form an extended hydroynermediate to slow regime (depending on chemical shift
phobic core 19, 22). In the high-energy state of KIX, an  yigterences) on the NMR chemical shift time scale. To
isolateda-helix is retained and highly populated, while the o \/ent systematic errors for relatively slowly exchanging
_bulk_ of the native structure, including the hydrophobic core, |aqiques 29), exact numerical solutions of the Bloch
is disrupted. equations, including magnetization transfer effects due to

chemical exchange(), were fit to the relaxation dispersion

MATERIALS AND METHODS data, using either a model of two-site exchange<¢GE)
between the native (folded) ground state (G) and an excited
state (E), or three-site exchange models involving an
additional (excited) state (see below). Least-squares fits were
performed by adjusting exchange parameters to minimize
the residual? = ¥ (RO — Rier)/o?, whereRDS; and RS,
are the experimental and calculated relaxation rates, respec-

purified by Ni affinity chromatography followed by size |t||1v?rl1ye ﬁtnd the sum extends over all measurements included
exclusion chromatography. The Hitag was cleaved by o ) ) ) .

incubation with thrombin, and KIX was purified to homo- ~ Relaxation dispersion profiles were fit to two-site exchange
geneity by size exclusion chromatography. Two samples of models in individual fits to yield site-specific values e,

KIX were employed in this study. The first was uniformly Kee: and |Awg| and in global fits assuming uniform rate
labeled with!*N and protonated. The second sample was constants for the G~ E and E— G transitions ke and
uniformly labeled with'>N and selectively labeled witiC ~ Kes, respectively) but site-specific values aws|. Only
and*H at the G methyls of Val residues and at@ethyl ~ relaxation dispersion profiles for whighor/yind® < 1.5 were
groups of Leu and lle, while all other positions contained retained for further analysis to exclude conformational
12C and?H (with the exception of exchange labile positions). fluctuations other than the global two-site<E transition.
[U-2H,15N], lle-01-[*3CHg], Leu-0-,Val-y-[BCHy2C2H]KIX Experimental uncertainties in exchange parameters were
was prepared using -based media and [JCH]-p- estlmatgd via a Monte Carlo approacdy in which 100
glucose (2 g/L) as the main carbon sourt®|H,Cl as the synthetic data sets were generat_ed using the exchange
nitrogen source, and 2-keto-F8,-4-13C-butyrate (100 mg/ ~ Parameters obtained in the global fit along with the experi-
L) and 2-keto-3-(methytHs)-3-2H-4-13C-butyrate (120 mg/ ~ Mental error in rates (see above), and th_e global fit was
L) as amino acid precursors for lle, Leu, and Vaby, repeated for .aII. datq sets. Errors quoted in the paper are
Precursors were prepared in a non-stereospecific manner agtandard deviations in fitted exchange parameters that were
described previously2(), and deuteration at position 3 of ~obtained in this proce_dure. Fits of the experimental data to
both compounds was achieved by exchange i® Bt pH three—stqte conforr_natlonal exchange models were p.erf'ormed
12.6 fa 5 h (26). Protein concentrations were determined @S described previousli{, 15), andF-test statistic criteria

NMR Sample Preparatiordiss-KIX was prepared using
the pHisKIX plasmid containing an N-terminal hexahistidine
(Hiss) tag and the CBP KIX coding region (residues 586
672) of KIX as described previously®%) but using BL21-
(DE3) Escherichia colicells in M9 minimal medium
containing 1®NH,Cl as a nitrogen source. Hi&IX was

from the absorbance at 280 nm, usingeag of 12 090 M (32) were used to assess the suitability of exchange models
cm ! as the extinction coefficient. Yields of 24 and 8 ~ With more than two states.
mg/L were obtained fof®N-labeled KIX and selectively Chemical ShiftsOnly |Aws:| values obtained from global

methyl-labeled KIX, respectively. NMR buffers contained fits are reported. Secondary chemical shitgyse, were
50 mM potassium phosphate (pH 5.5), 25 mM NaCl, 1 mM calculated as the difference between experimental and
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random coil chemical shifts, which were determined using A val635 (5N) | Cas

sequence-dependent correction factors for backBbhés3) 30
and tabulated random coil chemical shifts of Val, Leu, and = | ™
S
\K

lle657 (1°N)

lle methyl *3C nuclei @4). .

Native-State Hydrogen Exchange and Urea Denaturation &
ExperimentsA sample containing 100L of 3.1 mM *5N- 15
labeled KIX in *H potassium phosphate buffer [50 mM 15
potassium phosphate (pH 5.5) and 25 mM NacCl] was diluted 100300, S0y 0 %
with 400 uL of 50 mM 2H potassium phosphate buffer (pD
5.5) with 25 mM NacCl, and a series 81—1°N heteronuclear 25|
single-quantum coherence (HSQC) spectra (duration of 13 ﬁ\,

20

Val635 (13C)

min each, at 18.8 T and ZTC) were collected starting after {20 Ny \\

2 min.'H—2H exchange rate constanks,s were determined 15 \ —— o

by fitting the decay of peak volumes with time to a first- 10 \“‘w—%—»———\_q

order exponential equation, and site-specific free energies

were calculated using the relatiacxG = —RT In(Kopdkint), 700300 500 700 900 10030, 500 700 900
CPMG PMG

whereky is the intrinsic'H—2H exchange rate3§). backbol and side ch hyic
I . . Ficure 1: Representative backbof® and side chain met
Equilibrium urea denaturation experiments were performed relaxation dispersion profiles for Val635 (A and B) and 1le657 (C

to determine the free energy for complete unfolding of KIX and D) of KIX [recorded at static magnetic field strengths of 18.8
using standard methods, by monitoring the circular dichroism (blue) and 11.7 T (red) at 2], together with best-fit curves)
signal at 222 nm36). Buffers contained 50 mM potassium  obtained by combining the dispersions of all residues in a collective
phosphate (pH 5.5), 25 mM NaCl, and 1 mM Nakind the fit to a global two-site exchange modéIN and3C data were fit

. o ' : separately, yielding rate constants that are identical within uncer-
protein concentration was M. Urea concentrations wWere . iovie o foris kee = 11+ 1 5 andkes = 310+ 20 S for
determined from the refractive index of each solution, and 3¢, kGE(: 114181 andkeg = 270+ 3OG§1)_ For the backbone
the denaturation data were fit to determine thermodynamic **N of 1le657, located in helixx3, hypothetical dispersion curves
parameters as described previousy)( In addition, back- ~ corresponding to complete unfolding (assuming random coil
bonesN single-quantum NMR relaxation dispersion experi- chemical shifts) are shown as dashed lines. Error bars represent
ments were performed at various concentrations (0.5, 1.0,uncertamt'es In relaxation rates.
and 1.5 M) of urea and with 50 mM potassium phosphate _ _ _
(pH 5.5), 25 mM NaCl, 1 mM Nah and a 92% HO/8% ally to a two-site exchange model (& E) to yield site-
D,O mixture, at 27°C. The protein concentration was kept SPecific values of G~ E and E— G rate constantsge and

as described above. frequencies between G and E stai@sys|, as well asyind?

residuals. Values ofkge and ke obtained from individual
fits are uniform to within 20%HKge = 18 + 3 st andkgg =
580+ 130 s (excluding residues with very small exchange
contributions,Rex < 3 st at 11.7 T, for which exchange
parameters obtained from per-residue fits are inherently
unreliable)], suggesting that &fiN sites in KIX sense the
same conformational transition. Subsequently, dispersion
profiles for all sites ¥{N) were fit collectively to a global
two-site exchange model assuming uniform valuedpf
and ke for all residues but site-specific values |Xws|,
along with ygo01? residuals. Rate constants f&N-labeled
KIX at 27 °C were determinedkse = 17 + 1 s andkes
= 540+ 20 s, corresponding to a free energy difference
between G and E staté\Gge = —RT In[(kse)/(keg)]} of
2.1+ 0.1 kcal/mol. For all 71 backbone amide resonances
RESULTS that are resolved in two-dimension&i—N correlation
spectraygon/yind < 1.5. Moreover, the small increasejh
Figure 1 shows representative relaxation dispersion profilesthat was observed relative to individual fits (on average,
for the backbone of KIXPN single-quantumZs, 29)] and Xglov?/xind® = 1.12) is in accord with the reduction of the
for side chain methyl groups$¥ single-quantum30)]. For number of adjustable parameters in global fits at the 99%
the majority of residues, conformational exchange on the confidence level, which verifies that restraining rate constants
microsecond-to-millisecond time scale contributes signifi- to uniform values in a global fit is justified. The experimental
cantly to transverse relaxation rates, giving rise to sizable relaxation dispersion data for all residues are therefore
(nonflat) relaxation dispersion profiles. We carefully exam- consistent with an apparent two-site conformational exchange
ined the experimental relaxation dispersion data to determinemodel in which all sites experience identical kinetics.
the exchange model that is appropriate for fitting the data  To further verify the suitability of a two-state conforma-
and extracting information about the microsecond-to-mil- tional exchange model in fitting the experimental data,
lisecond conformational exchange process. Initiali\ relaxation dispersion profiles were fit to three-state models
relaxation dispersion profiles were fit for each site individu- involving an additional state in linear (unconstrained, i.e.,

KIX Is Monomeric Sedimentation equilibrium experiments
have shown that KIX is monomeric in the micromolar
concentration range(). The rotational correlation time of
KIX determined from™N relaxation parameter&( andR,)
employing standard NMR methodolog$g, 39) is invariant
with protein concentration (between 0.7 and 1.8 mM) and
consistent with values that are expected for~ahl kDa
protein, suggesting that KIX is also monomeric in the
millimolar concentration range used for recording NMR data.
This is further corroborated by the observation that backbone
15N single-quantum relaxation dispersion experiments per-
formed with 0.7 and 1.8 mM samples of KIX yielded values
of ke and kgg differing by <1 and <15 s'1, respectively,
from those of the 1.0 mM sample.
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Ficure 2: (A) Comparison of experimental backbone amiiehé chemical shift changes upon the transition from G tqz;|, blue) and
15N secondary chemical shift$Awsed, red) as a function of residue number. (B) Correlation&bs:| and |Awsed (1°N) for all residues
except helixa3 (residues 646669). The rmsd betwegws:| and|Awsed is 0.94 ppm, and the correlation coefficientjs 0.84. The inset
shows data for helix3 (r = 0.06). (C) Correlation ofAws:| and|Awsed for Val-y, Leu-, and lle61 side chain methy#*C sites. The rmsd
between|Awsi| and |Awsed is 0.21 ppm, and = 0.96. Data for side chain meth{iC sites of residues 657 and 660 that belong to helix
a3 are colored orange. Excluding these t#G sites from the data reduces the rmsd to 0.18 ppm and increasex98.

on- or off-pathway) or cyclic mechanisms as described Chemical shifts are determined by the local environment of
previously (1, 15). The (very small)? reduction in three- individual nuclei and thus provide site-resolved information
state exchange models relative to the two-state model wasabout protein structure. Figure 2 compares experimental
assessed bly-test criteria, which show that introduction of backbone amid&N chemical shift changes that occur during
a third state into the exchange model does not lead tothe G— E transition,|Aws|, and*®N secondary chemical
statistically significant improvement of the fit at the 99% shifts |Awsed, Which were calculated as the difference
confidence level. Hence, we conclude that a simple two- between the chemical shift that is observed in the native state
state mechanism provides a self-consistent description of theand tabulated random coil chemical shifts that would be
microsecond-to-millisecond conformational exchange processexpected for an unfolded conformatiddgj. For the majority
of KIX under native conditions, and fitting the experimental of residues, including helicesl ando2, the experimental
dispersion profiles to a three-state mechanism is not justified. values agree well witfAwsed, indicating that the mechanism

It is worth mentioning that the fact that we find a two- underlying the exchange broadening is consistent with
state exchange process with these methods does not excludenfolding of the polypeptide backbone. The rmsd between
the possibility of other conformational exchange processes |Awst| and |Awsed is 0.94 ppm, which is similar to values
within either state that are too fast to contribute to NMR obtained for complete unfolding of a Fyn SH3 domain mutant
line broadening. Most importantly, any additional fastlQ (D. M. Korzhnev, personal communication) and for unfolding
us) exchange process will manifest itself as a pre-equilibrium of CspA fromE. colito a largely unstructured unfolded state
that leads to averaging of the chemical shifts of the (40), and reflects both the precision of experimentsds;|
interconverting species without affecting the extracted ex- values and uncertainties inherent 8N chemical shift
change rate constants for the observable two-state exchangeredictions [backbone amidéN chemical shifts typically

process. agree with experimental data with uncertainties on the order
Persistent Structure in the High-Energy State of KIX. of 0.8-1.1 ppm 83, 41)].
Structural (NMR chemical shift) information about high- The situation is, however, strikingly different for heti8.

energy state E is obtained from the relaxation dispersion data.The conformational exchange contribution to the backbone
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Table 1: Two-Site Conformational Exchange Parameters for the
KIX Domain of CBP
sample kee? (s71) kec? (s71) experiment

|Aw| [ppm] 1 (27°C) 1741 540+ 20 15NC
0 249 (20°C) 1141 310+ 20 5N\e
2Hd (20°C) 1141 270+ 30 t5ce

akee andkgg are the first-order rate constants for&E and E—
< G transitions, respectively, obtained from global fits of the relaxation

4 dispersion dated Data for the uniformly!>N labeled and protonated
(*H) sample, as described in Materials and MethédRate constants
obtained from backbone amidéN relaxation dispersion datdData
for the selectively methyl labeled®C and*H) and uniformly*>N labeled
but otherwise deuteratedH) sample, as described in Materials and
< Methods.© Rate constants obtained from side chain meth{@
relaxation dispersion data.

2

: providing site-specific measures of conformational exchange
) at side chain position80). KIX contains six Val, nine Leu,
and three lle residues, most of which participate in the
formation of the hydrophobic cord 9). Val-y, Leu-, and
FiGure 3: Backbone of KIX residues 58672 [PDB entry 2AGH lle-61 methyl groups were selectively labeled wifie and
(22)] color-coded according to experiment&N chemical shift 14 in a 12C and2H background using specifically labeled
differences between the high-energy partially unfolded state and amino acid precursor26, 27). The relaxation dispersion

the native state|Aws|. Residues with dAwy| of > 2 ppm are ) . .
colored red, and residues with|Awg| of 0 are colored yellow. profiles show that for methyfC sites throughout the protein,

For helix a3, all residues display uniformly lowAws| values, including residues in stable helix.3, microsecond-to-
whereas for the remainder of the backbofteps;| values range  millisecond conformational exchange significantly contrib-

from ~0 to ~8 ppm and agree with secondary chemical shifts. tes to spin relaxation (Figure 1B,D). From 30 (of 33 Val-
Residues for which nd>N experimental data are available are v, Leu, and lled1) sites that are not overlapped in two-
colored gray. ! ) . - -
dimensionalH—'°C correlation spectra, seven were identified
15N line width in helix a3 is generally small, resulting in  for which yqot?/yins® > 1.5, indicating that microsecond-to-
almost flat relaxation dispersion profiles for most residues millisecond time scale motions other than the globat@&
(Figure 1C). In principle, small exchange contributions to transition contribute to théC line width of these methyl
the line width can result from only minor changes in groups (presumably involving aromatic side chains in the
resonance frequencies or, alternatively, if the time scale of hydrophobic core) and are excluded from the analysis. A fit
the conformational exchange process involving heliis of the experimental data to a global two-site exchange model
outside the microsecond-to-millisecond regime. Of note, yields the following: keg = 11+ 1 s andkgg = 270+ 30
however, fitting only dispersion profiles for helx3 to a s 1at 20°C. While these rate constants differ from the values
global two-state exchange model yields rate constants forfor the backbone-only®°N-labeled sample of KIX because
15N-labeled KIX at 27°C (kee = 17 + 1 s * andkgs = 510 of the lower temperature used and the high level of
+ 50 s'1) that are identical within experimental uncertainty deuteration in the methyl-labeled sampk2)( they are
to values obtained from a global fit, including all other identical to values determined independently from the
residues in KIX keg = 17 + 1 st andkgg = 540 + 20 backbone amidé®N dispersion data obtained on the same
s 1). This verifies that®N sites in helixa3 sense the same (methyl-labeled) sample under identical conditiohgg =
kinetic process as the remainder of the protein backbone andll + 1 s andkgg = 3104+ 20 s! (Table 1). Thus, the
can be included in the global fit. A comparison of experi- hydrophobic core of the KIX domain is disrupted at the same
mental®N chemical shift changes that occur during the G rate as the backbone of the domain.
— E transition with secondary chemical shifts for residues Figure 2C compares experiment&®dC chemical shift
in helix a3 is shown in Figure 2A and in the inset of Figure changes that occur during the-& E transition,|Aws|, and
2B. With the exception of residue Asp647, which is located *C secondary chemical shiftsAwse. The excellent cor-
near the N-terminus of this heliX>N sites in helix a3 relation betweemAws;| and|Awsed shows that*C chemical
experience chemical shift changes in the global order-to- shifts in the high-energy partially unfolded form of KIX can
disorder transition that are considerably smaller than expectedbe adequately modeled by canonical random coil chemical
for unfolding, indicating that for these residues structure is shifts. The better correlation betwegXws| and|Awsed for
retained in high-energy state E. Taken together, the backboné?C compared t6°N chemical shifts (Figures 2B,C) reflects
15N relaxation dispersion data demonstrate that for the bulk the fact that the precision of predictédC random coil
of residues, including helicesl anda?2, the transition from  chemical shifts is considerably higher than e chemical
G to E is accompanied by a loss of local structure, resulting shifts, which are more sensitive to external variables such
in chemical shifts that are very similar to values expected in as solvent and hydrogen bond effec&)( Of note, the
the absence of local ordering, while an isolated element of observation that methyfC chemical shifts in the high-energy
secondary structure (helix3) largely persists (Figure 3). form of KIX are uniformly close to chemical shifts of
Hydrophobic PackingTo probe hydrophobic packing in  unstructured model peptides suggests that the hydrophobic
the core of the KIX domain3C single-quantum relaxation  core is devoid of specific tertiary interactions and precludes
dispersion experiments were performed for methyl groups, defined packing arrangements.
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~0.7 %

Ficure 4: Conformational exchange scheme of KIX under native
conditions, at pH 5.5 and 2C. The experimental data suggest a
first-order conformational transition between the native ground state
(left) that is populated to 97.@ 0.2% and a high-energy form
(right) that is populated to 34 0.2%. Thermodynamic data derived

Tollinger et al.

the apparent free energieA®) calculated for the opening
reaction of helixa3 as—RT In(kopdkin) range from 2.5 to

3.2 kcal/mol and the average free energy is2.8.3 kcal/

mol, in good agreement with the unfolding free energy that
we measured by urea-induced denaturation (see above). Thus,
the completely unstructured (open) form of KIX~€.7 kcal/

mol less stable than the high-energy state that we have
identified by NMR. This value corresponds té&ag_ of ~0.3

or an~75% population of helical structure within the high-
energy state.

In principle, and contrary to equilibrium NHX experiments
(43, 44), pathway information on folding processes with more
than two states can be obtained from relaxation dispersion
data (5, 45), because these experiments provide thermody-
namic information (describing the equilibrium distribution
of states) and kinetic information anstate conformational
exchange processes even though they are performed at

from native-state hydrogen exchange, urea denaturation, andthermodynamic equilibrium. For KIX, however, we are not

relaxation dispersion experiments as well as NMR chemical shift
data consistently indicate that within the high-energy form helix
a3 is populated to~75% while the completely unstructured (open)
form of KIX is populated to~25%. These values translate to total
populations of 97.0,~2.3, and~0.7%, respectively.

Close inspection of Figure 2C reveals that the two methyl
13C sites with the largest difference betwephws| and
|Awsed are 165761 (the difference betwee\ws:| and
|Awsed is 0.63 ppm) and 1le6604 (the difference is 0.58
ppm), indicating that the local environment of these two
methyl *3C sites in the partially unfolded form of KIX may

obtaining mechanistic information beyond the description
shown in Figure 4, because the formation of isolated helices
is too fast to be observed by CPMG relaxation dispersion
methods. Typically, isolated-helices form in less than a
microsecond46), and such fast<{10 us) processes do not
result in sizable CPMG relaxation dispersion profiles (for
1N nuclei andAw values that are typical for unfolding, up
to 10 ppm). Rather, as any fast conformational exchange
process does, a foldirgunfolding transition of helixa3
efficiently averages chemical shifts. Thus, thevs|/| Awsed

ratio provides a measure of the population of helical structure

not be adequately represented by a random coil. These twowithin the high-energy form. On the basis of residues that

methyl groups, which belong to helix3, are embedded in

a network of hydrophobic interactions within the core of the
native KIX domain involving Leu607, lle611, Val635,
Ile657, and 1le660 side chains. However, since the only two
residues that are affected belong to heli¥, we infer that
local steric effects are responsible for this observation,
consistent with the persistence of heli8 in the partially
unfolded form of KIX.

Exchange ModelUnfolding of KIX was followed by urea-
induced denaturation by monitoring the CD signal at 222
nm, yielding an apparent free energy of unfolding of 29
0.1 kcal/mol, which is significantly higher than the free
energy difference of the G> E conformational transition
(2.1 £ 0.1 kcal/mol; see above). In addition, we performed

native-state hydrogen exchange (NHX) experiments under

equilibrium conditions. Only for four residues in KIX
(Ala654, lle657, 1le660, and Lys667) was backbone NH
hydrogen exchange sufficiently slow to be measured by

recording HSQC spectra, and all four residues are located

in helix o3. This is in agreement with NMR relaxation
dispersion results, which indicate that helicdsanda2 (and

have significant £3 ppm) >N secondary chemical shifts
(Figure 2A), we estimate that the lower limit of helical
content for helixa3 is ~70%, in agreement with the urea
denaturation and the NHX data.

To probe the disruption of residual structure in the partially
unfolded form of KIX upon chemical denaturation, we
performed backbone amideN relaxation dispersion experi-
ments at various low<1.5 M) urea concentrations. The data
were fit to a global two-site exchange model S E) as
described above, and changes in site-specific chemical shift
changes upon unfolding\ws:|, were monitored (Figure 5).
Only for residues in helixt3 (Tyr650, Ala654, Lys659, and
GIn661) did values oflAws:| increase measurably upon
addition of urea, consistent with a disruption of residual
helical structure and a decrease of the population of helix
o3 within the high-energy form of KIX, while for all other
residues, values ofAws:| remain invariant with protein
concentration.

Taken together, all experimental data are consistent with
a first-order conformational transition between folded ground

the remainder of the protein backbone) are unprotected instate G and high-energy form E that is populated t0-8.0

the high-energy state (Figure 4). For these residtt¢s?H
exchange occurs with an observed rate condtgathat is
equal toKgekint, wherekiy is the intrinsic'H—2H exchange
rate andKge is the equilibrium constant for the global G

E conformational transition. For residues in heli3,
however, the observelH—2?H rate constant is determined
by the relationkops = (KGEKHEL)kinta where KygL is the
equilibrium constant describing the opening of hedi8
within the partially unfolded form of KIX. For these residues,

0.2% at 27°C and pH 5.5. NMR chemical shift data and
thermodynamic data derived from NHX, urea denaturation,
and relaxation dispersion experiments consistently indicate
that within the high-energy form helia3 is populated at
equilibrium to ~75%, while the completely unstructured
form of KIX is populated to~25%. Data obtained at different
urea concentrations suggest that within the high-energy form
of KIX the population of helixa3 decreases when chemical
denaturant is added.
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reversibility) by enthalpy-entropy compensation. These
features are fundamentally important for regulatory processes
1.6} . : . . ; ;
and signal transduction, which require reversible and highly
€ 14 specific binding of biological target#®). The low thermo-
g dynamic stability of the KIX domain of CBP might be
; 12l relevant for the affinity with which it binds its target domains,
2 and the high degree of conformational flexibility in the high-
—= 1.0} energy form of KIX could be related to its versatility in
é’ interacting with a wide range of target molecules.
o8} In addition, partially unfolded forms of proteins can
represent intermediate states that are transiently populated
0.6¢ in protein folding processesl). In a recent stopped-flow

0 02 04 06 08 1 12 14 16 kinetic study of a similar KIX domain construct employing
conc (urea) [mol/[] urea denaturation, a folding intermediate was indeed identi-

FiIGURE 5: Experimental backbone amidéN chemical shift fied by observation of a significant unresolved amplitude

changes upon the transition from G to [Bwri|, as a function of  (burst phase) as well as a rollover in chevron plat9).(It

urea concentration. Data for the four residues in he®with a was concluded that KIX folds by a three-state mechanism,

|Awsed Of >4.0 ppm (Tyr650, Ala654, Lys659, and GIn661) are . . . . . .
displayed as circles and lines, while data for all residues outside involving the very rapid formation of a compact intermediate

helix a3 (where 0.5 ppm< |Aws| < 1.8 ppm) are displayed as within the dead time of the StOpped-ﬂOW instrumeﬂﬁ(5
squares and dashed lines. Tlevr:| values were obtained from  ms), followed by a second, much slower event to form the

global fits. native state. Our NMR results obtained under nondenaturing
conditions are consistent with apparent two-state kinetics,
with unfolding and folding rateskge = 17 + 1 s* andkeg
= 5404 20 s! at pH 5.5, 25 mM NacCl, and 27C) very

The NMR relaxation dispersion data for the KIX domain similar to the values that were estimated for the slower kinetic
of CBP show that under nondenaturing conditions this protein phase in the stopped-flow experiments at pH 7.5 an&i25
permanently exchanges between its folded (native) ground[~30 and~300 s%, respectively 49)] and pH 6.0 and 25
state and a high-energy state that is populated tad=3®% °C (Supporting Information of re49).
at 27°C and pH 5.5, in an apparent two-state manner. Al How can we reconcile these observations? Under native
NMR spectroscopic probes in the protein experience the sameconditions, the partially unfolded form of KIX contains
kinetic transition between the two states, in line with a persistent structure, heli®3. NMR relaxation dispersion
cooperative first-order conformational transition. Additional experiments performed at various urea concentrations indi-
support for a two-state mechanism is provided by comparisoncate a progressive loss of residual structure, suggesting that
of backbone amide'{N) and side chain methyl{C) helix a3 is disrupted in the partially unfolded state when
relaxation dispersion data, which clearly demonstrate that chemical denaturant is added. One possible model that
the hydrophobic core of KIX is disrupted at the same rate reconciles chemical denaturation (stopped-flow) data and
as the backbone of the domain. The chemical shift dataequilibrium (NMR relaxation dispersion) results is one in
provide a picture of the sparsely populated high-energy statewhich, starting from the urea-denatured state in chemical
as a partially unfolded form of the protein that contains denaturation experiments, hela@ is formed first, within
residual secondary structure around residues-648, which the dead time of the stopped-flow instrument, and the slower
corresponds to heli®3, while the remainder of the backbone kinetic phase corresponds to the process that we observe by
is unstructured. Both relaxation dispersion and native-state NMR. Within that model, the weakly populated high-energy
hydrogen exchange results suggest a populatior 5% form of KIX that we have characterized here would cor-
for helix 3 within the high-energy state. In addition, the respond to the folding intermediate that transiently ac-
side chain relaxation dispersion data show that this partially cumulates in denaturant-induced refolding experiments.
unfolded form of KIX lacks specific tertiary interactions and Notably, it has been demonstrated for various proteins that
rigid hydrophobic packing. similar partially unfolded forms detected by hydrogen

Weakly populated partially unfolded forms represent a exchange experiments can represent equilibrium analogues
significant feature of the energy landscapes of proteins underof kinetic folding intermediates50—52). Indeed, the struc-
native conditions as high-energy states that are accessibldure of the high-energy form of KIX bears a remarkable
to the polypeptide chain and may well be of biological resemblance to folding intermediates that have been observed
importance. Disordered regions of proteins confer consider- for other proteins. Folding intermediates typically represent
able functional advantage on proteins, as they allow efficient partially unfolded forms of proteins containing significant
interaction with binding partners and provide a mechanism (secondary) structure and variable degrees of conformational
for the regulation of cellular processes. For example, the heterogeneity3, 11, 50—56).
presence of locally disordered segments in a protein can play The persistence of stable secondary structure in an
an important role in ligand binding and in molecular otherwise unstructured background is compatible with a
recognition, as many disordered regions fold on binding to hierarchic (framework) folding process, in which folding
their targets 18, 47). Coupled folding and binding is begins with the formation of local secondary structure
accompanied by a considerable decrease in conformationalwithout requiring specific tertiary interactions, followed by
entropy, which facilitates the formation of a complex with docking of structural elements to form the native tertiary
high specificity yet relatively low affinity (and therefore high  structure %7, 58). Hierarchic folding mechanisms require

DISCUSSION
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secondary structure to be inherently stable, and the inherentRE
stabilities ofa-helices can have a measurable effect on the
apparent folding mechanisrg9). It has been demonstrated
that within a family of topologically related proteins, folding
proceeds through increasingly populated helical intermediates
as the intrinsic helical propensity increaség)( Likewise,
increasing the helical stability by mutation can stabilize
partially unfolded helical intermediates and switch the
apparent folding mechanism from a two-state model to a
three-state modeb(, 62).

For the partially unfolded form of KIX, the experimental
observation of a strong conformational preference for helix
o3 agrees well with helical propensities calculated using the
AGADIR helix—caoil prediction algorithm §3). Helix o3 is
indeed predicted to have a high propensity for formation
(63% averaged over all residues);0 and~10 times higher
than those for helicestl and a2, respectively (see the
Supporting Information). Intriguingly, numerous proteins
have been shown to fold by stepwise assembly of indepen-
dent cooperative foldingunfolding units (foldons), and such
foldons tend to be coincident with secondary structural
elements %6). The relaxation dispersion data provide no
information, however, about the order of events involving
the formation of helicestl anda?2 as folding progresses to
the native structure. Additional studies will be necessary to
determine whether folding indeed proceeds in a stepwise
manner where helicegl anda2 (and the two short ;3
helices) form separately before docking to establish the native
tertiary structure or whether the hydrophobic residues located
in helix a3 constitute a folding nucleus around which the
remainder of the structure consolidates.

CONCLUDING REMARKS

1
2

High-energy states of proteins are routinely characterized 13.

employing native-state hydrogen exchange experiments that
report on the presence (or absence) of hydrogen-bonded

structure or burial at the level of individual residues and on 14,

thermodynamic stabilities of persistent structure §).
Relaxation dispersion techniques ideally complement NHX
experiments by providing site-specific kinetic information
and pathway information along with chemical shift informa-
tion about high-energy forms, in favorable cases when the
conformational transition occurs on a microsecond-to-mil-
lisecond time scale and the high-energy form is sufficiently ¢
populated (to~1% or more). Moreover, relaxation dispersion

experiments are not restricted to solvent exchange-labile sites 17.
18.

within proteins, facilitating the investigation of specific
structural aspects, including the formation of the hydrophobic
core. The amount and diversity of the structural information
that can be obtained for high-energy forms (and folding
intermediates) under native conditions will further increase
in the future as novel isotope labeling patterns for proteins
are becoming available.
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