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ABSTRACT: Intrinsically disordered proteins (IDPs) are wide-
spread and important in biology but defy the classical protein
structure—function paradigm by being functional in the absence of a
stable, folded conformation. Here we investigate the coupling
between transient secondary and tertiary structure in the protein
activator for thyroid hormone and retinoid receptors (ACTR) by
rationally modulating the helical propensity of a partially formed a-
helix via mutations. Eight mutations predicted to affect the population
of a transient helix were produced and investigated by NMR
spectroscopy. Chemical shift changes distant to the mutation site are
observed in regions containing other transient helices indicating that

|

distant helices are stabilized through long-range hydrophobic helix—helix interactions and demonstrating the coupling of
transient secondary and tertiary structure. The long-range structure of ACTR is also probed using paramagnetic relaxation
enhancements (PRE) and residual dipolar couplings, which reveal an additional long-range contact between the N- and C-
terminal segments. Compared to residual dipolar couplings and PRE, modulation of the helical propensity by mutagenesis thus
reveals a different set of long-range interactions that may be obscured by stronger interactions that dominate other NMR
measurements. This approach thus offers a complementary and generally applicable strategy for probing long-range structure in

disordered proteins.

B INTRODUCTION

A large fraction of all genomes codes for functional proteins
that lack a stable folded structure. These intrinsically disordered
proteins (IDPs) play important roles in, e.g., neurodegenerative
diseases and cancer,"” which has promoted a surge in interest
in understanding their functions. For folded proteins, the
function is closely tied to 3D structure in what is usually
referred to as the structure—function paradigm. IDPs challenge
this paradigm by being functional in the absence of a stable
fold, and accordingly a better understanding of the relationship
between primary sequence and function needs to be developed
for this class of proteins.>*

IDPs lack the single unique fold of structured proteins, but
their conformations are far from random. The conformational
ensembles of IDPs can be probed at residue-specific resolution
using NMR spectroscopy, and these proteins have been found
to contain a wide range of structure.’”” Transient secondary
structure elements are typically identified based on their
characteristic secondary chemical shifts,® > and long-range
interactions can be identified by paramagnetic relaxation
enhancement (PRE) and residual dipolar couplings (RDCs)
and in some cases chemical shifts.">~>> While short- and long-
range interactions can routinely be identified, there are limited
data on how the different levels of structure interact. Thus, it is
not known how commonly observed transient a-helices affect
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long-range interactions or how the helices interact with each
other.

The activator for thyroid hormone and retinoid receptors
(ACTR) is a nuclear coactivator involved in transcriptional
activation by steroid receptors.23 ACTR activates transcription
via acetylation of histones either directly by the enzymatic
domain of ACTR or through recruitment of another coactivator
called CREB binding protein. The first activation domain of
ACTR binds to the nuclear coactivator binding domain
(NCBD) of CREB binding protein, and together the proteins
form an entangled complex, where both proteins contribute
three a-helices.”* Due to its small size and the structural
plasticity of NCBD, this complex has become a favorite model
system for both experimental and computational studies of the
coupled folding and binding mechanism.>>"** The pre-
recognition state plays an important role in mechanistic studies
of coupled folding and binding as one of the most popular
mechanisms, conformational selection, directly predicts the
existence of a fraction of a folded-like conformation in the
unbound state. The residual structure of ACTR in its pre-
recognition state will thus influence the binding kinetics and
mechanism, and a thorough description of the disordered
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Table 1. Data Reproduction from Ensembles with Different Numbers of Helical Conformers Based on Chemical Shift and RDC

Data of Wild-Type and Mutant ACTR

no. of helical ensembles 7 optimized pa.ra.metersb helical ensembles® population ( %)d significance®
Wild-Type
1 179 4 1045—1054 31
2 122 7 1045—1052 19 P = 0.0207
1045—-1054 19
3 97 10 1044—1049 12 P = 0.1608
1045—-1052 29
1052—-105S 17
Triple Mutant
1 264 4 1045—-1052 70
2 111 7 1045—-1052 40 P = 0.0002
1045—10SS 30
3 96 10 1045—1049 15 P =0.4188
1045—1055 31
1046—1052 30

“Target function for the y* included 32 and 29 experimental data points (‘H—"*N RDCs and Ca chemical shifts for residues 1042—1057) for the
wild-type and the triple mutant, respectively. The RDCs were 1ncluded in the ASTEROIDS optimization with an uncertainty of 1.0 Hz, while the
chemical shifts were included with an uncertainty of 0.15 ppm. “One helix implies the optimization of three parameters: starting amino acid, final
amino acid and the populatlon In addition a scaling factor is optimized to take into account the absolute level of alignment for the RDCs. “Range of
the invoked helices. “Population of the invoked helices. The remaining conformers are completely unfolded. “Significance of the improvement of this

model as compared to the simpler model calculated using a standard F-test.

ensemble may guide simulations of this, and related
systems.”> "> Of the three helices formed in complex with
NCBD, only the first (helix 1) is appreciably populated in the
isolated state as demonstrated by chemical shift analysis***°
with the populations of helices 2 and 3 remaining below 10%.
The three helices are amphipathic, where the hydrophobic side
is buried in the complex with NCBD.** In addition to the
helices observed in the complex, urea denaturation revealed a
small reglon with helical propensity in the N-terminal end
(helix 0), which remains flexible in the complex with
NCBD.** Despite the presence of transient amphipathic a-
helices, ACTR does not form a hydrophobic core with rigid
side chain packing, as the rotamer distributions only experience
small perturbations from their random coil values.*” In general,
the activation domain of ACTR is a fairly typical IDP with
transient complex-like secondary structure and is thus a suitable
model for studying general aspects of the coupling between
secondary and tertiary interactions in disordered proteins.
This study is inspired by a recent paper where residues
important for the folding of acyl-coenzyme A binding protein
(ACBP) were mutated, and the effects on helices in the
denatured ensemble were followed by chemical shift changes.**
This study unambiguously demonstrated that helices can be
stabilized by long-range interactions, however, the observed
chemical shift changes were caused by a combination of
changes in the helix propensities and removal of side chains
involved in the helix—helix interactions. In this study, we avoid
changing the residues involved in the helix—helix interactions,
in order to isolate the effect of the helix formation. We thus use
a tangential approach where we modulate the helical propensity
of helix 1 of the activation domain of ACTR through site-
directed mutagenesis and study the effects on the residual
structure throughout the domain. We find that increases in the

helical propensity lead to increases in helicity distant from the
mutation site, which demonstrates the existence of long-range
stabilizing interactions between transient a-helices. This
indicates that secondary and tertiary structure is closely linked
in disordered proteins and that rational mutagenesis coupled
with NMR may be a generally applicable method for detecting
interactions between helices. These long-range interactions are
unlikely to be picked up by other NMR methods, principally
because the populations involved are small. This suggests that
modulation of the helical propensity by mutagenesis offers a
complementary strategy to the existing experimental ap-
proaches.

B METHODS

Protein Preparation and Mutations. The pET-22b plasmid
encoding cDNA of ACTR (1018—1088) and its binding partner
NCBD was a kind gift from Peter E. Wright (The Scripps Research
Institute) and was described previously.”* Mutations were introduced
in the gene of ACTR using the QuikChange Lightning site-directed
mutagenesis kit (Stratagene). ACTR was expressed in E. coli BL21
(DE3) cell lines at 37 °C in M9 minimal medium supplemented with 4
g/L 3¢ glucose and 1.5 g/L 1SN ammonium sulfate as the only carbon
and nitrogen sources. Protein expression was induced by addition of 1
mM IPTG to bacterial cultures at OD, = 0.8, harvested after 6 h and
resuspended into 20 mM piperazine buffer pH S, sonicated, and
centrifuged for 30 min at 20000 g. Urea was added to the supernatant
to a final concentration of 6 M and loaded onto HiTrap Q FF column.
ACTR was eluted with linear gradient from 0 to 1 M of NaCl in 6 M
urea, 20 mM piperazine pH 5.7. The pH was adjusted to 2 in the
fraction containing ACTR and further purified with Source 1SRPC
reversed phase HPLC column using a linear gradient from 30% to 60%
(v/v) acetonitrile in 0.1% TFA. The purity and identity of the proteins
were validated by MALDI-TOF mass spectrometry, and the
concentrations of ACTR were determined using BCA assays. Spin-
labeling of ACTR was achieved by overnight reaction at room

dx.doi.org/10.1021/ja4045532 | J. Am. Chem. Soc. 2013, 135, 10155-10163



Journal of the American Chemical Society

_Hol 0w ) (QH2)(OH3
55 L} T T T Ll L} T
L
50 | ——A1047G
r A ——S51043M
45 - ——D1050€
——T1054Q
40 —— S1043MD1050€
—— S1043M/T1054Q
a5 —— D1050E/T10540Q
—— S1043M/D1050E/T1054Q

—_—w

AGADIR predicted helicity %
5

20
15
10
5
0
1020 1030 1040 1050 1060 1070 1080
Residue number
1200 1 L} T 1 Ll T 1 .
! A1047G
0 B fo -~ 51043M 7
4 +— D1050E 1
800 - i\, ~— T1054Q E
+— §1043M/D1050E
600 Y. +— S1043M/T1054Q "
II‘ A —+— D10S0E/T1054Q
I\ ,*eT i
= aof |"]‘|_.-’- S1047M/D1043E/T1054Q |
o ' S A |
= 200 A4\ e
B e N 7
3) ay | 90 0Y \ b
g ; o SN W~
[ Y ) .
200 | 1= N _
-400 |- s o
¥
-600 il M 1 " 1 " ! 1 " 1 " 1 " L b
1020 1030 1040 1050 1060 1070 1080

Residue number

JHO H1 ) H2 )()H3)
L} T 1 L L] T L
1000 + ! - A1D47G =
L C 1 cu - 51043M I
~— D1050E
Lo o il - T1054Q iy
| +— S1043MD1050E
600 - A7 \ S1043MT 10540
R} [, |y +— D10S0ET 10540
X ¥ k +— S1047TM/D1043E/T10540
.a 400  /
2
L -
9 200
0k
-200 - ] S .
L RN
L3 ')
-400 1 . 1 R 1 . 1 " 1 " 1 A 1 P
1020 1030 1040 1050 1060 1070 1080
Residue number
1000 —r T T T T T T T
1
D 4
00 |- 1 ¢ 4] 1
| |“' 4
.I \f A/ \Il:.".
o+ }4W'rﬁ'ﬁi.. P B o
5 ‘ 0 R sl T
% Ny |‘- I Ty
= ~-500 | Wil 1l M ——aA1047G 1
b] I ¥ |1 . —=—sto43m
! & —— D1050E
L+ 1 - T1054Q
1000 | 1/ $1043M/D1050E 7
|l 1! ——st043mT1054Q
# H  —— Di0sOETI054Q
| - S1047TM/D1043E/T1054Q
-1500 -
L 1 1 " 1 L 1 1
1020 1030 1040 1050 1060 1070 1080

Residue number

Figure 1. Modulation of the intrinsic helix propensity by site-directed mutagenesis. (A) AGADIR predictions for the helical propensities of the eight
variants of ACTR used in the study. The difference between the chemical shifts of mutant and wild-type ACTR for C* (B), C’ (C), and N (D). The

cylinders at the top indicate the regions of transiently populated helices.

temperature in the dark with (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-
methyl) methanesulfonate (MTSL, Toronto Research Chemicals Inc.,
Canada) followed by removal of unlabeled protein by reversed phase
HPLC. The covalent attachment of the spin labels was verified by
MALDI-TOF mass spectrometry.

NMR Spectroscopy. All samples contained 10% D,O and 0.02%
NaNj; in 20 mM phosphate buffer pH 6.5, and spectra were recorded
at 37 °C. For chemical shift and PRE measurements the protein
concentrations were 0.5 mM, whereas a concentration of 1 mM was
used for RDC measurements. All mutants were buffer exchanged
against the same buffer stock to ensure exactly the same conditions.
Most experiments were acquired on a Varian Unity 800 MHz
spectrometer equipped with a cold probe. The RDCs on the triple
mutant were acquired on a Varian Unity 600 MHz with a room
temperature probe. Standard HSQC, HNCO, and HNCOCA
experiments were used for chemical shift and PRE measurements. A
partially aligned sample for RDC measurements was prepared in
stretched polyacrylamide gels as described freviously,S 39 and the
RDCs were recorded using modified HSQC™ experiments for spin-
coupling detection in the N dimension. Four MTSL modified
mutants were used for PRE measurements: Q1020C, N1038C,
N1058C, and N1078C. The PREs were measured as the ratio
between peak intensities in two 2D "N HSQC spectra corresponding
to the paramagnetic and diamagnetic states, respectively. Initially the
paramagnetic spectrum was acquired, and subsequently the samples
were reduced by addition of a 2.5-fold molar excess of ascorbate before
recording the diamagnetic spectrum. Chemical shifts were referenced
to internal DSS as described previously.*' NMR data were processed
using NMRPipe** and analyzed in CCPNMR Analysis 2.1.5.% To
study the correlation between chemical shift changes in different

10157

helical segments, the chemical shift changes were averaged in the
helical regions defined as HO: 1023—1035, HI: 1044—1055, H2:
1064—1072, and H3: 1074—1079. A non-helical region in the C-
terminus (1080—1087) was included as a control.

Ensemble Description of Helix 1 in Wild-Type and Triple
Mutant of ACTR Using Chemical Shifts and RDCs. Experimental
RDCs and C* chemical shifts were used to obtain an ensemble
description of helix 1 of wild-type and triple mutant of ACTR using
the previously described minimal ensemble approach.**** We
obtained a representative ensemble description of helix 1 (defined
between residues 1044—1055) by generating ensembles of wild-type
and triple mutant ACTR each consisting of 10 000 conformers using
Flexible-Meccano*®*” containing varying helix lengths and positions
within the 1044—1055 region. All helices were invoked with a
population of 100%. A minimum helix length of 4 residues and a
maximum length of 12 residues were used giving rise to a total of 46
conformational ensembles. In addition, a random coil ensemble was
created consisting of 50 000 structures. The alignment tensor of each
conformer in the ensembles was calculated using PALES*® and
ensemble-averaged RDCs were obtained for each of the 47 ensembles.
Ensemble-averaged chemical shifts were obtained by SPARTA* using
1000 randomly picked conformers. The number of helical ensembles,
N, necessary to describe the experimental data was determined by
incrementing N (starting at N = 1). For each step, the genetic
algorithm ASTEROIDS®® was used to select N helical ensembles and
their associated populations such that the predicted population
weighted RDCs and chemical shifts were in agreement with the
experimental values.*> For each step a standard F-test was used to
evaluate the significance of one model over the other (Table 1).
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PRE Contact Maps. ASTEROIDS ensemble selections on the
basis of PREs were performed as described previously'>*" using a
starting pool of 10 000 Flexible-Meccano conformers. The dynamics of
the spin label for each Flexible-Meccano conformer was explicitly
taken into account as described previously.'>** Long-range contacts
within the selected ensembles were identified using the metric A that
compares the distance distribution of the selected ensemble with that
of the reference ensemble carrying no specific long-range contacts:

Aij = 10g(<dij>/<di?>) (Eq.- 1)

Here, d is the dlstance between residues i and j in the ASTEROIDS
ensemble, while d is the corresponding distance in the reference
ensemble.

B RESULTS

Mutational Strategy and Chemical Shift Assignment.
Our initial goal was to modulate the intrinsic helix propensity of
ACTR by site-directed mutagenesis to study the coupling
between secondary and tertiary structure. Ideally, the
interaction with NCBD should not be perturbed, to be
consistent with future studies of the binding reaction, so all
residues whose side chains are within 4 A of NCBD in the
complex™* were ruled out as mutation sites. This in effect
preserves the hydrophobic faces of the amphipathic helices and
left us with nine potential mutation sites mostly in helix 1. To
evaluate all possible mutants, a matrix of bulk helix propensity
was generated for all possible substitutions using AGADIR
(Table $1).*7°° This approach has been successfully used to
cause a maximal disruption of the hehcal propensity of another
IDP for functional characterization.’® To focus on the intrinsic
helix propensity, we avoided modifying the charge of the
molecule or introducing or removing proline residues. We
chose to focus on helix 1 that is the longest and most populated
helix. Four mutations were selected for experimental character-
ization: three mutations predicted to cause ~2-fold increases in
helicity each (S1043M, D10SOE, T1054Q) and one mutation
predicted to cause a ~3-fold reduction in helicity (A1047G).
The predicted helicity of the double and triple mutants and all
combinations of the three stabilizing mutants suggest that the
effects are additive (Figure 1A). These eight variants of ACTR
are thus predicted to have a helical population in helix 1 ranging
from almost 0 to ~50%. NMR samples were prepared of each
of the eight mutants and the wild-type protein. Sequence
assignments were readily transferred from previous studies
except for the regions surrounding the mutation sites.*” 36
Triple resonance experiments were used to confirm the
assignments and to obtain the C’ and C” chemical shifts for
the mutants. The chemical shift changes for these nuclei show
that the population of helix 1 changes as function of the
mutations in a similar manner as predicted by AGADIR (Figure
1B-D).

Ensemble description of helix 1 in wild-type and
triple mutant of ACTR from chemical shifts and RDCs.
Helical regions in disordered proteins usually consist of a
mixture of helical segments with slightly different termini,
sometimes known as ‘fraying’.***> Residual dipolar couplings
(RDCs) of helical segments are sensitive to the pro;ectlon of
the unfolded chains from the termini of the helices®” and can
therefore be used to probe the position of the termini and the
populations of helical elements formed in disordered
proteins.** Samples of wild-type and the triple mutant of
ACTR were partially aligned using polyacrylamide gels,*** and
"H-'>N RDCs were collected for each residue. To determine

which helical elements are populated in helix 1, the minimal
ensemble approach%45 was used. This approach involves the
selection of a minimal structural ensemble that best fits the
experimental C* chemical shifts and "H—'"N RDCs within helix
1 as described in the Methods section. "H—'N RDCs allow the
determination of the nature of the helices, whereas C* chemical
shifts are used to obtain the populations of the helical elements.
Table 1 summarizes the results of this analysis for both wild-
type and the triple mutant of ACTR. The analysis shows that
helix 1 in both wild-type and triple mutant of ACTR can best
be described by two helical elements in rapid conformational
exchange with a completely disordered state. The y*-values
from the ensemble selections demonstrate that several different
helical ensembles give comparable agreement with the
experimental data (Table S1), although the helical elements
differ only by one residue. In the following we will only discuss
the best solution for which the agreement between measured
and back-calculated secondary chemical shifts, and RDCs are
shown in Figure 2B,C,E,F. For both the wild-type and triple

A QSDERALLDOLHTLLS * gan D rQMDERALLEQLHQLLS™ 30%
QSDERALLDOLHTLLS  19% QMDERALLEQLHQLLS  40%
QSDERALLDOLHTLLS 1% QMDERALLEQLHOLLS 0%

2 :
2t E
- 1k
E 1t
O of IH\IM JIM“I !'lllll |”
m 0
A 1 ——
10k 104
5t
£ g H
‘MW WWM °"‘rw el
g ﬂ'lllT
1020 1040 1050 1020 1060 1080
Sequence SequEnce

Figure 2. Helical populations in helix 1 mapped by RDCs and C*
chemical shifts. The two helical ensembles that best reproduce the data
for (A) the wild-type and (D) the triple mutant of ACTR. The
populations in the best fit are given as percentages and the mutation
sites are marked with *. The experimental data (red) were compared
to back-calculated data for C* secondary chemical shifts (B and E) and
"Dy RDCs (C and F). Note that only the experimental data in the
region 1044—10SS were included in the ensemble selection.

mutant, the two helical fragments start at E1045 indicating that
the helical elements are stabilized by N-capping interactions via
D1044.%® For the wild-type the helices are capped at the C-
terminus at L1052 and T1054 and for the triple mutant at
L1052 and L1055 with roughly equal populations of the two
types of helices. The change in the C-terminus in the triple
mutant is most likely due to the mutation T1054Q that changes
the helical capping and shifts the end of the helix by one
residue. In general, it is seen that the mutations modulate the
population of helix 1 from a total of 38% helix in the wild-type
protein to a total of 70% in the triple mutant without changing
significantly the distribution of helical elements in the pre-
recognition state.

Chemical Shift Changes Distant from the Mutation
Site. In addition to the chemical shift changes observed in helix
1, smaller chemical shift changes are also observed distant to
the mutation site (Figure 1). The chemical shift changes are
found in the three other regions that have transient helicity, i.e.,
helices 0, 2, and 3, and no significant changes were seen in
regions without helical propensity, e.g., the C-terminal region.
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The chemical shift changes are observed for all nuclei and are
consistent with increased helicity in helix 0, 2, and 3 for all
seven mutations within helix 1. For the helix-disrupting mutant
(A1047G) the opposite pattern was observed. The local
chemical shift changes in helix 1 are linearly related to the
chemical shift changes observed in distant helices (Figure 3).
This correlation found for a range of different mutations and
nuclei suggests that the chemical shift changes are caused by a
change in helicity, rather than unintended side-effects of the
mutations. Notably, the correlation is stronger for the "*C
chemical shifts that are most sensitive to helical populations.
The slopes are similar for C’ and C* but differ for *N (Table
2). As we are mainly interested in changes in the helical
populations, we will focus on the *C chemical shifts in the
following. The distant chemical shift changes are most likely
explained by transient long-range interactions between helix 1
and the other helices (Figure 3). When helix 1 is stabilized, the
population with the long-range helix—helix interaction is
increased, which thus leads to an increase in the populations
of the interacting helices. When a linear function is fitted to the
correlation between chemical shift changes in helix 1 and
distant helices, the slopes correspond to the ratio between the
fraction of induced helicity in the distant segment and helix 1.
The slopes thus depend on both the strength of the helix—helix
interaction and the entropic cost of forming the interaction.
The average slopes for 13C are 0.014, 0.086, and 0.023 for
helices 0, 2 and 3, respectively. The slopes of the correlations
decrease as the distance between the helical segments increases,
which is expected as the entropic cost associated with forming a
long-range interaction increases with the length of the linker
between the two interacting regions. The slopes correspond to
an equilibrium constant between a closed conformation with a
helix—helix interaction and an open helical conformation. This
equilibrium constant, however, only provides a lower bound on
the equilibrium constant for the interaction as non-helical states
will not give rise to chemical shift changes. The larger slopes
observed for "N chemical shift changes suggest that the
mutations also induce non-helical interactions.

Describing long-range interactions in wild-type ACTR
using paramagnetic relaxation enhancements. To
describe the long-range interaction network of ACTR further,
we employed PREs. We made four mutants of ACTR
(Q1020C, N1038C, N1058C, and N1078C), attached MTSL
spin labels to each of the four cysteine residues, and four sets of
PREs were measured. In the MTSL-modified mutants, a small
but significant increase in the populations of all the helical
segments was observed (Figure S1) corresponding to a 3—7%
increase in the helical populations. The small structural
perturbations induced by the presence of the spin label are
an intrinsic limitation of PRE measurements but are unlikely to
significantly influence the subsequent ensemble calculations.

To describe the long-range interaction network in ACTR, we
selected conformational ensembles using ASTEROIDS™ based
on the experimental PREs. Initially, we systematically
investigated the number of conformers necessary to reproduce
the experimental data based on the four sets of PREs obtained
from the wild-type protein. Ensembles were selected using
ASTEROIDS with an increasing number of conformers (from
10 to 300 structures) from a pool of 10000 conformers
generated using Flexible-Meccano.***’ We carried out
ASTEROIDS selections on the basis of the PREs of Q1020C,
N1058C, and N1078C (“active” data) and used the PREs of
N1038C (“passive” data) for cross-validation. The fit of both
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Figure 3. Correlation between local and non-local chemical shift
changes caused by mutations. The average C* (A), C’ (B) and N (C)
chemical shift changes in helix 1 (residues 1044—10S5) versus the
average chemical shifts changes in helix 0 (residues 1023—1035), helix
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terminal region (residues 1080—1087). The linear dependence
(indicated by full drawn lines) of chemical shift changes suggests the
presence of long-range helix—helix interactions, where the slopes of
the lines correspond to pseudoequilibrium constants.
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Table 2. Parameters from Linear Fits of Mutation-Induced Chemical Shift Changes

c (o N
slope R slope R slope R
helix 0 0.011 + 0.003 0.60 0.017 + 0.004 0.75 0.08 + 0.03 0.44
helix 2 0.089 + 0.007 0.95 0.083 + 0.010 091 0.21 + 0.05 0.67
helix 3 0.016 + 0.003 0.77 0.030 + 0.004 0.89 0.20 + 0.03 0.87
C terminus 0.003 + 0.003 0.00 0.000 + 0.003 0.16 0.015 + 0.008 0.27
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the active and passive data as well as the convergence of the
average radius of gyration show that an ensemble of 150
conformers is appropriate for mapping the long-range
interactions in ACTR (Figure 4). We then selected an
ensemble comprising 150 conformers on the basis of all four
PRE data sets (Figure 5). The resulting contact map reveals a
dominant long-range contact between the N-terminus of
ACTR (residues 1018—1030) and the region comprising
residues 1060—1080 (Figure 6).

1060

Sequence

1040

1020
1020

1040

1060
Sequence

1080

Figure 6. Contact map displaying long-range interactions in ACTR
determined on the basis of the four experimental PRE data sets. A
significant contact is seen between the N- and C-terminal regions.

Long-Range Interactions Probed by Residual Dipolar
Couplings. Interestingly, the experimental 'H—'N RDCs
disagree with those back-calculated from the best fitting
structural ensembles for residues outside helix 1 (Figure
2C,D). As described previously, RDCs are sensitive to
persistent long-range interactions between different parts of
the disordered chain.'*'” This dependence can be taken into
account by considering experimental RDCs as a product of two
contributions: a contribution from local conformational
sampling only*' and a contribution from a baseline that takes
into account the chain-like nature of the disordered protein.'>*°
In the absence of specific long-range contacts, the baseline is a
bell-shaped curve that becomes strongly modulated in the
presence of specific long-range contacts by reinforcing the
RDCs in the regions of the contact. Remarkably, the agreement
between experimental and predicted RDCs outside helix 1 is
improved considerably by applying an RDC baseline mimicking
the long-range interaction between the N-terminus and the
region comprising residues 1060—1080 derived from the
experimental PREs (Figure 7). The RDC data are thus
consistent with the dominating interaction detected by PREs.

The structural ensemble determined for ACTR should in
principle contain the helix—helix interactions detected by
mutagenesis. The ensemble selection procedure does not
include an energy function that drives the hydrophobic helices
together so we are unlikely to find direct contacts between the
helices in the ensemble. Instead we tested proximity of the
helical segments by measuring the fraction of the ensemble
where the C” of the central residue of each helix is within 10 A.
For all three helices the fraction of structures with the helix—

10161

'
L
T
L

'Diu(Hz)

A

5}

1

L L
1060 1080

Sequence

1020 1040
Figure 7. Introduction of a long-range contact improves the back-
calculation of RDCs. (a) RDC baseline derived from the main long-
range contact observed in the PRE ensemble between the N-terminus
and the region 1060—1080. The agreement between experimental
(red) and calculated (blue) RDCs improves in the regions surrounding
helix 1 when the long-range contact is included for both the wild-type
(B) and the triple mutant (C). The corresponding plots without the
baseline are found in Figure 2CF.

helix contacts are higher than in the random coil ensemble
(Table 3).

Table 3. Number of Conformers with a Distance <10 A to
Helix 1 from Other Parts of the Ensemble

contact
between conformers within conformers within 10
residue 1049 structural 10 A in selected A in random coil
and: element ensemble” ensemble
1026 helix 0 8.5 2.4
1067 helix 2 3.0 1.0
1077 helix 3 4.5 1.0
1084 C- 2.0 0.7
terminus

“Ensemble consists of 150 structures. “Ensemble consists of 10 000
structures.

B DISCUSSION

The relationship between secondary structure and transient
tertiary fold in intrinsically disordered or partially folded
proteins is of fundamental importance if we are to develop a
better understanding of the functional modes of these highly
flexible proteins. Here, we demonstrate that modulation of the
intrinsic helix propensity of a transiently formed a-helix in
ACTR leads to non-local structural changes. This observation is
similar to what was observed in the acid denatured state of acyl-
coenzyme A binding protein (ACBP) for a range of single-site
mutations.”> The ACBP study aimed to remove side chains
important for long-range interactions, whereas the present
study preserves the interacting side chains and only modifies
the helical propensities. The linear relationship between the

dx.doi.org/10.1021/ja4045532 | J. Am. Chem. Soc. 2013, 135, 10155-10163
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induced chemical shifts in the modified helix and those in
distant helices across a range of different mutations suggests
that the changes in the long-range structure are almost
exclusively a consequence of the change in helicity.

The transient helices in ACTR are all either negatively
charged or neutral, and it is thus unlikely that long-range
contacts are caused by electrostatic interactions. The helices are
all amphipathic, and we have attempted not to alter the
hydrophobic sides of these helices. When the helical population
in helix 1 is increased, the effective concentration of the
hydrophobic patch formed by the helix is thus increased even
though the mutants themselves do not necessarily increase the
hydrophobicity of the protein. If this helix participates in long-
range hydrophobic interactions, the populations of these
interactions will also be increased due to the mutations. The
observation of increased helicity in distant regions further tells
us that the mutated helix interacts with a subset of the helical
conformations of these regions. In acid denatured ACBP,
mutations throughout the four amphipathic helices lead to
chemical shift changes distant in the primary sequence.”> In
contrast, mutational disruption of a hydrophilic helix only
caused local chemical shift changes in the intrinsically
disordered intracellular domain of the Na*/H' exchanger 1
from the flounder Pleuronectes americanus.>® These observations
suggest that long-range chemical shift changes upon mutation
are more common for amphipathic helices and that the
interactions are dominated by hydrophobic interactions.

The question remains, whether the observed interactions are
specific to ACTR or a manifestation of a general property of
disordered proteins. Helix 1 interacts with all of the three other
amphipathic helices in the domain suggesting that this
interaction may not be specific. Interestingly, the chemical
shift changes upon introduction of the MTSL tag support this
conclusion. Modification with the hydrophobic MTSL tag
slightly increases the helicity in all helical regions regardless of
the modification site. This suggests that the tag generally leads
to a slightly increased hydrophobic collapse that stabilizes the
amphipathic helices via transient hydrophobic interactions. For
an exposed hydrophobic patch in aqueous solution, it is
favorable to interact with any other hydrophobic patch. Similar
situations were observed in both denatured ACBP and
lysozyme, where mutations of hydrophobic residues leads to
less compact states.”>*® Therefore the transient hydrophobic
interactions we observe here are likely to be general to all
flexible proteins with clusters of hydrophobic residues.

The PRE data and ensuing ensemble calculation are
dominated by a long-range contact between the N-terminus
and the region comprising residues 1060—1080. This
interaction is likely to be electrostatic as the first ten residues
in our construct have a net positive charge of three while the
remainder of the domain is negatively charged. The long-range
contact predominately observed in the ensemble is thus
different from the contacts deduced by the chemical shift
changes upon mutation. We can estimate the populations of the
contacts observed by mutagenesis, if we consider the slope of
the line relating chemical shift changes in helix 1 to changes in
the other helices (maximally 0.086) as a pseudoequilibrium
constant for the formation of the helix—helix interactions. In
wild-type ACTR that has 38% transient helicity in helix 1, we
arrive at a maximal contact of <4%. Contacts with such a low
population are likely to be obscured by stronger contacts and
are thus not apparent in the ensemble selected on the basis of
PREs. The population of contacting residues in the ensemble is

approximately the same size as the estimates from the
mutations (Table 3), which suggests that the helix—helix
interactions are consistent with the calculated ensemble,
although they do not contribute detectably to the contact
map. The mutagenesis approach thus provides complementary
information about long-range contacts as it only reports on
helix—helix interactions, whereas PREs are sensitive to
proximity in general.

B CONCLUSION

In conclusion, we have demonstrated that modulation of the
population of a transient helix has long-range effects due to
hydrophobic helix—helix interactions. Rational mutagenesis
monitored by NMR spectroscopy thus provides an attractive
and generally applicable experimental strategy for probing this
type of interactions. Furthermore, as long-range contacts in the
disordered state may affect binding kinetics and mechanisms,
the conformational ensemble determined here may be an
optimal starting point for future simulations of the coupled
folding and binding reaction between NCBD and ACTR.
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