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Abstract

The unfolded state of globular proteins is not well described by a simple statistical coil due to residual structural
features, such as secondary structure or transiently formed long-range contacts. The principle of minimal
frustration predicts that the unfolded ensemble is biased toward productive regions in the conformational space
determined by the native structure. Transient long-range contacts, both native-like and non-native-like, have
previously been shown to be present in the unfolded state of the four-helix-bundle protein acyl co-enzyme
binding protein (ACBP) as seen from both perturbations in nuclear magnetic resonance (NMR) chemical shifts
and structural ensembles generated from NMR paramagnetic relaxation data. To study the nature of the
contacts in detail, we used paramagnetic NMR relaxation enhancements, in combination with single-point
mutations, to obtain distance constraints for the acid-unfolded ensemble of ACBP. We show that, even in the
acid-unfolded state, long-range contacts are specific in nature and single-point mutations affect the free-energy
landscape of the unfolded protein. Using this approach, we were able to map out concerted, interconnected,
and productive long-range contacts. The correlation between the native-state stability and compactness of the
denatured state provides further evidence for native-like contact formation in the denatured state. Overall,
these results imply that, even in the earliest stages of folding, ACBP dynamics are governed by native-like
contacts on a minimally frustrated energy landscape.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

The unfolded state of a protein is an essential
reference point for understanding the molecular
processes in which the protein is involved, such
as folding leading to function, folding upon binding
of intrinsically disordered proteins, misfolding, and
aggregation [1-3]. The unfolded polypeptide chain
is not merely a randomly sampled statistical coil
but, rather, possesses secondary structure pro-
pensity (SSP) and transient long-range contacts.
These structural biases can potentially affect the

0022-2836/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.

productive on-pathway events in protein folding
[4-7].

Studies of unfolded states are complicated by the
fact that, under native conditions, the fraction of
unfolded protein is typically very low. The unfolded
population can be increased by mutagenesis,
deletions [8], or more often using chaotropic chemi-
cals or acid to shift the protein equilibrium toward an
unfolded state [9].

Acyl co-enzyme binding protein (ACBP) is a small
(86 residues) four-helix-bundle, fast-folding protein
(Fig. 1) [10]. The unfolded ensemble of ACBP has
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Fig. 1. (a and b) Side and top view of acyl co-enzyme A binding protein (ACBP) (PDB ID: 1NTI). Parts of the
hydrophobic core are shown in colored sphere representation and focus on V12 (yellow), 127 (orange), 174 (green), V77
(red), and L80 (blue). The positions of the cysteine insertions are shown as sticks. The primary structure is shown in (c)
using the same color coding as in (a) and (b). The positions of helices a1—-a4 are shown as boxes on the primary structure.

been extensively studied through both acidic and
chaotropic denaturation. The unfolded ensemble
has been shown to retain a significant amount of
residual structure even in the presence of high
concentrations of denaturant [11,12]. At low pH, all
four helical segments show secondary chemical
shifts corresponding to formation of transient resid-
ual helical structure, most prominent in helices a2
and a4 [7,13]. Nuclear magnetic resonance (NMR)
paramagnetic relaxation enhancement (PRE)
[11,12,14], chemical shift analysis [15], residual
dipolar couplings [16], and more recently fluores-
cence resonance energy transfer (FRET) [17] and
molecular dynamics [18] have revealed the pres-
ence of long-range contacts in the denatured state of
ACBP. These long-range contacts are linked to the
presence of residual secondary structure [15]. This
indicates that either transient helical structure
increases the population of long-range contacts or
the presence of long-range contacts cooperatively
induces helix formation. These long-range contacts
in the acid-unfolded state of ACBP have been
shown, both experimentally and in silico, to involve
contacts among helices a2, a3, and o4 [14,15,17].
Although the determinants of SSPs are quite well
known, such that SSP can be predicted from primary
structure with reasonable accuracy [19], the determi-
nants of the long-range contacts in the unfolded
ensemble are less well understood. Hydrophobic
interactions are expected to be of importance for the
formation of initial productive long-range contacts [1],
while electrostatic interactions seem less prominentin
this early stage of protein folding [20]. Nevertheless,
the development of a complete understanding of the

hierarchy of transient long-range interactions in
unfolded proteins remains a key challenge.

The apparent paradoxes in protein folding are
generally explained by the minimal frustration theory
[21] and by the introduction of a funnel-shaped free-
energy landscape [22]. Folding and structure are
tightly linked, with evolutionary selection and conser-
vation of primary structure encoding secondary and
tertiary structures in the native state, all structural
levels being operative already in the unfolded state as
secondary structure propensity and on-pathway
long-range interactions. In addition, long-range con-
tacts, native and non-native, formed in the unfolded
state may serve as gatekeepers to protect from
misfolding and aggregation [23].

In this study, we focus on understanding the
determinants of long-range contacts in the unfolded
state ensemble and how perturbations of these
modulate the free-energy landscape. We use NMR
PRE measurements for acid-unfolded ACBP along
with the recently developed statistical ensemble
selection tool ASTEROIDS [24] to calculate represen-
tative ensembles of structures that fulfill the experi-
mental data. Single-point mutations of conserved
hydrophobic residues known to be involved in forma-
tion of the transition state, that is, residues with
relatively high @-values [25], are used to systematically
perturb native-like long-range contacts and thereby
characterize how these contacts shape the unfolded
ensemble. We find that replacement of a single bulky
hydrophobic side chain significantly affects the unfold-
ed ensemble and that the most prominent effects are
seen when perturbing those contacts formed earliest
along the in silico folding pathway of ACBP.
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Results

The acid-unfolded ACBP exhibits both non-native
and native long-range contacts

In order to obtain an almost fully unfolded ACBP,
we used low protein concentration and acid dena-
turation (pH 2.3) that has previously been shown to
induce an unfolded monomeric population that is
larger than 99.9% [13] (Supplementary Fig. 1). One
advantage of using acid as denaturant is to reduce
the complexity of the solution compared to guanidi-
nium chloride (GdmCI) or urea. To obtain information
about long-range contacts in the unfolded ensemble,
we attached nitroxide spin labels to the protein at
different positions. Following the protocol described in
Ref. [14], we constructed four single cysteine variants
of ACBP: T17C, V36C, M46C and 186C, all of which
are located in loop or turn regions in the native state
(Fig. 1). The spin label MTSL was covalently bound
to each of the cysteines by disulfide linkage, and
PREs were measured for each cysteine variant. The
program Flexible-meccano [26,27] was used to
generate a large pool (50,000) of statistical coil
conformers of ACBP, and the ensemble selection
algorithm ASTEROIDS [24] was used to select five
different ensembles, each consisting of 200 struc-
tures, that were representative of the experimental
PREs [24,28].

The distance distribution in the selected ASTER-
OIDS ensembles was compared to that of the
statistical coil ensemble (the Flexible-meccano
pool) via a generalized contact map using the metric

Ay = Iog1o((d,-,->/<d,‘})) where (dj is the average
distance between residues i and j in the ASTER-
OIDS ensemble and (d,?) is the average distance in
the coil model. For wild-type ACBP, at pH 2.3, the
contact map displays the presence of both native-
like and non-native-like contacts (Fig. 2). The long-
range contacts mainly involve regions correspond-
ing to helix a2 in contact with those of a3 and a4 and
contacts between regions corresponding to helices
al and a4. This is in agreement with contacts pre-
viously identified using restrained molecular dynam-
ics simulations [12]. The regions corresponding to
helices al—a4 in the native state will be hereafter
referred to as al—a4, if not stated otherwise. This
nomenclature is unrelated to whether these regions
are forming secondary structure in the denatured
ensemble. We found short ensemble distances
between a2 and a4 that may reflect native-like
contacts, although the overall strongest contacts are
the non-native contacts between the C-terminal
region of a4 and the C-terminal region of a2 and
loop Il (Figs. 1 and 2). Furthermore, native-like helix—
helix contacts were also found between regions a1
and o4, from now on denoted ala4, and a2a3, but
these contacts are less prominent than the a2-to-a4
contact. This shows that the a2a4 contact is more
populated and may be formed early along the folding
pathway, while the less prominent contacts are
formed later on, putatively as a subsequent condi-
tional event. Several native-like long-range contacts
were not detected in the denatured state, for
example, the ala2 contact has no preference for
formation in the unfolded state. This is in agreement
with findings from a peptide study that helix a2 alone
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Fig. 2. In (a), a generalized contact map of an ensemble of acid-unfolded ACBP is shown, the colors represent A; =
|og(<d,-,-)/(d,§?)) showing a general more collapsed state than the statistical coil. Close native-state contacts are shown in
white with black contours. The secondary structure elements, al—a4, are schematically shown as bars. In (b), the
spin-labeling positions are mapped onto the structure and measured, and ensemble-derived PREs are shown as red and

blue bars, respectively.
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needs a carrier scaffold to keep it in solution while
anchoring the soluble a1 is entropically disfavored
[29].

From the selected ASTEROIDS ensembles, the
statistical coil ensemble, and the known distances in
the natively folded protein, a generalized free-energy
difference AGc for native-like contact formation (Fig. 2)
may be estimated as

AGC :—23RT|Og KC (1)

where the equilibrium constant for formed contacts
Kc = pc/(1 — pc) can be calculated using the contact
population pc, defined as:

- (1S .

dgld_ < d(030|l>

where (a2"%)is the ASTEROIDS ensemble interhelical
distance, <d°°'? is the corresponding distance in the
coil model, 0¥ is the distance in the natively folded
state, and (); denotes the average over all contact
pairs ij in the contact regions. The estimated AG¢
values at T=298 K for both native-like contact
between helical regions and specific long-range
contacts are listed in Table 1. The lowest free-energy
cost and, thus, the most probable contact is found for
a2a4 contacts with AGc = 0.5 kcal/mol, while the
least likely of the narrow native-state long-range
contacts in the unfolded state is 0203 with AGc =
1.0 kcal/mol corresponding to a contact population of
0.16.

In addition to comparing the experimentally deter-
mined PREs with those back-calculated from the
ASTEROIDS ensembles, the selected ensemble can
also be validated by comparing experimentally

determined hydrodynamic radii, Ry, with the radii
of gyration, Rg, of the ASTEROIDS ensemble
(Supplementary Fig. 2). Ry and Rg scale similarly
with the degree of disorder and give a crude
estimate of the validity of the selected ensembiles.
In our PFG-NMR diffusion experiments, we obtained
Ry = 25.2 + 0.2 A for acid-unfolded wild-type ACBP,
in agreement with earlier findings [12] (Supplementary
Fig. 3). The correspondlng ASTERIODS-derived
radius of gyration is 23.6 + 4 A from which Ry can
be estimated to be 25.4 + 2 A, using the empmcal
relationship Rg' =(0.0212 + 0.428 Rg')™" [12],
good agreement with the experimental data. S|m|IarIy,
the predicted Ry of the statistical coil model ensemble
generated by Flexible-meccano is 27 + 6 A com-
pared to the expected 28 A for completely denatured
ACBP [30].

Molecular dynamical simulations support the
selected ensembles

The contact map of unfolded wild-type ACBP
shows a bias toward a more compact state with
several native-like long-range contacts populated
already in the strongly denatured state. The impor-
tant question is whether these contacts are produc-
tive, that is, are they formed along the folding
pathway and/or do they initiate cooperative folding?
As these structural states are transient and very
short-lived, direct experimental observation is diffi-
cult. In order to obtain more detailed information on
the importance of these early transient contacts, we
performed folding simulations of ACBP, using a
standard, coarse-grained, native-centric protein
model.

The simulations qualitatively reproduced the major
features of the folding pathway of ACBP characte-
rized experimentally, which we summarize briefly

Table 1. Structural and thermodynamic data for ACBP and ¢-value mutants thereof.

WT V12A 127A 174A V77A L80A
Rs (A)® 23.6 23.8 24.7 24.6 247 26.9
Ry (AP 25.2 25.6 26.6 26.8 25.1 28.0
AGyr (kcal/mol)© -8.08 -6.58 n.a. -6.74 -6.54 -3.51
@-Value® n.a. 0.59 0.30° 0.50 0.28 0.64
AGc ala4 (kcal/mol)® 0.72 1.07 1.22 1.30 1.25 4.08
AGc 02a3 (kcal/mol)® 1.00 0.73 1.36 0.88 0.91 1.45
AG¢ 02a4 (kcal/mol)® 0.53 0.51 0.68 0.80 0.68 1.33
MG 12-27 (a1a2) (kcal/mol)’ 2.81 1.73 1.75 1.58 1.60 1.49
AGe 12-77 (a1a4) (kcal/mol)f 0.66 0.91 1.04 1.20 1.11 2.13
AGe 29-57 (a2a3) (kcal/mol)f 0.96 0.73 1.33 0.85 0.88 1.44
AGc 27-80 (a2a4) (kcal/mol)f 0.48 0.44 0.53 0.67 0.60 1.58

Calculated from the ASTEROIDS [24] selected ensemble of unfolded ACBP.

Determined from translational diffusion measured by PFG-NMR.

From Fieber et al. [16].

a

b

Z From Kragelund et al. [25].
f Calculated using Eq. (1).

Calculated AGg of specific residue contacts using Eq. (1). The corresponding regions involved are in parentheses.
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(Fig. 3). The first events in folding involve close
proximity of regions corresponding to helices a1 and
a4, followed by a transition-state ensemble (TSE)
consisting of the interhelical contacts a2a4 [10,25].
Post TSE, poor helix a1l packing distinguishes an
intermediate on the native-state side of the folding
barrier [31]. These features can be seen in the
wild-type computed free-energy landscape and from
interhelical contact formation (Fig. 3). The first
events in the TSE involve a2a4 contacts, followed
by a2a3. Though ala4 begins to associate early,
likely due to the large cluster of contacts between the
al/a2 loop, a1l packs late, ala4 first followed by
ala2. ala2 packing is most closely associated with
the post TSE barrier.

The contact map of the folding simulation's
unfolded ensemble is calculated in the same manner
as the ASTEROIDS ensemble maps. The overall
features of the contact map generated from the
simulation are similar to those generated from the
selected ASTEROIDS ensembles. The coarse-
grained model gives an overall smaller ensemble
Rz of 18 A as compared to the ASTEROIDS
estimate of 23 A. It is well known that acid- or
denaturant-induced ensembles are more expanded
compared to the thermal denaturation used in the
simulation. Removing all configurations with
Rs <20 A in the denatured simulation ensemble
gives a new ensemble average Rg of 23 A (Fig. 3).
This restricted ensemble is more similar to the fitted
experimental ensemble, which shows moderate
preference for ala4 and a2a4 in the denatured
ensemble.

Conserved hydrophobic residues mediate early
long-range contacts

The hydrophobic core of folded ACBP consists,
among others, of V12, 127, 174, V77 and L80 (Fig. 1),
all of which have relatively high ¢-values, which
means that they are involved in early, productive
contacts along the folding pathway. In order to high-
light the involvement of the conserved hydrophobic
residues of the core in early-state long-range
contacts, we probed some specific native-state
contacts in the folding simulations: V12-127 (a1a2),
V12-V77 (al1o4), V12-L80 (ala4) and 127-L80
(a2a4) (inset of Fig. 3b). Interestingly, the 127-L80
contact is formed early in the folding and the contact
formation is linked to the main folding barrier.
Subsequent to 127-L80 follow the other contacts, and
formation of the transition state has a much lower
free-energy barrier. The presence of a second smaller
barrier indicates an intermediate state on the native
side of the folding barrier. This intermediate state lacks
anchoring and packing of a1, and this intermediate
state has been experimentally demonstrated by NMR
relaxation dispersion [31]. The transition state involves
formation of the o204 contacts and, more specifically,
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Fig. 3. Structure-based folding simulations of ACBP
show unfolding intermediate lacking al. (a) Folding free
energy F for three constructs is shown as a function of the
number of native contacts formed Q. Continuous curves
show F(Q) at T, and broken curves show F(Q) where the
folded state is thermally destabilized by AF = kgTp
(T ~1.1T,). Covalent attachment of 127-L80 (02—a4)
stabilizes the intermediate while attaching V12-L80
(a1-a4) turns ACBP into a two-state folder. The intermediate
consists of a2-a3-a4 folded and a1 unfolded. (b) Formation
of interhelical contacts as a function of the overall folding
progress in Q showing that a1 contacts are formed late in
the folding process. Dotted line with open circles corre-
sponds to covalent attachment of 127-L80, which makes
a2—a4 form earlier. Dotted line with filled stars corresponds
to attachment of V12-L80, which makes al1-a2/a4 form
earlier. Inset highlights four individual contact formations
with Q. (c) Contact map of the denatured state: lower triangle
is the entire ensemble at T = 1.3T,,, and upper triangle is a
subensemble with all configurations with radius of gyration
(Rg) greater than 20 A. White squares show the native
contact map used in the simulation.
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L8OA

Fig. 4. Contact maps for single-point mutation variants
of ACBP. For each contact map, the lower triangle (below
the diagonal) shows 4; = log((d/d})) where dj is the
determined distance and df is the distance for a statistical
coil. The upper triangle is the corresponding measure butis
compared to wild-type ACBP in order to highlight induced
changes in contact formation. In the right panel, for each
variant (a)—(e), the mutation is projected onto the structure
and significant changes in native contacts are colored on
the figure as red, loss of contact, and blue, gain of contact.
(a) V12A; (b) 127A; (c) I74A; (d) V77A; (e) L8OA.

the 127-L80 contact (Fig. 1). The bias in the contact map
of the unfolded ensemble (Fig. 2) agrees well with the
early-formed contacts detected in the folding simula-
tions of ACBP.

Mutation of bulky hydrophobic side chains
leads to specific loss of native-like
long-range contacts

As the long-range contacts in the unfolded en-
semble of ACBP seem to be biased toward native-
like contacts formed early along the folding pathway,
it is an appealing thought that the contacts are strictly
controlled to facilitate fast folding and prevent
misfolding and/or aggregation. It has been sug-
gested that electrostatic interactions are not involved
in early contact formation in protein folding but rather
that folding is initiated by a hydrophobic collapse
[1,20,32].

Five hydrophobic residues of the core of ACBP
were investigated by replacing them one by one with
alanine. For each of these mutants, V12A, [27A,
I74A, V77A, and L80A, five cysteine variants similar
to wild-type ACBP and including S65C were
constructed in order to add spin labels following
the same protocol as for the wild-type protein.
Experimental PREs were measured for each variant
(Supplementary Fig. 4) providing a total of 30 x 86
probes, and the data were subsequently used to
select structural ensembles of each variant using
ASTEROIDS. For each alanine variant, a general-
ized contact map was calculated.

Perturbation of helix a1 anchoring to the core mainly
results in loss of a1a4 contacts

Valine 12 anchors al onto the primary o204
contact interface (Fig. 1) and is part of the contact
surface formed late along the folding pathway. V12
has previously been shown not to be directly
involved in any cooperative long-range contacts in
the acid-unfolded state [15] and, when replaced with
an alanine, yields a @-value of 0.59 [25]. Figure 4a
shows the contact map of the ACBP V"2 variant and
only small changes are found compared to the
wild-type protein. The main effect of this mutation is a
loss of ala4 contacts corresponding to a change in
free-energy AAGc = 0.35 kcal/mol and, simulta-
neously, a gain in a2a3 contacts corresponding to
AAG; = -0.27 kcal/mol (Table 1). This suggests
that reduction in native-like ala4 contacts facilitates
the native-like a2a3 contacts, underlining the mutu-
ally coupled contact events in protein folding.

Perturbation of helix a2 packing to helix a3 results in
loss of a2a3 contacts

In the native state, 127 is mainly involved in the
packing of a2 to a3 but also in the packing of a2 to
a4. The contact map for the ACBP'?’A variant is
shown in Fig. 4b revealing a significant loss in a2a3
contacts, corresponding to AAGc = 0.36 kcal/mol
accompanied by a loss in ala4 contacts
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corresponding to AAG¢ = 0.5 kcal/mol (Fig. 4 and
Table 1). The correlated effects between a2a3 and
aila4 when perturbing helix a1l by V12A or helix a2
by 127A indicate that the 02a3 and a1a4 formations
are cooperatively coupled and suggest that a2a3 is a
prerequisite for ala4.

Helix a4-to- a1 packing mutations give small direct
effects on ala4 packing and negatively correlated
effects on a2a3 contacts

Both 174 and V77 are involved in the contact
interface between helices a4 and a1 (Fig. 1). 174, a
non-conserved hydrophobic residue with a ¢-value
of 0.50, does not pack directly into the primary
hydrophobic cluster [25], while V77 packs directly
into it (Fig. 1). The effect on the unfolded ensemble
by replacing the hydrophobic side chains with
alanines is similar for 174 and V77. It mainly affects
long-range contacts between a1 and a4 (Fig. 4c and
d and Table 1) and, to a smaller degree, formation of
a2a4 contacts. The change in free energy is
estimated to be AAGc = 0.5 kcal/mol for ala4
contacts and 0.2 kcal/mol for a2a4 contacts. Inter-
estingly, we again see a negative correlation
between ala4 and a2a3 contacts. For ACBP'74A
and ACBPY""A a2a3 contacts are slightly in-
creased, corresponding to AAGg = —0.1 kcal/mol,
in line with the findings for ACBPY'?A. Thus, the
negative correlation between alo4 and o2a3 is
independent of whether the perturbation is in ala4 or
in the a2a3.

Reduction of helix a2 to helix a4 contacts effectively
turns the acid-unfolded ACBP into a statistical coil

Long-range contact between helices a2 and a4
appears to be a primary event along the folding
pathway (Fig. 3). L80 packs directly toward helix a2
across the hydrophobic core, and this contact is
directly involved in the early o2a4 contacts, as
displayed by the in silico folding calculations. L80A
has a ¢-value of 0.64, indicating that it is directly
involved in a transition-state contact [25]. L8OA has a
more dramatic effect on the unfolded ensemble as
compared to the other variants studied (Fig. 4 and
Table 1). Here we see a general loss in long-range
contacts and the unfolded ensemble of ACBP8%A
displays characteristics of a statistical coil with no
specific long-range interactions. The estimated
free-energy change for long-range contacts upon
L80A mutation is more than 3.3 kcal/mol for ala4
contacts as compared to 0.35 kcal/mol upon pertur-
bation of helix a1 for ACBPV'?A, These data
underline the interdependence of long-range con-
tacts and provide additional evidence for the
simulation result that formation of a2a4 contacts
precedes the formation of ala4 contacts.

Perturbing native-like long-range contacts through
mutation of bulky hydrophobic side chains reveals
the hierarchical nature of contact formation in ACBP.
The initially productive o204 contacts mediated by
L80 are crucial for the cooperative subsequent
long-range 02a3 and ala4, all of which are the
most prominent native-like contacts in the unfolded
ensemble.

Reduction in long-range contacts is not directly
linked to changes in transient secondary structure

Acid-unfolded ACBP has been shown, by several
methods, to have significant residual structure, for
example, transient helix formation [7,16]. In particu-
lar, this holds not only for the C-terminal a4 region
but also for a1, a2, and a3. Mutational perturbations
of long-range contacts have been shown to induce
chemical shift changes far from the mutation site,
and the consistent sign of these chemical shift
changes suggests a change in helicity [15]. Howev-
er, while mutating long-range contacts affects helix
formation, we have no direct evidence that changing
transient helix formation changes long-range con-
tacts, which has been suggested to be the case for
the intrinsically disordered protein ACTR [33]. One
method to determine the amount of residual struc-
ture is to calculate the SSP from the NMR chemical
shifts [34]. Using these C° shifts, we calculated the
SSP for all the studied variants of ACBP (Supple-
mentary Fig. 5) and we found that the V12A, 174A,
and V77A substitutions all led to locally increased
helicity while the substitutions 127A and L80A locally
reduced helicity. This is in line with the predicted
helicity using the AGADIR helix propensity prediction
tool [35] (Supplementary Fig. 6). This means that
both increased and decreased helicity results in
reduction of native-like long-range contacts. Pertur-
bations in SSP and long-range contacts induced by
the single-point mutations showed no direct link.

Enforcing long-range contacts in the unfolded
ensemble has predictable effects on folding

In line with earlier studies, our results show that
long-range native interactions exist in the denatured
ensemble. While these contacts are only transiently
formed, we investigated the effect of permanently
constraining them in folding simulations. During the
entirety of the simulation, one long-range contact
was constrained to be at the native distance, and
this was performed for each of the native-like con-
tacts V12-127 (a1a2), V12-L80 (a1a4), and 127-L80
(a204).

Strict enforcement of a late-forming contact
(V12-L80) produces a two-state folder, whereas
enforcing the early-forming 127-L80 enhances the
three-state character of the free-energy landscape
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(Fig. 3). Forcing helices a1 and o4 together by the
V12-L80 contact abolishes the native basin interme-
diate, and the barrier is increased. Forcing the
normal folding nucleus, a2 and a4, together by the
[127-L80 contact stabilizes the a1 intermediate. This
is in good agreement with, and helps explain, the
anti-correlated contact formation found for a1a4 and
o2a3 and the general loss of long-range contacts
when reducing transition-state formation (a2a4).

Perturbations of determinants of long-range
contacts in the unfolded ensemble are reflected
in overall hydrodynamic properties of the
acid-unfolded ACBP

The contact map of the unfolded ensemble of
wild-type ACBP shows that it is more compact than a
statistical coil, which is also reflected in the smaller
radius of gyration Rg determined both from the
generated structural ensembles and from experi-
mentally measured hydration radii Ry. For each of
the studied variants of ACBP, the long-range
contacts in the unfolded state decrease, which
should be reflected in the Rg and consequently
also in Ry.

For all studied variants, Ry was determined by
experimentally measuring the translational diffusion
coefficient, D,, by PFG-NMR, and Rg was calculated
from the generated structural ensembles. Ry falls in
between that expected for the wild type and that of a
statistical coil (Supplementary Fig. 3 and Table 1)
and the experimental Ry and calculated Rg correlate
well with a correlation factor of r2 = 0.92, except for
one outlier that is omitted in the correlation (Fig. 5).
The outlier is ACBP V7" and the mismatch between
the measured and calculated Ry may arise from
poor PFG-NMR data for that particular sample. The
measured and calculated dimensions correlate well

oY)
N
i\

R, calculated (A)
[\
[6;]

23

25 27
Ry experimental (A)

with the extent of loss of long-range contacts. For
ACBP8%A R is very close to that expected for a
statistical coil, in line with the lack of significant
long-range contacts in the unfolded ensemble seen
in the contact map (Fig. 4e).

The calculated Rg correlates very well with the
mutation-induced change in free-energy difference,
AAGyr, between the folded and unfolded states
displaying the correlation coefficient r? = 0.91. The
correlation of Rg and the folding rate k; [25] gives
r? = 0.82 (Fig. 5), where k; is proportional to the first
barrier height (# in Fig. 6), and correlation between
Rg and the mutated residue ¢-value gives r? = 0.12
[25,16] (Supplementary Fig. 7).

The long-range contact preferences in the dena-
tured ensemble could simply reflect a longer
average lifetime of stochastically formed native-like
long-range contacts or may instead reflect a bias
toward contacts present in the TSE. In the latter
case, the compactness or the presence of long-
range contacts should correlate with the possibility
to, from the transiently collapsed unfolded state, fold
into the native state, that is, with the native-state
stability. The observed anti-correlation between
expansion and folding rate is consistent with the
long-range contacts found in the acid-denatured
ACBP reporting on contacts formed in the TSE,
rather than a random subset of native contacts. This
is also in line with the earlier discussion that certain
native-like contacts show anti-correlated contact
preference.

Discussion

Recent studies on ACBP by NMR PRE [12,14],
chemical shift analysis [15], FRET [17], and mole-
cular dynamics [18] have revealed the presence of

AAG (kcal/mol)

Rg calculated (A)

3 12 =0.82

24 26
R calculated (A)

Fig. 5. (a) Correlation plot for the measured hydrodynamic radius and the calculated radius of gyration, Rg, determined
from the selected unfolded ensembles. Here the variant V77A did not yield reliable data and was omitted from the
correlation and is shown in red in the plot. (b) The correlation of Rg and the folding rate k; [25] of the protein variant,
showing a very strong correlation. Here no data for I127A are available. As an insert in (b), the correlation of Rg and the AAG

value is shown.
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F

Fig. 6. A schematic model for the ACBP folding
pathway. An estimated free-energy profile in water (gray)
and that at acid conditions (black) are inserted as a guide
to the eye and are not to scale. The transition state (#),
native side folding intermediate, and the native state are
shown as insert structures, generated from the folding
simulations.

long-range native-like contacts on the unfolded side of
the folding barrier. The long-range contacts have been
shown to involve mainly helices a2, a3, and a4. In
order to further characterize the nature of these
long-range contacts, we performed NMR PRE mea-
surements, in combination with single-point mutations,
ensemble selections, and in silico folding. Although
NMR PRE can disturb the system due to the required
labeling of the protein, its inherent sensitivity to close
range contacts nevertheless makes NMR PRE a good
tool to reveal small ensemble changes.

Folding pathway

ACBP is a well-characterized fast-folding protein
with both a folding intermediate [36] and an unfolding
intermediate [31]. From this combined theoretical
and experimental study, we are able to elucidate
additional details of the folding pathway for ACBP.

Figure 6 shows a schematic representation of the
folding pathway along a putative free-energy profile
for the acid-unfolded protein. In several studies, the
acid-unfolded ACBP has been shown to harbor
significant residual secondary structure [7,15], par-
ticularly in the region corresponding to helix a4 [16].
However, the ensembles derived here are selected
from a pool of unbiased random-coil structures,
which means that the small effects on long-range
contacts from local conformational sampling are
not explicitly taken into account. Consequently, if we
try to validate our ensembles by comparing them
with data reporting on local transient conformations,
the cross-validation is most likely poor. Even if this

validation is not good, it is not a direct measure on
the validity of our conclusions, as our ensembles
and, in general, the experimental data that have
been measured do not carry any direct information
on local conformations per se.

Our data show that anchoring of a2 to the a4
region is the initial step in folding, in line with
previous findings [11,16—18], and this contact is
significantly populated also in the acid-unfolded
ensemble. Acid denaturation does not seem to
promote the compact state as found for Im7 [8], as
similar long-range contacts are found in GdmCI [11],
a denaturant known to promote extended conforma-
tions [37]. Our in silico folding results are in line with
our experimental results and recent findings
[17,14,11] that the a2a4 state corresponds to the
transition state. The highly populated a2a4 contacts
found in this study are relatively insensitive to
mutations outside the o204 interface, suggesting
that this contact indeed is formed prior to the other
native-like contacts found in the unfolded ensemble.

Following the reaction coordinate, the transition
state is succeeded by formation of contacts between
a2 and a3, corresponding to the participation of helix
a3 in the TSE (Fig. 6). These contacts are also
present in the unfolded ensemble, but it seems that,
prior to a2a3 formation, a2a4 contacts are neces-
sary, since reduction of a2a4 contacts by the L80A
mutation effectively reduces a2a3 contacts as well.
The set of configurations, where all helices but a1l
have formed native-like contacts, may be described
as a folding intermediate on the native side of the
transition-state barrier (Fig. 6). The presence of this
folding intermediate has previously been shown,
evidenced by curvature in the denaturant depen-
dence of the unfolding rate constant at low denatur-
ant concentrations as determined by NMR relaxation
dispersion [31], as well as in simulations [17].
Furthermore, recent findings show that the native
state of ACBP is quite elastic, indicating that a3
packing is loose and of lesser importance for the
TSE [38], which is also in line with our data that
suggest a2a4 to be the main component of the TSE,
and that the intermediate state is residing on the
native side of the folding barrier.

Long-range contacts in the unfolded state of ACBP
show an interesting anti-correlation between forma-
tion of 0203 and ala4; that is, reduction of a2a3
formation increases alo4 contacts and vice versa.
This provides direct evidence that the long-range
contacts found in the unfolded ensemble of ACBP
represent steps in a cooperative process where
productive long-range contacts induce native-like
compact states. Formation of a2a3 contacts finally
induces a1a4 contacts and transition from the folding
intermediate to the native state of ACBP (Fig. 6), and
this final transition state has previously been
assigned, by @-value analysis, to be a rate-limiting
native-like state of ACBP [25].
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Many long-range contacts found in the unfolded
state of ACBP are native-like and on-pathway for
folding. Moreover, many conformations detected are
interdependent and display properties correspond-
ing to a hierarchical but cooperative order of events
initiated by the a2a4 transition state.

The compactness of ACBP is related to the
folding rate

The transient long-range contacts formed in the
denatured state of ACBP directly affect the level of
its compactness, as recently shown also by FRET
measurements on ACBP [17]. The tunability and the
interdependent nature of the formed contacts indi-
cate the presence of cooperative events also in the
denatured state. If the compactness of the denatured
ensemble comes from a preference for forming TSE
contacts in the denatured ensemble, the level of
compactness should correlate with folding rate. Due
to the similarity between the acid-unfolded ensemble
and the chaotropically unfolded ensemble for wild-
type ACBP, we speculate that the similarity also holds
for the mutants, and thus, the compactness experi-
ments can be related to the kinetic experiments. If so,
the observed correlation among the global parameter
Rg, long-range contacts, and folding rate suggests
that the biased contact map found for the acid-dena-
tured ACBP does in fact report on a partly collapsed
unfolded ensemble biased toward the TSE.

Concluding remarks

A statistical polypeptide coil samples a large
number of conformational states where small per-
turbations would result in significant changes in the
free-energy landscape; in other words, the coil is
exploring a frustrated landscape [21]. The unfolded
state of ACBP, however, is not a true statistical coil,
but the primary structure has evolved to minimize the
frustration, resulting in a funnel-shaped energy
landscape, with the native state in the bottom of the
funnel [22]. Our study, along with earlier studies of
ACBP, shows that, even in the highly denatured state,
ACBP explores a biased region of the conformational
space; that is, the energy landscape is significantly
less frustrated than expected for a statistical coil. A
similar conclusion has been reached for the folding of
cytochrome c [39]. Our data show that the long-range
contacts found in the unfolded state agree well with
the native contacts and that perturbations to native
contacts alter the unfolded ensemble and its biased
long-range contacts in a predicable way.

Although ACBP has many hallmarks of a two-state
folder, recent findings suggest the presence of a
short-lived, native-like folding intermediate, I* [31].
Our findings in this study are in line with this and
the unfolded ensemble populates contacts corre-
sponding to the folding intermediate. However, the

transition-state contacts are even more pronounced,
suggesting that the probability for contacts to be
formed in the denatured ensemble correlates with the
kinetic timing of contact formation along the dominant
folding routes. A high contact probability indicates
early formation and a low contact probability can in-
dicate late formation. This finding mirrors the interpre-
tation of hydrogen-exchange experiments for the
native ensemble, where regions of high exchange
(unstable contact) can indicate the first regions to
break during unfolding [40]. The NMR PRE contact
map reports on both population and proximity in the
contacts and thus provides a complimentary tool to
map out the folding pathway of ACBP.

In folding studies, using folding kinetic measure-
ments and ¢-value analysis, all effects of mutations
are assigned to changes in transition-state or nati-
ve-state energy, generally assuming that the unfolded
state is unaffected. Since we show that single-point
mutations can alter the unfolded ensemble, these
changes may be of importance when interpreting
folding kinetic data. However, any mutations to the
denatured ensemble that simply expand the ensem-
ble should only have a minimal effect on the stability of
the denatured state since the energetic and entropic
effects of the mutation tend to cancel, that is, loss of
energetically stabilizing contacts versus an entropi-
cally more stable expanded ensemble.

In conclusion, ACBP presents a clear example of
the principle of minimal frustration. Even in the
earliest stages of folding, native contacts are either
more accessible or more stabilizing on average than
non-native contacts. As preferred native contacts
are removed, ACBP tends to expand rather than
favor other non-native interactions. In the case of
ACBP, the molecular basis for the minimal frustration
seems surprisingly simple: the ensemble conforma-
tional space is directly modulated by a set of
conserved hydrophobic residues that form contacts
in the native state. These residues direct the folding
pathway and, together with the few observed
non-native contacts in the unfolded state of ACBP,
may serve as gatekeepers [23] protecting from
misfolding and aggregation.

Materials and Methods

Protein preparation

Wild type and mutants of bovine ACBP were expressed in
Escherichia coli strain BL21(DE3)/pLysS, using a pET3a
vector with insertion of the wild-type or mutated ACBP gene.
Single site mutations were introduced by polymerase chain
reaction by use of QuikChange Site-Directed Mutagenesis
Kit (Stratagene). Plasmids were sequenced at MWG
Biotech. Uniformly '°N labeled protein was expressed at
37 °C in M9 minimal medium containing >N ammonium
sulfate as sole nitrogen source. Purification was performed
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according to a previous protocol [41]. The purity of fractions
and the final protein batch were tested by SDS-PAGE and
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry. MTSL spin labels were conjugated to
cysteine variants of ACBP by incubating the spin label with
the pure protein in room temperature overnight and sub-
sequently separating the conjugated and non-conjugated
protein by reversed-phase HPLC.

NMR experiments

Spin-labeling experiments were carried out as described
previously [14]. "N-"H heteronuclear single quantum
coherence experiments were recorded on a Varian UNITY
NMR spectrometer operating at a proton frequency of
800 MHz. Spectra were recorded with the nitroxide in both
its oxidized (paramagnetic) and its reduced (diamagnetic)
states; the latter was obtained by reduction with a 5-fold
molar excess of ascorbate. Assignment and NMR peak
intensities were measured as peak height and converted
into distance restraints as described previously [14].

"H PGF-LED NMR experiments were performed on wild
type and variants of ACBP to determine the hydrodynamic
radius (Ry) of the denatured state as described in Ref. [30].

Helix definition and SSP

The helical regions are defined from the folded structure
of ACBP (PDB ID: 1NTI). The helical regions used here are
defined as a1, residues 3—-14; a2, residues 21-36; a3,
residues 50—61; and a4, residues 66—84. SSP is calculat-
ed from the C® shifts compared to reference random-coil
values using the SSP software [34]. The predicted values
for helix propensity was calculated using the online
prediction tool AGADIR [35].

Ensemble generation

ASTEROIDS ensemble selections were essentially
carried out as described previously [24]. A starting pool of
50,000 statistical coil conformers was generated using
Flexible-meccano [26,27], and sub-ensembles consis-
ting of 200 conformers were selected using the genetic
algorithm ASTEROIDS [42] on the basis of the experi-
mental PRE data. In order to calculate the ensemble-
averaged PREs, we have explicitly taken into account the
flexibility of the MTSL side chain for each Flexible-meccano
conformer [24,43]. The relaxation rates calculated for each
conformer were averaged over the entire ensemble and
converted into an NMR intensity ratio as described
previously [24,14] using an effective mixing time of 10 ms
and an intrinsic transverse relaxation rate of the observed
proton spin of 12.6 s~'. ASTEROIDS selections were
repeated five times and the resulting contact maps were
calculated from the distance distribution of the five indepen-
dent runs.

In silico folding

The in silico folding simulations use a standard, coarse-
grained, native-biased protein model [44]. The protein is

represented by a single bead per residue of radius 4 A
connected by harmonic bonds. Local interactions, angles
(ii + 2) and dihedrals (i,i + 3), are biased to the native
values. Tertiary interactions in the native structure are
given attractive 10-12 Lennard-Jones interactions. The
tertiary interactions are determined from the native
structure provided by the Shadow contact map [45]. All
non-native interactions are strictly repulsive. The thermo-
dynamics of the protein model was sampled via molecular
dynamics using GROMACS 4.5.5 software. The neces-
sary input files are generated from PDB ID: 1NTI using the
SMOG Web server 1.2.1% [46] and default parameters
(same as in Ref. [44]).

The consequence of localizing two pieces of secondary
structure, even in the denatured state, was investigated
using two mutants, 127-L80 and V12-L80. The specified
residues are connected with a harmonic bond, which
simulates the effect of a covalent disulfide bond. There-
fore, the two residues are strictly maintained at their
separation in the native state even when the protein is
unfolded.
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