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ABSTRACT: Folding of proteins to their functional
conformation is paramount to life. Though 75% of the
proteome consists of multidomain proteins, our knowledge of
folding has been based primarily on studies conducted on
single-domain and fast-folding proteins. Nonetheless, the
complexity of folding landscapes exhibited by multidomain
proteins has received increased scrutiny in recent years. We
study the three-domain protein adenylate kinase from E. coli
(AK), which has been shown to fold through a series of
pathways involving several intermediate states. We use a
protein design method to manipulate the folding landscape of
AK, and single-molecule FRET spectroscopy to study the effects on the folding process. Mutations introduced in the NMP
binding (NMPbind) domain of the protein are found to have unexpected effects on the folding landscape. Thus, while
stabilizing mutations in the core of the NMPbind domain retain the main folding pathways of wild-type AK, a destabilizing
mutation at the interface between the NMPbind and the CORE domains causes a significant repartition of the flux between the
folding pathways. Our results demonstrate the outstanding plasticity of the folding landscape of AK and reveal how specific
mutations in the primary structure are translated into changes in folding dynamics. The combination of methodologies
introduced in this work should prove useful for deepening our understanding of the folding process of multidomain proteins.

■ INTRODUCTION
How the amino acid sequence of a protein dictates its three-
dimensional atomic structure has been one of the fundamental
and challenging questions in protein science for more than 50
years.1,2 The protein folding field has gained biomedical
relevance with the discovery of a growing number of human
protein misfolding diseases.3,4 A major guiding concept in the
protein folding field in recent years has been the funnel-shaped
multidimensional rugged folding energy landscape, which was
introduced on the basis of a combination of experimental data,
statistical physical theory, and simulations.5,6 Identifying the
major pathways on the folding landscape of a protein and the
nature of intermediate states it samples has therefore been of
major interest.7 Sophisticated single-molecule experiments,
using fluorescence and force spectroscopy, have provided
much insight into these issues in recent years.8−13

Despite the fact that over 75% of eukaryotic proteomes
consist of multidomain proteins with variable topological
complexity, much of the experimental and theoretical work on
protein folding has involved small single-domain proteins or
isolated domains, in which the folding landscape is rather
smooth.14,15 In recent years there has been a growing effort to
develop methodologies for studying the folding principles of
proteins with more than a single domain. Such proteins are
often found to fold by a hierarchical assembly of substructures
involving multiple time-scales. The variability in domain
connectivity in different proteins and the nature of the

interface between them are important factors in determining
their folding process.16−18

Adenylate kinase (AK) is a three-domain protein that
consists of a central large CORE domain, which is split into
three-discontinuous segments by two inserted domains (Figure
1): the LID domain on one side (residues 118−160) and the
NMPbind domain on the other side (residues 30−76). The
folding process of AK has been studied experimentally19−26

and theoretically.27,28 The complex folding of AK, which can
be attributed to its intricate topology, was demonstrated early
on by Zhang et al.21 Extensive work by Haas and co-workers
demonstrated differences in folding dynamics of selected
subdomains and secondary structure elements.20,22−24 Single-
molecule FRET (smFRET) experiments from our own lab
revealed that AK folding involves multiple parallel pathways
and a series of intermediate states.25,26,29 Li et al.27 used
coarse-grained simulations to generate folding trajectories of
AK that were consistent with the experimental results and also
provided detailed structural information for the intermediates.
Interestingly, the simulations showed that the NMPbind
domain remained unfolded along the main folding pathways
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and attained its native fold at a very late stage of the folding
process. Another computational work, by Giri Rao et al.,28

indicated a similar structural instability of the NMPbind
domain.
On the basis of these observations, we set out to investigate

how the interaction between AK’s inserted NMPbind domain
and its CORE domain affects the folding landscape of the
protein. Using Rosetta design,30 we identified a set of
mutations that affect the stability of the NMPbind domain.
We selected two variants for further study, and used smFRET
spectroscopy on immobilized molecules, combined with
hidden Markov model (HMM) analysis,31 to reconstruct
their main folding pathways. We found that a significant
repartition of folding pathways can be induced by a single
mutation at the interface between the NMPbind and CORE
domains.

■ RESULTS

1. AK Variants: Engineering and Selection. To stabilize
the NMPbind domain of AK, we subjected the protein to
atomistic design in Rosetta, guided by phylogenetic constraints
derived from AK homologues (Supporting Information
Methods, section 1). The design protocol comprised iterations
of sequence optimization followed by backbone minimiza-
tion.32 At each amino acid position the energy function was
augmented with a biasing term to favor mutations that
appeared more frequently in homologous sequences at that
position, similar to consensus-design approaches.32

The designed mutations were predicted to optimize different
aspects of the NMPbind stability, including core packing,
improved compatibility between the amino acid sequence and
the secondary structure, and electrostatic interactions. We
selected four designs comprising 1−3 mutations each for
experimental testing (Figure S1A and Supporting Information
Methods, sections 2 and 3). We first tested their relative
thermal stability (Figure S1B) and activity (Figure S1C), and
selected two variants that showed the largest change in thermal
stability (Figure 2 and Figure S1B): (1) a surface mutation,
K69R, showed a reduction of 2.2 °C in the thermal stability
compared to wild-type (designated AKds, for destabilized); and
(2) a triple mutant, V64I/L63I/V39I (AKs, for stabilized),
exhibited an increase of 3.5 °C compared to wild-type (WT),
the highest thermal stability with respect to other tested
variants (Table S1). Chemical denaturation studies (Figure 2B,
see also SI Methods, section 6) revealed that AKs exhibited an
increase of the folding free energy by over 50%. This
pronounced thermodynamic stabilization of 1.9 ± 0.3 kcal·
mol−1 (Table S1) is attributed to the enhanced hydrophobic
core packing in the NMPbind domain interior. In contrast,
AKds is destabilized by 0.8 ± 0.3 kcal mol−1 (Table S1), a
decrease of ∼20%. The preservation of native structure and
function of the selected variants was verified by CD
spectroscopy, X-ray crystallography and enzymatic activity
assays (Supporting Information Methods sections 4, 5, and 7).
In particular, crystal structures in the closed (holo) forms of
the two mutants (PDB codes: AKds- 6HAP, AKs- 6HAM) were
found to be very similar to the equivalent WT crystal structure.
Nevertheless, we could observe some difference in the loop
region (residues 39−49) of AKds with respect to WT (Figure
S2).

Figure 1. Structure of adenylate kinase from E. coli. CORE domain in
green, LID domain in red, and NMPbind domain in blue. Two
fluorescent dyes, Alexa488 and Atto590, are attached at positions 73
and 203, respectively, for measuring FRET. Based on Protein Data
Bank entry 4AKE.

Figure 2. Effect of mutations on AK stability. (A) A view of AK showing mutations in the NMPbind domain that were selected for folding
experiments: the single-point design AKds (K69R, yellow spheres) and the triple-mutation design AKs (V64I/L63I/V39I, green spheres). (B) Bulk
chemical denaturation curves for three AK variants were obtained by measuring fluorescence spectra of double-labeled protein molecules, from
which FRET efficiency values and folded fractions were calculated.
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To clarify the microscopic reasons for the changes in
stability of the two variants, we performed molecular dynamics
(MD) simulations, starting from the open conformations of
the proteins (details in section 8 of Suppoting Information
Methods). From inspecting a few thousand snapshots from the
MD trajectories, we found that in WT AK ∼31% of the
sampled conformations enabled formation of a hydrogen bond
between the ε-amino group of Lys 69 and the backbone
carbonyl group of Ala 99 at the C-cap of helix 5 (residues 90−
99) in the CORE domain (Figure S3A). However, in the
mutant K69R the fraction of conformations that could
potentially form the hydrogen bond dropped by a factor of
2.5 (Figure S3B). This is most likely due to the bulkiness of the
guanidinium group of the arginine side chain, favoring side-
chain conformations that are incompatible with hydrogen
bonding. On the basis of these observations, we suggest that
the decrease in stability of AKds is primarily due to the
disruption of a polar interaction at the interface between the
CORE and the NMPbind domains. Both in the crystal
structure of AKs and in the average structure obtained from the
MD simulations we observed that Ile64 faced into the core of
the NMPbind domain, thereby better filling a cavity that
existed in WT AK (Figures S2 and S4). Consistent with this
interpretation, the packing density of AKs (calculated from the
MD-based structure using the software tool Voronoia33)
increased by ∼14% with respect to the WT (Table S2).
2. Single-Molecule FRET Experiments on AK Variants.

To study the folding dynamics of AK variants, we encapsulated
individual double-labeled AK molecules in surface-tethered
vesicles (Figure 3A) under partially denaturing conditions and
measured their fluorescence as a function of time (details in
section 9 of SI Methods). This immobilization method,
developed in our lab,25,26,34−36 enables extending the
acquisition time in smFRET experiments while avoiding
artifacts related to interactions of protein molecules with the

surface.37 Using an automated home-built single-molecule
setup (details in section 10 of the Supporting Information
Methods and Figure S6), large data sets of single-molecule
trajectories were collected for each AK variant at several
denaturant concentrations around the denaturation transition
midpoint (Cm). At this range of GdmCl concentrations,
protein molecules were expected to exhibit rich folding
dynamics. Each trajectory, consisting of the photon arrival
times of both donor and acceptor fluorophores, was binned in
50 ms bins and subjected to rigorous computational filtering as
described in section 11.2 of the Supporting Information
Methods section. Statistical information on the single-molecule
data sets can be found in Table S3. Mean FRET efficiency
values calculated at each denaturant concentration matched
very well the FRET efficiency values measured in ensemble
experiments, thereby validating the quality of the data sets
(Figure S7A). Moreover, we compared FRET efficiency
probability distributions generated from the binned single-
molecule traces with FRET efficiency histograms obtained
from experiments on freely diffusing molecules. We found a
satisfactory agreement in the peak positions and their widths,
demonstrating the validity of both the vesicle encapsulation
method and the applied computational filters (Figure S7B).
Examples of single-molecule intensity and FRET trajectories

are shown in Figure 3B (for more trajectories see Figure S8).
Folding and unfolding conformational transitions appeared in
the trajectories as anticorrelated steps in donor and acceptor
fluorescence intensities. Using a model-free change-point
algorithm,38 we analyzed each individual trajectory to
automatically identify transitions between adjacent FRET
efficiency levels. To obtain a global picture of the folding
and unfolding transitions between the states, we generated
two-dimensional transition density (TD) maps, in which the
density of transitions for each pair of initial and final FRET
efficiency values was plotted. (For details on TD map

Figure 3. Single-molecule FRET experiment on immobilized AK molecules. (A) Individual AK molecules were encapsulated in vesicles tethered to
a glass-supported bilayer via biotin−streptavidin chemistry. Note that the size of an AK molecule (∼4 nm) is much smaller than the diameter of the
vesicle (100 nm). (B−E) Two examples of single-molecule trajectories of AK molecules, showing one or more transitions between different
conformational states. (B, D) Experimental intensity traces from the donor and acceptor channels (black arrows indicate the point at which both
dyes become inactive). (C, E) Corresponding FRET efficiency traces, calculated until the photobleaching point of the acceptor (marked by the blue
arrows). The orange curves in these graphs are state assignments based on application of the Viterbi algorithm following HMM analysis.
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construction, see section 11.3 of Supporting Information
Methods.)
Figure 4 shows TD maps obtained at the Cm of each AK

variant. The occurrence of multiple peaks on the maps clearly
implies deviation from two-state folding behavior, which
should involve only two symmetrical peaks.36 The maps
show a very similar general pattern for all AK variants. Some
peaks (marked in red dashed circles in Figure 4) are dispersed
close to the diagonal, and can be attributed to transitions
between states that are close in FRET efficiency. Other peaks
(marked in yellow dashed circles) are found far from the
diagonal, and are attributed to transitions between states that
largly differ in their FRET efficiencies. The asymmetry of the
maps with respect to the diagonal is due to due to the larger
photobleaching rate of the donor probe compared with the
acceptor probe.26 We also found that for all AK variants the
overall shape of the TD maps changes in a similar manner with
denaturant concentration (Figure S9). In particular, at high
GdmCl concentration folding is dominated by sequential
transitions. However, as conditions become more native-like,
folding involves more and more nonsequential transitions,
implying that there are more possible pathways for folding.26

As noted above, a similar response of the folding landscape
to denaturant concentration variation was observed in all AK
variants. However, a major difference between the three AK
variants is the range of denaturant concentrations over which
this equivalent folding behavior persists. Indeed, while for AKwt
this range was 0.57−0.77 M, for AKds it shifted to lower
denaturant concentrations, 0.5−0.7 M, and for AKs it moved to
0.65−0.85 M.
3. HMM Analysis of Single-Molecule Trajectories.

Although the TD maps provide important information on the
connectivity between states, it is not trivial to extract from
them the population of states, or to quantify kinetic and
thermodynamic properties. To obtain a quantitative descrip-
tion of the conformational states visited by AK during its
folding process, we applied HMM analysis.26,31,39 In this
analysis one assumes Markovian dynamics involving N discrete
hidden states. The FRET efficiency of each state is normally
distributed and described by a mean value and a width. At each
time step, AK could adopt any one of the N possible states,
with a probability that is conditionally dependent on its state at
the previous time step via a transition probability matrix whose
entries are proportional to the rates of interconversion between
the states. Our analysis was based on the same version of

HMM developed in our previous work,26 which included the
detailed-balance assumption and treated photobleaching
explicitly (details in section 11.4 in the Supporting Information
Methods). To obtain a maximum-likelihood estimate for the
HMM parameters, we implemented the Baum−Welch
algorithm.31 For the current analysis we introduced a
modification according to which the mean FRET efficiency
and the width values assigned to each molecular state were
computed globally as shared variables throughout all data sets
of a particular AK variant. On the other hand, the transition
rates between states and their relative populations were
optimized for each individual data set (details in section 11.4
in Supporting Information Methods). This modification was
motivated by the assumption that, in the narrow range of
denaturant concentrations used in the current experiments, we
do not expect the structure of the intermediate states, and the
corresponding FRET efficiency values, to vary significantly
between different data sets acquired for the same AK variant.
Importantly, global analysis both strengthened the statistical
robustness by reducing sensitivity to noise and facilitated
comparisons between data sets.
HMM analysis does not determine the optimal number of

metastable states involved in the observed dynamics, but rather
infers optimal parameters under a fixed model complexity
(number of parameters). Various criteria have been used in
order to obtain the optimal number of states.40−42 In this work,
we developed a new empirical criterion based on the
consistency between HMM-optimized parameters and param-
eters retrieved from dwell-time distributions (details in section
11.5 in Supporting Information Methods). Values of this
empirical criterion as a function of the number of states for the
wild-type and the two variants are plotted in the graphs in
Figure S10. Although the plots do not reveal a sharp single
minimum, we do observe a broad minimum spanning four to
seven states. Importantly, this range overlaps with the range
obtained in our previous work,26 in which the same positions
for the donor and acceptor labels and the same pair of
fluorophores were used, though with a different criterion. A
model including six states thus appears as a reasonable choice
for all variants, and we therefore decided to use six states in all
further analysis.
Mean FRET efficiency values for these states and values of

the widths of their distributions were obtained from a global
HMM analysis of each protein variant and are listed in Table
S4. The introduction of global analysis in this work led to a

Figure 4. Transition density maps. The maps were calculated from experimental data sets acquired at the corresponding midpoint GdmCl
concentrations of AKs (A), AKwt (B), and AKds (C). They were constructed from multiple transitions, which were detected in FRET efficiency
trajectories using the change-point method. Close-to-the-diagonal peaks (marked by red dashed circles) and far-from-the-diagonal peaks (yellow
dashed circles) indicate the existence of various connectivities between intermediate states (i.e., both sequential and nonsequential transitions).
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slightly different set of FRET efficiency values and state
populations compared to those reported in our previous
work.26 However, FRET efficiency values were actually found
to be similar for all three AK variants, validating the new
approach and suggesting that the structure of the metastable
states populated on the folding landscape did not change
significantly upon introduction of mutations. Below, we
concentrate on analysis of the state-probability distributions
and the folding pathways partition, as obtained from the HMM
analysis.
Equilibrium State-Probability Distributions and Their

Variation with Denaturant Concentration. Stationary
FRET efficiency distributions of the six conformational states
at Cm and the evolution of state propensities with increasing
denaturant concentrations are shown in Figure 5. The overall
FRET efficiency probability distribution matches well the
experimental FRET efficiency histograms, plotted in circles in
Figure 5A−C, pointing to the excellent fitting between the
model and the experimental data. The relative populations of
the six states are quite similar for AKwt and AKs but differ
substantially for AKds. In particular, the relative population of
the abundant intermediate state depicted in blue is decreased
in AKds, compared to the other two variants. The relative
population of the state in brown is also substantially decreased
in AKds. A bar graph in Figure S11 delineates these variations
in state propensity by plotting the relative free energy of states

with respect to the most unfolded state (colored in red), which
is a reference state in all AK variants.
The plots in Figure 5D−F demonstrate the dependence of

state propensities on denaturant concentration. Interestingly,
in all variants, the populations of only two states vary
significantly, while the populations of the four other states
change rather moderately. In particular, the population of the
folded state (colored in green) decreases, and the population
of the blue-colored intermediate state rises monotonically.
Thus, it is mostly the balance between populations of these
two states that determines the change in the mean FRET
efficiency as the denaturant concentration increases. Interest-
ingly, at the highest denaturant concentration all states reach
similar relative populations in all AK variants.

Distributions of Folding Pathways at Cm Reveal Folding
Landscape Differences between Variants. In order to shed
light on differences in folding dynamics between the variants,
we computed the probabilities of various productive folding
pathways, namely, pathways that start with the most unfolded
state and end with the most folded state. To that end we
performed stochastic simulations of AK folding using the state-
to-state transition rates obtained from the HMM analysis
(details in section 11.6 in Supporting Information Methods).
The five most sampled productive pathways at Cm are
presented in Figure 6A. State 6, which is also the least
populated, does not emerge in these pathways due to its poor

Figure 5. State-probability distributions and evolution of state propensities with denaturant concentration. (A−C) State-probability distributions
for the three variants (AKwt, A; AKs, B; AKds, C). The distributions were constructed from model parameters obtained from HMM analysis on the
data sets acquired at the Cm concentrations, shown at the top of each panel. Each of the six states is represented by a different color. Olive-colored
lines show the total probability distributions, which fit well with the histograms retrieved directly from the experimental data sets (plotted as
circles). (D−F) The change of the relative state population in response to varying denaturant concentration (AKwt, D; AKs, E; AKds, F). The value
of each point is the relative population of the corresponding state, i.e., the area under its peak in the state-probability distribution.
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kinetic connectivity to other states. This finding and the fact
that it exhibits the highest FRET efficiency suggest that state 6
might be a misfolded, highly compact state of the protein. Both
the sequential pathway (involving only transitions between
neighboring states) and nonsequential pathways (involving
also transitions between non-neighboring states) coexist in all
AK variants, in agreement with the TD maps. Indeed, in all
variants the sequential pathway is dominant. Interestingly, the
three main folding pathways in AKs are the same as in the wild-
type protein, showing comparable flux contributions (Figure
6B). By contrast, for AKds the folding pathways are significantly
repartitioned. Particularly, while the sequential pathway is still
the most sampled one, the pathways 1→ 2 → 5 and 1 → 2 →
4 → 5, which carry significant flux in AKwt and AKs, are are
much less frequented in this mutant, and instead, the folding
process involves other dominant pathways. Further, the
probabilities of pathways 1→ 2 → 3 → 5 and 1 → 5 are
increased by ∼80% (16% vs 9% in AKwt) and by 7-fold (14%
vs <2.0% in AKwt), respectively. Overall, most of the folding
flux in AKds still flows through multistate pathways involving
3−5 states. The partial flux of the fully sequential pathway rises
monotonically with denaturant concentration in all AK variants
(Figure 6C). At high denaturant concentrations, the sequential
pathway is the most favorable one in all variants, carrying
∼50% of the folding flux, whereas at low denaturant
concentrations this pathway is much suppressed, and parallel

intersecting pathways involving nonsequential transitions
prevail. This observation is in agreement with previous results
on the relation between the denaturant concentration and state
connectivity.26

■ DISCUSSION

Multidomain proteins constitute over 75% of the eukaryotic
proteome. Therefore, understanding how their complex
topologies influence their folding behavior is of great interest.
Although some aspects of folding of multidomain proteins
were deciphered,43,44 many of these studies focused on two-
domain proteins that are singly linked and our understanding
of more complex topologies is still limited. The inherent
heterogeneity and complexity of such proteins calls for studies
at the single-molecule level.9,45,46 In this work, we used
smFRET to further explore the folding of AK, whose structure
involves two domains inserted within a larger one. We
hypothesized that since the NMPbind domain of AK is
inserted within the CORE domain, stabilizing the former will
significantly affect the latter, and by necessity the folding of the
whole protein. We based our narrative on observations from
the simulations of Li et al.,27 according to which the folding
process of AK proceeds mainly through pathways in which the
NMPbind domain folds very late, probably due to its low
stability. Accordingly, we altered the stability of the NMPbind
domain by introducing selected mutations using atomistic

Figure 6. Folding pathways of AK. (A) Free-energy profiles of the five most probable folding pathways for each AK variant at its Cm concentration
(indicated on top of each panel). The relative free energy of each state (in kT) was calculated from its relative population with respect to the most
populated state. The heights of the free-energy barriers between pairs of states were evaluated from the HMM transition probability matrices using
the Arrhenius equation, in which the value of the pre-exponential factor was arbitrarily set to 1 s−1. (The correct value of the pre-exponential factor
would only scale all barriers by the same factor.) The width of the lines depicts the partial flux of each pathway. State 6, which is the least populated
and is poorly connected to other states, does not contribute significantly and hence does not emerge in these pathways. (B) A list of the sequences
of states visited in each pathway, where the same color code is used as in part A. Numbers are the fractions of the total folding flux for each of the
listed pathways of each AK variant. (C) A plot of partial flux of the sequential pathway as a function of the difference in denaturant concentration
with respect to Cm. AKwt in red, AKs in green, and AKds in blue.
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modeling in Rosetta. We then investigated the variations in the
folding course of the two variants that showed the most
significant changes in thermal stability.
Interestingly, both mutants showed a general dependence of

the partition between sequential and nonsequential pathways
on the denaturant concentration, as observed for WT AK in
our previous study.26 In fact, as the denaturant concentration
increased, a larger fraction of the folding flux went through the
fully sequential pathway, while at lower concentrations folding
was more likely to proceed via multiple parallel pathways
involving nonsequential transitions. The simulations of Li et al.
supported this observation: As the temperature increased, a
larger fraction of the folding flux went through one specific
sequence of states.27 A similar dependence on denaturant
concentration was demonstrated for a PDZ domain in a recent
paper by Liu et al.47 How can we explain this behavior?
In general, the progress in folding of a protein is dictated by

the balance between the tendency to form stabilizing
interactions resulting in compaction of the protein chain and
the tendency to minimize loss in conformational entropy as the
protein becomes more and more compact.48 In the case of AK,
it is likely that intermediate states that differ significantly in
their structure (i.e., nonsequential states) may interconvert at
low denaturant concentrations, as the formation of enthalpi-
cally favored intrachain interactions may compensate for the
steep decrease in conformational entropy during such a
transition. However, as the denaturant concentration increases,
the protein chain is stabilized in more expanded conformations
and the contribution of intrachain interactions decreases.
Therefore, the folding reaction might tend to proceed through
sequential intermediate states, with only mild variations in
structure and moderate changes in conformational entropy
between each pair of two adjacent intermediate states.
On the basis of the HMM parameters we were able to

annotate the different folding pathways. We found that, at the
transition midpoint concentration, the stabilized AKs mutant
preserved a nearly wild-type-like partition of the main folding
pathways, and only minor changes were observed in the
relative stabilities of the intermediate states (Figure S11).
From the simulations of Li et al.27 we expected that
stabilization of the NMPbind domain would actually depress
folding through the sequential pathway and facilitate folding
through more direct pathways. Our findings did not verify this
prediction. Instead it seemed that the stabilization of the
NMPbind domain globally stabilized CORE domain inter-
mediate states to the same extent, allowing the main folding
course to proceed via a similar scenario to the WT, though
shifted to a higher denaturant concentration. In particular, the
three most probable folding pathways, accounting for more
than 65% of the folding flux, appeared with similar fluxes in
both AKwt and AKs. Nevertheless, we could still point out some
changes rendered in other folding pathways of AKs. For
example, the flux of the direct transition from the most
unfolded to the native state (1 → 5) became quite significant
(9.1 ± 1.5%) in this mutant, as opposed to the wild-type
protein where it contributes only 2% of the total flux.
The analysis of the folding of AKds revealed quite a different

picture. The mutation K69R, which destabilized the protein,
also repartitioned folding pathways significantly. A significant
reshaping of the folding landscape is a direct result of the
changes in the relative stabilities of the intermediate states, as
observed in Figure S11. Thus, CORE-NMPbind interdomain
interactions, which are disrupted in AKds, seem to have a more

profound effect on AK’s folding landscape than NMPbind
intradomain interactions. Furthermore, AKds exhibited a
reduction in folding cooperativity, as discerned both from
denaturant m-values (Figure 6, Table S1) and from a
simulation of changes in the solvent accessible surface area
during folding based on the HMM results (Figure S12, section
11.7 in Supporting Information methods). These findings are
in agreement with other studies pointing at the importance of
interdomain interactions in shaping the folding dynamics of
multidomain proteins.16,49,50

In conclusion, our results reveal the folding plasticity of AK,
and the adaptive potential of this protein to accomplish folding
in response to variations in sequence or stability. The tunability
of the folding routes by minimal sequence changes (e.g., a
single, surface, conservative mutation) makes this system an
excellent prototype for studying subtle features of the folding
free-energy landscape. Future studies of additional AK variants
would certainly shed more light on the relation of structure
and dynamics in the folding of this multidomain protein.
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