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We present an integrated experimental and computational study of
the molecular mechanisms by which myristoylation affects protein
folding and function, which has been little characterized to date.
Myristoylation, the covalent linkage of a hydrophobic C14 fatty
acyl chain to the N-terminal glycine in a protein, is a common mod-
ification that plays a critical role in vital regulated cellular processes
by undergoing reversible energetic and conformational switching.
Coarse-grained folding simulations for the model pH-dependent
actin- andmembrane-binding protein hisactophilin reveal that non-
native hydrophobic interactions of the myristoyl with the protein
as well as nonnative electrostatic interactions have a pronounced
effect on folding rates and thermodynamic stability. Folding mea-
surements for hydrophobic residue mutations of hisactophilin and
atomistic simulations indicate that the nonnative interactions of the
myristoyl group in the folding transition state are nonspecific and
robust, and so smooth the energy landscape for folding. In contrast,
myristoyl interactions in the native state are highly specific and
tuned for sensitive control of switching functionality. Simulations
and amide hydrogen exchange measurements provide evidence
for increases as well as decreases in stability localized on one side
of the myristoyl binding pocket in the protein, implicating strain
and altered dynamics in switching. The effects of folding and func-
tion arising from myristoylation are profoundly different from the
effects of other post-translational modifications.

coarse-grained simulation ∣ funnel landscape ∣ β-trefoil

Protein folding is governed by various physicochemical forces
that bias the native state, which for many proteins is also the

functional state, over the many alternative nonnative states. The
network of native interactions has been found in many cases to be
sufficient to capture the folding mechanism and kinetics of pro-
teins (1, 2). The discrimination between native and nonnative
interactions is the foundation of the principle of minimal frustra-
tion (3) and explains the power of native topology-based models
in studying folding biophysics (4). The dominant role of native
interactions is manifested by the funnel-shaped energy landscape
for folding that suggests folding is robust and an efficient process.
The information stored in the native topology may, however, be
tuned by various factors such as confining the protein in a small
space, crowding agents, or conjugating the protein to other bio-
molecules [e.g., oligosaccharides (5) or fatty acyl chains such as
myristoyl (6)]. In addition to manipulating folding characteristics
by modifications or environmental conditions, nonnative interac-
tions, which are by definition in conflict with the native state, may
decorate the folding funnel (7, 8) by increasing energetic frustra-
tion (9) between interactions and therefore landscape roughness.
The degree of roughness, which affects the trapping of the pro-
tein in nonnative states, depends on the particular sequence of
the protein and can be tuned by mutations.

Investigations of several proteins have reported evidence
for nonnative interactions that assist, rather than hinder, folding
(10–14), and more importantly they may also support function
(6, 15, 16) by assisting conformational changes. Residues in
functional sites in proteins have been implicated in causing

geometric frustration (17) or increasing localized energetic frus-
tration (16). Nonnative interactions that result with localized
frustration can transiently be formed, for example, between hy-
drophobic residues (13) or between oppositely charged residues
(18–20). This is akin to frustration in RNA folding that arises
from negatively charged groups (21). The formation of nonnative
interactions may affect folding in various ways. For example, non-
native interactions in the unfolded state may affect its entropy
and therefore the overall stability of the protein. Also, nonnative
interactions in the transition state that support the critical nu-
cleus may speed up the folding process.

In the current study, we investigate the effect of myristoylation
on protein folding and in particular the involvement of nonnative
interactions. Myristoylation is a common modification, where a
saturated C14 fatty acyl chain is covalently linked to the N-term-
inal glycine in a protein (22). In many proteins the myristoyl in-
terconverts between a sequestered state, where it is located in a
hydrophobic binding pocket, and an accessible state, where it is
available to bind to membrane or other proteins. Often this in-
terconversion, or switching, is reversible and controlled by the
binding of ligand. Myristoyl switching is associated with diverse
and vital regulated signaling pathways in cells (22).

We investigate here the effect of myristoylation on the folding
kinetics and thermodynamics of the β-trefoil protein, hisactophi-
lin, a small (118 residues) protein from D. discoideum (Fig. 1A).
The function of hisactophilin is to reversibly recruit actin fila-
ments to membranes during chemotaxis and osmotic stress. Pre-
vious studies revealed that increasing hisactophilin charge with
decreasing pH favors actin and membrane binding but decreases
protein stability and folding kinetics (23, 24). The myristoyl in-
creases hisactophilin stability with an apparent pKa of 6.95 as
it switches between a “sequestered” state at high pH, where the
myristoyl is buried in the protein core (Fig. 1A), and an “acces-
sible” state at low pH for membrane binding (6). Concomitantly,
the myristoyl markedly accelerates both folding and unfolding
kinetics, and undergoes rapid native-state switching, implicating
the long and flexible hydrophobic myristoyl chain in creating
strain in the native state and forming nonnative interactions dur-
ing folding and switching. Here we report an integrated approach
combining various computational and experimental methods to
analyze myristoylated hisactophilin, including characterization
of hydrophobic mutations distributed in the primary and tertiary
structure of the protein (Fig. 1B). Variants include a triple
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myristoyl binding pocket mutant (F6L/I85L/I93L) in which pH-
dependent switching is abolished (25), and single mutations that
alter stereochemistry (I85L) or truncate side chains inside (V36A
and L76A) or outside (I118A) the binding pocket. The results
provide unique insight into the role of nonnative interactions in
folding as well as the atomistic mechanism of myristoyl switching.

Results and Discussion
Hydrophobic and Electrostatic Nonnative Interactions are Necessary
to Accurately Simulate the Folding of aMyristoylated Protein.We first
simulated the folding of hisactophilin in its nonmyristoylated
form using the native topology-based (Go) model that considers
only native interactions found in the high-resolution structure of
the protein (Fig. 1C, SI Results). For hisactophilin, we observed
two-state folding with a relatively high energy barrier (5.9 kT)
(Fig. 1C) consistent with experimentally observed relatively slow
folding (24). While the native topology-based model captures
many features of the folding energy landscape, it neglects the
roughness of the landscape due to nonnative interactions, which
surely exist to some extent. Nonnative interactions may transi-
ently form in either the unfolded state or the transition state
and influence both folding thermodynamics and kinetics. We then
modeled potential nonnative interactions by the formation of
nonspecific interactions between hydrophobic residues (HP mod-
el) as well as electrostatic nonnative interactions among Asp, Glu,
Lys, and Arg residues (model His0) and with positively charged
histidines (model His1) (Fig. 1D, SI Results).

The modeling is consistent with experimentally observed
large decreases in hisactophilin folding rate with decreasing pH
(19, 24).

We then studied the effect of the myristoyl group on folding
kinetics using a coarse-grained simulation. The energy barrier
at TF was increased from 5.4 kT to 7.7 kT due to myristoylation.
Adding the hydrophobic nonnative interactions between the myr-
istoyl group and the protein resulted in a dramatic acceleration
of folding and a decrease in the energy barrier to 6.6 kT (Fig. 1D
and Fig. S1). Note that the energy barrier of the myristoylated

protein is higher than that of the nonmyristoylated protein (even
when the hydrophobic nonnative interactions are included),
because the barrier heights were estimated at TF of each system.
When, however, the folding barrier heights were measured at
the same temperature for all the systems, the experimentally
observed accelerated folding upon myristoylation is reproduced.
Integration of electrostatic nonnative interactions (at low and
high pH) within the myristoylated protein did not have an addi-
tional effect on the energy barrier. From examination of the dis-
tances between residues and the change in distances upon inte-
gration of the various nonnative interactions we conclude that the
major effect on the folding is in the transition state ensemble.
Hydrophobic nonnative interactions position the myristoyl group
15 Å closer to the other hydrophobic residues in the protein with
respect to the native topology-based simulations that included
only native interactions (Fig. S2). The electrostatic interactions,
especially at high pH, had a dual effect on the distances; the non-
polar residues were still closer but the His residues were slightly
farther from one another. It is possible that simulations at differ-
ent ionic strength would also affect electrostatic interactions and
therefore folding, as shown for RNA folding (26). The incorpora-
tion of the nonnative interactions (both hydrophobic and electro-
static) also influences the thermal stability of the protein as mea-
sured by the simulation, with a pH-dependence that is consistent
with experiment (6, 23) (SI Results).

To better understand the effect of the myristoylation on the
kinetics and stability of the protein, we gradually changed the
strength of the native and nonnative interactions between
the myristoyl group and the protein. To this end, we gradually
changed the value of ε and κ—which correspond to the strength
of native and nonnative contacts, respectively—formed between
the myristoyl group and the relevant amino acids. When ε equals
unity, the contacts between the myristoyl group and the protein
are equivalent in their energy contribution to the rest of the con-
tacts within the protein. On the other hand, when ε equals zero,
these contacts do not make any enthalpic contribution. The con-
tacts between the myristoyl and the protein are shown in Fig. 1A.
The matrix in Fig. 2A presents variation in the TF of myristoy-
lated hisactophilin for different values of κ and ε. In general, the
TF is increased (i.e., the protein is more thermostable) as ε and κ
are increased, probably because more interactions are formed be-
tween the myristoyl and the protein and because the enthalpy is
larger. Calculation of the average radius of gyration for the pro-
tein, hRgi, shows that the folded state is mostly affected by var-
iations in the strength of ε and κ while the hRgi of the unfolded
state is robust (Fig. S3). We therefore conclude that the major
effect on the free energy is on the folded state. The changes in
the dimensions of the folded state are in agreement with changes
in the enthalpy and entropy of the folded state. The more com-
pact folded state with increased κ and ε has correspondingly lower
enthalpy and lower entropy, which results in an overall decrease
in the free energy of the folded state. It is notable that the
strength of nonnative interactions in the simulations seems to
have an effect on both the native and the transition state. The
nonnative interactions in the native state may represent interac-
tions involved in switching.

Analysis of Myristoyl Interactions in the Transition State and the
Native State. Fig. 2B presents a summary of the folding energy
barrier of the myristoylated protein for differing strengths of
native and nonnative interactions. The matrix illustrates that the
energy barrier for folding increases with the value of ε—i.e., when
the myristoyl is forced to be sequestered in the protein (and in-
teracts strongly with its pocket). When hydrophobic nonnative
interactions are included, the energy barrier may be significantly
decreased, in accordance with the experimental finding that the
nonnative interactions play a role in accelerating folding kinetics
of the myrisoylated hisactophilin (6). Notably, the increase in the

Fig. 1. The effect of nonnative interactions on simulating the folding of
nonmyristoylated and myristoylated hisactophilin. (A) Top view of myristoy-
lated hisactophilin (backbone in grey cartoon) with native contacts (green)
between the myristoyl group (red) and the protein. (B) Side view of hisacto-
philin with space-filling representations for mutated residues. (C) Potential of
mean force vs. Q, the number of native contacts within hisactophilin, for
folding of myristoylated (black) and nonmyristoylated (grey) hisactophilin
calculated for four different simulation models: the native topology-based
model (Go), nonnative hydrophobic model (HP), charged residue model at
high pH (His0), and positively charged histidine at low pH electrostatic model
(His1). The His0 and His1 electrostatic models also include the HPmodel. Fold-
ing barriers are calculated at the folding temperature, TF . (D) The folding
barrier for nonmyristoylated (grey) and myristoylated (black) hisactophilin
at the TF of each system.
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energy barrier is significantly moderated when the nonnative
interactions are included (κ ¼ 1) compared to when they are
omitted (κ ¼ 0). The formation of the hydrophobic nonnative
interactions at the folding transition state is illustrated by shorter
pairwise distances between hydrophobic residues. These dis-
tances in the transition state ensemble are generally shorter for
nonnative interactions between the myristoyl and hydrophobic
residues than between two hydrophobic residues (Fig. 2C).

Experimental measurement of folding kinetics for hisacto-
philin variants can provide information on the formation of
interactions for specific groups (e.g., myristoyl and/or amino acid
sidechains) during protein folding. As mentioned above, such
measurements have shown that the myristoyl group greatly accel-
erates the folding of wild-type (WT) hisactophilin and that this
involves the formation of nonnative interactions in the transition
state (6). The effects of mutations (Fig. 1B) that abolish switching
[e.g., F6L/I85L/I93L (25) and I85L, vide infra] and truncate hy-
drophobic residues inside and outside the myristoyl binding
pocket (V36A, L76A, and I118A) range from slightly increasing
to considerably decreasing the folding rate (Fig. S4). Remarkably,
however, the large increase in folding rate conferred by myristoy-
lation remains largely unchanged for all mutants (Fig. 2D). In
other words, none of the mutated residues appear to make
critical, specific interactions with the myristoyl group in the tran-
sition state ensemble. This suggests that the myristoyl group ac-
celerates the rate of folding by making nonspecific, including
nonnative, interactions in the transition state. These interactions
may be highly robust to mutation and have the effect of smooth-
ing the folding energy landscape and reducing frustration.

Energetic Myristoyl Switch with pH. Experimental studies of hisac-
tophilin show a clear energetic switch in the myristoylated relative
to nonmyristoylated form upon changing from low to high pH (6).
At low pH, in excess ligand (Hþ) the stabilization upon myristo-
lyation is much smaller than at high pH, where the absence of

bound Hþ differentially increases the stability of both the myr-
istoylated and nonmyristoylated protein (Fig. 3A). Assuming that
the change in pH mostly affects the protonation state of histidine
residues, we simulated the protein using the His0 and His1 mod-
els (which model the protein at high and low pH, respectively). In
the simulations the myristoylated protein is more stable than the
nonmyristoylated protein both at low and high pH (Fig. 3B),
similar to experiment. However, the modulation of the stabiliza-
tion with pH could not be simply observed in the simulations, but
only by assuming that the strength of the interactions of the myr-
istoyl with the protein (either native or nonnative) is indirectly
affected by the pH due to the change in the histidine protonation
state. This energetic switch is accompanied by a conformational
switch: at low pH the myristoyl group is in the accessible state and
at high pH it is sequestered. We observe this dual effect of en-
ergetic and structural switching when we manipulate the strength
of the native or nonnative interactions between the myristoyl
group and the protein. In this way, we can decrease the amount
of extra stability that was achieved by adding the myristoyl, im-
plying that changes in pH not only affect the protonation state of
the histidine residues, but also change the strength of the inter-
actions between the protein and the myristoyl. We conjecture,
therefore, that the switch originates from a thermodynamic ef-
fect. In the absence of ligand (at high pH), the protein is thermo-
dynamically stable and undergoes minor structural fluctuations;
therefore the probability of the switching between the seques-
tered and accessible states is low (high free energy). In excess of
ligand (at low pH), the protein is less stable, the probability for
the switching is higher, and the accessible state is more populated.
This leads to a lower thermodynamic stability due to the loss
of enthalpic contributions from the direct interaction of the
myristoyl and the hydrophobic pocket. Thus, simulations provide
evidence that the experimentally observed energetic switch is gov-
erned by the balance of native and nonnative interactions. This
highlights the importance of modeling nonnative interactions for
understanding the mechanism of myristoyl switching.

Fig. 2. Interplay between nonnative interactions on the folding barrier and
stability. (A) The value of the folding temperature, TF , at different strengths of
native (ε) and nonnative (κ) interactions between the myristoyl and the pro-
tein. (B) The value of the free energy barrier for folding at different values of ε
and κ (at TF ). In these simulations, the ε of the protein contacts equals 1. κ ¼ 0

corresponds to the pure native topology-based model. (C) The median of the
distances of all the hydrophobic nonnative pairs between the protein and the
myristoyl in the folded-, unfolded-, and transition-state ensembles for the na-
tive topology-based model (Go, grey) and the model supplemented by non-
native hydrophobic interactions (HPGo, black). The inset shows the median of
all hydrophobic nonnative interactions within the protein. (D) The decrease in
the energy barrier for folding ofWTandmutant hisactophilin uponmyristoy-
lation, ΔΔGTS-U ¼ mf;avg · ½ðureaÞ lnðkfÞ¼0;myr − ðureaÞ lnðkfÞ¼0;nonmyr�, calculated
using theaveragedenaturantdependence for lnðkf Þ,mf;avg, for all thevariants
(Fig. S4).

Fig. 3. Energetics of myristoyl switching. (A) Equilibrium urea denaturation
curve measurements of stability for nonmyristoylated (open symbols) and
myristoylated (closed symbols) hisactophilin at pH 6.2 (black squares) and
7.7 (red circles). Stabilization upon myristoylation, ΔΔGU-F ¼ ΔCmid · mavg,
calculated from the difference in the midpoint of denaturation, ΔCmid, for
myristoylated relative to nonmyristoylated hisactophilin multiplied by mavg,
the average denaturant dependence ofΔGU-F for the 2 forms of hisactophilin
(6). (B) Simulated fraction unfolded vs. temperature for myristoylated
(solid bold line) and nonmyristoylated (solid line) hisactophilin at low pH
(black) and high pH (red) under different strengths of ε (native) and κ
(nonnative) myristoyl interactions. (C) Stabilization upon myristoylation,
ΔΔGU-F , for WT, F6L/I85L/I93L, and I85L hisactophilin at pH 6.2 (black) and
pH 7.7 (red).
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We then analyzed the contributions of individual residues to
switching, using a combination of experimental measurements
and atomistic simulations for mutant proteins. In previous experi-
ments, we found that the switch in hisactophilin is broken in the
triple myristoyl binding pocket mutant, F6L/I85L/I93L, such that
the myristoyl group remains in the sequestered state and does not
switch to the accessible state with decreasing pH (25) (Fig. 3C).
We now report that the single mutation, I85L, breaks the switch
in the opposite way—i.e., by weakening interactions of the myr-
istoyl with the protein such that the mutant protein remains in the
accessible state. It is noteworthy that this highly conservative
mutation, changing only the stereochemistry of a single sidechain,
essentially abolishes switching. We speculate that moving the
branch point in the sidechain from the β- to the γ-carbon may
create steric clashes with the myristoyl, interfering with it adopt-
ing its fully sequestered conformation, and concomitantly in-
creasing protein dynamics such that coupling between the myris-
toyl binding pocket and sites of protonation is disrupted.

The F6L/I85L/I93L and I85L mutations have dramatically dif-
ferent effects on the transition state compared to the native state.
Rather counterintuitively, despite the broken switching, both
F6L/I85L/I93L and I85L fold slightly faster than WT in the
myristoylated form (Fig. S4A). This suggests that the folding
of the WT protein is slightly slowed—i.e., frustrated—by residues
required for switching functionality. Nevertheless, as mentioned
above, the energetics of the transition state relative to the un-
folded state are robust (Fig. 2D). In contrast, the energetics of the
native state and protein function are dramatically affected by the
mutations (Fig. 3C). This suggests that I85L introduces too much
strain into the native state to allow for switching, while F6L/I85L/
I93L causes too large a reduction in strain, consistent with altered
dynamics observed in atomistic simulations (vide infra).

Structural Switch of theMyristoyl among Sequestered, Accessible, and
Exposed States. From our folding simulations, we identified the
conditions where myristoyl switching occurs. Fig. 4A shows a
two-dimensional free energy surface for the coupling between
folding of hisactophilin (depicted by QFolding) and switching of
the myristoyl group (depicted by QProt-Myristoyl) for three sets

of ε− and κ-parameters for native and nonnative interactions, re-
spectively, of the myristoyl group. At low values of QFolding, the
protein is unfolded and the myristoyl is highly exposed to solvent
(i.e., QProt-Myristoyl is low but some sporadic interactions between
the myristoyl and the protein are found). At high values of
QFolding, the protein is folded and the myristoyl forms many more
contacts with the protein as it fits in the hydrophobic pocket.
When ε ¼ 0.6 and κ ¼ 0, the enthalpic stabilization is insufficient
for populating the sequestered state. However, increasing the
strength of the native and nonnative interactions (ε ¼ 0.8 and
κ ¼ 0.2) results in the full insertion of the myristoyl into its pock-
et. The switching of the myristoyl from the exposed to the seques-
tered state follows the folding of the protein (Fig. 4A). Only when
the strength of the interactions of the myristoyl with the protein
are sufficiently strong (close to unity), a coupling between folding
and switching emerges (i.e., the folding follows more two-state
rather than three-state behavior). In this scenario, the strong cou-
pling between folding and switching can be reduced when the
strength of nonnative interactions is increased, as they may allow
the protein to populate states other than the fully sequestered
state while the rest of the protein is folded.

To further elucidate the switching mechanism, we analyzed the
position of the tip of the myristoyl with respect to the bottom of
its hydrophobic pocket; specifically, we measured the distance
between the bead representing C13 and C14 of the myristoyl
group and the center of mass of the beads representing the alpha
carbons of three residues at the bottom of the barrel (V21, V61,
and V101). This analysis revealed three typical structural states
of the myristoyl group relative to the protein. The two limiting
states correspond to the myristoyl being fully sequestered in the
protein binding pocket versus the fully solvent exposed state of
the myristoyl (states I and III in Fig. 4). In the remaining state,
the myristoyl is partially accessible to the solvent (state II) and is
stabilized by nonnative hydrophobic interactions with residues
located at the rim of the pocket (Fig. 4E). This intermediate
state (state II, in which the myristoyl forms about 8 native inter-
actions with the protein compared to 25 in the fully sequestered
state, Fig. 4B) resembles the accessible state that was observed
in experiments as pH was lowered. In this accessible state, the

Fig. 4. Structural characterization of the myristoyl switching mechanism. (A) The coupling between folding and switching is shown by projecting the free
energy onto two reactions coordinates: QFolding (number of native contacts within hisactophilin) and QProt-Myristoyl (number of native contacts between the
myristoyl and hisactophilin) for ε ¼ 0.6, κ ¼ 0; ε ¼ 0.8, κ ¼ 0.2; and ε ¼ 1, κ ¼ 1. Blue and red areas correspond to highly and poorly populated states, respec-
tively (free energy in units of kT). (B) Definition of the three states of the myristoyl relative to the bottom of the barrel: fully sequestered (state I, <7.5 Å),
accessible (state II, 7.5–20 Å), and exposed (state III, >20 Å). The numbers in brackets refer to the average QProt-Myristoyl in each state. The blue, red, and green
trajectories were simulated using different values of ½ε; κ�which equal ½0.6; 0�, ½0.8; 0.2�, and ½1.0; 1.0�, respectively. (C) Analysis of atomistic molecular dynamics
simulations for WT, F6L/I85L/I93L, and I85L showing effects of mutations on the probability of populating states I and II. (D) Decorrelation time of the tip-
to-bottom distance. (E) Representative conformations of the myristoyl for states I and II that were found in atomistic simulations.
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myristoyl group is less buried; however, there remain significant
interactions between the myristoyl and the protein, based on
measurements of energetics and NMR data (6).

In the simulations, the strength of native and nonnative inter-
actions between the protein and the myristoyl has a major impact
on the position of the myristoyl with respect to the protein. In
general, we see that when the native interactions are strong
(ε ≥ 0.9), the protein is mostly in the sequestered state (state I)
regardless of the strength of the hydrophobic nonnative interac-
tions. The exposed state (state III) is common in simulations
in which both the native and nonnative interactions are weak
(κ and ε < 0.6). The partially accessible state (state II) is most
common when the nonnative interactions are strong (κ ¼ 1),
but native contacts between the myristoyl and the pocket are
weak (ε < 0.7, Fig. 4A and Fig. S5). Based on previous analyses
of the pH dependence of stability and NMR data, switching from
the sequestered state to the accessible state is caused by the bind-
ing of approximately 1.5 protons by a small number of histidine
residues localized on one side of the protein (6, 25). Also, the
protonation of the histidines is coupled to the state of nearby hy-
drophobic residues including F6, I85 and I93, which sensitively
communicate pH changes to the myristoyl binding pocket as evi-
denced by switching being abolished in the F6L/I85L/I93L (25)
and I85L (Fig. 3C) mutants. Therefore, we speculate that in hi-
sactophilin at low pH, where the accessible state is favored, the
nonnative interactions between the protein and the myristoyl are
strong while histidine protonation weakens the native protein-
myristoyl interactions with respect to the rest of the native inter-
actions in the protein, and that this combination leads to the in-
termediate position of the myristoyl group relative to the protein.

We used molecular-dynamics simulations of the folded state
for WT, F6L/I85L/I93L, and I85L to assess the extent of burial
of the myristoyl group in the protein binding pocket by measuring
the distance from the tip of the myristoyl to the bottom of the
barrel. We also calculated the time for the position of the myr-
istoyl group in the protein to become decorrelated, which pro-
vides a measure of myristoyl dynamics. The simulations suggest
that WT accesses both the sequestered and partially accessible
states (states I and II). In contrast, F6L/I85L/I93L is predomi-
nantly in a sequestered state (state I), with the myristoyl inserted
further into the protein than in WT and little fluctuation of the
myristoyl into the accessible state (state II). On the other hand, in
I85L the myristoyl may be slightly less buried than in WT, with
increased population of the accessible state (state II). In addition,
the triple mutant transitions between states more slowly than WT
based on increased decorrelation time for the position of the myr-
istoyl group compared to WT, whereas the single mutant shows
the opposite behavior, transitioning more rapidly with a shorter
decorrelation time (Fig. 4D). Thus, both the location and dy-
namics of the myristoyl group in the atomistic simulations are
consistent with the experimental energetic data (Fig. 3C) and
folding simulations (Fig. 4 A–C), which taken together indicate
that the myristoyl: (i) makes stronger interactions with the pro-
tein in F6L/I85L/I93L, causing it to remain in the sequestered
state; (ii) makes weaker interactions in I85L so that it stays in
the accessible state II; and (iii) is poised to switch between the
two states in WT.

Localized Stability Changes Associated with Myristoyl Switching. We
obtained higher-resolution insights into the energetics of switch-
ing by further analysis of simulations combined with experimental
measurements of amide H/D exchange rates. Full stabilization of
the protein occurs only after the myristoyl is switched from the
accessible to the sequestered state (transition from state II to
state I). We identified 12 residues that become significantly more
ordered after the myristoyl is fully inserted into the pocket
(Fig. 5A, blue). Some of these residues are close in sequence to
the myristoyl and may be expected to behave in this way, whereas

others are far in sequence but close in structure. Notably, the
N- and C-termini of the protein exhibit the largest increase in
order when the myristoyl becomes sequestered.

We obtained an experimental measure of changes in protein
flexibility upon myristoylation using amide H/D exchange rate
measurements for approximately 35 amides located throughout
the protein structure (Fig. 5B and Fig. S6A). Increased amide
H/D protection factors upon myristoylation are observed for
many amides throughout the protein, at both pH 5.9 where the
protein is predominantly in the accessible myristoyl conformation
(state II) and at pH 8.1 where the protein is predominantly in
the sequestered conformation (state I) (Fig. S6A). This protec-
tion is consistent with myristoylation increasing the global protein
stability, as has also been observed in chemical denaturation
experiments (6, 27). Furthermore, the largest increases in amide
protection arising from the myristoyl group from pH 5.9 to 8.1 are
observed for amides close to the N- and C-termini (Fig. S6B).
This is consistent with the increase in structure upon full insertion
of the myristoyl group observed by simulation (Fig. 5A). The
amide protection factors also reveal that a small group of amides
(V83, T112, F113, E114, and I118) show small decreases in pro-
tection upon myristoylation (Fig. S6A). These residues are clus-
tered at one side of the myristoyl binding pocket, suggesting that
mobility in this region may be linked to and facilitate switching
between accessible and sequestered states.

Conclusions
Post-translational modifications are a common means to regulate
protein function. In many cases the regulation is achieved by the
modification directly modulating the protein biophysical proper-
ties. Our study reveals molecular details of significant changes in
protein stability and kinetics caused by myristoylation. The effects
of mysristoylation are more pronounced than those observed for
glycosylation (5) and ubiquitination (28) and can be simply ratio-
nalized by the close interactions of the hydrophobic myristoyl
group with its binding pocket, while in the case of glycan and
ubiquitin conjugates, the interface with the protein is smaller and
dominated by excluded-volume effects. The extensive interface
the myristoyl forms with the protein may therefore change the
folding enthalpy as well as the protein internal dynamics.

Using a range of complementary experimental and computa-
tional approaches, we characterized the pronounced effects of
myristoylation on the folding of hisactophilin. The effects on fold-
ing cannot be explained solely by the native interactions defined
in the NMR structure of hisactophilin with the myristoyl seques-
tered in its binding pocket (6); additional nonnative hydrophobic

Fig. 5. Changes in dynamics upon myristoylation. (A) Top view of hisacto-
philin with residues predicted to become ordered (blue, G2, N3, R4, A5,
F6, K7, H35, V36, E114, E115, I116, I118) upon sequestering of the myristoyl
group as observed by coarse-grained simulations. (B) Measured change in
amide exchange protection factor for myristoylated compared to nonmyris-
toylated WT hisactophilin, ΔPpH 8.1 ¼ logðPmyr · P−1

nonÞ (Fig. S6), at pH 8.1
where the myristoyl group is sequestered. R4, V43, A95, and I116 (blue,
Fig. S6) show the largest increase in protection upon myristoylation while
other residues are slightly protected (blue); V83, T112, F113, E114, and
I118 (red) show decreased protection. The myristoyl group is shown in red
stick representations.
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and electrostatic interactions also have significant roles. The
coarse-grained simulation models highlight the importance of
nonnative hydrophobic interactions in reducing the free energy
barrier for folding and stabilizing the protein. The simulations
reveal an intermediate state, distinct from the sequestered one
observed by NMR and a state with fully exposed myristoyl, where
the myristoyl is partially accessible and makes stabilizing nonna-
tive interactions with the protein. In simulations and experiments,
hisactophilin has maximal global stability only after the myristoyl
switches to the sequestered state. Furthermore, coarse-grained
simulations and amide H/D exchange measurements reveal mo-
lecular details of switching mechanism involving changes in local
stability clustered at one side of the binding pocket and including
the N- and C-termini of the protein. The effects of mutating hy-
drophobic residues distributed around and outside the myristoyl
binding pocket reveal the robust effect of myristoylation on fold-
ing kinetics, which contrasts with the relative ease of breaking
native-state switching. These results suggest that the long and
flexible nature of the myristoyl alkyl chain may enable sampling
of a relatively broad, nonspecific ensemble of hydrophobic inter-
actions in the transition state that is much more restricted and
finely tuned in the native state.

In summary, a combination of computational and experimen-
tal approaches provides unique insights on how a common fatty
acyl protein modification can tune folding through both native
and nonnative interactions, and how changes in stability and
dynamics control function. The effects of myristoylation in hisac-
tophilin are similar to results for other proteins where regions
of increased local stability are counterbalanced by regions of

decreased local stability implicated in function regulation by
ligand binding (29–31). The folding energetics and mechanism
for myristoylated hisactophilin support the notion that local en-
ergetic frustration and the accumulation of strain during switch-
ing can be linked to function as observed in allosteric proteins
(16) and for functional and/or hydrophobic residues in other pro-
teins (7, 11, 32, 33).

Materials and Methods
Two coarse-grained models of nonnative interactions were used: nonnative
hydrophobic interactions modeled by a Guassian potential (13) in which the κ
is the hydrophobicity strength, (HPGo model) and nonnative electrostatic
interactions modeled by the Debye–Huckel potential (His0 and His1, for high
and low pH) (20). Each native interaction is modeled using Lennard–Jones
potential with strength of ε. To model nonmyristoylated hisactophilin all
the contacts of the myristoyl beads were removed except for the virtual
bonds that connect the beads to each other (SI Materials and Methods).
All-atom molecular dynamics were based on the refined structure of myris-
toylated hisactophilin and run using the AMBER simulation package (SI
Materials and Methods). Preparation of hisactophilin variants and measure-
ments of protein stability by equilibrium denaturation curves (23), folding
kinetics by stopped flow (24), and amide H/D exchange by NMR (27) were
performed as described previously (SI Materials and Methods).
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