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Allostery is the phenomenon of coupling between distal binding sites in a protein. Such
coupling is at the crux of protein function and regulation in a myriad of scenarios, yet
determining the molecular mechanisms of coupling networks in proteins remains a
major challenge. Here, we report mechanisms governing pH-dependent myristoyl
switching in monomeric hisactophilin, whereby the myristoyl moves between a seques-
tered state, i.e., buried within the core of the protein, to an accessible state, in which the
myristoyl has increased accessibility for membrane binding. Measurements of the pH
and temperature dependence of amide chemical shifts reveal protein local structural sta-
bility and conformational heterogeneity that accompany switching. An analysis of these
measurements using a thermodynamic cycle framework shows that myristoyl-proton
coupling at the single-residue level exists in a fine balance and extends throughout the
protein. Strikingly, small changes in the stereochemistry or size of core and surface
hydrophobic residues by point mutations readily break, restore, or tune myristoyl switch
energetics. Synthesizing the experimental results with those of molecular dynamics simu-
lations illuminates atomistic details of coupling throughout the protein, featuring a large
network of hydrophobic interactions that work in concert with key electrostatic interac-
tions. The simulations were critical for discerning which of the many ionizable residues
in hisactophilin are important for switching and identifying the contributions of nonna-
tive interactions in switching. The strategy of using temperature-dependent NMR
presented here offers a powerful, widely applicable way to elucidate the molecular mech-
anisms of allostery in proteins at high resolution.
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Protein allostery is the process whereby ligand binding at one site in the protein affects
binding at another functional site, allowing for regulation of the corresponding func-
tion. Despite the centrality of allostery to a tremendous range of protein function,
defining the molecular mechanisms of allostery and the accompanying energetics
remains a central challenge in biochemistry (1, 2). The challenge arises from the multi-
tude of intra- and intermolecular interactions in proteins and their ligands, which affect
one another in intricate ways that remain experimentally obscure and hard to predict.
Here, we focus on proton binding–regulated functional myristoyl switching in hisacto-

philin, an actin binding protein from Dictyostelium discoideum containing 31 histidine res-
idues (Fig. 1 A and B) (3, 4). Myristoylation is the covalent attachment of a C14 fatty
acyl chain to an N-terminal glycine in a protein. Allosteric control of switching of the
state of the myristoyl plays a vital role in a wide variety of regulated protein-membrane
and protein-protein interactions (5–7). For example, myristoyl switching is involved in
natural processes such as chemotaxis and response to osmotic stress by hisactophilin (8),
light signal transduction in the retina by recoverin (5), and disease processes in cancer and
viral infections (9–11). Hisactophilin exemplifies reversible, ligand binding–regulated,
myristoyl switching; specifically, binding of ∼1.5 protons causes a switch from a seques-
tered state, in which the myristoyl is buried within the core of the protein, to an accessible
state, in which the myristoyl has increased accessibility for membrane binding (12) (Fig.
1B). While coarse-grained modeling has implicated nonnative hydrophobic and histidine
interactions in switching, the molecular details are still unknown (13).
Solution NMR is a powerful means to characterize different states of proteins. In

particular, the temperature dependencies of amide proton (1H) chemical shifts provide
valuable probes of hydrogen bonding and temperature-dependent changes in local pro-
tein structure, as well as conformational sampling of distinct near-native states
(14–18). Interestingly, the well-established relationships of amide temperature coeffi-
cients (TCs) with hydrogen bonding were extended to a more general observation of
TCs reporting on protein structural stability (18, 19). However, as the many intra- and
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intermolecular contributions to chemical shift vary in complex
ways with temperature, a quantitative structural interpretation
of TCs has remained elusive. Recent studies in our group and
others have shown how the complexities of amide temperature
dependencies may be simplified by comparing related protein
variants, yielding nuanced information on changes in structural
stability and sampling of alternative states significant for natural
function, disease, drug discovery, and materials (6, 16–26).
Here, we report how differences in temperature and pH

dependence of amide chemical shifts, and a combined analysis
using a thermodynamic cycle framework, discern the molecular

underpinnings of allosteric myristoyl switching in hisactophilin.
Applying the NMR experiments with site-directed mutagenesis
and computational modeling reveals an extensive network of
interacting residues, including the major hydrophobic core
coordinated with surface electrostatic interactions of key histi-
dines. Conservative changes to buried and exposed hydropho-
bic groups alter a cascade of interactions that easily tip the fine
balance of switching states and thus readily break, repair, or
modulate pH-dependent myristoyl switching.

Results and Discussion

Amide TCs Show Extensive Changes in Local Protein Stability
during Switching. The linear temperature dependencies of back-
bone amide proton chemical shifts, or TCs, are sensitive report-
ers of local protein structural stability (16–18). To examine how
myristoyl switching impacts local stability in wild-type (WT)
hisactophilin, amide chemical shifts were measured using
1H-15N heteronuclear single quantum correlation (HSQC)
spectra acquired as a function of temperature at pH 7.7 and
6.2, i.e., values above and below 6.95, the midpoint of switch-
ing (pKswitch) (Fig. 1C). At pH 7.7, the myristoyl is mainly
sequestered within the protein (the sequestered state), while at
pH 6.2, it has increased accessibility for membrane binding (the
accessible state) (12) (assignments deposited in the BMRB (Bio-
logical Magnetic Resonance Bank), deposition numbers in SI
Appendix, Supplementary Methods). In general, amides in more
stable structures exhibit smaller decreases in chemical shifts with
increasing temperature (SI Appendix, Fig. S1 and S2), as is evi-
dent for residues in β strands (e.g., A16 and G56) versus ones
in flexible loops (e.g., H89 and H106) (Fig. 2 A and B and SI
Appendix, Tables S3 and S4) (14, 15, 27). To assess differences
in stability when the myristoyl switches from accessible to
sequestered, we measured the change in TC from pH 6.2 to 7.7
(ΔTCSeq-Acc = TCpH 7.7 � TCpH 6.2) (Fig. 2 C–E). The num-
ber of residues that were stabilized in the sequestered or accessi-
ble states were similar but distributed across different parts of
the protein. These results indicate extensive differences in local
stability throughout the protein between the two states of
the switch.

Myristoyl-H+ Coupling Distributed throughout WT Is Disrupted
in Broken-Switch Mutants. To establish the molecular details of
the switching mechanism, we assessed the coupling between
myristoyl switching and proton binding (CouplingMyr-H+) on a
per-residue basis by applying thermodynamic cycle analysis to
WT amide TCs (Fig. 3A). This analysis of TCs is conceptually
similar to established methods whereby coupling between two
groups is determined by systematically altering them individu-
ally and together (e.g., by mutagenesis or addition of a ligand)
(SI Appendix, Fig. S3) and observing the resulting changes in
global protein stability (12, 28–30). This cycle analysis allows
unrelated interactions to be subtracted out so that specific inter-
actions can be examined. The TC cycle has the important
advantage of assessing the myristoyl-proton coupling at many
sites concurrently, giving a unique high-resolution view.

For the cycle analysis, we define myristoyl-H+ coupling as
the difference in amide structural stability in myristoylated
(TCmyr) relative to nonmyristoyled (TCnon) WT at pH 7.7 rel-
ative to pH 6.2 (Fig. 3A and SI Appendix, Table S3):

CouplingMyr�Hþ ¼ TCmyr � TCnon
� �

pH7:7
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� �
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Fig. 1. Hisactophilin myristoyl pH switch analyzed by NMR. (A) Structure of
myristoylated hisactophilin. Structure model based on the NMR structure
at pH 6.8 (PDB: 1HCD), near the midpoint of switching, with myristoyl
(magenta spheres) modeled based on NOE restraints (12). Side chains
mutated in this study are shown as sticks. Solvent-exposed residues H90
(in a turn), I116, and I118 (C terminus) are green. F6 and I85 in the bottom
β-barrel layer are light green, V36 and L76 in the middle hydrophobic layer
of the β-barrel are dark blue, and I93 in the upper β-barrel layer is tur-
quoise (14). (B) Schematic of the hisactophilin pH-myristoyl switch. Myris-
toyl (wavy line) is sequestered in the protein (gray square) at high pH (Right)
and switches to a state with increased myristoyl accessibility upon proton
binding at lower pH (Left). A summary of backbone amide resonance
assignments for WT hisactophilin has been submitted to BMRB (SI
Appendix, Supplementary Methods). (C) Variable-temperature 1H-15N HSQC
spectra of myristoylated hisactophilin at pH 6.2. Spectra were taken at 5 to
45 °C in 5 °C increments. ppm, parts per million.
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A positive coupling value suggests the myristoyl increases local
protein stability at pH 6.2, i.e., in the presence of bound H+

(the accessible state); conversely, a negative value indicates the
myristoyl increases stability at pH 7.7, in the absence of bound
H+ (the sequestered state). Strikingly, both positive and nega-
tive coupling are abundantly apparent throughout the WT
structure, indicating a highly distributed balance of local stabil-
ity favoring each state (Fig. 3B).
We then applied the TC cycle coupling analysis to two

hydrophobic core mutants of hisactophilin, I85L and I85L/
F6L/I93L (LLL). These mutants were chosen based on previous
chemical denaturation experiments (which measure global pro-
tein stability) indicating that myristoyl-H+ switching is broken.
While in principle the mutations may alter what conformations
are accessible to the protein, the data indicate the mutants pre-
dominantly populate just one state, resembling either accessible
(I85L) or sequestered (LLL) (SI Appendix, Tables S5 and S6)

(12, 13, 30). For the point mutant I85L, myristoylation confers
a small increase in global protein stability at pH 6.2, which
does not increase significantly with increased pH; the small sta-
bilization (comparable to WT at pH 6.2) and computational
modeling indicate that switching is broken so that the protein
mainly populates a state resembling accessible. In contrast, the
triple-mutant LLL is broken to favor a state resembling seques-
tered, with the myristoyl conferring a large increase in stability
at all pH levels (similar to WT at pH 7.7) and remaining
sequestered within the expanded cavity in the protein (Fig. 2).
The two broken-switch mutants provide key controls to con-
firm that TC analysis identifies changes between the accessible
and the sequestered states in WT. In agreement with the global
coupling measurements, the extensive network of positive and
negative Myr-H+ coupling observed for WT is strikingly
diminished in both I85L and LLL (Fig. 3). These results are
particularly notable given that the mutant switches are broken

A

B

C

D E

Fig. 2. Amide TCs of myristoylated and nonmyristoylated WT hisactophilin. (A) 1H chemical shift versus temperature for selected amides in myristoylated
hisactophilin at pH 6.2 (black triangles) and pH 7.7 (gray diamonds). A smaller TC (i.e., a smaller decrease in chemical shift with increasing temperature) indi-
cates greater structural stability (15, 16). (B) TCs (in parts per billion per Kelvin [ppb/K]) from linear fits of the data for each residue in WT hisactophilin at pH
6.2 (black) and pH 7.7 (gray). (C) Differences in TC at pH 7.7 relative to pH 6.2 (ΔTCSeq-Acc = TCpH7.7 � TCpH6.2). The difference provides a measure of the
change in local structural stability in the sequestered versus accessible state. For example, TCs suggest that G56 and I93 are more stable in the accessible
state, H71 and H89 are more stable in the sequestered state, and there is very little change for A16 and H106. (D) Switching scheme showing accessible myr-
istoyl at low pH (proton bound) and sequestered myristoyl at high pH (no proton bound). (E) Hisactophilin structure colored according to the differences in
TC at pH 7.7 relative to pH 6.2. TC values are given in SI Appendix, Tables S1–S3.
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such that they predominantly populate different states with
considerably different stabilities and provide strong support for
the identification of coupling using TC cycles.

Thermodynamic cycle analysis of protein chemical denatur-
ation is a well-established approach to measuring pairwise
coupling between bound ligands and/or individual residues in
proteins (28, 30). This approach requires experiments on sepa-
rate double-mutant cycles for each interacting pair to obtain a
high-resolution view of coupling. Attractive aspects of the alter-
native TC cycles described herein are the facile analysis of
many residues simultaneously, without needing to make and
analyze many mutants. In addition, the cycle framework can
simplify and provide deeper interpretation of the TC data.

Population of Alternative States by WT Is Much Reduced in
Broken-Switch Mutants. Beyond TCs, subtle nonlinearities in
the temperature dependence of amide 1H chemical shifts pro-
vide additional valuable information as they report on the pop-
ulation of alternative states in proteins, as has been observed in
a variety of binding proteins and enzymes (6, 17, 18, 31–33).
This curvature is detected through analysis of the observed
chemical shift relative to the line of best fit of a TC, and the
sign of the curve (concave or convex) generally correlates with
the amide proton chemical shift relative to the random coil
(17, 33). Many more amides exhibit curved temperature depen-
dencies in myristoylated compared to nonmyristoylated WT
hisactophilin (Fig. 4 and SI Appendix, Tables S1 and S2). The
myristoyl-induced effects observed in WT are again markedly
attenuated, but not eliminated, in the mutants. Intriguingly,
the remaining curvature is modestly higher for I85L than for
LLL, perhaps due to the unstable nature of the accessible myris-
toyl in I85L still seeking hydrophobic burial compared to a
more stable sequestered state in LLL (SI Appendix, Fig. S5 and
Table S2). Thus, curvature provides a sensitive readout of sig-
nificant remaining dynamics and extends the view of changes
in function beyond that given by global stability change. For
WT hisactophilin, the switching free-energy difference between
myristoyl sequestered and accessible states, ΔGSwitch, of 2.0
kcal mol�1 (12) is in a range where curvature may be most
readily detectable (17, 27, 31, 33, 34). Despite this moderate
energy difference, many residues throughout the protein partic-
ipate in switching.

pH Dependence of Amide Chemical Shifts Show that Extensive
Changes in pKapp Accompany Switching. To examine how ioniz-
able groups contribute to switching, we also measured the pH
dependence of 1H-15N HSQC spectra for myristoylated com-
pared to nonmyristoylated WT, I85L, and LLL hisactophilin
(SI Appendix, Fig. S6). The nonmyristoylated form may serve
as a model for the protein when the myristoyl is fully exposed
and no longer in its binding pocket (12, 13), which occurs dur-
ing functional membrane binding by hisactophilin (4). In these
experiments, amide apparent pKa (pKapp) values serve as indi-
rect reporters of the ionizable groups that influence the amide
environments (12). Previous studies showed the pH switch for
WT from sequestered to accessible myristoyl is coupled to the
net binding of ∼1.5 H+ due to an increase in pKa from 6 to
6.5 to from ∼7 to 7.6 involving multiple (at least two) ioniz-
able groups (12). Owing to the complex and extensive changes
in amide pKapp values throughout the protein (SI Appendix,
Fig. S6), the specific ionizable groups could not be determined
from among the many possibilities (31 His, 6 Asp, and 7 Glu).
In I85L and LLL, the changes in pKapp upon myristoylation
are largely abrogated, again in agreement with their broken
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Fig. 3. TC cycle analyses show the extensive Myr-H+ coupling network in
WT is diminished in broken-switch I85L and LLL hisactophilin. (A) Cycle anal-
ysis for amide TCs. The cycle takes the differences between myristoylated
hisactophilin (top gray squares with a wavy line) and nonmyristoyled hisac-
tophilin (bottom gray squares), in the presence (pH 6.2) or absence (pH 7.7)
of bound protons. The myristoyl-H+ coupling for individual amides was cal-
culated as CouplingMyr-H+ = (TCmyr � TCnon)pH7.7 � (TCmyr � TCnon)pH6.2 =
4–2 = 1–3 (raw values for calculation are in SI Appendix, Tables S1 and S2).
Values for CouplingMyr-H+ are mapped onto a model of the structure of
myristoylated hisactophilin at pH 6.8 (12), shown viewed from the side and
from the top, for (B) WT, (C) I85L, and (D) LLL. The coupling values are also
shown as bar graphs in SI Appendix, Fig. S5. WT exhibits extensive positive
(red) and negative (blue) coupling, indicating a balance of interactions
favoring accessible or sequestered, respectively. Coupling is greatly dimin-
ished in the broken-switch mutants.
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switching (SI Appendix, Fig. S6). However, as for curvature,
I85L retains more WT-like switching characteristics in the pH
data than LLL. Together, the pH and temperature dependen-
cies of chemical shifts give a rich view of a network of residues
throughout the WT protein that participate in switching and
how the switching is greatly diminished, though not completely
obliterated, by conservative hydrophobic mutations.

Mutagenesis of Hydrophobic Residues Reveals a Fine Balance
in pH Switching. In order to better understand the large impacts
of hydrophobic residues on the pH dependence of hisactophilin

function, we used chemical denaturation to measure global ener-
getics of switching for an extended set of mutants (Fig. 5). These
mutants were chosen based on previous coarse-grained simula-
tions and experiments which implicated the mutated residues in
switching and include mutations affecting different regions of
the β-barrel (13). Intriguingly, combining I85L with F6L
restores the broken switch of I85 to a near-WT value of
ΔGSwitch (Fig. 5B). Concurrently, there is an increase in stabili-
zation upon myristoylation at low and high pH levels (Fig. 5A).
These results support our previous proposal that the I85L muta-
tion sterically blocks access of the myristoyl to the sequestered
state (13) and indicate F6L may relieve putative steric strain to
again allow myristoyl sequestration. Notably, another conserva-
tive change in stereochemistry, adding I93L to I85L/F6L (result-
ing in LLL), again breaks switching, this time with increased
myristoyl stabilization hardly modulated by pH. This is consis-
tent with a loss of protein populating the modestly stabilized
accessible state. Unexpectedly, we found truncations of surface
hydrophobic groups, I118A and I116A, also break switching,
such that myristoylation confers little stabilization, comparable
to I85L. In contrast, truncation of three hydrophobic residues in
the protein core—F6L, V36A, and L76A—diminish pH switch-
ing while increasing stabilization by the myristoyl. This increased
stabilization again points to the presence of strain or instability
in the WT protein, proposed previously based on increased
global protein folding dynamics caused by myristoylation (12).
Such strain may be a feature of the core characteristics necessary
to allow for two different myristoyl states. It is notable that
many of the mutations that impair switching alter β-branched

A

B

C D

Fig. 4. Curved temperature dependencies implicating the existence of
multiple conformations in myristoylated (Myr) WT are decreased in the
broken-switch mutants. (A) Residues exhibiting significant residual amide
chemical shift curvature with temperature in Myr WT hisactophilin only
(orange) or in both Myr and nonmyristoylated (Non) WT (brown) at pH 6.2.
Only residuals that deviate from linearity at a stringent significance cutoff
of P = 0.01 are shown (SI Appendix, Table S1 and S2 and Supplementary
Methods). (B) Representative residual amide chemical shifts versus temper-
ature for WT. (C and D) Ribbons for I85L and LLL mutants, colored as in A.

A

B

Fig. 5. Impacts of mutations on the global energetics of switching. (A)
Change in global protein stability measured by chemical denaturation for
myristoylated relative to nonmyristoylated mutant hisactophilins at pH 6.2
(light bars) and pH 7.7 (dark bars), ΔΔGMyr-Non = ΔGU-F,Myr � ΔGU-F,Non in kil-
ocalories per mole. Positive values of ΔΔGMyr-Non indicate increased stabil-
ity upon myristoylation. Gray or black indicates variants that can undergo
switching. Red indicates variants that primarily populate the accessible
state, as myristoylation is only modestly stabilizing at both pH levels, simi-
lar to the stabilization of WT at pH 6.2. Blue indicates a variant that pre-
dominantly populates the sequestered state, as myristoylation is strongly
stabilizing at both pH levels, similar to WT at pH 7.7. Error bars represent
the error in ΔΔGMyr-Non calculated from the relative error of the fit of
Cmid (the midpoint of denaturation). (B) Free energy of switching (if possi-
ble) is the difference in myristoyl stabilization at pH 7.7 relative to pH 6.2,
ΔGSwitch = ΔΔGMyr-Non,pH7.7 � ΔΔGMyr-Non,pH6.2. The color scheme is the
same as described in A. Plotted values and error bars are from fitting dena-
turation curve data to a binomial extrapolation model (SI Appendix, Tables
S4–S6 and Supplementary Methods).
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residues, suggesting that steric constraints are also important.
Taken together, the mutations studied affect switching in diverse
ways—requiring a fine balance without one stable solution to
make a myristoyl switch.

Hydrophobic-Electrostatic Switching Mechanism in Hisactophilin.
Lastly, we conducted molecular dynamics (MD) simulations of
hisactophilin using umbrella sampling with an explicit solvent
and an implicit solvent generalized Born model with simple
switching function (GBSW) at pH 6, 7, and 8; the MD results
provide an atomistic view of switching that enabled a deeper
interpretation and integration of the experimental data for WT
and variant hisactophilins. Importantly, umbrella sampling MD
with an explicit solvent identified two local energy minima at dif-
ferent locations for the myristoyl in WT hisactophilin. These
energy minima are consistent with two preferred states, seques-
tered and accessible, and align with relative stabilities from chemi-
cal denaturation experiments (Figs. 5 and 6A). The GBSW
simulations also found similar preferred locations (SI Appendix,
Fig. S7). We define the sequestered state as corresponding to con-
formers where the C14 of the myristoyl is 5 to 8 Å from the
centroid of V21, V61, and V101 (3V) at the bottom of the myr-
istoyl binding pocket in the hisactophilin core, while in the acces-
sible state, the C14 is 21 to 25 Å from 3V. Furthermore, GBSW
MD showed a statistically significant increased population of
sequestered relative to accessible conformations from pH 6 to
8 (SI Appendix, Fig. S7), which while much smaller, follows the
same trend as experiments. The smaller pH dependence is not
surprising given the GBSW model lacks a solvent dispersion term
that would further stabilize the accessible state (35).

More detailed analysis of the simulations revealed structural
features of switching. In the sequestered state, the myristoyl
tends to be more extended than previously noted (13) (SI
Appendix, Figs. S8 and S9) and is deeply buried, contacting
hydrophobic residues right through the hisactophilin core (Fig.
6 B and C and SI Appendix, Fig. S10). Interestingly, in the
accessible state, the myristoyl is also generally extended (SI
Appendix, Figs. S8 and S9), laying across the top of the protein
(Fig. 6D), where it samples many positions. These results may
give insight into hisactophilin function, as in the accessible state,
the myristoyl is positioned to easily interact with and insert into
the cell membrane, a reversible phenomenon that occurs in vivo
in chemotaxis and osmotic stress (8). Despite the much altered
location of the myristoyl, the overall structure of hisactophilin is
maintained upon switching, consistent with previous circular
dichroism and NMR experiments (3). Thus, maintaining the
protein fold may favor its function in rapid and reversible
anchoring of actin to the cell membrane (3, 4). Compelling sup-
port for a lack of structural change upon membrane association
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Fig. 6. Mechanism of pH-myristoyl switching in hisactophilin. (A) Umbrella
sampling MD free-energy profile as a function of distance from the myris-
toyl (magenta spheres) C13 and C14 atom center of mass to the α carbon
of the 3V center of mass (blue spheres). (B) Selected residues exhibiting
pronounced changes in intermolecular contacts in the accessible state
(C14-3V distance of 21 to 25 Å) relative to the sequestered state (C14-3V
distance of 5 to 8 Å) in GBSW simulations at pH 6. In the strip for each resi-
due, contacts are shown for myristoyl as residue 1 (M1) to I118 at the C ter-
minus. The red-blue scale represents the change in contact formation

spanning ±0.75; i.e., red indicates a contact was formed up to 75% more
frequently in the accessible state (SI Appendix, Tables S7–S13; full contact
plot in SI Appendix, Fig. S10). (C) Representative sequestered structure from
GBSW simulations. The myristoyl (purple sticks) makes extensive contacts
with hydrophobic core residues (green sticks). In the accessible state (D),
core residues (filled green space) contact each other more frequently in
the collapsed core, while the myristoyl makes contacts with residues at the
top of the protein, including C-terminal I116, I117, and I118 (dark green). In
GBSW simulations, the accessible state has increased favorable electro-
static interactions (dashed lines) of D57 with H91 and H89 (sticks); in the
sequestered state, decreased contact with D57 and the many nearby histi-
dines (thin blue lines) may contribute to decreased pKapp of H91. (E) Chemi-
cal shift versus pH for backbone amide protons of G56, H89, H91, and
H106 in myristoylated(.) and nonmyristoylated(x) WT, I85L, and LLL. The
stark change in pKapp of H91 and G56 in myristoylated versus nonmyristoy-
lated WT is much decreased in the broken-switch mutants. In contrast, the
fully solvent-exposed H106 is little affected by myristoylation or mutation.
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was obtained by encapsulating hisactophilin in reverse micelles,
which provide a model of membrane binding (36). The spec-
trum for myristoylated hisactophilin undergoes extensive change
upon encapsulation, becoming remarkably similar to the non-
myristoylated spectrum (SI Appendix, Fig. S11). These results are
in agreement with the nonmyristoylated protein resembling the
accessible state, being well folded and binding ready.
Further examination of intramolecular contacts identified

another notable feature of the accessible state: prominent non-
native interactions of the myristoyl with hisactophilin’s hydro-
phobic C-terminal residues I116, I117, and I118, which are
much decreased in the sequestered state (Fig. 6B). The observa-
tion of these interactions by MD adds to earlier coarse-grained
simulations where nonnative interactions were reported as
essential for switching but not defined in detail (13). Impor-
tantly, this also provides insight on the loss of switching
observed experimentally for I116A and I118A (Fig. 5). Further
analyses of side-chain and main-chain contacts of I116 to I118
with the myristoyl show that side-chain interactions are also
notably frequent when the myristoyl is positioned between
accessible and sequestered (SI Appendix, Fig. S12). Also, β hair-
pin and β strand contacts in the N- and C-terminal regions are
increased in the sequestered state, while the β4-β5 hairpin has
increased contacts in the accessible state (SI Appendix, Fig.
S10). Mutations of I to A typically decrease β structure propen-
sity and thus may weaken contacts that stabilize the sequestered
state. Together, these results implicate shifting interactions
involving the C terminus as central to switching.
Finally, deeper analyses of contacts synergistic with experimen-

tal results at last provide strong evidence for key electrostatic
participants in the switching mechanism. Overall, differences in
contacts between sequestered and accessible conformations include
a great many small changes throughout the protein, which are evi-
dent from simulations at all pH values (SI Appendix, Fig. S10 and
Tables S7–S15). This is consistent with the involvement of the
whole protein in switching, as observed by NMR. When ranking
the contact differences between accessible conformations at pH 6
and sequestered conformations at pH 8 according to their magni-
tude (SI Appendix, Table S14), the largest increase in a favorable
electrostatic contact occurs for D57 and H91 and a smaller
increase occurs for D57 and H89 (Fig. 6B and SI Appendix, Fig.
S10, respectively). Favorable electrostatic interactions of a carboxyl
group with a histidine will enhance histidine protonation and
thus increase its pKa (28), as is clearly evident in the pKapp values
for H91 and H89 in WT (Fig. 6E). As noted above, these
changes are much diminished in the broken-switch mutants I85L
and LLL, further supporting the mechanistic importance of these
interactions in myristoyl switching (SI Appendix, Fig. S6). While
NMR assignments are not available for D57, G56 and I55 exhibit
pKapp behavior similar to that of H91, along with notably
increased contacts with H91 (Fig. 6 B and D and SI Appendix,
Fig. S10), indicating their close proximity.
The aforementioned electrostatic changes are accompanied by

changes in a network of hydrophobic contacts. In the accessible
state, increased interactions of H91 with residues I55 and I85 sug-
gest H91 moves into a shallow hydrophobic pocket (Fig. 6 B and
D). This pocket connects to the core of hisactophilin, where
many hydrophobic residues have increased contacts (e.g., I85)
(Fig. 6 B and D and SI Appendix, Fig. S10 and Tables S7–S15).
The contact changes agree with trends toward the decreased radius
of gyration for the β-barrel and the whole protein upon switching
from sequestered to accessible (SI Appendix, Fig. S7). Together,
these rearrangements may better position H91 and decrease sol-
vent accessibility, thereby promoting H91-D57 interaction.

In the sequestered state, a decreased pKapp of ∼6 for H91
may be explained by loss of the favorable D57 interaction, along
with increased electrostatic repulsion with multiple nearby histi-
dines (H58, H71, H88, H89, and H90) (Fig. 6C). This raises
the question of just how many histidines may participate in pro-
tonation changes during switching, noting that histidines are
also thought to make favorable electrostatic interactions in mem-
brane and actin binding by hisactophilin (4). The modest
impairment of myristoyl switching in the H90G mutant (Fig. 5)
shows this residue does not play a primary role in switching.
The mutation is in a tight turn, where G is structurally favorable
(37) and significantly stabilizes both the myristoylated and non-
myristoylated protein (Fig. 5A and SI Appendix, Table S6). The
turn is flanked by the strands containing I85 and I93, which
have key roles in switching. Thus, mutation to G may limit
switching by decreasing requisite protein flexibility and dimin-
ishing electrostatic repulsion required for the decreased pKapp in
the sequestered state. While H90 and other nearby histidines
(H88, H71, and H58) do not exhibit substantial changes in
electrostatic contacts associated with switching, H89 may well
cooperate with H91 such that their combined molecular ioniza-
tion is a major driver of switching (38).

It should be noted that many residues exhibit a pKapp of ∼6
in myristoylated hisactophilin (SI Appendix, Fig. S6), which may
further reflect molecular ionization, as well as coordinated con-
formational changes in switching. Additional minor contributors
to switching may include increased favorable electrostatic interac-
tion of H9 and E114, similar to but less pronounced than H91
and D57 in chemical shift and contact changes (SI Appendix, Fig
S10 and Tables S7–S15). There are also other small changes in
contacts for pairs of histidine residues (SI Appendix, Tables
S7–S15). Taken together, the simulation results explain previous
experimental results, and vice versa, revealing how electrostatic
interactions, in concert with a network of hydrophobic interac-
tions, toggle switching.

Myristoyl Switch Mechanisms. In this study, we present NMR,
mutagenesis, and MD results that provide high-resolution insights
into the allosteric mechanism of pH-myristoyl switching in hisacto-
philin. Simulation reveals details of the change in the myristoyl
environment during switching, from its sequestration deep in the
protein hydrophobic core to being closer to the surface of the pro-
tein, where it interacts weakly with the hydrophobic C terminus
and is available to insert into the membrane. Upon emergence of
the myristoyl, a network of increased hydrophobic interactions and
contraction of the core occur, along with the formation of key
favorable electrostatic interactions on the protein surface. The com-
putational results mirror the temperature, pH, and mutagenesis
dependence of NMR data and global protein switching measured
by chemical denaturation. Thus, a coherent, high-resolution view
emerges of an integrated, proteinwide response.

The pH-myristoyl switching mechanism in hisactophilin
presents an interesting case study of coupled core hydrophobic-
surface electrostatic allostery. In comparison, myristoyl switching
of recoverin, as part of light signal transduction in the retina, is
regulated by calcium binding, which causes the myristoyl to
switch from being buried in the core of this helical protein to
solvent exposed, accompanied by large conformational changes
around a pivot point between the two EF-hand domains (5).
Myristoyl switching of the HIV-1 MA protein results in more
limited but significant structural changes (36). In contrast, hisac-
tophilin switching causes little change to the native fold (12),
which may facilitate rapid and reversible membrane and actin
binding functions. Hisactophilin may have a dynamic aspect to its
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switching, akin to a guanine cyclase-activating protein, GCAP,
where myristoyl switching does not change structure, instead caus-
ing large changes in protein dynamics (39, 40). Myristoylation of
hisactophilin accelerates its global protein folding and unfolding
kinetics, which together with rapid switch kinetics and a binding
pocket smaller than the myristoyl group, suggested strain in native
hisactophilin as a likely feature of switching (12, 13). The increased
stabilization upon myristoylation observed here for truncation- and
stereochemistry-changing hydrophobic mutants compared to WT
further supports the presence of strain in native hisactophilin. Strain
may be considered in terms of a balance or metastability between
the sequestered and the accessible states, with the temperature and
pH dependence of amide chemical shifts suggesting intricate trade-
offs in stability at the local level. These trade-offs change with pH
or mutation to alter the relative global energies of the two states and
thus favor the population of one state or the other (Figs. 5 and 6A).
Allosteric control of protein function via protonation is

widespread—occurring, e.g., in many actin-regulatory proteins,
pathogenic proteins, and hemoglobin—but is perhaps underre-
cognized (41, 42). The increased use of constant-pH and
pH-replica exchange MD simulations has enabled the study of
many pH-dependent allosteric mechanisms (42–44) but has
not before been applied to proteins with as many ionizable resi-
dues as hisactophilin. Accordingly, the methods demonstrated
here for hisactophilin could be applied to other proteins and
their variants to elucidate regulation by binding of protons or a
variety of other possible ligands, and they may be particularly
advantageous for those demonstrating complex and widely dis-
tributed allosteric networks.

Amide Temperature-Dependent Differences for Determining
Interaction Networks in Proteins. Differences in the tempera-
ture dependence of amide chemical shifts are demonstrating
increasing promise as a valuable expansion of the NMR toolkit
for protein characterization. The example of hisactophilin illus-
trates the information-rich results and high sensitivity afforded by
amide temperature dependencies to define interaction networks
and the population of alternative states. Another advantage is the
ease of acquiring and analyzing the results. Linear TCs are well
established as reporting on hydrogen bonding in proteins (6, 14,
15, 21, 27, 45–47). Furthermore, TCs may report more generally
on the temperature-dependent loss of structure (16). Notably,
TC comparisons of mutant proteins revealed distinct networks of
local stability perturbations, which were consistent with structural
changes observed by crystallography and not limited to changes
in hydrogen bonding, while summed TCs agreed well with meas-
urements of global stability by calorimetry (17, 18).
It is important to note that while more negative TCs are typi-

cally observed for amides in mobile loops compared to those in a
stable secondary structure (relating to inter- versus intramolecular
hydrogen bonding changes with temperature, respectively) (14,
15, 29, 48), TCs cannot be interpreted quantitatively in terms of
absolute local stability owing to the many factors that can influ-
ence amide chemical shifts. For the same reason, a lack of curva-
ture does not prove a lack of conformational heterogeneity (31,
49). However, analyzing the differences between related protein
variants or solution conditions allows the effects of the variation
to be discerned by eliminating many unrelated effects on chemical
shifts. Thus, surface residues in hisactophilin, including histidines,
generally show less change associated with myristoyl switching (SI
Appendix, Tables S2 and S3). Even more compelling is the lack of
changes in the broken-switch mutants. Notably, for WT, the larg-
est changes in temperature dependencies associated with switching
tend to be observed for residues that global stability measurements

also show are important in switching (Fig. 5). The temperature
dependence analyses may nevertheless underestimate the residues
involved in the network because their chemical shift changes asso-
ciated with switching may be small. A TC cycle analysis of cou-
pling between interacting groups may in principle be applied
using variants with different combinations of interacting groups,
such as posttranslational modification (e.g., myristoyl, phosphoryl,
and acetyl), bound ligand (H+, Ca2+, and peptides), and muta-
tion. Thus, a conservative interpretation of TC changes, including
many amides, can provide another valuable tool for identifying
interaction networks and allosteric coupling.

In conclusion, we demonstrate here how measurements of
amide proton temperature dependence of chemical shifts pro-
vide a rich and sensitive view of allostery, linking the hisacto-
philin hydrophobic core to surface electrostatics. The view
from MD simulations is strongly consistent and synergistic
with experiments. Exploiting underexplored chemical shift dif-
ferences and cycle analyses may provide high-resolution insights
for many systems, including a wide variety of proteins and pep-
tide assemblies (16, 21–26), and serve as a valuable resource to
complement, test, and refine molecular simulations.

Materials and Methods

Details of all methods are described in SI Appendix.

Protein Expression and Purification. Hisactophilin was expressed as previ-
ously described (12) in Escherichia coli BL21 cells. Protein for NMR experiments
was expressed in minimal media with 15NH4Cl. Protein was purified with immo-
bilized metal affinity chromatography, followed by acetonitrile gradient reversed-
phase high-pressure liquid chromatography to separate myristoylated and
nonmyristoylated forms (13).

Variable-Temperature NMR Experiments. Hisactophilin labeled with 15N
was prepared in 50 mM phosphate buffer (pH 7.7) or 50 mM 2-(N-morpholi-
no)ethanesulfonic acid buffer (pH 6.2), also containing 1 mM ethylenediamine-
tetraacetic acid, 1 mM dithiothreitol, 10% deuterium oxide, and 1 mM 4,4-
dimethyl-4-siapentane-1-sulfonic acid (DSS). 1H-15N HSQC spectra were acquired
from 278 to 318 K in 5-K increments for WT hisactophilin and from 283 to 323
K using 2.5-K increments for hisactophilin mutants on a Bruker Avance 600-MHz
spectrometer. Chemical shifts were referenced using DSS as described previously
(18). Separation of the water and DSS peaks was used as an internal thermome-
ter to determine the actual temperature for each increment. Assignments were
obtained as described in SI Appendix. TC values were determined by least-
squares linear regression of 1H chemical shift values versus temperature (17).
Deviations from linearity (curvature) of the temperature dependencies were iden-
tified by subtracting the line of best fit from the observed chemical shifts, and
the fit of residual chemical shifts to linear and second-order polynomial regres-
sions was compared with a bootstrapped F test. Temperature dependencies were
considered curved when the quadratic coefficient differed from zero at P < 0.01.

NMR-Monitored pH Titrations. Hisactophilin was prepared in the same phos-
phate buffer as above, except with an initial pH of 10. The pH was adjusted
down to ∼pH 5.80 in pH 0.1- to 0.2-unit steps using hydrochloric acid, and a
one-dimensional 1H spectrum and two-dimensional 1H-15N HSQC were acquired
at each step. Analysis was completed using CCPN version 2.4 (Collaborative
Computing Project for NMR) (50).

Chemical Denaturation. Equilibrium urea denaturation monitored by tyrosine
fluorescence was performed as described previously (29) at pH 6.2 and 7.7.

Encapsulation in Reverse Micelles. Hisactophilin was encapsulated in a
cetyltrimethylammonium bromide:hexanol reverse micelle with a pH 8.1 or 6.1
aqueous interior (36). 1H-15N HSQC spectra were obtained on a 500-MHz Bruker
spectrometer.

Umbrella Sampling MD Simulations. The starting structure was based on an
NMR structure (Protein Data Bank [PDB]: 1HCD) with a myristoyl modeled in
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based on nuclear Overhauser effect (NOE) restraints (12). Simulations were per-
formed with the Nanoscale Molecular Dynamics (NAMD) package using the
TIP3P water model and AMBER03 force field. The myristoyl depths measured
between the geometric centers of the myristoyl C13-C14 atoms and the Cα
atoms of 3V were divided into 0.5-Å windows from 1 to 32.5 Å. After initial mini-
mization and equilibration, 60 ns of production simulation time (on average)
was performed for each umbrella sampling window for a total simulation time
of more than 3,000 ns.

Implicit Solvent GBSW MD Simulations. Simulations were performed using
the Chemistry at Harvard Macromolecular Mechanics (CHARMM) package and
the CHARMM22 force field with the implicit solvent constant pH molecular
dynamics (CpHMD) algorithm, implemented as previously described (51), and an
implicit solvent GBSW model (52). Patches on titratable groups ASP, GLU, and
HIS were applied to the same starting structure as above, followed by minimiza-
tion. The 100 replicate 20-nm simulations were performed at pH 6, 7, and 8.

Data Availability. Amide backbone chemical shift assignments have been
deposited to the BMRB for wild-type (deposition nos. 51280, 51271, 51269,
51270), LLL (51276, 51275, 51277, 51274), and I85L (51278, 51273, 51279,
51272) hisactophilin under each of the following conditions, respectively: nonmyr-
istoylated pH 6.2, nonmyristoylated pH 7.7, myristoylated pH 6.2, and myristoy-
lated pH 7.7. All other study data are included in the article and/or SI Appendix.
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