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ABSTRACT: We investigated how magnesium (Mg) impacts key conformational
changes during the ADP binding/release steps in myosin V and how these alterations
impact the actomyosin mechanochemical cycle. The conformation of the nucleotide
binding pocket was examined with our established FRET system in which myosin V
labeled with FIAsH in the upper 50 kDa domain participates in energy transfer with
mant labeled nucleotides. We examined the maximum actin-activated ATPase activity
of MV FlAsH at a range of free Mg concentrations (0.1—9 mM) and found that the
highest activity occurs at low Mg (0.1—0.3 mM), while there is a S0—60% reduction
in activity at high Mg (3—9 mM). The motor activity examined with the in vitro
motility assay followed a similar Mg-dependence, and the trend was similar with
dimeric myosin V. Transient kinetic FRET studies of mantdADP binding/release
from actomyosin V FIAsH demonstrate that the transition between the weak and
strong actomyosin. ADP states is coupled to movement of the upper 50 kDa domain
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and is dependent on Mg with the strong state stabilized by Mg. We find that the kinetics of the upper 50 kDa conformational
change monitored by FRET correlates well with the ATPase and motility results over a wide range of Mg concentrations. Our
results suggest the conformation of the upper 50 kDa domain is highly dynamic in the Mg free actomyosin.ADP state, which is in
agreement with ADP binding being entropy driven in the absence of Mg. Overall, our results demonstrate that Mg is a key factor
in coupling the nucleotide- and actin-binding regions. In addition, Mg concentrations in the physiological range can alter the
structural transition that limits ADP dissociation from actomyosin V, which explains the impact of Mg on actin-activated ATPase

activity and in vitro motility.

he family of P-loop nucleotide triphosphatases (NTPases)

which includes G-proteins, kinesins, and myosins contains
a highly conserved and well characterized nucleotide binding
region." > A common thread within this protein family is that
the nucleotide bound to the active-site modulates the affinity of
the NTPase for its track in the case of motors or effector
protein in the case of G proteins.l’2 In motor proteins,
conformational changes in the active-site are also coupled to
structural changes that produce force and motion. Three main
structural elements are known to coordinate nucleotide binding
and hydrolysis in the active-site of P-loop NTPases: P-loop,
switch 1, and switch IL* These elements coordinate an active-
site magnesium ion (Mg) associated with the bound nucleotide
that is thought to be central to high-affinity nucleotide binding
and hydrolysis.” Studies with myosins have demonstrated that
variations in physiological Mg concentrations can modulate
motor activity.°”® In addition, coordination of the active-site
Mg is also critical for the motor activity of kinesin suggesting a
common structural mechanism may exist between these two
motor protein families.” In G-proteins, Mg exclusion plays a
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critical role in mediating GDP dissociation. In order to

fully understand the potential role of metal-ion regulation in P
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loop NTPases, it is critical to determine how Mg regulates key
structural changes in their NTPase cycles.

Myosin motors generate force by coupling small conforma-
tional changes in the nucleotide binding region to a large swing
of the light chain binding region (“lever arm”) during a cyclic
interaction with actin filaments. The actomyosin ATPase cycle
(Scheme 1) consists of nucleotide-states that correspond to
either “weak” (bold) or “strong” actin binding conformations.
In the absence of nucleotide, myosin binds to actin with very
high affinity. ATP binding to actomyosin (K’,K’,) induces
dissociation of the complex, and the following ATP hydrolysis
step (K;) stabilizes the preforce generating conformation. The
hydrolysis products are released slowly from the active-site of
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myosin until actin binding accelerates the release of phosphate
(K',) and triggers the force generating conformational change
in the lever arm. The resulting actomyosin.ADP states have
high actin affinity. The release of ADP is thought to occur in
two steps, with the first step associated with an isomerization of
the nucleotide binding pocket (NBP) (Ks, or Kpocket) and the
second step involving local active-site rearrangements during
the release of ADP (K. or thand).s—s,m The active site
isomerization is thought to be associated with a transition from
a “weak” ADP affinity state to a “strong” ADP affinity state.” An
additional swing of the lever arm is thought to occur in many
myosins during one or both of the ADP release steps.'> ">

Mg is required for ATP to bind to myosin with high affinity
and for the ATP hydrolysis step.'® However, these steps are not
likely important in altering the in vivo actomyosin motility as
Mg concentrations in the physiological range (0.8—1.2 mM free
Mg'”) do not significantly alter these steps. One common
theme in the myosin motor family is that the ADP release step
is critically important in mediating the contractile velocity and
load dependence. Strain dependent ADP release limits the
maximal sliding velocity of skeletal muscle myosin'®'® and
allows for mechanical gating and processive walking of dimeric
myosin V.

Several biochemical and structural studies have demonstrated
that Mg can alter the kinetics of ADP release in myosin I, I,
and V.*”*' A study by Kintses et al.>* found that Mg shifts the
equilibrium from the weak to the strong ADP binding state of
Dictostelium myosin II. However, they could not determine if
Mg was required to form the strong ADP binding conformation
as is known to be the case in G-proteins.'> Previous studies
with myosin V have been particularly revealing in examining the
actomyosin.ADP states and Mg dependence. Two studies
examined the mantADP fluorescence in the active site, which
provided evidence for two ADP states in the presence and
absence of actin.®” These studies found that Mg can im6pact the
equilibrium between the weak and strong ADP states,” as well
as the rate of nucleotide release from the weak state.*” The
results were in agreement with the crystal structure of myosin V
in the presence of ADP, which contains no active site Mg and
suggested Mg can be released from the active site prior to
ADP.® On the basis of these results, Rosenfeld et al.® predicted
varying free Mg concentrations would alter the motile
properties of myosin V. Nagy et al® followed up on these
studies by demonstrating that free Mg can alter the actin-
activated ATPase rate, which correlated with the overall rate of
ADP release. Nagy et al® also determined that mutating a
residue associated with Mg coordination in the active site can
impact the Mg dependence, suggesting that the Mg in the
active site and not another allosteric binding site is responsible
for altering ADP release kinetics. However, no studies have
directly correlated the actin-activated ATPase rate, in vitro
motility, and specific structural transitions in the actomyosi-
n.ADP states. Furthermore, it is unknown how Mg alters the
structural transitions at the active site and how these transitions
impact the conformation of functionally important regions of
myosin, such as the actin-binding and lever arm regions.

We have developed a spectroscopic approach to examine
structural changes in the actomyosin V.ADP states using FRET
between mant labeled nucleotides and FIAsH labeled in the
upper 50 kDa (U50) domain.”*~>> Our results are consistent
with the FRET measurements being sensitive to the two
structural actomyosin.ADP states, which we suggested to be
modulated by the conformation of switch 1.>*** We determined
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that the equilibrium between the two switch I conformations in
the presence of ADP is sensitive to temperature, since a shorter
average distance was found at low temperature and a longer
average distance was found at higher temperatures. On the basis
of these results, we hypothesize that the position of the US0
domain correlates with the position of switch I and that the
switch I movement may be coupled to the movement of the
US50 domain. Communication between switch I and the U50
domain is thought to be responsible for ATP-induced
dissociation of actomyosin as ATP binding induces a switch I
closed/actin binding cleft open state with weak affinity for
actin. We also found that mutations in the switch II region can
impact the equilibrium between the two switch I conformations
in the presence of ADP.** In the current study, we examined
the impact of Mg on specific structural transitions in the active
site and how Mg alters the dynamics of the US0 domain. We
also determined how Mg alters the kinetics and thermody-
namics of structural changes associated with the actomyosin
ADP release steps. Finally, we correlated the Mg dependence of
the ADP release steps with the actin-activated ATPase and in
vitro motility properties of myosin V. Our results demonstrate
that Mg is a key factor in mediating the structural and chemo-
mechanical properties of myosin V.

B EXPERIMENTAL PROCEDURES

All reagents were of the highest purity commercially available.
ATP and ADP were prepared fresh from powder. N-
Methylanthraniloyl (mant)-labeled 2’-deoxy-ADP (mantdADP)
was purchased from Jena Bioscience (Jena, Germany). The
mantdADP concentration was determined from absorbance
measurements at 255 nm using €,55 of 23 300 M~ ecm™l ATP
and ADP concentrations were determined by absorbance at
259 nm using an €,s9 of 15400 M™"-cm™". FIAsH (fluorescein
biarscenical hairpin-binding dye) was generously provided by
Roger Tsien and Stephen Adams (University of California, San
Diego).

Myosin V cDNA Construction, Expression, and
Purification. Two chicken myosin V constructs were used
for this study. One contained a single IQ motif (MV) (residues
1—792), and the other was a heavy meromyosin (MV HMM)
construct containing an N-terminal FLAG tag and C-terminal
YFP.* In the MV 11Q_ construct residues 292—297 were
substituted with a tetracysteine motif (Cys-Cys-Pro-Gly-Cys-
Cys) for FIAsH labeling.*~>>*” MV contained a C-terminal
Myc tag (EQKLISEEDL) followed by a FLAG tag (DYKD-
DDDK). The G440A mutation was introduced as described
previously.”* Both myosin V constructs were coexpressed with
chicken calmodulin and purified by anti-FLAG affinity
chromatography. The purity was greater than 95% based on
Coomassie-stained SDS gels. Myosin concentrations were
determined using the Bio-Rad microplate assay using bovine
serum albumin (BSA) as a standard or by absorbance (g&,4 =
103 600 M™"-cm™). MV labeled with FIAsH, referred to as MV
FlAsH, was generated as previously described.”>™*>*” Actin was
purified from rabbit skeletal muscle using an acetone powder
method.”® All experiments were performed in KSOTCEP buffer
(50 mM KCl, 1 mM EGTA, 1 mM TCEP, and 10 mM
imidozole- HCl, pH 7.0, 25 °C) supplemented with the
appropriate amount of MgCl,. Free Mg concentrations were
calculated using MaxC 2.5 and the stability constants for ADP
and ATP (http://www.stanford.edu~cpatton/).

Stopped-Flow Measurements and Kinetic Modeling.
Transient kinetic experiments were performed in an Applied
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Photophysics (Surrey, UK) stopped-flow apparatus with a dead
time of 1.2 ms. A monochromator with a 2-nm band-pass was
used for fluorescence excitation, and cutoff filters were used to
measure the fluorescence emission. All optical filters were
provided with the stopped-flow instrument. The mantdADP
was excited at 365 nm, in the presence and absence of MV
FlAsH or unlabeled MV, and the FRET emission was measured
with a 515 nm long pass filter. Nonlinear least-squares fitting of
the data was done with software provided with the instrument
or Kaleidagraph (Synergy Software, Reading, PA). Uncertain-
ties reported are standard error of the fits unless stated
otherwise. All concentrations mentioned in the stopped-flow
experiments are final concentrations unless stated otherwise.
Kinetic modeling and simulations were performed with Pro-
K (Applied Photophysics) or Kintek Explorer (Kintek Corp.)
software using Schemes 1 and 2, also used in kinetics studies of

Scheme 2
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myosin V.*”?*** The mantdADP binding and dissociation
transients were normalized prior to fitting to the kinetic model.
The mantdADP binding data were fit to a two-step binding
model described in previous reports,7’23'29 where the slow and
fast exponential rates, and the amplitude of the slow phase from
the double exponential fits are described by eqs 1-3. The
equation (eq 3) defining the amplitude of the slow phase was
slightly modified from our previous report,> since the
component associated with the unbound mantdADP does not
contribute to the fluorescence enhancement.

k

slow —

(k+ligand[mantd'ADP:| (k—pocket + k+pocl<et) + k—ligandk+pocket)
(k+ligand|:mantdADP] + k—ligand + k+p0cket + k—pocket)
(1)

)

where k,j,,q was determined from the linear dependence of
mantdADP binding to actomyosin V (fast phase of mantdADP
binding to actomyosin).

A = (k+pocket/k—pocket>/(]‘ + k+pocket/k—pocket) (3)

The mantdADP dissociation transients were also fit to a two-
state model described by Hannemann et al.” and used in our
previous report.”> Equations 4—6 were used to describe the fast
and slow exponential rate constants, as well as the amplitude of
the slow phase of the double exponential transient.

kfast = k+1igand|:muntdADP] + k—ligand

slow

kgt = K_tigand + Kipocket (4)
kgow = k_pocketlk _tigana/ (k _iigand + Kipocker)] (5)
A = [k_pocket/ Kipocket T K- poctet) ]
[k _igand/ (K _tigand + Kipocket) ] (6)
The overall affinity can be calculated with eq 7.
Kpy = 1/Kiigang*{(1/Kpoger) /[1 + (1/Kpoqee) 1} 7)
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Thermodynamic Analysis. The thermodynamic parame-
ters were determined by examining the temperature depend-
ence of each of the ADP-binding steps as described.”> The
enthalpic and entropic contributions to the free-energy
associated with each step were calculated in the presence of 2
mM and 10 mM MgCl, as well as 4 mM EDTA.

FRET Measurements. FRET was used to measure the
distance between donor fluorophore, mantdADP, and the
acceptor fluorophore, FlAsH-labeled MV, using the Forster
energy transfer theory.”® The energy transfer efficiency (E) was
measured from the increase in acceptor emission. We mixed
acto-MV FlAsH with mantdADP (donor mantdADP+ accept-
or), acto-MV unlabeled with mantdADP (donor only), and
acto-MV FlAsH and ADP (acceptor only) and monitored the
stopped-flow fluorescence (excitation 365 nm) transients with a
515 nm long pass filter. The efficiency of energy transfer and
distance between the donor and acceptor probes was calculated
using equations described in our previous work.”>">>*” The
only difference from our previous work was that we used the
fluorescence intensity determined from the stopped-flow
mixing transients instead of the fluorescence spectra examined
in a spectrofluorimeter. We observed no difference in the
quantum yield of mantdADP bound to actomyosin V in the
presence and absence of Mg, while differences in the
mantdADP quantum yield at different temperatures were
taken into account as previously described.”***

Time Resolved Anisotropy. Time-resolved anisotropy was
measured using a custom built single-photon counting (SPC)
spectrophotometer.’® The G-factor for this instrument is 1.0.
Polarized time-resolved fluorescence waveforms were acquired
with the emission polarizer orientation set to 0°, 54.7°, and 90°
relative to the vertically polarized excitation source and
analyzed globally according to egs 8—12" The observed
fluorescence, I(t), is fit by convolving the measured instrument
response function, IRF, determined from light scatter of the
excitation source, with the polarization-dependent fluorescence
decay function, f(polt) (eq 8). The polarized fluorescence
decay model depends on the emission polarization with the
magic-angle emission (54.7°, eq 9) described by a sum of
exponentials with discrete amplitude, A;, and lifetime, 7;, terms.
The vertically (0°) and horizontally (90°) polarized emissions
depend on the magic-angle emission and the time-resolved
anisotropy function, r(t), according to eqs 10 and 11. The time-
resolved anisotropy function was assumed to be a single
exponential with initial, , and infinite, r,, anisotropies, and
rotational correlation time, 7y; (eq 12). The initial anisotropy, r;,
infinite anisotropy, r,, and rotational correlation time, 7g; were
global parameters shared by all lifetime species 7; in eq 9. The
total anisotropy was calculated from the time-resolved
fluorescence and time-resolved anisotropy functions according
to eq 13.

I(t) = [ :IRF(t ) ()

(8)
2

f(547°,6) = Y AT
i=1 )
f(0°, t) = (1/3)f(54.7°, £)[1 + 2r(t)] (10)
f(90°, 1) = (1/3)f(54.7°, )[1 — 2r(t)] (11)
r(t) = ry, + 1, exp(—t/7g,) (12)
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Biochemistry

I f(s47°0)r(e) dt
- S f(s477) at (13)

Mg Dependence of ADP Release Rate Constants. We
used the equation described in Rosenfeld et al.’ to determine
the Mg affinity for acto-MV FlAsH in the weak and strong ADP
binding states. This equation also allows for extrapolating the
ADP release rate constants to Mg free and saturating
conditions,

"o

k—Mgpocket([Mg] /I<D.Mg) + k—pocket
(IMg)/Kppyg) + 1

k—pocket.Obs =

(14)

where k_jcetobs 1S the rate constant determined at each Mg
concentration, k_j,q is the rate constant extrapolated to Mg
free conditions, and k_yg pocker 1S the rate constant at saturating
Mg conditions, [Mg] is the free Mg concentration, and Kp g i
the affinity of Mg for the actomyosin.ADP strong state. A
similar analysis was performed with the k_jg,,4 rate constant.

ATPase Assays. ATPase assays were performed in the
stopped-flow at 25 °C using the NADH coupled assay.”>*> The
steady-state ATPase rate at each Mg concentration (0.5—10
mM MgCl,) of 0.05—0.1 uM MV FlAsH or MV HMM in the
presence of 20 yM actin and 1 mM ATP was determined.

In Vitro Motility Assays. Actin filament motility was
measured using the in vitro motility assay™> used previously to
measure MV FIAsH>® and MV HMM*® motility. MV FlIAsH
was specifically attached to the nitrocellulose-coated surface
with an anti-Myc antibody, while MV HMM was directly
adhered to the nitrocellulose-coated surface. The surface was
blocked with bovine serum albumin at a concentration of 1 mg/
mL. The motility of F-actin labeled with rhodamine-phalloidin
was observed using an activation buffer consisting of KS0
supplemented with the appropriate amount of Mg, 3.4 uM
calmodulin, 0.35% methylcellulose, and 1 mM ATP.
Phosphoenol pyruvate (2.5 mM) and pyruvate kinase (20
units/mL) were added as an ATP regeneration system. Glucose
oxidase (0.1 mg/mL), glucose (3 mg/mL), and catalase (0.018
mg/ mL) were added to reduce photobleaching. After the
addition of the activation buffer, the slide was promptly viewed
using a NIKON TE2000 microscope equipped with a 60X/
1.4NA phase objective. Images were acquired at 2—S5 s intervals
for a period of 3—5 min. We utilized a shutter controlled
Coolsnap HQ2 cooled CCD digital camera (Photometrics)
binned 2 X 2 for all imaging. To measure velocity, the video
records were transferred to Image J and analyzed with the
Mtrack] program.*

B RESULTS

Mg Alters Steady-State ATPase and in Vitro Motility.
We examined the steady-state ATPase activity of MV FlAsH
(Figure 1A) and MV HMM (Figure 1B) in the presence of 20
UM actin using the NADH coupled assay at 25 °C. The ATPase
activity was measured with K50 buffer containing varying
concentrations of MgCl, (0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0 mM).
The actin-activated ATPase results were plotted as a function of
free Mg concentration. We found that the highest ATPase
activities were observed at low free Mg concentrations (0.1—0.3
mM), and there was a 60% reduction in activity at high free Mg
concentrations (3—9 mM). We also examined the sliding
velocity with MV FlAsH (Figure 1A) and MV HMM (Figure
1B) in the in vitro motility assay and found the Mg-dependence
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Figure 1. Steady-state ATPase and in vitro motility as a function of
Mg. Steady-state ATPase rate and in vitro motility of MV FIAsH (A)
and MV HMM (B) was measured as a function of Mg concentration.
The ATPase rates were measured with 20 M actin at 25 °C using the
NADH coupled assay. The in vitro motility sliding velocities were also
measured as a function of Mg concentration (n = 20—30 filaments per
Mg concentration). The data are plotted as a function of free Mg
concentration. Error bars indicate SD for the ATPase measurements
and SE for the motility measurements.

was very similar to the ATPase results (Figure 1). We analyzed
20—30 filaments per condition, and the mean and standard
error of the mean were calculated for each Mg concentration.
In K50 buffer containing 4 mM EDTA, there was no actin-
activated ATPase activity (rate = 0.06 s™*) or in vitro motility
observed in the MV FlAsH construct.

mantdADP Binding to acto-MV FlIAsH with and
without Mg. We examined the impact of Mg on the
conformational changes associated with ADP binding to acto-
MV. The kinetics of nucleotide binding were examined by
mixing mantdADP with acto-MV FlAsH in the stopped-flow at
4, 10, 15, and 25 °C in K50 buffer with 2 mM MgCl, or 4 mM
EDTA (Figure 2). The FRET signal was examined by exciting
at 365 nm and measuring the fluorescence emission through a
515 nm long pass filter. In the presence of 2 mM MgCl,, the
fluorescence transients were best fit to a biexponential function.
The fast phase was found to be linearly dependent on
mantdADP concentrations (Figure 2A), while the slow phase
was independent of mantdADP concentrations (Figure 2B).
Thus, the data were fit to a kinetic model described
previously,”® in which mantdADP first forms a “weak or
open” (thand) complex with actomyosin and transitions into a

dx.doi.org/10.1021/bi4004364 | Biochemistry 2013, 52, 4710—4722
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Figure 2. Kinetics of mantdADP binding to actomyosin V FIAsH in the presence and absence of Mg. Binding of mantdADP to actomyosin V FIAsH
in the presence of 2 mM MgCl, and 4 mM EDTA was measured. In the presence of 2 mM MgCl,, fluorescence transients were biexponential with a
fast and a slow phase, while in the presence of 4 mM EDTA, binding was single exponential with a single, fast phase. (A) At 2 mM MgCl,, the ligand-
and temperature-dependent fast phase was fit to a linear relationship to obtain a second-order binding constant at the indicated temperatures. (B) At
2 mM MgCl,, the ligand-independent and temperature-dependent slow phase is plotted as a function of temperature. (C) At 4 mM EDTA, the
ligand- and temperature-dependent fast phase was fit to a linear relationship. (D) Relative amplitudes of the fast and slow phases at 2 mM MgCl, are

plotted as a function of temperature.

“strong or closed” (Kpoqe) conformation (Scheme 2). The
slope of the linear dependent fast phase was used to determine
kiigne and the transients were fit to kinetic eqs 1-3 to
determine K ocet k—pockev 1A K_jigand (Scheme 2)

The fast and slow phases of mantdADP binding to acto-MV
FIAsH were both dependent on temperature. The relative
amplitudes of the fast and slow components were similar over
the range of mantdADP concentrations measured but varied at
each temperature (Figure 2D). Overall, our kinetic results from
mantdADP binding to acto-MV FIAsH in the presence of 2
mM MgCl, were similar to our previous results with 1 mM
MgCl,,* except the relative amplitudes demonstrated a higher
fractional distribution of the slow component. Identical
experiments were performed in the presence of 10 mM
MgCl,, and the rates and relative amplitudes of the fast and
slow components were similar to 2 mM MgCl, (Table 1).
These results indicate that the strong ADP conformation and
corresponding “high-FRET” position of the US0 domain is
more favorable at higher MgCl, concentrations. Under Mg free
conditions (4 mM EDTA KSO buffer), we found that the
fluorescence transients were dominated by a fast fluorescence
increase that fit to a single exponential and was linearly
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dependent on the mantdADP concentrations (Figure 2C). The
second-order rate constant determined from the slope of the
single exponential fits as a function of mantdADP concen-
trations was faster than determined with Mg, especially at 25 °C
where it was more than 2-fold faster (Figure 2C, Table 1). The
y-intercept of the linear fit of the fast component was about 10-
fold higher without Mg than in the presence of 2 mM MgCl,.

Conformation of the Nucleotide Binding Pocket As a
Function of Temperature with and without Mg. We
determined the maximum FRET efficiency of the acto-MV
FlAsH.mantdADP complex by stopped-flow mixing and
measurement of acceptor enhancement (Figure 3). Compared
to conventional titrations, stopped-flow mixing reduces inner
filter effects arising at high mantdADP concentrations and at
the same time vyields fluorescence transients from which
amplitudes and kinetic rates can be determined.

We determined the amplitude of the FRET signal in the
stopped-flow after mixing acto-MV FlAsH (0.5 #M actin, 0.25
UM MYV FlAsH) with varying concentrations of mantd ADP (0—
30 uM mantdADP) in the presence of 2 mM MgCl, (Figure
3A) or 4 mM EDTA (Figure 3C) at 4, 15, and 2S5 °C. The
amplitudes of the donor only and acceptor only were also

dx.doi.org/10.1021/bi4004364 | Biochemistry 2013, 52, 4710—4722
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Table 1. Summary of mantdADP Binding to and Release from acto-MV FlAsH in the Presence (2 mM or 10 mM MgCl,) and

Absence of Mg (4 mM EDTA)

2 mM MgCl, 10 mM MgCl,

rate constant 4 °C 10 °C 15 °C 25 °C 4 °C 10 °C 15 °C 25 °C
kigang (UM1s7") 1.56 + 0.13 265+ 005  3.16 + 0.09 5554023 121 +£007 200+ 011 249 +0.15 472+ 021
k_jgana (s71) yrintercept® 079 £ 036 165+ 013 217 £ 025 8.08 + 0.6 1.00 £ 021 176 + 030  3.84 + 041  8.80 + 0.60
k_tgana (1) 070 + 020 220 £ 001 450 £0.10 1260 + 0.10 068 + 0.01 159 +001  3.04 + 001  7.86 + 0.03
1/Kigana (4M) 047 £ 007 073 +£0.15  1.06 + 0.52 1.86 + 058 070 +0.18 085+ 008 137+024 177 +0.16
K pocker (57 024 + 015 019 002  0.74 + 039 133+091  011+001 037+029 040+ 008  0.74 + 043
k_pocker (1) 0.51 +0.34  0.85+012 222+ 028 579 £ 020 037 +003 094 +022 1554070  3.99 + 224
Kpodet = kspocket/ K—pocket 047 + 043 023 +004 033 0.8 023+ 016 028 +003 040+ 032 026 +013 019 + 0.15
Kp (uM)® 032 4030  0.59 + 0.16 0.8 + 0.58 LSl + 113 054+ 015 061 +036  109+057 154+ 124
Kp (uM)© 070 £ 026  ND 0.92 + 0.16 098 + 032 ND ND ND ND

4 mM EDTA
rate constant 4 °C 10 °C 15 °C 25 °C

Kyigana (WM ™s71) 2.01 + 0.14 415 + 027 4.14 + 0.38 12.06 + 1.61

K _jigand (s7") y-intercept 12.85 + 0.41 25.52 + 1.06 37.63 + 1.06 82.35 + 4.52

k_igana (57 14.1 + 0.1 253 + 02 22+ 06 108.9 + 0.8

1/Kjgang (M) 6.75 + 0.54 624 + 0.61 9.73 + 123 7.90 + 1.87

kypocket (s71) ND ND ND ND

k- pocker (7 ND ND ND 91477 + 2.00

Koocket = Kon/kott ND ND ND ND

Kp (uM) (Figure 3)° 4.87 + 0.33 ND 3.87 + 1.01 2.55 + 117

“Determined from the y-intercept of the linear fits in Figure 2. bCalculated with eq 7. “Determined from the hyperbolic fits in Figure 3. “Determined
from the fit of the data in Figure 6B (extrapolated to Mg-free conditions).

determined at 30 uM mantdADP concentration, which allowed
for determination of the FRET efficiency and calculated
distances, as summarized in Table 2. In the current study, the
trend of distance change as a function of temperature at 2 mM
MgCl, was similar to our previous work at 1 mM MgC12.23
(The distance change is 4.5 A at 2 mM MgCl, and 2—4 A at 1
mM MgCl,.*®)

At low temperature (4 °C), we found the average distance
was similar in the presence (2 mM MgCl,) and absence of Mg
(4 mM EDTA). Interestingly, at 25 °C the FRET distance
increased dramatically in the absence of Mg, while in the
presence of Mg there was a much smaller increase in distance
relative to 4 °C. Therefore, the temperature-dependent change
in FRET is much more dramatic in the absence of Mg.

Dissociation of mantdADP from acto-MV FIAsH with
and without Mg. We examined mantdADP dissociation from
acto-MV FlAsH in K50 buffer containing 2 mM MgCl, and 4
mM EDTA (Figure 4). A complex of acto-MV FlAsH.mant-
dADP was mixed with saturating ATP (final concentrations:
0.25 uM MV FlAsH, 0.5 uM actin, 10 yM mantdADP, 1 mM
ATP), and the resulting fluorescence decrease was monitored
as described above (ex = 365 nm, em = 515 nm long pass
filter). As observed in our previous work,”® the fluorescence
transients followed a biexponential function in the presence of
Mg (Figure 4A,C). The fast component was equivalent to the
y-intercept from the mantdADP binding experiments (Figure
2), and therefore the slow component was modeled to be the
conformational change in the US0 domain associated with the
transition from the “strong” to “weak” actomyosin.ADP
nucleotide state. We fit the fluorescence transients to kinetic
eqs 1—6 defined previously” and used in our previous report,”
which allowed us to determine rate constants k_pocier Kipocken
k_jigana at each temperature. The values for these rate constants
are reported as the average from the association and
dissociation experiments (Table 1), demonstrating relatively
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good consistency between both sets of experiments. The
fluorescence transients were also fit to kinetic schemes using
Kintek explorer and the fits yielded rate constants that matched
well with fits performed using analytical equations. The
fluorescence transients in the absence of Mg (4 mM EDTA)
were dominated by a fast fluorescence decrease that was ~10-
fold faster than in the presence of Mg (Figure 4B). We
observed a slow fluorescence decrease (~0.5 s™') that was a
small component of the total fluorescence change (~5%) at
lower temperatures (4—1S5 °C). We attribute the slow
transition to an off-pathway intermediate since the predicted
rate constant for k_p.q. in the absence of Mg is much faster
(148 + 02 s7') (see Figure 6B). The slow fluorescence
decrease could also be due to nonspecific interactions of
mantdADP and MV FlAsH.

Mg Concentration Dependence of mantdADP Release
from acto-MV FIAsH. We examined conformational changes
in acto-MV FlAsH during mantdADP release as described
above in the presence of the entire range of Mg concentrations
(0.5—10 mM MgCl,) at 25 °C (Figure S). A complex of acto-
MV FlAsH.mantdADP was mixed with saturating ATP (final
concentrations: 0.25 yM MV FlAsH, 0.5 uM actin, 10 uM
mantdADP, 1 mM ATP) in KSO buffer containing differing
amounts of MgCl,. The fluorescence transients of the FRET
signal were fit to a biexponential function at all Mg
concentrations (Figure SA,C). We found that the fast phase
and slow phases of mantdADP release were both altered by Mg
concentration, with the fast phase more steeply dependent on
Mg. The relative amplitudes of the fast and slow phases were
also dependent on Mg, with the fast phase more populated at
low Mg concentrations and the fast/slow amplitude distribution
similar at free Mg concentrations 0.9 mM and above. We
determined the rate constants k_jocen Kipockev k—ligand at €ach
Mg concentration (25 °C) as described above (Figure 6A,B).

dx.doi.org/10.1021/bi4004364 | Biochemistry 2013, 52, 4710—4722
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Figure 3. Conformation of the nucleotide binding pocket of acto-MV FIAsH as a function of Mg and temperature in the presence of mantdADP.
FRET efficiency was determined in a stopped-flow by mixing acto-MV FlAsH with increasing concentrations of mantdADP and measuring the
acceptor enhancement. The FRET efficiency was measured at 4, 15, and 25 °C in the presence of 2 mM MgCl, (A) and 4 mM EDTA (C). The data
were fit to a hyperbolic binding function to determine the maximum FRET efficiency. Error bars indicate SD from at least two separate experiments
done with at least two different protein preparations. Representative fluorescence traces of mantdADP (30 uM) binding to actomyosin V FIAsH
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Table 2. Temperature-Dependent FRET Results for acto-MV FIAsH Bound to mantdADP in the Presence (2 mM MgCl,) and

Absence of Mg (4 mM EDTA)

4°C 15 °C 25 °C
condition FRET efficiency r (A)7 FRET efficiency r (A)7 FRET efficiency r (A)¢
2 mM MgCl, 0.96 + 0.04 18.5 0.87 £+ 0.02 18.6 0.81 + 0.04 20.0
(103—17.4) (18.1-19.2) (19.1-20.7)
4 mM EDTA 0.99 + 0.02 12.5 0.81 + 0.05 209 0.55 + 0.05 24.9
(12.5-15.0) (19.6—21.9) (24.1-25.7)

“Errors are reported as a range of distances in parentheses.

To examine the role of the switch II region in Mg-dependent
ADP release, similar experiments were performed with the
mutant MV FIAsH* in the presence of actin. The G440A
mutation disrupts the rotation of switch II which prevents
closure of the NBP and uncouples the nucleotide and actin
binding regions in myosin V. The fluorescence transients of
mantdADP release from MVS*** FIAsH showed two phases,
while the slow phase was 10-fold slower than wild-type MV
FlAsH (Figure SB,D). It is unclear if the slow phase represents
the strong-to-weak ADP transition, an off pathway intermedi-
ate, or nonspecific interactions. The release from the weak
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actomyosin. ADP (k-gq) state was similar to wild-type in the
absence of Mg but was accelerated 3-fold at saturating Mg.
Thus, the ability of Mg to slow the rate constant for ADP
release from the weak state is attenuated in MVS** FIAsH.
Correlation of the Strong-to-Weak ADP Isomerization
with the Maximum ATPase rate. Kinetic analysis allowed
for determination of the rate and equilibrium constants
associated with the formation of the weak actomyosin.ADP
state (thand) and transition into the strong actomyosin.ADP
state (Kpocket).7’23 Figure 6A demonstrates the dependence of
Kiocket On the Mg concentration which increases to a value of

dx.doi.org/10.1021/bi4004364 | Biochemistry 2013, 52, 4710—4722
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mantdADP from actomyosin V FIAsH was fit to a double exponential
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transients of mantdADP dissociation were fit to a double exponential
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are plotted as a function of temperature. Inset shows representative
fluorescence transients of mantdADP dissociation in the presence of 2
mM MgCl, (trace 1) and 4 mM EDTA (trace 2) at 4 °C plotted on a
log scale and fit to a double exponential function. (C) Relative
amplitudes of the fast and slow phases, in the presence of 2 mM
MgCl, or 4 mM EDTA, are plotted as a function of temperature.
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0.33 at 0.9 mM free Mg and above. The ADP release rate
constant for myosin V was found to be similar with mantdADP
and unlabeled ADP,***® and this is the rate limiting step in the
actin-activated ATPase®® and in vitro motility®® assays.
Therefore, it is reasonable to examine the correlation between
the steady-state assays (Figure 1) done with unlabeled ATP to
the transient kinetic results performed with mantdADP. A
comparison of the k_q. rate constant and the k., for ATPase
as a function of Mg demonstrates these rates are very similar in
the range of MgCl, concentrations analyzed (0.5—10 mM). We
also demonstrate that k_jig,q is at least 2-fold faster than k_qcet
in this Mg concentration range (Figure 6B). Our results
demonstrate that the k_oq. step correlates well with the rate
limiting step in the ATPase cycle, which we also concluded
from our temperature-dependent studies.”® By fitting the Mg
dependence of k_jqe to the equation (eq 14) described by
Rosenfeld et al,® we determined the value of k_pocket in the
absence of Mg (k_poqec = 14.8 £ 2.0). This equation also allows
estimation of the Mg affinity in the actomyosin V strong (KDMg
= 0.9 + 0.4 mM) and weak (Kpy, = 0.6 = 0.3 mM) ADP
binding conformations, while the affinity of Mg for free ADP
(Kp = 035 + 0.3 mM) was previously determined.” By the
principle of detailed balance, the value for K and k,poqe in
the absence of Mg was estimated to be 0.28 and 4.2 s,
respectively. The estimated values for Ko and kot are not
in agreement with our results that demonstrate the slow phase
was not present in the dissociation and binding experiments.
Thus, it is likely that there are multiple biochemical states in the
absence of Mg.

Thermodynamic Analysis. The thermodynamic parame-
ters associated with the Kjg,nq and Koo steps were calculated
from the van’t Hoff plots (Figure 6C and Table 3). It should be
noted that the values for Kj,,,q are reported under standard
state conditions (1 M concentration of reactants), and
therefore the value for kijg,q is likely an overestimate. In
addition, previous studies demonstrated that Kjg,,q includes
two steps, the formation of the collision complex between
actomyosin and mantdADP followed by the transition into the
weak actomyosin.ADP state.”*” Therefore, the calculated free
energy values for Kjg,,4 should be interpreted as a relative
comparison, while the thermodynamic analysis provides
information about the role of Mg in this biochemical transition.
The free energy change associated with Kjg,yq in the presence
of Mg was dominated by the enthalpic component in the
presence of 2 and 10 mM MgCl,. Interestingly, in the absence
of Mg (4 mM EDTA), we found that the enthalpic component
was dramatically reduced while there was a large positive
entropic component associated ADP binding. We found that
the thermodynamics of the K, step were entropy driven and
quite similar at 2 and 10 mM MgCl,, as well as similar to our
previous measurements at 1 mM MgC12.23

Time-Resolved Anisotropy. The time-resolved anisotropy
measurements demonstrate that the FIAsH fluorophore has a
rotational correlation time on the nanosecond time scale
(Table 4). Their results suggest that although the FIAsH
fluorophore is fairly restricted in its dynamics because of its
attachment to the tetracysteine motif, it has some dynamic
motion that will randomize the orientation factor. We also
determined that there was no difference in the time-resolved
anisotropy parameters in comparing the acto-MV.ADP and
acto.MV states, which suggest the local environment of the
FlAsH fluorophore does not change in the strong and weak
ADP binding states.

dx.doi.org/10.1021/bi4004364 | Biochemistry 2013, 52, 4710—4722
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Figure S. Impact of Mg concentration on the strong to weak transition of the NBP and release of mantdADP from the weak binding state.
Dissociation of mantdADP from actomyosin V FlAsH, as described in Figure 4, was measured at 25 °C and varying free Mg concentrations. The
slow and fast phases of mantdADP release from acto MV WT (A) or acto MV G440A (B) are plotted as a function of free Mg concentration.
Relative amplitudes of the fast and slow phases of mantdADP release from FIAsH labeled acto-MV WT (C) or acto-MV G440A (D) are plotted as a

function of free Mg concentration.

B DISCUSSION

Many studies have focused on the ADP release steps of the
actomyosin ATPase cycle, as these steps have been linked to
strain-dependent processive walking in myosin V>*** and the
detachment limited model of muscle contraction in myosin IL."
The current study focuses on how Mg impacts the structural
changes associated with the ADP release steps in actomyosin V.
We find that the actin-activated ATPase and motile properties
of both monomeric and dimeric myosin V are similarly
dependent on Mg. We demonstrate that high Mg impacts ADP
release by slowing the rate-limiting isomerization of the NBP,
which is associated with movement of the US0 domain.
Additionally, we find that the release of ADP from the “weak”
ADP affinity state is Mg dependent as was reported
previously.*” FRET results indicate a more dramatic temper-
ature-dependent distance change in the absence of Mg,
suggesting Mg is essential for stabilizing the “strong” ADP
affinity conformation. Overall, our results indicate that active-
site Mg coordination can impact key structural changes that are
critical for the motile and force generating properties of myosin
V.

Structural Mechanism of MgADP Coordination in
Myosin V. Mg is coordinated in the NBP with highly
conserved structural elements. S218 of switch I and T170 of the
P-loop coordinate Mg directly, while D437 of switch II
coordinates the Mg via a water molecule ° (Figure 7). Our
results suggest Mg coordination by these structural elements is
likely important for stabilizing the “strong” ADP affinity NBP
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conformation. It has been proposed that strong actin binding
causes switch I to favor an open conformation, which perturbs
the coordination of Mg and initiates structural rearrangements
that lead to the release of ADP.>* The crystal structure of
myosin V in the presence of ADP has no Mg gresent and both
switch I and II adopt an open conformation.” Such an active-
site conformation is also seen in the crystal structure of
nucleotide free myosin V, which fits well into the rigor
actomyosin complex determined by cryo-electron microsco-
py-** Our results show that the conformation of the US0
domain, which is proposed to be dependent on the position of
switch I,>* is in turn dependent on Mg. Our previous work has
demonstrated that switch II also plays a role in stabilizing a
closed NBP conformation and is involved in the allosteric
communication between the nucleotide and actin binding
regions.”* Nagy et al.® found that mutations in switch II can
disrupt the Mg-dependent ADP release mechanism. Our results
further demonstrate the role of switch II in ADP release, since
the G440A mutant*' disrupts formation of the strong ADP
affinity state even at 10 mM MgCl, (Figure SB,D). Because the
G440A mutation prevents a closed switch II conformation, it
may indirectly impact the coordination of Mg by preventing
D437 of switch II from properly coordinating Mg through a
water molecule. Moreover, the G440A mutation may also
impact the hydrogen bond between Y439 of switch II and R219
of switch I® that could potentially alter the direct Mg
coordination by S218 of switch I (Figure 7). Interestingly, in
kinesin the interaction between switch I and switch II and their
coordination of Mg and surrounding water molecules is critical

dx.doi.org/10.1021/bi4004364 | Biochemistry 2013, 52, 4710—4722
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Mg (4 mM EDTA). The thermodynamic parameters are summarized
in Table 3.
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for Mg and ADP release. Switch II in kinesins has been shown
to undergo a large movement during Mg release.*” Since the
G440A mutation precludes the rotation of switch II, we
expected a complete insensitivity to Mg in the ADP
dissociation experiments (Figure SB,D). However, we only
see a partial insensitivity, and we attribute this observation to
the fact that apart from the indirect coordination of Mg via
switch II, Mg is also directly coordinated via residues of P-loop
and switch I which may play a role in the modest suppression of
ADP release at higher Mg in the G440A mutant. The current
study and previous work®** that examined the impact of switch
II mutations imply that the Mg-dependence of the structural
changes we observe are attributed to Mg binding in the active
site, while we cannot rule out that Mg binding to another
allosteric site in myosin could alter key structural transitions.

Mg Is Required for Formation of the Strong ADP
Binding State. Our earlier work found that the strong-weak
ADP binding equilibrium monitored by FRET is temperature
dependent and provides an indication of the distance change
associated with the two conformations.”® Scheme 2 demon-
strates the pathway for ADP release from actomyosin, which
indicates the Mg free (lower) and Mg saturated (upper)
pathways. In the current study, we investigated the impact of
Mg on FRET as a function of temperature. In the presence of
Mg, the kinetic studies fit well to Scheme 2 (top) in which
Kot determines the population of the weak (low FRET) and
strong (high FRET) ADP binding states. In the absence of Mg,
the kinetic measurements of both mantdADP binding and
release indicate that actomyosin V is dominated by a single
conformation at all temperatures (Figures 2C, 3C,D, and
4B,C). At lower temperatures, the FRET distance in the
presence and absence of Mg is similar, while at higher
temperatures the difference dramatically increases (~5 A).
These results can be explained if the weak ADP binding
conformation is highly dynamic in the absence of Mg. This
highly flexible state allows some high FRET conformations,
relatively close distances between the mant-FIAsH fluoro-
phores, to be populated on the nanosecond time scale even
though the NBP is in a weak ADP binding conformation. The
transitions into the high FRET conformations are not seen in
the kinetic measurements because they are too rapid and
ensemble averaged. Interestingly, the high FRET conformations
are more populated at low temperature indicating the structure
is more flexible at low temperature. It is possible that there is a
hinge region that becomes more flexible at lower temperatures,
similar to what is found in cold-denaturation.®™* As
temperature increases in the absence of Mg, the flexible region
becomes more rigid and only the low FRET states are
populated. The thermodynamic analysis supports the hypoth-
esis that the weak ADP binding state is highly flexible in the
absence of Mg. We find that ADP binding occurs with a large
positive entropy, suggesting enhanced conformational entropy,
only in the absence of Mg. Hence, Mg coordination is required
for formation of the strong ADP affinity state and may be
coupled to the flexibility of the USO domain.

Kinetic Mechanism of Mg Dependent ADP Release.
Two previous studies examined the influence of Mg on the
kinetics of the ADP release steps in myosin V.°"® These studies
examined the FRET signal from internal tryptophan residues to
mantADP or mantdADP. Our results are in good general
agreement with these studies in that they concluded that Mg
strongly influences the rate constant for ADP release from the
weak ADP binding state.*” Our FRET results with the mant-

dx.doi.org/10.1021/bi4004364 | Biochemistry 2013, 52, 4710—4722
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Table 3. Thermodynamic Parameters As a Function of Mg

equilibrium constant

Kiigand (EDTA) -7.0 + 0.1
Kiigand (2 mM Mg) =79 + 0.1
Kiigand (10 mM Mg) —-7.8 £ 0.1
Kpocket (2 mM Mg) 09 + 0.5
Kiocket (10 mM Mg) 1.0 + 0.6

AG (kcal/mol)

AH (kcal/mol) AS (cal/mol-K) TAS (kcal/mol)

—-1.9 £22 171 £ 74 S1x22
—10.7 + 04 9.7 + 1.4 —29 + 04
-7.6 + 14 0.8 + 4.5 02+ 13
—44 + 33 —17.8 + 11.2 -53+33
—42 + 28 —174 + 98 =52 +29

Table 4. Time-Resolved Anisotropy Parameters of the FIAsH
Fluorophore

Rosenfeld et al® in that Mg exchange can occur in both the
strong and weak ADP binding states, which allows Mg to
influence both the Ko and Kjgeng Steps.

t AMV FIAsH.ADP AMV FlAsH T
. ‘parame ers Our current results indicate that Mg can alter the rate-
hflet@e ! (ni) . 543 £ 001 S41 £ 001 limiting conformational step wherein the NBP goes from a
relative amp l_tute 8'23 ool 8'23 ool strong to weak ADP binding state (k_poq) prior to the release
33 + 0. 33 + 0. ) . .
maxinum anisotopy = = of ADP (Figure 6A). The maximal ATPase rate and in vitro
final anisotropy 0.17 £ 0.03 0.17 £ 0.03 .1 1 . . L
o motility sliding velocities as a function of Mg follow a similar
correlation time (ns) 828 + 1.54 824 + 1.40 d he & ¢ tant (Fi 1 d 6B)
lifetime 2 (ns) 0.73 + 001 0.73 + 001 trend as the K_poqe rate constant (Figures 1 an :
Lati . Therefore, our results favor a mechanism in which Mg can
relative amplitude 0.1 0.1

FIAsH pair suggest that Mg coordination enhances the
formation of the switch I closed NBP conformation, as
originally proposed by Rosenfeld et al.’ In addition, our results
demonstrate directly that the Mg-dependent change in the
NBP is coupled to the conformation of the USO domain.
Interestingly, Hannemann et al.” also found that there was a
structural change in the actin binding region detected by a
difference in the degree of pyrene actin quenching in the two
actomyosin.ADP states. The probability of Mg being released
prior to the release of the cation-free ADP species was also
proposed by Rosenfeld et al.’ Our results are in agreement with

dissociate from the strong ADP binding state, which accelerates
the transition into the weak ADP binding state (k—pocket) and
results in faster ADP release, maximal ATPase activity, and in
vitro motility.

Implications for Mg-Dependent Regulation of MV.
Many enzymes and cellular functions are known to be
dependent on Mg, the second most abundant cation in the
cell. The concentration of Mg inside cells is tightly regulated,
while large fluxes of Mg across the cell membrane have been
reported.'”*® The cytosolic free Mg levels are different in
different cell types, and they range between 0.8 and 1.2 mM. A
recent in vitro study®” with dynein demonstrated a reduction in

FIAsH
labeling site €«——— <&
(CCPGCC)

¢|

Actin binding region

————> ADP-BeFx

Essential Light Chain

> -

Lever arm

S218 D437

Figure 7. Structural details of Mg coordination. Crystal structure of myosin V complexed with ADP-BeFy (top, PDB 1w7j) is shown. The actin and
nucleotide binding regions are highlighted along with the upper and lower 50 kDa domains (USO and LS50, respectively). Proline of the FIAsH-
binding tetracysteine motif (CCPGCC) is highlighted on the USO domain. Key structural elements involved in Mg coordination are magnified

(bottom) and described in the text.
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its processivity at higher Mg concentrations, while, at lower Mg
concentrations, there was an enhancement in dynein
processivity. This work speculated on the in vivo role of Mg
as a switch to regulate the processivity of motor proteins like
dynein. Our study shows significant changes in the functional
properties of both monomeric and dimeric myosin V in the
physiological Mg concentration range. The processive mecha-
nism of dimeric myosin V is tightly coupled to strain sensitivity,
and mechanical gating between its two heads plays a critical
role in this process. It is hypothesized that the ~50-fold
difference in the rates of ADP release from the lead and trail
heads of myosin V is associated with the pre- and
postpowerstroke conformation of the lever arm.*** Mg may
play an important role in a strain-dependent communication
pathway between the lever arm and the NBP which alters the
ADP release rates in response to strain. Interestingly, a recent
study found that in kinesin the metal ion binding site can be
altered to allow manganese binding which allows the enzymatic
and motile properties of kinesin to be modulated by the
presence of manganese.” Therefore, understanding the
mechanism of metal ion regulation of motor proteins could
be utilized as a mechanism for specifically altering the in vivo
activity of motors and for designing motor-based nanodevices.
Future studies on myosin will focus on the impact of Mg on
lever arm swing and its impact on strain dependent ADP
release. Overall, the current study suggests a central role for Mg
in mediating the force generating and motile activities of
myosin V, which provides a framework for revealing the
conserved structural mechanism of the load dependent ADP
release in myosin motors.
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