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Intrinsic Tryptophan Fluorescence ldentifies Specific Conformational Changes at the
Actomyosin Interface upon Actin Binding and ADP Release
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ABSTRACT. The helix-loop—helix (A-site) and myopathy loop (R-site) are located on opposite sides of
the cleft that separates the proposed actin-binding interface of myosin. To investigate the structural features
of the A- and R-sites, we engineered two mutants of the smooth muscle myosin motor domain with the
essential light chain (MDE), containing a single tryptophan located either in the A-site (W546-MDE) or

in the R-site (V413W MDE). W546- and V413W-MDE display actin-activated ATPase and actin-binding
properties similar to those of wild-type MDE. The steady-state fluorescence properties of W546-MDE
[emission peakimay = 344, quantum yielg= 0.20, and acrylamide bimolecular quenching constiajt (

= 6.4 M 1ns!] and V413W-MDE [fmax = 338, quantum yield= 0.27, andk; = 3.6 M 1ns]
demonstrate that Trp-546 and Trp-413 are nearly fully exposed to solvent, in agreement with the
crystallographic data on these residues. In the presence of actin, Trp-546 shifts to a more buried environment
in both the ADP-bound and nucleotide-free (rigor) actomyosin complexes, as indicated by an average
Amax Of 337 or 336 nm, respectively, and protection from dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium
bromide (DHNBS) oxidation. In contrast, Trp-413 has a single conformation with an avarage 338

nm in the ADP-bound complex, but in the rigor complex it is 50% more accessible to DHNBS oxidation
and can adopt a range of possible conformatidpgx(= 341—347 nm). Our results suggest a structural
model in which the A-site remains tightly bound to actin and the R-site adopts a more flexible and solvent-
exposed conformation upon ADP release.

Understanding the molecular mechanism of muscle con- weakly to strongly bound actomyosin complexek2)(
traction requires structural information about the specific Myosin subfragment 1 has historically been mapped by
interactions that occur between the motor protein myosin trypsin cleavage into an N-terminal 25 kDa fragment, a
and polymeric actin. The crystal structure of the motor central 50 kDa fragment, and a C-terminal 20 kDa fragment.
domain of myosin, which contains the nucleotide and actin- Two of the actin-binding sites proposed in the model, the
binding regions, has been solved from four different sources A-site (purple) and the R-site (red), are separated by a large
and in several nucleotide statds-6). In addition, the crystal  cleft (actin-binding cleft) that divides the 50 kDa tryptic
structure of monomeric actin{-9) has been solved and used fragment into the upper and lower 50 kDa subdomains, and
to construct a structural model of filamentous actin (F-actin) a third region, the actin-binding loop (ABL) (cyan), connects
from electron density maps of F-actihQ]. Since it has not  the 50 and 20 kDa tryptic fragments (all residues refer to
been possible to crystallize the complex formed between the smooth muscle myosin sequence unless indicated other-
actin and myosin, cryoelectron microscopy (cryo-EM) tech- wise). First, it is predicted that the positively charged ABL
niques have been used to reveal the overall conformation of(residues 628657) forms electrostatic interactions with the
the complex, as well as potential sites of interactiat, (  negatively charged N-terminus of actin, allowing the transi-
12). However, it is still unclear which specific sites in myosin  tion from weakly (ATP and ADP-P) to strongly bound
interact with actin or how these sites alter their conformation (ADP and nucleotide-free or rigor) states. This proposal is
to cause changes in actin affinity and allow progression consistent with the results of cross-linkintgj, proteolysis
through the contractile cycle. (14), and mutagenesis studies5( 16). Second, the A-site

The available structural data on myosin and actin, as well (residues 531561), a helix-loop—helix structure on the
as biochemical studies, have provided several clues as tQower 50 kDa subdomain, is thought to mediate formation
which residues of myosin may participate in actin binding. of the strongly bound complex by forming hydrophobic
One model suggests three regions of myosin (highlighted in contacts with actin in subdomain 4 (residues-3388) (12).
Figure 1) that are important for the interaction with actin \ye have previously demonstrated that Trp-546, located in
and provides a structural basis for the progression from the A-site between two other hydrophobic residues (Cys-
545 and Phe-547), shifts from a highly polar to a nonpolar
TThis work was supported by grants to C.L.B. from the NIH environment in the presence of actin, suggesting that it

EésRc;lﬁalsgg) and AHA (96014500) and to A.S.R. from the AHA  paticipates in binding to actin in the strongly bound
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Upper 50 kDa of the lack of a convenient residue or side chain for
subdomain exogenous labeling, the specific sites of conformational
changes at the actomyosin interface are still unknown. Thus,
a more sensitive method of studying local conformational
= changes in the actin-binding interface upon binding to actin

ELC ! & ; . . ; .
‘ &t o . ,,9 > and release of ADP is needed to identify the regions of
g i - - V413W myosin which mediate its affinity for actin during different
R-Site stages of the contractile cycle.

Waor LoRd / o Binding In the current study, intrinsictryptop_han fluorescence was
T & o4 WS46M  Cleft used to examine changes in the environment of the A- and
\3(‘-,_,3\._;.555 ' A-Site R-sites in myosin upon binding to actin in the presence of

W36F wappp T / ADP (ADP-bound) or in the absence of nucleotide (rigor).
Lower 50 kDa This was accomplished by generating two mutants of smooth

subdomain muscle myosin motor domain with the essential light chain

FicURe 1: Crystal structure of the smooth muscle myosin motor (MDE), each containing a single tryptophan residue. The first
domain essential light chain construct (MDE) with the myosin heavy Of these contained the naturally occurring Trp-546 in the
chain (residues-1819) colored yellow and the essential light chain ~ A-site (W546-MDE) described previouslg ), and another
colored blue (adapted from réj. Also, the three putative actin-  mytant had a single nonendogenous tryptophan, substituted
g?g_'%%%tﬁ? g;gr:a?r%eg'—s}pee(?ggighbelgdé%%(lacic))Fi)n(?nﬁhgl ére::%ues for valine 413, located in the R-site (V413W-MDE). Intrinsic
the R-site (residues 466116) or myopathy loop in red. Six of the ~ {ryptophan fluorescence of W546-MDE and V413W-MDE
seven endogenous tryptophans, highlighted in orange, were subwas first used to examine the structural environment of Trp-
stituted with phenylalanine, leaving a single endogenous tryptophan546 and Trp-413 in the absence of actin. These residues were
at residue 546 in the A-site (546-MDE). In addition, a second then monitored in the presence of actin in the ADP-bound

mutant containing a single tryptophan at residue 413 in the R-site . . .
was generated by substituting tryptophan 546 (purple space-filling and rigor complexes to examine the environment of Trp-

model) with methionine and replacing valine 413 (red space-filling 545 and Tr_p-413 in these _tWO strongly bound states. _ThUS,
model) with tryptophan. using a variety of biochemical and fluorescence techniques,

we demonstrate that structural changes occur in the A- and

contains several charged and hydrophobic residues, is thoughR-sites upon binding actin in the ADP-bound and rigor
to interact with the C-terminus of actin to complete formation complexes, providing new insights into the mechanism of
of the rigor complex 12). The R-site is also referred to as the actomyosin interaction.
the myopathy loop, since a mutation within the loop
(Arg403Glu) inS-cardiac myosin results in the deadly human MATERIALS AND METHODS
disease familial hypertrophic cardiomyopathy (FH)8). , o
Indirect evidence, including synthetic peptides of the R-site  CDNA ConstructionWe performed site-directed mutagen-
that reduce the maximal actin-activated ATPase retg,) esis on a clone of smooth muscle myosin heavy chain
of myosin without altering th&y value (19) and phospho- con.tammg the motor domain ar_ld essential light chain-binding
rylation of a serine/threonine residue in the R-site of région (residues 1819, provided by Kathleen Trybus,
nonmuscle myosins that increases the actin-activated ATPas&’Niversity of Vermont) to produce two mutants, each
activity dramatically 20, 21), suggests that the R-site may containing a smgl_e _tryptophan residue. Construction of the
mediate the affinity of myosin for actin. Thus, examining first mutant containing a single trypto_phan res_ldu_e (546)_|n
the structural properties of the R-site in the presence of actinth€ A-site (W546-MDE) by conservative substitution of six
may help to determine the role this loop plays in actin binding ©f the seven endogenous MDE tryptophans (highlighted in
and identify the defect in FHC that disrupts motor function, °range in Figure 1) was described previoudly)(This work

Obtaining structural information about domain motions also described a mutant containing no tryptophans (Null-

within myosin during its interaction with actin has proven MDE, in Wh'Ch Trp-546 was replac_eql with meth|on|n_e,
to be quite difficult. Several fluorescence studies have utilized highlighted in purple) and one containing all seven native
exogenous labeling of the regulatory light chain (RLC) to trypto.phans (WT'MDE)' The seC(_)nd mutant used he_re,
demonstrate key structural rearrangements in the light chain-containing a single tryptophan re§|due (413). in the R-site,
binding region in contracting muscle fibers, suggesting that was qonstrupted bY replacing valine 413 with tryptophan
it may function as a lever arm during force generation (h|gh||ght_ed m_red) n the_NuII-MDE construct. \_/allne 413.’
(reviewed in ref22). In addition, electron paramagnetic was a logical site to substl_tuteat_ryptophan within the R.'S'te.
resonance has demonstrated & Rfation of the lever arm because the corresp.ondlng. residue is a phenylalanme n
region @3) and a disordered to ordered change in the motor skeletal muscle myosin a_nd Isa tryptophar) In yeast myosin
domain during muscle contractio®4, 25). Interestingly, I and Acanthamoebanyosin I. The FLAG epitope sequence

cryo-EM studies have revealed that smooth muscle myosin(DYKDDDK) was added as a fuspn tag at the C-terminus
bound to actin filaments undergoes a large structural change® all MDE constructs for purification purpose&4).
(30—35 A) of the lever arm and a small change at the actin-  Protein Expression and PurificationThe baculovirus -
binding interface upon ADP releas2fj. However, because ~ System was used to express all MDE constructs by coin-
fecting Sf9 insect cells with recombinant baculoviruses
! Abbreviations: DHNBS, dimethyl(2-hydroxy-5-nitrobenzyl)sulfo- encoding the truncated myosin heavy chain and essential light

nium bromide; FHC, familial hypertrophic cardiomyopathy; MDE, ~ chain. Following incubation with baculoviruses for 3 days,
motor domain essential light chain; Trp or W, tryptophan. the Sf9 cells were lysed, ammonium sulfate fractionated, and
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dialyzed overnight in an imidazole-containing buffer (10 mM with a comparative method3§) using L-tryptophan as a
imidazole-HCI, 90 mM NaCl, 1 mM EGTA, 1 mM NajN1 standard @ = 0.14) 37).
mM DTT, pH 7.4) at 4°C. The dialyzate was bound to an The fluorescence emission spectra of W546- and V413W-
anti-FLAG antibody column and eluted with the homologous MDE were measured in the absence of actin, as well as in
peptide. Subsequently, the MDE eluted from the column was the presence of actin under rigor or ADP-bound (2 mM
pelleted with actin, released in the presence of ATP, and MgADP) conditions. To obtain the actin-bound spectra of
dialyzed overnight into Mops buffer (20 mM Mops, 20 mM these mutants (MDEactin = MgADP), we first collected
KCI, 2 mM MgCl,, 1 mM EGTA, 1 mM DTT, 1 mM NaN, the data of 3-4 uM actin alone (in the presence or absence
pH 7.4). The degree of purity of the MDE was assessed by of 2 mM MgADP), then added 0.6M W546- or V413W-
SDS-PAGE (@8) using Coomassie-stained gels. Purified MDE to the actin sample, and collected the MbBé&ctin
MDE concentrations were determined by the method of spectra. The contribution of actin fluorescence in the MDE
Bradford @9) using the Bio-Rad microplate assay. actin spectra, which was 8®5% of the total fluorescence
Actin was purified from chicken pectoralis muscle using (data not shown), was subtracted using the actin-alone spectra
an acetone powder method described previoud) é&nd after correction for dilution and inner filter effects. Control
was polymerized in the presence of phalloidin for actin- experiments using the Null-MDE mutant bound to actin in
pelleting and cosedimentation assa¥%)( The concentration  the rigor and ADP-bound complexes demonstrated that the
of purified actin was determined spectophotometrically using actin fluorescence was unaffected by MDE binding as
an extinction coefficient of 0.62 (mg/mt)-cm™! at 290 nm. reported previously 17). In addition, previous results
Actin-Actvated ATPase and Actin Cosedimentation As- obtained with the W625-MDE mutant, which contains a
says.Actin-activated ATPase assays were performed at 37 single native tryptophan at residue 625, demonstrated that
°C in low ionic strength Mops buffer using a method the W625-MDE spectrum in the presence of actin, obtained
described previouslyl(?). Purified MDE was assayed at a by subtracting the actin-alone spectrum, was nearly identical
concentration of 0.1 mg/mL in the presence of various actin to the spectrum in the absence of actlf)( This provides
concentrations (0, 10, 30, 50, 70, and @d) for 70 min evidence that our method of subtracting the actin fluorescence
(time points taken every 10 min), and inorganic phosphate was reliable. The average rigor and ADP-bound spectra and
production was measured colormetricalB?). The average  maximum emission wavelengthy(,) of W546- and V413W-
ATPase rates [nmol of j#nmol of MDE) *-s7%] of three MDE were obtained by averaging at least three independent
separate preparations of W546-, V413W-, and WT-MDE experiments.
were plotted as a function of actin concentration and fit with A Timemaster time-resolved fluorometer (Photon Tech-
a nonlinear least-squares method. Values/gfx and Ky nology International) equipped with a;Nlash lamp and
were determined using Michaetid/enten kinetics. gated photomultiplier tube was used to determine the
Actin cosedimentation assays were performed as describedluorescence lifetime of the MDE mutants. Samples were
previously (7). First, MDE was incubated with a 4-fold excited at 297 nm, and the time-resolved emission decay
molar excess of actin in Mops buffer for 30 min on ice and was collected atlm.x (determined from the steady-state
then centrifuged at 95 000 rpm for 30 min in a Beckman emission spectra). Time-resolved emission decays were
TLA 120.2 rotor. The supernatant was removed and the pelletdeconvoluted to determine the fluorescence lifetimes using
was resuspended in a volume of SDS sample buffer equalproprietary software from Photon Technology International.
to the supernatant. Equal volume samples of the pellet, Acrylamide quenching was used to determine the degree
supernatant, and the MBEactin complex prior to centrifu-  of exposure to solvent of Trp-546 and -413 in solution. The
gation were subjected to SBPAGE. Assay results were  decrease in fluorescence intensitylatx was measured as a
assessed by visual inspection of the amount of MDE in the function of increasing acrylamide concentrations ([Q]). The
supernatant and pellet relative to the amount prior to fluorescence intensity in the absence of quendigrdivided
centrifugation. by the fluorescence intensity in the presence of quencher
Electron MicroscopyThe overall conformation of W546-  (F) was used to quantify the relative change in fluorescence
and V413W-MDE bound to actin in a rigor complex was resulting from acrylamide quenching«F). Fo/F was plotted
examined by decorating F-actin with these mutants on the as a function of [Q] and fit to the Steri\/olmer relationship,
grid (33) or at approximately stoichiometric ratios in solution taking into account both stati®/f and dynamic quenching
(34) in Pipes buffer (26-100 mM NaCl, 5 mM NaHPQ,, 3 (Ksy) constants:Fo/F = (1 + Ks\[Q]) exp(V[Q]) (38). In
mM MgCl,, 1 mM EGTA, 3 mM NaN, 5 mM Pipes, pH addition, the bimolecular quenching constatg) (was
7.0). Grids were negatively stained with 1% uranyl acetate. calculated by dividindKsy by the fluorescence lifetimer).
Filaments were photographed on stain films over holes in  Dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium bromide (DH-

the carbon support3@) or on thin carbon over holeS8¥%). NBS) was used to selectively oxidize the single tryptophan
Micrographs were recorded at 5200@n a Philips CM10 residues in W546- and V413W-MDE bound to actin in ADP-
electron microscope. bound and rigor conditions. Following incubation o«

Fluorescence MeasuremengsQuantmaster fluorometer ~ MDE with 10 4M actin for 30 min on ice, a 20-fold molar
(Photon Technology International, South Brunswick, NJ) excess of DHNBS was added and incubated for 10 min.
equipped with a 75-W xenon arc lamp as an excitation Excess DHNBS was then quenched by the addition of 5 mM
source, excitation/emission monochromators, and a WG-320DTT. The MDE bound to actin was pelleted as described
cutoff emission filter was used to measure steady-stateabove, the supernatant removed, and the pellet resuspended
fluorescence. Emission spectra were measured by excitingin Mops buffer with 2 mM MgATP. Subsequent centrifuga-
the sample at 295 nm and collecting the emitted fluorescencetion was used to separate the unbound MDE from actin. The
from 305 to 400 nm. Quantum yield®} were calculated  degree of DHNBS quenching was determined from the



14518 Biochemistry, Vol. 38, No. 44, 1999 Yengo et al.
Rigor ADP

e slle sl

W546-MDE s -

ZEEdE H

Actin - s .—*

4
V413W-MDE s ——

Actin l- ~

Ficure 3: Actin cosedimentation assays of W546- and V413W-
MDE in the presence of 2 mM MgADP (ADP-bound) and absence
of nucleotide (rigor). Equal volume samples were subjected to
SDS-PAGE to assess the amount of MDE bound to actin in the
pellet (P) relative to the amount in the supernatant (S) following
centrifugation. When MDE was centrifuged in the absence of actin,
all of the protein remained in the supernatant (data not shown).

' o n Table 1: Summary of Low-Salt (20 mM KCI) Actin-Activated
Ficure 2: Electron micrographs of W546- and V413W-MDE ATPase Data
decorated actin filaments. MDE (0.2 mg/mL) was applied to actin

h ; MDE rate at 3QuM Vimax Kwm Vimax{Km
(0.05 mg/mL) spread on carbon holey triafol removed grids and ¢ m Y M
stained with uranyl acetate. The grids were viewed using a Phillips mutant actin (s7) () W™ (stuMT)
CM10 electron microscope, and micrographs were taken at 52000  WT-MDE 0.184+ 0.08 0.76 62 1.2x 1072
(reproduced at 80% of original size). W546-MDE 0.09+ 0.0P 0.36 99 3.6x 1078

V413W-MDE 0.08+ 0.01° 0.20 49 4.0x 1073
steady-state fluorescence emission spectra of the MDE av,,andKy values were calculated by plotting ATPase rates [nmol
released from actin after the spectra were corrected forof P+(nmol of MDE)*-s™!] from two to three different preparations
differences in concentration. Also, samples of the pellet of each MDE construct as a function of actin concentration (10, 30,

' . ' 50, 70, 90uM) and fitting the curves to MichaelisMenten kinetics.
supernatant, and release_d MDE were SUbJeCted t0-SDS b ATPase rates are given as the meaistandard error.
PAGE to ensure that actin binding was unaffected by the
presence of DHNBS.

preliminary experiments have demonstrated that the binding
RESULTS of WT- and Null-MDE to yeast actin, which has a lower
affinity for vertebrate muscle myosin than does vertebrate
Functional AssaysA series of functional assays were muscle actin, was virtually identical in a rigor complex (Emil
performed to examine the impact of the conservative Reisler, personal communication).
mutations made to generate the smooth muscle myosin single Finally, steady-state ATPase assays demonstrated that the
tryptophan-containing mutants, W546- and V413W-MDE, Vpmax Of W546- and V413W-MDE was reduced-2-fold,
in comparison to WT-MDE. MDE constructs were expressed while their Ky values were within 40% of WT-MDE, and
and purified (96-95%) with similar yields of approximately  their total activity ¢/ma/Km) was 306-35% of WT-MDE
1-2 mg per 1x 10° Sf9 cells. Both W546- and V413W-  (Table 1). Thus, the results of our functional assays indicate
MDE decorate actin with the classic arrowhead appearancethat both W546- and V413W-MDE bind actin normally and,
(33—35, 39) as shown in electron micrographs (Figure 2). although 65-70% compromised, have retained their ability
In addition, we examined the ability of the MDE constructs to hydrolyze ATP in an actin-dependent manner.
to bind actin in the presence (ADP-bound) and absence Fluorescence Properties in the Absence of Aclihe
(rigor) of 2 MM MgADP with actin cosedimentation assays. structural environment of Trp-546 and Trp-413 was probed
As shown in Figure 3, our analysis demonstrated that by examining the steady-state and time-resolved fluorescence
essentially all of the W546- and V413W-MDE was bound properties of W546- and V413W-MDE (summarized in
to actin under both ADP-bound and rigor conditions and thus Table 2). The steady-state fluorescence emission spectra
was present in the pellet following sedimentation. Also, indicated that W546- and V413W-MDE exhibit emission
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Table 2: Fluorescence Properties of W546- and V413W-RIDE —— W546-MDE

rH, + V413W-MDE
MDE Amax T Ksy v kg A
mutant ~ (nm) @ (ns) M~ (M~ (M~Lns?
546-MDE 344 0.20 1.8 0.1 11.5+0.23 2.0 6.4+0.7
V413W-MDE 338 0.27 2.2-0.0# 8.04+0.2C¢ 20 3.6+0.1

aEmission peak maximumiga) and quantum yield ®) were
determined from the steady-state fluorescence specftiilme average
lifetime (r) was determined from the time-resolved fluorescence decay
(£ standard error): Dynamic Ksyv) (£ standard error) and stativ/
acrylamide quenching constants were calculated using the -Stern
Volmer relationship (see Materials and MethodsJhe bimolecular
(kg) (£ relative error) acrylamide quenching constant was calculated
by normalizingKsy by the fluorescence lifetime’) (see Materials and
Methods).

Normalized Fluorescence

30 360
maxima @ma) of 344 and 338 nm, respectively (Figure 4), Wavelength (nm)
and quantum yieldsd¢) of 0.20 and 0.27. Time-resolved  Fgyure 4: Steady-state fluorescence emission spectra of W546-
fluorescence measurements of the two MDE mutants dem-and V413W-MDE (excitation wavelength of 295 nm) collected from
onstrated an average lifetime) (of 1.8 ns for W546-MDE 300 to 400 nm. The quantum yields and emission peak maxima
and 2.2 ns for V413W-MDE. These results indicate that both &€ shown in Table 2. _
Trp-546 and Trp-413 are in a polar environment with Trp- has a single conformation in the ADP-bound state and in
546 slightly more so, perhaps due to greater solvent the rigor complex can adopt several conformations that are
accessibility. in a more polar environment.

To specifically examine the degree of solvent exposure 10 determine the exposure to solvent of Trp-546 and Trp-
of Trp-546 and Trp-413 in the absence of actin, we 413inthe ADP-bound and rigor actomyosin complexes, we
performed acrylamide quenching experiments on W546- andused a permanent quencher (DHNBS) to oxidize Trp-546
V413W-MDE (summarized in Table 2). The Sterviolmer and Trp-413 in the presence of actin, under ADP-bound and
relationship was used to quantitatively determine the acces-figor conditions. We then measured the resulting steady-state
sibility to solvent. The dynamic quenching constar{sj, fluorescence after releasing the MDE from actin. The
defined by the quenching that occurs by interaction of fluorescence spectrum of W546-MDE in the ADP-bound and
acrylamide with the tryptophan in its excited state, were rgor complexes, indicating the degree of DHNBS quenching,
calculated to be 11.5 and 8 Mfor W546- and V413W- was similar in both complexes with 10% more quenching
MDE, respectively. In addition, the bimolecular quenching in the ADP-bound state (Figure 6A). However, VA13W-
constants Ky) for W546- and V413W-MDE, in which the =~ MDE was 50% less quenched in the ADP-bound complex
dynamic quenching is normalized by the fluorescence than in the rigor complex (Figure 6B). Thus, the exposure
lifetime, were calculated to be 6.4 NMns! and 3.6 to solvent of Trp-546 is similar in both the ADP-bound and
M-Lns %, respectively. Given that the values determined rigor complexes, while Trp-413 is less accessible to solvent
for solvent-exposed tryptophans in proteins are approximatelyin the ADP-bound complex than in the rigor complex.
4.0 Mns ! (39), these results indicate that both Trp-546 Furthermore, these results are consistent with the steady-
and Trp-413 are quite solvent exposed. It is likely that Trp- State spectral changes observed for W546- and V413W-MDE

546 is slightly more exposed to solvent than Trp-413, which in the ADP-bound and rigor actomyosin complexes. Overall,
is in agreement with the small differences observed in the these data indicate that Trp-546 in the A-site is buried within

300 320 380 400

Amax @nd quantum yield.
Fluorescence Properties in the Presence of Actie

the actomyosin interface in both strongly bound states, while
Trp-413 in the R-site adopts a more flexible and exposed

examined the changes in the environment of Trp-546 and conformation upon ADP release.

Trp-413 complexed with actin in two strongly bound states
(ADP-bound and rigor). Figure 5 demonstrates the fluores-
cence spectra of W546- and V413W-MDE bound to actin
in the presence of 2 mM MgADP or in rigor, following

DISCUSSION

To understand how myosin converts the energy of ATP
hydrolysis into mechanical work, it is critical to determine

subtraction of the intrinsic actin fluorescence (see Materials the specific nucleotide-dependent conformational changes
and Methods). The average spectrum of W546-MDE is blue- that occur in the actin-binding region of myosin. We have
shifted with almax of 337 &2.0) nm in the ADP-bound  developed a sensitive method utilizing mutants of smooth
complex and 336%1.0) nm in the rigor complex, indicating muscle myosin containing a single tryptophan in two
that Trp-546 adopts a less polar conformation in the ADP- proposed actin-binding sites, the A-site (W546-MDE) and
bound and rigor complexes than in the absence of actin. R-site (V413W-MDE), to identify specific conformational
Interestingly, V413W-MDE has &nax 0f 338 (0.8) nm in changes that are associated with actin binding in the presence
the ADP-bound complex, similar to the unbound spectrum. of ADP (ADP-bound) or absence of nucleotide (rigor). These
However, V413W-MDE exhibits several possililg.s in results suggest a structural model that explains how specific
the rigor complex, which range from a more polar environ- conformational changes in the A-site and R-site may mediate
ment (i.e., rigor 1imax= 347+ 1.1 nm) to an environment  myaosin’s affinity for actin throughout the contractile cycle.
similar to that found in the ADP-bound complex (i.e., rigor Structure and Function of W546- and V413-M[&everal

2, Amax = 3414 0.6 nm). Thus, while Trp-546 is in a less functional assays were performed to determine how the
polar environment in both strongly bound states, Trp-413 conservative substitutions made in the W546- and V413W-
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A A max (nm) A ©  W546-MDE ADP-Bound DHNBS
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Ficure 5: Actin-induced shifts in the steady-state fluorescence . : :
by ; Ficure 6: DHNBS quenching of W546- and V413W-MDE in the
emission spectra of W546- and V413W-MDE in the ADP-bound DP-bound complex compared to the rigor actomyosin complex.

as well as rigor actomyosin complexes. Spectra are the calculate 413W-MDE (2.54M) complexed with actin (1&M) was reacted
average of at least three independent experiments with the .maximun\Nith a 20-fold m-olp':lr excess of DHNBS (50M) for 15 min in the
emission wavelength average- (standard error) shown in the presence and absence of 2 MM MgADP. The actomyosin complex
Lﬁgendh'f(tA) Thefrflun(:rgéslzetnc???ﬁmnl;&on rfrl))er?(tjr'lrjlmt()f V\:.Snd'%'mDE was pelleted subsequently released with MgATP, and the protein
ue-shifts fmaJ fro [0 53/ M upon binding to actin IN € .y cantration normalized steady-state fluorescence emission was
ADP-bound complex and is similar in the rigor actomyosin Complex o4 red. W546-MDE was 10% more quenched in the ADP-bound
(Amax = 336 nm). (B) The fluorescence emission spectrum of complex compared to the rigor actomyosin complex, whereas

:{]412\[/)V|;MbDEn%°an; an %miszio? peal;dmz;xtikr]nupw OI 33%”{“ N \/413W-MDE was 50% more quenched in the rigor complex than
e -bound actomyosin complex, and In the rgor cCompiex a , the ADP-bound actomyosin complex.

range of red-shifted emission spectra are obsenigg & 341—

347 nm). . . )
activated in the presence of actin, we conclude that they are

MDE mutants affected the native properties of myosin. €xtremely useful in probing the structural properties of the
Although the actin-activated ATPase activities of W546- and actomyosin interface in the ADP-bound and rigor complexes.
V413W-MDE were reduced by 6570%, their ability to bind The steady-state fluorescence emission spectra maxima,
actin was similar to that of WT-MDE. Five of the substitu- quantum yields, and acrylamide quenching of W546- and
tions made in these constructs were to residues that occur av¥413W-MDE demonstrate that both Trp-546 and Trp-413
equivalent positions in other myosin isoforms (W29F, W36F, are highly exposed to solvent (Table 2), similar to the
V413W, W54M, and W625F) and would not be expected observed conformation of these residues in the crystal
to significantly alter the enzymatic properties of MDE. Thus, structure of MDE {). In addition, the fluorescence profile
we feel it is most likely that the substitutions made at one of Trp-546 demonstrated that it is in a more polar environ-
or more of the three tryptophans in MDE which are mentthan Trp-413, perhaps because Trp-546 is more solvent
conserved among myosins (residues W441F, W512F, andexposed. However, despite the large difference in the
W597F) may have resulted in the observed changes inmeasured bimolecular quenching constakgy this differ-
enzymatic activity. However, these three conserved tryp- ence in the solvent accessibility of Trp-546 and Trp-413 is
tophans are not located near the actin-binding region andlikely to be exaggerated. A considerable amount of error,
were substituted conservatively with phenylalanine. Since due to the difficulty in measuring the lifetime of W546-MDE,
W546- and V413W-MDE are capable of binding actin in a which has a relatively low quantum yield, may have
strongly bound complex, and the hydrolysis of ATP is contributed to the higl value measured for W546-MDE.
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Alternatively, although not shown in the crystal structure, Pi ADP
Trp-413 may interact with an adjacent part of myosin in .

solution, which would explain its fluorescence profile that ~ A™-APPH Lo svsne DA
indicates it is less solvent exposed than Trp-546. Despite
these uncertainties as to the exact degree of solvent exposurt
of Trp-546 compared to Trp-413, we feel that the data for
each mutant in the absence of actin can accurately be
compared to its properties in the presence of actin. These
comparisons have allowed us to better understand the relative
contributions of these two sites to the progressive changes
in actin affinity which occur throughout the contractile cycle.

Role of the A-Site and R-Site in Binding ActiResults

from cryo-EM a1 12) as Wel.l as mutagenesis St“d'd@.)( FIGURE 7: Model of structural interactions at the actomyosin
have predicted that the A-site may be one of the primary jherface leading from weakly to strongly bound complexes. The
points of contact with actin in the strongly bound actomyosin role of the ABL (dotted line) is shown as the main interaction in
complexes. As reported previously7), Trp-546 adopts a  the presence of AD® (A—M:ADP-P). The release of P
more buried conformaton i both srongly bound acomyosin (£ MADE) esuts .t Sate (erciop Teg) s Rote
complexe_s, _ADP-bound and rigor, compared to_ W546-MDE in formation of thgrigor complex (AM) due tg,a stable interaction
alone. This is apparent from the-8 nm blue shift (344~ of the A-site with actin (i.e., Trp-546 remains in a buried
337-336) in the emission spectrum maximum and the environment) and increased flexibility of the R-site (i.e., Trp-413
protection from DHNBS oxidation in the ADP-bound and adopts a more flexible exposed conformation). Global conforma-
rigor complexes. Interestingly, upon ADP release Trp-546 tional changes such as opening/closing of the actin-binding cleft
. . . L and/or rotation of the entire motor domain may result in the local
adopts a_sll_ghtly more buried Cor_lformatlon as indicated by conformational changes observed at the A- and R-sites.
a blue-shift in the shape of the emission spectrum and a small
increase (10%) in protection from DHNBS quenching. which suggests that Trp-413 can adopt several specific
Together, these results suggest that the A-site interacts withconformations in the rigor complex. Furthermore, DHNBS
actin in both strongly bound actomyosin complexes and that oxidation demonstrated that Trp-413 is 50% more accessible
ADP release may result in a small conformation change in to solvent in the rigor complex than in the ADP-bound
the A-site, perhaps due to a tighter interaction with actin. complex. Cryo-EM performed on smooth muscle myosin
Several independent studies have provided evidence thabound to actin has shown a large change in the lever arm
the R-site may be important for mediating the actin-activated region and a small change in the actin-binding region upon
ATPase rate and actomyosin affinity. Synthetic peptides of ADP releaseZ6). Given our results, we suggest that at least
the R-site have been shown to decrease the actin-activategbart of the change at the actomyosin interface observed by
ATPase rate of skeletal muscle myosin without changfing cryo-EM is a movement of the R-site. In addition, our results
(19). Furthermore, biophysical and biochemical characteriza- imply that the structural rearrangements that occur in the
tion of the R-site loop Arg403Glu mutation in cardiac actomyosin complex upon ADP release involve communica-
myosin, which is associated with the disease FHC, demon-tion over the large distance between the active site and R-site.
strated that this mutation affects the actin-activated ATPase The movement of the R-site may be important for mediating
Vmax @andKy values 41—44). In addition, velocity in the in the 5-6-fold (48) increase in the affinity of myosin for actin
vitro motility assay, as well as the amount of time myosin observed upon ADP release.
remains strongly bound to actin, was affected by the Structural Model of the Actomyosin Interactiofiwo
Arg403Glu mutation 45). These studies suggest that the global conformational changes have been postulated to
R-site may mediate actin affinity by regulating the amount explain how myosin may mediate its affinity for actin during
of time myosin remains strongly bound to actin, perhaps the contractile cycle. One set of predictions suggests that
through changing its conformation following; Pelease, the actin-binding cleft becomes more open or closed, altering
which limits the actin-activated ATPase rau#6), and/or the interface between actin and myos#9,(50). Crystal-
following ADP release, which limits unloaded shortening lographic results obtained froRictyostelium(51), smooth
velocity 47). muscle (), and scallop myosin6) support conformational
Our measurements of the fluorescence properties ofchanges around the cleft, but it is still unclear how these
V413W-MDE bound to actin suggest that the R-site, unlike movements may occur in the presence of actin. These
the A-site, undergoes a large conformational change uponnucleotide-induced conformational changes in the actin-
ADP release. In the ADP-bound complex Trp-413 adopts a binding cleft demonstrated crystallographically have been
buried conformation, as indicated by its protection from shown as rotations of the lower 50 kDa subdomain relative
DHNBS oxidation in the ADP-bound complex compared to to the rest of the motor domain. However, since our results
the absence of actin (data not shown), suggesting that Trp-indicate that the lower 50 kDa subdomain A-site interacts
413 may interact with actin in the ADP-bound complex. In  with actin in both strongly bound states, it is likely that
contrast, the emission spectra and DHNBS oxidation experi- conformational changes around the actin-binding cleft result
ments of V413W-MDE bound to actin in rigor indicate that in rotation of the rest of the motor domain relative to the
the R-site adopts a more flexible and solvent-exposed lower 50 kDa subdomain A-site and actin. A second proposal
conformation upon ADP release. This flexibility is demon- is that the entire motor domain rotates as a rigid body during
strated by a range of emission spectra in the rigor complexthe contractile cycle, demonstrated by cryo-EMDOrbso-
containing red-shifted emission maxima (34347 nm), phila indirect flight muscle %2). Regardless of their exact

A:M

A-SiteR i ig\ R-Site

Cleft
Conformational
Changes

Motor Domain Rotation
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nature, these global structural changes must lead to more
localized conformational changes at the actomyosin interface
that are ultimately responsible for altering the affinity

between actin and myosin.

We have developed a structural model to explain the
sequential steps of the actomyosin interaction leading from
weak to strong binding (Figure 7), which takes into account
the current results as well as those already established in
the literature. First, the ABL forms a weak interaction with
actin while ATP and ADP-P, are bound to the active site
(13—16). Following R release from the active site, myosin
dramatically increases its affinity for actin by incorporating
both the A-site (purple) and the R-site (red) into the

actomyosin interface. The release ofi® also thought to

correlate with rotation of the lever arm and force production.
Once ADP, the final product of ATP hydrolysis, is released
from the active site, the R-site is no longer stabilized by the 10.
contents of the active site and is free to alter its conformation,
whereas the A-site remains tightly bound to actin. The shift
in conformation of the R-site may remove a steric block by
the loop, leading to more contacts of the upper 50 kDa
subdomain of myosin with actin in the rigor complex.

Alternatively, a part of the R-site loop, containing Trp-413,

may interact with actin in the ADP-bound complex, and upon 14
ADP release another part of the loop, or the upper 50 kDa
subdomain, may interact with actin, causing Trp-413 to
become more flexible and solvent exposed. It is likely that 16
global conformational changes, including rotation of the 17.
motor domain and/or changes in the actin-binding cleft,
underlie the changes in the local environment we have
observed at the actin-binding interface upon ADP release.
Overall, our results suggest that the A-site is the primary
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contact between actin and myosin in the strongly bound 19. Bartegi, A., Roustan, C., Chavanieu, A., Kassab, R., and

states, while the R-site shifts its conformation during ADP

release allowing formation of the rigor complex.

In summary, we have used intrinsic tryptophan fluores-
cence to measure local conformational changes in two
important actin-binding regions of myosin and to examine oo
the dynamic properties of these sites in the presence of actin. 23,
We provide evidence that the lower 50 kDa subdomain A-site
binds tightly to actin in both strongly bound states (ADP-
bound and rigor), suggesting that it functions as the main
contact between actin and myosin during these states. In 55
addition, we suggest that the upper 50 kDa subdomain R-site
functions mainly to stabilize interactions with actin in the
ADP-bound complex and alter its conformation upon ADP
release to promote formation of the higher affinity rigor
complex. We have established a model based on our results
as well as previous studies that can be tested in future »g
experiments to further examine the global and local confor- 29,
mational changes that mediate myosin’s affinity for actin.
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