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ABSTRACT Myosin is thought to generate force by a rotation between the relative orientations of two domains. Direct
measurements of distances between the domains could potentially confirm and quantify these conformational changes, but
efforts have been hampered by the large distances involved. Here we show that luminescence resonance energy transfer
(LRET), which uses a luminescent lanthanide as the energy-transfer donor, is capable of measuring these long distances.
Specifically, we measure distances between the catalytic domain (Cys’®”) and regulatory light chain domain (Cys'®) of the
myosin head. An energy transfer efficiency of 21.2 = 1.9% is measured in the myosin complex without nucleotide or actin,
corresponding to a distance of 73 A, consistent with the crystal structure of Rayment et al. Upon binding to actin, the energy
transfer efficiency decreases by 4.5 = 1.0%, indicating a conformational change in myosin that involves a relative rotation
and/or translation of Cys”®” relative to the light chain domain. Addition of ADP also alters the energy transfer efficiency, likely
through a rotation of the probe attached to Cys’®”. These results demonstrate that LRET is capable of making accurate
measurements on the relatively large actomyosin complex, and is capable of detecting conformational changes between the
catalytic and light chain domains of myosin.

INTRODUCTION

The myosin head contains two distinct parts, the catalytic Despite intensive efforts, direct detection of the confor-
domain that binds to actin and hydrolyzes ATP, and themational changes occurring during the powerstroke has yet
light chain domain that connects the catalytic domain to théo be achieved. Rayment et al. (1993b) have crystallized the
rod. The catalytic domain is composed of the heavy chainmyosin head in the absence of nucleotides, including light
and the light chain domain is composed ofahelix of the  chains, and have crystallized the myosin head without light
heavy chain bound by two light chains—the regulatory lightchains complexed to various nucleotide analogs, some of
chain (RLC) and the essential light chain. Conformationalwhich are believed to simulate the prepowerstroke state
changes within the myosin head as it interacts with actin ar¢Fisher et al., 1995; Smith and Rayment, 1995, 1996). The
believed to be responsible for force generation in musclerystal structure for myosin in the absence of nucleotide,
and for a variety of subcellular motions in eucaryotes (Hux-which is believed to resemble the postpowerstroke state, has
ley, 1965; Rayment et al., 1993b; Spudich, 1994). been docked to molecular models of F-actin, guided by
The catalytic domain has been shown to attach rigidly tdow-resolution cryoelectron microscopic images of the ac-
actin during the force-producing cycle (for a review seetomyosin complex (Rayment et al., 1993a; Scleoet al.,
Cooke, 1997). The structure of the myosin head has thu993). These efforts lend support to the lever arm model,
suggested a model for force production in which the lightbut a lack of electron density in the light chain domain for
chain domain rotates relative to the catalytic domain, causthe docked structure prohibits a definitive determination of
ing a translation of the actin filament, the so-called power-the orientation between the light chain domain and the
stroke. In this “lever arm” model, rotation of the light chain catalytic domain. The crystal structure of myosin obtained
domain amplifies nucleotide-mediated conformationalin the presence of nucleotides shows shifts in the positions
changes in the catalytic domain. Specifically, the light chainof several specific secondary elements; however, because of
domain is believed to undergo a rotation-e#45° during the  a lack of light chains in these structures, these conforma-
powerstroke to produce a 5-11-nm translation of the actitional changes have not been linked directly to changes in
filament (Finer et al., 1994). The detection of such confor-the orientation of the light chain domain. Low-angle x-ray
mational changes during and surrounding the powerstroke iand neutron scattering have detected a global conforma-
central to an understanding of muscle mechanics antlonal change in the radius of gyration of the myosin head,
energetics. but the technique cannot isolate conformational changes to
a particular domain (Mendelson et al., 1996; Wakabayshi et
al., 1992).
, o o Two recent investigations have provided the most defin-
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itive evidence for rotation of the myosin light chain domain
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muscle fibers, detected two distinct angles of the light chairMATERIALS AND METHODS
domain with different distributions among these popula- .
tions, depending on the state of the fiber (Baker et al., iante'ns and reagents
press). Two other groups have detected a light chain domaiHMM and actin were isolated and purified from rabbit skeletal muscle by

swing during what is believed to be a postpowerstrokéta”dafd methods (Spudich and Watt, 1971; Weeds and Pope, 1977).

. . . hicken gizzard regulatory light chain (RLC) was a gift of Dr. Christine
motion. Jontes et al. (1995), using electron microscopy, angremo. 5-Tetramethylrhodamine iodoacetamide (TMRIA) and tris-(2-car-

Gollub _et al. (1996)_' using I_EPR spe_ctroscopy,. both deteCtegoxyethyl) phosphine hydrochloride (TCEP) were purchased from Molec-
a rotation of the light chain domain of30° in smooth ular Probes (Eugene, OR), and anhydrous dimethylsulfoxide and terbium
muscle upon ADP release. chloride hexahydrate (99.999%) were purchased from Aldrich. The syn-

Most spectroscopic probes attached to the Iight Chaiﬁhe_Sis of di_ethylenetriaminepentacetate—_carbostyril_ 124—maleimidopropi-

domain, which are potentially sensitive to rotational motion,o-nIC hydrazide (DTPA-cs124-EMPH) will be published elsewhere (see
Fig. 1). Light chain exchange buffer contained 1 mM ADP, 50 mM KCI,

have not been able to detect rotational changes duringo mm EDTA, 10 mM KH,PO, (or 50 mM 3-(N-morpholino)propanesul-
steady state activity, in part because the light chain domaifpnic acid, MOPS), pH 7.0. Rigor buffer contained 1 mM EGTA, 5 mM
appears to be highly disordered in active muscle (Allen ef9Clz 20 MM MOPS, pH 7.0. TCEP (5 mM) was added to all buffers on
al., 1996: Hambly et al., 1992). An alternative method of " 9& of use-
detecting a swing of the light chain domain that does not
rely on rotational probes is to measure distances betweeATPase assays

the light chain and catalytic domains before and after theATPase activities were measured by determining the rate of release of

powerstroke via ﬂuprescence resonance energy transfeioganic phosphate (Rat 25°C, with the method of Kodama et al. (1986).
(FRET) (dos Remedios et al., 1987; Smyczynski and Kasprk +-ATPase was assayed in 0.6 M KCI, 1 mM EDTA, 50 mM MOPS, pH
zak, 1997), but the distances between the regulatory light.0. C&"-ATPase was assayed in 0.6 M KCI, 4 mM Ca@&0 mM MOPS,

. . . ; ; i+ ;
chain and catalytic domains are generally beyond the tecHH 7:0 Actin-activated Mg -ATPase was assayed in 2 mM Mg(P0
. , mM MOPS, pH 7.0, with 80uM actin. The reaction was initiated by
nique’s range.

. . . adding 2 mM ATP. At 20, 60, 120, 180, 240, and 300 s, aliquots were

We have previously shown in model systems that usingGyuenched with 3.1% perchloric acid. The rate of ATP hydrolysis was
luminescent lanthanides as donors and conventional organéenstant during this time.
dyes as acceptors in luminescence resonance energy transfer
(LRET) measurements leads to many technical advantag .
over conventional FRET (Li and Selvin, 1997; Selvin, 1995:%cceptor labeling
1996; Selvin and Hearst, 1994; Selvin et al., 1994). (LanLabeling protocol
thanide emission arises from high-spin to high-spin elecyge ratios of TMRIA to HMM varying from 2:1 to 50:1 were reacted
tronic transitions and so is formally not fluorescence, butoveright on ice in rigor buffer (at both pH 6.5 and pH 7.0). HMM
Forster's dipole-dipole theory nevertheless applies, becausgncentrations during labeling werel5 uM. The reaction was quenched
the transitions are primarily electric dipole (see Selvin and? the addition of 10 mM dithiothreitol (DTT), and passed over a G-75
Hearst, 1994, and Selvin, 1996, for a discussion).) Othergephadex size-exclusion cqlumn to remove free TMRIA.7The goal was to

chieve 2 TMRIA/HMM, with one TMRIA at each Cy¥’ site on the
have shown the advantages of using lanthanides in energym dimer. This degree of labeling was achieved by reacting mole ratios
transfer-based homogeneous assays (Mathis, 1993, 1995),TMRIA to HMM between 3 and 6.
in diffusion-enhanced energy transfer studies (Stryer et al.,
1982), and for distance determination in calcium-binding
proteins (Horrocks et al., 1975). Recently LRET has been CHa
used to measure protein-DNA interactions (Heyduk et al.,
1997) and protein-protein interactions (Root, 1997).

Here we apply LRET to actomyosin, measuring energy
transfer between a lanthanide donor on the regulatory ligh
chain and an acceptor in the catalytic domain. For our initial
study presented here, we have labeled the catalytic domai
at Cy<°7 because labeling is specific and well character- —" Tb3+
ized. However, Cy¥” is near the putative fulcrum (Uyeda \_CO

2

et al., 1996), and hence these measurements may not be v ] 0
sensitive to the hypothesized swing of the light chain do- N~ 9
main. Nevertheless, we show that LRET measurements on a2 e

o : I NH—C—— (CHy),
purified heavy meromyosin (HMM) are capable of measur- C——N
ing the requisite distances between catalytic and light chain x
domains, that the measured distance in the absence of nu- o

S - Myosin
cleotide is consistent with the crystal structure, and that v

myosin _adODtS a different conformation upon binding actinfiGuRe 1 Structure of the terbium chelate (Th-DTPA-cs124-EMPH)
and actin plus ADP. used as the energy transfer donor.
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TMRIA extinction coefficient at millimolar concentration, and the metal was allowed to bind for 30 min
on ice. A~20-fold excess of the metal-containing chelate was then added
The extinction coefficient of TMRIA bound to myosin was determined by g gizzard RLC in exchange buffer with 5 mM TCEP. The reaction was
measuring the absorbance of a known amount of TMRIA reacted withajlowed to proceed for more than an hour (often overnight) at pH 7.0 on ice
excess myosin and accounting for a small percentage of TMRIA that dichnd quenched with 10 mM DTT. Gizzard RLC contains a unique cysteine

not bind. Specifically, whole skeletal myosin (18V) was reacted with  (Cysl°8 equivalent in position to VP2 on the skeletal RLC, based on
TMRIA (10 M) on ice for 2 h in abuffer containing 0.6 M KCI, 5 MM sequence alignment; Collins, 1991).

MgCl,, 20 mM MOPS, pH 6.5. At 0, 1, 5, 30, 60, and 120 min, the
absorbance of this sample was measured, and the extinction coeffiient (
was calculated according te:= (Ass, — Agsd/[TMRIA], where Agg, and Exchange reaction
Agso are the absorbances at 554 nm and 650 nm, respectively (the latter to
account for baseline offset). During the course of the 2-h reaction, théendogenous RLC was replaced with chelate-labeled gizzard RLC as fol-
extinction coefficient of TMRIA decreased monotonically from 79 mM  lows. A 5- to 10-fold excess of Th-gizzard RLC was added to HMM (either
cm™for free TMRIA, to 69 mM *cm™* for TMRIA bound to myosin. In  unlabeled or TMRIA-labeled) in exchange buffer, and the solution was
addition, to determine the extinction coefficient of sulfhydryl-reacted TM- heated to 34°C for 15 min, followed by cooling on ice and the addition of
RIA at 280 nm and 330 nm, relative to the extinction coefficient at 554 nmTES (pH 7.0) and then Mgglo final concentrations of 100 mM and 15
(these values are used in determining the concentration of protein labeletiM (5 mM free Mg), respectively. Unincorporated RLC was eliminated,
with TMRIA), 10 uM TMRIA was reacted with 1 mM3-mercaptoethanol  and the solvent changed, by passing over a G-75 column equilibrated in
overnight. For this samplé\,5/Ass4 (= €:5d€s554) Was 0.29, and\y5/Ass, rigor buffer. Incorporation of gizzard RLC into skeletal HMM was con-
(= e33dess) Was 0.07. firmed by SDS-PAGE.
To check for nonspecific binding of the gizzard RLC to HMM, the two

. were mixed at concentrations identical to those used for exchange (5-8

Extent of TMRIA labeling M HMM, 25-80 uM gizzard RLC). This mixture was left on ice for 15

The extent of labeling and concentrations of HMM and bound TMRIA Min instead of being heated to 34°C, and then passed over a G75 column.
were determined by measuring the absorbance at 280 nm (primarily HMM\IO gizzard RLC was apparent on SDS-PAGE of this sample.

absorbance, with some TMRIA absorbance), 330 nm (scattering and TM- During the heating step of the exchange reaction, 1 mM ADP was

RIA absorbance), 554 nm (TMRIA absorbance), and 650 nm (baseline)tequ"ed to preserve the enzymatic activity of the HMM (Setton and
The concentrations of HMM and TMRIA, in moles/liter, were then deter- Mu.hlrad,' 1984). In+the presence _OT ,1 mM ADP, both the-KTPase and
mined from Egs. 1 and 2, respectively: actin-activated Mg"-ATPase activities of HMM were unchanged after

gizzard RLC exchange relative to untreated HMM.

[HMM] = {[(Azg0 — Ass0) — 0.2 Asss — Asso)] — (1)
1.9 (Agz0 — Asso) — 0.07Ass, — Agsd ]1/2.345X 10° Lanthanide luminescence measurements
[TMRIA] = (Asgy — As50)/69 X 10° ) All terbium emission data were recorded on a laboratory-built spectropho-

tometer described previously (Selvin and Hearst, 1994) and recently up-
For the HMM samples on which the LRET measurements were made, thgraded to include a CCD for spectral measurements (Selvin, 1996). Sam-
extent of TMRIA bound per HMM head was determined to be 1:27.09 ples were placed in a quartz cuvette (either 3 N3 mm or 2 mmx 2
(n = 5). mm inner dimensions) at room temperature. The concentration of HMM
was typically 1 uM in rigor buffer. The concentration of actin, when
, present, was 4—1AM. This actin concentration ensures complete binding
Location of TMRIA on HMM of HMM (Greene, 1981). The terbium donor was excited with 400-1600

The location of TMRIA on the protein was analyzed by tryptic digestion of €Xcitation pulses from a nitrogen laser (337 nm, 5-ns pulsewidth, 40-Hz

the labeled HMM, followed by separation of the fragments by sodium r€Petition rate), and terbium emission (546 nm) was acquired after passing
dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). yy-through a gratlng_spectrometer with a photo_n—countlng photomultiplier

induced fluorescence of the gel localized the TMRIA, followed by Coo- attached to a multichannel analyzer 8-resolution).

massie blue staining, which gave a semi-quantitative measure of protein

content in each band. For relatively light labeling (0.8—1.5 TMRIA bound . .
per HMM head), no labeling of the endogenous RLC was detected, and th@urve-fitting and energy transfer analysis

iori 0, -
vast majority (-90%) of the fluorescence arose from a 20-kDa fragmentMultiexponential fits were made with Tablecurve (Jandel Scientific, Marin,

. - "
known to contain SH1 (Cy&") and SH2 (Cy?). Significantly less (10%, CA). Donor-only data were fit to two exponentials and showed no residual

judging by eye) fluorescence was detected on a 25-kDa fragment contain-, ) -
. ) o ) structure. Donor-acceptor data were fit to three exponentials and also
ing the nucleotide-binding region. No fluorescence was detected on th

Showed no residual structure. The shortest lifetim®Q us) in the three-
50-kDa fragment. Further evidence for the specificity of TMRIA for e I . Qps)
707 . . exponential fit was due to detector ringing arising from prompt acceptor
Cys’®’ came from ATPase assays: relative to unlabeled HMM, TMRIA- _ = .~ . ) e -
dified HMM sh dad d rate of TP hvdrolvsi d emission immediately after the laser excitation pulse. It does not originate
modiie d rat sfogée A'?P icrdeasle ' rate o i y tro i/has, a? tanf from luminescence of the terbium donor and hence is not included in the
:n;:)rel_ase rate o ) yarolysis, In proportion o the extent o energy transfer analysis. The three-exponential fit of the donor-acceptor
a img' tioned ab CY¥ modification did affect th i complex can be reduced to a two-exponential fit by fitting the data after a
S mentioned above, modification did aftect the enzymatic >150-us delay, thereby eliminating the90-us component due to detector

activity of HMM. Th? phy_5|olog|call_y relevant actin-activated fg . ringing. In the two-exponential fit, the shorter component (which is not of
ATPase decreased slightly in proportion to the extent of TMRIA labeling, . ) . .
primary interest; see below) varied by 20% compared to the three-expo-

,SAl:erFI;] et:gtO;Mol\fAtLa;biLeﬂggiﬁ‘?esNgMTmFr{ellﬁe per HMM hydrolyzed Mg- nential fit, whereas the longer component, which is of primary interest,
0 . .
remained unchanged.

The efficiency of energy transfer was calculated from the lifetimes of
Donor labeling donor luminescence as % (1p,a/7p), Wherer, and 7,5 are the donor
excited state lifetimes in the absence and presence of acceptor, respec-
Donor chelate was placed on the light chain domain as follows. A solutiortively. For each experiment, donor-only and donor-acceptor samples were
of ThCl; was added at a 0.9:1 molar ratio to EMPH-DTPA-cs124 at pH 7 prepared simultaneously, and all energy transfer calculations pair the
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donor-acceptor measurement with the corresponding donor-only controTABLE 1 Donor (Tb3*) luminescent lifetime and energy
This pairwise method of comparison yielded highly reproducible resultstransfer measurements on actomyosin
and is superior to determining energy transfer by comparing the average of

donor-only lifetimes to the average of donor-acceptor lifetimes. A paired- A m. ET
. . . . Sample Energy relative to
samplet-test was used to determine the statistical significance of differ- . . s
. . .. (protein complex: labels) Lifetime  transfer (ET) HMM only
ences in energy transfer measurements between experimental conditiotls
(HMM alone, HMM + actin, HMM + actin + ATP, HMM + actin + HMM: donor only 1.81+ 0.03 ms N/A
ADP). Throughout the text, lifetime and energy transfer data are reported (n=05)
as meant standard error of the mean. HMM: donor-acceptor 1.42- 0.02ms 21.2- 1.9%
(n=5) (n=15)
Acto-HMM: 151+ 0.04ms 15.6-2.6% —-4.5*=1.0%
Polarization measurements donor-acceptor (n=4) (n=4) h=4)
ATP + acto-HMM: 145+ 0.05ms 18.3:t 3.0% —1.4*0.7%
Steady-state anisotropy measuremenits{(1,)/(l; + 21,)] of TMRIA donor-acceptor (n=23) (n=23) n=23)

bound to myosin were performed according to standard methods USINBor each experimental condition (column 1), the table lists the long lifetime

514-nm vertically polarized excitation, a rotatable analyzer, and a seconcciomponent of donor luminescence (column 2), and the efficiency of energy

analyzer placed at 45° to eliminate detection polarization effects. In addi- oo ) -
}ransfer calculated by a pairwise comparison of the long lifetime compo-

tlon,rta? ape;rctjure évgfjp\ll\z:\ced n éhe ertr;]lsngrl p?ﬂ; toslllr\1/1i|; thlegggmeé:ciﬂents of donor emission from the donor-only and donor-acceptor com-
aperire, and a as used as the detector (Selvin, )- Bla Plexes in each experiment (column 3). In the presence of acceptor, the

measurements on unlabeled myosin and unlabeled myosin bound to act| , ; P
Y Y dbnor's luminescent lifetime becomes shorter because of energy transfer

were subtracted from all signals. Measurements were performed at roOID tween the terbium donor on the regulatory light chain and a TMRIA

temperature at~0.5.,uv| TMRIA TN a3 mmx 3 mm cuvette. ___acceptor at Cy87 in the catalytic domain of HMM. Energy transfer
Steady-state anisotropy measurements on the terbium-labeled glzzarqcf. ; .
iciency is calculated as * (tpa/mp), Where 75 and 1,y are the

; : L €
RLC exchangec_i |qto HMM (\{wthout_TMRlA) were performed S|m||ar_ly, lifetimes of donor luminescence in the absence and presence of acceptor,
except that excitation was with vertically polarized 337-nm pulsed light,

respectively. Note that energy transfer calculated by taking the ratio of the
and the emission was passed through a single analyzer and a chopper P y o y 9

- 2 o "raverage lifetimes (from column 2) is not necessarily the same as energy
before being detected by the CCD. The polarization sensitivity of the optic P : ) ?
f : . ransfer calculated pairwise for each experiment, then averaged (listed in
was determined by assuming that the anisotropy of a Th-DTPA-cs12 P P ged (

e ) column 3). (The pairwise method is more accurate.) A comparison of
chelate freely diffusing in solution was zero. (The spectrometer had a fer i | f di ft
15.7% bias in favor of horizontally polarized light.) nergy fransfer |n_HMM alone to_energy_trans er measurec in HMM atter

' ' addition of saturating actin or actin ATP is calculated pairwise for each
experiment, and listed in column 4. Note that the change in energy transfer

relative to the HMM-only sample must be calculated pairwise for each

RESULTS experiment, because the energy transfer values listed in column 3 are averages
. over different sample populations € 5 for HMM only, n = 4 for HMM +
Donor-only lifetime measurements actin,n = 3 for HMM + actin + ATP). As indicated in column 4, binding of

. - actin to HMM decreases energy transfer by an average of 4.5%, a small but
Fig. 1 shows the structurg of the terbium chelate used as_ths?atistically significantf < 0.01%ydifference.ySubsequer?t addition of ATP to
donor. Except for the differences caused by the reactivgeio Hmm returns energy transfer to within 1.4% of the HMM-only value, a
maleimide group, the spectroscopic (Li and Selvin, 1995)ifference that is not statistically significant € 0.05). All values are given as
structural (Selvin et al., 1996), and energy transfer propermeanz standard error of the mean.
ties of the chelate have been described (Selvin and Hearst,

1994; Selvin et al., 1994). The hydrazide-carbonyl linker

useq n the maleimide has t'he advant'age'that the CarbonXleotide (ATP or ADP) causes a change in the short lifetime
partially ligates the lanthanide, resulting in a higher Ian-Component of 0.05 0.04 ms 1 = 7), ~10% of the mean

thanide quantum yield and a longer excited-state I'fet'meand a change in the long lifetime component of only

than the equivalent complex without the hydrazide linkag N _ A a0
(1.81 ms versus 1.55 ms, respectively; Li and Selvin, 1995?9'005_ 0.004 ms @ = 7), ~0.3% of the mean.

When bound to gizzard RLC and exchanged into HMM, the
excited-state lifetime in the absence of acceptor is almosbonor_
monoexponential, with 8% 1% of the signal decaying with

a time constant of 1.8 0.03 ms G = 5) at room When the chelate-labeled RLC is exchanged into an HMM
temperature (Table 1 and Fig. 2). In addition, there is &13 labeled at Cy&’ with acceptor, the decay of terbium emis-
1% component decaying with a time constant of 057 sion at 546 nm is triexponential (Fig. 2). The shortest
0.04 ms fi = 5). The source of this short lifetime compo- lifetime (r < 0.09 ms) in the three-exponential fit is due to
nent (4.3*= 0.2% of the total photons) is unknown, but it detector ringing arising from prompt acceptor emission
indicates that a small population of the chelates (13%) havanmediately after the laser excitation pulse. It has no phys-
a quenched excited-state lifetime, possibly due to an altereidlogical significance, and is not considered in the energy
interaction with the protein. The long lifetime, which is of transfer analysis. The origin of the middle lifetime compo-
primary interest, is highly reproducible, with a standardnent ¢ = 0.40—0.60 ms) is more complex and is discussed
deviation of only 3% of the mean on five measurements ornn detail later (see Spectral Analysis). The lifetime of the
different days on different samples. Neither the short nor théongest componentr(= 1.40-1.60 ms) is believed to be
long lifetime of the donor changes upon addition of actin orinfluenced by energy transfer between the terbium donor on
nucleotides. Specifically, binding of HMM to actin or nu- the regulatory light chain and a TMRIA acceptor at ¢YsAn

acceptor lifetime measurements
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corresponding to a donor-acceptor distance of 7RA+

59 A; see below). A X dilution of the sample with buffer
causes no change in the terbium lifetime, indicating that all
energy transfer is intramolecular, and not intermolecular, as
expected because of the dilute conditions and large molec-
ular weight of HMM.

The addition of actin decreases the efficiency of energy
transfer to 15.6- 2.6% ( = 4) (Table 1 and Fig. B). A
pairwise comparison of the HMM-only and HMM actin
measurements reveals a decrease in energy transfer upon
actin binding of 4.5= 1.0% ( = 4). Note that although this
difference is relatively small, it is statistically significant
(p < 0.01) and highly reproducible.

We considered that the reduction in energy transfer ob-
served upon actin binding could be due to decreased inter-
action between the two heads of an HMM molecule. To test
this possibility, the single-headed myosin fragment, papain
S1 (pS1), was prepared and labeled with TMRIA at €§s
and exchanged with Th-EMPH-labeled gizzard RLC, fol-
lowing the protocol outlined for HMM in Materials and
Methods. Upon addition of actin to pS1 there was a decrease
in energy transfer similar to the decrease observed in acto-
HMM. These results indicate that the changes in energy
transfer measured in HMM are not a result of energy trans-
fer from a donor on the RLC of one head to an acceptor at
Cys’®” on the other head of the HMM dimer.

The addition of 1 mM ATP to acto-HMM, which at this
ionic strength releases HMM almost entirely from actin
(and starts the catalytic cycle), returns the efficiency of
energy transfer to close to its HMM-only value, indicating
that the myosin has been released from actin (see below for
further discussion of this point). In Table 1, the small
difference between the average amounts of energy transfer
in the HMM-only and HMM + actin + ATP samples is

10 ]

0 1 2 3 4 5 6 - actually a result of calculating the average over different

sample populationsi(= 5 for HMM only, n = 3 for HMM

+ actin + ATP). A pairwise comparison of the HMM-only
and HMM + actin + ATP measurements reveals a differ-
_ence in energy transfer of 14 0.7% q = 3), which is not

Time (msec)

FIGURE 2 Excited-state lifetime of the terbium donor on HMM, with
and without TMRIA acceptor. The terbium donor is placed on the regula: L. o :
tory light chain of HMM; the acceptor, if present, is placed at €y the statistically significant at the = 0.05 confidence level.
catalytic domain of HMM. ) A typical decay of terbium donor lumines- In two separate experiments, the addition of 0.5 mM ADP
cence (emission measured at 546 nm after a 5-ns excitation pulse at 339 the actin-HMM complex caused a 3.4% increase in energy
nm) in the absence and presence of acceptor for HMM without actin. Theransfer, As discussed below, there is a body of evidence which
qonor—only is _ne_arly single exponential; the donor—e}ccep_tor is trlexponenindiCates that TMRIA bound to C)7/§7 rotates upon the addi-

tial, although it is only the longest component that is of interest here (see, . .

text). The reduction of the long component of the terbium IuminescenttIon of actomyosin, whereas the gIObaI conformation of the
lifetime in the presence of acceptor indicates 21% energy transfer, or &Ny0sin head does not change. Thus the observed change in
distance of 73 A.B) The corresponding donor-only and donor-acceptor energy transfer upon the addition of ADP is probably due

measurements after the addition of saturating actin to the HMM sample obrimar”y to a rotation of the rhodamine acceptor.
A. Again, based on the reduction of the long-lifetime component, 15.8%

energy transfer is inferred, indicating a conformational change upon addi-
tion of actin to HMM.
Spectral analysis

analysis of this component and the effect of adding actin, ATP,Com’O onents in spectra
or ADP to HMM are presented here and in Table 1. As mentioned previously, the donor’s excited-state lifetime
Comparing the donor’s excited-state lifetime on HMM is biexponential in both the donor-only and the donor-
with and without acceptor (Table 1 and FigA2no nucle-  acceptor complex, but the relative population of the short
otide or actin) yields 21.2= 1.9% energy transfen(= 5), = component increases from 18 1% to 31 = 3% of all
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chelates, respectively, with only a small change in thetances in model systems (Selvin and Hearst, 1994; Selvin et
lifetime of this component® = 0.57 = 0.04 ms in donor- al., 1994). We usa = 1.33 (the value for water); if we were
only samples, 0.44- 0.04 ms in donor-acceptor samples). to usen = 1.39, the value for many organic materiefs,

The increase in amplitude of the short component in thevould be reduced by 3%. Although these parameters affect
donor-acceptor samples indicates the presence of a secotite absolute distance calculated, they do not significantly
species of donor in addition to the quenched population seeaffect the difference in distance we find between the myo-
in the donor-only samples. Thus the 31% component in thain-only and the myosin-actin complex.

donor-acceptor samples, which has a (average) lifetime of The last term,«x?, is typically the most problematic,
0.44 ms, arises from two distinct donor populations whoselthough dos Remedios has argued that even in conven-
lifetimes cannot be resolved: 1) Thirteen percent arise frontional FRET measurements on actomyosin, assuming that
the chelates that are quenched even in the absence of ac = 2/3 yields reliable results (dos Remedios and Moens,
ceptor. These donors have an excited lifetime of 0.57 ms. 2)995). With terbium as a donor, emission is unpolarized
Eighteen percent arise from donors that undergo a relativelganisotropy of 546 nm emission 0.039), which is equiv-
large amount of energy transfer. These donors have a lifealent to a rapidly rotating donor. This constrains @/%? <

time likely to be somewhat shorter than the 0.44-ms aver4/3, the limits corresponding to an acceptor that is com-
age,~0.35 ms. This species of donor is relatively close topletely rigid and aligned perpendicular or parallel, respec-
an acceptor—1 (0.35 ms/1.81 ms¥F 81% energy trans- tively, to the radius vector. Assumirngf = 2/3 then pro-

fer, or 46 A between donor and acceptor, based oRgnf  duces at most a 12% errorR) if the acceptor is completely

59 A (see below). This short-lived component contributes taigid (Dale et al., 1979). We measured an anisotropy of 0.34
sensitized emission (data not shown), which is strong evifor TMRIA bound to myosin at Cy8’ and a value of 0.33
dence that it is indeed arising from energy transfer. Thaupon addition of actin, in good agreement with previous
fraction of terbium emission that decays with this shortermeasurements (Ajtai et al., 1992). These measurements
lifetime does not change upon binding of HMM to actin or indicate that the TMRIA is quite rigid on the nanosecond
nucleotides. The source of this 18% population is unknowntime scale (0.34 corresponds to a wobble in a cone of
although it may be due to acceptor labeling at a site othehalf-angle 26°, assuming the dye’s dipole moment is
than Cy$%’, or to an altered conformation of the protein. equally distributed within the wobble cone before it emits,
and that the maximum anisotropy is 0.40), limiting the error
in R, due to orientation to approximately10%. Further-
more, in LRET, rotational motion of the acceptor during the
The distance measured in resonance energy transfer expeienor’s millisecond lifetime will further constrair® near

Calculation of R,

iments is inferred using the well-known equati@h = 2/3. Long-lifetime protein breathing motions are known to
1/[1 + (RIR,)?], or R = R,(1/E — 1)"6 (Cantor and Schim- occur on this time scale (Wells and Yount, 1982).
mel, 1980).R, is defined by the equatioR, = (8.79 X Nevertheless, the changes in energy transfer seen upon

1073Jk’n"%qp) Y6 A, where parameters appropriate to lan-the addition of actin or ADP are relatively small, on the
thanide photophysics are used (Selvin, 1996; Selvin andrder of 5%. Consequently, changes in the orientation of the
Hearst, 1994). Specificallyg, is the lanthanide quantum acceptor could generate these changes in energy transfer,
yield in the absence of acceptdris the spectral overlap of and as discussed below, the observed changes are probably
the donor’s electric dipole emissioffi,] and acceptor ab- influenced by rotation and possibly distance changes.
sorption €,) (J = [foeaA? d)), niis the index of refraction,
and«? is a geometric factor related to the relative angles of
the two dipolesR, has previously been evaluated for Tb to
TMRIA (Selvin and Hearst, 1994). Using the parametersDISCUSSION
appropriate for myosin (see below), we find tRgt= 59 A.  The present investigation represents the first application of
Here we discuss each term Ry and discuss its uncer- LRET to the determination of distances in actomyosin. A
tainty. We useesgsm = 69 MMt cm ! and exgo,m =  Primary result is that, although the distance between'Cys
0.2%.¢4,m Others have measureds,,to be 47 mM*  and the light chain domain is large, it can be determined by
cm ! (DeBiasio et al., 1988) and 79 mM (Ajtai et al., 1992); LRET, and the result agrees with the crystal structure of
the former would reduc®, by 5% (to 56 A), and the latter myosin subfragment-1. In the absence of nucleotide, we
would increas&R, by 3% (to 61 A). We sej, = 0.7=1.81  find the distance from Cy§’ in the catalytic domain to
ms/2.63 ms, the latter corresponding to the lifetime y©D Cys'°®in the regulatory light chain domain to be 73 A, in
(Li and Selvin, 1995), whergp, is assumed to be unity in good agreement with a 68-A @o-C, distance from Cy&’
D,O (Selvin and Hearst, 1994). We also assume that terto Val*®® in the crystal structure of Rayment et al. The
bium emission in the 546-nm manifold is due only to largest source of uncertainty in our measured distance is the
electric dipole transitions. This is clearly an upper limit for estimation ofR,: the uncertainty in the orientation factor
o and for the fraction of electric dipole emission (asleads to an uncertainty in distance ©fL0%, and the lan-
opposed to magnetic dipole transitions, which cannot transthanide quantum yield assumption (see previous discussion
fer energy), but these assumptions yield reasonable disf R;) may lead to an overestimation of the actual distance,
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although this error is probably significantly smaller thanand Heidecker, 1996; Root and Reisler, 1992; Sleep et al.,
that due to the orientation factor. In addition, the distancel981).

we measure is not necessarily comparable to that of the

crystal structure. Aside from the obvious solution-versus-

crystalline conditions, our distance includes the effects oiCONCLUSION

side chains, dye linkers, and the finite size of the dyes, an
is measured from Cy& of the gizzard light chain, whereas
in the crystal it is from Vai® of the native skeletal light

gNe have shown that LRET is capable of measuring dis-
tances between the catalytic and light chain domains of
_ Or'nyosin, and that the result is consistent with the crystal
710 A. structure of the myosin head. Energy transfer decreases a

Interpretation of the small changes in energy transfer tha?maII but S|gn|f.|cant a”.“’“”‘ upon adc_imon of actin, anq
occur upon addition of actin or nucleotides must conside gtums to near its myosin-only value with the further ad.d"
alterations in both the distance and the orientation of théIon of ADP. Hence these substrates cause a conformational

acceptor. The addition of actin to HMM decreases theCh"’mge in myosin—probably a rotation in the C¥segion,

. . . 7
efficiency of energy transfer, showing that there has been %nd"pohstsm;]lyii Zmr?]” irr?Iatlvvev t:;’;m_;llatlonrgetwetrenm@ﬂﬁnd dem-
change in the conformation of HMM between C¥sand € ight chain domain as Wet. Tnese measurements

the light chain. This change could reflect either a rotation ofonstrate the feaS|b|_I|ty Of. using LRET for more detalled.
the acceptor bound at C§€ or an increase in distance studies of actomyosin during the many states of its catalytic

between donor and acceptor. If the change in energy transf&?’de'

is due to a pure translation, the distance in the acto-HMM
complex would be 78.7 A, a 4.2-A increase over the HMM-
only distance. However, conformational changes upon acti

inding are known r in the vicinity local . . N i
b dh ga eb do to O.C(?u the vicinity local to d}% hT is work was supported by a Bank of America—Giannini Foundation
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