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Abstract

The xanthene probes 5'-iodoacetamido-fluorescein and -tetramethylrhodamine specifically modify skeletal muscle myosin
subfragment 1 (S1) at the reactive thiol residue (SH1) and fully quench the fluorescence emission from tryptophan residue
510 (Trp510) in S1 (T.P. Burghardt and K. Ajtai, Biophys. Chem., 60 (1996) 119; K. Ajtai and T.P. Burghardt,
Biochemistry, 34 (1995) 15943). The difference between the fluorescence intensity obtained from S1 and probe-modified S1
comes solely from Trp510 in chymotryptic S1, a protein fragment that contains five tryptophan residues. The rotary strength
and quantum efficiency of Trp510 were measured using difference signals from fluorescence detected circular dichroism
(FDCD) and fluorescence emission spectroscopy. These structure-sensitive signals indicate that the binding of nucleotide or
nucleotide analogs to the active site of S1 causes structural changes in S1 at Trp510 and that a one-to-one correspondence
exists between Trp510 conformation and transient states of myosin during contraction. The Trp510 rotary strength and
quantum efficiency were interpreted structurally in terms of the indole side-chain conformation using mode! structures and
established computational methods.

Keywords: Fluorescence detected circular dichroism; Nucleotide analogs; Muscle contraction; Origin independent matrix method; Myosin
tryptophan 510; Probe binding cleft; ATP hydrolysis

1. Introduction

The molecular mechanism of muscle contraction
involves the cyclical interaction of the myosin
cross-bridge with the actin filament during hydroly-
sis of ATP by myosin. This mechanism separates

Abbreviations: ATP Adenosine triphosphate; (FD)CD (Fluo-
rescence detected) circular dichroism; Cys707 or SHI Highly
reactive thiol in skeletal myosin subfragment 1; DTT Dithiothre-

itol; EDTA Ethylenediaminetetraacetic acid; FRET Fluorescence
resonance energy transfer; IAA lodoacetamide; PMSF Phenyl-
methanesulfonyl floride; PMT Photomultiplier tube; S1 Myosin
subfragment 1; TME L-Tryptophan methyl ester; Trp510 Trypto-
phan 510 in skeletal muscle; UV Ultraviolet; 5'IAF 5'-lodoace-
tamidofluorescein; 5 IATR 5'-lodoacetamidotetramethylrhoda-
mine; 5'F-S1 5'1AF-labeled St; 5R-S1 5'TATR-labeled S1
" Corresponding author. Email: burghard@mayo.edu

into the two aspects of force generation and energy
transduction. Force generation refers to the global
structural changes in actomyosin that cause the rela-
tive translation of myosin and actin filaments in a
muscle fiber during contraction. Energy transduction
refers to local structural changes within the myosin
head or subfragment 1 (S1) that communicate events
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at the ATP binding site to the sites of force genera-
tion and actin binding. The energy transduction
mechanism may involve pathways along which local
conformation changes propagate through the peptide
backbone from the ATP binding site to the sites of
force generation and actin binding [1-3). The path
connecting the ATP binding with the force genera-
tion site must store some of the energy from ATP
hydrolysis for use in work production. Two or more
pathways are at work if sites of force generation and
actin binding are spatially separated.

Changes in the fluorescence intensity from trypto-
phan residues in the cross-bridge signal the binding
and hydrolysis of ATP [4] suggesting that the ATP-
sensitive tryptophans in S! are within the energy
transduction pathway. The site-specific modification
of S1 with spin or fluorescent probes [5,6], cross-lin-
kers [7], activatable cross-linkers [8], or other reagents
also signaled local S1 sensitivity to ATP binding
and/or hydrolysis. More sophisticated techniques
including fluorescence resonance energy transfer
(FRET) [1-3], and imaging methods combined with
rapid freezing of reactants that preserved structural
integrity [9], identified and correlated structural
changes in S1 with certain steps in the ATP hydroly-
sis cycle. The circular dichroism (CD) in the far-ul-
traviolet (far-UV) spectral region where the peptide
backbone absorbs, showed a small but significant
change due to ATP binding [10,11]. The CD in the
near-UV region where the aromatic residues of Sl
absorb showed larger changes in tertiary structure
due to ATP binding {10,12]. The far- or near-UV CD
signals from St do not provide a physical model for
structural changes in S1 correlated with the ATPase
cycle because they originate from all or several
residues in the protein. The atomic coordinates of the
S1 peptide backbone with and without nucleotide
now form a basis for all discussion of domain move-
ment within S1 [13-16].

The xanthene dyes 5'-iodoacetamidofluorescein
(5'IAF) or 5-iodoacetamidotetramethylrhodamine
(5'IATR) specifically bind to the highly reactive
thiol (SH1) in skeletal muscle St to make 5S’R-S1 or
5'F-S1 [17,18]. Several lines of evidence from our
investigation of the conformation of these probes in
the SH1 binding pocket indicate that the probes
interact exclusively with Trp510 [19,20]. We showed
there that the probe absorption and CD spectra indi-

cate a tight interaction (within 3—4 A) with a trypto-
phan residue. Identical measurements carried out
with SR-S1 and 5'F-S1 in the presence of nucleotide
indicate a similarly tight interaction between the
probe and tryptophan residue [20]. Trp510 is the only
candidate for this type of complex with the probe.
The surmised probe—tryptophan conformation im-
plies that the distance from the probe to another
tryptophan in S1 is beyond the characteristic distance
of 25 A for Forster energy transfer between trypto-
phan and rhodamine or fluorescein [19]. Conse-
quently, the difference in the tryptophan emission
intensity between S1 and 5'F-S1 or ¥ R-S1 originates
solely from native Trp510. We used the difference
tryptophan emission signal to isolate Trp510 emis-
sion and observe the acrylamide quenching of
Trp510, in the presence and absence of nucleotide or
nucleotide analogs, to show that the probe binding
cleft containing Trp510 and SHI closes during ATP
hydrolysis [21]. We further develop our investigation
of the structure of the probe binding cleft by observ-
ing and interpreting the CD signal isolated from
Trp510.

In xanthene probe modified S1 we isolate the CD
signal from Trp510 by using fluorescence detected
CD (FDCD) [22,23]. In FDCD chiral fluorescent
chromophores like tryptophan preferentially absorb
right- (+) or left- (=) handed circularly polarized
light, i.e. their extinction coefficients for right- (e, )
or left- (e_) handed circularly polarized light are not
equal. The intensity of emitted fluorescence follows
this preference since, under well-defined circum-
stances, the fluorophore emission intensity is propor-
tional to €,. If we make the difference FDCD
spectrum between S1 and xanthene-modified S1 then
we observe the FDCD signal originating solely from
native Trp510. The isolation of the Trp510 signal
also holds in the presence of nucleotide or nucleotide
analogs. The native Trp510 CD spectrum cannot be
isolated with transmission light detected CD because
Trp510 absorbs light whether or not it is quenched,
and the fluorescein, nucleotide, or nucleotide analog
contributes to the CD signal in the tryptophan ab-
sorption band.

We interpret changes in the FDCD signal inten-
sity and shape as a function of excitation wavelength
in terms of a physical model of Trp510 tertiary
structure using a simple molecular model and meth-
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ods developed for CD [24]. The changes in FDCD
and fluorescence emission from Trp510, caused by
nucleotide analog binding to S1 and interpreted in
terms of structural changes in the vicinity of Trp510,
correlate Trp510 structure with particular chemical
intermediates in the ATPase cycle. In this way we
may begin to identify cyclical structural changes in
the transduction pathway that occur during energy
transduction.

2. Theory
2.1. The interpretation of the observed signals

The spectropolarimeter modulator produces left-
or right-handed circularly polarized excitation light
for illuminating the sample. The excitation light
passes through the sample and is detected in CD
mode by a detector placed in its path. The fluores-
cence emitted by the sample is detected in FDCD
mode by a detector placed at 90° to the excitation
beam path. We selectively detect tryptophan fluores-
cence using an emission filter in FDCD mode. The
detector in both modes of operation is a photomulti-
plier tube (PMT). The spectropolarimeter detects CD
by actively adjusting the PMT voltage to hold the
anode DC voltage constant for all excitation wave-
lengths making the anode AC voltage proportional to
the CD signal. The calibrated recorded signal Scp, =
(Ig = I)/Ug + 1)), where Iy, is the transmitted
intensity for right (left) circularly polarized light, is
related to the CD extinction coefficient by Ae=e_
—e,=(1/33)90/ 7)1 /Cl)Scp,, where C is the
sample concentration and / is the light path length
[22]. We compute the rotary strength, R =
0.248 fAedA/(AB) in Debye—-Bohr magnetons,
where B is the Lorentz correction for the polarizabil-
ity of the solvent and A the excitation light wave-
length [25].

For FDCD experiments we prepare samples with
total absorption at 280 nm, A, < 0.05, so that the
inner filtering of the excitation light and the self-ab-
sorption of emitted light are negligible. We assume
for now that we can neglect energy transfer from
tyrosine to tryptophan in S1. In the FDCD mode we
hold the PMT voltage fixed to record the signal,
Sepep = K(Fg — F ), where Fg, is the fluores-

cence emitted after excitation by right (left) circu-
larly polarized light and K is a constant dependent
on the light collection efficiency of the spectro-
polarimeter. Sypep = —KCIL,¢;A€;, where the sum
is over the tryptophans in S1, ¢, is the quantum
efficiency and Ae, the CD extinction coefficient for
residue i [22]. The probe at SHI1 quenches Trp510
but leaves alone the emission from all of the other
residues so that the difference in the tryptophan
emission in the FDCD spectra between identical
protein concentration samples of SI and 5'F-S1 orig-
inates solely from Trp510 such that

ASenep = Sencn(S1) = Sepep(S'F — S1)
= —KClA €595, (1

where A €;,,¢s,, is the product of the CD extinction
coefficient and quantum efficiency of Trp510 in
native S1.

We also measure the fluorescence from the sam-
ple on a fluorescence spectrometer. The difference in
the tryptophan emission, A F, between identical pro-
tein concentration samples of S1 and 5'F-S1 origi-
nates solely from Trp510 such that

AF=F(S1) - F(5F=S1) =K'Cle&,c b5y, (2)
where F is the tryptophan fluorescence intensity
excited by 295 nm light, K" is a constant dependent
on light collection efficiency of the fluorometer, and
€0 15 the extinction coefficient of native Trp510.
The isolation of Trp510 emission using Egs. (1) and
(2) is independent of the efficiency of probe modifi-
cation of S1. Combining Egs. (1) and (2) we find

Aes o= — & ,o(K'/K)(ASppep/AF) (3)
We form the ratio of signals, to avoid the necessity
of determining instrument-dependent unknowns, for
comparing Trp510 signals in the presence and ab-

sence ( + and —) of nucleotide or nucleotide analog,
P, such that

DSIO(_p) R510(+P) AF(-P)
Ds,o( +P) Rs10(—P) B AF(+P)
JASipep( +P)dA/A
IASpep(—P)dA/A
(4)

where we have formed the rotary strength Rs,, from
A€, and replaced €;,, with the dipole strength
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Dyg,,. Observed/calculated quantities are on the
right- /left-hand side of Eq. (4).

2.2. The effect of photoselection in FDCD

S1 does not move quickly enough to dynamically
depolarize light emitted by tryptophan following ex-
citation by circularly polarized light. Consequently,
FDCD from the S| sample is characteristic to that
from an ordered sample due to the effect of photose-
lection. We utilize previously described methods to
analyze FDCD from this system [26,27]. This prob-
lem is equivalent to the analysis of CD from oriented
systems [28].

Tinoco et al. [27] calculated the effect of photose-
lection on the FDCD signal for several experimental
possibilities. For our instrument (emitted light de-
tected at 90° from the excitation beam), an emission
polarizer at the magic angle eliminates the effect of
photoselection. This possibility is undesirable in our
case due to the loss of light intensity at the polarizer.
We choose to detect light without an emission polar-
izer and to handle the effect of photoselection in the
model calculation of the FDCD signal. Then, S¢ycp
gives rotary strength, R, such that

RaR, ,+Ry, +(4/3)R;5; (5)

with

R, = (3/2)Im[( #)oa (M) 0= ( ,U«I)Oa(Ml)ao]
+(3/D[(E. ~ E) /(hie)]

><Re[( #3)0a(Q21) 0 — (#2 )OH(Q3|)(10]
(6)

where operators u, M, and Q;; are the single
electron operators for the electric dipole moment, the
magnetic dipole moment, and the quadrupole mo-
ment, respectively. Subscripts a0 and Oa indicate
matrix elements for transitions involving the ground
state (0) with energy E, and excited state (a) with
energy E, of the coupled system, and, #ic = hc/2m
where h is Planck’s constant and ¢ is the speed of
light [28]. Im[] or Re[] means imaginary or real part
of [l R,, and R,; are obtained by the cyclic
permutation of the indices of R, and the subscripts
on R refer to coordinate axes with the 3-axis parallel
to the emission transition moment of indole. R =
(1/3XRy, + Ry, + Ry3) = Im[(),, - (M),,] for

Fig. 1. The molecular model of Trp510 showing the flanking
amide groups from the GluS09-Trp510-Glu511 sequence in
skeletal muscle and the indole side-chain from Trp510.

dynami'cally depolarizing samples. The expression
for R, ; involves magnetic and quadrupole contribu-
tions that are computed for our model of Trp510
given in Fig. 1.

2.3. The influence of structure on the optical signal

Molecular structure calculations, based on a sim-
ple model system for tryptophan in a peptide, predict
conformation-sensitive optical signals for single tryp-
tophans in S1. The agreement between calculated
and observed optical signals, simple geometrical
constraints, and total energy constraints guide the
choice of structures for the solution set. The confor-
mation-sensitive optical signal computation program
uses the geometrical constraints to limit the degrees
of freedom searched in molecular configuration
space. Once conformations equivalently satisfying
the optical and geometrical constraints are identified
we use the total energy parameter to select among
them. The optical signal constraints take priority
over total energy considerations since we compute
vacuum model system energies while optical signal
calculations include solvent and local environment
effects. We estimate total configurational energy with
a molecular mechanics calculation from the commer-
cial software package HypERCHEM (Hypercube Inc.,
Waterloo, Ontario, Canada). We address here only
the methods used in the optical signal calculation.
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The matrix [24] and perturbative [29,30] formula-
tion of the optical signal were given. Both ap-
proaches produce results in good agreement with
experiment despite various inherent limitations. We
adopted the matrix method, modified to eliminate
origin dependence in the calculated rotary strength
[31], for the calculation of optical signals from the
peptide. The matrix formulation couples the observ-
able lowest energy excited states of interacting
molecules by the Coulomb potential acting among
the transition monopoles for these excited states to
produce the total electronic wavefunction, ¥. It is
assumed that the ground state is excluded from the
interaction, that configurations involving simultane-
ous excitation of interacting groups are neglected,
and that no charge transfer occurs between interact-
ing groups. Other assumptions implicit in this formu-
lation are thoroughly discussed in the original litera-
ture [24,31,32]. From ¥ we compute the absorption
wavelength maximum and magnitude of the dipole
strength, and the magnitude and sign of the rotary
strength using established methods [24,28].

Fig. 1 shows a simple model for the local struc-
ture of a peptide containing tryptophan. The model
contains two trans peptide groups, amide 1 and
amide 2, in a dipeptide flanking an «-carbon, and an
indole group in the tryptophan side-chain. The two
observable lowest energy excited states of a peptide
group correspond to the (n,7 ") and the (a7 ")
transitions [24,32,33]. The four observable lowest
energy excited states of indole are (7,7 ") transi-
tions designated ('A |,'L,). ('A,'L,), ('A,'B,), and
('A|,'B,) [34-40). These excited states plus the
ground state form the basis set of states for our
calculation. The calculation was performed for a
secondary—secondary amide combination [24]. Previ-
ously, optical signals from a dipeptide, tyrosine, and
a model compound containing indole were computed
using the matrix methods [24,36,41]. These calcula-
tions supply the position and relative magnitude of
the transition monopoles of the peptide groups and
indole for use in our application.

The Ramachandran angles ¢ and ¢ of the L-
tryptophan residue in a peptide determine the confor-
mation of the amides and consequently the orienta-
tion of the dipoles associated with the lowest energy
amide electrically (7,7~ ) and magnetically (n,7 ")
allowed transitions. The torsion angles about bonds

C,—Cg and C4x—C, in the indole side-chain, y, and
X, respectively, specify the relationship of indole
relative to the peptide backbone. Consequently, x,
and y, determine the orientation of the dipoles lying
in the plane of the indole that are associated with the
four lowest energy electric transitions ('A 'L ).
('A'L,), ('AL'B,), and ('A,.'B,). Given transi-
tion monopole charges and positions from the litera-
ture for the electric and magnetic dipoles in the
amides [24], and the electric dipoles in indole [36].
we compute the absorption dipole strength, peak
wavelength, and rotary strength for the complex
shown in Fig. 1 as a function of ¢, ¢, x,, and Y,
by the matrix formulation of the optical signal for
comparison with experiment.

Fig. 1 represents the minimum model for Trp510
and we find it is sufficient to impart the observed
amount of optical activity to the two lowest energy
absorption bands of indole. Previous efforts to com-
pute the near-UV CD signal from ribonuclease S,
using the crystallographic coordinates of the protein
atoms, showed that the signal originates from tyro-
sine side-chains interacting with their flanking amide
groups (like our model) and with side-chains from
other nearby tyrosines and histidines [42,43]. The
importance of other residues on the optical signal
from a given tyrosine residue depends on their rela-
tive proximity and conformation. While a more elab-
orate model than that in Fig. 1 for the Trp510 region
of Sl is indicated on the basis of these previous
findings, its structure is far too under-constrained to
be helpful given only the C_ coordinates of S1. We
use independent constraints, obtained from previous
work on the conformation of the 5TAF-Trp510
complex [19.20], to supplement the constraints of the
model and to arrive at a suitable solution for the
Trp510 structure. The model of Fig. 1 should be
expanded when the crystallographic structure of the
S1 side-chains becomes available to adequately con-
strain the more numerous degrees of freedom in a
bigger model.

3. Materials and methods
3.1. Chemicals

The fluorescent labels 5'-iodoacetami-
dofluorescein (S'IAF) and 5'-iodoacetamidotetra-
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methylrhodamine (5'IATR) were from Molecular
Probes (Eugene, OR). ATPyS was from Boehringer
Mannheim (Indianapolis, IN). L-Tryptophan methyl
ester (TME) was from Aldrich (Milwaukee, WI).
ATP, ADP, phenylmethanesulfonyl floride (PMSF),
ethylenediaminetetraacetic acid (EDTA), dithio-
threitol (DTT), and iodoacetamide (IAA) were from
Sigma (St. Louis, MO). All chemicals were analyti-
cal grade.

3.2. Solutions

A stock solution of BeCl, (Be, atomic absorption
standard solution, in 1% HCI) was adjusted to pH
5.0 by addition of NaOH. A stock solution of sodium
vanadate was made by the method of Goodno [44]. A
stock solution of NaF was prepared freshly each day
in a plastic bottle. Our standard buffer was 25 mM
TES buffer at pH 7.0, labeling buffer was standard
buffer plus 0.2 mM PMSF, and protein buffer was
labeling buffer plus 1 mM DTT.

3.3. Preparation and labeling of myosin subfragment
1

Rabbit myosin was prepared by a standard method
[45]. We prepared S1 by digesting myosin filaments
with a-chymotrypsin [46). S1 at 10~25 uM concen-
tration was labeled with 1.2- to 1.6-fold molar excess
of 5TATR or 5'IAF in labeling buffer for 12 h at
4°C. IAA treatment of S1 was performed in labeling
buffer with a 10-fold molar excess of IAA. Under
these conditions 5 IATR modified 41% [47], 5 IAF
modified 60-70% [18], and IAA modified about
83% of the SHls on S1. The stoichiometry and
specificity of 5TATR, 5'IAF, and IAA for SHI on
S1 were characterized as described previously
[18,47,48). After labeling, 1 mM DTT was added
(making protein buffer) to stop further modification
of the SHs by free label.

Unreacted dye did not affect tryptophan emission
from S1 and was usually not removed from the
samples. A sample of unmodified S1 was prepared
and handled identically to the modified protein. La-
beled and unlabeled S1 samples had identical protein
concentrations so that their tryptophan fluorescence
intensities could be directly compared. Samples for
FDCD or fluorescence measurements were diluted to
have < 0.05 absorbance at 280 nm.

3.4. Preparation of SI-nucleotide analog complexes

We prepared the S1-nucleotide analog complexes
by the method of Werber et al. [49]. For beryllium
and aluminum analogs, 0.6 uM S1 in 25 mM TES at
pH 7.0 was mixed with 1 mM MgCl,, 3 uM ADP, 2
mM NaF, and 0.2 mM AICl; or 0.2 mM BeCl, for
15-20 min at 21°C. For the vanadate analog S1 was
mixed with 1 mM MgCl,, 15 uM vanadate, and 3
uM ADP for 15-20 min at 21°C. Analogs com-
plexed with S1 with 80-90% efficiency as measured
by S1 KTEDTA ATPase inhibition.

3.5. Spectroscopic measurements

We measured absorption spectra on a Beckman
DU650 (Beckman Instruments, Fullerton, CA) spec-
trophotometer with spectral resolution of 2 nm. All
absorption measurements were made at 10°C.

We collected FDCD spectra on a Jasco J720
spectropolarimeter modified with an FDCD attach-
ment (Jasco Inc., Tokyo, Japan). The FDCD attach-
ment is a rectangular 1-cm path length temperature-
controlled cell holder with an opening to permit
detection of fluorescence at 90° from the excitation
light path. Fluorescence is detected by the PMT of
the spectropolarimeter mounted at 90° from the exci-
tation light path. Spectra were collected at fixed
photomultiplier voltage (500 V) and with 2 nm
bandwidth excitation light. Emission from the indole
groups in tryptophan was selected using a bandpass
filter transmitting light at 400 + 50 nm. All protein
spectra were signal averaged for approximately 24
min immediately following preparation. All FDCD
measurements were made at 9.5 + 1.5°C.

We measured fluorescence on an SLM 8000 spec-
troftuorometer (SLM Instruments, Urbana, IL). Spec-
tra were recorded with monochromator slits of 2-4
nm. Tryptophan emission spectra were recorded with
an excitation wavelength of 295 nm. Tryptophan
emission intensity ratios, used in Eq. (4), were formed
at an emission wavelength of 336 nm or using the
integrated area under the emission band from 320-
354 nm. Tyrosine and tryptophan excitation spectra
from labeled or unlabeled St were recorded with
emission wavelengths of 303 and 370 nm, respec-
tively. Excitation spectra from TME were recorded
with an emission wavelength of 340 nm. Protein
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spectra were signal averaged for several minutes
immediately following preparation. All fluorescence
measurements were made at 10°C.

3.6. Curve fitting

We fitted spectra for estimating dipole and rotary
strengths. We used a least squares protocol with
equality and inequality constraints [50] for locating
the best linear parameters (amplitudes) during curve
fitting. The best nonlinear parameters (spectral max-
ima and widths) were found by grid search. We
assumed the shapes of the (‘A ,'L,) and ('A,'L)
transitions in indole or tryptophan to be those ob-
served using fluorescence excitation polarization
spectroscopy of indole or tryptophan [37]. These
complicated spectral shapes were first closely fitted
by a sum of Gaussian distributions and then this
shape used to fit other spectra containing indole or
tryptophan.

4. Results
4.1. Absorption measurements

We measured the absorption spectrum of indole in
labeling buffer (without PMSF) and curve fitted the
extinction coefficient spectrum to determine the
dipole strength and wavelength maximum of the four
observable lowest energy transitions (‘A ,'L,),
('A,.'L,), ('A|,'B,), and ('A,'B,). Table 1 sum-
marizes the results of these measurements. The rela-
tive transition monopole charges for indole, obtained
from the literature [36], are normalized such that the
transition dipole strength, computed by summing the
dipole moments from the transition monopoles
charges distributed over the backbone atoms in in-

-

Arbitrary Units

0. T T T !
250. 263. 275. 288, 300.

nm

Fig. 2. The excitation spectrum of S in protein buffer (dots) and
the fit (solid line) constructed from TME in standard buffer.
Emission from S1 is collected at 370 nm.

dole, gives the values in Table 1. We did not mea-
sure dipole strengths for the peptide transitions but
used the absolute transition monopole charges given
previously [24].

4.2. Fluorescence measurements

4.2.1. FRET from tyrosine to tryptophan in Si

Fig. 2 shows the excitation spectrum of S1 when
emission is selectively collected from tryptophan.
FRET from tyrosine to tryptophan residues in Si
would influence the shape of this spectrum by con-
tributing a component of tyrosine absorption propor-
tional to the efficiency of energy transfer. Tyrosine
to tryptophan FRET has a characteristic distance of
about 14 A [51] and all of the tryptophan C_s in S]
have one or more of the 37 tyrosine C s within this
characteristic distance. Inspection of the shape of the
spectrum, however, suggests nearly exclusive trypto-
phan absorption. We quantified this observation by
estimating the amount of tyrosine absorption in the

le 1
gilsoele strengths and wavelength maxima from indole in standard buffer at 10°C
Transition
(‘a'L) ('A'LY ('A.'B,) ('A,'B)
Dipole strength /Debye’ 5.4 18.3 16.0
Wavelength maximum /nm 267.0 2753 ° 215.5 196.8

 Average of two peaks.
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Fig. 3. Emission spectra from S1 (top) and 5'F-S1 showing the
quenching of Trp510 by 5'IAF. Excitation is at 295 nm.

spectrum. We measured the tyrosine excitation spec-
trum of S1, and, assuming no phenylalanine to tyro-
sine or tryptophan to tyrosine energy transfer (or
other spectral contamination), used this shape as a
model for tyrosine absorption in S1. We modeled
tryptophan absorption in S1 with TME in labeling
buffer.

We fitted the S1 excitation spectrum with a linear
combination of the tyrosine and TME excitation
spectral shapes by allowing the amplitudes of these
shape functions to be unknowns and permitting the
TME and tyrosine spectra to shift in wavelength. The
best fit indicates no contribution from tyrosine ab-
sorption. We made identical observations on similar

Table 2
Quantum efficiency and rotary strength changes for Trp510 ?

excitation spectra obtained from 5'F-S1, 5R-S1, and
the difference between 5'F-S1 and S1. The solid line
in Fig. 2 shows the best fit to the S1 excitation
spectrum. We propose that the deviation of the model
and S1 spectra is from structural and environmental
differences between the tryptophan residues in Sl
and TME.

4.2.2. 81 and modified S

Fig. 3 shows the tryptophan emission spectra
from identical concentrations of S1 and 5'F-S1. Sim-
ilar spectra were measured from S1 and 5'F-S1 with
bound nucleotide analogs, and S1 and 5'R-S1 in the
presence and absence of bound nucleotide analogs.
We formed the difference spectrum between S1 and
labeled S1, AF, to obtain the emission spectrum of
Trp510. In each condition the ratio of the AFs of
Trp510 in the absence and presence of bound nu-
cleotide analog was computed. Our findings are sum-
marized in the first column of numbers in Table 2.

We studied the effect of IAA modification of SH1
on tryptophan emission. The tryptophan fluorescence
emission spectra from identical concentrations of S1
and IAA-S1 had identical intensities and shape. These
data indicate no observable effect on tryptophan
emission due to modification of SH1 with IAA. We
also compared these emission spectra in the presence
of MgATP. Then spectral shape remained unchanged
and the ratio of fluorescence intensities F(IAA-S1 +
MgATP)/F(S1 + MgATP) = 0.94 + 0.03 (s.e.m.,,

Analog AF(-P) , JASppcp(+P)AA/A AF(=P)[ASepcp(+P)A/A Dsio( =P)Rs1o(+P) |
AF(+P) JASepcp(—P)dA/A AF(+P)[ASepcp(—P)dA/A Dg1o(+P)Rs o +P)

ADPVi 0.78 £0.126) * 0.86 + 0.13(6) 0.62 + 0.07(6) 0.56

ADPBeF, 0.51 £ 0.06(4) 1.38 + 0.17(4) 0.68 + 0.07(4) -

ADPAIF,; 0.62 £ 0.05(4) 1.45 + 0.30(4) 0.88 + 0.17(4) -

ADP 0.76 £ 0.07(4) 1.40 + 0.21(4) 1.03 + 0.09%(4) -

ATPyS 0.44 £ 0.15(2) 1.10 £ 0.04(2) 0.49 + 0.18(2) -

? Rotary strengths are the sum of contributions from the indole transitions ('A,,'L,) and ('A,'L ).
® AF = F(81) — F(S'F- or YR-S1) and +P or — P implies with or without nucleotide analog.

¢ ASrpep = Sepep(SD — Sppep(S'F-St or 5R-S1).

The quantity is different than multiplying column 1 and 2 in this table because the fluorescence and FDCD measurements from the same
preparation were multiplied and then the products were averaged from the different preparations.

¢ Theoretical values.
f Errors are standard error of the mean with (n) observations.
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n = 3) indicating a slight tendency for [AA modifica-
tion of SH1 to diminish the intensity of tryptophan
emission in the presence of MgATP.

4.3. FDCD measurements

Fig. 4 shows FDCD spectra from identical con-
centrations of S1 and 5'F-S1. The excitation wave-
length covers the wavelength domain of the (‘A ,'L,)
and ('A,'L,) transitions in indole. We did not
attempt to collect data from higher energy indole
transitions since they overlap with the peptide back-
bone transitions. Fig. 5 shows the difference spec-
trum between S1 and 5'F-S1, and the similar differ-
ence spectrum in the presence of MgADPVi. Spectra
in Fig. 5 were normalized such that the relative
magnitudes are corrected for Trp510 fluorescence
intensity changes due to the binding of the MgAD-
PVi. The ratio of rotary strengths computed from the
spectra in Fig. 5 is the experimental value for the
right-hand side of Eq. (4). The rotary strength ratios
for all of the nucleotide analogs are summarized in
the second column of numbers in Table 2.

We fitted FDCD difference curves, like the one in
Fig. 5, to estimate the relative contributions from the
indole transitions ('A,,'L,) and ("A,'L,) to the
Trp510 emission as described in Section 3.6. We
obtained a range of values for the relative contribu-
tions from ('A,'L,) and (‘A,,'L,) in Trp510 sug-
gesting that the difference spectra have too low a
signal-to-noise ratio to reliably estimate this quantity.

FDCD (Arbitrary Units)

240, 260. 280. 300. 320.
nm

Fig. 4. FDCD excitation spectra from S1 (solid line) and 5'F-S1
(broken line). Negative FDCD eorresponds to positive Ae.
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Fig. 5. Sign-reversed FDCD excitation spectra formed from the
difference between S1 and 5'F-S1 in the absence (top) and
presence (bottom) of MgADPVi. Spectra are normalized using
quantities observed by independent fluorescence measurements
such that their relative height is equal to the right-hand side of Eq.
(4.

The contributions from these transitions were always
in the relationship Ry ,('A|,'L,) > R4 ,('A,'L,) >
0.

We studied the effect of IAA modification of SH1
on tryptophan FDCD. The tryptophan FDCD spectra
from identical concentrations of S1 and IAA-S1 had
identical intensities and shape. These data indicate
that the structural aspects of the tryptophan residues
in S1 indicated by FDCD are unperturbed by modifi-
cation of SH1.

4.4. Structure calculation

We calculated the structure of Trp510 in the
presence and absence of MgADPVi by the method
outlined in Section 2. The independently adjustable
parameters (¢, ¥, x,, x,) were varied over their
angular domains with a step size of 2° thereby
generating (360/2)* structures for consideration.
Structures in the solution set satisfied the following
criteria. (i) The distance between atoms in amides 1
and 2, and amides 1 or 2 and indole were >2.2 A
apart (excluding the distance between C and N in
C-C_-N connecting amides 1 and 2). (ii) The Trp510
Ramachandran angles (¢, ) satisfied S1 structural
constraints for C,s from Glu509, Trp510, and
Glu511 [13]; they were within the domain of values
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known to be allowed for the Dictyostelium dis-
coideum truncated S1 main chain [14-16], and, since
they determine the position of the Cg carbon in
tryptophan, they satisfied the constraints contained
within the requirement that 5'TAF or 5'TATR modify-
ing SH1 interact with Trp510 with known conforma-
tion [20]. The Ramachandran angles are constrained
by the C,s from S1 in the absence of nucleotide so
that our solution set will necessarily account for
structural differences between S1 in the absence and
presence of MgADPVi as changes in the tertiary
structure of Trp510. (iii) The rotary strengths at-
tributable to the ('A,,'L,) and (‘A |,'L,) transitions
have the relationship Ry o('A,'L,) > Rs,,('A},'L,)
> 0. (iv) The computed Trp510 rotary and dipole
strengths, in the absence and presence of MgADPV],
satisfy Eq. (4) and the observations summarized in
Table 2.

The protons on C, and C, of Trp510 were not
used to produce the optical signal and were not
accounted for in the optical signal calculation. We
used molecular mechanics energy minimization
(MM + force field on HYPERCHEM) to position these
protons appropriately in the structure and then the
whole model was reevaluated for atomic clashes
using the total energy parameter. The structural dif-
ferences between models satisfying criteria (i)—(iv)
were in the position of indole relative to the peptide
backbone. We considered the candidates energeti-
cally indistinguishable when the energy difference
was half of the average energy fluctuation of indole
at 10°C, i.e. 5-10 kcal mol™!. We refer to this
energy criteria for scoring candidate structures as
criteria (v).

Candidate structures for Trp510 in the absence of
nucleotide (rigor) satisfy conditions (i) through (iii)
and (v). Trp510 structures in this solution set have
nearly identical structures and insignificant energy
differences. Fig. 6 shows a representative structure
for Trp510 in rigor. Candidate structures for Trp510
in the presence of MgADPVi satisfy conditions (i)
through (v). Trp510 structures in this solution set
have nearly identical structures and insignificant en-
ergy differences. The energy minimization of the
MgADPVi structures, while constraining the C,, po-
sitions, causes relaxation to the structure in rigor.
Fig. 6 shows a representative structure for Trp510 in
the presence of MgADPVi. The difference between

rigor

Al Y
=\ C

Cys707

MgADPV /

Fig. 6. The probe binding cleft of chicken S1 containing Trp510
and SHI1 constructed from the crystallographic C, coordinates
[13), and the proposed effect of the binding of MgADPVi on the
conformation of Trp510. The plane of the indole group in rigor
(the absence of nucleotide or nucleotide analog) in bold lines is
nearly parallel to the peptide backbone while in the presence of
MgADPVi it is perpendicular to the plane of the projection
shown.

the structure of Trp510 in the absence and presence
of MgADPVi, proposed in Fig. 6, is in the position
of the indole relative to the peptide backbone as
expected. The energy difference between these struc-
tures, about 2 kcal mol ™!, is small compared to the
average energy fluctuation expected for indole at
10°C.

The computed rotary and dipole strengths for the
Trp510 structures in Fig. 6 in the absence and pres-
ence of MgADPVi are summarized by the ratio
given in Table 2. The structures shown in Fig. 6
correspond to (¢,4) = (—169°,99°), and ( x,.x,) =
(91°,— 61°) or (70°,— 18°) for Trp510 in the absence
or presence of MgADPVi.

5. Discussion
5.1. Tyrosine to tryptophan FRET in SI

We concern ourselves with FRET from tyrosine
to tryptophan since we formulated the interpretation
of FDCD signals from S1 assuming negligible FRET
between these residues. The S1 fluorescence excita-
tion spectrum in Fig. 2, collected at an emission
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wavelength selective for tryptophan emission, has
features similar to that of a tryptophan absorption
spectrum. FRET from tyrosine to tryptophan would
influence the shape of the S1 spectrum by contribut-
ing a component of tyrosine absorption proportional
to the efficiency of energy transfer. We estimated the
extent of tyrosine to tryptophan FRET in S1 by a
method based on the similar analysis of energy
transfer efficiencies among the aromatic residues in
proteins [52,53]. We found that there was no signifi-
cant contribution of tyrosine to the Sl excitation
spectrum in Fig. 2.

5.2. Effect of SHI modification on tryptophans in S

The ATPases of S1 show that structural changes
occur in the protein when SH1 is modified. It is well
known that K*-EDTA ATPase is inhibited while
Ca’*-activated ATPase is activated relative to con-
trol S1 with modification of SH1 [54). SH1 modifica-
tion could involve a secondary or tertiary structural
change of S1 that effects the local environment of
any of the tryptophan residues. In this case, if (i) the
effect of modification alters the local environment of
only Trp510, then the difference spectrum between
S1 and modified S1 will continue to exclude emis-
sion from all of the tryptophans other that Trp510.
However, if (ii) the modification alters another tryp-
tophan, then the difference spectrum between S1 and
modified S1 will not perfectly exclude the emission
from other tryptophans. The latter possibility could
prevent the interpretation of the difference spectrum
as originating from a single tryptophan. We ad-
dressed this possibility by comparison of tryptophan
fluorescence emission and FDCD signals from SI
and [AA-S1. IAA specifically modifies SH1 and
alters ATPases like fluorescent probe modification of
SH1 [45], but its small size prevents it from direct
interaction with Trp510. We found that IAA modifi-
cation of S1 did not significantly perturb its trypto-
phan emission or FDCD signals. We concluded that
the modification SH1 does not significantly alter
secondary or tertiary structure that affects the local
environment of any of the tryptophan residues.

5.3. The effect of nucleotide on Trp510 structure

One well-studied aspect of the response of S1 to
ATP binding is the increase in its tryptophan emis-

sion intensity [4,55]. Some suggest that the ATP-sen-
sitive tryptophan is Trp510 [11,56~58], but other
candidates, Trpi31 and/or Trpl13 [59,60}, are
known to be close to the ATP binding site [13]. The
ATP-sensitive tryptophan showed that the stable
complexes of ADP with vanadate, beryllofluoride, or
aluminofluoride bound to SI mimic the ATPase
intermediates [49]. It is widely accepted that these
nucleotide analogs are important tools in the investi-
gation of the structural changes in S1 accompanying
energy transduction [14—16].

We observed the effect of nucleotide or nu-

Cleft

Fig. 7. The probe binding cleft of chicken S1 containing Trp510
and SH! constructed from the crystallographic C, coordinates
{13]. From this view it appears that the upper border of the probe
binding cleft and the lower border of the active site are common.
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cleotide analogs on the conformation of the probe
binding cleft, shown in Fig. 7, using the acrylamide
quenching of Trp510 emission [21]. In these experi-
ments we isolated Trp510 emission by forming the
difference fluorescence intensity, AF (see Eq. (2)),
and measured AF as a function of acrylamide con-
centration. The observed quenching constant is linear
confirming that a single species, Trp510, is quenched.
The quenching constant, characteristic to the accessi-
bility of Trp510 to solvent, depended on the kind of
nucleotide or nucleotide analog occupying the active
site of S1. The solvent accessibility of Trp510 corre-
lated with the type of nucleotide analog occupying
the active site in a manner indicating that the probe
binding cleft closes during ATP hydrolysis.

We observed the changes in FDCD from Trp510,
caused by the trapping of MgADP by vanadate in the
active site of S1, and interpreted these spectroscopic
changes in terms of structural changes in the vicinity
of Trp510 using model calculations and other con-
straints on Trp510 structure. Fig. 6 shows a compari-
son of the proposed Trp510 structure, within the C,,
structure of S1 [13], in the absence and presence of
vanadate-trapped MgADP. In the absence of nu-
cleotide analog, Trp510 has the long axis of its
indole side-chain roughly parallel to the extended
peptide backbone. In the presence of MgADPVi, the
long axis of the indole group has rotated to become
nearly perpendicular to the peptide backbone.

Fig. 8 shows Trp510 structure in the presence of
MgADPVi and while interacting with 5'1AF modify-
ing SH1 without nucleotide. Previously, we identi-
fied the likely 5 IAF-indole conformation in Sl
[19,20]. The model shown in Fig. 8 is identical to
that presented there but now fitted to the C position
surmised from our estimates of the Ramachandran
angles for Trp510. We made a similar fit of the
5'TATR dimer to Trp510 (model not shown). The
Ramachandran angles for Trp510 are: (i) consistent
with the C,, structure of S1, (ii) within the domain of
values known to be allowed for the Dicryostelium
discoideum truncated S1 main-chain [14-16], and
(iii) fit appropriately to the 5'IAF-indole complex.
The Trp510 indole side-chain has similar conforma-
tions in the presence of nucleotide analog and when
interacting with 5'IAF or 5'IATR. The similar prote-
olytic enzyme cutting pattern for S1 with nucleotide,
or 5'R-S1 without nucleotide [18], suggests that these

Fig. 8. The probe binding cleft of chicken S1 containing Trp510,
SH1, and 5'IAF, constructed from the crystallographic C,, coordi-
nates [13] for comparison of Trp510 structure in the presence of
MgADPVi and when interacting with 5'TAF bound to SH1. The
indole conformation in the presence of S'IAF in bold lines is
closest to the probe.

proteins share Trp510 and potentially other sites of
structural correspondence.

5.4. Implications for the molecular mechanism of
muscle contraction

The structures of Trp510 presented in Figs. 6 and
8 were chosen for the solution set because they
satisfied the five criteria listed in Section 4.4. Impor-
tant among these criteria is how we restricted the
choices for the Ramachandran angles. Future work
on S1 crystallography will eventually produce the
atomic coordinates of all the atoms in the peptide
backbone and consequently the Ramachandran an-
gles. Until then we rely on the observation that the
chosen Ramachandran angles satisfy the constraints
imposed by the C_s and the previously determined
conformation of the Trp510-5'IAF complex.

S1 undergoes global structural changes upon nu-
cleotide or nucleotide analog binding that are pre-
sumed to be important in force generation [61-64].
The opening and closing of the probe binding cleft,
due to nucleotide binding at the active site of S1, is a
possible mechanism for the global structural change
in S1 [15,21]. Fig. 7 shows the relationship of the
probe binding cleft to the neck segment of S1. One
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possibility for the coupling of cleft conformation and
force production has the neck region of S1 swinging
while the domain containing the active site and
Trp510 remains static {13]. Our data indicate that
significant structural changes are also occurring at
Trp510. In our model calculations we accounted for
changes observed in the FDCD signal from Trp510
as tertiary structural change in Trp510; however, at
present we cannot determine whether or not these
signal changes are also consistent with more global
structural changes in the domain of S1 containing
Trp510.

Table 2 summarizes the effect of the other nu-
cleotide analogs on fluorescence and FDCD spec-
troscopy from Trp510. There it is shown that the
structure-sensitive optical signal from Trp510 is per-
turbed by the binding of nucleotide analogs to S1
(see the third column of numbers in Table 2). The
perturbation is largest for MgADPVi, smallest for
MgADP, and the other analogs fall in between (the
MgATPyS result is too uncertain to rank). These
nucleotide analogs mimic different chemical inter-
mediates in the ATPase cycle suggesting that there is
a one-to-one correlation between transition states of
myosin and the conformation of Trp510.
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