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Abstract. Solid-state nuclear magnetic resonance spec- 
troscopy was used to study the motion of 2H and 19F 
probes attached to the skeletal muscle actin residues 
Cys-lO, Lys-61 and Cys-374. The probe resonances were 
observed in dried and hydrated G-actin, F-actin and 
F-actin-myosin subfragment-1 complexes. Restricted mo- 
tion was exhibited by t9F probes attached to Cys-lO and 
Cys-374 on actin. The dynamics of probes attached to dry 
cysteine powder or F-actin were very similar and the 
binding of myosin had little effect indicating that the local 
probe environment imposes the major influence on mo- 
tion in the solid state. Correlation times determined for 
the solid state probes indicated that they were undergoing 
some rapid internal motion in both G-actin and F-actin 
such as domain twisting. The probe size influenced the 
motion in G-actin and appeared to sense monomer rota- 
tion but not in F-actin where segmental mobility and 
intramonomer co-ordination appeared to dominate. 
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Introduction 

Actin and myosin form the essential structural elements 
in the contractile apparatus in both muscle and non- 
muscle cells. Actin is a major component in all eukaryotic 
cells and is involved in processes which incl.ude cell 
division, cytoplasmic streaming, the maintenance of cell 
shape and axonal transport (Korn 1982). Filamentous or 
F-actin is formed when actin monomers (G-actin) poly- 
merize. The polymer is a single-start left-handed genetic 
or primary helix which is strengthened by weak bonds 
formed between monomers on opposite strands of the 
two-start long pitch helix (Oosawa 1983). The conforma- 
tion of the actin monomer when incorporated into the 
filament appears to differ from the structure adopted by 
the isolated monomer at low ionic strength (Barden 
and dos Remedios 1985; Frieden 1982; Miki et al. 1987; 
Vandekerckhove et al. 1985). Myosin binds very close to 

the N-terminal actin residues in F-actin (Sutoh 1982) al- 
though others (Miller et al. 1987) have demonstrated that 
residues 1-7 are not directly involved in the site. Residues 
18-28 have been strongly implicated (Mejean et al. 1988) 
and recently, 19F NMR spectroscopy was used to locate 
Cys-lO in the myosin binding site (Barden et al. 1989). 
Among the regions on actin involved in actin-actin bind- 
ing sites is the segment 40 69 (Hambly et al. 1986). 1H 
and 19F NMR spectroscopy has shown this region to 
contain a residue (Lys-61) which is close to the groove 
formed between actin monomers and directly involved in 
both the myosin and tropomyosin binding sites (Barden 
and Phillips 1990). 

Protein function may be critically dependent on a 
range of internal motions. Contractility involves some 
structural rearrangement and consequently, flexibility 
and motion may be an integral part of the force genera- 
tion process. In the present study the order and dynamics 
of actin and the effect of binding myosin subfragment-1 
(S-1) is investigated using solid state NMR spectroscopy. 
Both native and labeled actin were used. Several sites 
were labeled selectively with external chemical probes. 
These include Cys-lO, Cys-374 and Lys-61 (Barden and 
Phillips 1990). These sites were labeled with 2H probes, 
effective because of low natural abundance, or with 19F 
probes which possess the additional advantage of high 
sensitivity. Several studies of labeled actin have been re- 
ported employing high resolution NMR (Barden et al. 
1980; Barden et al. 1989; Barden and Phillips 1990; 
Brauer and Sykes 1981a, b; Brauer and Sykes 1986). 
Solid state NMR may be used to report on the restricted 
motion undergone by the labeled groups, although this 
information normally requires the prior assignment of 
resonances to a specific site. To this end, the solution state 
data (Barden et al. 1989; Barden and Phillips 1990) have 
enabled an interpretation to be made of the solid state 
data when more than one labeled site may be contribut- 
ing to the observed spectrum. 
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Materials and methods 

Probe preparations 

Two probes, 3-bromo-l,l,1,-trifluoropropanone (BTFP) 
and pentafluorophenylisothiocyanate (PFPITC) were 
obtained from Tokyo Kasei and Fluka respectively. The 
(trifluoromethyl)mercuric bromide (CF3HgBr) (Barden 
et al. 1989) and ds-tryptophan preparations (Matthews 
et al. 1977; Kinsley et al. 1981) were as described previ- 
ously. The d2-iodoacetamide (d2-IAA) was prepared by 
chlorinating deuterated acetic acid followed by esterifica- 
tion with ethanol. The chloroacetate was reacted with 
ammonia to form chloroacetamide (Jacobs and Heidel- 
berger 1932; Vogel 1979). The chlorine was exchanged for 
iodine in the final product. Red phosphorus (0.21 g) and 
CD3COOD (5.25 g) were added to an oven-dried 3-neck 
25 ml flask fitted with a gas inlet from a cylinder of C12 
gas. The outlet was attached to a series of three scrubbing 
bubblers. An oil bath was heated to 104 °C, then the appa- 
ratus was lowered in and the contents stirred magnetical- 
ly. The C12 flow was commenced and the reaction vessel 
illuminated with eight 20 W fluorescent lamps. The at- 
tached condensor was cooled with ethanol to - 7 0  °C to 
prevent loss of the CD3COOD vapour. After 6 h, the flask 
was cooled and the product allowed to crystallize over- 
night. Two distallations through an air condensor (bp 
184-192°C) yielded white crystals of d3-monochloro- 
acetic acid (92% yield). A total of 3.0 g (31 mmol) of the 
d3-chloroacetic acid and 2.9 ml (41 mmol) of distilled 
SOC12 were added under a N 2 atmosphere. The appara- 
tus with attached dropping funnel was heated to 110 °C to 
melt the C1CD2COOD with the S O C l  2 added dropwise 
over 15 min, producing a vigorous evolution of HC1. The 
reaction vessel was stirred for 75 min. After cooling, the 
reaction mixture was distilled and the fraction boiling 
between 102-108 °C collected. The d z-chloroacetyl chlo- 
ride (2.55 g) was formed with a yield of 71%. All of the 
chloride (22 mmol) was added dropwise over 30 rain to a 
10 ml flask with an attached dropping funnel containing 
1.02 g of dry alcohol (22 mmol). This resulted in an evolu- 
tion of gas. Both chloride and the stirred alcohol were 
cooled with ice and the apparatus placed under a Nz 
atmosphere. The solution was stirred for 45 rain and then 
distilled. The fraction boiling at 142-146 °C was collect- 
ed. This product was dz-ethyl chloroacetate (1.73 g) rep- 
resenting a yield of 63%. 

The final intermediate was prepared by mixing pre- 
cooled amounts of the chloroacetate (1.45 g) with 1.5 ml 
of ammonia while stirring. The reaction occurred as the 
temperature was increased to 20°C. A white precipitate 
formed consisting of d2-chloroacetamide. A further 1.5 ml 
aliquot of ammonia was added and the mixture stirred for 
I h after which the product was filtered and dried. A yield 
of 72% was obtained. This product was refluxed with NaI 
in acetone under N 2 for 1 h. The cooled solution was 
evaporated to dryness and recrystallized from ethyl ace- 
tate and then from water to yield long colourless crystals 
of d2-iodoacetamide (rap 92 °C). 

Preparation of d3-o-methylisourea (d3-OMI) follow- 
ed a modification of the method of Kurzer and Lawson 

(1963). 15 g of CaCN z (Tokyo Kasei) were added to a 
mortar containing glacial acetic acid and ground to a 
fine paste. Acid and water were added to maintain an 
acidic paste which was then dried for 48 h at 35 °C and 
30 mm Hg. The grey powder was pulverized and extract- 
ed in a Soxhlett apparatus using water-washed ether acid- 
ified with a few drops of acetic acid. After two extractions, 
the ether was dried with anhydrous NaSO3, and the 
product filtered and evaporated to dryness to yield 6.6 g 
of NH,CN (84% yield). HC1 gas was bubbled into a 
flask containing 2 g of the NHzCN and 4 ml of CD3OD 
(Sigma) for 40 min. The reaction mixture was allowed to 
crystallize for a few days before being filtered under N 2 
and recrystallized from methanol to produce d3-o- 
methylisourea hydrochloride (0.77 g) with a yield of 14%. 
A m p  of 134-136°C was measured and a single reso- 
nance at 4.79 ppm (downfield from TSS) recorded in the 
~H NMR spectrum. Rigid lattice spectra obtained from 
these probes required rigorous drying of the samples. 

Protein preparations 

Actin was prepared with very high yield (Barden et al. 
1986a) from rabbit muscle acetone powder. Labeling of 
actin with d2-IAA was achieved using F-actin (2.2 g) in 
0.1 M KC1, 1 mM ATP, 1 mM NaN 3 , 2 mg/L leupeptin, 
2mg/L chymostatin, 10mg/L TLCK, 1M urea and 
20 mM NaPO 4 (pH 7.0) to which was added a 10-fold 
molar excess of d2-IAA. The reaction vessel was enclosed 
in foil and the solution was stirred for 12 h at 20 °C. The 
labeled actin was centrifuged at 100 000 g for 1.5 h at 
17 °C and then the pellets of F-actin were homogenized in 
0.4 mM ATP, 0.2 mM CaC12 and 1 mM Tris (pH 8.0). The 
actin (4 mg/ml) was dialyzed for 30 h at 4°C against a 
similar low ionic strength buffer containing ammonium 
formate (pH 8.0) with a total of five changes of dialysate. 
The actin was clarified at 100 000 g for 1.5 h at 4 °C and 
lyophilized. The lyophilized G-actin was washed with 
deuterium-depleted water (Sigma) and lyophilized several 
times to remove traces of exchangeable deuterium. The 
2H NMR spectra were recorded using both dry and hy- 
drated G-actin. Preparation of 19F-labeled actin was ac- 
complished using BTFP (Barden et al. 1989), CF3HgBr 
(Barden et al. 1989) and PFPITC (Barden and Phillips 
1990). Lyophilized protein samples, rehydrated powders 
and centrifuged pellets of actin and actin-subfragment-1 
complexes were used. Myosin was extracted from rabbit 
muscle (Tonomura et al. 1966) and subfragment-1 was 
prepared according to the method of Weeds and Taylor 
(1975). 

NMR spectroscopy 

Spectra were recorded on a Bruker CXP-300 NMR spec- 
trometer operating at 282.23 MHz for 19F, 75.46 MHz for 
1 ~C and 46.05 MHz for 2H. Proton-enhanced 13C spectra 
(Pines et al. 1973) were obtained at 283 K with a contact 
time of 1 ms, aH ~/2 pulse of 5 gs and a repetition rate of 
2 s. A sweep width of 62.5 kHz was employed with 1024 
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Fig. 1. 13C NMR spectra of: (a) lyophilized G-actin after 36 000 
scans; (b) lyophilized F-actin after 6000 scans; and (e) a hydrated 
pellet of F-actin after 28 000 scans. A line broadening of 50 Hz has 
been applied 

data points. 19F and 2H spectra were acquired using a 
solid echo pulse sequence (90~ z 90y) with -c of order 
50 gs, 1024 data points and a sweep width of i MHz for 
2H and 62.5 kHz for 19F. The re/2 pulse for 2H was 4 ~ts 
and for 19F it was 8 gs. T 1 values were determined using 
the inversion recovery technique and the T 2 from varying 
the delay using the solid echo sequence. Samples were 
placed in 10 mm N M R  tubes and run at 10-15 °C unless 
specified otherwise. Control  19F spectra were recorded 
using unlabeled actin and both the 2H depleted water 
and native actin were checked to ensure they gave no 2H 
signal. 

Results  

Native actin was studied by 13C N M R  spectroscopy in 
the form of lyophilized G-actin and as a hydrated F-actin 
pellet. Attempts to study a solution of G-actin produced 
a poor  signal to noise ratio due to a combination of the 
low actin concentration that had to be maintained to 
inhibit polymerization (ca. 4 mg/ml) and to the inefficient 
C - H  cross-polarization for the G-actin solution. The 
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Fig. 2. 2H NMR spectra of: (a) tryptophan powder after 22 000 
scans; (b) iodoacetamide powder after 550 scans; and (e) ortho- 
methyl isourea powder after 10 000 scans. A 4-fold expansion of 
spectrum (e) is shown 

13C spectra shown in Fig. 1 revealed broad resonances 
from both aliphatic and backbone carbonyl groups indi- 
cating that actin has an essentially rigid backbone in both 
the lyophilized G-actin form (Fig. 1 a) and lyophilized 
F-actin form (Fig. I b). No detectable change was ob- 
served upon hydration of the F-actin (Fig. I c) indicating 
that the global order of the carbonyl backbone remains 
unaffected by hydration. However, site specific probes 
were able to detect localized changes in motion within the 
protein. 

Rigid lattice spectra of some dry probes are shown in 
Fig. 2 for ds-tryptophan (Fig. 2a), d2-IAA (Fig. 2b) and 
d3-OMI (Fig. 2 c). These provide a reference for the order 
experienced by these probes when bound to actin. Spectra 
in Fig. 2a and b are similar with a peak separation of 160 
and 170 kHz respectively, while the spectrum of d3-OMI 
(Fig. 2c) has a separation of 43 kHz. Actin was labeled 
with d2-IAA at Cys-lO and Cys-374 (Barden et al. 1986b). 
The extent of labeling was determined by a sulfhydryl 
assay (Habeeb 1972) and by solid state 2H NMR. Spectra 
recorded from lyophilized G-actin showed that the 
d2-IAA probes produced a resonance with a width of 
150 160 kHz (Fig. 3 a) suggesting that the probes were 
undergoing a two-fold flip (Spiess 1984). Hydrat ion of the 
dz-IAA actin with deuterium-depleted water resulted in 
the single broad resonance collapsing into a two-compo- 
nent spectrum comprising a narrow resonance (3 kHz) 
located above a much broader resonance (Fig. 3 b). The 
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Fig. 3. ZH NMR spectra of: (a) a dry powder sample of iodoacet- 
amide-actin after 140 000 scans at 7°C; (b) a hydrated pellet of 
iodoacetamide-actin under identical conditions which is motionally 
narrowed; and (e) a hydrated pellet of the IAA-actin after 55 000 
scans showing only a broad component at -81 °C. The line broad- 
ening is 200 Hz 

1 0 kHz 
Fig. 4. 19F NMR spectra of: (a) a BTFP-actin pellet after 3250 scans 
at 5 °C; and (b) a BTFP-actila-S1 pellet after 26 800 scans. The line 
broadening is 100 Hz 

intensity of the narrow resonance is approximately 25% 
of the intensity of the broad resonance at 7 °C. A compar- 
ison was made with unlabeled actin treated similarly. In 
this case, a narrower signal was recorded with less than 
5% of the total intensity. This residual resonance proba- 
bly arises from the natural abundance of H O D  in the 
water of hydration. An axially symmetric pattern corre- 
sponding to a quadrupolar  splitting (Sarkar et al. 1987) of 
180 kHz resulted when the labeled actin pellet was frozen 
over the temperature range - 1 7 ° C  to the lowest value 
recorded at - 8 1  °C (Fig. 3 c). 

In order to improve the signal/noise ratio, a series of 
fluorine labels were prepared and studied using 19F 
N M R  spectroscopy. The much more sensitive spin 1/2 
19F nucleus does not occur naturally in actin. It has 
spectral characteristics dominated by homonuclear and 
heteronuclear dipolar coupling and chemical shift an- 
isotropy. Measurements of probe order through the use 
of the static 19F dipolar and 2H quadrupolar interactions 
were complemented by relaxation measurements to de- 
termine the timescale of the motion. BTFP has been used 
to study the dynamics of actin (Brauer and Sykes 1986). 
In the present work, BTFP was attached to the amino 
acid cysteine and used to obtain a measurement of the 
dynamics of the dry probe. A linewidth of 3.3 kHz at half 
height was measured. Difficulties encountered in attach- 
ing the CF~ probe to the actin have been discussed 
(Barden et al. 1989). Sulfhydryl determinations on BTFP- 
actin revealed that substantial blocking had occurred. 
Preliminary studies of G-actin labeled with BTFP  indi- 
cated that the CF3 group readily dissociated upon 
lyophilization (Barden et al. 1989). The samples prepared 
with the 19F probes were isolated as F-actin or F-actin-S1 
complexes and were centrifuged into fully hydrated pel- 
lets at ca. 0.5 g/ml. Spectra recorded from BTFP-F-act in 
and BTFP-F-actin-S1 complex are shown in Fig. 4a and 
b respectively. The spectrum in Fig. 4 a exhibits a sharp 
resonance with a width at half height of 1.0 kHz super- 
imposed on a broader resonance (4.5 kHz). Relaxation 
times for this hydrated sample were very similar to those 
recorded from the BTFP-labeled cysteine as a dry powder 
(Table 1). The broad underlying component may have 
been influenced by the binding of myosin $1 (Fig. 4 b). A 
solution state N MR study has demonstrated that the 
Cys-374 resonance is broadened beyond detection by 
polymerization to F-actin (Barden et al. 1989) but the 
greater bandwidth in the solid state spectrum permits 
detection of a resonance even arising from an immobi- 
lized probe. Actin polymerization may influence the 
dynamics of F-actin significantly by causing a reduction 
in the molecular tumbling rate which enables the detec- 
tion of a high-resolution N M R  signal. The high-resolu- 
tion solution state N M R  study showed that the Cys-lO 
resonance is broadened by SI binding (Barden et al. 
1989). These studies enabled the narrow resonance in 
Fig. 4 to be assigned to Cys-374. From the present study 
we conclude Cys-374 is located in a less ordered surface 
accessible environment close to an aetin-actin interaction 
site whereas Cys-lO, near the $1 binding site (Barden et al. 
1989), is more ordered and thus gives rise to the broader 
resonance (Seiter and Chan 1973). The difference in the 



Table 1. Spin-lattice and spin-spin relaxation time measurements 
for a range of probes considered for incorporation into actin 

Sample T 1 (s) Tzo (gs) z s (s) from Tze 

BTFP-Cys- (dry) 0.45 175 1.4 × 10- 5 
BTFP-F-actin 0.50 300 7.9 x 10- 6 
BTFP-F-actin-SI 0.50 300 7.9 x 10 .6 
CF3Hg-Cys (dry) 0.77 (i) 110 1.3 x 10 s 

(ii) 2100 6.8 x 10 v 
(wet) 1.50 (i) 440 3.3 × 10 - 6  

(ii) 1.25 x 105 1.1 x 10 -s 
CF3HgBr (wet) 2.50 3.80 x 105 3.6 x 10 -9 
CF3Hg-G-actin 0.65 3.70 x 105 3.7 x 10 9 
CF3Hg-F~actin 0.70 200 7.2 x 10 -6 
CF3Hg-F-actin-S1 0.50 150 9.6 x 10 .6 
PFPITC-Lys (dry) 0.68 2100 3.8 x 10 .6 

(wet) 0.51 (i) 400 2.0 x 10 -5 
(ii) 7.50 x / 0 4  1.1 x 10 -7 

PFPITC-F-actin 0.75 

(i) and (ii) refer to the fast and slow components of T z. A double 
exponential decay was evident for these samples 

segmental motion of the actin backbone in these two 
regions was undetectable using the narrow spectral band- 
width of the high-resolution study. When the actin was 
frozen and thus denatured, the broad resonance disap- 
peared. This observation is consistent with the Cys-lO 
resonance being associated with a structured environ- 
ment. The broad component  was not evident in the S1- 
bound complex (Fig. 4b). These samples produced pellets 
that  were softer than F-actin and consequently the signal 
concentration was lower. It  is thus possible that the broad 
component  may be buried within the noise. 

The CF3HgBr probe was synthesized to overcome 
the lability problem associated with B T F P  (Barden et al. 
1989). The stability of the CFaHg probe was enhanced by 
using chloride free solutions (Bendall and Lowe 1976). 
The small size and high affinity of the probe for the cys- 
teines on actin enabled almost stoichiometric labeling of 
the actin. Labeling of more than 3 sites prevented actin 
polymerization, thereby allowing an investigation of a 
hydrated G-actin to be made at a high concentration 
(60 mg/ml). The C F  3 Hg group was attached to cysteine 
powder (CF3-Cys) and examined in both the dry and 
hydrated from as a control for the protein-labeled spec- 
tra. Linewidths at half height of 1.4 and 0.6 kHz  respec- 
tively, were recorded. 

19F N M R  spectra of CF3Hg-actin in Fig. 5 were 
recorded at label ratios of(a) 0.6; (b) 2.1 ; (e) 4.8, an unpoly- 
merizable actin sample; and (d) 2.1 in the presence of $1. 
The ratios were determined from sulfhydryl assays. F rom 
the results of earlier work (Barden et al. 1989), the sample 
(a) contains label at tached only to Cys-374 and the 
sample (b) contains label attached to both Cys-374 and 
Cys-lO. The Cys-374 resonance appears as the narrow 
signal in Fig. 5 a while the Cys-lO resonance is the broad 
peak underlying the narrow resonance in Fig. 5b. The 
narrow Cys-374 resonance was observed to decline in 
intensity over a period of several hours apparently due to 
the reversible progressive ionic cross-linking of the fila- 
ments. This process results in a more constrained poly- 
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Fig. 5. 19F NMR spectra of: (a) CF3Hg-F-actin pellet with a label 
ratio of 0.6 after 45 000 scans; (b) CFaHg-F-actin pellet with a label 
ratio of 2.1 after 27 000 scans; (e) unpolymerizable CFaHg-G-actin 
with a label ratio of 4.8 after 34 000 scans; and (d) pellet as described 
in spectrum (b) but with myosin S-I bound to the actin, after 55 000 
scans. The temperature is 15 °C and the line broadening is 100 Hz 

meric structure which alters label accessibility and seg- 
mental  mobility, properties which are the determinants of 
the resonance line width. This cross-linking has been ob- 
served in an EPR study (Mossalowska et al. 1988) and 
has been discussed recently in regard to the stability of the 
actin filament (Erickson 1989). The binding of $1 to the 
actin sample used in Fig. 5b results in the spectrum 
shown in Fig. 5 d. There is no evidence of the narrower 
component  in the spectrum of the complex. Denatura t ion 
of the actin caused by the binding of the label to all the 
Cys residues results in the spectrum of Fig. 5 c. This shows 
the presence of a single peak with a linewidth of 1 kHz  
and is a superposition of the resonances from all the Cys 
sites. The restricted mot ion undergone by the F-actin 
samples compared  to the G-actin sample in Fig. 5c is 
evident from the greater than 1000-fold difference in the 
T2 (see Table 1) value. 



152 

a 

b 

1 0 k H z  
Fig. 6. 19F NMR spectra of: (a) dry PFPITC-lysine powder after 
500 scans; and (b) a wet sample after 50 scans. A breakdown product 
appears in the motionally-narrowed wet spectrum downfield of the 
main resonances. The line broadening is 20 Hz 

The behaviour of the BTFP and CF3Hg probes 
bound to actin differs in the presence of $1. The BTFP 
resonance appears to narrow while the CF3Hg signal 
remains broad. The former may be explained by a de- 
crease in the order of the more flexible carbon linkage to 
the sulfhydryl group. The CF3Hg has the CF3 directly 
attached to the sulfhydryl by a metal and would be ex- 
pected to be more linear and rigid. The slightly shorter Tz 
of the mercury probe probably reflects its greater order 
arising from the Hg linkage. 

At the very high aetin samples used in this study, no 
significant amount of G-actin remained in the rehydrated 
actin gel, having been removed prior to preparation of the 
gel samples. The actin-activated myosin ATPase activities 
of the BTFP and CF3-1abeled actin containing up to 2 
labels/actin were indistinguishable from the unlabeled 
actin samples. 

In order to investigate the effects of steric hindrance, 
a larger probe (PFPITC) was used to label Lys-61 as 
reported in an earlier high-resolution study (Barden and 
Phillips 1990). A preliminary investigation of the solid 
state spectrum of PFPITC-actin was made. Figure 6 
shows spectra of PFPITC attached to the amino acid 
lysine both in the dry and hydrated forms. The non- 
equivalent ortho, meta- and para fluorines also could be 
discerned in the PFPITC-actin spectrum with an in- 
creased linewidth being evidence for a restricted motion 
of the probe. The labeled hydrated F-actin and the dry 
P F P I T C - L y s  powder spectra show similar relaxation 
properties and linewidths, in common with the spectra 
obtained from the other 19F-labeled probes. 

Relaxation measurements 

The rigid-rotor model of anisotropic motion (Woessner 
1962; Doddrell etal. 1972) for homonuclear dipole 
coupling was adapted for the CF3 groups used in these 
studies. The linewidth and spectral features present in the 
dipolar powder spectrum of a methyl rotor have been 
described theoretically (Andrew and Bersohn 1950; Seiter 
and Chan 1973) as an infinitely sharp spike comprising 
50% of the spectral intensity at the midpoint of a rigid 
lattice background (Fig. 2c). The dipolar splitting is 
motionally narrowed when the rotor experiences restrict- 
ed motion about its C3 axis (Seiter and Chan 1973). The 
probe order also affects the splitting. This can be visual- 
ized as the degree of libration of the CF 3 cone about the 
Ca axis. The values of T~, T2 and the correlation times 
derived from them are presented in Table 1. The relation 
between a laboratory frame spin-lattice relaxation time 
(TI) and a molecular rotation correlation time (zs) is given 
by (Woessner 1962; Forsen and Lindman 1981): 

1/T 1 = 9 7 4 h2/10 r 6 {[z$/(l 6 + co2 z~)] + [Zs/(4 + co2 ~)]} (1) 

for an anisotropically tumbling molecule undergoing in- 
ternal reorientation. 7 is the gyromagnetic ratio of the 
NMR probe nucleus (2.5164 rads a T-1 for a9F); r is the 
F F distance 0.204 mm for CF3HgBr based on a report- 
ed C - F  distance of 0.125 nm (Kamenar et al. 1982), 
0.222nm for BTFP based on the C - F  distance of 
0.135 nm reported for trifluoroacetic acid (Sutton 1958) 
or 0.272 nm for PFPITC based on the structure of 
C6H2F¢ (Sutton 1958); co o is the spectrometer frequency 
(282 x 2~ x 106 fads- l ) ;  h=h/2rc; and z s is the fast corre- 
lation time which dominates T 1 relaxation. 

The minimum values of T1 derived from (1) are 0.8 and 
1.5 s for CF3Hg and BTFP respectively, yielding nano- 
second correlation times. The T1 times for F-actin and 
F-actin-S1 complex are of the order 0.5-0,8 s. Fluctua- 
tions in the chemical shift anisotropy may contribute to 
the relaxation, but only to a small extent as evidenced by 
the weak field dependence of the relaxation times (Barden 
et al. 1989). Of much greater significance is the hetero- 
nuclear dipole coupling to surrounding protons (Post 
et al. 1984). 

Recourse was made to the spin-spin or transverse re- 
laxation time T2 for the derivation of the correlation time 
% for the actin-bound CF3 group. Using Woessner's ex- 
pression for T 2 in terms of slow and fast correlation times 
(% and Zs) we find that terms in Zs are negligible com- 
pared to those in z~. The simplified expression (Woessner 
1962) is: 

1 / T  2 = 9 7 4 h2 /8  r 6 {'Cs/10 + z J[6 (1 + coo z~)] 

coo % )]} (2) +zs/[15(1+4 2 2 

The results are presented in Table 1. 

Discussion 

The correlation times determined in Table 1 should be 
compared with the correlation times for overall tumbling 
of both the G-actin monomer and an average-length 



Table 2. Linewidths at half height of probe resonances. Chemical shifts are referenced to TFA 
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Probe Condition Linewidth at half height Chemical shift 

ds-tryptophan 
d2-IAA 

BTFP 

CF3HgBr 

PFPITC 

rigid lattice 
rigid lattice 
attached to dry actin 
attached to wet actin 
BTFP-Cys 
BTFP-F-actin 

BTFP-F-actin-SI 
rigid lattice 
wet probe 
CF3Hg-Cys (dry) 
CFaHg-Cys (wet) 
CF3Hg-F-actin 
CF3Hg-G-actin 
CF3Hg-F-actin-Sl 
PFPITC-Lys (dry) 
PFPITC-L ys (wet) 
PFPITC-F-actin 

160 kHz (90 ° edge splitting) 
165 kHz (90 ° edge splitting) 
155 kHz (90 ° splitting) 

3 kHz (280 K); 160 kHz (190-256 K) 
4.5 kHz 
1.1 _+0.2 kHz with 5 kHz 

underlying component 
0.8-t-0.1 kHz 
1.6 kHz 
0.6 kHz 
1.5 kHz 
0.6 kHz 
0.5 and 5 kHz 
1 kHz 
5 kHz 
3 kHz (3 peaks) 
0.5 kHz 
3 kHz (3 peaks) 

- 9 p p m  
- 9  to  - l O p p m  

42 ppm 

4I ppm 

-70, - 80, - 87 ppm 

F-actin filament. The Stokes-Einstein expressions is given 
in (3): 

~c = 4 n r I r3/3 k T (3) 

where the viscosity of the G-actin solution t/=1.1 x 
10-3 Ns m - z  and the radius r is assumed to be half the 
longest dimension of the monomer ,  3.4 nm (Kabsch et al. 
1985). Equat ion (3) yields a value of 42 ns, in good agree- 
ment with the range determined experimentally (Barden 
and Phillips 1990). 

The expression for the diffusion of a rigid rod about  its 
long axis (Broersma 1960) was used to model the F-actin 
filament: 

z c = 4 n ~I r2 I/k T (4) 

where I is the filament length. For  1 = 1 pro, z c = 38 ps. 
A comparison of the times derived from (3) and (4) 

with the experimentally determined values indicates that 
for O-actin, the z c (CF3Hg-actin) = 3.7 ns is indistinguish- 
able from that of the Met eCH 3 . This correlation time is 
an order of magnitude faster than monomer  tumbling 
and presumably is due to some rapid internal motion. 
Similarly, the values of z s (BTFP-F-actin)  and -c s (CFaHg- 
F-actin) of 8 and 7 gs respectively are 4 - 5  times faster 
than for F-actin tumbling and can be attributed to inter- 
nal mot ion such as domain twisting. These values com- 
pare well with those derived using IAEDANS (Ikkai et al. 
1979) and e-ADP (Mihashi and Wahl 1975) on F-actin. 

A distinct relationship between probe size and % is 
obtained with samples of labeled G-actin implying that 
the mot ion to which the probe is sensitive is affected by 
the probe bulk. The mot ion leading to values ofz c = 42 ns, 
measured with an immobile probe on the monomer  
(Barden and Phillips 1990) reflect overall monomer  rota- 
tion. Values as low as 3.7 ns obtained in this study and 
7 ns (Waring and Cooke 1987) reflect mot ion such as 
domain oscillation which is sensitive to steric effects im- 
posed by the probes. The fluorescent studies of F-actin 
show some mobili ty on the nanosecond timescale which 

is probably  attributable to monomer  rotat ion (Mihashi 
and Wahl 1975). The timescale of filament mot ion as a 
whole is of the order of microseconds. Not  surprisingly, 
there is no direct relation between correlation time and 
probe size. A more likely influence on the correlation time 
is the effect of a label on the in t ramonomer  co-ordination 
or segmental mobility. The correlation times determined 
in the current work using pelleted samples were 4 - 5 times 
shorter than the value derived theoretically. Compar ing  
these results with the only other reported study of pelleted 
actin, a solution of oxyltetramethylpiperidinylmaleimide 
labeled F-actin, yielded a correlation time of 40 ~ts which 
increased to 100 gs when pelleted (Hegyi et al. 1988). In 
the present study, solid state N M R  is used to probe the 
aggregated filaments of F-actin within the highly concen- 
trated pellets using two probes of similar size. There is 
little difference in the values of re. Similarly, the binding 
of S-1 to F-actin followed by the pelleting of the complex 
did not alter the correlation time. The only evidence ob- 
tained of a change in protein dynamics during aggrega- 
tion was the disappearance of the sharp spike in the 
CF3Hg-F-act in  pellet over several days. The solution 
state N M R  measurements are performed at much lower 
protein concentrations and are capable of sensing the 
nanosecond dynamics of the monomer  and small fila- 
ments but fail to report  on the microsecond time scale 
discussed here (Barden et al. 1989; Barden and Phillips 
1990). 

The molecular dynamics of actin in all states of aggre- 
gation from monomeric  G-actin to large filamentous 
complexes is sensed by the mot ion of the attached probes. 
The present study revealed no significant difference be- 
tween the correlation times of F-actin and F-actin-S1 
pellets in the time scale of the solid state experiment. A 
similar value was reported with the F-actin-Tm-Tn com- 
plex (Mihashi and Wahl 1975). 

The linewidths of the resonance signals at half height 
are presented in Table 2. The d2-IAA dry powder pro- 
duced a rigid lattice powder spectrum with quadrupole 
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splitting of 165 kHz  between the 90 ° edges (Fig. 2b). By 
contrast ,  freeze-dried d2-IAA-labeled actin (Fig. 3 a) gave 
a deuter ium N M R  spectrum indicative of  a two-fold flip 
of  the IAA group. W h e n  hydrated,  a componen t  ( <  25 %) 
of  the p robe  species underwent  rapid disordered mot ion  
(Fig. 3 b) which could be frozen out  at low temperature  
(Fig. 3 c). The restricted mo t ion  seen f rom the d2-IAA- 
labeled actin was further evidence of  the high order  pres- 
ent in actin adjacent to the Cys-374 and Cys-lO sites. 
However ,  the poor  signal/noise ratio obta ined  f rom the 
dz- IAA probe  led to the present s tudy emphasis ing the 
19 F probes. 

A compar i son  of  the linewidths and the T2 measure-  
ments  reported in Table 1 reveal that  the linewidth of the 
~9F Cys probes  m a y  be accounted  for by relaxation ef- 
fects. This is expected if the central  peak is domina ted  by 
the I =  + 1/2 to I =  - 1 / 2  transi t ion for an isolated and 
rapidly reorienting CFs  group.  However ,  the data  ob- 
tained for the CF3Hg-labeled  F-act in  samples have static 
contr ibut ions  beyond  that  due to relaxation. These con- 
t r ibutions m a y  be due to variat ions in rigid lattice interac- 
tions or they may  arise f rom F - H  dipolar  interactions 
with adjoining molecular  groups. Taking into account  the 
order  of the sur rounding  species and the C F  3 ro to r  axis, 
these contr ibut ions  m a y  account  for the differences in 
linewidth (Seiter and Chan  1973; Pos t  et al. 1984). 

The dynamics  of  the probes  a t tached to either dry 
cysteine powder  or F-act in  have been shown to be very 
similar in this study. The probes  on G-act in  appear  to 
sense m o n o m e r  rotation.  The results indicate that  there is 
little change in the dynamics  when myosin  S1 binds to 
F-act in  and the complex is pelleted. Thus,  the dynamics  of 
the p robe  sites Cys-lO and Cys-374 on pelleted F-act in  
appear  to be domina ted  by the local envi ronment  and are 
little influenced by external interactions such as myos in  
binding. 
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