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ABSTRACT: It has been postulated that the hydrophobic loop of actin (residuesZ®@D swings out and
inserts into the opposite strand in the filament, stabilizing the filament structure. Here, we analyzed the
hydrophobic loop dynamics utilizing four mutants that have cysteine residues introduced at a single location
along the yeast actin loop. Lateral, copper-catalyzed disulfide cross-linking of the mutant cysteine residues
to the native C374 in the neighboring strand within the filament was fastest for S265C, followed by
V266C, L267C, and then L269C. Site-directed spin labeling (SDSL) studies revealed that C265 lies closest
to C374 within the filament, followed by C266, C267, and then C269. These results are not predicted by
the Holmes extended loop model of F-actin. Furthermore, we find that disulfide cross-linking destroys
L267C and L269C filaments; only small filaments are observed via electron microscopy. Conversely,
phalloidin protects the L267C and L269C filaments and inhibits their disulfide cross-linking. Combined,
our data indicate that, in solution, the loop resides predominantly in a “parked” position within the filament
but is able to dynamically populate other conformational states which stabilize or destabilize the filament.
Such states may be exploited within a cell by filament-stabilizing and -destabilizing factors.

Actin filaments play a key role in force generation in

mutant, filaments did not form, even in the presence of the

muscle cells and in many processes within non-muscle cells.actin-stabilizing agent phalloidir8). Also, locking the loop

Actin interacts with more than 150 proteirfy,(and a detailed
understanding of its conformational states in the globular
(G-actin} and filamentous (F-actin) forms is critical to a
comprehensive description of its interactions with these

after filament formation caused filament destructidih (
Feng et al.§) first used the yeast actin loop mutant S265C

to gain insight into changes occurring during actin polym-

erization. An excimer band was formed in F-actin when

proteins and its role in cellular processes. The 1990 Holmespyrene probes were attached to actin residues 265 and 374,

model of F-actin 2) is the prevailing representation of the

actin filament. In this model, the hydrophobic loop (residues
262—274) is postulated to swing out and insert into the
neighboring strand in a hydrophobic pocket between two
actin protomers, thereby stabilizing the filament. Recent
studies showed that the mobility of the hydrophobic loop is
indeed necessary for filament stability; when the loop was
locked by intramolecular disulfide bond formation to the

monomer backbone in the L180C/L269C/C374A yeast actin
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indicating the residues in separate protomers were within
18 A of one another in the filament. In addition, pyrene
emission spectra of C265- and C374-labeled actin revealed
polymerization-related conformational changes in the-262
274 loop and the C-terminus of F-actin. Furthermore,
fluorescence changes at position 265 were also noted when
myosin S1 was bound to the labeled actin, indicating that
changes in subdomains 1 and 2 were transmitted throughout
subdomains 3 and 4.

Musib et al. 6) subsequently reported fluorescence
changes for pyrene maleimide and acrylodan attached at other
hydrophobic loop residues mutated to cysteines (266, 267,
and 269) due to actin polymerization. These changes
suggested that the loop residues “sampled” multiple environ-
ments in the F-actin state. Moreover, a pyrene excimer band
was observed in F-actin with labels at residues 266 and 374,
positioning them within 18 A of each other, and indicating
the loop was in a parked position. As argued by these authors,
the two bulky succinimidyl pyrene moieties could not be
accommodated in F-actin with the loop extended, as sug-
gested by the Holmes model.

Kim et al. (7) provided further insight into the dynamics
of F-actin and loop 262274 by employing disulfide cross-
linking reactions to impose constraints upon F-actin structure.
Although models of F-actin predicted distances of-28
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A between residues 265 and 374, 41 and 374, and 41 and5.0uM) was disulfide cross-linked at room temperature for
265, disulfide cross-links were formed in cysteine mutants at leas 1 h in the presence of CuSO(20—30 uM).
in F-actin and the cross-linked filaments appeared normal Rhodamine-labeled phalloidin (RhPh), at a concentration of
in electron microscopy observations. These experiments50 nM, was then added at a 1:100 RhPh:actin ratio to cross-
demonstrated the inherent flexibility of the actin structure linked and un-cross-linked filaments. The solution was mixed
at the C-terminus, DNasel binding loop, and hydrophobic quickly, and binding was monitored through changes in RhPh
loop sites and posed an interesting question regarding thefluorescence. RhPh was excited at 554 nm, and the emission
permissible states of loop 26274 in F-actin. was monitored at 573 nm. Data were recorded as described
This work extends the probing of hydrophobic loop in Light Scattering Experiments.
dynamics by using the loop cysteine mutants to map the Electron MicroscopyMutant yeast actin (1&M) was
dynamic and conformational space available to loop residuespolymerized as described above in the presence or absence
in G- and F-actin. To this end, we have utilized site-directed of DTT (5.0 mM) for 20 min at 25C. For disulfide cross-
spin labeling in conjunction with disulfide cross-linking and linking, 20—30 uM CuSQ, was added to F-actin and the
electron microscopy studies to obtain a more detailed andreaction was allowed to proceed fbh atroom temperature.
better understanding of hydrophobic loop dynamics within For cross-link reversal, DTT was added to the cross-linked
the actin filament and the loop states that support the filamentsamples to a final concentration of 5.0 mM. Samples were
structure. then incubated fol h orovernight at room temperature or
4 °C, respectively. To adsorb actin to carbon-coated holey
MATERIALS AND METHODS grids, actin was diluted to 2.6M, adsorbed to grids, and
Yeast Actin MutantsYeast actin mutant strains S265C, negatively stained with 1% uranyl acetate. Grids were
S265C/C374A, V266C, V266C/C374A, L267C, L267C/ observed using a Hitachi H7000 electron microscope at
C374A, L269C, and L269C/C374A were described previ- 31200x magnification.
ously ©). Pelleting AssaysActin (10 uM) was polymerized and
Protein Purification.Yeast actin was purified by affinity ~ cross-linked as described above. For uncross-linked samples,
chromatography on a DNasel column as described by 2.0 mM DTT was added to the solution and the actin was
Shvetsov et al.3). The purified G-actin was stored on ice, incubated fo 1 h atroom temperature. NEM (2.0 mM) was
in Tris-HCI (pH 8.0), 1.0 mM DTT, 0.2 mM ATP, and 0.2 added to the cross-linked samples to block free cysteine
mM CaCl. Fresh DTT was added daily. For all experiments, residues. The samples were then centrifuged at 3GPfaB0
and to remove DTT, G-actin was passed through a Sephadex30 min at 4 °C in a Beckman TLA-100 rotor. The
G-50 column equilibrated with 10 mM MOPS (pH 7.4), 0.2 supernatants and pellets were adjusted to the same volumes

mM ATP, and 0.2 mM CaGl and analyzed by SDSPAGE.
Disulfide Cross-Linking Experiment§&-Actin (10 uM) Site-Directed Spin LabelingYeast single and double
was polymerized in the presence of 2.0 mM MgQ@l.2 mM mutant G-actin was passed through Sephadex G-50 columns

ATP, 0.2 mM CaC, and 10 mM MOPS (pH 7.4) for at  equilibrated with 10 mM MOPS (pH 7.4), 0.2 mM ATP,
least 20 min at room temperature. When present, phalloidinand 0.2 mM CaGl G-Actin was then incubated fd. h at
was added to the polymerized actin in a 1:1 ratio with actin room temperature in the same buffer containing a 3-fold
and allowed to equilibrate for 10 min prior to actin cross- molar excess (over actin) of a spin labeling reagent [MTSL,
linking. CuSQ (5.0-15 uM) was then added to catalyze (1-oxy-2,2,5,5-tetramethylpyrrolinyl-3-methyl)methanethio-
disulfide cross-linking at room temperature. Time point sulfonate] that reacts with cysteine residues to generate the
aliquots were taken directly before the addition of CySO side chain, designated R8)( For distance measurements,
(zero time point) and 5, 30, 60, 90, and 120 min after the actin was labeled with either pure spin-labeled reagent
addition of CuSQ Reactions were stopped with excess (2.0 (MTSL) or a 1:3 (molar ratio) mixture of MTSL with a
mM) N-ethylmaleimide (NEM), which blocks unreacted diamagnetic analogue [(1-methoxy-2,2,5,5-tetramethylpyr-
cysteine groups. Time point samples were run on SDS rolinyl-3-methyl)methanethiosulfonate], according to the
PAGE gels under nonreducing conditions and stained with method described in re8. Both reagents were kindly
Coomassie blue for visualization. Gels were scanned, andprovided by Kéméan Hideg (University of Pes, Pes,
density values of monomer bands were obtained using Hungary). Previous work has shown that other nonreactive
SigmaGel version 1.0 (Jandel Scientific, San Rafael, CA). cysteines present in the actin sequence are not labeled under
Data were then analyzed and plotted in Sigma Plot 2000 conditions employed in this worl®). Actin was again passed
version 6.0 (SPSS, Inc., Chicago, IL). through Sephadex G-50 columns to remove any unreacted
Light Scattering Experimentéctin polymerization, dis- label and was then concentrated to /8@ using Vivaspin
ulfide cross-linking, and disulfide reduction were monitored 0.5 mL concentrators (Viva Science, Hannover, Germany)
by light scattering measurements (at 350 nm) using a Photonwith a 10 000 molecular weight cutoff PES membrane.
Technology International (PTI, Lawrenceville, NJ) spectro- Samples of freshly spin-labeled G-actin were polymerized
fluorimeter and FeliX32 Analysis version 1.1 (PTI). G-Actin for at least 20 min at room temperature with 2.0 mM MgCl
(10 uM) was polymerized as described above. Cy&t— Spectra of G- and F-actin were recorded at X-band using
30 uM) was then added to catalyze disulfide cross-linking either a Bruker E580 spectrometer and a cavity (4119HS)
at room temperature. To accelerate the reactions, higheror a Varian 109 spectrometer fitted with a loop gap resonator
concentrations (2630 uM) of CuSQ, were added for light ~ (10). Labeled actin was analyzed in a Suprasil flat cell
scattering experiments than for kinetics experiments. (volume of 40uL; Wilmad, Buena, NJ) or a glass capillary
Rhodamine-Labeled Phalloidin Binding Experimers. (volume of 5.0uL; VitroCom, Inc., Mountain Lakes, NJ) in
Actin (10 uM) was polymerized as described above. F-Actin each spectrometer, respectively. Each spectrum was collected
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Ficure 1. Holmes model of the actin filament shown with the hydrophobic loop extended (A) or parked (B), and pertinent residues
highlighted. Residues colored yellow represent the native C374, to which cysteine mutants generated in the loop will be disulfide cross-
linked in F-actin. S265 is colored blue, V266 red, L267 cyan, and L269 green. Individual actin protomers are distinguished by their ribbon
color. This figure was generated utilizing WebLab ViewerPro version 4.0.

with a 30 s scan time, a 160 G field scan, a modulation Kinetics of Disulfide Cross-Linking of Loop Cysteines to
amplitude of 4.0 G at 100 kHz, and an incident microwave C374 in F-Actin Copper-catalyzed disulfide formation with
power of either 10 mW (4119HS) or 2.0 mW (loop gap), as C374 proceeded at different rates with the four loop cysteine
in ref 9. The recorded data are averages of-BO scans mutants and required different amounts of Cy&produce
and are trimmed to 100 G for display. similar reaction progress. S265C cross-linked faster [{1.3
Measurement of Interspin Distancédtenbach et al. ) 0.6) x 102 s71] than V266C (4.1x 103 s1) (Figure 2A)
showed that distances between two spin-labels can bein the presence of 50M CuSQ, while 15uM CuSQ, was
determined at room temperature using rigid lattice theory in needed for efficient cross-linking of L267C [(22 0.7) x
cases where the overall rotational correlation time of the 102s %] and L269C (4.3x 102+ 0.5x 10°1s™). CuSQ
protein, and thus of the interspin vector, is slow. Briefly, (10u«M) was normally used for efficient V266C cross-linking
the EPR spectrum of a molecule with an interacting pair of (5.4 x 1024 0.9x 10 ts™). L267C and L269C exhibited
R1 side chains is assumed to be a convolution of the almost no cross-linking in the presence of &l CuSQ,
spectrum with no spiaspin interactions (noninteracting)l) over the same time scale (data not shown). This trend, with
with a weighted sum of Pake functior?), and the distance ~ S265C cross-linking the fastest, is inconsistent with the
distribution is calculated from the known distance depen- extended loop Holmes model in which L267 lies closest to
dence of the Pake functions using software written in C374 within the filament, followed by V266, S265, and then
LabVIEW (National Instruments)g]. L269. The disulfide cross-linking data indicate a different
MTSL or a 1:3 mixture of MTSL and a diamagnetic ordering of the hydrophobic loop residues, with S265 being
analogue was used as described above to obtain the interactlosest to C374, followed by V266, L267, and L269. This

ing or noninteracting spectra, respectivedy. ( order may be a reflection of real, different average prox-
imities of loop residues to C374 and/or their different
RESULTS mobilities, and thus the frequency at which they approach

The purpose of this work has been to better understand©374- The SDSL experiments reported below support the
the relationship between actin filament dynamics and the ProXimity basis of the order given above but reveal also a
hydrophobic loop topography by applying constraints on the p033|bl_e e_ffect of residue mobility on the measured rates of
conformational states of this loop. Specifically, we have used €ross-linking.
cysteine mutants S265C, V266C, L267C, and L269C (Figure We decided to test the disulfide cross-linking of the four
1) in the hydrophobic loop and the native C374 in the mutants in the presence of phalloidin, an F-actin-stabilizing
C-terminus for cross-linking experiments in yeast actin. In agent (3). In S265C, cross-linking is accelerated in the
addition, we used these mutants to observe the localpresence of phalloidin (Figure 2C). Interestingly, phalloidin
dynamics at the loop sites and the distances from these sitegxhibits a strong inhibitory effect in L269C (Figure 2B,C),
to C374 on the neighboring strand. the opposite of what is observed in S265C. V266C presents



Actin Hydrophobic Loop Dynamics and Filament Stability Biochemistry, Vol. 45, No. 45, 20063579

100 @ while the reaction with S265C and V266C proceeded well
(data not shown).

Electron Microscopy The difference in the rates of
disulfide cross-linking of C374 to C265 and C266 versus
C267 and C269 in F-actin prompted the electron microscopic
(EM) examination of the cross-linked filaments (Figure 3).
As published previously7), S265C disulfide cross-linked
filaments appeared normal under EM (data not shown).
Cross-linked V266C F-actin also exhibits a relatively normal
— morphology, with perhaps slightly kinked filaments (Figure

. ggggg 3B). However, cross-linking of L267C and L269C destabi-

—— 5265C lizes F-actin (Figure 3D,H); only few and short filaments
i are observed in such samples, while the unoxidized filaments
J y 4 ) g appear normal (Figure 3C,G). The destabilization of the
0 20 40 60 80 100 120 . . . .
Time (minutes) filaments could also be inhibited with the presence of
equimolar phalloidin during the cross-linking (Figure 3F,J).
B The cross-linking-induced disruption of L267C and L269C
_— . - —T filaments could be reversed by disulfide reduction with-1.0
G s 5.0 mM DTT (Figure 3E,l); however, this recovery process
no phalloidin + phalloidin was relatively slow ¥1 h) compared to the cross-linking
time (<1 h).

e -—D Solution Tests of Actin Filament3o confirm electron
microscopy observations, the polymerization state of the four
uncross-linked (data not shown) and cross-linked cysteine
loop mutants was checked in pelleting experiments (Figure

—M 4). S265C and V266C (Figure 4A,B) disulfide cross-linked
-aw - PO S filaments were pelleted completely in such assays (30 min
0 5 30° 60°90° 120° at 36000@), while the cross-linked L267C and L269C actin
— _ was found only in the supernatant (Figure 4C,D). This
C T indicates either depolymerization or breakdown of L267C
75 | and L269C F-actin into very short filaments. In the unoxi-
dized form, all four mutant F-actin samples were pelleted
readily, with the L267C and L269C actins exhibiting a small
fraction of the protein in the supernatant.

Filament disruption upon disulfide cross-linking of L267C
Y \_J and L269C F-actin was monitored by light scattering

measurements. As shown in Figure 5, both L267C and
1 1 L269C G-actin are polymerized rapidly upon addition of
-50 - MgCl, (Figure 5, arrows). In both cases, the initiation of
cross-linking with the addition of CuSQO(Figure 5, ar-
L I ' rowheads) results in a light scattering decrease, indicating

i , , i filament depolymerization. This process appears much faster
$265C V266C L267C L269C in L269C than in L267C actin. Actin depolymerization can

be reversed with the addition of 1.0 mM DTT (Figure 5,

Ficure 2: Disulfide cross-linking kinetic experiments in yeast stars). Importantly, S265C and V266C F-actin did not exhibit

mutant F-actin. (A) S265C and V266C cross-linking in the presence PO . - .
of 5.0uM CuSOf. I%Iack circles @) depict S265C an% white Eircles any significant light scattering changes upon their copper-

(O) V266C disulfide cross-linking time points. (B) SB®AGE catalyzed disulfide cross-linking and subsequent reduction
of L269C cross-linked in the absence and presence of an equimolarof disulfide with DTT (data not shown). This confirms the
amount of phalloidin (1%M CuSQ). (C) Bar chart illustrating  results of pelleting and EM experiments showing little, if
the effect of phalloidin in percentage increase or decrease in theany, effect of disulfide cross-linking on these filaments.

rates of disulfide cross-linking in yeast actin mutants. Error bars A further test of actin fil t feat b d
represent the standard error. Disulfide cross-linking rates increased S @ urther test or actin ament ieatures, we observe

by 41 and 25% for S265C and V266C, respectively, and decreasedthe binding of rhodamine-labeled phalloidin (RhPh) to
by 17 and 84% for L267C and L269C, respectively. Percentage F-actin. S265C and V266C cross-linked and uncross-linked

changes were calculated from the observed rate constants. filaments bound RhPh equally well, with a similar rate

) ) o ~constant (Figure 6). However, cross-linking of L267C caused
a slight acceleration, whereas L267C exhibits a slight 5 2-fold decrease in the binding rate of RhPh (Figure 6),
decrease in the rate of cross-linking (Figure 2C). Thus, a while cross-linked L269C did not appear to bind RhPh at
distinct trend and transition is observed in the residues of g (data not shown). The partial or complete inhibition of
the hydrophobic loop when cross-linked in the presence of binding of RhPh to cross-linked L267C and L269C most
phalloidin, namely, from the acceleration of the reaction to likely reflects the absence of normal numbers and size of
its inhibition. Also, it was impossible to fully cross-link  actin filaments in these mutants, as well as the ability of the
L267C or L269C filaments in the presence of phalloidin, cross-link to hinder the “structural breathing” that would

Monomer (%)

10

50

——

25

-25

Effect of Phalloidin (%)

-100
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Ficure 3: Electron microscopy images of (A) V266C F-actin, (B) V266C disulfide-cross-linked F-actin, (C) L267C F-actin, (D) L267C
disulfide cross-linked F-actin, (E) L267C disulfide cross-linked Fratth after addition of 1.65.0 mM DTT, (F) L267C disulfide cross-
linked F-actin in the presence of an equimolar amount of phalloidin, (G) L269C F-actin, (H) L269C disulfide cross-linked F-actin, (1)
L269C disulfide cross-linked F-actil h after the addition of 1:65.0 mM DTT, and (J) L269C disulfide cross-linked F-actin in the
presence of an equimolar amount of phalloidin. The scale bar represents 250 nm.

normally enable RhPh to bind to actiti4). Notable, also, A
is the slower binding of RhPh to un-cross-linked L267C and

L269C F-actin than to the other actins. This can be explained

by the slightly increased amount of G-actin in the supernatant -
after pelleting of these mutants, as L267C and L269C are
marginally less stable than S265C and V266C. This may

also reflect a possible decrease in the filament dynamics and
the degree of structural breathing of the L267C and L269C

actins.

Site-Directed Spin Labelinglhe disulfide cross-linking
rate is a function of distance between the cysteines, their cCHE® D
pK’s in the structure, and the flexibility of the sequences in
which they reside 15). On the other hand, the magnetic
dipolar interaction between spin-labels is a function of - - -
interspin distance only. Therefore, SDSL with doubly labeled
actins was used to obtain a quantitative evaluation of the
distance between C374 and the loop residues. -

The nitroxide side chain R1 was introduced at cysteine 123 123
residues in mutant actins as described in Materials and
Methods. Specifically, for the four mutants that were studied, FiGUre 4: Pelleting assays in which actin was subjected to a
one R1 side chain was introduced at the native C374 and a36000®, 30 min centrifugation to pellet any F-actin present in

: : solution. Lane 1 in each section contained actin just before
second at one of the four cysteines introduced along thecentrifuge\tion. Lanes 2 and 3 contained samples taken from the

hydrophobic loop. If the nitroxides in these pairs are Iess sypernatant and pellet fractions taken after the high-speed centrifu-
than ~20 A apart, they interact via a magnetic dipolar gation, respectively. (A) Disulfide cross-linked S265C. (B) Disulfide
interaction that is evident as a broadening of the EPR cross-linked V266C. (C) Disulfide cross-linked L267C. (D) Dis-

; i~ulfide cross-linked L269C. It should be noted that the uncross-
.s'iecmi.m' T.hed Otﬁe? Zugﬂe broad?n'n?hduEeng the mtag"et'flinked S265C, V266C, L267C, L269C, S265C/C374A, V266C/
Interaction Is detected by comparing the SPectrum Of =374 | 267C/C374A, and L269C/C374A mutants could be all
the doubly labeled protein with a spectrum obtained by pelleted, though the L267C/C374A and L269C/C374A mutants less
reaction with a mixture of spin-label and diamagnetic spin- well than the others.
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FiGurRE 5: Light scattering experiments showing the progression
from G- to F-actin (1QuM actin, 2.0 mM MgC} to polymerize),
the subsequent addition of 3 CuSQ to initiate disulfide cross-
linking, and the final addition of DTT (1:865.0 mM) to reduce
disulfide cross-links. S265C and V266C exhibit no change in light
scattering for the duration of cross-linking (not shown). L267C (A)
and L269C (B) polymerize normally, but filaments are destroyed
with the formation of disulfide cross-links. DTT reduces the cross-
links and slowly restores F-actin. Arrows denote the point at which
MgCl, was added. Arrowheads denote the point at which GUSO
was added. Stars denote the point at which DTT was added.
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complicate the quantitative analysis, the presence of a
significant amount of noninteracting nitroxide reduces the
apparent magnitude of the dipolar interaction effect. That
is, the actual effect is larger than it appears in the spectra of
Figure 7. Nevertheless, it is apparent that the strongest
interaction is observed for 265R1/374R1, corresponding to
interspin distances for the interacting pairs distributed in the
range of 12-18 A. Given the spin probe size and possible
motions, this distance distribution may be shifted by another
+5 A for the relevant cysteine residues. For the other pairs,
the interaction is weaker, apparently decreasing in strength
from 266R1/374R1 (1420 A, £5 A) to 267R1/374R1 and
269R1374R1, with interspin distances distributed near the
limit of the SDSL method ¥20 A).

The EPR spectra of the singly-labeled actin mutants
S265R1/C374A, V266R1/C374A, L267R1/C374A, L269R1/
C374A, and C374R1 (Figure 8) were used to investigate local
dynamics and structural constraints in both G- and F-actin.
For interpretation of EPR spectra in terms of nitroxide mobil-
ity, the reader is referred to Columbus and Hubb&#)(
Crane et al. 17), and Kusnetzow et al1@). The spectrum
of 265R1 in G-actin (green trace) is dominated by a com-
ponent corresponding to a state of the nitroxide side chain
with anisotropic motion characteristic of R1 at solvent-
exposed surfaces where the nitroxide has little or no inter-
action with the protein environmeni§, 19). On the other
hand, the spectra of 266R1, 267R1, and 269R1 in G-actin
are complex, consisting of at least two components corre-
sponding to states of the nitroxide qualitatively described as
“mobile” (m) and “immobile” (i) (arrows, Figure 8BD).

The two states could arise from two conformations of the
loop in slow exchange on the EPR time scale, one of which
is significantly flexible and the other of which is folded in

a structure where the nitroxide is involved in tertiary contacts
that restrict its motion. However, the two states could also
arise from two rotamers of the side chakd). It is interesting

to note that the fraction of the more mobile state decreases
regularly from 265R14100%) to 269R1. In terms of either
model for the origin of the two states, this implies that the
environment around the loop becomes progressively more

label analogue, thus representing the line shape in the absencerowded as one proceeds from residue 265 to 269, providing
of dipolar interaction (noninteracting reference spectrum). more opportunity for interaction of the nitroxide.
Deconvolution of the two spectra provides a broadening  Upon formation of F-actin, there is only a subtle change
function that can be quantitatively analyzed in terms of in the spectrum of 265R1 (red trace), reflecting a small
interspin distance§; 11). increase in the degree of ordering of the nitroxidie)( The

In G-actin, the spectrum of each doubly labeled protein is spectral change at 266R1 indicates a modest decrease in
identical with the noninteracting reference spectrum (not mobility for both the i and m components, reflecting new
shown). Thus, there is no spectral broadening associated withconstraints on the motion of R1. For both 265R1 and 266R1,
the presence of the spin pair, and the spins must be separatethe changes could arise from a damping of backbone motions
by more than~20 A. This is not the case in F-actin, as shown (16). In contrast, both 267R1 and 269R1 become strongly
in the normalized spectra of Figure 7. For each case, theimmobilized [the result for 269R1 has been reportey. (
spectrum of the doubly labeled mutant (red trace) is The strong immobilization could arise only from extensive
compared with the noninteracting reference spectrum (blackinteractions of the nitroxide with the local environment; i.e.,
traces); it is evident that these spectra are different, primarily the nitroxide is “buried” in the filament structure. Col-

in the lower amplitude of the doubly labeled protein,
reflecting broadening due to dipolar interactions.

lectively, these results indicate a change in going from G-
to F-actin in which an increasing degree of constraints is

Quantitative analysis of the spectra according to the imposed on R1 along the sequence of residues-2689.

method of Altenbach et al8J reveals that only~50% of

The 374R1 spectra are also composed of two components

the nitroxides in the samples have dipolar interactions, and exhibit many of the same features as the singly labeled
presumably due to substoichiometric labeling of the cysteine loop residue spectra. When one changes from G- to F-actin,
population with the small excess of reagent (1.5-fold) and the mobile and immobile components both display a modest
short reaction times (1 h) employed. Although this does not decrease in mobility (Figure 8E).



13582 Biochemistry, Vol. 45, No. 45, 2006 Scoville et al.

0.16

0.14

0.12 A

0.10

0.08

Rate (s™)

0.06

0.04 +

0.02 A

0.00 -

RabSkActin WT yeast S§2656C S§265C s-s X-L V266C V266C s-s X-L L267C L267C s-s X-L L269C

Ficure 6: Rhodamine-phalloidin binding. Rhodamine-labeled phalloidin (RhPh) was added to disulfide cross-linked and uncross-linked
F-actin at a 1:100 RhPh:actin ratio. Cross-linked L269C did not bind RhPh, most likely due to total filament destruction (data not shown).
Actin was present at a concentration of . Error bars represent one standard deviation.

b\\/ 265R1
265R1/374R1
i m
l v
266R1

266R1/374R1 [’v—f
;[\2;1_1;; 267R1
t 269R1

o A /\/-__/
374R1

269R1/374R1
Ficure 7: EPR spectra of doubly labeled yeast F-actin mutants:
(A) 265R1/374R1, 54% interacting; (B) 266R1/374R1, 42%
interacting; (C) 267R1/374R1, 0% interacting; and (D) 269R1/
374R1, 0% interacting. Black lines depict spectra observed for a
mixture of paramagnetically and diamagnetically labeled actin. Red
lines depict spectra observed for fully paramagnetically labeled

>20 A .
I m
l v
actin. The displayed field range is 100 G.

The presence of F-actin for all mutant spin-labeled actins gIGUI;E 8: EPR spe%ra of dSiI;gly |g’:lbel(if; )IZ%aSSFt{XV"?Bt)y%% ggti az:éi;l
£ ; ouble mutants in G- and F-actin: , ,
\é\/}? osul\éjezglfslidbg);] oetlsg ttrhoarl trf:‘ltlecg)zsecg)g%:gitz r\lloztezf(l:c;vcvg% 42 267R1, (D) 269R1, and (E) wild type (374R1). Green lines depict
' ' G-actin spectra. Red lines depict F-actin spectra. Immobile com-
L267C/C374A, and L269C/C374A mutants formed normal ponents in the spectra are designated i, while mobile components

polymers (data not shown), as observed through light are designated m. The displayed field range is 100 G.

o

w S o>
®
I

O
‘_—
«3

o o 3
%]
o
>




Actin Hydrophobic Loop Dynamics and Filament Stability Biochemistry, Vol. 45, No. 45, 2006.3583

scattering and pelleting, though the L267C/C374A and ment with this interpretation are the results of a previous

L269C/C374A mutants were polymerized less extensively. study in which we cross-linked the loop to the surface of
the G-actin monomer3j. In this case, polymerization was

DISCUSSION prevented by covalently freezing the loop into a less

. , ... favorable conformation such that polymerization could not
The focus of this study was to examine the polymerization- oen pe rescued by phalloidin. Thus, there appears to be a

dependent dynamics of the hydrophobic loop (residues-262  i,q of transition within the loop, with the two parts of the
274) of actin using a combination of disulfide cross-linking, 1505 on the two sides of this line exhibiting different behavior
EPR spectroscopy, and electron microscopy methods. Forgring actin polymerization. One might speculate that the
these studies, we used four yeast actin mutants in wh|ch|oop is able to twist at the V266L267 border in such a
hydrophobic residues at positions 26257 and 269 were 5y that half of the loop (including residues S265 and V266)
replaced with cysteines, enabling cross-linking and labeling jg |eft in a more mobile state, whereas residues on the other
with EPR reagents. The hypothesis of the original Holmes 5 of the loop (including residues L267 and L269) become
model of the actin filament was that upon polymerization, e huried and less mobile. EPR spectra for C267 and C269
this loop extended from its parked position along the actin rge4) the presence of two components, which indicates the
monomer g). The result of the Holmes model was that the ) 5pes reside in two states, one minor and mobile and one
hydrophobic plug at the tip of the loop inserted into @ aior and immobile (Figure 7C,D). Furthermore, molecular
hydrophobic pocket formed by the interface of two actin ,qqejing of the spin-labeled actin filament revealed that the
protomers on the opposing strand of the actin filament. This jmopilization measured experimentally is consistent with
insertion would result in cross-strand stabilization of the o parked F-actinl) and new dimer F-actir2@) models

filament. In the Holmes model, L267 of the loop lies closest i ot with the extended model of the actin filament (data
to C374 on a protomer across the interstrand space withp, shown). The extended loop model would require that

V266, 5265, and L269 being increasingly distant from C374. 5765 and V266 be relatively immobile, which is in conflict
Taken together, the results of our disulfide cross-linking, with our results.

EPR studies, and solution experiments, however, do not agree Qur results are in general agreement with previous studies
with the predictions of the Holmes mode2)( Our data  wijth these mutants in which the behavior of fluorescent
demonstrate that the position of the loop in F-actin is more probes attached to each of the hydrophobic plug residues
consistent with the parked rather than the extended position.was determinedg). First, pyrenes attached to position 265
In terms of the distance to C374, S265 is closest, followed or 266 formed excimer bands caused by overlap with a
by V266, L267, and L269. These results do not exclude the pyrene at C374 on a protomer in the opposite strand. No
possibility of loop extension in a dynamic sense, but the sych bands were seen with probes at position 267 or 269.
broad interspin distance distributions and the cross-linking Formation of such overlap requires that the cysteines to
studies together strongly favor a situation in which the |00p which the probes are attached be less that 20 A apart, in
populates a range of conformational states within the agreement with our EPR studies. Moreover, on the basis of
filament, including those that lead to filament destabilization. the fact that pyrenes at residue 266 or 267 did not interfere
It is possible that filament-destabilizing proteins, such as with p0|ymerization' Musib et a|® argued that it was not
ADF/cofilin, bind and capture protomers while they are necessary for the loop to be stably extended for polymer
sampling these less energetically favorable states. Impor-formation since there is no room in the extended loop model
tantly, the extent of cross-linking does not indicate the extent to accommodate the bulky pyrene probe at these positions.
to which these less favorable states are being sampled sincginally, the behavior of the pyrene at each of the loop sites
the cross-linking reaction may be pulling the equilibria that during polymerization was also in agreement with our results.
dictate the relative population of these states at any one timeThe fluorescence of probes at residues 267 and 269 increased
Insights into the dynamics of the loop provided by our during polymerization, while those at residues 265 and 266
results are particularly interesting. The EPR data show thatdecreased, suggesting an unparking and rotation of the loop
actin polymerization results in a substantially decreased much like that predicted here by our cross-linking and EPR
mobility for probes at positions 267 and 269 (Figure 8), a studies.
smaller decrease for a probe at position 266, and little change Our work clearly demonstrates the importance of the
in mobility at position 265, as if the loop were rotating in a dynamics of the hydrophobic loop in actin polymerization.
way that sequestered positions 267 and 269 and kept positiorResults from the earlier studies using pyrene probes might
265 exposed. This interpretation also correlates with the be somewhat suspect due to the bulky hydrophobic nature
cross-linking data in two aspects. First, there is easier cross-of the probe, which may have significantly altered actin
linking between residues C265 and C266 with C374 on the filament behavior. Our use of zero-length cross-linking and
opposing strand than there is with C267 and C269; second,much smaller sized probes, coupled with EPR, reinforces
cross-links with the first two positions do not destabilize the earlier findings, and the determination of cross-linking
filaments, whereas cross-linking with the second pair of rates and the interprobe distances determined by EPR places
residues results in filament disruption. Phalloidin, which the analysis of hydrophobic loop behavior on a much more
stabilizes actin filaments1@), actually accelerates cross- quantitative footing. The collective weight of self-consistent
linking of C374 to either cysteine at position 265 or 266. evidence obtained in this work from such different ap-
However, phalloidin inhibits cross-linking to the other two proaches, and the consideration of prior studies, have helped
residues by restricting the flexibility and dynamics of the to illuminate the average conformational state of the hydro-
filament in a manner that confines these other two residuesphobic loop within the actin filament and also to establish a
to energetically more favorable sequestered states. In agreesystem where the effects on actin filament structure by



13584 Biochemistry, Vol. 45, No. 45, 2006

various filament-stabilizing and -destabilizing proteins can 11
be better assessed.
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