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ABSTRACT: The solution structures of isolated monomeric actins in thei#'M&TP and C&"™-ATP bound

forms and in complexes with gelsolin segment-1 have been probed using hydroxyl radtglgénerated

by synchrotron X-ray radiolysis. Proteolysis and mass spectrometry analysis of 28 peptides containing 58
distinct reactive probe sites within actin were used to monitor conformational variations linked to divalent
cation and gelsolin segment-1 binding. The solvent accessibilities of the probe sites, as measured by
footprinting in solution for the Ca-G-actin and Mg™-G-actin complexes with gelsolin segment-1, were
consistent with available crystallographic data. This included a specific protection at the contact interface
between the partners, as revealed by reduced reactivity of peptide3897n the complex. Aside from

the specific protection indicated previously, the oxidation rates for the reactive residues of the isolated
Ca&*-G-actin were similar to those of the actin gelsolin segment-1 complexes; however, the reactivity of
numerous residues in the isolated Mgs-actin form was significantly reduced. Specifically, MeG-

actin has a set of protected sites relative tG'@a-actin that suggest a structural reorganization in
subdomains 4 and 2 and a C-terminus more closely packed onto subdomain 1. These conformational
variations for isolated Mg -G-actin provide a structural basis for its greater tendency to polymerize into
filaments as compared to €aG-actin.

In eukaryotic cells, actin undergoes monompolymer polymerize is impaired upon formation of complexes with
transitions that mediate cell shape and control essentialactin-binding proteins such as profilin, gelsolin segment-1
processes including locomotion, vescicle transport, and (GS1), bovine pancreatic deoxyribonuclease | (DNase 1), or
cytokinesis {—2). The polymerization of actin is a spontane- vitamin D-binding proteins. The covalent binding of a
ous process that is highly dependent upon both nucleotidefluorophore (tetramethyl rhodamine-5-maleimide) to Cys-
and divalent cations3(-11). The tendency of G-actinto 374 also blocks polymerization, and a high-resolution
polymerize has made the determination of the three- structure of this form of ADP-actin is availabl&g). On the
dimensional structure of isolated actin monomers by X-ray basis of these crystallographic data, it has been suggested
crystallography or NMR relatively difficult. Nonetheless, a that the conformation of subdomain 2 is particularly flexible

number of high-resolution crystal structures of actin com- and linked to filament assemblw,(5, 8, 9, 19—21).
plexes are availablelp—17) since the ability of G-actin to Radiolytic protein footprinting provides a quantitative
approach to monitor changes in surface accessibility of
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EXPERIMENTAL PROCEDURES only for those peptides that exhibited oxidation and whose
oxidation rates were accurately measured for all four actin
states analyzed in this paper.

Acetylated N-Terminus and Methylated His-73 Residues.

Ca-G-buffer (2 mM Tris, pH 7.6, 0.2 mM ATP, 0.5 MM 110 masses of the actin peptides were predicted using the
DTT, 0.2 mM CaCj, and 1mM NaN), which was freshly — oroqram PAWS  (Proteometrics, NY). However, rabbit

prepared and exchanged daily. Mg-F-actin was prepared bygye|etal muscle actin has known posttranslational modifica-
adding MgC# and EGTA (final concentrations: Mg&I2  yiong including acetylation and methylatiot®( 31—33). A

mM and EGTA, 1 mM) to a solution of Ca-G-actin (21) doubly charged ion peak for peptide-18 was detected at

in Ca-G-buffer followed by incubation at 4C for 30 min. M/z954.4 (M+ CHyCO + 2H)?*) as opposed tavz 933.4

To ascertain the concentration at which Mg-actin is mono- ((M + 2H)?%), consistent to acetylation at the N-terminus.
meric by using dynamics light scattering (see later), samples\ys)\ms provided direct evidence for the acetylation. Daugh-

of actin at different concentrations were prepared and o jong ofy-type are generated when the charge is retained
dialyzed against G-Mg-buffer (2 mM Tris, pH 7.6, 0.2 MM 4 e coterminus thg— 5,y — 7,y — 9,y — 10,y — 11

ATP, 0.5 mM DTT, 0.05 mM MgGl, and 1mM NaN) for — 12,y — 13, andy — 14 ions are clearly seen as unshifted
3 days before use, with daily changes of freshly prepared ;g Supporting Information Figure laB-type ions are

G-Mg-buffer. Under these conditions, the actin was dem- gonerated when a charge is retained on the N-terminus: all
onstrated to be entirely monomeric, within the limit of o Jhserved-ions (egb—5b—6b—7b—8b-—

detection. The complexes Ca—_G—actin/G_Sl and Mg-G-actin/ 9,b—10,b— 13,b — 14,b — 16, ancb — 17) are observed
GS1 were prepared as described previougB).( as shifted by+42 mass from the presence of the acetyl group
RadiolysisPrior to radiolysis experiments, Ca-G-actin and gn the N-terminus.
Mg-G-actin (5.0uM) were dialyzed overnight against Ca- | jkewise, both MS and MS/MS data suggest that residue
G-actin radiolysis buffer (2 mM sodium cacodylate pH 7.6, His-73 is methylated in the rabbit skeletal muscle actin used
0.05 mM CaC}, and 0.2 mM ATP) and Mg-G-actin  in this study. A doubly charged ion aVz 987.9 ((M +
radiolysis buffer (2 mM sodium caCO(_jyIate pH7.6,0.05mM cH, + 2H)2*) was monitored for peptide 684. Con-
MgCl;, and 0.2 mM ATP), respectively. All synchrotron  yersely, extraction within the total ion chromatogram for an
exposure experiments were performed at the X-28C beamlingjg, corresponding to unmethylated peptide-&@ provided
of the National Synchrotron Light Source, Brookhaven pq signal. MS/MS sequencing (Supporting Information
National Laboratory. Exposure times were controlled by Figure 1b) showed unshiftegitype ions fory — 4,y — 6,
using an electronic shutter (Vincent Associates) and rangedy — 7 y — 8y — 9, andy — 11. However, thegy — 12 ion
from O to 200 ms. The storage ring energy was 2.8 GeV, was observed to have amz 1472.5 instead of 1458.6,
and ring currents ranged from 136 to 289 mA throughout consistent with methylation at His-73. logis- 13 (1601.3)
all the experiments in this studp4). andy — 14 (1715.9) also exhibited a mass increase-t#
Enzymatic Proteolysis and MS AnalysiRadiolyzed units. They-ion series is consistent with methylation at His-
samples were denatured in acetonitrile prior to proteolysis 73 and is corroborated by theion series derived from the
with sequencing grade modified trypsin, endoproteinase Asp- N-terminus. While the smallds-ions (i.e.,o — 1 tob — 4)
N, and endoproteinase Glu-C (Roche). Following enzymatic were undetected, all the detectedons @ — 5,b — 6,b —
proteolysis, the resulting peptide mixtures were separated7, b — 8,b — 9,b — 10,b — 11,b — 12,b — 13, andb —
and analyzed using a coupled HPLC-ESI-MS LCQ system 15) were observed to have a mass increase of 14 units.
(ThermoFinnigan). Reverse phase HPLC was performed on  Dynamic Light Scattering (DLSPII DLS measurements
a Waters 2690 Separations Module (Waters Corporation), were acquired by using a DynaPro MS/X Dynamic Light
using a C18 (Vydac) 1.& 150 mm column for all digested  Scattering instrument (Protein Solutions, Charlottesville, VA)
protein samples. Buffer A (95% water, 5% acetonitrile, and at 4°C. Prior to the DLS experiments, Ngiind DTT in all
0.06% TFA) and buffer B (90% acetonitrile, 10% water, and samples were removed by dialysis against the appropriate
0.055% TFA) were used to establish a gradient. The HPLC G-buffer lacking NaNand DTT. The three independent data
elute was directed to a Finigan LCQ quadrupole ion trap were collected by the DynoPro Instrument Control Software
mass spectrometer with a needle voltage of 4.5 kV. The Version 5.26. Control experiments showed no difference for
samples were scanned for-605 min, and the spectra were samples in their original buffers (i.e., Ca-G-buffer and Mg-
acquired in the positive ion mode for masses correspondingG-buffer) as compared to samples in radiolysis buffers. The
to an m/z range of 406-2000. The sites of oxidative  time-dependent autocorrelation function of the photocurrent
modification were determined by tandem HPLC-MS/MS. For was acquired every 10 s, with 10 acquisitions for each run.
the acquisition of MS/MS data, a 1.0 umitz range was  The samples of Ca-G-actin at different concentrations were
used in selecting the parent ion for fragmentation in the filtered through 0.2¢m filters (Millipore, Bedford, MA)
second stage of the mass spectrometer. before being used for the Mg-actin preparations. The sample
We report reactivity and MS/MS data for 28 separate protein solution in a Uvette cuvette (16@600 nm cutoff,
peptides in this paper. Some peptides, like 3362 (from Eppendorf) was illuminated by an 824.6 nm laser, and the
the Asp-N digestion), are not reported since they included intensity of light scattered at an angle of°d@as measured
too many residues to provide a site-specific probe. Other by a solid-state avalanche photodiode.
peptides, such as 14877 (from the tryptic digestion) and Calculation of Surface Areas of $eht Accessibilities
3—10 and 211221 (from the AspN digestion), did not To verify the correlation of side-chain reactivity and solvent
ionize well enough in the ESI-MS to provide good signals accessibility for selected side-chain residues in actin, the
for quantifying the oxidation extent. Thus, we report data crystal structures of the complexes of?G#&-actin/DNase

Protein Purification.Rabbit skeletal muscle actin (Ca-G-
actin) was prepared as describ&@)(and stored at 4C in
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Table 1: Calculation of Solvent Accessible Areas of Reactive Residues of Actin in the Ca-G-Actin/GS1 Complex, the Mg-G-Actin/GS1
Complex, and of Isolated Actin Obtained from the Actin/DNase | Complex with DNase | Rerhoved

1 DEDETTALVCDNGSGLVKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVG 55

04 18 76 =3) 06 3 21 119 B2 107
ﬂ 4 1. 5 8& 38 01 5 71 MNA MiA MNUA 34
13 2 55 145 IR MNUA
56 DEAQ SKRG | LTLKYPIEHGI ITNWDDMEKIWI-lHTFYNELRVAF-‘EEHF'TLLTEAPL 110
0 27 821 47 o 0as3z 1M 5 01 208 00 3 82
3 23 700 NJ'A 51 0 08825 188 15 2 2837 00 & 9
120 871 28028 08 219 00 4 94
111 NPKANREKMTQ MFETFNVPAMYVAI QAVLSLYASGRTTGIVLDSGDGVTHNVPI 165
BT 25 00 |'|" ﬁ ggi 05 016 4? 10 D
&4 &85 L] 10 47 D25 04 018 10 o
166 YEGYALPHAIMRLDLAGRDLTDYLVK | LTERGYSFVTTAERE IVRD IKEKLCYVA 220
85 138 M E0108 55 12 O 0.4 17 034 25 098
72 &2 3988104 36 15 0 a 24 016 0 64 ? 33036
a 80 3GTEI109 54 1 05 a 20 040 o 46 B 2603
221 LDFENEMATAASSSSLEKSYELPDGQV | TIGNERFRCPETLFQPSF | GVMESAG I H 275
gg 250 5@ 30 glg % D Cl U ‘I 1 g il 49 Z‘I
g3 14 58 34 3215 83 0 0o 11 &5 43 46
276 ETTYNSIVKCD | DI RKDLYANNVMS GGTTMYPGIADRMQKE | TALAPSTNK | K I 330
gi gg : 03 2 g:g;g 3 51 89 25
47 &7 1 03 581193 49 B0 n
331 APPERKYSVW IGGS| LASLS TFOQMWITKQEYDEAGPSIVHRKCF 375
24104 85 13 25 NIANA
22109 31 0 12 D 3 2124 10 44 Ell 1173
15 112 58 01 12 o 3 &1 18 10 38 53 2 185

aThe most reactive residues are colored in red, and the solvent accessible &yeas (ven for actin (minus DNase I) (1st row), Ca-G-actin/
GS1 (2nd row), and Mg-G-actin/GS1 (3rd row). The contact sites of actin with GS1 in the complexes are colored in green.

| (PDB 1ATN), C&"-G-actin/GS1 (PDB 1EQY), and Mg~
G-actin/GS1 (PDB 1D4X) were analyzed using the program
VADAR 1.2 (the Canadian Protein Engineering Network,
University of Alberta, Canada), as described previously
(23, 24).

Modification RatesDose responses data were obtained

The solvent accessible surface areas of the most reactive
side chains are shown in Table 1 for three crystallographic
structures, including Mif and C&" bound actin/gelsolin
segment-1 complexes and a?G#-actin/DNase | structure.
DNase | was removed from the PDB file prior to the
VADAR calculation in the case of the €aG-actin/DNase

from the LCQ spectra of the digested peptide samples. Thel structure, so that the accessibility of the loop in subdomain
integrated areas of the modified and unmodified peptide ions 2 (residues 3852) could be properly evaluated for the actin

in the total ion chromatogram were used to calculate the monomer. The residues predicted to be most reactive on the
modification extent (the ratio of integrated area of the basis of known chemistry and solvent accessibility are
unmodified peptide to the sum of integrated areas from the colored in red in Table 1. Solvent accessible surface areas
modified and unmodified peptides). Throughout all the for the side chains (shown in?Rof actin/(minus DNase ),
calculations, the most abundant charge state (usually doublyfirst row; C&"-G-actin/GS1, second row; and KgG-actin/
charged) was used; the calculation of the modified total GS1, third row are indicated underneath these residues. The
included all observed products (e.g-16, +32, etc.), and solvent accessible area values for these three actin forms are
any background modification seen in the unexposed samplevery similar, except for those residues that lie in the contact
was subtracted from the totals. The dose response curvesnterface of G-actin with GS1 (colored in green in Table 1).
are presented as an unmodified fraction (plotted on a For example, Leu 349 has a solvent accessible area value of

logarithmic scale) versus X-ray exposure time and are fitted 67 A2 for the C&"-G-actin/DNase | structure, while this value

to the equatio = Ae™, in which A andA, are the amount
of a peptide at time and 0, respectively, an# is the
modification rate constant (Origin 5.0, Microcal Software,

drops to 0 for both GS1 complexes. Similarly, Met-355 has
a solvent accessible area value of 88 fAr the C&"-G-
actin/DNase | structure; these values drop to 21 and 51 A

Inc.). All data presented are an average of three independentor the C&" and Mg *-G-actin-GS1 complexes, respectively.
experiments; the errors are the standard deviations of theseSolvent accessible area values for the residues in the loop

measurements (Excel 2000, Microsoft).

RESULTS

Proteolysis of Actin and Seént Accessible Surfaces
Predicted from Crystallographic DataThree proteases,
trypsin, Asp-N, and Glu-C, have been used in this study to

39-52 of actin are not available for the €aG-actin-GS1

or Mg?"-G-actin-GS1 complexes since they are disordered
in the electron density maps. This loop is quite solvent
accessible based on a calculation of its structure from the
G-actin/DNase | complex with DNase | removed.

Correlation of Side-Chain Reaetty with Surface Acces-

generate as many peptides as possible to probe actin structuresibility in Actin and Its ComplexeS'he complexes Ca-G-

In addition, we have redundant information on the reactivity

actin/GS1 and Mg-G-actin/GS1 and the Ca- and Mg-G-acitn

for some peptides where modifiable residues overlap. Themonomers were exposed to the synchrotron X-ray white

28 peptides examined cover90% of the actin sequence,
including the DNase-I binding loop (D-loop) (monitored as
residues 4650 from the trypsin digestion), the N-terminus
(residues $18, trypsin digestion), the C-terminus (residues
360-372, trypsin digestion and residues 3685, Asp-N
digestion), and the putative hydrophobic loop (H-loop)
(residues 266270 from the Glu-C digestion) proposed by
Holmes et al. 84) to be important to F-actin structure.

beam for intervals of 0, 50, 100, and 200 ms and subjected
to proteolysis using trypsin, Asp-N, and Glu-C. Comparison
of the integrated peak areas for oxidized and unoxidized ions
of peptides in the HPLC-ESI-MS chromatograms gives the
extents of side-chain oxidation (Figure 1a), from which the
loss of the unoxidized form can be fit to a first-order kinetics
function (Figure 1b). The rate of oxidation for a particular
peptide reflects the intrinsic reactivity of the side-chain
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Ficure 1: Quantification of modification extent for actin peptides. A representative chromatogram (a) is shown for unoxidized and oxidized
peptides in HPLC/ESI-MS. Unoxidized (retention time, 20.35 min), singly oxidized (retention time 18.46 min), doubly oxidized (retention
time, 16.44 min), and triply oxidized (retention time, 14.64 min) ions of peptide-128 of actin in the complex of Mg-G-actin/GS1
(exposure time 50 ms) were detected as doubly charged ions. Each plot with a given MS range was normalized to the largest peak in the
specific range for the LC-run where the indicated peptide was located for the purposes of illustration. The extent of oxidation was calculated
by using the TIC integrated areas (shown in the figure) of modified and unmodified species at each exposure time to give the dose response
curves. (b) Dose response curves for peptides@] 84-93, and 118125 of actin in the Mg-G-actin/GS1 complex.

groups to hydroxyl radical attack, as well as its solvent are 33+ 3 and 29+ 4 s! for the isolated C& and Mg*
accessibility. Figure 1b shows the different oxidation rates bound actin forms, respectively, while the oxidation rates
observed for three peptides, which reflect the unique for the corresponding GS1 bound monomers are-2and
combination of these two basic parameters for any individual 14 4 2 s™%. Although this peptide has a complicated set of
peptide that is examined. MS/MS was used to identify the oxidizable residues, examination of the solvent accessibilities
oxidized site(s) in a peptide as described previouzBy 24, predicts a specific protection when the?Gactin/DNAse |
26, 27, 29). The oxidation rates and the oxidized residues structure is compared to either form of actin monomer bound
for each peptide are summarized in Table 2. These resultsto GS1 (Table 1). Overall, examination of the oxidation rates
demonstrate an excellent correlation of side-chain reactivity in Table 2 indicates similar rates of reaction for sites with
with solvent accessibility for the actin crystal structures. For similar structure and the relative rates correlate well with
instance, the solvent accessible area values for the side chaithe number, type, and accessibility of the residues in the
of Tyr-53, which was identified by MS/MS to be the sole various peptides, consistent with previous structure/reactivity
probe site in peptide 5161, were seen in Table 1 to be 34 comparisons made with this techniqug2{28). The data
and 20 R for the C&"-actin/GS1 and M#-actin/GS1 clearly indicate that the synchrotron footprinting method
complexes, respectively, differing by a factor of 1.7 (Table reliably reflects the solvent accessibility of a number of side-
1), while the modification rates for peptide 561 for C&*- chain sites within the actin monomeand connected with
G-actin/GS1 as compared to the Mdorm had a ratio of that—the expected differences in reactivity among the
1.9 (0.95 vs 0.5°¢, Table 2). For most side-chain residues, observed side chains.
however, the solvent accessibilities in the two complexes Divalent Cation-Dependent Structure of Actin Monomers.
are similar, as are the modification rates in the separateAlthough crystallographic comparisons of ktgand C&"-
experiments. For example, the solvent accessible area foractin monomers bound to GS1 along with footprinting data
His-87, His-88, Phe-90, and Tyr-91, which were identified in solution show little structural difference between the two
by MS/MS to be the oxidized sites in peptide-8%b, are forms, site-specific structural data on the comparable isolated
86, 25, 1, and 86 A respectively, in the complex of €a actin monomers in solution have not been previously
actin/GS1. These surface area values remain almost un-available. Analysis of the oxidation rate data for the 28
changed in the complex of M¢ractin/GS1: 90, 28, 0 and peptides derived from the trypsin, Asp-N, and Glu-C
81 A2 The measured oxidation rates for peptide-85 are digestions reveal reactivity changes that are dependent on
3.2+ 0.5 and 3.0 0.2 st in the C&'-G-actin/GS1 and  both divalent cation and GS1 binding. One peptide{51
Mg?*t-G-actin/GS1 complexes, respectively (i.e., identical 61) shows Mg"-specific protections independent of GS1
within error). Note that the oxidation rate for peptide-85  binding. Eleven of the peptides show reduced oxidation rates
95 is significantly higher than that of peptide -581, for the isolated Mg-G-actin monomer (1323, 19-28, 40~
reflecting both the increased number of reactive groups and50, 58-72, 63-68, 197206, 196-207, 239-254, 242~
their increased relative accessibility in the former peptide. 253, 366-372, and 363-375) in comparison to the identical
Binding of gelsolin segment 1 to G-actin results in lower peptides in the isolated €aG-actin (and compared to both
accessibility to the solvent of residues within the binding actin/gelsolin segment-1 complexes). One peptide{3%B)
sites. This can be easily seen as a reduction in the rate ofexhibits a protection only for the GS1 bound form that is
oxidation of peptide 337339, for which the oxidation rates  predicted from crystallographic data (see previously). Fifteen
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Table 2: Modification Rate Data for Actin Peptides in Ca-G-Actin/GS1, Mg-G-Actin/GS1, Isolated Ca-G-Actin, and Isolated Mg-G-Actin

Ca-G-actin/
peptide  protease oxidized residues subdomain Ca-actin Mg-actin ~ GS1-Ca-actin GS1-MgMgti@-actin
1-18 trypsin 10C, 16L 1 7.20.8 6.1+ 0.5 6.8+ 0.2 6.3+ 0.6 12
19-28 21F 1 0.65+ 0.07 0.32+0.02 0.62+0.02 0.57+ 0.06 2.0
40-50 40H, 44M, 47M 2 33t 6 20+ 1 35+5 40+ 5 1.7
51-61 53Y 2 0.69+0.04 0.32+£0.01 0.95+0.02 0.50+ 0.02 2.p
63—68 67L 2 0.40+ 0.05 0.08+0.02 0.46+ 0.02 0.45+ 0.04 5.0
69—-84 69Y,73H,79W,82M ¥2(69) 7.3+09 5.5+ 0.7 7.3+0.5 7.0+0.4 1.3
85—-95 87H, 88H, 90F, 91Y 1 2801 29+0.1 3.2+ 05 3.0+£0.2 1.0
96-113 101H,102P,110L,112P 1 0.300.04 0.52+0.04 0.65+0.04 0.56+ 0.04 1.0
119-147 119M,123M,124F,143Y #3 (143) 14+ 2 12+ 2 10+ 2 13+ 2 1.2
184-191 190M 4 10t 0.6 10+ 2 12+ 2 9.2+1.1 1.0
197-206 200F-202 7 4 0.83+0.08 0.24+-0.01 0.75+0.05 0.57+ 0.06 3.4
239-254 243P 4 0.7% 0.04 0.30+0.02 1.2+ 0.3 1.1+ 0.2 2.5
292-312 305M-307P 3 142 11+1 10+ 2 11+3 1.3
316326 322 P, 325M 3 8.20.4 6.1+ 0.5 4.3+ 0.9 7.3+1.8 1.3
329-335 332P, 333P 3 0.780.06 0.72+0.03 0.69+ 0.07 0.75+ 0.03 1.1
337—-359 337Y, 346L, 349L, 352F, 355M  link+ 3 33+3 29+ 4 12+ 2 14+ 2 1.1
360-372 362, 367P, 371H 1 0.720.03 0.38+£0.04 0.72+0.03 0.74+ 0.06 1.9
11-23 AspN 21F 2 0.766 0.04 0.43+:0.02 0.64+0.07 0.53£ 0.10 1.6
157-178 161H, 164P, 166Y, 169Y, 3 9.8+21 12+ 2 6.1+ 1.9 10+ 3 0.8
171L-173L, 176M
222-243 227M,236L,243P 4 7210 6.5+ 0.7 6.9+ 1.2 7.0+ 0.6 1.2
292-310 305M-307P 3 122 124+ 0.8 11+ 2.4 12+ 3 1.0
363-375 367P, 371H, 374C, 375F 1 850.7 3.6+ 0.05 6.1+ 0.4 7.1+ 0.5 2.4
58-72 Gluc 67L, 69Y 2 1.H0.1 0.18+0.04 1.1+ 0.2 0.88+ 0.15 6.2
84-93 87H, 88H, 90F, 91Y 1 2202 2.8+ 0.01 3.3+ 04 2.7+ 0.07 1.0
118-125 119M, 123M, 124F 1 8404 7.3+ 1.0 8.9+ 0.6 6.8+ 1.0 1.1
196-207 200F-202 T 4 1.1+0.2 0.26+£0.02 0.82+0.10 0.60+ 0.13 4.2
242—253 243P 4 0.6+ 0.10 0.26£0.01 0.90+ 0.04 1.014+0.21 2.6
260-270 269M 4 7.9 1.7 8.8+ 1.1 11+ 2 11+3 0.9

aColumn 1, residues of peptide; column 2, modified residues identified by MS/MS; column 3, subdomain location; cetdmmedification
rate data for the four species & For all samples, the actin concentration was kept apd10and the CaGlor MgCl, concentration was kept at
0.05 mM. The complexes were formed by mixing actin with GS1 in a molar ratio of 1:1.1 and were then incubated forb&fore X-ray
exposures? The difference between the two actin forms is significant within eff@he specific probe site(s) cannot be determined definitively
(see text).

Scheme 1 The binding of GS1 results in a specific protection at the
a interface (peptide 337359) and a loss of the protections
Mg-Ca™? seen in the formation of the Méactin monomer in
Ca*-Actin - Mg 2-Actin transition a. Most simply, GS1 binding to the Ktgnonomer

reverses the structural changes that were induced whéh Mg
replaced C#. Transition ¢, which involves the replacement
d -Gsi 1l +Gsi GsitL+Gsl b of Mg?"t with C&" as the divalent cation, is accompanied
by no structural changes that can be detected by the

-
-Mg™?/+Ca™

+Mg+1'ca : footprinting method. However, transition d, the reversible
Ca™-Actin-GS1 — Mg ?-Actin-GS1 binding of GS1 to the G4 form, is accompanied by a change
-Mg?/+Ca” in the accessibility of side-chain residues within peptide 51
c 61, as well as the specific protection at the GS1 binding site
peptides (+18, 69-84, 84-93, 85-95, 96-113, 118-125, seen in transition b.
119-147, 184-191, 292-312, 157178, 222-243, 260- Identification of Footprinting Probe Sites in G-Actifihe

270, 292-310, 316-326, and 329-335) show minimal or oxidation of most peptides results in oxidized species being
no differences in the oxidation rate for all four actin states, shifted from the unmodified ion in most cases by unit oxygen
suggesting their reactivity is unchanged for the isolated masses{16,+32, etc.), and MS/MS sequencing can be used
monomers as compared to the monomers bound to GS1to localize the specific sites of oxidation. A representative
irrespective of whether the sample contains?Migr C&*. MS/MS spectrum is shown in Figure 2 for the singly oxidized
In Scheme 1, we outline the thermodynamic relationships and unoxidized form of peptide 184.91. In Figure 2a, in
among the four actin species studied in this work. Across which the peptide did not receive any X-ray dogepns
the top (transition a) is indicated the reversible transition (which are fragmentation products generated from the
between the G4 actin monomer and the Mg actin C-terminus) such ag— 3,y — 4,y — 5,y — 6, andy — 7,
monomer. As indicated previously, this transition is ac- and theb-ions (which are fragmentation products from the
companied by specific changes in solvent accessibility for N-terminus)b —4,b — 5,b — 6, andb — 7 can be identified.
11 separate peptides within the actin monomer, with the 19 In contrast, for the oxidized peptide (Figure 2b), thimns
sites (Table 2) becoming less accessible in théMmpund are observed ag + 16,y3 + 16,y4 + 16,y5 + 16, and
form relative to the C& bound form. Transition b indicates  y6 + 16, implying that the oxidation occurred on Met-190
the reversible binding of GS1 to the Ffgactin monomer. or Lys-191. Theb-ion masses seen in the unmodified
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the oxidation site for peptide 184191. (a) MS/MS spectrum of 37 .

unmodified peptide 184191. (b) MS/MS spectrum for singly Subdomain 1 Subdomain 3

oxidized peptide 184191. FiGURE 3: Actin monomer structure. The backbone trace shown
in this figure is from the crystal structure of G-actin in the G-actin/

spectrum are still observed uplio- 6, however, thé — 7 DNase | complex with the DNase | removed2). This actin

|0n was Observed a$_16 mass unlts |ndlcat|ng that the structure does not haVe 374C and 375F Since they were |nV|S|b|e
I - : in the electron density map collected in 2. Colored in green
oxidation opcurred on M?t'lgo' If 'o>$|dat|0n pccurs ma}lnly are the backbones of the residues that are identified within peptides
on one residue of a peptide containing multiple modifiable showing the same rate of reactivity for Ca-G-actin and Mg-G-actin.
residues, like peptide 184191, the abundance of this Colored in red are the sides chains of the residues from peptides
modified residue will be far above those of the others that that were observed to be less reactive in Mg-G-actin as compared

; iyt ; to Ca-G-actin. (a) Probes that are involved in the conformational
share the samevz. However, if the oxidation sites are variation within subdomains 2 and 4. (b) Probes that are involved

distributed among several modifiable residues in a peptide in the conformational variation within the C-terminus. Residues
sequence, the tandem MS can identify all the residues374C and 375F at the very terminus were also monitored.
contributing to the modification if the species ionizes and
fragments well (e.g., sufficient signal-to-noise in the MS/' Of the 11 peptides that exhibit a decrease in reactivity in
MS spectrum is obtained). If the modification is distributed jsolated M@*-actin, peptides 1223, 19-28, 360-372, and
over several residues (such as for the case of peptide 197 363-375 are located in subdomain 1; peptides-80, 58—
206), and a good fragmentation pattern is not obtained, 72, and 63-68 are located in subdomain 2; and peptides
precisely locating the participating residues can be difficult. 197—-206, 196-207, 239-254, and 242253 are located in
The specific probe residues oxidized in each peptide weresubdomain 4 (Table 2). In subdomain 1, residues Tyr-362,
identified by MS/MS and are listed in Table 2, and some of Pro-367, His-371, Cys-374, and Phe-375 (from peptides
the side chains are also illustrated in Figure 3 using the crystal360—372 and 363 375) experience protection for isolated
structure of the G-actin DNase | complex (with DNase | Mg?"-actin (Figure 3). This Mg -specific protection does
removed for clarity). For isolated €a-G-actin, peptide 5% not extend to the C-terminal GS1 binding site (348b5)
61 (with a probe residue of Tyr-53) shows an oxidation rate or beyond, since peptide 333859 experiences the same rate
indistinguishable from that of its GS1 complex, while isolated of oxidation for both the isolated €a and Mg"-G-actin
Mg?*t-G-actin and its GS1 complex show-3-fold less forms as also does peptide 32335. Phe-21 in subdomain
reactivity at this site relative to the comparable?Géorms. 1, which is observed in two separate peptides<(23 and
Thus, Tyr-53 exhibits a MiJ-specific protection independent  19-28), also experiences a protection in isolated?MG-
of GS1 binding. actin.



11998 Biochemistry, Vol. 42, No. 41, 2003

Oligomerization States of €& and Mg"-G-Actin. Oli-
gomerization of Mg-G-actin monomers is well-documented
(35—37); however, oligomerization in footprinting experi-
ments would seriously complicate any interpretation of
protections. Our results show clearly that numerous sites in

Guan et al.

Table 3: Protection Sites Predicted in the Holmes Model and in
This Footprinting Work

residue probes at the
contact sites predicted
by Holmes model

protection in
Mg-G-actin vs

subdomain Ca-G-actin?

Mg?"-G-actin monomers experience a widespread range of
protections relative to the €amonomer forms. To confirm
that these protections are specifically induced by the con-
formational variations of isolated G-actins, dynamic light
scattering (DLS) was used to test the homogeneity 8f Ca
G-actin and M@"-G-actin under solution conditions identical
to those used in the footprinting experiments. The total
intensity of scattered light is sensitive to both the concentra-
tion and the patrticle size, particularly the latt88,(39), and

DLS experiments can report changes in both these parameters
and provide a shape-dependent calculated hydrodynamic,

radius @0, 41). We found that when the actin concentration
was varied from 3 to 1@M, the scattered light intensity
measured at an angle of 9@ose moderately for Ca-G-
actin and Mg"-G-actin samples at divalent cation concentra-
tions of 0.2 or 0.05 mM (data not shown), indicative of an
increase only in the monomer concentration. The calculated
hydrodynamic radius of the observed species in these
experiments was-2.2 nm. As the actin concentration is
increased above 10M, a steeply cooperative increase in
hydrodynamic radius and in scattered light intensity is
observed for the isolated Mgsamples as a function of actin
concentration, while the CaG-actin solutions exhibit no
changes in the hydrodynamic radius up to actin concentra-
tions of 30uM. This is consistent with the known differences
in divalent ion dependence of oligomerizati@s{37). Since

all protein footprinting experiments were carried out at an
actin monomer concentration of®/, the footprinting results
are interpreted in terms of changes in monomer structure
and dynamics.

DISCUSSION

Mg?*-Dependent Protections of G-Actin in the D-Loop and
at the C-TerminusAs most of the peptides monitored for
Ca-G-actin outside the GS1 contact interface behave similarly
with those in the actin/GS1 complexes, the structure of Ca-
G-actin in solution is judged to be similar to the actin
structure within the GS1 complexes. In sharp contrast to the
corresponding residues in Ca-G-actin, residues 40H, 44M,
47M, 53Y, 67L, and 69Y in subdomain 2, residues 200F-
202T and 243P in subdomain 4, and residues in the
C-terminal region (in subdomain 1) had reduced reactivity
(the reductions ranged from 40 to 80%) in Mg-G-actin. Some

322
243
202
166
169
375
44

47

110
112
269

ARPRPNNRPWWAN®
XXX O0O00OX X OO0 X

211 probe sites predicted to contribute to contacts between actin
onomers within the context of the actin filament mod)( At five

of these sites, we observe protections in Mg-G-adinifcluding 44M,
47M, 202T, 243P, and 375F). Six of these residuesiicluding 110L,
112P, 166Y, 169Y, 269M, and 322P) do not exhibit similar structural
rearrangements in our study.

subdomain 2 (or vice-versa), are also consistent with the
model of F-actin and are the first evidence for conformational

variations in these loops, which may be relevant to actin

polymerization. In fact, a recent study has shown that a yeast
actin double mutant with alterations in subdomain 2 at

positions 204 (A204E) and 243 (P243K) does not polymerize
(42).

In the atomic structure of Ca-G-actin (in the actin/DNase
| complex), loop 69-78 together with residues 335
constitutes a hinge linking subdomains 1 and 2. The
protection of 67L and 69Y observed in this work also
suggests alterations in the conformation of this region in Mg-
G-actin. These conformational variations are consistent with
changes in proteolytic susceptibility in this region, specifi-
cally, a Mg*-dependent inhibition of trypsin cleavage at Arg
62 and Lys68 has been observedl3)( The protection
observed for 40H, 44M, and 47M shows that the DNase-
binding loop is less solvent accessible in the Mg-G-actin
form.

Flexibility of the DNase-binding loop has been observed
in a number of crystal structures for complexed G-actins.
While in the complex of G-actin/DNase | the DNase-binding
loop (38-52) (12) was seen to be folded asfaturn, it is
disordered in the complexes of G-actin/G33B,(17). In the
crystal structure of TMR-blocked ADP-G-actin, the DNase-
binding loop (observed as His-4@ly-48) is folded as an
o-helix (18), and as compared to that of G-actin in the ATP-

of the protected residues above are located on structuralG-actin/DNase complex, the orientations of subdomains 2

elements that contribute to intermolecular contacts in the
model of F-actin structure (Table 3, see lat&4)( This work

and 4 are rotated by~10 and ~5°, respectively. Our
footprinting results highlight the divalent cation-dependent

suggests that structural changes at these sites occur alreadgonformational variations that can be induced in this loop.

at the stage of a Cato Mg?" switch in the actin monomer.
Also, the data show that this Mgdependent conformational

The proposed Mg-dependent structural alternations in the
subdomain 2 region for Mg-G-actin extend to some residues

change is reversed upon GS1 binding. A consistent structuralin subdomain 1 that are close to subdomain 2, such as 21F
explanation for many of these changes would be the possiblemonitored in peptides 123 and 19-28 (Table 2). Con-
existence of a narrower cleft between subdomains 2 and 4sistent with this finding is the report that the binding of

in Mg-G-actin (Figure 3). Many of the protected side-chain
residues illustrated in Figure 3 are directed inward toward

specific antibodies to residues 189 is observed only for
Ca-G-actin, not for Mg-G-actin 3{ 44). However, the

the cleft, making this explanation quite plausible. The structural alterations observed above do not extend all the
protections at 200F-202T and 243P, which could be the resultway to the N-terminus, as residues Cys-10 and Leu-16 appear
of the tip of subdomain 4 making closer contact with to have the same solvent accessibility for both Ca- and Mg-
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G-actins (Table 2). This is also consistent with binding data; G-actin would be accompanied by a detachment of the-262
antibodies specific to residues-Z bind equally well to Ca- 274 loop from the surface of subdomain 4. Our study
and Mg-G-actinsJ). Therefore, it appears that residueslb provides no support for this change under the experimental
at the N-terminus have similar solvent accessibility for both conditions of this paper, although this loop does appear to
Ca- and Mg-G-actins. A Mg-dependent protection for G-actin detach when filaments are formes( 51). However, these
was not observed for peptide 12947 (Table 2); this peptide  results suggest that €aG-actin and Mg"-G-actin share
has several possible probes including 119M, 123M, 124Y, similar conformations within many regions of subdomains
and 143Y, and the reactivity of this peptide is dominated by 1, 3, and 4.
the reactivity from the two methionine residues. Thus, Allosteric Communication between Actin Subdomalins.
although this peptide covers-helix 137144, which was has been proposed that there is an intramolecular coupling
predicted to mediate narrowing of the cleft between subdo- among the structures of the DNase-binding loop, the C-
main 2 and 4 45), it is not likely to be sensitive to local terminus, and the hydrophobic plug in the formation of actin
structural reorganizations. filaments (9, 20, 52, 53). Although we do not observe
Unlike the residues in the N-terminus, the residues in the changes in the hydrophobic loop, potential allosteric com-
C-terminus were protected in Mg-G-actin, as monitored by munication between subdomain 2 and the C-terminus is
peptide 366-372 from the trypsin digestion and peptide implicated by this study. This suggests that the Mg-G-actin
363—375 from the AspN digestion. These protections suggest may more closely resemble the structure of the subunits in
that the C-terminus in Mg-G-actin may be closer to the core actin filaments and that the observed structural features could
of subdomain 1 than in Ca-G-actin. The more tightly packed act as an activator for polymerization, which may to some
conformation of the C-terminus in Mg-G-actin may be degree explain the lower critical concentration for polym-
responsible for the enhanced fluorescence of fluorophoreserization, higher polymerization rate, lower depolymerization
coupled to Cys-374, as observed by Frieden and colleaguesate, and higher nucleation rate observed for Mg-G-actin as
(46, 47). Conformational alteration at the C-terminus has also compared to Ca-G-actirb).
been observed through a fluorescent label attached to Lys- Table 3 shows 11 probe sites predicted to contribute to

373 (48) and in an EPR study showing an increased rigidity
of the environment of Cys-374 in Mg-G-actin as compared
to Ca-G-actin §). The observation that trypsin cleavage at
Arg-372 and Lys-373 in Mg-G-actin proceeds-@ times
more slowly than in Ca-G-actin is also entirely consistent
with our footprinting results43).

contacts between actin monomers within the context of the
actin filament model34). At five of these sites, we observe
protections in Mg-G-actin (including 44M, 47M, 202T, 243P,
and 375F). This may indicate that the Medependent
structural rearrangements at these sites facilitate filament
assembly. Six of these residues (110L, 112P, 166Y, 169Y,

The compaction of subdomain 1 and the closer approach269M, and 322P) do not exhibit similar structural rearrange-
between subdomains 2 and 4 as observed above raises thments in our study. Nevertheless, further conformational
guestion as to the structural basis of this conformational alterations of Mg-G-actin may continue to occur during the
change. High-resolution crystallographic data on GS1-actin course of actin filament formation, including the proposed

complexes in both the Mg-ATP and the C&-ATP bound
forms indicate significant differences in the metal-coordina-
tion environment that are likely linked to the conformational
changes observed in this studg3( 17). Mg?" is six-
coordinate, while Cd can have coordination numbers from
6 to 9 (a coordination number of 7 is seen for’GATP
bound actin forms). In addition, although both metal ions
strongly prefer oxygen ligands, the average meligiand
distances for Mg -coordination complexes are typically
shorter by 0.3-0.4 A (54). The shorter bond lengths for ¥l

changes in the putative hydrophobic loop and the linker
between subdomains 1 and 3.

Four additional sites monitored in this footprinting work
(residues 53Y, 67L, 69Y, and 371H) are not predicted to be
at the contact interface in F-actin but do exhibit g
dependent protections. Three of these residues are within
subdomain 2 adjacent to its cleft with subdomain 4 (Figure
3a), and one residue is in the interface between subdomains
1 and 3 (Figure 3b). We examined the potential ability of
these sites to participate in proteiprotein interactions by

and a smaller coordination number may result in structural reanalyzing the surface accessibility calculations while using
changes in the network of coordinated water molecules thata large probe radius>G A). The use of a larger probe radius

drive divalent cation-dependent conformational changes.

reduced the solvent accessibility of these residues to effec-

However, since their changes are reversed by GS1 binding tively zero, indicating that it is unlikely they can participate

the relationship between the metal ion-coordination environ-

in protein—protein interactions (the opposite results were seen

ment and footprinting sensitive structural changes is far from for those residues predicted to be involved in filament

simple.
Divalent Cation Independent Structural Features of G-

interactions above). The role of these residues may be related
to mediating allosteric conformational changes necessary for

Actin. Many residues monitored in subdomains 1, 3, and 4 filament assembly.

do not show appreciable differences in reactivity between

Consistent with previous crystallographic investigations

Ca- and Mg-G-actins. These residues include the linker of G-actin complexes and with observations of local con-

between subdomain 1 and 3 (monitored as peptide-337

formational differences between Ca- and Mg-G-actin using

359) and the putative hydrophobic loop (monitored as peptide fluorescent probes and antibodies, the present study provides
260-270) that has been assumed to form a hydrophobic plugdetailed, global structural information for isolated G-actins

in actin filaments 84), as well as many other segments (such
as helices 8493, 118-125, 316-326, and 222243).
Molecular dynamics simulations49) suggested that nar-
rowing the cleft between subdomains 2 and 4 of Mg-ATP-

in solution, illustrating divalent cation-dependent conforma-
tional variations in G-actin. The use of footprinting tech-
niques extends crystallographic and other spectroscopic
studies by providing data on structural reorganizations at the
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level of specific amino acids or their clusters, without the

potential risk of site perturbation by the attached probes. This
approach can be applied to many complexes of monomeric

and filamentous actin as well as to other protein systems.

SUPPORTING INFORMATION AVAILABLE

Two figures. This material is available free of charge via

the Internet at http://pubs.acs.org.
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