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From 1.9.nonylcnedithiol and Ellman’s Reagent the bifunctional usymmctric diaulfidc rt-nonylcnc-I .9-bis-[S-dithio-(2.nitrobenzoic acid)] (NBDN) 
was prcparcd. By monovalent reaction with cystcinc-374 the crosslinkcr could be introduced into monomeric actin, with relcasc of one quivalcnt 
of yellow 3nitro-S-thiobcnroatc (NTB), From the monovalent actin dcrivativc we prepared a crosslinked actin dimer (Cys-374-Cys-374’) as well 
as u monomer with a crosslink bctwecn Cys-374 and Cys-IO. Ncithcr crosslinkcd actin species W;IS ab!c to polymerize the crosslinked monomer 
even in the prcscncc of phalloidin. The crosslinkcd monomer polymerized on the uddition of dithiothrcitol. thus providing the first unpolymerizablc 
xtin spccics whose polymcrizxbility can bc restored under mild condition?. We suggest the USC oCNBDN as a thiol-specific crosslinkcr that reacts 

under spuctrophotometric control and can be removed by the addition of thiuls. 

Unpolymerizablc actin: Disulfide cxchangc reaction: Protein thiol; Rcversiblc thiol-specific crosslink 

1, 1NTRODUCTION 

Recently we have shown that the disulfide exchange 
reaction can be used to introduce aliphatic, low-molecu- 
lar-weight thiol components into thiol-exposing pro- 
teins. For example, using glutathionyl-2&dinitrophen- 
yldisulfide, the tripeptide could be attached through a 
disulfide bond to cysteine in position 374 of actin. Be- 
cause of their low mechanical stability the filaments 
formed from this actin derivative provided an assay 
system for studying the effects of filament-stabilizing 
agents [I ,2]. By using [‘Qcysteinyl-2,4-dinitrophenyl- 
disulfide a hitherto unknown conformational change in 
actin monomers was detected, in which cysteine in posi- 
tion 10 becomes uncovered [3,4]. The same reagent was 
used for studying the complete unfolding of actin after 
removal of the tightly bound nucleotide [5]. More rc- 
cently, we were able to demonstrate that the same type 
of reaction can be used to attach even large molecules 
such as a thiol derivative of phalloidin (M, ca. 1000) to 
the two accessible thiol groups of actin [6]. Encouraged 
by these results, WC prepared a bifunctional reagent of 
this type for potential use in crosslinking experiments. 
Using actin as model protein we showed that this rea- 
gent is indeed a useful tool for crosslinking protein thi- 
01s with high specificity and under spectroghotometric 
control. Since the crosslinker can be cleaved under mild 
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logic, c/o Deutschea Elcktronen Synchrotron. Notkewr. 85, 2000 
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dizinischc Forschung, Jahnstr. 29, 6900 Heidelberg, Germany. 

conditions. the nativeness of the recovered protein can 
easily be assessed. 

2. MATERIALS AND METHODS 

Ellman’s Reagent (DTNB) was from Serva (Hcide!berg), 1.9.non- 
ant-dithiol from Aldrich (Steinheim). phalloidin and [‘Hjdehydroxy- 
methyl phnlloidin (4 Ci/mnro!) were our own preparations. Hcxoki- 
nasc C-302 was from Sigma. 

Ac!in was prepared according to Spudich and Watt [7] with an 
additional gel filtration step on a Scphadcx G-l SOcolumn equilibrated 
with 2 mM Tris, 0.2 mM ATP, 0.1 mM CaC&. 0.02% NaN, (pH 7.8) 
(Tris/ATP buffer). 

2. I Prqxtruriorr c!f n-ttot~y,!l~~a-l,Y-hb-/5-diriri~-,’-tritrob~~tt:~ic uridJ j 

(NBDN) 
To 440 mg ( I, I I mmol) Eihnan’s Reagent dissolved in 20 ml of0. I 

M NaHCO,. 50 ~1 l,9-nonanc dithiol (0.25 mmol) were added 
dropwisc while stirring vigorously. To protect the thiol from oxidation 
the rcaction was performed in an argon atmosphcrc. After two hours, 
during which time the colour of the reaction mixture tumcd ordngc. 
I M HCI was added until the pH reached 1.0. The suspension was 
extracted twice with peroxide free ether. thcrr the cthrr was rcmovcd 
in a rotary cvapowtor and the rcsiduc diluted in methanol. Scparation 
of the reagent from accompanying Elhndn’s Reagent and NTB was 
achieved by HPLC on RPl8 with CHC&/CH,OHQ N acetic acid 
(6X5:4) or, for larger scale preparations. on analytical thin-layer 
plates (Merck HF254) in the same solvent mixture. (&values: NBDN 
= 0.30. Ellman’s Reagent = 0.13). Detection of the reagent and the 
starting material on the thin-layer plates was achieved under UY li$t 
or by the yellow colour developing after spraying of the plates with 
1% DTT. The methanolic extract of the scraped-off silica was submit- 
ted to a further filtration step on a short Sephadcx LHlu column 
equilibrated with methanol. 

Yidrl: 17% 
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coupling [Hz] 

H;’ 

Hh 
H’ 

(CH:) 
(CH# 

(CH,)’ 
(CH,), 

7.93 (d, 2H) 

7.59 (dd, 21-l) 
7556 (dd, 2H) 

2.78 (t, 4H) 
I.68 (m, 4H) 

I.38 (m, 4H) 
1.28 (s. 6l-l) 

“J ,,,H = 2.20 

JJH.,., = 8.60 

JJ 1I.H = 7.00 

Pripttwriorr qf (A-C) 
To a cuvette contuininy 2.9 ml ol’a G-actin solution (47.2 nniol) in 

Tris!ATP buffer (2 mM Tris-HCI. 0.2 mM ATP, 0. I mM CaC12 0.02% 
NaN,, pH 7.8) was udded 0. I ml al’ mcthanolic NBDN (472 nmol, 
IO-fold excess). The increusc of ubsorbnncc at 4 12 nm wds followed 
relative to a control cuvettc containing no actin. Alter th: release 01’ 
I equiv, of NTR fca. 1 h) the actin derivative was separated from the 
reagent und low molecular weight reaction products by passing it 
through u Sephadcx G-25 column cquilibrutcd with TridATP bul’l’er, 
I: 1 stoichiometry or rcdcted reagent und uctin was proved by cleaving 
the disultidu bridge with excess of mcrcsptoethanol and determining 
uctin and NTB concentrations by UV spectrophotomctry. 

(A-C) was polymcrizcd by the addition oT I mM M&$0.2 mM 
EGTA, and, For rcmovul of ATP, trcatcd with 1 mM glucose end 5 
U/ml hexokinase according to Pollard [8]. Aher 2 h at room tcmpcra- 
ture, the actin was pelleted (100 000 x g, 4”C, I h), rinsed with Tris/ 
ADP buffer (2 mM Tris-!-ICI, I mM ADP, O,O?% NaN,, pH 7.8) and 
kept under tbcsc conditions for IG h at 0°C. After careful homog- 
cnizing the solulion in a Teflon potter it was stored at OOC. Spectra- 
photometry (412 nm) showed that after ca. 65 h the intrxhain 
crosslinking reaction bad reached completion. Yield was up to 82%. 

Separation from unredcled actin wus achieved by the addition oTO.1 
M KCI und 1 equiv. of phalloidin, followed by separation ot’ the 
unrcacted polymeric actin by ultraccntrifugation (100 000 x g: I h). In 
order to remove KCI and excess orphalloidin the supernalant was run 
over a Seohadcx G-23 column (25 x I cm) couilibrated with Tris/ ATP 
or TridA’DP burf’er, dependins on the k&l’;; nucleotidc inwndcd to 
be bound by the aclin dcrivdtivc. IT necessary, the actin solution was 
concentrated by ultrafihration. 

itrLJ-374 residur.~: (A-C-A) 
(A-C) was mixed with I cquiv. of G-actin and rrozen ut -20°C. 

After thawing, the e%tent or dimerirdtion was determined by was- 
uring the extinction at 412 nm (ca. 60%). For separation of unrcactcd 
actin monomers the solution was passed through a Scphaden G-l 50 
column (IO x 2 cm) equilibrated with Tris-ATP buffer at 4OC. The 
concentration orthe actin dimer was raised by ultrafiltration through 
Amicon pm 30 membruncs (N2, 3 bar). For identification, the lrclin 
dimer was submitted to SDS-PAGE either without 2.mercuptoethanol 
or with IO-Told excess ol’2-mercaptoethanol added, and detected with 
Coomassie blue. The molecular weight of the sctin dimer was dcter- 
mined by HPLC in Tris-bukr (2 mM. pH 6.0) containing 0. I % SDS 
on a TSK 3OOOSW column (60 x 0.75 cm). using hcxokinase, serum 
albumin and monomeric actin as marker proteins. Critical concentra- 
tions wcrc determined by submitting samples of F-ilotin or actin-dimer 
(3 x IO-” M LO 2 x 1O-5 M with equivalent amounts orphalloidin in 2 
mM Tris, 0.3 mM ATP, C. I mM CaC&, I mM MgC12) to ultracentri- 
fugation at 4OC at 155 000 x g Tar 1 h. Protein concentration in the 
supcrnalant was determined according to Bradford [8]. 

Polymcrizability was assayed by viscometry using a Canon visco- 
simeter as described previously [3]. 

2.5. Plwlloirlitl hittditrg 
The equilibrium dissociation constant (K,) of the actin dimcr and 

[~H]demethylphalloin wits assayed by equilibrium dialysis. 
One ml sumplcs of the actin dimer (3 x IO-” M. in Tris/ATP buffer, 

0.1 M KCI) containing [~H]dcmethylphalloin (3 x IO-” M) and addi- 
tionul phalloidin up to total concenlrations ofphalloioxin or3 x 10“ 
M to 6 x 10m5 M. were dialyzed against I ml ofthc sdme buffer Tar 16 
h ut 4°C in Diunorm equipment. A control chamber contrincd no 
protein, Aliquots of 100 ~1 from each chamber were counted. 

Phalloidin biuding to the intramolecular crosslinked actin monomer 
(A=C) was assayed as described ubovc with excess ofphallotoxin up 
to IOO-fold over protein concentration. 

3, RESULTS AND DISCUSSION 

3. I. Prepurrrtion 0s the cwsslinking reugenf 
Alhough the yield was moderate, preparation of II- 

nonylene-I$-bis[5-dithio-2-nitrobenzoic acid] (NBDN; 
Fig. 1) was easy and the reagent could be obtained with 
high purity. 

Purity was proved by detection of a single peak, or 
spot, in HPLC, or TLC, respectively, as well as by 
‘I-I-NMR (see Materials and Methods). In methanolic 
solution. NBDN was stable and could be stored for 
several months at 4°C. Reagent quantities were meas- 
ured by UV absorption. The molar extinction coeffi- 
cient in methane!. cbzO = 22.350 M-l, was determined 
from the amount of NTB (E~,~ = 14.150 M-l [9]) released 
from the pure compound on the addition of excess mer- 
captoethanol. In the dry state, NBDN apparently un- 
dergoes partial decomposotion as indicated by the 
colour of the solid material turning slightly yellow. 

3.2, Arruclrment of the crosslinker lo actin; prepardon 
of (A-C) 

Monomeric muscle actin, when complexed to ATP, 
exposed only one thiol group, that of cysteine in posi- 
tion 374. Using a IO-fold excess of NBDN. dcrivariza- 
tion of this thiol was found to be complete after ca. 1 
h, as concluded from the spcctrophotometric dctermi- 
nation of the released NTB, which after that time lev- 
eled off, corresponding to I .O equiv. of the yellow anion 
(not shown). It is the particular advantage of this type 
of reagent that the endpoint of reaction can be easily 
determined, thus avoiding prolonged reaction times 
that may lead to unfolding and derivatization of thiols 
normally buried. Spectrophotometric control further 
helped in showing that the reaction of cysteine-374 was 
complete, so that a separation from unreacted material 
was unnecessary in most preparations. Actin bearing 

0,N ,-, S-S- (CH,),-S-S \-, NO, 
0- -u 

‘OOC coo- 

Fig. I. Formula of I .9-nonylenedithiol-bis[~-dilhio-(~-nitrobenzoic 
acid)], NBDN. 
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Fig. 2. Dclcrmination of the crhicnl conccntruions in \lic prcacncc UI( 
I mM MgCI:: win (A). (A-C) (o), (A-C) wih equivdcnt 311lounts cd’ 

phalloidin (01, 

the monovalently reacted crosslinker, (A-C). cxhibirr 
polymerizability similar to actin, Its critical concentra. 
tions in the absence and presence of phalloidin, C,..i, = 
2.7 x lo-” M, and C,.,i,p’i~ = 1.0 x IO-” M, respectivelly 
were found to be very close to the corresponding values 
for normal actin. &, = 1.0 x lo-” M. C~~i~p”D = 5.0 x 
IO-’ M (Fig. 2). 

3.3. Pwpuratiotz oJ’ rite ctciitt ditwr (A-C-A j 
When (A-C) was mixed with one equivalent of natiut 

G-actin, no reaction was observed, even after prolonged. 
incubation times. The reaction occurred only when tljk 
mixture was frozen, and was then indicated by the al+ 
pearance of yellow colour, which was monitored at 4Up 
nm. After separation of the dimer from the monomer 
and NTB by gel filtration, the yield was C;I. 60%. Tl~c 
dimer was identified by its molecular weight using SD!S- 
PAGE (Fig. 3) and HPLC. A lane on SDS-PAGE, ru;ll 
in the presence of 2-mercnptoethanol, showed monoml- 
eric actin only. 

3.4. Polymarixtbilit~ oJ’ rite dimer 
The dimer was unable to polymerize on tile additidn 

of MgQ (1 mM) or KCI (0.1 M) as proven by tighq 
scattering (not shown), or viscosity (Fig. 4), After 2h 
of incubation with 2-mercaptoethanoi, polymerizabil:i\y 
was fully restored, with relative viscosity (4) values OPT 
up to 98% of the expected value for normal actin. Tlli=s 
indicates that the dimerization process was not acco!mua 
panied by denaturation. The recovered actin had =I 
lower rate of polymerization and the onset of polymer- 
ization was delayed. Since it is unlikely that during rnleep 
captoethanol reduction oligomers were formed, the Jc. 
layed polymerization may be due to poor nucleatilom. 
Although not investigated in detail, monomers fresilli$y 
prepared from the unpolymerizable dimers by this reiics 
tion may represent a model system for studying m!he 

1234M 

u 

Fig. 3. SDS-PAGE (12.5%) ofthe actin dcrivativcs. (Lane I) G-actin; 
(lane 2) dimer tilicr purification; (lane 3) dimer incubated with excess 
of 2.mercoptoclhanol; (lane 4) intramolecular crosslinked actin: M = 
MW-marker: phosphorylusc B (97.4 kDa): serum albumin (66.2 kDa); 

ovalbumin (45 kDa); from top. 

kinetics of actin polymerization virtually in the absence 
of nuclei. 

3.5. Pltulloiditt bittdittg of the dhwr 
While the addition of salt did not induce polymeriza- 

tion of the dimer, the addition of phalloidin caused a 
retarded but pronounced increase of viscosity as shown 
in Fig. 4. Since it is unlikely that this kind of crosslink- 
ing (bottom-to-bottom) produces a dimer that would fit 
into the filament model as proposed by Holmes et al. 
[IO], we believe that under the influence of phalloidin 
the actin dimer aggregates in a manner different from 
actin lilaments. On ultracentriiugation the aggregated 
dimer could be pelleted and thus allowed the estimation 
of the critical concentration from the supernatant (C,,, 
= 5.5 x lo-” M). 

0.91:~~;:~::~~:;: :::::;:.: 
0 20 40 (50 80 100 1 

time [min] 

0 

Fig. 4. Polymcrizabilhy ofcrosslinked actin dimcr (A-C-A) as assayed 
by viscomctry. No polymerization in the presence of I mM MBC& or 
0.1 M KCI (*), polymeriwion ofconwol G-aclin (0). aggegalion or 
crosslinked dimer in the presence of I mM M&IL and phaiioidin to), 
change in viscosity of the aggregated dimcr on lhe addition of 2- 

mcrcaplocthanol (0). 
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Fig. 5. Complexvtion of the crosslinkcd dimcr (A-C-A) wilh phal- 
loidin as measured by equilibrium dialysis. Fitting ol’ the curve pro- 

vides K,, = 2.4 ? 0.4 x IO-’ M. 

As further shown in Fig. 4, addition of excess of 
2-mcrcaptoethanol reduced viscosity to a level that is 
similar to that of the corresponding concentration of 
native F-actin suggesting that the aggregated dimer un- 
dergoes a rearrangement to normal filaments. The 
structure of the polymeric actin dimer is under investi- 
gation at present. 

Binding of phalloidin to the dimeric actin was estab- 
lished by equilibrium dialysis experiments using 
[‘H]demethylphalloidin as a tracer. Evaluation of the 
plot shown in Fig. 5 resulted in a &-value of 
2.4 f 0.4 x 10m5 M, a value indicating a roughly IO3 
times lower affinity of phalloidin for the aggregated 
dirner than for normal F-actin [I 11. 

3.6. Cross/inking oj’nzonmteric uchn (A= C) 
For the intrachain crosslinking reaction we made use 

of a conformational change of G-actin recently discov- 
ered in our laboratory [4]. In the absence of an excess 
of divaleni cations, monomeric actin complexed to 
ADP slowly undergoes a conformational change that 
uncovers the thiol group of cysteine-IO. We submitted 
(A-C) to these conditions expecting that the second 
activated disulfide moiety of the crosslinker would react 
with the thiol group of cysteine 10 that becomes more 
and more exposed under these conditions. A prerequi- 
site for the expected reaction is of course that the 
crosslinker is !ong enough to span the distance between 
the two cysteine residues in position 10 and 374. By 
following the reaction with spectrophotometry we 
found that the crosslinker indeed reacted in the expected 
way and that after 65 h the reation was complete, yield- 
ing up to 82% of the intrachain crosslinked actin (A=C). 

The structure of (A=C) as a monomer with a 
crosslink between the cysteine residues of 374 and 10 is 
mainly based on two kinds of evidence. One is that the 
only cysteine to be uncovered to any extent under these 
conditions (aside from cysteine-374) is cysteine 10. This 

was shown recently by labelling the exposed cysteine 
residues with [‘“Clcysteine and identifying the posilion 
of the labels after degradation of the protein. Beside the 
well-known labelling of cysteine-374, the major part of 
the radioactivity was found in the N-terminal peptide 
l-44, which contains only the cysteine residue in posi- 
tion IO. Only a small amount of the label was found in 
a third cysteine residue (cysteine-257). which under 
these conditions reacts to about 10% [4]. More evidence 
for the proposed structure comes from the X-ray model 
of actin [ 121 which shows that only cysteine-10 is located 
in the same domain as cysteine-374. and thus close 
enough to react with the crosslinker, 

As discussed in more detail below, actin crosslinked 
in the intrachain manner had completely lost its ability 
to form polymers, even in the presence of phalloidin. 
This property facilitated its purification, because un- 
reacted (A-C) (see above) could be separated by polym- 
erization in the presence of phalloidin. As calculated 
from the critical concentration of the starting material 
(A-C), this purification procedure would leave less than 
1% of the unreacted percursor as impurity in the solu- 
tion of the crosslinked actin monomer. Indeed, after this 
purification step the crosslinked actin species was pure 
enough for most investigations. The crosslinked mono- 
mer was stable, particularly after the bound nucleotide, 
which after the crosslinking reaction was ADP, was 
exchanged for ATP. While after 10 days storage at O°C 
(A=C)*ADP was found to be 50% denatured, 
(A=C)sATP was only 5% denaturated after 20 days at 
O°C, as determined from the yield of pelleted actin re- 
covered after the addition of 2mercaptoethanol and 0. I 
M KCI. The stability of (A=C)aATP seems high enough 
for investigating the conditions of its crystallization, 
which for example, would provide the possibility for 
studying the structure of an actin monomer which is not 
part of a complex with an aclin-binding protein. 

3.7. Polytnerixbiiity and pltalloinin binding wpaciry of 
rite crosslittked crcritz tnonmtn 

As already mentioned, (A=C) has completely lost its 
ability for polymerization. No increase in viscosity was 
observed when phalloidin was added to solutions of 
(A=C) containing either 1 mM MgCI, or 0.1 M KCI, or 
both (data not shown). Various actin derivatives have 
in the past been claimed to be unpolymerizable, al- 
though in several cases this conclusion had to be revised 
because at least partial polymerization was observed on 
the addition of phalloidin [13]:(A=C), however, showed 
no signs of filament formation even at protein concen- 
trations of 20 mg/ml and in the presence of high excess 
of pntilloidin. In agreement with this, no binding of 
[SH]demethylphalloin was detected when (AS) was as- 
sayed in equilibrium dialysis experiments. Experiments 
are in progress which will show whether the crosslinked 
actin monomer still possesses its binding capacity for 
actin binding proteins like DNase I or profilin. 
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Like the crosslink in the actin dimer the crosslink in 
mononeric actin represents a modification that can be 
reversed under mild conditions, for example, by the 
addition of 2-mercaptoethanol at pH 7.8. In this respect 
(A=C) differs from many other modified actins. for 
which it was difficult to decide, whether loss of polymer- 
izability was due to the modification made, or to de- 
naturation accompanyin, 0 the modification reaction, 
When (A=C) was treated with 2-mercaptoethanol and 
subsequently polymerized, viscosity reached ca. 85% of 
the tl-value expected for a given actin concentration, 
indicating that up to 15% of the actin had become derra- 
tured during the crosslinking ahd cleavage reactions. 
This reversibility of the crosslinking reaction may be of 
purticular importance for biological studies, because it 
allo*.vs actin to be introduced into in vitro systems as an 
unpolymerizable. i.e. biological inactive species, and its 
biological activity to be restored under controlled con- 
ditions by the addition of a reducing agent. Since reac- 
tivation of actin from (A=C) occurs via a slow confor- 
mational change [4], it is tempting to look for means to 
study the refolding process in the crystal, e.g. by soaking 
them in 2-mercaptoethanol. 
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