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DIEIRAT TIE, IER 2R ESOMEEO—E 3D EB0 S ba# ERiIcBEL QT 7V
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BB DA = A LEMRALLS EVIRAIT, EIHIIERZ L T (TIF U TLTA N, BNE
FREIR 74T AD) OFEREOHERICHE B L= 0 TAH R L > TED LI TR, MER LTl
BWNIZBEVRKOES NI A B ORHME T, MIlROBERE T 2EE 1 HEEEZ LN TND, FF
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TIF U TATGANI, TIOFURERLTTEIMHET, SEEOMBEEEOFR Thotb, B
Bbnm DT 4FANTHD, TIF U TATANIIBERHY, TI/F U/~ —PEALLT VIS
T IR, BOHAlE~ AT RAREMES, TIF U T4FA NI, NT I7F U/~ —BEAL TERR
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FEDHIITT-ORFRAZHREL . P RBEICBITIBEEL B THE-0 ., AFRABOREE
EEEEICEEBDIENTESD, AFM 138 nm 4 —F — DS REL D, 3 KITOFBREBHZEN
FRETH D, FREINEHERE L2 EE T 20T, REO I FW R EREBETHIENFRETHDHE
VWOR M EHDEL o TN,
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2.3.3 Force Mapping &IC&BESHAIE

Force Mapping {&id, 74 —A W —7 & Xidh 2 thiR 236580 CHIEZ LT, HEERD
DMERANDIFETDHD, 7+ —AN—T LIE, I F L A—DEe2RBETOBEN-(IB
D OERZITFRBHTE ST T TREHCH LIAATE L & 0, BSHIRAET RIS DB E T
TUNR—DILBEBENPORD, LBELHOBEFEET oy FLEbOTH S, HMEBKRT +—X
H—7 DEI R 7R T, BB IRE R OB 2z, ENCIZ- B HE FE LT ey FLT
BHD, z=zo (TEBILREBIDBER LR TH D, z>z0 TiE, RELIESIMEML TRB LT
HFULRNR=BbTOERVDTF=0ThHb, z<zoTIX. I UrFLA—DRBHIIMZ 205 &
REOERE (TRoLBRENABNCD VIAALEE) LOBERAELNS,

BEL X, AN Lo TEREZ T EHEREDERETICRE 5 LT 2L U LMET
H5, b LREBPBETITIS /OB E b2 SR OEREN /NS, =T Db ERNY
PRI D, —H., BREBFELNTIEERENKRE L, I—T DL LX) BERNITR D,
Wo T, 74 —AI—T %N TIIE, BIEEIToRICBIT B EERNDND, T4+ —RAT
— 7 DFEFTICIE, Z oMK OEME T - - iR ET L Th B Hertz EFAEFHNE, =
DET VL, AR EORELE AFM EHD X 9 RO A R (F 71358 OME TRTEEIC
MR DBFRERNEIC DD D IAA TV T > TEMEEIHEM L., RN 1B IEH2REAT 3
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T IF T4 TAOREITIL, Molecular Probes #0 Alexa Fluor 488 Phalloidin F7-1%
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2. 74T DY
TATIVADIEFHIZIE, 1R FLERIZ CHEMICON #:0 mouse anti-human filamin monoclonal
antibody %\ /2, 2 IRHTIAIZIL, Molecular Probes #:0 Alexa Fluor 546 goat anti-mouse
IgGH+L)Z Az,
3. ATV TADRE
AV T ADEEBRITIZ, 1 IRGUEIZIE CRP Inc fOHLEZ | 2 IRFKIZIZ Molecular Probes #
@ Alexa Fluor 488 goat anti-rabbit IgG(H+L)% fv 7=,

EHGELIRENL, B RV —F —EERIFEHMEE(Confocal Laser Scanning Microscope ;
CLSM)%HWTHEELT,
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TA4TIVDDD AT MIIRET 4T D320 M2 MR DRI DEBNDE VR EHHNCE 72012,
3.1.1 CTELN-EIENOIEYE B RN ((pi2 > VR B H RENLL time interval LD BREE




BT, TORNHFIEZU TR,

HOINCOBLIBIEZ 20 REfEZ LIZRG1Y, 2O XEIGNZEIEZS5IC time interval T1HE
[\ 28FR. 3 e DI 1R Z LI KD | BALRERE 247201 B I DHIBRDENSLD 2 'EFNEH
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A Z B o7z,
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TIUBBDIIRT U DIRIRDE VIR T LEIX, time interval ARV 0 1TV EX T, Y
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A EIDEBR TILFEE B RENLE time interval EDEMRDD, MK E D IHRBENE TADNETH
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DIEZDLOTIFAL, time interval XL, (p?) BNEDIIR_EIEK o R T OIE LT, &
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time interval IZ%F L TR TREFEE o 2T, WTHD 6 DOBHITBVDTHREIEH o 1ZK 1012
ATINC o =1 ZHFLNIZGHALTNZZEND, EHEDOMIAL EARHRER Tl o2 A7E
BE L TWAI LR,
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SRS

400

350
= v = 39.658x / /
250

‘Z 200 /

150 /
100 /
& /

50

¢
0
0 2 4 6 8 10
time interval
11
EHEREMHOROLN DR FRE
~ 50
3 ®
Nf L ¢ ’ ----------------
;30 [ S AT
(=Y 517} | R, R S O T m M2
@ 20
ﬁ 10 B E ""'"""'""; """"""""""
8 . ‘
0 20 40 60 80
F=EERM (hours)
12

10




ZNZHOMIIZINT, 0~20 K, 20~40 B, 40~60 BERIICISI 2P B RENL (07) 225

ROOLNIIEESRE D 22 ORERRBICEB O TEYLIZLORR121ITR L Th 5, BRIZE1L
eI ILE R B DB R B B ETH OO -T2, AT FifaL M2 MIFDRIICIITS
TEBUREL D OETIL, ATHIRRD FHARABER KREARBREDAONT, ZOZLITTF NEEL T
WHEXIZ, AT MR M2 HERRIC B~ CHAL R M 720 IC BB CEAEEN AN ZEEE L TV,

ZOBHTOFERLD ., 74703720 M2 MIREEVS 74730385 AT HIKED 5 S EBRERS B2 L
EREHTTR R,

3.1.3 FHOVITSFFILEREICH T2 EREHE
TIUNT IR VERE FIZRBWTTI4TIVBHDATHIIELE T 4730 B3 M2 Mlifa% | (L FE Z5EE%
EXHAVWTRERSE21To (B -EHEO—H L2 131w 7,

24330 HY (A7 HHRa)

40 BSRI% g0 BRI

HBAE R 40 BRI
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BEIOBE L, AT7AEE FLFERRIC AT MRITERICR B ERDELZ H LIZVE]| SR - LD
b, BELEEE TAORTHIEESN, —FF. M2 MIIERIER LT AEFITR AFEALE D
BENTHZLREDG THIEL TOLLIREH Tholz, BEDEWVIZEZEHDEW TRV
I%\bnéo
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LNUARSEBRIZEBW T, AIEAEBICH—IZIZV O W CER T AEFNEE TR o, HEE
LTIE, TZINT IR NADT AT ORI F v DA—T 4 T B — I TE TR Doz 0H - b
ZOND, ZEDID | T4 T BRITF U BREB AL — I TNBHDEIRN TLIIITES) - 5T
ERoTebDEE X BND, TIZUNT IRV ETCOMBEORER T, TN E TRITHEBEE NS TEXT
IO RFRBEL TEDLIAETE, LVWORITHD, Lo T, MIRBE—IZT 7YV TIRS L
ERIIIV DWW REE CTHEN AR LS NV EE F COBEBOENIC OV TS BB T A MLEN
BB,
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E2 D, MROMEERICOWTEH L REZR 147, B8 ME A DO R, it
TSRO EE R T,

HIAERE B TI7INVTIRG IV E(AAM) IZBW T, ZNEH AT HifRE M2 FIfaz LB L TH 5L,
FECEE EICBWTZEAEER 2D oTo, TORERND, 74T DEEL N DT HEFE =
WX E L TN ERIRENS,
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3.1.5 aS—47 7 INEREICE T3 REEBREHR
T =TT NVERE BICRBWTT ATV H 5 ATHIFEE 7 4530 37 M2 Ml % . Ak ST s
ZRAWTRKEBELITo (ELN-EBEO—HE K 15177,

F4528HY (A7 #HEa)

B ER 80 F¥fElik
435373 (M2 #fa)

FIRFRER 80 FFfEI#E 160 BFEE
E15

EOCLDMBEL T AT D L& LT, M — 2 b2 DEREI /NS 2o T, EEE 2B
LT, A7 Ml TIIATAEE EOEEBOFEFICH R TESREN FTA> T, ERIchHEa5—4
VBHEERIRR LT oRV GV, eSO A LT TREIT DMLY V=, LAsL, AT MIlEDZD
BIET 2 ET-7208 1 BRI EBRLIZLODOa T2 NTET B L7 b EVEREL 2o T7,
M2 IR CIIA TR EERIRIC, 1EEAEELBEI T 52 L7 Z DI THFEL ChRE T o7,
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3.2 AFM [Z&HESHE
321 HSREREIZHITHAITE

AZ7AENE BT AFM BIE 4TV, EEICL > TELIE deflection £ (F1R %) & Force Mapping
BICEoTRLNBMG (ESR) 2R 16177

ke
204 m

Ty

10 [kPa]

i

107 |

16 |

FNZHOMENCINT, BRI IRE . FTERAESEEEL NS, BIEEEEIT. A7 HlT %"

X pm2 M2 fifETIE 4 m2ThHD, BSBITARNEZAIEEBNEEELT W3, FRD M,
EFIC—RE TR, FBRICL S TRRDILNDHD, MDA E R LR TESD,

322 MBESHTMDERMN
RONTFESEDLE RITHT DBIERE ML SO ORI S 0% B L (K17),

1

0.08 - 0144 ;

0.07 0.12 |

0.06 1 b 0.10- " |

2005 433V HY(AT) s oo T4FEUHLM2) |

& 0041 5 .05 |
%2003 - = .
002 - i
001 0027

0.00 L [T R R | 0.00 gt [ .
0 5 10 15 20 25 30 35 40 0 5 10 15 ﬁ‘; (kéfa) 30 3 40
HWiEE (kPa) =17 L |
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RREML T 4 — AU — T TR I OISO BB BPESR | e 34 58 28 o S B 2 MR 72 D 45
BCHI o7 FAXEE LL TS, EBLED7T7h HxHEE DY —213 5kPa BIF DL EIR
WCERN TS, Ll 2FEDOSHELTUITA4TIVHD AT FIEDF BSEVERICLENLTBY.
AT FRRDOFBENENTFRIND, T TID ZODN IR FICE BRENH B L)%
DD DIDIZA IR T LR BB T 4o e Lz, ZOMRIT. EERSFRELIThELDTH
%o BE x DRPELoTebDRERSATHEE x IZERDTRITHED. L1V, OB IR E DB
PERER L TLoTL X, ZORRN T MIER DA (FTR550) DR TT 4y 2L R TEB,
CORRERE X T Lol EEDIER 53 A AR LR DON DTS EXN)% 1 . DB V()% 0 241,
SHEBIEH 50 OIEHIE EX)EDE VX)DEIZRD IS 2K TRENS,

Fty E(x) = exp(u+ o2 /2)
2B V) =exp (2u+ o2){exp(02)—1}

ZORDBRDEIS T E (x) L4558 VIV T, AT Mif1E M2 fak L 7=(18),

*
*

7 7 —
. 1 25
5 ] p < 0.001 =20 p<0.05
4l -
; 15

3 o
o T R 101
14 5 1
0 — 0 I 1

A7Hak3 M2§ERE A7H#AkE M2# e

T4330HY 74330750 F4I30HY T4IF34L
WO FY{E B MDILEHY
18

BSEEDORITEIENT, A7 HIFLT 4 B, M2 MIfAT 5 B THY, EHEIUTBWCHBOEHEE
STROEERD, e LoTob D LB D, SO EHETIE, M2 HIFET 2.2kPa, A7 MBI CIx
5.5kPa L7220, tIREDFER. HEKE 1% CHEENDHDHEE X DL b o7, 2. HEOMET
i$. M2 ML AT HERAD F NIRRT K EREER>TEY, ZHLOBtREDFKE R, AEAKE 5% T
BFRENDHDESZDIER LD T, LAEDZLD S, AT FRADIES B3EL MR CRESIZIES S
VBB, EVOTERE 2D, Fio, ZHWETOBELS, AFM HIE CELNABI SR I ITMIENIC
BIIDANRTZ 7 AN —DRIINBEESTHILRDNSTND, ZDZENDL, 2O >OMAaIL,. 77
FUTATA MDD ETAEE A TODDBE NN HHZ LN TSNS,
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3.3 Wik
3.3.1AFM FeIRBEEH AR BER DR

AT HIREE M2 MIRIZIUWNT, T7F U 74T A MO BTG ICE DD DN E I EREND BT-9DIZ,
AFM ZFHWZAERED deflection # GAARE) MIEDOREDIZ, BIELR—DOMREZEEL. 775
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“Le Chatelier principle”-governed response of actin filaments to

osmotic stress
Tadanao Ito”’ Masahito Yamazaki'
ABSTRACT

Actin filaments inhibit osmotic stress-driven water flow across a semi-permeable
membrane in poportion to the filament concentration (T. Ito, K.S. Zaner and T. P. Stossel,
Biophys. J, 51, 745 (1987)), and when the filaments are crosslinked by F-actin binding
protein, filamin A , the flow is completely stopped (T. Ito, A. Suzuki and T. P. Stossel,
Biophys. J, 61, 1301 (1992)). No conventional theory could account for these results. Here,
we analyze them with formulating the entropy of the system under the osmotic stress, and
show that the Le Chatelier principle governs such response of actin filaments to osmotic
stress. That is, destroying equilibrium by osmotic stress triggers a process in the F-actin
solution which tends to reduce the applied osmotic disturbance through an increase in the
chemical potential of F-actin, and as a result it causes inhibitory effects on the osmotic
stress-driven water flow. Such increase in the chemical potential may be attributed to a
change in configuration energy of single actin filaments.

1. INTRODUCTION
Cells regulate their volumes under osmotic stress across cell membrane primarily by

adjusting membrane permeability to water and ions. Actin filament networks, which invest
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the periphery of many eukaryotic cells and contribute to cell rigidity, may also play a role in
the reaction of cells to osmotic stress, because networks of synthetic polymers are
well-analyzed to react to osmotic stress with changing their configurations to equilibrate the
imbalance of osmolarity (Flory [1], Tanaka [2], Ito et al. [3]).

We previously demonstrated that actin filaments (F-actin) retarded osmotically-driven
water flow across a semi-permeable membrane (Ito et al. [4,5]). Two types of inhibitory
effects were observed. One, evident in uncrosslinked F-actin solutions, was proportional to
the F-actin concentration but was independent of the polymer length. The second type was
operative in networks of actin filaments crosslinked by Filamin A, which is a high molecular
weight homodimer that promotes the perpendicular branching of F-actin, thereby
immobilizing individual actin filaments. In those networks, water flow completely stopped in
the setting of the same osmotic stress that only slowed flow in uncrosslinked F-actin solution
of the same actin concentration >0.5 mg/ml. Although those results were very clear

experimentally, we had little understanding of why and how actin filaments respond to

osmotic stress in such manner as described above. We were therefore interested in elucidating

mechanism of the osmotic behavior of F-actin, and report in this paper the results of
thermodynamic analysis on the mechanism, which we have studied by formulating entropy of

the system under the osmotic stress.




2. RESULTS
A. Formulating entropy of osmometer system
Figure 1
Fig. 1(a) is the schematic representation of the experimental system by Ito et al. [4,5].
The system is composed of two subsystem, i.e., the F-actin solution in the osmometer vessel
as the “body” (I in Fig. 1(a)), and the outside solution as the “medium” (I in Fig. 1(a)). The
F-actin solution is separated from the outside by a high molecular weight cut-off
semi-permeable membrane (M). In the experiments, the whole system (“body” and
“medium”) is in equilibrium initially under ~20 cmH,O of hydrostatic pressure, P, , given
by 20 mg/ml of membrane-impermeable dextran (~40 kD) included in the F-actin solution in
I. Then, the equilibrium is destroyed by the addition of the same dextran to the outside

solution in II, which makes the imbalance of osmolarity between I and II. We represent this

imbalance of osmolarity with the osmotic stress P, , defined by:

P, =P, - RTAC (1)

where AC is concentration difference of the dextran between I and I1. The Pf values are

changed by varying a concentration of the dextran in II. The equilibrium disruption induces
water flow from I to I, which is quantitatively measurable from the meniscus change in the

capillary. The system reaches a stationary state within 10 min, accompanied by station:
pillary y ry p y ary




water flow, J, . Finally, the whole system attains a new equilibrium state where water flow
ceases at P, =0.

In Fig.1(b), we illustrated thermodynamic states which the system should take during the
process described above. The whole system (I as the “body” plus II as the “medium” in Fig.
1(2)) is regarded as a thermally isolated closed system with a constant volume. S* and E’are
the total entropy and internal energy of the whole system. The continuous line represents S*
in equilibrium, which is a function of E’ in isolated closed system with a constant volume.
The point b corresponds to the non-equilibrium state under consideration. At the point, the
“body” is not in equilibrium with the “medium”, and the total entropy differs from its

equilibrium value S*(E*) for the same value of the total energy E’ by some amount

AS’ <0. The point a is the final equilibrium state which the system reaches spontaneously

along the vertical line ba, accompanied by the water flow from the inside to outside of the
osmometer. In this case, the segment ba corresponds to - AS*. The point c is defined as the
crossing point between the continuous line of equilibrium and the line parallel to E’ axis
through the point 5. As discussed below, the horizontal segment cb corresponds to the
minimum work W_. , which is required to bring the whole system to the point b from some

equilibrium state.

We can evaluate the total entropy AS’, according to Landau and Lifshitz [6]. Let us




assume that the whole system is initially in equilibrium, and then moves to a non-equilibrium
state at the point b in Fig. 1(b) through a work, W, on the “body” done by an “external
source” which is thermally isolated from both of the “medium” and “body”. In the process,
the “body” also receives some amount of energy AQ from the “medium”, and increases its
internal energy by AE’. From the first law of thermodynamics,

W = AE' — AQ. @
In the present case, the “body” is F-actin solution in the osmometer vessel and the “medium”
is the outside solution. We may perform thermodynamic analysis of the system under the

condition that pressure (P’ ), temperature (T") and volume (V") of the F-actin solution are

constant during the whole process, and also 7'= T°=T where T° is temperature of the

outside solution. In this case, AE’' and AQ are:
AE' = NT'S' = PV' + pm, + p,n,) =TAS" + p, An), +n, Apt, +n, Au, 3)
AQ =-T°AS° — u2An’ = -TAS® + u’An, @
where u,, and u, are the chemical potentials of water and F-actin, respectively, n, and 7,
are their numbers of molecules, S’ the entropy of the F-actin solution, and suffix i and o
represent the inside and outside of the osmometer. The whole system of F-actin solution (i.e.,

the “body” ) plus outside solution (i.e., the “medium”) can be regarded as a thermally




isolated closed system. The law of increase of entropy shows that AS’ + AS® >0, because

the entropy of thermally isolated source of work (i.e., the “external source”) does not vary.

Thus, from Eq. 2-4,

W =AE' - AQ
=T(AS" +AS®) +(u,, — ) A, +n [L+(m, /) (A, ] Ape)JAp, (5)
W 2 W = A, Aty [1+ ([, Y(Dptl | A 1A, ©)

where Ay, = u., — u° . This W, corresponds to the segment cb in Fig. 1(b). As evident in
the figure,
AS' = (U TW , = -/ T){Au,An,, +n,[1+(n, /n, ) Aw, | Au)Au,}

)
For an infinitesimal change in the state of the “body”,

ds' =—(U/T){Ap,dn, +n,[1+(n, /n)duy,  du)du,} ®)
It should be noted here that the condition (AS’ + AS°) =0 does not necessarily means that
the F-actin solution (i.e., the “body”) is in equilibrium at every instant during the process,

and this situation is reflected in the second term of Eq. 8. The internal equilibrium condition

of the “body” is obtained by setting this second term as zero, which leads to Gibbs-Duhem




relation.

B. Effects of F-actin on stationary water flow

Figure 2

In Fig. 2, we summerize the results of experiments by Ito et al. [4,5] of the stationary
water flow J, from F-actin solutions at various intensities of osmotic stress P, . As evident

in the figures, the following relation holds between J,, and P, .

J, «(1-£)P, 9)
g C, (10)

where C, is weight concentration of F-actin. & in Eq. 9 was independent of filament length,

varied by reacting reacting actin filaments with the actin severing protein gelsolin.Thus,
interfilament interactions may not account for the effects of F-actin on J, . Nonfilamenteous
actin (G-actin) or dextran used in the experiments had no effect on water flow at any

concentration used (< 10 mg/ml for G-actin, < 20 mg/ml for the dextran).

As J,, is proportional to the difference in the chemical potential of the water between |

the inside ( 4, ) and outside ( 4. ) of the osmometer, the following relation is derived from Eq.

9 (Kachalsky and Curran [7]),

Au,, =, =y =V w(1-8)P, an




where ¥, is parial molar volume of water. Eq. 11 means that the retardation of the osmotic
stress-induced water flow is due to a decrease in the chemical potential difference of water
caused by the presence of F-actin. This raises a question; why does F-actin cause this
decrease? Let us ask this question to the entropy formula of Eq. 8, where we introduce the
following signs, i.e., x=n,, y=p,,and

X =-35'/ax=(1/T)Au,

=-08' /3y =n,[l+n,/n,(duy,  du,)]
According to Eq. 8, Y =0 is the condition of internal equilibrium of the F-actin solution itself,
and X =0 and Y =0 is a necessary condition for equilibrium of the whole system. Under the

equilibrium of the whole system, S’ has its maximum value, and so the following conditions
should be satisfied (Landau & Lifshitz [6]):
(06X /ox), >0, (Y /oy), >0, (0X/0x),(0Y/dy), —(6’)('/8)/))‘2 >0

(0X /ox),_, = (X /&%), — (0X 1 dy),” (OY | 3y), >0

(0X /%), > (0X /8x),_y >0 (15)

|(8X / &), Ax| > [(8X /8x) y AY (16)

Here, let us destroy equilibrium between the F-actin and outside solutions by breaking




osmotic balance between them. The whole system goes to a non-equilibrium state at b in Fig.
1(a). The quantity x =#, will be deviated from the equilibrium value by Ax=An .
¥ =, isnotdirectly affected by it in this case, and the condition X =0 no longer satisfied.
Then the change in X at the instant of breakage of the equilibrium is

(AX), = (8X / &x),Ax = 1/ T)(0Ap,, / on,,) , An,, 17

The change in x at constant y leads to a violation of the condition ¥ =0, i.e. of internal

equilibrim of the F-actin solution. When the internal equilibrium is again restored,
X = AX will be

(AX)yo, =(0X 1 0%) g Ax = (U/T)0Au,, /0n.)y_, A, (18)

Ap,, in Eq. 17-18 is the deviation from its equilibrium values at c. We may approximate

this to the deviation from at a, because in the present experiments the point 4 is not far from

the equilibrium line, and so difference in temperatures between @ and ¢ should be so small’

that we may regard each value of the individual chemical potentials to be the same at either

equilibrium state under the same pressurez. Thus, from Eq. 16,

(AX), | > (A%, (19)
(GAw, 10n,), An| > |(@Aw, /1)), An)| (20)
VP |= |8, > (Am,)r] @1

where P, is the applied osmotic stress to break the osmotic balance. }(A,uw) yl in Eq. 21 is the




difference of water chemical potential in the F-actin solution from that of the outside solution

just after the breakage of the osmotic balance, and |(A,uw) Y=0[ is the difference after restoring

the internal equilibrim of F-actin solution. This result agrees with what so-called Le Chatelier
principle indicates, that is, an external interaction that disturbs the equilibrium triggers a
process in the body which tends to reduce the effects of this interaction. In the present case, the
disturbance by the osmotic stress triggers a process that varies the chemical potential of water

in the F-actin solution to reduce its effect (Eq. 11).

This osmotic stress-triggered decrease in the chemical potential of water in the F-actin
solution may relate to an increase in the chemical potential of F-actin as follows. The water flow
in Fig. 3 is stationary flow from the F-actin solution in which the internal equilibrium is
established, but equilibrium with the outside is not (i.e., ¥ =0, X # 0). The condition ¥ =0
leads to:

m,du,, +n dy, =0

n AL +n,Au, =0, 23)°
W w [ r

where Ayl and Au , are the deviations of the chemical potentials of water and F-actin in the

F-actin solution from those at the whole equilibrium state (i.e., X =0, ¥ =0), respectively.




According to Eq. 21and 23, we may describe the difference of the chemical potential of water
between the inside and outside of the osmometer at the stationary state, (A, )., as:

1
(Att,)yo =V WP, + A, =V w(~[n,1Ap, | P,)P, =V . (L-&)P, (24) | g

where
O<e=[n JAu,/P <1, (25)
and [n,] is the concentration of F-actin. Eq. 24-25 indicate that the decrease in water

chemical potential at the stationary state relates directly to an increase in F-actin chemical

potential. Hence, it may be reasonable to consider that the increase in the F-actin chemical
potential is triggered by the osmotic stress at first, and as a consequence of it the chemical

potential of water decreases at the stationary state.

=

Ap,/ P, in Eq. 25 is expected to be constant at the stationary state, because near the

equilibrium a linear relationship between Ay, and P, may hold, and furthermore, Au,

A

should be independent of F-actin concentration, because no filament-filament interaction
confributes to it, as discussed in the next section (see Eq. 26). In addition, the chemical
potential of F-actin is proportional to, and the filament number is inversely proportional to

the filament length. Thus, £ in Eq. 24 is linearly proportional to mass concentration of

F-actin, as shown experimentally in Fig. 3 (b).

11 g




C. Mechanism of chemical potential change
From the discussion above, it is clear why the actin filaments change their chemical
potential in response to osmotic stress, but still unclear how the filament can change it at
constant T without any change in the direct interactions with the solvent. We shall address
this question next.
The applied osmotic stress brings the F-actin solution into a non-equilibrium state under
constant temperature and volume, and the chemical potential of F-actin will be deviated

from its value in the equilibrium of whole system by Ay, . In this case, Ay, is a function of

the deviation of energy of the F-actin solution, AE. Such AE should be solely due to a

change in configuration energy of the single filaments, because the osmotic stress varies
neither interaction between the actin filaments, nor between the filament and solvent. In
addition, such a change in the configuration of the single filaments as induced by the osmotic
stress is expected not to alter interfilamet interactions significantly. These results allow us to

assume a Boltzmann distribution of the single filaments on their configuration energy. Thus,

E=Xg, exp(u, —&,)/ kT , where g, is an éigen value of configuration energy, and

E=n,<e> and AE=n,A<g> , where <g¢> and A<g> are the average

configuration energy per single filaments in the equilibrium of whole system and its

deviation in the non-equilibrium state under consideration, respectively . In this case, Ay, is




represented by:
Ap; =0u,/0E), ;AE = (kT /E), ;AE=kT(A<&>/<&>). (26)
where (0u,/0E), ; = (kT /E), ,, derived from E of the above Boltzmann distribution. Eq.

26 indicates that the change in the chemical potential Au, is solely due to a change in the

average configuration energy of the filament, independently of its concentration.
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According to the analysis by Engelmann et al. [8, 9] of the variations in crossover spacing | §
|
in actin filaments observed in electron micrographs, a random deviation of ~10° (rms) exists 5
|
in the angular position of the nearest neighbors of each subunit of actin filament. This result §
|
indicates that the position of the individual subunit molecules in the filament could be |
thermally fluctuated with changing the filament configuration. Such thermally-activated
change in the configuration may make it possible to vary the chemical potential under the | |

osmotic stress by the way as described above.

D. Process of chemical potential decrease of water by F-actin
Figure 3

As discussed above, destroying the equilibrium through disturbance by osmotic stress

activates a process that increases the chemical potential of F-actin so as to reduce the applied

disturbance. Fig. 3 represents a plausible scheme of that process. At the equilibrium state I,

the F-actin solution is in equilibrium with the outside solution. Destroying the equilibrium




by osmotic stress P, causes the system to change into the non-equilibrium state II, followed
by an increase in the chemical potential of F-actin, Az, (step 1). In the following step (step
2), the F-actin solution spontaneously goes to the stationary state III, at which the solution is
equilibrated with itself, but not with the outside (i.e., X # 0,Y =0) . Then it proceeds to the
final equilibrium state IV (i.e. X =0,Y =0), accompanied by water flow to the outside
solution (step 3).

We may assess the conditions under which the above process can proceed, by evaluating
entropy production of the F-actin in the individual steps. At state I, the chemical potential of
water in the F-actin solution does not differ from that of the outside solution as the “medium”,
but at state II it differs from that by I_/—wPf . Hence, some work® (/7') must be done on the
F-actin solution in step 1. This work corresponds to the work to transport #., moles of water
across their chemical potential difference of VP , and it should be larger than the work, w
to transport them reversibly:

w=n'V, f’ P, =nV P, 27)
In this case, the entropy production of the F-ac’gin solution (A,S) in step I is positive under
the same condition given by Eq. 25, i.e., [n,]Au, < P;;
TA,S =TAS - AQ =W'-(AE—-TAS) =W'-n Au,

> Vun,, (P, =[n,1Au,) > 0 (28)
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Therefore, the increase in the chemical potential of F-actin less than P, /[n]may occur with
transition from state I to state II, satisfying the condition in Eq. 25.

In step 2, the F-actin solution in the non-equilibrium state II (i.e., X #0, ¥ = 0) goes to
the stationary state III (i.e., X # 0, ¥ =0), in which the solution is equilibrated with itself
through a change in the chemical potential of water, Az . As the chemical potential of water
is assumed not to vary in step 1, this change in the chemical potential in step 1 should be
equal to the deviation of the chemical potential in the stationary state III from that in the

equilibrium of whole system, and so the same relation as Eq. 23 (i.e., the Gibbs-Duhem

relation) holds between Ay, and Ay, . Thus,

TA,S =TAS - AQ =TAS - AE = —n, Au,, = n,Ap, >0 (29
Therefore, the process in step 2 may spontaneously proceed, and the chemical potential of
water gets equal to the stationary value at state III, as required.

Consequently, the scheme in Fig. 3 accounts for how the chemical potential of water is
decreased by the presence of F-actin, without any contradiction to the analytical results in the
previous sections.

E. Effects of crosslinking of actin filaments on water flow
Figure 4

If the stationary water flow at state III in Fig. 3 is energetically unfavorable, no water
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flow should be induced, i.e. £ =1in Eq. 9. This might be the case of F-actin networks
crosslinked by filamin A. In those networks, water flow completely stopped in the setting of
the same osmotic stress that only slowed flow in uncrosslinked F-actin solution of the same
actin concentration >0.5 mg/ml, as shown in Fig. 4(a) (Ito et al. [5] ).

The crosslinking by filamin A makes the individual actin filaments immobile in the
solution. Consequently, if water flow occurs with stability of the network structure being

kept, it would separate the network into two phases, one of which is “filaments in water”

with the chemical potential of x, and the other “filaments exposed to air” with the chemical
potential of 4, of different value. In this case, the entropy production A,S accompanied
by the water flow An, is represented by:

AS =—QA/TYAp,An, +Ap,'An, ") =-1/T)(Au, —Vw[nf]A,uf')Anw (30)
where An ' is an increase in the number of the filaments exposed to air which is caused by
An,,and Au,'= u,'-u,. The condition required to have such water flow is A,S >0, and

combination of it with Eq. 21 gives a condition that:

Ap,'< A, IV uln 1< P, fln, ] 31)

Let us estimate the numerical values of both sides of Eq. 31 under the conditions of P, =
20 cmH,0O and 2 mg/m] actin filaments with a length of 1 um. P, /[n] in the right hand is

directly calculated ~2.4 x 10" J/single filament. Ap;' in the left hand is evaluated as




follows. The hydrophilic surface of the filaments with a radius of 4 nm exposed to air may be
covered with a thin capillary water layer with a radius approximately the same as F-actin, i.e.,
~4nm. In this case, surface tension of the water layer, the coefficient of which is 7x10N/m,
adds to the filaments an extra energy of ~2.4 x 10" J/single filaments, ~100 times larger
than that of P,/[n,]. Consequently, so long as the crosslinked network structure is
thermodynamically stable under the osmotic stress, no water flow could be induced, that is,
the condition that X =0 and ¥ = 0 must hold under the osmotic stress in this case. This
condition may be attainable by counterbalance of the osmotic stress with a change in the
chemical potential of F-actin, i.e. P, =[n,]Au,. That could be actually fulfilled in the
networks of actin filaments crosslinked by filamin A, and as the result no water flow is
observed from the networks, as shown in Fig. 4(a).

It is worth noting that, in such a case, massive energy is stored in the network structure
under a moderate condition. The free energy stored per single actin subunits of the network,
which is calculated from Au, /360 in the case of 1um F-actin, is 6 x 10-13 erg under the
above condition. This is almost equivalent to the~ free energy stored by single ATP molecules.
As a result, the F-actin network under the osmotic stress should be at meta-stable state. So,

the network structures will be broken, if intensity of the osmotic stress exceeds some critical

value. In fact, in 2 mg/ml F-actin network crosslinked by filamin A at a molar ratio to actin
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subunit of 1:340, an emergent water flow with “infinite” rate was observed at the osmotic

stress of 40 cmH>0, presumably resulting from collapse of the network structure by the
osmotic stress, though no water flow was induced at the osmotic stress less than that (Fig.
4(b)).
3. DISCUSSION
A. Le Chatelier principle-governed F-actin response to osmotic stress

The second law of thermodynamics-ruled Le Chatelier principle, which is formulated as
“an external interaction that disturbs the equilibrium triggers a process in the body which
tends to reduce the effects of this interaction”, has been well recognized in the response of
thermodynamic system to various interactions that disturb its equilibrium. In this report, we
have shown that the Le Chatelier principle governs such response of actin filaments to
osmotic stress as shown in Fig. 2. Fig. 3 displays the plausible scheme of the process that is
activated in F-actin solution by osmotic stress. We may realize what the Le Chatelier
principle demands in step 2 of the process, as follows. From state II to state IV, two
alternative paths are possible through two différent stationary states, one of which is the
stationary state with Ay, >0and u, = u, - ?w[n 71Au, (state IIL in the figure), the other is

that with Ay, =0 and u, = 4., . The system should undergo the same free energy change of

—n,Au, along either path to lead to the individual stationary states. In this case, the factor

T

T



that determines which path to take is which path can satisfy the demand o‘f the Le Chatelier
principle. As the result, the preferred path is the one that passes through the stationary state
with a smaller chemical potential difference of water (i.e. state III), resulting in reduction of
the applied disturbance by osmotic stress in accordance with the Le Chatelier principle.
B. Mechanism of F-actin response to osmotic stress

As shown by Eq. 26, actin filaments vary their chemical potential in response to osmotic
stress with changing their configuration energy <&> . According to a Fourier
transformation analysis by Kas et al. [10] of single filament dynamics of fluorescent-labeled
F-actin in extremely dilute solution, undulation of the filaments is not a simple free bending
motion, but is the one restricted by tensions, especially in the filaments longer than ~1 pm.
These results indicate that the single filaments in solution may take various configurations of
different energies. Hence, the average energy < £ > may vary under the osmotic stress with
changes in the configuration that the actin filaments take as average. As the result the

chemical potential of F-actin may also vary, according to Eq. 26.

On the other hand, polymers with rubber élasticity could not change their chemical

potentials at constant T, because their average energy depends only on T, and so A <& >=0

in Eq. 26. Also, monomeric proteins like G-actin may not change its chemical potential,

because their conformation is so stable that they may not vary it under the osmotic stress, i.e,




A<g>=0. So, Eq. 26 explain why only filamentous actin but neither non-filamentous
G-actin nor dextran is osmotically active against the osmotic stress.
C. Biopolymer networks

Polymer networks respond to osmotic stress so as to equilibrate osmotic imbalance
between the inside and outside of the network. In a network of polymer with rubber elasticity,
a change in the configuration entropy of the network strands is dominant in that equilibration,
so that a large change in the volume of the networks occurs in response to the osmotic stress
(Flory [1], Ito et al. [3]). On the other hand, in the network of F-actin filaments a change in
the configuration energy of the network strands is dominant as discussed in this report, so
that the equilibration can be established without any significant change in the volume of the
networks (Fig. 4(a)). Such a response to osmotic stress as F-actin displays may be
characteristic of networks of biopolymers made of subunit proteins. In fact, we observed that
networks of an intermediate filament of vimentin respond to the osmotic stress in a similar
way to F-actin (data not shown). This type of response of biopolymer networks may have
certain physiological implications. Cells of rr;ammalian organisms may be constantly
subjected to fluctuation in osmotic pressure that is the cause of cell swelling or shrinkage,
and these bibpolymer networks in the periphery of the cells could constitute a relatively

strong buffer against such fluctuations to avoid any significant change in the volume of cell.
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'The slope of S‘vs E' curve in Fig. 1(b) represents the inverse of temperature at the point,

and so temperature difference between the two close points is negligible.

*No chemical potential change occurs along a reversible process under constant P and T.
3Eq. 23 is derived under the assumption that #’, is constant, since the deviation of 7’ from
its equilibrium value is negligibly small (i.e., ~5%) in the present case.

*The source of this work should be free energy dé:crease of the outside solution as the

“medium”, which results from dissolution of the dextran to make the osmotic imbalance.
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FIGURE LEGENDS
FIG. 1. (a) Schematic representation of the experiment system by Ito et al. ([4,5]). I: sample
solution ("body", ~1.5 ml) in osmometer vessel with a capillary of 1.3 x 10? cm-diameter. II:
outside buffer solution ("medium", ~500ml). M: molecular weight cut-off semipermeable
membrane. P is equilibrium hydrostatic pressure. Dextran: membrane- impermeable dextan
added to II to make the osmotic stress. (b) Entropy, S; of the system in (A ) as a function of
the energy, E; . The continuous line represents the equilibrium entropy. The ba segment of
the vertical hatched line corresponds to the difference of entropy AS, between the
non-equilibrium state under consideration (b) and the final equilibrium state (a). The bc
segment of the horizontal hatched line corresponds to the minimum work, W, done on the

“body” by external source to bring the system to b. See the text for detail.

FIG. 2. (a) Dependence of osmotic stress-induced water flow on F-actin concentrations. The
water flows J,, of various concentrations of F-actin are plotted against the osmotic stress, Py.
The concentrations are 0 mg/ml (o), 1.0 mg/ml ko), 2.0 mg/ml (o), and 3.3 mg/ml (m). (b)
Dependence of g, derived from the slope of Prversus J,, on different F-actin concentrations.

From the data of Ito et al. [4,5].
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FIG. 3. Plausible scheme of the process that is activated in F-actin solution to decrease

chemical potential of water. 44, is the chemical potential of water in the F-actin solution in

R EREEEEBEESSSSSESESSESESSEESEETTTEETTTEEEEEES E——————————...

the state indicated above and Ay deviation of the chemical potential of F-actin from that in
the whole equilibrium. Py is osmotic stress applied to the system to destroy the initial
equilibrium. An!, is a change in moles of water in the F-actin solution in the individual steps.

See the text for detail.
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FIG. 4. (a) Concentration dependence of ¢ of F-actin networks crosslinked by filamin A at a

molar ratio of 1:340. From the data of Tto et al. [5]. (b) Abrupt change in meniscus observed

U —

in 2mg/ml F-actin network in (a) at the osmotic stress of 40 cmH,O. The F-actin network

was subjected to the osmotic stress at = 0.
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