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KINETICS OF THE COOPERATIVE ASSOCIATION OF T4 TAIL SHEATH 
PROTEIN PI 8 TO POLYSHEATHS 

Received 20 May 1980 

The polymerization of the monomeric sheath protein PlS to polysheath \vas folloxved by light sc=tterin_r in 1 mbl sodium 
phosphate buffer, pH 7 at a M_rC12 concentration of 5 mXI. Sigmoidal kinetics were observed in the cast of spontaneous nu- 
cleation. These were well fitted by a mechanism involvin_r a slow nucleation step (rate constant kN = 10’ .\I-’ s-t) folIow- 
ed by propagation steps (k = IO5 >I-’ s-‘) in which P18 protomcrs are added to the ends of the polyshcath particks. \\‘hen 
sonicated polysheats or contracted sheaths were added as weds exponential time courses wcrc observed. I’rom the pseudo 
first order rate constant and the concentration of seeds the above value for the rate constant of propagation was confirmed. 
The ability of contracted sheaths to nucleate polysheath formation lends support 10 the conclusion that polyshezths and 
contracted sheaths have identical structures and differ in their le@h distributions only. Thcst w’cre measured from clectro- 
micrographs and from the distrrbution of sedimentation coefficients_ Poisson type. kinetically controlled size distributions 
were found after polymerization of polysheath. An extremely slow redistribution towards an exponential distribution was 
detected. The spontaneous slow formation of polyshcaths is much slower than the formation of crtendcd sheath at core 
baseplates. Extended sheath isa metastable assembly product of PI8 which either dissociates or contracts to form contract- 
ed sheath. Polysheaths and contracted sheaths are estrcmcly stable products but their immediate formation is hindered b> 
hiph nucleation difficulties. 

I _ Introduction 

The T4 tail is a complex structure requiring at least 
21 gene products for its assembly. It consists of a 
hexagonal baseplate on which a core of 144 protomers 
(gene product P19) is attached_ The core is surrounded 
by the same number of protomers P18 forming the 
sheath. Gene products PI5 and probably P3 bind to 
the end of the core sheath complex at which the head 
is attached later in the assembly process [I ]_ 

The sheath is a metastable organelle_ During infec- 
tion the extended sheath contracts to form the con- 
tracted sheath [2] _ Both structures have been well 
characterized by three-dimensional image processing 
[3,4] _ The extended sheath consists of 24 annuli each 
with 6 protomers of PI 8. The distance between two 
annuli is 4.11 nm. A rearrangement is observed during 
contraction by which the overall length is reduced 
from about 95 mu to 38 nm. 

The assembly pathway of the tail starts with the 

formation of the baseplate which nucleates core for- 
mation. PI 8 assembles to the core-baseplates [5.6] _ 
hlutants, in which the formation of core-baseplate is 
blocked, produce polysheaths, an aberrant polymeriza- 
tion product of P18. Optical diffraction patterns of 
polysheaths [7] show a striking similarity with those 
of contracted sheath. Polysheaths occur in much 
longer length than contracted sheaths. Although the 
general arrangement of PI8 in both structures seems 
to be identical polysheaths seem to be more flexible 
and appears to have a somewhat irregular surface [8] _ 

Recently an isolation procedure of monomeric PI8 
was described [9] _ This offered the possibility to 
polymerize P18 into polysheaths in vitro and to study 
the kinetics of its assembly_ The present study was 
undertaken in view of the competition of polysheath 
formation with the assembly of the extended sheath 
[6] _ It was shown that seeds of contracted sheath can 
nucleate polysheath formation_ This is a sensitive test 
for the relatedness of the two structures. 



2. Materials and methods 

2. I. PIS atzd comracted sheatlz isolatiorz 

PI8 was isolated front T4 tails according to Tschopp 
et al. [9]_ Isolation of contracted sheaths was carried 
out by trypsin treatment of T4 phage (lo] or by treat- 
ment with potassium hydroxide, pH 12.9 [l I] _ 

The concentration of monomeric PI 8 was deter- 
mined spectrophotometrically using an extinction co- 
efficient of E = 890 cm2 g-1 [9]_ The concentration 
of contracted sheath was determined according to 
Lowry et al. 1121 with bovine serum albumin as a 
standard_ hlolar concentrations were calculated with 
the molecular weight of 65 000 of P18 [9] _ 

2.3. Polymerization followed by light scattcrirzg 

Light scattering measurements were carried out in 
a Farrand spectrofluorimeter Mark 1. Excitation and 
emission wavelength were set at h = 436 nm and the 
intensity of light-scattering was monitored at an ob- 
servation angle of 90” _ Stock solutions of P18 were 
centrifuged at 250000 g for 40 minutes to remove 
dust and polymers prior to use. The temperature in 
the cell was 20” -i O?_“C_ Polymerization of P18 in 
1 mhl sodium phosphate buffer, pH 7 was initiated by 
rapid addition of 0.1 ml M~C~Z dissolved in the same 
buffer to a final concentration of 5 mhl. When con- 
tracted sheaths or sonicated polysheaths were used as 
nuclei, they were dissolved in 3 ml 1 mM sodium phos- 
phate buffer, pH 7 containing 6-25 mM MgC12 and 
mixed with 05 ml PI8 solution in the same buffer 
without MgCJ,. 

24. Electrolz microscopy 

Samples were applied to carbon coated grids render- 
ed hydrophylic by glow discharge and negatively srain- 
ed with 2% phosphotungstic acid, pH 7 ?- _ They were 
examined in a Philips EM 300 electron microscope_ 
For length determinations several hundred polymers 
from different mesh fields and grids were measured. 

2-i. Ultracentn$lgatio~z 

Sedimentation velocities were measured in a Beck- 
man Spinco Model E analytical ultracentrifuge 
equipped with scanner at an angular velocity of o = 
3094.4 radian - s-1 and 20” _ The normalized sedimen- 
tation distribution function [13,14] 

was evaluated from the sedimentation profile neglect- 
ing the effect of diffusion This is possible for very 
large particles with very small diffusion coefficients 
[ 14]_ C is the weiglrt concentration at positionx from 
the rotor centre, Cn is the initial concentration in the 
plateau region and s is the sedimentation coefficient _ 
The factor x’/x”, in whicit x, is the position of the 
meniscus corrects for radial dilution [ 131. The “true” 
sedimentation time t was evaIutated from a pIot Iog 
x0 5 versus time [14] where _xo.s is the position of the 
midpoint of the boundary. It is the interval between 
the time at which the straight line of this plot inter- 
sects s, and the time at which the sedimentation pro- 
file was recorded. 

3. Results 

3.1. ExTahtatioiz of PI S iiicoiporatior~ iilto 
polysileatii by light scatter&g 

The formation of polysheath was monitored by the 
changes of li~ght scattering intensity R (0) at an observa- 
tion angle 0 and a wavelength h = 436 nm. It was shown 
[I5 ] that for long rod-like particles with length 

LS=-I* =h(47rsinf3/?_)---1, 0) 

R(B) =_4c;x*, (3) 

where c* = c+E - cA is the molar concentration of pro- 
tamers i&orporated into the rod-like particles; cz is 
the total protomer concentration and cA is the con- 
centration of free monomers. A is a constant [15] for 
a given system and experimental set-up. It was deter- 
mined from the end value of R (0) observed after com- 
plete polymerization (cg = 0+)_ 

Eq. (3) predicts a linear dependence of 1 /R (0) on 
sin (0/Z). Such a dependence was indeed observed 
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Fig. 1 Angular dependence of light scattering intensity. Poly- 
sheaths were formed by spontaneous nucleation at a total 
concentration of PI8 of co - A - 1.14 JAI in 1 mX1 sodium phos- 
phate buffer. ptl 7 containing 5 mhl X1$& dmin_r 2.5 and 
6 h respectiveIy. The recipronl light sclttcrinr intensity R-’ 
is plotted versus sin (o/2) according to eqs. (2) and (3), lvhere 
0 is the observation angle reIative to the incident beam. The 
wavelength wash = 436 nm and the temperature was 20°C. 

(fig_ 1) and proves the applicability of eq. (3). The val- 
ue of A* is 37 nm for A = 436 nm and an observation 
angle of 90°. The polysheaths which were observed 
eiectronmicroscopically (see 

test forL > A” is the in- 

dependence of light scattering intensity on the length 
of the polysheath. When the electronmicroscopically 
observed average length was reduced from 233 nm to 
I19 nm by sonication R(90”) decreased by only 4% 
Eq. (3) is not applicable for the very initial phase of 
polymerization when L is till smaller than X* _ It is how- 
ever considered to be a good approximation for the ex- 
perimentally observed initial phase because of the 
high cooperativity of polysheatb formation_ This leads 
to an immediate formation of long filaments. The light 

scattering intensity due to P18 monomers present in 
solution is extremely small as compared with the scat- 
tering of the polysheaths and was neglected. 

3.3 ASizefics of poZ@teat?t formation Writ 
spontaneous nucleation 

Polysheath formation was initiated by addztion of 
hlgZ+ (final concentration 5 mM) to solutions of 
monomeric P18 in 1 mM sodium phosphate buffer, 
pH 7. The time course of polymerization was monitor- 
ed by the increase of light scattering intensity from 
which the concentration of protomers incorporated in- 
to polysheath c; was calculated with eq. (3). This 

I?&_ 2. Spontaneous polymerization of P18 to polysheath fol- 
lowed by light swttcring. Polymerization x’as induced by ad- 
dition of 31$X2 (final concentration 5 mM) to solutions of 
PI8 in 1 rn>l sodium hosphate buffer, pH 7 at 20°C. Total 
PI6 concentrations cg . A are mdlatcd. The molar concentm- 
tion of PI8 protomers incorporated into polysheath c; was 
czlcn13tcd by CC,. (3) from the observed chan_rcs in lishl scat- 
tcring intensity (-,). End values musured after 2 to 4 days are 
rcprcscnted by dotted Iincs. The curves \VI‘CTC czlculatcd for 
mechnnism (4) nnd (5) by numeriwl integration of eqs. (6) 
and (7) with s = 2 and k X-N = 8000 5¶-? se2. 

quantity is plotted as a function of time for various to- 

tal concentrations of PI 8 (fig. 2). The curves are sig- 
moidal and highly concentration dependent. At the 
highest concentration a plateau value of light scatter- 
ing intensity at cz = cz was reached after 10 h. In all 
experiments final values were measured after 2 to 4 
days. Reversibility was examined by addition of 5 mM 
EDTA after poIymerization. EDTA chelates hlg’* and 
redtices its concentration to a Ievel at which no poly- 

merization takes place ]9] _ After addition of EDTA 
the light scattering intensity did not decrease. It was 
also not possible to dissociate polysheath by dialysis 
against plain buffer without h@+ for a period of sev- 
eral days. Irreversibility can therefore be assumed on 
the time scale of the polymerization esperiments. The 
length distribution of the poIysheaths changes at a 
much larger time scale as will be shown in section 3.4. 

The results exhibit the distinctive features of an ir- 
reversible polymerization in which a spontaneous slow 
nucleation of polysheath is followed by faster elonga-- 
tion steps ]15.16]. For a simple quantitative descrip- 
tion we asstnne that x protomers form a nuclzus A, 
with a rate constant kN 

sA %+A_\-_ (4) 



It is reasonable to assume that the reaction steps in 
which further protomers are associated to the ends of 
a nucleus or to longer polysheaths are essentially equal 
and proceed with a rate constant k 

k 
Aj+A-Ai+l. x =G i< 11. (5) 

The concentration of polysheath filaments cp in- 
creases according to 

dcnfdt = k, c; _ (6) 

The rate of protomer incorporation into the growing 
polysheath is 

dc;/dr = x- cAcp = x- cp (c .: - c;>- (7) 

Numerical integration of eqs. (6) and (7) yielded an 
excellent fit of the esperimentaliy observed time 
courses and their concentration dependence with x=2 
and k kN = 8000 M-1 s-2_ 

It is not possible to determine li and X-, separately 
[I 51 from the time dependence of ci alone. It is how- 
ever possible to estimate k and k, from a determina- 
tion of the concentration of polysheaths c,(S) at time 
6 after the start of polymerization. With the integrat- 
ed form of eq. (6) for x = 2 it follows 

x-, = q,(9) 
I 
s” (ci - c-a)* dr. 
0 

(8) 

The polymerization kinetics was followed at a total 
PI8 concentration of co - _ ,, - 3.3 JIM by light scattering 
and a c; versus time curve similar to those shown in 
fig. 2 was recorded. At time 9 = 12 h a sample was in- 
spected electromrticroscopica~fy_ Polymerization was 
essen?iaily complete and the size distribution of the 
polyshearh did not change during the time needed to 
propare the electronmicroscopic specimen. The aver- 
age length of the polysheaths was 232 nm.With the 
pitch of 0.366 nm per protomer in the poiysheath 

structure [3,4] an average number of protomers of 
(II) = S70 per particle was calculated. The concentra- 
tion of polysheath particles was therefore cp(t9 = 12 h) 
= c~/(n) = c!/(n) = 3.8 nM. The integral in eq. (5) 
was determined by numericai integration of the c; 
versus time curve and a value of li, = 9 X lo-’ M-l 
s-l was obtained_ From this value and the known val- 
ue of the product X-, X- = 8000 Me2 s-* the rate con- 
stant of elongation k is estimated to be 9 X 104M-1 s-l_ 

I:& 3. Seeded polymeri;ation of PI8 to polysheath folloxed 
by light srattering. Polymerization was initiated bq. addition 
of seeds of sonicated polysheath t-o-_) or contracted sheath 
(-0 -)_ The total P18 concentration was ci = 2.11 ,.Al. All 
other conditions were as descrribed in the I&end of fig. 2. The 
concentration of soniczted polvsbeath pnrticles IV;LS c = 3.77 

nM. A pseudo first order rate constant k,bs = 2.16 X P O-’ s-’ 
was obtained from a first order plor (left ordinate). When con- 
tracted shuths were used as seeds cp was 17 nhl and kobs = 
4.46 X 10e4 se’ was obrained. 

When polymerization was initiated by simultaneous 
addition of MgCl-, and nuclei to a solution of 
monomeric PI S first order kinetics was observed for 
the increase of c6 with time (fig. 3)_ In this case the 
necessity for spontaneous slow nucleation is eliminat- 
ed and the polymerization process proceeds by elon- 
gation of the added nuclei according to eq. (7). The 
concentration of nuclei is constrnt and equal to cp_ 
Pseudo first order rate constants k,bs = kcp are there- 
fore obtained from first order plots of the polymer- 
ization kinetics (fig_ 3). 

Two types of seeds, sonicated polysheath and con- 
tracted sheath were used. Polysheath c;) = I.68 &I 
was sonicated for 2 min. The average length of the 
filaments as determined from electronmicrographs 
(section 3.4) decreased from 233. run to 119 nm (cor- 
responding to an average length of (II) = 445). The 
concentration of seeds was c = c*/(II)= 3.77 nM. 
From liobs = kc =2.1X10-~s-~(fig.3)avalueof 
k = 5.8 X IO4 MT1 s-l was calculated which is in good 
agreement with the value obtained from the analysis 
of the kinetics with spontaneous nucleation. 

When contracted sheaths were used as seed cp= 
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17 nM was calculated from the weight concentration 
and the known number of protomers II = 144 [I ] in the 
contracted sheath_ Again first order kinetics was ob- 
served and a value of k = 6.2 X IO4 M-l s-Iwas ob- 
tained from the pseudo first order rate constant k,bs 

= 4.46 X 1O-4 s--I. 
The rate constants which were obtained from these 

and similar experiments are summarized in table I_ 

3.4. Electromicrugmphs and length distrib~ttions 

Polysheaths which were formed by spontaneous 
nucleation were inspected by electronmicroscopy. 
They exhibited the nomral appearance [3,8] resem- 
bling that of contracted sheath but with some irregu- 
larities and gaps in the surface_ The length distribution 
of a preparation which was polymerized at a total P18 
concent ration of c): = 3.3 phi for a period of 12 h is 
shown in fig. 4. The average length was (II) = 232 nm. 

When the sample was sonicated for 2 min the aver- 
age length decreased to 119 nm and a more esponen- 
tial length distribution was observed (fig. 5). This sam- 
ple was used for the experiments in which polysheath 
was used as seeds for polymerization. 

?Vhen pofysheath fomxation was seeded by con- 
tracted sheath electronmicrographs revealed that P18 
indeed associated onto the contracted sheath particles 
(fig. 6). However in many instances the contracted 
sheaths with their length of 36 nm were still distin- 
guishable as parts of the particles formed. Particularly 
at the end of newly formed polysheath a region of 
this length with a more regular structure than that of 
polysheath was seen (fig_ 6). Also gaps with high 
stain penetration were often seen between the seeds 
and the newly formed structures. When the samples 
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Izig_ 4. Lenzth distribution of pclysheths observed in clectron- 
microgaphs and derived from the distribution of sedimcnta- 
tion coefficients. Polysheathswere fornxd by spontaneous 
nucfcation at at total PI 8 concentration of c+z = 3.3 &I for 
I2 h (for other conditions see &end of fig. 2). The length of 
a total of Ng = 438 particles was mcastrcd in eiecrronmicro- 
graphs. The columns reprcscnt the fraction of particles :Y/,l’o 
with a length (L -L 7) nm. For the same sample the size distri- 
bution was determined from the distribution of sedinrcnts- 
tion coefficients. The corresponding curve was calcufatcd by 
eq. f 1) as described in the text. 
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I’&. 5. Lerqtb distrrbution of soniwtcd polpsheaths observed 
by electronmicroscopy. The smple whose fength distribution 
is shown in Iis. 4 was soniuted for ? min and inspected by 
the electronmicroscope immediately. The ienpth of 41 I par- 
ticles was measured. 



I+_ 6. Electronmicro$rapfIs of polyshcaths forrnrd by nucleation with contracted sheath. Polymcrizstion of PlS total concentn- 
tion ~2 = 2.11 ~31 WL(S nucleated with seeds of contracred sheath (c, = 3.77 nhl) in 1 mhl sodium phosphare buffer, pi-l 7 conmin- 
ins 5 mX1 hl_rC& at 20°C and inspected electronmicroscopi~il~ after 1 Z II. The white bars correspond to n length of 30 nm. 

were inspected again after several weeks these features the dependence of the sedimentation coefficients s on 
had largely disappeared snd all parts of the particles length has to be known. This function was derived 
exhibited a more regular appearance. Also the morpho- 1171 for cylindrical particles of length L. diameter d 
loSica1 irregularities normdlly observed in polysheath and molecular weight per length ratio y 
disappeared with time when samples were kept at 4°C 
for several weeks. 

(I-%P) ‘L d 
s=‘yw 

2ln”i-- -02316 
d L > 

_ (9) 

3.5. Leilgrh distributions from the distribution of 
sedimentation coefficients 

The sedimentation profile was recorded for the 
same sample of spontaneously nucleated polysheath 
for which the length distribution was determined by 
electronmicroscopy (see section 3.4) and the sedimen- 
tation distribution functiong(s)was determined by 
eq. (1). In order to determine the length distribution 

IVA is Avogadro’s number, 9 and p the viscosity and 
density of the solvent respectively and uz is the partial 
specific volume of the solute. For polysheath, d = 
25 nm and y = 24600 nm-l_ 

‘With the known function g(s) the weight fraction 
of molecules 6 C,/C, = g(s) 6s with a sedimentation 
coefficient s was calculated_ Sedimentation coefficients 
were transformed to lengthsI, by means of eq. (9)_ 
The fraction of particles SNlnr, with length L was cal- 
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culatcd by devision of 6 Co/C0 by I, and by a normal- 
ization factor. The latter was determined from the 
condition that the integral over Sd\‘/iYO must be equal 
to I_ The resulting length distributiorl is compared in 
fig.4 with the length distribution which was measured 
eIectronmicroscopicaIly for the same sample. A satis- 
factory agreement is observed between the results of 
the two methods. 

A slow redistribution of the initially formed kinet- 
icahy controlled Poisson type distribution of particle 
lengths is expected on theoretical grounds ]16,18]. 
For polyshcaths which were formed by spontaneous 
polymerization at a total PI8 concentration of ~2 = 
S ~.rhl at 2O* C size distribution similar to that shown 
in fig.4 was observed after 12 h. No significant changes 
were detectable during 4 days. When the sample was 
kept for very long periods of time (fig. 7) a broadcn- 
ing and changes towards a more esponential type of 
distribution were observed. The experiments were pcr- 
fomted at 4O in order to present bacterial growth. The 
rates of changes are therefore not directly comparable 
with the rate of polymerization at 2O”C_ 

4. Discussion 

Polgshsath was first detected as an aberrant 
polymerization product in Iysatrs of E. coli bacteria 
infected with T4 mutants in which the formation of 
core baseplates was biocked [10.20] _ Tile present da- 
ta demonstrate that polysheaths are formed by spon- 
taneous but slow nucleation from purified 1’1s 
monomers in the presence of \I$+ or other cations. 
The pofymerization kinetics is well described by a me- 
chanism which consists of an irreversible nucleation 
step leading to it dimer of two 1’1 S protomers follow- 
ed by irreversible and faster elongation steps which all 
proceed xvith the identical rate constants. Under the 
conditions used for the kinetic studies (5 m>l hlg2*, 
20°C) nucleation was lo6 times slower than elongs- 
tion. A value of 9 X IO1 &f-r S-~W~S obtained for the 
rate constant of-elongation from an analysis of the 
sigmoidal time course observed for spontaneous nu- 
cleation Very similar values followed from the first 
order kinetics when the nucleation difficulty was ciim- 
inated by addition of seeds. This good agreement 
proves the applicability of the reaction mechanism as- 
sumed for the spontaneous nucleation. The rate cun- 
stant of elongation is severaf orders of magnitude 
slower t!tan diffusion controlled. By analogy with the 
well studied interaction of pancreatic trypsin inhibitor 
with trypsin or a-chymotrypsin [31.22] it is likely 



that each elongation step implies a diffusion con- 
trolled encounter followed by a rate determining 
monon~oIecuIar conformational change or rearrange- 
ment of the newly added Pl8 protomer_ The elonga- 
tion of poiysheath is somewhat faster than the eton- 
gation of actin filaments [ 15 J _ 

Extended sheath is another assembly form of PI S 
which is stabilized by interactions with the core base- 
plate and possibly with gene products P3 and P15 lo- 
cated at the end of the core [ I] _ No conditions are 
known at which extended sheatf; is formed in the ab- 
sence of core baseplates. When core baseplates are 
present as nuclei the formation of extended sheath is 
much faster [6] than the slow spontaneous formation 
of poiyslteath. Extended sheath is therefore a metas- 
table structure which is readily transformed to con- 
tracted sheath by the attachment of T4 phage to the 
surface of the host ceils [S] but also by a number un- 
physiological trigger mechanisms [S] Contracted 
sheath is and is only or- 

withstands 8 urea _ 

[I]_ The length distribution of poly- 
sheath is broad and the average length depends on the 
total P18 concentration and on other polymerization 
conditions. The determination of size distribution by 
electronmicroscopy suffers from the inherent uncer- 

tainty due to a possible selective adsorption of long 
particles, breakage of particles by the absorption forces 
and by other possible artifacts [23]. The evaluation of 
the size distribution from sedimentation coefficients 
may be influenced by other systematic errors. Sedi- 
mentation coefficients were not extrapolated to zero 
concentration mainly because the size distribution it- 
self is concentration dependent. Also the relation be- 
tween length and sedimentation coefficient (eq. (9)) 
is only approximately valid. In spite of these difficul- 
ties it is satisfactory that the size distribution deter- 
mined by the two methods agree w&i in the case of 
poiysiiea?ii. 

The Poisson type size distribution found after spon- 
taneous polymerization is of the type expected for a 
linear polymerization in which the foreward reaction 
is much faster than dissociation_ [16,18]_ It is a so- 
called kinetically controlled size distribution [18]. 
The beginning of a redistribution towards an exponen- 
tial size distribution was observed after several weeks 
and months. This behaviour is in agreement with the- 
oretical predictions [ 16,18]_ The final exponential 
equilibrium distribution which is predicted by the 
equilibriutrl theory for most association processes [ 16, 
241 is probably established only after extremely long 
and experimentaiiy unaccessibte periods of time. 
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