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The kinetics of the endothermic polymerization reaction of tobacco mosaic virus protein in the mild acid region was
studicd by means of temperature-jump (rising time of 6 sec)-turbidimetry, electron microscopy, and computer simulation.
The time course profile of the turbidity increase changed from a normal one to an anomalous one as the size of the tempera-
ture-jump was muade greater. The anomalous type polymerization profile, which we named the *‘transient-saturation™ type,
could be characterized by a rapid increase of turbidity and its transient saturation, and a slow increase to the final level. At
a higher concentration of the protein, this transient-saturation effect was more marked, whereas the slow increase of tur-
bidity in the second phase occurred with a higher rate. This transient-saturation type polymerization profile was observed
also in a pH-induced polymerization reaction. It was no: observed in the case of the N-bromosuccinimide modified tobacco
mosaic virus protein under a similar environmental change. By an electron microscopic study and computer simulation, it
was revealed that in the first phase, a large number of short polymers were formed, and the concentration of the polymeriz-
ing units was rapidly reduced to the equilibrium value, and the polymerization reaction stopped transiently. In the second
phase, polymer-polymer associations took place slowly and longer polymers were formed. The relevance of the present
study to the polymerization reaction of actin, myosin, and 10 a transient-overshoot type polymerization are discussed.

1. Introduction

[t is known that separately prepared tobacco mosaic
virus {TMV)-protein and TMV-RNA copolymerize, and
reconstitute into a rod-like particle [1]. It has also
been found that TMV-protein alone can polymerize
into a rod-like particle [2]. This polymerization is
favored in a slightly acidic pH region, high salt con-
centration, and at high temperature. Lauffer et al. first
found this endothermic and reversible polymerization
reaction [3], and a serdes of their kinetic and static
experiments clarified several factors contributing to
the polymerization; for instance, an increase in en-
tropy associated with the water release from the
protein during the polymerization process [4]. They
determined the enthalpy and entropy changes for the
polymerization reaction from osmotic pressure and
turbidity measurements.

There are several works on the kinetics of the poly-
merization reaction of TMV-protein;in the acid pH
region including the region below the iscelactric point
{51, and on the 20 S disk formation reaction in the

neutral or mild atkaline region [6,7]. Recent studies
[8.9] have shown that an overshoot (in the average
degree of polymerization) occurs after a rapid environ-
mental change from that favoring depolymerization to
that favoring polymerization.

In the present report, the Kinetics of the polymeri-
zation reaction of TMV-protein in the mild acid region
was studied. As the reaction is temperature sensitive,
and not so rapid (from tens of seconds to hours), we
used a thermal-conduction type temperature-jump
method (rising time of 6 s) which had been used in the
study of the denaturation-renaturation kinetics of
single globular enzymes [10,11]. A new type of time
course profile different from that of the overshoot
type was found.

2. Materials and methods
2.1. Sample preparation

TMYV, Japanese common strain OM, was purified
by centrifugation fractionations in essentially the same
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way as done by Bocdker and Simmons [12].
TMV-protein was prepared by cither the acetic acid
mcthod [13] or the alkaline method of Durham [7].
The maximum to minimum ratio of the ultraviolet ab-
sarption spectrumn was more than 2.5 at pH 6.5 and
4°C, In all measurements, phosphate buffer (KH,PO,/
Nay HIFO4) of an ionic strength of 0.1 was used unless
otherwise specified. The protein concentration was
determined spectrophotometrically using the extinc-
tion coefficient of 1.27 for a | mg/ml solution at 282
nm [13]. It sedimented as a single peak of 3.0 S
(530 \ value) at pH 6.5 and 4°C, when the protein

2.3. Temperature-jump

The temperature-jump cell used was a thermal-
conduction type, and was almost the same as that de-
scribed by Segawa et al. {11]. The solution was put
into a thin fused-silica tube of inner diameter 2.0 mm,
outer diameter 2.6 mm, and length 10 mm. Water from
one of the two constant temperature circulators which
were thermostated at temperatures T and T flowed
outside the cell, and the temperature-jump was carried
out by switching the flow. It took about 6 s for the
completion of a temperature-jump, when judged from

the absorbance change of the pH-indicator, p-Nitrophenol
(p-NP). This value did not depend on the initial or final
temperature employed in this experiment. The tempera-
ture of the circulating water was controlled within 0.1°C.

concentration was lower than 2 mg/ml.
N-bromosuccinimide {NBS) modification of TMV-

protein was done following the method of Ohno et al.

[14]. The exdnction coefficient of NBS-modified

TMV-protein was taken to be 1.33 for a 1 mg/ml solu-
tion at 281 nm {15]. it sedimented as a single peak of
3.9 Sat pH 6.2 and 4°C when the protein concentra-
tion was lower than 3 mg/ml.

In 0.1 M sodium pyrophosphate buffer at pH 7.2
and 25°C, after one day of equilibration, the sedimen-
tation velocity s, . of NBS-modified TMV-protein
was 8 S in agreement with the results of Ohno et al.
[14], whereas that of TMV-protein was 19 § and
37—38 § at the concentration of 2--4 mg/ml.

2.2, Turbidity micasurement

The turbidity of the solution was measured using a
Hitachi 124 spectrophotometer equiped with a ther-
mwojacket, at a wavelength of 320 nm in the case of
TMV-protein, and at 340 nm in the case of NBS-
modified TMV_protein.

To make sure that the apparatus gave true turbidity
values, we placed a slit in front of the photomultiplier
and measured the optical density of TMV solution
f16}]. It increased by about 4% with a slit having the
diameter of 1 mm over the case without a slit, and the
actual mieasurements were done without a slit.

The multiple scattering effect was examined using
TMV solutions of various concentrations. It was
shown that the decrease in the optical density due to
multiple scattering was less than 2.5% for the typical
turbidity values in the present experiment.

The temperature of the solution was measured by
a thermistor placed in the solution, and was accurate
within 0.1°C.

2.4. pH-jump

The pH-jump experiment was performed by inject-
ing a concentrated buffer solution into the protein
solution to attain the final pH and ionic strength re-
quired. The solution initially had a high pH and low
ionic strength (completely depolymerized state), and
was putintoa ! X 1 X4 cm cell with a stirrer at a con-
trolled temperature. The time for the completion of
mixing was found to be shorter than 2 s as judged from
the absorbance change of the p-NP solution. The
ionic strength before and after a pH-jump was not the
same in the present experiment.

2.5. Electron microscopy

A JEOL 100-U electron microscope was used at 80
KV with an instrumental magnification of X200600.
The magnification was determined by reference to the
395 A period of the tropomyosin magnesium tactoids
using an optical diffraction method {17]. Polystyrene-
latex spheres (1090 A average diameter) were also used.

To study the distribution of polymers after a tem-
perature-jump, the protein solution which had been
put into a very small test tube (2 mm diameter, 40 mm
length) was transferred from one temperature con-
trolled bath to another. The rising time of the temper-
ature in the small test tube was the same as in the op-
tical cell for temperature-jump-turbidimetry. At var-
ious times after a temperature-jump, the protein solu-
tion was sampled bv a syringe equilibrated at the same
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temperatuse, and put on a carbon-coated copper grid.
Immediately it was rinsed with several drops of water
at the same temperature, and then stained with several
drops of the 2% solution of uranyl acetate. The excess
liquid was removed with a filter paper, and the grid
was allowed to dry. The process of rinsing was essen-
tial for the polymer particies to disperse well on the
observation field and to avoid an additional polymeri-
zation reaction introduced by the low pH of the
uranyl acetate solution {18].

To test that the specimen grid preparation showed
the true distribution of polymers in the solution, the
spray-shadow method was also employed. The solu-
tion was sprayed from a nebulizer to the grids. which
were then shadow casted by a Pt-Pd (80:20) alloy of
13 mm length and 0.1 mm diamcter with 2 shadowing
angle of tan~! (1/3).

In most cases, several hundred polymers from dif-
ferent mesh ficlds, grids, and different runs of the ex-
perliment were measured.

2.6. Optical constanrs and particle dissipation factors

Following Smith and Lauffer {19} an #, value of
4.23 X 10-3 (cm/g)? at a wavelength of 320 nm was
used to calculate the turbidity (7 = H, 2 ,;¢; M; 0))
from the length distribution of polymers obiained by
electron microscopy. Here A, is an optical constant,
¢; is the concentration of protein polymers in g/ml
in the ith length class, M, is its molecular weight, and
0, is its particle dissipation factor. And it was com-
pared with the optically measured turbidity value. If
they agree, it means that the weight fraction of the
monomer protein (or oligomers), which can hardly be
detected by electron microscopy, is small under the
present experimental condition. The particle dissipa-
tion factors were calculated following the theoretical
formula for the rod shaped particlfe [16}.

In the case of NBS-modified TMV-protein, H350m
was catculated from H3ygny for TMV-protein using
the A—%-law on the assumption that both the refractive
index of the solution and its increment had the same
values as for TMV-protein at 320 nm.

2.7. Computer simulation

Theoretical time courses in the population change
of polymers belonging to each length class, and those

of the change of the weight average degree of poly-
merization under a given model scheme, were calcu-
lated by the numerical integration of a set of ordinary
differential equations describing the reaction kinetics.

The Runge-Kutta-Gill, or Euler method [20] was
used for the calculations which were done using the
HITAC 8800/8700 system at the Computer Center of
Univ. of Tokyo. The former method was employed
where precision was needed, and the latter where the
speed of the calculation was needed. In all cases, the
value of the smallest population of the polymers
changed only in the third of fourth decimal place,
when the discretization width for the numerical inte-
gration was reduced by 1/10. Care was taken to avoid
the round-off error. and the double precision calcula-
tion only resulted in changing the final integrated
value of the smallest population of the polymers at
the third or fourth decimal place.

3. Results

3.1, Turbidimerry

3.1.1. Static experiments

The endothermic and reversible polvmerization
reaction of TMV-protein, and NBS-modified TMV-
protein are shown in fig. 1. They occur at higher tem-
peratures as the pH is made higher. and the maximum
turbidity is smaller in the higher pH region. At pH 6.3,
TMV-protein is in the depolymerized state at low tem-
peratures. and in the polymerized state at room tem-
perature.

These feustures are in agreement with the results of
Smith and Lauffer {19]. and Shalaby and Lauffer
[21] except that the temperature range for polymeri-
zation is about 4—~5°C lower in the present case. This
does not seem to come from the difference in the
protein concentration used (1 mg/ml in the present
experiment. and 0.88 mg/ml in the Smith and Lauffer
experiment). As there is no difference in the method
of preparation of the protein or the equilibration time
at each temperature, the difference in the temperature
range may be attributable to the difference in the
nature of the protein between Vulgare strain and
Japanese common strain OM; there are two alterations
in the amino acid sequence from one to the other
protein [22].
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Fig. 1. Turbidity increase and decreasc due ta the polymeri-
zation and depolymerization reactions of TMV-protein (—)
and NBS-modified TMV-protein (— ——) as a function of tem-
perature, In this figute and the following ones, turbidity, =, is
given as absorbance, A, in the ordinate; 7 = 2.303 4. Protcin
concentration is 1.0 mg/ml and pH values at 25°C are given.
Final vatues under very slow (rising time of several minutes),
stepwise temperature increases (<), decreases (®), and that
under temperature-jumps {2) as in fig. 2 are shown at pH 6.5.
The full or broken lines are the averages of several experimen-
tal values. In the case of NBS-modified TMV-protein, the
values for A3z20nm were calculated from these for A339nm
using A% law. The arrows cover the initial and final tempera-
tures of the various temperature-jumps at pH 6.5, the results
of which are shown in fig. 2 and fig. 5.

NBS-modified TMV-protein can also polymerize
endothermically and reversibly in the mild acid region
[15], but the temperature range for polymerization
is about 8°C higher than that for TMV-protein. In
other words, in the same temperature range, it poly-
merizes at a lower pH than TMV-protein. It is known
that NBS-modified TMV-protein cannot make a 20 S
disk structure under the condition for the reconstitu-
tion experiment [14,15]; this was also true in the
present experiment as described in section 2.1, This
fact is due to the extra minus charge of dibromotyro-
sine at the amino acid residue 139. The above men-
tioned difference in the polymerization reaction in the
mild acid region can also be explained by this extra
minus charge.

A kinetic experiment was carried out by temperature-
jumps which are indicated by the arrows shown in fig. 1.
At pH 6.5, the initial temperature was set at 4°C. There,

the dominant component of the protein is a trimer as
has been known [3,4,19,21] and as shown by the
results of the sedimentation velocity experiment de-
scribed in section 2.1,

For the interpretation and simulation of the kinetic
time courses, which will be shown later, it is necessary
to know the value of the equilibrium constant for the
polymerization reaction, K, at the final tcmperature.
As was derived by Smith and Lauffer [19], K is given
by [(:'/70)3 — 1]/4¢g in a linear condensation model.
Here, 7 is the turbidity, 7y is the initial turbidity of the
trimer solution. and ¢y is the initial molar concentra-
tion of the trimer. In the temperature range where the
polymerization reaction begins to be observed, 7 = 7,
and K is of the order of cal ;in the present case it is
about 10° M~1.In the temperature range where the
optical density exceeds 0.2 (20—25°C), K is of the
order of 108-9 M—1_ More precise values of K cannot
be obtained in this way, for the assumptions used to
derive the above formula are not fully satisfied.

3.1.2. Time course of polymerization

The time courses of the polymerization of TMV-.
protein at pH 6.5 after various temperature-jumps are
shown in fig. 2. An interesting fact is that the time
course profile changes to an anomalous type in the
cases having high final temperatures of 21 and 25°C.
In these cases the time course profile can be character-
ized as follows; at first, there is a rapid burst of the
turbidity increase and an abrupt stoppage at about
half the level of the final turbidity, and second, it
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Fig. 2. Polymerization time course of TMV-protein (1.0
mg/ml) at pH 6.5, for various temperature-jumps. The initial
temperatures are 4°C for all cases, and the final temperatures,
Ty, are shown in the figure.
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passes through an inflection point, then slowly in-
creases until it ultimately reaches the final value. The
final level agrees with that obtained by the static ex~
periment. [n short, this complex time course profile
can be divided into two phases; the transient-saturation
phase and the slow increase phase.

The quantities associated with this transient-
saturation type polymerization profile, e.g., the tur-
bidity where the transient-saturation occurred and the
rate of the turbidity increase in the second phase,
varied within 30% from one sample preparation to
another. However, their qualitative features as de-
scribed above were always the same.

This transient-saturation type polymerization was
also observed at pH 6.9 as shown in fig. 3. In this case
the overall polymerization reaction occurred more
rapidly than at pH 6.5, and the inflection was not
marked.

The concentratior. dependence of the profile of
the transient-saturation type polymerization is shown
in fig. 4. The results are summarized as follows. First,
the turbidity value normalized to the protein concen-
tration at the point where the transient-saturation
accurs decreases with increasing conceutration.
Second, the rate of increase in t1irbidity in the second
phase increases with the cancentration, and is approi-
mately proportional to the secoud power of the con-
centration.

3.1.3. Time course of depolymerization
When we study the mechanisms which produce the
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Fig. 3. Polymerization time courses of TMV-protein (1.0
mg/ml) at pH 6.9, for various tempearature-jumps. The initial

temperatures are 11°C for all cases, and the final temperatures,

T, are shown in the figure.
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Fiz. 4. Concentrution dependence of the polymerization time
course of TMV-protein at pH 6.5, for a temperature-jump
from 4 to 25°C. Protein concentrations, cg, are 2.0, 1.0, and
0.5 mg/ml. The ordinate is normalized to the concentration,
and is proportional to the weisht averaged molecular weisht
of polymers reduced by the particle dissipation factors. The
initial rates in the second phase are 0.10%, 0.030, and 0.007
A320/10 min for ¢g = 2.0, 1.0, and 0.5 mg/ml respectively.
These are approximately proportional to the second power of
CQ-

transient-saturation type polymerization profile. we
must first know the order of the magnitude of the
depolymerization rate constant- The time courses of
the depolymerization after the temperature-jumps to
{ower temperatures, which are indicated by the arrows
in fig. 1, are shown in fig. 5 (a). The results show that
the initial depolymerization rate is higher in the case
of lower final temperatures. As shown in the appendix.
the initial rate of the turbidity decrease is proportion-
al to the rate of depolymerization, &,.

The temperature dependence of k4 is shown in
fig. 5 (b). The apparent activation enthalpy is nega-
tive,and —19.1 % 1 4 kcal/mol. The appearance of a
negative activation enthalpy is also seen in the case of
the depolymerization reaction of tubulin {33].

[t is necessary to use a well-defined initial state of
polymerization in the experiment of the depolymeri-
zation reaction. The distribution of the polymer length
depends on the temperature, the equilibration time at
that temperature, and the velocity of the temperature
increase from the depolymerized state to the polymer-
ized state. The initial state of polymerization for the
present experiment is attained 60 min after a temper-
ature-jump from 4 to 25°C. The distribution of
polymers in this stata was examined by electron
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Fig. 5. (a) Depolymerization time courses of TM V-protein
(1.0 mg/ml) at pH 6.5, for temperaturc-jumps from 25°C to
various final temperatures, 7y, indicated in the figure.

(b} Arrhenius plots of the apparent depolymierization rate
constants calculated from the initial slopes of such curves as
shown in (a).

microscopy and the result will be shown in fig. 9 (a).
There the lengths of the polymers are comparable
with the wavelength of the light for the turbidity

measurement; it was calculated that the weight average

degree of polymerization obtained from the observed
turbidity value was about 55% of the true value due
to the particle dissipation.

Taking into account this correction, the rate con-
stant of the depolymerization at 25°C can be esti-
mated (by extrapolation of the k4 vs. temperature
relation) to be about 0.3 s—! for the depolymerizing
unit of the trimer. The equilibrium constant, X, is of
the order of 108-9 M—1 at 25°C as previously shown.

Consequently, the rate constant of polymerization,
k3, can be estimated to be of the order of 107-8 M~}
s—1 at 25°C and pH 6.5.

3.1.4. Polymerization time course of NBS-modified
TMV-protein

NBS-modified TMV-protein cannot make a 20 S
disk structure at pH 7.2 and cannot initiate the recon-
stitution reaction with TMV-RNA, whereas it can
elongate the partially reconstituted helical rod [14].
In the mild acid region as in the present experiment,
the phenol group of dibromotyrosine in NBS-modified
TMV-protein still dissociates partially. So, if the disk
structure (or the structure related with it) participates
in the nucleation of the TMV-protein polymerization
reaction, it may be expected that the time course
profiles of the polymerization after a temperature-
jump are different for N8S-modified TMV-protein and
the unmodified TMV-protein.

The time courses of the polymerization of the
NBS-modified TMV-protein after various temperature-
jumps are shown in fig. 6 (a). The marked difference
from that of TMY -protein is the absence of the tran-
sient-saturation type profile even if the final temper-
ature is high enough. This point is also true at differ-
ent concentrations of the protein as shown in fig. 6 (b).
The characteristic dependence of the transient-
saturation type polymerization profile on the concen-
tration has not been observed.

The depolymerization rate constant, k4, which had
also a negative activation enthalpy of about —29 kcal/
mol, was found to be of the urder of 10—15-1 at
30°C. The rate of the polymerization, k3, estimated
in the same way as in TMV -protein, is also of the order
of 107-8 M—15-1 S0, as far as this point is concerned
the situation is similar to that in TMV-protein. Thus it
seemns that the difference in the profiles is most prob-
ably due to the difference in the nuclzation reactions.

3.1.5. pH-jump experiment

The polymerization reaction of TMV-protein can
also be induced by a pH change from the alkaline to
the slightly acidic region, at a constant temperature.
The fact that the transient-saturation type polymeriza-
tion does occur in the pH-induced polymerization is
shown in fig. 7. At a lower temperature, the time
course profile is a normal one. Thus, the transient-
saturation type polymerization is a general phenom-
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Fig. 6. (a) Polymerization time courses of NBS-modified
TMYV-protein (0.9 mg/ml) at pH 6.2, for various temperatyre-
jumps. The initial temperatures are 9°C for all cases, and the
final temperatures, T, are shown in the figure. (b) Concen-
tration dependence of the poly merization time course of
NBS-modified TMV-protein at pH 6.2 for a temperature-
jump from 9 to 30°C. Protein concentrations, cg, are 1.7, 0.9,
and 0.45 mg/mi. The ordinate is normalized to the concentra-
tion. The sample batch is different from that used for the
curves in (a).

enon associated with a rapid and large jump of extern-
al parameters from a depolymerized state to a highly
polymerized state.

In the pH-jump experiment the overall reaction is
more rapid than in the temperature-jump experiment,
tisough the final condition is the same. Moreover, the
final turbidity reached is lower. The difference in the
state of the protein in the initial state (pH 7.5, ionic
strength 0.002, and at 25°C in the pH-jump, whereas
pH 6.5, ionic strength 0.1, and.at 4°C in the tempera-
ture-jurmnp) m.y be invalved here, though the protein
is completely depolymerized below :he level of the
trimer in both cases.

The protein brought to a pH level of 6.5 in the pH-
jump experiment had the same nature once its tem-
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Iig. 7. Polymerization time courses of TMV-protein for a pH-
jump. The conditions of the initial solution were: TMV-
protein 1.2 mgfml, {onic strength 0.002, pH 7.5 and at the
controlled temperature indicated in the figure. To this,
phosphate butfer with a volume 1/5 that of the initial selution
and with an ionic strength of 0.6, was added to reach the

tinal conditions: TMV-protein 1.0 mg/ml, tonic streneth 0.1
and pH 6.5.

perature was brought to 4°C as that prepared at pH
6.5 and at a constant temperature of 4°C; the former
protein showed a typical transient-saturation type
polynerization profile as well as the latter one for the
temperature-jump from 4 to 25°C at pH 6.5 as shown
in fig. 2.

3.2. Electron microscapy

2.2.1. Comparison of the sample gridd preparation
methods

Turbidity reflects the weight average molecular
weight of the polymers corrected for the particle dissi-
pation factors. But it cannot be used to describe the
precise distribution pattern of the molecular weight,
e.g., whether it is a single-peak distribution or two-
peak one. As a result, we examined by electron micro-
scapy the distribution of the polymers after a temper-
ature-jump.

In spite of the advantage of obtaining a distribution
of polymers, there are disadvantazes in electron micro-
scopy that samples must be dried. and stained or
shadowed. The fact that short or long polymers are
not selectively adsorbed or detached from the grid
surface under the rinsing process, and that the length
of the polymers do not change under an acidic condi-
tion of the staining solution, was tested as follows.

It was found that a large number of very short
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I'ig. 8. Length distribution of TMV-protein particles obtained
by the two different electron microscape grid preparation
methods. The TMV-protein solution (1.0 mg/ml) at pH 6.5,
was very slowly (rising time of several minutes) warmed from
4 to 25°C. Atter about 25 min, one part of the solution was
applied to the electro microscope grid, rinsed and stained
(full line). The other part was sprayed by a nebulizer and
shadowed (dotted line). The lengths were measured in steps
of 110 A for shorter particles (left part of the figure), and
1100 A for ionger particles (right part). The total number of
the particles measured was 932 for rinse-stain method, and
428 for spray-shadow method.

polymers and a small number of long polymers were
formed when the temperature of the TMV-protein
solution was very slowly (rising time of several minutes)
raised from 4 to 25°C. This state of polymer distribu-
tion was examined by two different ways in preparing
the clectron microscope sample grid. The results are
shown in fig. 8. One is a rinse-stain method, and the
other is & spray-shadow method. In the latter method
there are two advantages. First, all the particles pres-
ent in the solution are transferred and preserved on
the grid. Second, as the diameter of the solution
droplet sprayed from a nebulizer onto the grid is very
small (120 u, directly observable in the electron
microscope image field) and the droplets of these
diameters dry rapidly (about 0.1 s}, the change of the
particle length due to additional reactions is small
[24].

On the other hand, there are also some difficulties
in this spray-shadow method. First, phosphate buffer,
not being volatile, was deposited, and made it difficult
to measure the lengths of the polymers among it. The

dilution of the sample solution with a volatile buffer
before spraying is not suitable for the concentration
dependent and reversible reaction system as in the
present case. Second, the lengths of the particles were
measured to be long as compared with those prepared
by the rinse-stain method, perhaps because of the
granularity and the piling-up effect of the shadowing
material. Third, in the concentration range used in this
study, the density of the particles, as sprayed down to
the grid, was too high and particles were not so well
dispersed.

The results in fig. 8 show that as far as relatively
short particles are concerned the preservation of the
polymer distribution in the rinse-stain method is
rather good considering the eftect of the increase in
the particle size in the spray-shadow method. We used
the rinse-stain method in the present study.

3.2.2. The change in polymer distribution

One set of electron micrographs of TMV-protein
polymers formed during the time course of the
transient-saturation type polymerization is shown in
fig. 9. From this and many similar ones the length dis-
tribution of the polymers is obtained and shown in
fig. 10 (a). At the time when the transient-saturation
occurs (about 20 s), a large number of short polymers
having a narrow peaked distribution is formed. The
weight average length is 710 A, and is about 47% of
that at 60 min (1520 A). In the midd!e of the second
phase (10 min), the distribution is shifted toward the
longer length region. At 60 min after the temperature-
jump, a broad peaked distribution centered at a length
of about 1300—1400 A is attained.

In the case of NBS-modified TMV-protein, the
above characteristics for TMV-protein is less marked
as shown in fig. 10 (b). First, at 20 s after the temper-
ature-jump, longer particles are formed than in the
case of TMV-protein, and the distribution is more
broad. Second, the shift of the distribution to the
longer length region at 10 min is less marked. After
60 min, longer particles are formed than in the case
of TMV-protein.

Thus, TMV-protein under the temperature-jump
from 4 to 25°C produces many short polymers at
first, and then longer polymers are formed. This is a
clea; contrast to the situation in the overshoot polym-
erization, and shows that nucleation is easy in the
transient-saturation type polymerization. On the
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Fig. 9. Electron micrographs of TMV-protein particles formed
during the time course of the transient-saturation type poly-
merization. A temperature-jump from 4 to 25°C was applicd
to the TMV-protein solution (1.0 mg/ml) at pH 6.5. After

20 s (1), 10 min (b), and 60 min (c). clectron microscope arid
was prepared as described in the teat. The bar indicates

3600 A.
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Fig. 10. (a) Length distribution of particles of TMV-protein (1 mg/iml) after a temperature-jump from 4 to 25°C at pH 6.5.
Lengths were measured in steps of 110 A for the distribution at 20 s (------- ) and 10 min (- — <), and 145 A for that at 60 min

( }. The ordinate is normalized in such a way that X i2; is equal for all three distributions, where i specifies the length class,
and n; is the number of particles in the ith class (including the corrections due to the difference in the ¢lass width). At 20 s, two *
distinct distributions obtained by the same procedures, but using differeni batches of proteins, are shown; (2) and (e). Total num-
bers of particles measured were 393 (), 459 (), 424 (- — -), and 892 (- —-). Inset: Time course of the spectrophoromerrically
measured turbidity increase under the temperature-jump ( ), and the turbidity values calculated from the length distributions
in this figure (). (b) Length distribution of particles of NBS-modifi=d TMV-protein (0.9 mg/ml) at pH 6.2 after a temperature-
jump from 9 to 30°C. Other details are the same as in (a). For the distribution at 60 min, lengths were measured in steps of 330 A.
Total numbers of particles measured were 853 (----- ), 374 (- — ), and 221 (-—). The insct is the same as in (a).

other hand the fact that NBS-modified TMV-protein
produces [onger polymers than in the case of TMV-
protein can be explained by its difficulty in nuclea-
tion. But it was kinetically not so slow as to give the
overshoot type polymerization.

These results are based on the distribution data of
side-on polymers. As shown in fig. 9, an end-on setting

3.3. Compuzer simudation

3.3.1. Reaction scheme

We consider the addition polymerization scheme
containing three distinct reaction steps; nucleation,
elongation, and termitation as follows:

4
of polymers is frequently observed among side-on Nucleation: M = P,
- k?. -
polymers. The number fraction of the end-on poly-
mers are about 30%. To know their heights, negatively ) ks .
. . E : - = , 2L
stained grids were further shadow casted. The results longation:  P; + M ks Pit1 (2<i<9)

showed that the mean height was below 100 A. End- &

on polymers with nearly the same length of shadows Termination: Pg+M = Pio -

as side-on polymers were only rarely found. From ka

this fact, the weight fraction of the end-on polymers Here, the nucleus is composed of 2 monomers, and
can be estimated to be below 3%. X, and £, are its formation and dissociation rate con-
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stants, respectively; X 3 and k4 have the same meaning
as defined in section 3.1.3. Further we define £ =
kylky and K = k3/k4 as the equilibrium constants for
nucleation and elongation, respectively.

In an actual TMV-protein system, the maximum
fength of the polymer is not definite. Mainly because
of the long computing time involved, we took the
degree of polymgrization of the largest polymer to be
10, and that of the nucleus to be 2. This ten-compo-
nent polymerization system is very smali in size as
compared with an actual TMV-protein system, but the
essential features characteristic of a system which con-
tains nucleation and monomer-addition reactions will
be observed with this simulation system.

3.3.2. Statics

The equilibrium value of the weisht average degree
of polymerization, (M), as a function of K, with the
parameter K, is shown in fig. 11. When the nuciea-
tion reaction is difficult (K = 0.6 K), the polymeri-
zation reaction begins at a higher value of K than in
easy nucleation (K, = K). At a still higher value of K,
(M., is greater in the case of difficult nucleation than
in easy nucleation. The former phenomenonisa
natural result which has already been shown theoreti-
cally [26], but the latter appears to be due to the
limitation on the maximum length of the polymer. By
examining the equilibrium population of each polymer
at higher values of K it is seen that when nucleation is
difficult, at the expense of a poor population of nuciei
and short polymers, long polymers are formed more
than when nucleation is easy. Because the contribu-
tion of the long palymers to the weight average
molecular weight is dominant, it becomes greater
when nucleation is difficult.

3.3.3. Kinetics

The time courses of the increase of (M), under the
jump of the value of K with different degrees of ease
of nucleation are shown in fig. 12 (a), (b), and (c).
In an actual TMV-protein system with a temperature
change from 4 to 25°C, k3 changes greatly in magni-
tude from about 100 to 107-8 M~1 5~ whereas k,
changes a little from about 100 to 10— s—1. In the
simulation, &k, is taken to be constant, 1 s~ and k 3>
which is then equal to the equilibrium constant K, is
taken to vary from 100 to 105-8 M-15-1,

In the case when nucleation is easy (ky = k3,

10+ P\_\:OE,K
" =K
ar
Z el
=z L
5L

D L. . 1 31 L r L L 2 J
o 2 & & 8 10
ch10t(

Fiz. 11. Calculated curves showing the weight average degree
of polymerization, (M )y, as a function of the logarithm of
the equilibrium constant for polymerization, tog oK

(= logyalkafka)), in a 10component system. Two cases with
different equilibrium constants for nucleation, K, are shown.
The concentration of the monomers, cg. is 1073 M. The
abscissa has approximately a linear rclation with temperature,
if the temperature rangc is small. and corresponds to the tem-
perature axis in fig. 1. The arrows point to the final states for
the jumps in the value of K. In the initial state, only mono-
mers are present. The time courses of the increases of (M),
for these jumps are shown in the following fisures.

fig. 12 (a)), the time course profile comes to be com-
posed of two phases as the final value of K becomes
greater. The first phase is a rapid increase of (M),
and it suddenly stops at a value of (M), considerably
lower than that at the equilibrium. The second phase
is a slow increase to the final equilibrium value. On
the other hand, when nucleation is difficult as com-
pared with elongation (k; = 0.6 &5, fig. 12 (b)), the
change of the time course profile to the fwo phase
type was not observed. Irrespective of the final value
of k3, (Af), increases smoothly to the final equilib-
rium value,

Next. as shown in fig. 12 (¢), when &k, is varied
from high to low value with k4 left at a constant
value, two types of the time course profiles of (M),
increases are obtained; the transient-saturation type
when nucleation is easy and the transient-overshoot
type when nucleation is difficult.

Nucleation becomes difficult also when the disso-
ciation of the nucleus is easy, as in the case of the
polymerization reaction of actin [25]. Further simu-
lations changing the value of k5 as compared with kg4,
and leaving the value of & equal to &3, have also
been performed. The disappearance of the transient-
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saturation and the appearance of the transient-
overshoot were also shown as &k, was made greater.

3.3.4. Population change in the polynicrization
reaction

The mechanism which causes the above mentioned
two types of polymerization profiles can be under-
stood by examining the population changes of the
monomers and polymers as shown in fig. 3. First,
when the transient-saturation occurs (fig. 13 (a)), the
population of the monomers decreases rapidly and
morcover undershoots slightly below its equilibrium
value, and a peaked distribution of short polymers is
formed. Afterwards, accompanying the slow increase
of (M), in the second phase, a peaked distribution
of short polymers diffuses into an exponential type
distribution, producing long polymers. And the popu-
lation of the monomers remains almost constant at

10_((:) IO _____________ Eq..
B'F 1o
| ky <10°
6-
A; -
>
v LL
21
0 R " L i . \\.\r..al_-\\-———l
0 1 2 i 4 5 10
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IFig. 12. (a) Calculated time courses of the increasc of {AM )y,
in the case of easy nucleation. &y and &3 are equal, and have
values 105, 10%, 107 and 10% M™? 571, k5 and &4 arc both
equaltiol sl cg =105 M. When ky =k5 =105 M 172,
{A ) transiently saturates with a value of 3.43 at 7 =0.01 s,
whercas the equilibrium value (“Eq.” in the figure) is 8.79.
The time axis cannot be compared directly with that in fig. 2
or athers, because of the small size of the polymerization
system for the simulation. (b) Calculated time courses of the
increase of (A )y in the case of difficult nucleation. Rate con-
stants: k3 = 103, 10%,107,108 M1 57l %, =0.6 k3 in all
cascs,and k1 = kg = [ s78; g = 107% M. (¢) The change of
the time course profile of (), sccompanying the change in
the difficulty of the nucleation reaction. Rate constants:

k3 =10% M™? 57! throughout, k¢ =106, 107,108 M~! 571,
and ks =ks = 1 57}; cg = 1075 M. Transient-saturation type
polymerization profile (5 = 108 M™? 5s71) js the same as in
(a); in the case when k&, = 10% M™T <"l transient-avershoot
maximum in (M) occurs at r = 1.50 s with the value of
9.80, whereas the equilibrium value is 9.46G.

the equilibrium value. Second, when the transient-
overshoot occurs (fig. 13 (b)), the population of the
monomers monotonously decreases to the equilibrium
value, whereas the population of the longest polymers
transieritly overshoots slightly above the equilibrium
value and causes the overshoot-maximum in (M),,.
Here, it must be pointed out that this overshoot may
be produced by the boundary condition of the present
simulation that the maximum length of the polymer
is set to be finite. An important point is the fact that
once a polymer is formed, it grows into a longer one,
and does not stop growing at a short length.

3.3.5. Polymer-polymer association reaction

As described above, the addition-polymerization
scheme can explain the mechanism which causes the
transient-saturation in the increase of {(}M),,,. But it
turned out that under the scheme, the time courses
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Fig. 13. Calculated changes in populations of poly.~c ¢ in the time courses of polymerization reactions in two cases shown in fig.
12 (c}. The ordinate is the logarithm of the populai.on of polymers. The parameter, 1, is the time after the start of reaction. At

t = 0, only monomess are present, and ¢; = 1075 M. (@): transient-saturation type; &; = 108 M}

s”!. The population of monomers,

1, becsmes smaller than that at equilibrium at ¢ = 0.023 s and reaches a transient-undershoot minimum at £ = 3.2 s with a value of
11 x 1078 ¢y, eq. = 1.56 X 1072). (b): transient-overshoot type; ky = 10% M~ 51, The population of 10-mer reaches a transicnt-
overshoot maxnmum with a value of 9.3 X 1077 at £ = 0.625 s (¢ o eq. =6.52 X 10""’)

of the increase of (M), in the second phase for
various protein concentrations were nearly the same,
and the experimentally observed concentration depen-
dence which is shown in fig. 4 could not be simulated.

The initial rate of the turbidity increase in the
second phase is approximately proportional to the
second power of the protein concentration. [t is also
proportional to the second power of the number con-
centration of the polymers formed at the time of the
transient-saturation, if the average degrees of polymeri-
zation for different protein concentration are nearly
equal at that time. This fact suggests that polymer—
polymer-association reactions take place in the second
phase.

A simulation of the time courses of the increase of
(M}, at various initial monomer concentrations when
polymer-polymer association reactions are included is
shown in fig. 14. To the reaction scheme in section
3.3.1. the following one is added:

ks

P.+P, ==
 § 7 k{;

»

P‘H"i I,f;:"'v'z, i-é'f&‘;.l().
The results show the expected dependence of the
initial slope in the second phase on ¢g.

The differences between the experimental results
and that of the simulation are the following two

points. First, as previously described in section 3.1.2_,
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Fig. 14 Cafculated time courses of the i mcrease of (M 3y at
various concentrations (cg =2 X 1073, 1 X 1075 and 0.5 X
1075 M) when polymer—polymer association reactions are in-
cluded. Rate constants: inall cases, ky = &5 = 10% M~ 57T
ky=ka=1s"% kg=10%M1 sdand kg = 0 s71. The initial
rates of the increase in (M), in the second phase are 18.6,
10.0 and 5.4/s for co = 2.0, 1.0 and 0.5 X 1073 M respectively.
These are approximately proportional to the second power of
cg when multiplied by ¢ (the value corresponding to the
turbidity). When k5 = 0, there is no appreciable concentration
dependence and these three curves agree closely within the
line width.

the degree of polymerization when the transient-
saturation occurs decreases with increasing protein
concentration in fig. 4. This fact suggests that in an
actual TMV.protein system the number of monomers
composing the nucleus is greater than two [31].
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Second, the existence of the inflection point in the
second phase is not simufated. Discussions will be
given about this point.

4. Discussion

4.1. The relation of the present result with the
polymerization reaction of actin and that of myosin

Among the established mechanisms of the kinetics
of the polymerization reaction of protein, theoretical
studies by Qosawa and Kasai [26] and Oosawa [27],
and experimental works by Kasai [28] and Kawamura
and Maruyama {29f on ihe wolymerization reaction
of actin are closely related with the present work.
Oosawa [27] showed that the polymerization reaction
fraving the characteristics of crystallization consists of
three sfages; nucleation, growth, and redistribution of
the polymer size. [n the first and second stages, the
concentration of monomers decreases and approaches
closely the equilibrium value, €3,e0q.° If, a spontaneous
nucleation is inhibited and the polymerization takes
place by the addition of monomers to pre-existing
seeds, a Poisson type peaked distribution is attained.
In the third stage, the size distribution of polymers is
slowly transformed into an exponential type in the
same way as a diffusion process. The change of the
type of the distrbution of polymers in the polymeri-
zation process as predicted above was in fact observed
experimentally by Kawamura and Maruyama by an
electron microscopic study of the polymerization
reaction of F-actin transformed from Mg-polymer
[29]. It was also computer-simulated [30].

In the case of a spontanecus nucleation, an ap-
proximate formula for the time course of the change
of the population of monomers participating in
polymers, £{¢}, has been given by Oosawa and Kasai
when the polymerization reaction is irreversible [26].
It predicts that the time course profiles of £(7) for
various solvent conditions are similar; they can be
superimposed, when normalized to the total protein
concentration, by a translation parallel to the log-
time axis. Thus, the change in the type of the polymer-
ization profile does not exist, and this was indeed the
case when the polymerization reaction of actin was
induced at various KCI concentrations and at various
temperatures [28].

In the present work, it was found that the time
course profile of the turbidity increase became the
transient-saturation type when a rapid environmental
change was made to that corresponding to the ex-
tremely polymerizing conditions. The transient-
saturation was also predicted to occur under the addi-
tion-polymerization scheme by the simulation study.
The mechanisms causing this type of polymerization
revealed in the present work are as follows. First,
accompanying the large and rapid environmental
change favoring polymerization, a large number of
nuclei are formed relatively casily and more than at
equilibrium. This leads both to the peaked distribu-
tion of short polymers and to the rapid reduction in
the concentration of the monomers to the final equi.
librium value. These two correspond to the rapid in-
crease in the turbidity and its transient-saturation,
respectively.

The absence of the transient-saturation in NBS-
modified TMV-protein can be explained by its diffi-
culty in the nucleation reaction. And this difficulty
apparently correlates with the fact that this protein
cannot make a disk structure in the neutral pH region.
But the question of what is the nucleus in the poly-
merization reaction in the mild acid region has not
been solved.

The first phase in the transient-saturation type
polymerization has the same nature as that in Oosawa’s
theory. But, the second phase is different from the
redistribution phase in Qosawa’s theory. In the latter,
a redistribution occurs through the depolymerization
and repolymerization of the polymerizing unit at the
end of polymers. As kg ~ k3 o4 at this stage, the
number of polymers remains constant, and so does
the number average degree of polymerization. In the
present case, however, the first transient peak distri-
bution is slowly shifted to the longer length side. The
number average length of the polymers calculated
from the distribution data in fig. 10 (a) is shifted
from 600 A at 20 5 to 1250 A at 10 min. The elonga-
tion of the polymers which are formed in the first
phase by the addition of the unreacted free monomers
cannot explain this shift, because the number of he
free monomers at the end of the first phase, when
estimated from the degree of agreement of the calcu-
lated turbidity values with the measured one (fig. 10
{2)). cannot be so great as to afford this shift.

These facts and the experimentaily observed depen-
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dence of the polymerization profile on the protein
concentration can be explained by the assumption
that polymer—polymer association reactions take
place. If the polymer—polymer association reactions
are considerably slow as compared with the monomer-
addition reactions (k5 <€ k), the transient-saturation
occurs as well as when only the monomer-addition
reactions take place. Short polymers which have been
formed before the transient-saturation occurs associate
with each other and tonger polymers are produced
slowly . Of course, no transient-saturation was ob-
served in the simulation when the polymer—polymer
association reactions took place with a rate comparable
to that of the monomer-addition reaction (k5 =~ k3)-

The existence of the inflection point in the second
phase could not be explained by the scheme which
includes the polymer—polymer association reactions.
One possibility to explain this is to introduce two
conformations in the polymer state. Assuming that
the short polymers which have been formed before
the transient-saturation occurs cannot associate with
each other, but that they can associate after they per-
form a conformation change, the inflection was found
to be simulated well. But this assumption, on the
other hand, made the concentration dependence of
the initial slope in the second phase weaker than the
second order. Moreover, a temperature-jump circular
dichroism measurement could not have detected such
a conformation change. Thus, this problem remains
1o be solved.

After the polymer—polymer association phase, the
distribution becomes broad. Though this broadening
seems to have a similar nature as the redistribution
process in Qasawa’s theory, it was found that the dis-
tribution did not become an exponential type after
fwo days.,

The formation of a peaked distribution was through
a spontaneous nucleation in the present work. Similar
situations have been shown in the polymerization
reaction of myosin [32,33]. The formation of myaosin
filaments was achieved spontaneously by lowering the
KCl concentration (by dilution or dialysis). The pH
and the ionic strength of the solution determined the
size and the other features of myosin filaments. It is
further known that the length distribution of filaments
was dependent on the speed of the lowering of the
KCl concentration [34 35]. When the filaments were
made by a fast dilution (dilution time below one

second), they were short (average length of about
0.5 ) and comparatively uniform in length. On the
other hand when they were made by a slow dilution
(dilution time of several minutes), they were hetero-
geneous in length (from about 0.2 to 2.0 u), and both
short and long filaments were formed. These length
distributions did not change, at least for two days.
The first point, the spontaneous peaked distribu-
tion formation of myosin under a rapid environmentat
change, is also seen in TMV-protein. But, in the present
case, the first transient peaked distribution shifted to
longer lengths and also broadened in the second phase.
The second point, a hetcrogeneous distribution forma-
tion under a slow environmental change, is also seen
in TMV-protein (fig. 8}. Regarding this point, our
recent finding is that under a temperature-jump from
4 to 16°C, very long polymers (=1 y) are formed after
several minuies. And the result in fig. 3 can be ex-
plained if this fact is also taken into consideration;
i.e., under a slow temperature change from 4 to 25°C,
long polymers are formed when the temperature of
the solution is relatively low and as it increases, short
polymers begins to be formed.

4.2. Transient-overshoot type polymerization

Scheele and Schuster reported that in the polymeri-
zation reaction of TMV-protein a transient-overshoot
in the molecular weight occurred when the tempera-
ture of the solution was rapidly raised from 4 to 20°C
at pH 6.5 [8]. By means of a computer simulation,
they showed that if the polymerizing system involved
a slow nucleation step and subsequent fast propagation
steps, the latter steps would result in the population
of longer polymers higher than at the equilibrium,
and a transient-overshoot in the weight average degree
of polymerization occurs.

We could not observe this effect by turbidimetry
in the concentration range from 0.5 10 2.0 mg/ml. At
present, the precise experimental conditions (the
method of temperature change, that of measuring the
extent of polymerization, or the concentration of the
protein) in the study by Scheele and Schuster are not
known, and a comparison with those of the present
one cannot be made.

Recently Adiarte et al. showed that an overshoot
type polymerization did occur in their stopped-flow
experiment; the disk formation reaction after a pti-
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jump from pH 8 to 6.9. In their experiment a transient-
overshoot in the decrease of transniittance was ob-
served when the concentration of the protein was
higher than 3 mg/ml. Their results contrast with the
present one shown in fig. 3 in two aspects; the extent
of polymerization (much greater in the present case)
and the profile of polymerization (transient-overshoot
in their results and transient-saturation in the present
work).

The first aspect has already been described in
section 3.1.1. Regarding the second aspect the differ-
ences in the experimental conditions must be con-
sidered; the initial state of the protein (K-phosphate,
pH 8, ionic strength 0.1, T>>20°C, and K/Na-
phosphate, pH 6.9, ionic strength 0.1, T= 11°C), the
composition of the buffer (K-phosphate plus 0.1 M
KCl/0.006 N HCl, and K/Na-phosphate), the concen-
tration of the protein, and the strain of TMV. The
former two may be of minor importance. The latter
two seem to be important. Especially, regarding the
concentration, the results of the simulation by
Scheele and Schuster show that no overshoot occurs
when the initial monomer concentration is below a
certain level. The clarification of this point will need
further experiments on this line.
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Appendix
In this appendix, the relation used in section 3.1.3.

is derived. The temporal changes of the molar concen-
tration of monomers, ¢y, and that of each polymer,

c;, in the monomer addition scheme are described as
follows:

dL’l {dr = -—k]_C[(Cl+C2+C3+...+Cio_l) + k2(2C2+C3+...+Cio)

— k3ey (e Ciper ¥ te ) T RA(Cq g Fpgap Tt £1)

dt’.‘z/df = klcl(cll'l —02) -—kz(c:}_ — (.'3)

des/dr = kyey(e; —€3) —kales —¢q)
¢))

dej fdr=kyc1c5y ) — K3€1€59 — KoC;, ¥ KaCipan
dci0+l/df = kSCl(cio - c;'u+[) - k4((."-0+1 - cioi:'!)

de;fdt =kye(e;_1 — ¢;) — kalc; — Cieq) -

Here, the nucleus is assumed to consist of /g mono-
mers, and the limit of the polymer length is not as-
sumed.

For simplicity, we put Ky = k3,and Ky = &,4. Then
the temporal change of the weight average degree of
polymerization, {i},,, is calculated as follows:

didy, d(2ai2c20ic;)  d(2T 2ejfeg)

Ji dr dr
A LiG-edeq) A2 icileg)
- dr N dr

d( 23 i(i—1)cilcq)
B dt =2

i(i—1)(dc;/dr)

2
= @)
Here, cq = Z ic; is the total concentration. Sub-
stituting (1) into (2) and after some rearrangement’

the final formula

didy [dt = kyc1(2 — ¢y feg) — 2kex(1 — Zl) eilco)

is obtained.

We consider the initial rate of the turbidity de-
crease when the environmental condition of the
polymer solution is rapidly changed to that favoring
depolymerization; k¢ <€ k5. If in'the initial state
only polymers are present, and the number average
degree of polymerization, (i}, = > ic‘-[E c; = cgl xz ;>
is high enough, then, d{i)_ /ds = —2k, at ¢ = 0. Tur-
bidity, 7, is given by He (M), where H is the optical
constant, ¢ is the concentration of proteins in g/ml,
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and (A1), is the weight average molecular weight.
Thus, the relation d7/dr = HcMpd{i), [dr = —2k,7g is
obtained, where My, is the molecular weight of the
monomer, and 7q is the turbidity of the monomer
solution. In the case when &) ¥ &3 and k5 # &4, the

relation d7/dr = —2& 47, for the initia! rate is obtained,

if ¢;’s (i < i) are negligible, and this relation is used
in the text.
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