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ABSTRACT 

Microtubules form weakly associated networks with many properties 

similar to networks of rigid rods. To study the in vitro polymerization 

of bovine brain tubulin, a Fluids Rheometer was used in the oscillatory 

mode. 

The maximum elastic modulus for microtubule networks in the 

standard PIPES buffer was observed to be proportional to the tubulin 

concentration over much of the investigated range. A maximum elastic 

modulus of 20 dynes/cm2 occurred at a tubulin concentration of 8 

mg/ml. At even higher concentrations, a decrease in the maximum elastic 

modulus was observed. Other additions to the standard buffer primarily 

affected the interactions between microtubules as opposed to shifting 

the overall polymer-heterodimer equilibrium. 90% deuterium oxide 

increased the maximum elastic modulus by a factor of 4, while 25% 

glycerol led to approximately a doubling in the maximum elastic modulus 

when compared to microtubule networks in the standard buffer. 

Microtubule associated proteins (MAPs) were shown to inititate the 

formation of microtubules when added back to purified tubulin 

solutions. Even though more microtubules were formed as the MAPs were 

added, the elasticity decreased with increasing MAPs additions because 

shorter, more numerous microtubules were present. 

The interactions between bovine brain tubulin and rabbit muscle 

actin were also investigated. The resulting networks were found to be 

extremely strain sensitive but had elastic moduli considerably greater 

than the sum of the individual components. 



m 

The MAPs fraction was found to cross-link actln filaments with the 

maximum interaction occurring at 0.3 mg MAPs/mg actln, corresponding to 

1 mole of MAPs per 23 moles of actin. The extent of phosphorylation 

state of the MAPs also affected the interaction. At an actin 

concentration of 1 mg/ml, MAPs with a lower phosphate content would form 
O 

a network with a maximum elastic modulus of 400 dynes/cm . However, at 

approximately the same actin and MAPs concentrations the maximum elastic 

modulus from MAPs with a higher phosphate content was 25% lower at 300 
p 

dynes/cm . 
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I. INTRODUCTION 

Microtubules have been a topic of interest in cell biology since 

the late eighteen hundreds. A primary emphasis of those days was the 

study of mitosis with whatever available means. Fortunately, the astral 

rays of the mitotic spindle can be visualized with a microscope, the 

primary investigative tool of these early researchers. 

With the introduction of the electron microscope and new ideas on 

cell structure and cellular biochemistry, many advances in studying the 

mitotic apparatus were achieved. In the 60's, the filamentous nature of 

the mitotic apparatus was verified and the first evidence of an 

equilibrium between a soluble subunit and the polymeric structure of the 

spindle fibers was proposed. In the 70's, microtubules were 

successfully assembled in vitro. Since this time, a great deal of work 

has been devoted toward studying microtubule functions and factors 

affecting assembly. In recent years, the emphasis has shifted toward in 

vivo studies where results and principles derived from in vitro work can 

be applied or tested. 

Over the years, many functions have been linked or attributed to 

microtubules. As previously stated, the importance of microtubules 1n 

mitosis has been known for some time. More recently, the importance of 

microtubules in the cytoskeleton and their possible interactions with 

other structures, namely microfilaments and Intermediate filaments, has 

received some well deserved attention. The primary focus of these 

studies is to elucidate the mechanisms involved in force production or 

1 
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transduction in cells. Granule movement, mitosis, phagocytosis, exo- 

and endocytosis, secretion, transport, cytoplasmic streaming, and other 

forms of cell motility have been and continue to be intensely studied. 

Microtubules have also been implicated in sensory transduction and 

axoplasmic transport. Undoubtedly, microtubules will be linked to other 

cellular functions as our understanding and knowledge of the complex 

interactions occurring within the cell develops. 

1.1 Physical Properties 

In its depolymerized form, the subunit of microtubules exists as a 

heterodimer consisting of a and 3 tubulin. Both subunits are reported 

to have approximately the same molecular weight of about 55,000. 

Apparently, tubulin is a highly conserved molecule as various 

investigators report similar molecular weights for rat, porcine, and 

calf brain microtubules. Also, the amino acid sequence of the subunits 

has been compared between different species. It has been found that the 

sequences closely resemble each other or are identical between 

the a tublins or between the 3 tubulins for sea urchin and chicken brain 

tubulin*, once again indicating its conserved nature. 

The heterodimer of tubulin has at least four sites where 

nucleotides or inhibitors can be bound. Of primary importance are the 

two guanosine nucleotide binding sites. One of these sites allows 

guanosine trlphoshate (GTP) to freely exchange with the medium but has a 

high affinity for GTP as opposed to other nucleotide triphosphates. It 

is referred to as the exchangeable GTP site. At the other guanosine 

nucleotide binding site, guanosine diphosphate (GDP) is tightly bound. 
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This site is referred to as the nonexchangeable site. Colchicine, a 

potent microtubule inhibitor, shares a third binding site with 

podophyllotoxin, a naturally occurring inhibitor. The vinca alkaloids, 

naturally occurring inhibitors Isolated from periwinkle and many other 

sources, have yet a fourth receptor site on the tubulin heterodimer. 

Assignment of these binding sites to one of the monomers has not yet 

been accomplished. 

Although certain microtubule variants exist, the normally occurring 

structure of microtubules is well known. The tubulin dimers come 

together to form a tubule with a diameter of 25 nanometers and a 

characteristic arrangement of 13 subunits when viewed in cross 

section. The length of microtubules may vary significantly and 

typically a distribution of lengths with a mean of five to ten microns 

is typically reported, depending on the conditions. Other abnormal 

forms of microtubules have been reported such as ribbons, double sprlals 

and sheets. Some of these may function as intermediates in microtubule 

assembly but are typically observed 1n vitro where solution conditions 

have been adjusted to favor these forms. 

1.2 Purification Techniques for Tubulin 

Two basic techniques or variations of them are- typically employed 

in the purification of tubulin. A technique originated by Shelanski and 

a similar one by Weingarten employed a physical means, namely 

centrifugation, to separate microtubules from solution'*»^. By 

polymerizing the tubulin, the microtubles can be pel letted and 

supernatant impurities can be discarded. The microtubules are then 



4 

resuspended in buffer, depolymerized, spun and cold stable microtubules 

or impurities are removed in the pellet. After several cycles, a 

relatively pure product is obtained. These types of techniques will 

often employ reagents such as glycerol or sucrose which will tend to 

stabilize the polymeric from and result in increased yields. 

Unfortunately, some investigators argue that these stabilizers may 

permanently modify the tubulin. It has been shown that the presence of 

glycerol in a preparation can result in a decrease in the high molecular 

weight fraction to tubulin ratio. Apparently, the glycerol tends to 

select against the microtubule associated proteins when present through 

several cycles of polymerization. 

The second purification technique is based on a chemical means of 

separation developed by Welsenberg6. In this technique, after the 

initial homogenization and removal of cell debris, the solution is 

fractionated through the addition of ammonium sulfate. Low 

concentrations of ammonium sulfate result in the precipitation of many 

contaminating proteins while high concentrations result in the 

precipitation of tubulin. An ion-exchange resin, DEAE-Sephadex is then 

used to further fractionate the sample, as tubulin is acidic and will 

adsorb onto an anion exchange resin. After elution with salts followed 

by desalting, the product is re-precipitated with magnesium chloride. 

The resulting product 1s quite pure. This method has the disadvantage 

that all tubulin molecules have been purified, both polymerization 

competent and incompetent ones. 
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1.3 Microtubule Associated Proteins (MAPs) 

MAPs are a broad class of proteins which co-purify with 

microtubules through polymerization cycles. These proteins have been 

shown to vary among species and cells both in amount and type. The high 

molecular weight components constitute the major portion of the MAPs, 

having molecular weights of 260,000-350,000. The Tau polypeptides 

consist of a group of four proteins with apparent molecular weights of 

58,000 to 65,000. Some investigators have suggested that the Tau 

proteins are proteolytic products of the high molecular weight 

proteins^. Other groups of MAPs may be isolated depending on the source 

of microtubules. 

MAPs can be seen in electron micrographs taken at high 

magnifications. They appear as small projections decorating the 

microtubules. Tubules formed in the absence of MAPs (but in the 

presence of stabilizing agents) will be smooth with no projections. 

While MAPs are not essential for assembly to occur, they have been shown 

to lower the critical concentration for assembly and also to affect 

nucléation and elongation rates^. Typically, glycerol or dimethyl 

sulfoxide (DMS0) are added to purified tubulin (with MAPS removed) in 

order to observe assembly. 

The functions of all of the various MAPs have not been completely 

revealed. However, it has been shown that in porcine brain the Tau 

factors are essential for in vitro nucléation of microtubules to 

occur^. MAP 2 and Tau can be phosphorylated which will reportedly 
O 

reduce the extent and rate of polymerization . On the other hand, it 

has also been shown that other polycationic materials will also 
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stimulate assembly^. Accordingly, some caution 1s required in 

interpreting in vitro polymerization studies as it is quite probable 

that important functions of MAPs may be outside the realm of 

polymerization control and are involved with other functions of 

microtubules. An example of this is in Pollard's work where it was 

shown that the phosphorylation of MAPs will also affect their ability to 

cross-1 Ink actin networks^. 

Some enzymatic activities have also been attributed to the MAPs 

fraction. A protein kinase activity has been found in relatively pure 

microtubule protein preparations. This enzyme is activated by cyclic - 

adenosine monophosphate (cAMP) and apparently will phosphorylate MAP-2 

and Tau proteins. A transphosphorylase activity is also frequently 

observed in crude tubulin preparations. This enzyme will use adenosine 

triphosphate (ATP) or GTP and transfer a phosphate group to the 

non-exchangable GDP site on tubulin. A GTPase activity is also commonly 

observed in microtubule protein solutions as GTP is converted to GDP at 

the exchangeable site upon polymerization^. 

The normal method of purifying MAPs is to use a cation exchange 

column, usually phosphocellulose. Most MAPs are basic proteins and will 

strongly adsorb onto a cation exchanger. Tubulin, due to its acidic 

nature will not adsorb. Elution is then accomplished with a buffer 

containing sodium chloride or potassium chloride. Another easily 

exploitable property of some MAPs is their heat stability. MAP 2 and 

Tau proteins can easily be purified by simply boiling a depolymerized 

microtubule solution and recovering the intact proteins from the 

supernatant. 
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1.4 Factors Controlling Assembly of Microtubules 

A great deal of knowledge has been accumulated about the assembly 

of microtubules in vivo and In vitro. In 1972, Welsenberg succeeded in 

the first reported evidence of in vitro assembly. His work showed that 

assembly could occur at 37°C 1n the presence of 6TP and magnesium. More 

importantly, he showed that the inclusion of a calcium chelating agent, 

ethylene glycol b1s( 0-aminoethyl ether) -N,N'-tetraacet1c acid (EGTA), 

was crucial in buffer formulation. A shift to 4°C was also shown to 

favor the depolymerized forms of tubulin. 

Much work has focused on the extent and rate of assembly of 

microtubules, as well as the various intermediates involved. As in 

polymerization studies on other proteins, the normal phases of 

initiation and elongation are occurring. Borisy and other investigators 

observed the appearance of disks in depolymerized microtubule protein 

solutions^. It was shown that when the disks were removed from 

solutions of purified tubulin (no MAPs present) no assembly would 

occur. Assembly or nucléation would only occur in the presence of MAPs, 

which may lead to the formation of disks, or if the disks were added 

back to the purified tubulin. Elongation of existing microtubules on 

the other hand can occur without the disks or MAPs being present. In 

vivo, other structures are responsible for Initiation of polymerization, 

namely flagella, centrioles and microtubule organizing centers. 

Accordingly, the presence of disks may be an in vitro artifact. 

Microtubules exhibit a polarity of structure, which is to say there 

is a specific polymerization end and a depolymerization end. Even when 

the tubules have come to equilibrium, a treadmilling of dimers in vitro 
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1 ^ has been frequently reported . 

Another property common to tubulin and other proteins undergoing 

polymerization is the requirement that a critical concentration of 

dimers be present before polymerization can occur. Below this 

concentration no polymerization is seen. Values from 0.2 to 0.3 mg 

tubulin per ml are typically seen in the literature5. 

The effects of solvents which stabilize microtubule formation has 

also been investigated. Glycerol, DMSO and deuterium oxide (DgO) all 

favor polymerization, presumably by stabilizing the formation of dimer- 

dimer bonds over water-dimer bonds. D2O has been used in numerous 

studies as it drastically promotes polymerization. Typically D2O has a 

stabilizing action on microtubules, but it may also modify, interfere 

with or completely block some cellular functions associated with 

microtubule activity. 

The formation of microtubules is also sensitive to pH and other 

factors. The optimum pH has been reported as 6.9, but some 

Investigators have reported different values, depending on the source of 

tubulin. Murphy, for instance, recommends pH 6.62 for isolating bovine 

microtubules1^. 

Calcium has a pronounced effect on in vivo microtubules down into 

the micromolar range. However, purified microtubules show no inhibition 

by calcium until the millimolar calcium range is reached15. Present 

theories on this phenomenon suggest that the calcium effect on 

microtubules is controlled by a separate protein with a high affinity 

for calcium. Presumably, in the purification process it is not being 

selected for, so its concentration is greatly reduced in the purified 
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product. The primary calcium binding protein usually referred to in 

this context is calmodulin1**. 

Colchicine is probably the most frequently encountered microtubule 

inhibitor. A 10 micromolar concentration is sufficient to completely 

block polymerization of concentrated tubulin solutions. Colchicine 

binds to the heterodimer very strongly at 37°C but doesn't bind at 

0°C17. Once bound to the tubulin dimer, the complex is effectively 

removed from solution. Other researchers who have studied the effects 

of colchicine have shown that colchicine cannot interact with the 

tubulin incorporated in microtubules. These studies tend to promote the 

idea that the colchicine binding site is one site of protein-protein 

interaction between the heterodimers or is adjacent to the actual site 

and covered in intact microtubules18. Colchicine 1s often used in 

conjunction with other tests to implicate microtubules in a particular 

cellular function even though it is known to cause other biological 

changes. Also, several colchicine binding sites have been discovered in 

various cell types and organelles19. This may be an indication that 

microtubules interact with these sites. 

1.5 Techniques Used in Studying in Vitro Polymerization 

Several techniques are used to follow in vitro polymerization. The 

most common are: turbidity, electron microscopy, viscosity and 

sedimentation. More than one method is often employed, as each method 

has its own advantages. A brief discussion of these follows. 

Turbidity is the most commonly used method due to the prevalence of 

spectrophotometers in modern laboratories. Any wavelength where a 
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sample has little or no absorbance can be used, but most Investigators 

select a wavelenth around 350 nm for microtubule protein solutions. It 

has been shown that the increase in turbidity is directly proportional 
20 to the increase in the weight concentration of the polymer , which is 

useful for kinetic studies. Turbidity has the advantage that it can be 

continuously monitored and can use a relatively small amount of 

protein. Probably the largest disadvantage of turbidity measurements is 

that tubulin dimers may aggregate or associate under some conditions and 

not form microtubules. These aggregates may be mistaken for 

microtubules as they will lead to an absorbance of the Incident light. 

Transmission electron microscopy is often used to verify 

microtubule formation. This technique has the advantages that 

microtubules are positively identified and length distribution studies 

can be performed. Their primary disadvantages are that they cannot 

continuously monitor polymerization and they do not indicate or depict 

the true physical Interactions between filaments. 

Sedimentation studies can yield similar information as turbidity 

measurements, only not in a continuous mode. In this method a 

polymerized sample is pelleted and the protein content of the pellet and 

supernatant is determined. Sedimentation can also be done in various 

gradients to separate polymers based on size or shape. In general, 

sedimentation studies suffer from the limitations that they are not 

continuous and additional analysis is usually required. 

Viscosity measurements are frequently employed to follow 

polymerization of more concentrated samples. The type of viscometers 

used are relatively inexpensive and easy to use but they suffer from 
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several drawbacks. First, the shear rate is not defined and certainly 

is not kept constant. Since microtubule gels are non-newtonian fluids, 

they are extremely shear rate dependent. Secondly, disruption of the 

gel is Inevitable so network formation cannot be continuously monitored. 

A much more sophisticated technique to follow the polymerization 

process is the use of a rheometer operating in the dynamic oscillatory 

mode. This technique embodies several advantages of the other 

methods. First of all, the network is not exposed to large strains 

during the measurement process. Secondly, the network formation can be 

followed on a continuous basis and the actual material parameters can be 

obtained. The major drawback of this technique 1s that typically more 

protein is used than in other methods and the equipment can be quite 

expensive. 

1.6 Interactions between Microtubules and Actin 

A mechanism to explain the motive force behind many events in which 

microtubules are Involved has been sought for quite some time. 

Investigators have proposed several models to explain these phenomena. 

The polymerization of microtubules has been shown to provide a pushing 

pi 
force , so presumably the opposite must also be true. Other mechanisms 

typically involve a dyenin like protein which will function as an ATPase 

and supply the energy for movement. Dyenin is an ATPase found in 

flagella and is responsible for the conversion of chemical energy into 

mechanical energy in these systems. 

Yet another hypothesis is that microtubules and actin filaments may 

Interact, with actin-myosin ATPase interactions providing the motile 
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force. Pollard and h1s coworkers have demonstrated that actin and 

microtubules will form high viscosity solutlons^*^»^. More 

importantly, it has been demonstrated that the MAPs fraction is 

responsible for the Interactions with actin. If the interactions 

between actin and microtubules can occur under physiological conditions, 

then a plausible explanation for a microtubule motive force can be 

made. The ultimate goal of in vitro studies like these would be to add 

myosin and the other required muscle proteins back to tubulin and actin 

solutions and look for interactions, or network contraction. 

Actin has been shown to form high viscosity gels when mixed with 

microtubule protein or the phosphocellulose MAPs fraction or the heat 

treated MAPs fraction. The major protein common to all of these groups 

is MAP 2. MAP 2 can also be phosphorylated which decreases its ability 

to form a gel. Other factors or conditions have been shown to effect 

this interaction. The optimum pH for MAPs-actin interactions has been 

shown to be in the range of 6.3-6.5. Some counterions will Inhibit this 

interaction more than others. Glutamate enhances the interaction more 

than equal concentrations of chloride. ATP has been shown to inhibit 

any cross-linking while C-AMP will enhance the interaction. 

On the whole, this work is still in the early stages of research as 

no in vivo studies have been reported. Also, actin has been shown to be 

cross-linked by a large number of molecules so the interaction with MAPs 

could be nothing more than a curious phenomenon with little in vivo 

significance. 
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1.7 Objectives and Approach 

The primary objectives 1n performing this work are to: 1) further 

characterize the polymerization of tubulin by using a Fluids Rheometer 

operating the dynamic oscillatory mode, 2) develop a descriptive and 

practical model describing the polymerization of tubulin, 3) evaluate 

the affects of MAPs as monitored by the rheometer, and 4) study the 

interaction between actin and MAPs. 

The principal tool in these studies will be the Fluids Rheometer, 

but turbidity measurements, electron microscopy and sedimentation assays 

will be used to compliment or verify data from the rheometer. In 

studying the polymerization of tubulin a two-fold approach will be 

taken. First, tubulin polymerization will be observed in purified 

systems with various buffers in order to gain information about tubulin- 

tubulin and tubulin-MAPs interactions. Secondly, a reconstituted system 

will be used to study tubulin-actin-MAPs Interactions, thereby moving 

one step closer to a re-constituted motile cytoskeletal apparatus. 



II. EXPERIMENTAL METHOD AND APPARATUS 

This chapter primarily focuses on the techniques and 

instrumentation used to measure the material properties of protein 

networks. Also, a brief description of the Gilford spectrophotometer is 

presented. 

II.1 Description of the Rheometer 

A Fluids Rheometer, manufactured by Rheometrics, Inc., Union, New 

Jersey, was used for dynamic testing of all networks. A block diagram 

of the system (Figure II-l) shows the signal flow and interconections 

between major components. The information flow is described in the 

following paragraphs. 

After the selection of an appropriate test geometry, the required 

parameters are input to the microprocessor through the data terminal and 

by selecting the appropriate modes on the signal conditioner and 

computer display. A sample is then loaded into the test station and the 

measurement is begun. 

In dynamic testing, the computer controls the frequency and 

amplitude of the desired sinusoidal deformation through the use of an 

analogue position servomechanism. The actual motion of the platen is 

monitored by a position transducer which is attached directly to the 

motor shaft. The actual position or strain is used in calculating 

material properties. This eliminates any errors due to the dynamics of 

the system which would be introduced 1f the command signal to the motor 

was used. 

14 
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FIGURE 11-1„ A block diagram of the Rheometer 
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The torque and normal force generated by the test material in 

response to the imposed deformation are measured by transducers. The 

air bearing Insures that a frictionless surface 1s maintained, or an 

additional lag 1n response would occur. The Input strain and the 

deformation force signals are amplified through the signal conditioner 

and input to the computer. The computer then calculates the rheological 

properties based on the input and output signals, the appropriate test 

mode and the platen geometry. In dynamic testing the computer contains 

a sine wave correlator which rejects both harmonics and noise. This 

leads to increased sensitivity of the instrument. The computer then 

outputs the calculated values to the data terminal or to the plotter. 

Several modes of operation are possible, but the two most important 

ones are the cure mode and the frequency sweep mode. In the cure mode, 

the lower platen is continually oscillated at the desired rate and 

amplitude while measurements of the transmitted torque are performed at 

certain time intervals. The frequency sweep mode is used on a fully 

cured network and the instrument measures material properties over an 

operator specified range of oscillation rates. 

A discussion of important operating specifications for the dynamic 
pc 

mode is given below . The input signal frequency is measured to within 

0.1% of its setting while the amplitude of the input signal is 

calculated based on input parameters and has a resolution of 0.025%. 

The stress-strain analyzer requires 1V2 cycles of measurement and has a 

phase resolution of 1 milliradian. The torque transducer (10 gm-cm) has 

a sensitivity of 10"^ gram centimeters. Elastic moduli down to about 
O 

0.1 dyne/cm can be measured, but the reliability of these values is 
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questionable as a few mg/ml of protein can exhibit elastic behavior. 

Therefore, a more realistic sensitivity limit on the elastic modulus for 

samples with contaminating or non-polymerizable proteins present is 

roughly 0.5 dyne/cm2. 

II.2 Dynamic Testing 

Figure II-2 is a diagram of the test station of the rheometer. Two 

stainless steel parallel platens with a 5 cm diameter were used 

exclusively in this work. The platens are enclosed in an environmental 

chamber and an external temperature bath is used to maintain a constant 

temperature. In the work with microtubule protein, the temperature bath 

was maintained at 41°C. This temperature was experimentally shown to 

maintain 37°C between the platens over the normal experiment duration. 

The gap between the platens is set with the help of an indicator 

attached to the upper test station. To set the gap, the upper platen is 

lowered until the two platens touch, which is monitored by a sudden 

increase in the normal force. After setting the gap indicator to zero, 

the upper platen is raised until the desired gap is reached and then a 

mechanical stop is adjusted. 

In dynamic testing, a sample is loaded onto the bottom platen and 

the upper platen is then lowered to its predetermined position. A small 

amplitude sinusoidal oscillation is then applied to the lower platen and 

its motion is monitored by the position transducer. The stress 

developed by this motion is tranmltted to the upper platen via the test 

sample. The shear strain on the upper platen is monitored by a torque 

transducer 
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Figure I1-2 A schematic diagram of the test 
station of the Rheometer. 
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For a sufficiently small oscillation amplitude, the test sample 

will behave as a linear viscoelastic fluid. The following equations 

were developed by Walters and Kemp26 and were used to calculate the 

complex dynamic modulus (G*): 

e
ic 

— = cos (ah) + Sah sin (ah) 

where a 
2 

G 

S = 2 
(K - I»*) 

1 T7 u p IT a h 

G = G' + 1 G" 

and c 

v 

K 

I 

a 

h 

0) 

phase difference between the two signals 

amplitude ratio between the two signals 

torsion constant 

rotational Inertia of the upper platen 

radius of the platens 

gap between the platens 

oscillation frequency 

In the above equations K, I, a, h and p are constants while c 

and v are measured variables. The dynamic storage modulus, (G') is 

also known as the elastic modulus and is considered to be in-phase with 

the applied strain. The dynamic loss modulus, (G") is also known as the 

viscous modulus and is out of phase with the applied strain. Both G' 
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and G" are considered as material properties of the network. 

The signal processing and computations are performed by the on-line 

microprocessor. Data are obtained at a predetermined interval, selected 

by the operator. The contractile force (normal force) can be recorded 

by an auxiliary strip chart recorder if desired. 

Walters and Kemp have shown the solution for the dynamic moduli to 

converge more rapidly for thin fluids when the parallel plate geometry 

1s used, compared to the cone and plate platens. Accordingly, the 

parallel plate geometry was used exclusively when dynamic measurements 

were made. The manufacturer's minimum recommended gap of 300 microns 

was used to minimize the sample size. In all cure experiments the 

frequency was 0.377 radians/second and the maximum strain was set at 

5%. These relatively low values were chosen to minimize deformation of 

the network while obtaining as large an output signal as possible. 

II.3 Additional Equipment 

The other major piece of analytical equipment used for following 

polymerization and for analytical procedures is the Gilford 2600 

spectrophotometer. This instrument is equipped with a temperature 

controlled cuvette holder and connected to a Hewlett Packard printer 

(Model 7225 A). 



III. EXPERIMENTAL PROCEDURES 

This section deals with the preparation of samples for dynamic 

testing, the actual procedures involved in dynamic testing and the 

procedures for following polymerization via turbidity measurements. 

Also included is a brief section on the other analytical tests which 

were performed. 

III.l Protein Preparation 

Detailed procedures used to prepare proteins are described in 

Appendix B. Microtubule protein was prepared from bovine brain by the 

procedure outlined by Shelanski^ in which glycerol is present in all 

stages of the purification. This procedure was used to take the 

microtubules through two or three cycles of polymerization before being 

frozen in liquid nitrogen and stored at -80°C. 

In order to prepare a microtubule sample for a polymerization 

determination, the frozen sample is typically taken through another 

cycle of polymerization (as described in Appendix B) or is dissolved in 

the appropriate buffer and taken through a clearing spin (40,000 g's for 

20 minutes). The supernatant is then removed, brought to ImM GTP and 

any other additions are made. After mixing, by inverting the tube 

several times, the sample is placed back in the ice bath until needed. 

Purified tubulin and MAPs were obtained by a modification of the 

phosphocellulose purification technique as told by Sloboda^. Removal of 

the salts from the MAPs fraction was accomplished by dialysis in place 

of the normal gel filtration step. 

21 
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A subset of the MAPs fraction was also purified by simply boiling 

twice cycled microtubule protein according to the procedure outlined by 
07 

Nishida . These heat treated MAPs were further processed by treatment 

with an acid phosphatase, as described by Selden and Pollard*®, to yield 

de-phosphorylated MAPs, 

Actin was prepared from rabbit muscle by a procedure outlined by 

Pardee and Spudich^8. Several sources of acetone powder were used, but 

freshly prepared acetone powders gave by far the best results achieving 

yields of 15-25 mg of actin per gram acetone powder. 

The purity of the various protein fractions was monitored by 

Soldium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis, An 8% 

acrylamide gel was used and the procedure followed in preparing and 

running the gels is given in Appendix B. 

Figure III-l is a picture of the slab gels depicting the 

progressive purification of tubulin through several cycles of 

polymerization. Also shown are the purified tubulin and the various 

MAPs fractions. In SDS gel electrophoresis the tubulin heterodimer 

dissociates into a and p tubulin and appears as a single 55,000 

molecular weight protein. 

III.2 Dynamic Testing 

All of the dynamic testing done in this work followed these steps: 

1) The parallel plate platens were cleaned and installed in the 

test station. 

If microtubule assembly was to occur, the environmental chamber 

was closed and equilibrated to 41°C (temperature between 

2) 
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platens was 37°C) Other experiments were at 25°C. 

3) If the higher temperature was used, the zero gap was set and 

then checked every five minutes until no adjustment of the 

micrometer was needed* Usually this took 10-15 minutes and 

allowed the entire shaft and transducers to equilibrate. 

4) The gap was set at 300 microns. 

5) Any additions to the sample which would result in a 

polymerization were made on ice. This would be time zero in 

these instances. 

6) After additions, if any, a 1.1 ml sample would be added onto 

the lower platen via a pipett. The upper platen is then 

lowered slowly to the predetermined gap. 

7) A thin film of 5 centistokes silicone oil was applied to the 

air-liquid interface. This prevented drying or the formation 

of protein precipitates. 

8) G' and/or G" were printed and plotted at the desired time 

intervals. 

III.3 Turbidity Measurements 

Turbidity measurements were performed on the Gilford 

spectrophotometer at 350 nm. The difference between the test sample and 

a blank containing the same buffer was plotted versus time. An ice bath 

was set up to maintain the low temperatures required to prevent 

microtubule formation. Usually the samples would be held at 15°C, which 

prevents microtubule formation and also does not favor excessive 

condensation on the cuvettes. After the samples had equilibrated, the 
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temperature controller set point was adjusted to 37°C. 

III.4 Other Determinations 

A total protein assay was done according to the Schaterly and 

OQ 
Polack modification of the Lowry method . A rough estimate of tubulin 

concentration was also done when desired by placing 20-50 microliters of 

sample into 6N guanidine-HCl in water^®. The absorbance of this sample 

is then checked against a blank made of buffer and 6N guanidine-HCl at 

275 nm. This assay should be done before any large additions of GTP as 

it has an appreciable absorbance at 275 nm. 

A technique for determining the amount of bound phosphate on heat 

treated MAPs was borrowed from Selden and Pollard (1983)*®. A detailed 

procedure of this technique and the total protein assay are given in 

Appendix B. 

Electron micrographs (EM) were prepared on carbon over formvar 

coated copper grids by a procedure described by Sloboda^. A cytochrome 

C solution was used for the washes and uranyl acetate was used as a 

negative stain. The primary purpose of the EM grids was to verify that 

microtubules had been formed. 



IV. RESULTS 

IV.1 Polymerization of Microtubule Protein 

The first task to be accomplished was to verify that the Fluids 

Rheometer could reliably follow the polymerization of microtubule 

networks. Prior to this work the weakest networks monitored on the 

rheometer were those of actln, with a maximum elastic modulus of 60-100 

dynes/cm^. It was anticipated that microtubule networks would have 

smaller moduli but would be above the sensitivity limit of the 

rheometer, which is roughly 0.5 dyne/cm2. 

To verify that polymerization was occuring on the rheometer, 

identical samples were simultaneously run on the spectrophotometer, the 

rheometer and a control sample in a 37°C water bath. The sample allowed 

to polymerize in the water bath was used to prepare EM grids as 

described in Appendix B. 

A print of one EM picture is presented in Figure IV-1. The 

microtubules are clearly evident as thin relatively rigid rods. Some 

microtubules appear to be crosslinked but this can probably be 

attributed to the deposition of a 3-dimensional lattice of microtubules 

onto the two dimensional grid. Figure IV-2 is a plot of the change in 

absorbance versus time for a companion sample. After a brief lag time 

the absorbance shows a drastic increase with a majority of the change 

occurring over the next two minutes. Following this phase, the change 

in absorbance gradually approaches an equilibrium value. Figure IV-3 

shows the corresponding relationships between the dynamic complex 

modulus, G*, the elastic modulus, G', and the viscous modulus, G", 

26 
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Figure IV—2 (top) Change in absorbance versus time for a microtubule 
network. Conditions: 4.5. mg/ml 4X tubulin in PEMG buffer (0.1 M PIPES, 
1 mM EGTA, 1 mM MgCl2, 1 mM GTP, pH 6.9) at 37°C. 

Figure IV-3 (bottom) The relationships between dynamic moduli versus 
time. Same conditions as Figure IV-2. 



29 

versus time. Once again, after a brief lag time, all 3 moduli start to 

increase, but at a slower rate than the change in absorbance shows. In 

general, when following the complex modulus the approach to an 

equilibrium value is slower than the approach to equilibrium indicated 

by a turbidity measurement. 

The Initiation time was typically quite short and was Inversely 

related to the tubulin concentration. If a threshold level of 2 

dyne/cm^ is defined as the critical elastic modulus for initiation of 

polymerization, then the initiation time can be plotted versus tubulin 

concentration. This is shown in Figure IV-4 for samples containing 25% 

glycerol. Samples in the standard buffer follow the same basic curve 

but have more scatter in the data. As can be seen, at higher tubulin 

concentrations almost no lag time exists. 

Since turbidity has been shown to be directly proportional to the 

90 
weight concentration of polymer present 1n solution , there apparently 

1s not a simple direct correspondence between the mass of polymer formed 

and the complex modulus. In other words, some structural changes are 

probably occurring even though the amount of polymer is roughly 

constant. 

Since the rheometer could apparently follow polymerization, it was 

necessary to verify that the network structure was not being modified as 

measurements were made. Two ways of testing this were devised. First, 

a sample of 4X tubulin (tubulin polymerized and depolymerized 4 times) 

was divided, and half of it was continuously monitored while 

polymerization occurred on the rheometer. Following this, a second run 

was done on the rheometer, only in a non-continuous mode. At certain 
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Figure IV-4 The effect of tubulin concentration on initiation time, 
T0. Conditions: 4X tubulin in PEMG buffer, at 37°C. 
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time Intervals, a measurement was made and the instrument immediately 

turned off. Very good agreement was found between the data, as an error 

of roughly 5% existed. In the second method to determine if structural 

changes were occurring, a sample of 4x tubulin was polymerized in the 

continuous mode. After a plateau value was reached, the rheometer was 

turned off. Ten minutes later the rheometer was turned on and another 

measurement was made. The difference between the elastic modulus before 

and after the waiting period was quite small, less than 2%. Based on 

these two tests, it was concluded that the measurements performed on the 

rheometer did not significantly modify the structure of microtubule 

networks. 

Information on material properties of a network can also be derived 

from a frequency scan of a polymerized network, as shown in Figure IV- 

5. In this case, a 5.2 mg/ml sample of 4X tubulin was polymerized and 

after a plateau in the elastic modulus was reached, the oscillation 

frequency was varied over a 3 decade range. The elastic modulus 

monotonically increased over the frequency range empolyed. The viscous 

modulus remained lower than the elastic modulus over the entire range 

and was relatively constant at low frequencies while it started to 

increase very rapidly at high frequencies. The fact that the elastic 

modulus is higher than the viscous modulus over the entire range is 

typically interpreted as evidence for topological constraint. In other 

words, the concentration of microtubules is high enough that the long 

rod-like tubules will interfere with each others' free rotary 

movement^. As collisions occur due to the induced strain, some of this 

energy is recovered, which results in a higher elastic modulus. 
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Figure IV-5 Frequency scan of a microtubule network. Conditions: 
5.2 mg/ml 4X tubulin in PEMG buffer, cured for 27 minutes at 37°C. 
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Additional evidence of the rod-like character of microtubule 

★ 
solutions may be found If the complex dynamic viscosity, n , (which 

equals G*/frequency) 1s plotted versus frequency as shown 1n Figure IV- 

6. The complex dynamic viscosity closely approximates the shear rate 

dependent viscosity for many polymeric systems. An excellent 

correlation 1s seen between the complex dynamic viscosity and frequency 

on a log-log plot. These "power law" networks have slopes of -0.7 and 

-0.75. These compare nicely with the theoretical estimate of -1.0 given 

by Jain and Cohen^ for concentrated solutions of long stiff rods of 

uniform length. In similar cases, the differences between actual and 

theoretical slopes have been attributed to partial flexibility of the 

polymer or to a distribution of filament lengths-^, on a molecular 

level, elastic behavior Is the result of a "recoil" effect when the rods 

diffuse away from each other after being partially aligned from an 

oscillating force. At high frequencies the effects of flow reversal 

begin to happen faster than the network can respond. This decrease 1n 

response may be why the complex dynamic viscosity decreases with 

Increasing frequency. 

IV.2 Shearing Effects 

Another variable which was evaluated on polymerized tubulin 

networks was the effect of shear. After curing until a plateau in the 

elastic modulus was observed, the network was sheared at 1000 seconds”* 

for 30 seconds In the clockwise direction and 30 seconds 

counterclockwise. The re-annealment process was then followed on the 

rheometer. In all cases, the moduli were reduced to very low values 
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Figure IV—6 Relationship between the complex dynamic viscosity and 
frequency for microtubule networks. Conditions: 4X tubulin in PEMG 
buffer, 5.2 mg/ml, cured for 27 minutes; 4.6 mg/ml cured for 30 minutes 
at 37°C. 
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(less than 1-2 dyne/cm^) and no significant amount of annealment was 

observed. EM grids were also prepared on companion samples with and 

without shearing. In the sheared samples, many short microtubules could 

be seen. The fact that microtubules can be sheared 1s often used in 

assembly - disassembly studies as the number of ends in solution will 

greatly affect the kinetics. 

IV.3 Effect of Colchicine 

The effect of a well known microtubule inhibitor, colchicine, was 

also studied on the rheometer. In this case, two experiments were 

performed. In the first, an inhibitory concentration (10"5 M) of 

colchicine was pre-incubated with a tubulin solution for 10 minutes. 

When this sample was placed on the rheometer, no polymerization 

occurred. In the second experiment, the colchicine was added, mixed and 

then the sample was placed between the platens. This time 

polymerization proceeded for several minutes only at a slightly slower 

rate than a control sample. After reaching a maximum in the elastic 

modulus, substantially lower than the control sample, the elastic 

modulus slowly declined to a low value over the next 20 minutes. 

The reason for observing a maximum value for the elastic modulus 

followed by a gradual decline would either be due to Inadequate mixing 

or to the observation that microtubule assembly will proceed at a faster 

rate than colchicine binding^. However, once bound by colchicine, a 

tubulin dimer is effectively removed from solution. 

At any rate, from these observations it is apparent that colchicine 

does inhibit microtubule formation at levels consistent with those 
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reported in the literature. Also, these experiments can be interpreted 

to support the observations that colchicine does not bind to the 

heterodimer within microtubules. It apparently results in 

depolymerization by either blocking the polymerizing ends of the tubules 

or by binding to the soluble heterodimers and effectively removing them 

from solution. This is probably why such a gradual decline 1n the 

elastic modulus is seen, as depolymerization occurs only at the ends, 

instead of the entire structure falling apart at once. 

IV.4 Effect of Tubulin Concentation, Glycerol, Deuterium Oxide 

After establishing that microtubules were being formed and that the 

rheometer could reliably follow polymerization of tubulin, the next task 

was to quantitate the effect of tubulin concentration on the elastic 

modulus. The reason for selecting the elastic modulus (G') as the 

primary observable parameter is somewhat arbitary, as either of the 

moduli will follow the polymerization. However, the elastic modulus is 

best suited as it typically is 2-4 times as great as the loss modulus 

and accordingly shows larger Increases with time. 

The relationship between tubulin concentration in the standard 

assembly buffer and the elastic modulus is displayed in Figure IV-7. 

Over the lower end of the concentration range, the elastic modulus shows 

only a gradual increase with concentration. In this range, a very weak 

network forms and an increase in concentration has only a minimal 

effect. The effect of concentration on G' at larger tubulin 

concentrations is more pronounced and eventually leads to a maximum 

value of a 20 dynes/cm^. However, the networks formed at very large 
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Figure IV-7 The effect of tuhulin concentration on elastic modulus, 
G', in standard, glycerol and D?0 buffers. Conditions: 4X tubulin 
in PEMG plus 25% glycerol or 90* D2O at 37°C. 
Insert- Blow-up of low concentration range. 
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tubulin concentrations (> 8 mg) are not stable and will begin to break 

down after 10 to 15 minutes. Typically, a freshly cycled sample will 

form and maintain a stable network for over an hour. 

Glycerol and deuterium oxide (D20) produce some remarkable effects 

on the elastic modulus. 25% glycerol leads to roughly a doubling in the 

elastic modulus of a given tubulin concentration. D20 leads to the 

formation of very elastic networks, with an elasticity many times that 

of a network with no additives. Another observation about the effect of 

these two agents is that they stabilize the tubulin dimers and the 

solutions will maintain their ability to polymerize for 8-12 hours at 

4°C. Without stabilizing additions, tubulin solutions loose the ability 

to polymerize after one to two hours. In the higher range of tubulin 

concentration, the networks formed in glycerol or D20 were quite stable 

for long periods of time, unlike those formed 1n the standard buffer 

which rapidly broke down. 

If one defines a critical concentration for polymerization as that 

concentration required to achieve a G' of 2 dynes/cm^, then Figure IV-7 

reveals that the various stabilizing agents have an inconsistent effect 

on the critical concentration. D20 appears to lower the critical 

concentration while glycerol has little effect and may even increase the 

critical concentration. However, considering the various errors in the 

elasticity and protein concentration measurements at these low values, 

the effect of glycerol is probably minimal. At any rate, the 

differences between the 3 curves cannot be totally due to a decrease in 

critical concentration and corresponding Increase in polymer mass. The 

difference in behavior can probably be attributed to a combination of a 



39 

change in length distribution, a modification of the interaction between 

filaments and a change 1n critical concentration, 

IV,5 Studies with Phosphocellulose (PC) Purified Tubulin 

When depolymerized microtubule protein is passed through a PC 

column the tubulin elutes with the void volume and the MAPs fraction is 

adsorbed onto the column, as the electrophoresis gels verified (Figure 

III-l). When PC-pur1f1ed tubulin is polymerized, a substantially larger 

critical concentration is observed (Figure IV-8) compared to literature 

values of 0,2-0,3 mg/ml7. Apparently, the nucleating ability has been 

lost or reduced in the PC-purified tubulin. 

For subsequent studies, it was decided to conduct experiments at or 

below the apparent critical concentration of 2.2 mg/ml. As can be seen 

1n Figure IV-9, when the MAPs fraction is added back to the PC-purified 

tubulin, an increased amount of polymerization begins to occur. Also, 

as a general trend, when more tubulin is present, the same MAPs 

concentration yields a higher change in absorbance and a greater mass of 

polymer. Similar results to this have been reported elsewhere7. 

An interesting phenomenon was found when working with purified 

tubulin solutions at or below the critical concentration. Even though 

the turbidity measurement indicates little or no microtubule formation 

at low tubulin concentrations, the rheometer reveals that a significant 

amount of assembly is actually occurring. As Figure IV-10 reveals, the 

elastic modulus is still relatively large well below 1 mg/ml. If this 

is compared to Figure IV-7, the purified tubulin networks have higher 

elastic moduli than even the D2O stabilized networks below 1 mg/ml. 
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PURIFIED TUBULIN CONCENTRATION 

(MG/ML) 

Figure IV-8 The critical concentration for phosphocellulose purified 
tubulin. Conditions: PEMG buffer at 37°C. 
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0-2.2 MG TUBULIN / ML 

Figure IV-9 Change in absorbance versus MAPs concentration. 
Conditions: PEMG buffer at 37°C. 
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0 12 3 4 

PURIFIED TUBULIN CONCENTRATION 

(MG / ML) 

Figure IV-10 Elastic modulus versus tubulin concentration for 
phosphocellulose purified tubulin. Conditions: PEMG buffer at 
37°C. 
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The reason for this apparent contradiction was later revealed by 

electron microscopy. When grids were prepared from PC purified tubulin 

samples, very long microtubules were seen. Even though relatively few 

microtubules were seen, enough were present to yield networks with 

comparatively large elastic moduli. By removing most of the MAPs there 

are fewer nucléation centers than contained in non-purified microtubule 

protein. Since elongation can still occur, polymerization takes place 

until equilibrium 1s reached between the microtubules and tubulin 1n 

solution. Sloboda also observed the formation of a few very long 

microtubules but did not report apparent viscosities on purified tubulin 

samples. 

A frequency sweep is shown in Figure IV-11 for a cured network of 

PC purified microtubules. In this case, the elastic and viscous moduli 

cross each other, with the viscous modulus being three times as large at 

high frequencies. It is interesting to note the differences in 

frequency response between this sample and the 4x sample shown in Figure 

IV-5. Even though the two samples have roughly the same low frequency 

values for both moduli, the viscous modulus rapidly increases in the PC 

purified microtubule sample. When the viscous modulus is above the 

elastic modulus, 1t is an indication that the filaments are not 

topologically constrained. The free rotation of the tubules is not 

inhibited so they tend to slide or move past each other with relatively 

few collisions and a greater portion of the energy 1s lost. These same 

phenomena can be observed in Figure IV-12 where the complex dynamic 

viscosity is plotted versus the frequency. This time, a minimum value 

is approached at high frequencies, indicating the complex dynamic 
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14 
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CD (RADIANS/SECOND) 

100 

Figure IV-11 Frequency scan of a phosphocellulose purified micro¬ 
tubule network. Conditions: 4.4 mg/ml of purified tubulin, cured 
for 1 hour at 37°C, in PEMG buffer. 
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Figure IV-12 Relationship between the complex dynamic viscosity and 
frequency for phosphocellulose purified microtubule networks. 
Conditions: both networks cured for 1 hour at 37°C in PEMG buffer. 
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viscosity 1s becoming frequency Independent which 1s an approach to 

newtonian behavior. 

Another experiment performed with the purified tubulin system was 

the addition of MAPs back to the purified tubulin. As shown in Figure 

IV-13, when progressively larger amounts of the MAPs solution are added 

back, the maximum elastic modulus decreases. Also, the MAPs fraction 

had no effect on the Initiation time for polymerization. Figure IV-14 

shows the effect of MAPs concentration on the maximum elastic modulus. 

The elastic modulus decreases to an equilibrium value of 3-4 
O 

dynes/cm . This value agrees quite well with the elastic modulus for 

non-stabilized microtubule protein solutions as shown in Figure IV-7. 

Once again the lack of aggreement between turbidity and rheometric 

measurements appears, as turbidity increased with MAPs concentration, 

while the elastic modulus is inversely related. Apparently, as the MAPs 

are added back, more Initiation sites are formed. The growing 

microtubule then competes for the available tubulin. The end result is 

a larger number of shorter microtubules. Furthermore, it appears that a 

few long microtubules can contribute more elastic behavior to a network 

than several short ones can. 

IV.6 Microtubule Interactions with Actin 

Actin solutions will reversibly polymerize to form fibrous actin 

(F-act1n) In the presence of certain ions, noteably potassium. Actin 

networks have elastic moduli which are significantly greater than 

mdrotubule protein networks. When microtubule protein and actin 

solutions are combined under conditions favoring polymerization, the 
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2.2 MG TUBULIN / ML 

A- NO MAPS 

GJ- 0.18 MG MAPS / ML 

TIME (MINUTES) 

Figure IV—13 Elastic modulus versus time for different MAPs 
concentrations. Conditions: PEMG buffer at 37°C. 
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0 0.4 0.8 

MAPS CONCENTRATION (MG/ML) 

Figure IV-14 The effect of MAPs concentration on the elastic modulus. 
Conditions: 2.2 mg/ml purified tubulin in PEMG buffer at 37°C. 
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resulting network may have an elastic modulus greater than the sum of 

the Individual networks. This cooperative Interaction Implies that the 

networks have formed a crosslInked structure with Its own new 

properties. 

One set of data depicting the interaction between actin and 

microtubules is shown in Figure IV-15. A relatively high peak 1s seen 

after about six minutes of polymerization. At this point, the 

cooperative Interaction between the two proteins is quite obvious. 

However, as time progresses, the network appears to degrade and 

ultimately the combined protein network G', tends to approach the actin 

curve. The viscous modulus, G", for the same networks also show a 

similar maximum value followed by a gradual decline. However, the 

viscous modulus for actin is quite low and lies below that of the 

tubulin network throughout the curing process. 

The observation of a maximum elastic modulus was seen throughout 

the work with actin and microtubule protein networks. This had not been 

previously reported so it was assumed that some experimental parameter 

was resulting in the degradation of the network. Accordingly, buffer 

conditions were varied to determine if they had an effect on the 

interaction. Factors such as type of buffer, molar concentration of 

buffer, presence of ATP, amount of microtubule protein or actin present 

in solution and the age of actin solutions were examined. The only 

factor which would el1mate the apparent degradation of the network was 

the age of the actin. Unfortunately, a substantial decrease in the G‘ 

values for actin networks was also seen, indicating a loss of 

polymerization activity. 
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TIME (MINUTES) 

Figure IV-15 The elastic modulus versus time for a continously 
monitored microtubule-actin network. Conditions: 50 mM MES, ImM 
EGTA, 0.5 mM GTP, 0.9 mM Tris, 0.2 mM DTT, 0.9 mM CaCl2, 0.04 mM 
ATP, pH 6.1, 0.83 mg/ml actin, 9.6 mg/ml tubulin at 37°C. 
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The effect of microtubule protein concentration was examined and 

was found to have a large effect on the elastic properties of the 

resulting network. When a corrected value for G' is plotted versus 

microtubule protein concentration a significant increase is seen as the 

concentration increases (see Figure IV-16). The G' value for each 

composite network was corrected by subtracting the G' values for the 

individual networks. In this manner different actin concentrations 

could be accounted for on the same graph. Data points corresponding to 

the maximum G* were selected for the plot. Other investigators have 

observed a similar relationship22 by using low shear viscometers. 

IV.7 Interactions between MAPs and Actin 

When heat treated MAPs were added to actin solutions, similar 

curves as those obtained with actin and microtubule protein were 

obtained. However, the response was much easier to quantitate with 

respect to the amount of MAPs present, as all the MAPs fraction was 

prepared at one time. Microtubule protein samples on the other hand, 

had to be separately prepared and assayed for each run, due to its 

somewhat unpredictable nature. 

Further attempts to elucidate the reasons behind this apparent 

dénaturation where then conducted. The first thing tried was to shift 

the assembly temperature from 37°C to 25°C. All of the work prior to 

this time had been done at 37°C, to facilitate microtubule formation. 

Because no microtubules were present and since actin assembly is 

primarily dependent on the presence of ions, the shift to 25°C should 

have a minimal effect. After the temperature shift, the networks still 
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TUBULIN CONCENTRATION 

(MG/ML) 

Figure IV—16 The effect of tubulin concentration on the corrected 
elastic modulus for actin-microtubule networks. The corrected modulus 
is the G1 for the actin-microtubule network minus the sum of the 
G* values for the individual networks. The samples were continously 
monitored and the maximum values were used. The same buffer conditions 
as Figure IV-15 were used. 
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degraded but at a slower rate. 

Since temperature was not the major factor, the possibility of 

degradation due to the applied oscillatory shear was then 

investigated. A run was conducted at 3.5% strain and 0.1 

radians/second, which are barely above the minimum limits, but the 

degradation was still apparent. In another test a sample was placed on 

the rheometer and allowed to cure in the normal fashion. Then, an 

identical sample was monitored in a non-continuous mode. 

In the cases of actin and tubulin networks monitored individually, 

the instrument did not significantly perturb the elastic modulus (less 

than 5% change). However, when actin and MAPs mixtures were run at the 

same rate and strain (0.377 radians/second and 5% strain) a drastic 

effect of oscillation was seen. 

Apparently, at very short times the actin-MAPs network is extremely 

sensitive to any pertubations. The peak elastic modulus measured by 

discontinous methods is four times as large as the continously measured 

one (see Figure IV-17). However, both methods seem to Indicate 

rearrangements are occurring as they reach a maximum at 5-10 minutes and 

then steadily decline with time. A third check was also done by placing 

another sample of identical composition on the rheometer and letting the 

network cure for 20 minutes before measuring material properties. The 

agreement between the two non-continuous methods was within 9%. 

Now that the effect of the input oscillation 1s known, the 

remaining experiments were measured in the non-continuous mode. Figure 

IV-18 depicts the relationship between G' and heat treated MAPs 

concentration. The maximum elastic modulus of about 300 dynes/cm^ is 
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Figure IV-17 The elastic modulus versus time for continous and non- 
continous measurements of actin-dephosphorylated MAPs networks. Conditions: 
1,0 mg/ml actin, 0.23 mg/ml dephosphorylated MAPs, 100 mM KC I, 2.5 mM EGTA, 
2mM HEPES, 1 mM MgCle» 0.6 mM MES, 0.4 mM Tris, 0.1 mM DTT, 0.6 mM ATP, 
0.04 mM CaCl2, pH 6.5, cured at 25°C. 
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Figure IV-18 The dynamic moduli versus heat treated MAPs 
concentration. L.O mg/ml actin, same buffer conditions as 
Figure IV-17. 
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achieved at roughly 0.3 mg MAPs/ml. Above this concentration the 

elastic modulus decreases, but at a slower rate than the initial rise. 

The maximum modulus for a majority of the data resulted after curing for 

10 minutes. The viscous modulus also reveals a maximum at 0.3 mg 

MAPs/ml. 

After treatment with an acid phosphatase for 1 hour followed by 

dialysis in MAPs buffer the same experiments were repeated. The 

specific activity of the acid phosphatase was found to be 10.49 

micromoles phosphate per minute per milligram. A good deal more scatter 

are seen in this data but the trend 1s clearly evident (see Figure IV- 

19). The maximum elastic and viscous moduli occur in the concentration 

range of 0.3-0.35 mg/ml as is also the case for the heat treated MAPs. 

One interesting point is that the maximum elastic modulus appears higher 

at roughly 400 dynes/cm^. This is a 25% increase over the maximum for 

heat treated MAPs. 

The phosphorylation state of the heat treated and dephosphorylated 

MAPs was then determined. A summary of this data is shown in Table IV- 

1. The results show that the acid phosphatase did de-phosphorylate the 

heat treated MAPs from 6.44 to 4.46 moles of phosphorous for 300,000 

grams protein, a 30% reduction. The data are reported in moles of 

phosphorous per 300,000 grams of protein as MAP 2 has an estimated 

molecular weight in this range and is the major protein. Therefore, 

these data readily convert to moles of phosphorous per mole MAPs. The 

maximum number of moles of phosphorous has been found to be greater than 

12 moles per mole MAP 2. The spread of the data was found to be quite 

large as indicated by the standard deviation. This is attributable to 
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MAPS CONCENTRATION (MG/ML) 

Figure IV—19 The dynamic moduli versus dephosphorylated MAPs 
concentration. 1.0 mg/ml actin, same buffer conditions as Figure 
IV—17. 
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TABLE IV-1 

Phosphorylation State of MAPs 

Type 
of 

MAPs 

Mole Phosphorous 
3UU,Û00 g Protein 

Average Standard 
Deviation 

Heat Treated MAPs 4.8 

6.0 

5.04 6.44 1.78 

9.45 

7.65 

5.7 

De-phosphory1ated 
MAPs 

3.4 

4.9 

4.3 4.46 2.29 

8.4 

4.36 

1.4 
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experimental error as the procedure for measuring the bound phosphate 

content involves multiple precipitation and washing steps. If any 

systematic error was made, these values are probably on the low side as 

there were several opportunities to loose protein during the 

procedure. These values compare favorably to results obtained by 

Pollard (1983) where he used dephosphorylated MAPs with 3.6 mole 

phosphate/300,000 grams protein and his heat stable MAPs fraction had 

7.1 mole phosphate/300,000 grams protein. 



V. DISCUSSION 

This section 1s divided into three areas. The first topic deals 

with the development of a model for polymerization of microtubule 

solutions and how various buffers affect the derived parameters. A 

second topic deals with the application of dilute solution theory to 

microtubule networks. The third area deals with the effect of MAPs on 

microtubules and their functions in polymerization. A final topic 

centers on actin - MAPs Interactions and the implications of these 

observations. 

V.l Modeling Microtubule Network Formation 

In order to model the polymerization data obtained from the 

rheometer, some relationship between the measured variable, G*, and the 

time from the onset of polymerization is needed. Due to their 

properties, microtubule networks are probably best described as 

solutions of interacting rods, and should be fit to a model derived from 

dilute solution theory for rigid rods. Unfortunately, several important 

parameters are needed to develop such a model. The concentration of 

filaments and the filament length distribution is of paramount 

importance. Also, some knowledge of the effective diffusion coefficient 

for the rods as a function of length is required. Lacking this data and 

because of the complexity of dilute solution theory, a simplier model 

was developed. 

Even though microtubule networks are not thought to be cross- 

linked, they may be entangled and rubber elasticity theory was used in 

60 
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the development of the model. The primary assumptions of rubber 

elasticity are34»35,36»37: 

1) Each chain is terminated at a cross-linking point. 

2) The chains assume a random coil configuration. 

3) The vector length of each chain will be changed in the same ratio 

as the corresponding dimension in the network. 

4) Each junction point is fixed to within a small element of volume 

regardless of the state of strain (affine deformation). 

Upon reviewing these assumptions, one can see that microtubule 

networks do not appear to fall into a class of fluids described by 

rubber elasticity theory as they are rigid and do not appear to form 

permanent cross-links with each other. Nevertheless, the model can 

accurately follow the polymerization during the initial stages but 

typically deviates after 6-10 minutes of polymerization. 

In the derived model a molecular mechanism for head to tail 

polymerization was followed as proposed elsewhere33»45. This mechanism 

led to the development of a relationship between the amount of polymer 

formed as a function of time. The next step is to relate the average 

length (L) to the amount of polymer formed. This was followed by an 

approach similar to that taken by Kirkpatrick, where it was assumed that 

the length of the polymer is proportional to the effective cross-link 

density (N) and that the elastic modulus, 6', 1s proportional to N at 

constant temperature. By assuming that the complex modulus, G*, would 

follow a similar relationship and by combining all of these assumptions, 

a model relating G* and time was derived. A detailed derivation of 

these steps follows. 
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Under in vitro conditions, microtubules can be viewed as having two 

distinct ends for polymerization, each end with an association and 

dissociation rate constant (see Figure V-l). The time dependency of the 

heterodimer in solution can be described by: 

dc. 
- = -K, C, m + K0 m 

112 (i) dt 

+ Kg m - m 

m 

,K4 

K2,K3 

heterodimer concentration in solution 

number of microtubules 

association constants at minus and plus ends 

dissociation constants at minus and plus ends 

In this equation, it is assumed that association depends on the number 

of ends and heterodimer concentration, while the dissociation depends 

only on the number of ends. 

Equation (1) can be rearranged to yield Equation (2) , which is the 

same equation that would be obtained if microtubule formation was viewed 

as having polymerization occurring at one end (the plus end) and 

depolymerization occurring at the other (the minus end). 

dC. 
-ft = -(Kx + K4) CX m + (K2 + K3) m (2) 

The above equation is easily integrated if m is a constant. Other 

researchers have investigated microtubule polymerization and have made 

several discoveries. As in other types of self-assembly, two phases of 
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TUBULIN 
DIMERS 

Figure V-l A model for microtubule polymerization. Nucléation 
is assumed to occur through the formation of intermediates, such 
as disks, while elongation is considered to take place through 
subunit addition to the ends of microtubules. (Redrawn from 
Borisy0). 
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polymerization occur, namely nucléation and elongation. Borisy and 

other workers made several observations on nucléation^. In 

depolymerized microtubule solutions not only are individual subunits 

present, but disks can also be seen under the electron microscope. 

Also, when these disks are removed from the heterodimers, polymerization 

was not observed unless additions of the disk fraction were added 

back. Borisy followed the number of disks versus time during the course 

of polymerization under the electron microscope. He found the number of 

disks initially decreased by a substantial amount while the total amount 

of polymer formed started to gradually increase. After 1-2 minutes the 

number of disks was found to remain constant while the total amount of 

polymer continued to increase. Borisy concluded that the disks were 

nucléation sites since they were necessary for polymerization. 

Interestingly enough, a lag time is usually observed when following the 

polymerization by turbidity or by rheometric measurements. These 

measurements require a minimum number and size of polymer before 

detecting its presence. It is probable that during the polymerization 

process as observed on the rheometer, the number of disks is constant 

and accordingly the number of microtubules can also be considered 

constant. With this in mind, Equation (2) can be integrated to yield 

the following: 

-Km + 
Cx = Cleo - (Clco- CQ) e (m = constant) (3) 

where = final concentration of depolymerized dimers 

= (K2 + K3)/(Kj + K^) 
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C0 = total concentration 

K+ = Ki + k4 = net association constant 

To check the validity of the assumptions made thus for it was 

decided to try and fit turbidity data to this model. It has been shown 

that the total amount of polymer formed is proportional to the change in 

absorbance20. If the total concentration of heterodimers and the 

concentration of dimers at equilibrium are known, then the concentration 

of dimers versus time can also be determined. To convert the actual 

turbidity data to a form equivalent to Equation (3), the following 

relationships were used: 

Concentration of Polymer 

where K5 

therefore, Cj 

Concentration of Polymer + Cj 

Kg ( A Absorbance) 

constant obtained from experimental 

data 

CQ - K5 (A Absorbance) (4) 

A value for C^œ can be obtained by a sedimentation assay. In order 

to measure C.. without disturbing the polymer-dimer equilibrium, it was 

decided to add a known amount of a microtubule stabilizing agent to a 

polymerized sample. The supernatant would then be analyzed for total 

protein and Cloa could be calculated based on the dilution factor. A 50% 

sucrose solution in assembly buffer was chosen for the stabilizing 

medium as Kristofferson found the Integrity of microtubule length 

distributions was maintained upon dilution with sucrose2. 
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Equation (3) was then rearranged to a linear form which is: 

(Cloo- Cj) 
,n (CL- c0y = -*+"* <5) 

Because C, and Cn have been determined and Ci versus time is also 
loo 0 1 

known, K+m, can be obtained from a plot of the left hand side of 

equation (5) versus time. To account for the lag time, an additional 

constant was added. It is also necessary to add the stipulation that Cj 

equals C0 for times less than the initiation time. 

As can be seen in Table V-l, the calculated and experimental data 

are in excellent agreement. Apparently, the assumption of a constant 

number of ends is valid, at least during the initial phase of 

elongation. However, this does not prove that disks or other 

intermediates are directly involved or incorporated into microtubules, 

although Sloboda gives additional evidence that they are involved^. It 

does imply that initiation occurs quite rapidly and cannot be directly 

observed by turbidity measurements. Others have purposed that the disks 

may just be a reservoir of competent subunits which will break down to 

yield heterodimers as needed during the polymerization process^®. 

Due to the similarity between the turbidity and complex modulus 

curves, it appeared that a linear relationship between G* and the change 

in absorbance would adequately fit the data. Accordingly, rubber 

elasticity theory was used to develop a model. Microtubules do not form 

tightly cross-linked networks but they may form points of entanglement 

due to hydrophobic or ionic interactions. By applying Gaussian 

statistical theory to these networks, it can be shown that G' is 
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TABLE V-l 

Summary of Calculations for Modeling Turbidity Data 

Actual Data Calculated Data 

Ti me A Absorbance C1 
c. - c. 

(c c‘> 1» 0 
A Absorbance 

0 0 7.0 0 0 

0.5 0 7.0 0 0.17 

0.75 0.433 4.75 0.462 0.47 

1.0 0.689 3.42 0.889 0.68 

1.25 0.825 2.71 1.223 0.83 

1.5 0.923 2.2 1.558 0.93 

1.75 1.01 1.75 2.04 1.01 

2.0 1.06 1.49 2.367 1.06 

2.5 1.12 1.18 3.152 1.11 

3.0 1.14 1.08 3.637 1.14 

4.0 1.15 1.02 4.108 1.16 

6.0 1.16 0.97 4.8 1.17 

A Abs = K5 C1 = K5 (Cl« - (c, - o v Joo 

(-K mt + b) 

c0> 6 1 

K5 = .19243 Absorbance units / mg/ml 

Cl~ = 0.92 mg/ml K+m = 1.443 min-* 

O o
 II 7.0 mg/ml b = 0.564 
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proportional to the effective cross-link density (N)35. Assuming that 

G* will follow a similar relationship and also that the effective cross¬ 

link density is proportional to the length of the filament (L), Equation 

7 can be obtained. 

G* = aj N = a2 L aj, a2 = constants (7) 

The average length of a microtubule can then be estimated by 

Equation 8: 

a3 <Co ~ 
m 

(8) 

This relationship is valid for an average length since C0 - is 

the total polymer concentration and m is the total number of 

filaments. Due to the uniformity of microtubules, a constant length per 

mass of polymer (83) can be assumed. Since m has been shown to be 

constant and a relationship for Cj from Equation (3) has already been 

derived, Equation (9) can be obtained. 

* 
G a2L 

a2 a3 
m (C„ - c.) 

Vs 
m 

-K.mt 
(C0 ‘ CXJ [1 - e + ] (9) 

* * By making the simplification that at t = « , G = Gmax it can be 

shown that all of the constants can be lumped together and are equal to 

Therefore, Equation (10) will be used to model tubulin 
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polymerization with the rheometer. 

* 
G [1 - e 

-K.mt 
] (10) 

Equation (10) can be rearranged in linear form to yield Equation 

(11): 

* 
G - G 

-In   = Kjnt (11) 

* 

After estimating Gmax from experimental data, a plot of the left hand 

side of Equation (11) versus time will yield K+m. With some data sets, 
★ 

the selection of (^ax can be difficult. The technique wich was used is 

to plot 1/G versus inverse time and extrapolate to infinite time. The 
* 

calculated constants can be affected by the estimated G „ as a larger J max 
★ 

Gmax f°r a O'iv®11 data set will mean a slower approach to equilibrium 

and a lower value for K+m. 

Figure V-2 shows the experimental data and calculated results from 

an identical sample used in the turbidity modeling experiment. Once 

again, it is necessary to include a correction factor to account for the 

lag time. 

Data from the linear range of the Equation (11) plot were used to 

calculate the constants. At longer times a negative deviation in the 

plot typically occurred, indicating that K+m was decreasing. This 

could be due to inhibited diffusion of the dimer which would result in a 

change in kinetics, hence a decrease in K+. Another plausible 

explanation is that the effective number of ends was decreasing due to 
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association between ends or between microtubules and the ends. 

Other data obtained from polymerizations occurring in D20 and 

glycerol were also evaluated in a similar manner (see Table V-2). In 

all cases, the range yielding a satisfactory fit was greater than five 

minutes, which is the range of greatest change in G*. However, no 

attempt was made to fit data which showed a decrease in the complex 

modulus at long times. This was only observed when samples with large 

concentrations of tubulin were polymerized under non-stabilized 

conditions. 

By observing Table V-2, several interesting relationships can be 

seen. For each buffer system, K+m increases as the concentration of 

tubulin increases. This is logical as the net association rate constant 

(K+) should be independent of concentration while the number of 

microtubules should increase at higher concentrations. 

However, it has previously been shown that: 

Cx " <a2 V") (Co - ciJ (12> 

where a2 is a constant relating G* to the filament length, a^ is a 

constant relating microtubule length to mass and (CQ - ) is the 

★ 
amount of polymer formed. From this equation, as m increases, Gmax 

should decrease if the amount of polymer formed and the other constants 

do not change. Interestingly enough, this phenomenon was observed as 

the MAPs fraction was added back to PC-purified tubulin as shown 1n 

Figure IV-14. However, for the data in Table V-2, some other factor 

must be changing drastically to counter the effect of increasing m (i.e. 
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Increasing concentration). If the morphology of the microtubules in the 

various buffers is the same or at least very similar, then a3 is a 

constant. Considering the amount of polymer formed, it is known that an 

increase in tubulin concentration will lead to an increase in G*. 

However, the drastic increases in G* in the different buffer systems can 

not be solely due to a shift in the polymer-dimer equilibrium, 

especially at the mid to higher range of tubulin concentrations. In 

other words, the amount of polymer formed (C0 - ), can not change 

rapidly by a shift in equilibrium favoring polymerization, unless C0 is 

of the same magnitude as C. , which is not the case in the higher 
I0® 

concentration range. 

The only other factor in this model which presumably may change 

with different buffers is a2 which relates G* to the microtubule 

length. Accordingly, an increase in the inter-tubule interactions must 
* 

occur to account for the large G^ax changes when polymerized in D2O or 

glycerol. 

To summarize, D2O and glycerol affect the polymer-dimer equilibrium 

and also appear to affect the inter-tubule interactions. Glycerol 

probably affects the polymerization by favoring the formation of 

hydrophobic bonds. Concerning D20, other researchers have proposed that 

the weaker electrostatic fields of D20 may not facilitate dispersal of 

the tubulin dimers as well as water and hence lead to a shift in 

equilibrium favoring polymerization. However, this does not account for 

all of the observations and an increase in inter-tubule interactions is 

also required to explain the large increases in G in vitro. 

In vivo, the primary consideration to be derived from these studies 
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is the importance of water on microtubule stability and assembly. The 

free water concentration in a cell may be considerably different from 

the total water concentration due to water being bound or tied up in the 

hydration spheres of proteins and Ions. This lack of available water 

may have pronounced effects in microtubule formation and on interactions 

between microtubules. 

V.2 Applications of Dilute Solution Theory 

Based on an extension of Doi and Edwards' theory on the rheology of 

rigid rodlike molecules developed by Jain and Cohen'*'*, the following 

equations can be used to describe the elastic and viscous moduli: 

G1 Co kB T ( 

0.6 (Xu) 

1 + (Xu) 
(13) 

G" C0 kB T X ü) (■ 
0.6 

1 + (Xu) 
+ 

0.4 3^ 

(C0L3)2 

(14) 

where CQ is the concentration of rods, kB is the Boltzman constant, T is 

the temperature, u is the frequency, L is the filament length, d and 3 

are constants, and X is known as the inverse of the rotary diffusion 

constant. The problem in using these equations is that the primary 

physical parameters of the network, namely the filament concentration 

and the length distribution are not known. 

An approach similar to that taken by Zaner and Stossel32 was 

developed. By using the relationship, |n*| = ((G1^ + G"^) ^2 ) / ^ t 

and assuming that Xu » 1 , Equation (15) was obtained: 
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n* = 0.6 CQ kg T X2'du 1_d (15) 

From Figure IV-6, for the 5.2 mg/ml sample, a plot of In n* 

versus In u is linear with a slope of -0.76. Therefore d must have a 

value of 1.76. The value for d in the original work by Jain and Cohen 

was 2, so reasonably good agreement exists thus far. The use of the y 

intercept from this plot also provides a useful relationship: 

Intercept = 2.87 = In (0.6 CQ kg T X2‘d) (16) 

A second relationship was then developed from the expression for 

G", by neglecting the second term in the brackets and assuming that 

Xu » 1 : 

G" = 0.6 CQ kB T (Xu)1_d (17) 

The intercept from a In G" versus In u plot can then be represented by 

the following equation: 

intercept = 1.92 = In (0.6 CQ kg T X1"41) (18) 

Equation (17) predicts an inverse relationship between G" and u 

as the value of d is greater than one. Although this is not true (see 

Figure IV-5), this equation serves to force the function through a 

point, which is the y intercept from the In G“ versus In u plot. By 

using Equations (16) and (18) and a value of 1.76 for d, an explicit 
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solution for C0 and x was obtained. From this C0 was calculated to be 

6.04 x 10*4 rods/ml and X was 1.740 seconds. 

To obtain a value for the second term in brackets in the equation 

for 6", use of the estimated crossover point between G' and G" was 

made. Based on the frequency scan in Figure IV-5, the crossover point 

was estimated to occur at a frequency of 175 seconds-*. By setting the 

expression for G' equal to that for G", a value of 0.02 was obtained 

for 3 (C0 L3)-2. 

Equations (13) and (14) were then used to obtain the calculated 

values for G' and G". Figure V-3 is a plot of the actual versus 

calculated values. From the plot, it can be seen that the fit for G‘ is 

quite good at higher frequencies. The calculated values for G" are 

lower throughout this frequency range, and show a minimum to occur at 

approximately 10 seconds-*. This type of behavior is not uncommon for 

networks of rigid rods. The reason behind the relatively large 

discrepancy between experimental and calculated G" values is probably 

due to the assumptions made and to the use of n* experimental data, 

which depends primarily on G*, in developing the relationships. At very 

low frequencies (less than 1 second-*) significant deviations are 

observed between experimental and calculated values for both moduli. 

It appears that the strengths of an approach such as this would lie 

in the prediction of elastic behavior at very high frequencies. The 

interesting thing about this approach is that no knowledge as to the 

diffusion coefficients, constants, or length distribution of the 

filaments was available, but a reasonably good fit was obtained without 

resulting to an iterative, multi-constant technique. 
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<U ( SECONDS”1 ) 

Figure V-3 A comparison between calculated and experimental values 
for the elastic and viscous moduli. The data from Figure IV-5 have 
been replotted for comparison with the results from dilute solution 
theory. The two upper curves are for the elastic modulus, while the 
two lower curves are for the viscous modulus. 
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V.3 The Effect of MAPs on Microtubule Formation 

An apparent discrepancy between turbidity measurements and 

rheological measurements arose while studying microtubule formation. On 

one hand turbidity measurements inidcate that the PC purified MAPs 

fraction will result in the initiation of microtubule formation in 

vitro. As this MAP fraction is added to the purified tubulin a change 

1n absorbance occurs which is indicative of an increase in the mass of 

polymer. 

On the rheometer, however, a corresponding set of experiments 

revealed a decrease in G' as the MAPs concentration was increased. If 

the model developed for microtubule protein networks is used to 

interpret this information, it would seem that the final equilibrium 

amount of polymer did not increase as fast as the number of microtubules 
★ 

increased. Since G^ax is inversely proportional to the number of 

filaments, it should decrease as the number of filaments increases, if 

other variables remain roughly constant, and this was observed. 

When PC purified tubulin solutions were polymerized, very long 

microtubules were observed 1n electron micrographs. Presumably a few 

remaining nucléation sites are still present, possibly due to incomplete 

removal of the MAPs fraction. The nucléation ability of these solutions 

is minimal, but they still maintain significant elongation activity. 

To summarize these observations thus far, it appears that the MAPs 

fraction stimulates nucléation leading to the formation of more 

tubules. While a greater mass of polymer is formed, the overall 

elasticity of the network is reduced as many short tubules are formed. 

In this case, the length distribution has a greater effect on the 
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elastic modulus than the concentration of filaments. Also, the MAPs 

fraction was not seen to affect the initiation time as observed on the 

rheometer. 

At one time, 1t was postulated that the thin projections from 

microtubules, which are composed of MAPs, were Involved in interactions 

between tubules. The observation that 6' decreased upon adding MAPs to 

purified tubulin solutions decisively shows that MAPs do not, by 

themselves, enhance inter-microtubule interactions. 

On the whole, microtubule solutions function more like suspensions 

of rigid rods than like a crosslinked network. In this light, the 

importance of the length distribution and its effect on the elastic 

modulus is evident, where a few long microtubules can contribute more 

elasticity than many short microtubules. 

V.4 Interactions between Actin and Microtubule Proteins 

Actin and MAPs or actin and microtubule protein solutions will 

undoubtedly form cross-linked networks, but the networks have been found 

to be quite sensitive to mechanical forces. A 5% strain and a frequency 

of 0.377 radians/second was found to reduce the 6' by a factor of 

four. These conditions are equivalent to applying an oscillating shear 

rate of 0.08 seconds"* which is quite small. This extreme strain or 

rate sensitivity may explain why some investigators have not been 

successful in identifying MAPs 1n the pellet sedimented from MAPs-actin 

networks*®. 

Some cross-linking sites appear to be more strain sensitive than 

others. Even in continuously monitored actin-microtubule protein or 
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actin-MAPs networks the composite network elastic modulus 1s greater 

than that of the Individual components. However, at long times the 

composite network elastic modulus would often approach that of the 

individual components. Based on this, it can be concluded that the 

interaction between MAPs and actin is based on weak intermolecular 

forces and probably no distinct binding site or true covalent cross- 

linking sites occur. 

Many other investigators have examined the interactions between 

MAPs and actin filaments. They primarily use a "low shear falling ball 

capillary viscometer" which is calibrated with two newtonian fluids, 

usually glycerol at 0°C and water at room temperature. These fluids 

will allow the measurement of apparent viscosities over a range of 1 to 

12,000 centipoise. However, in these measurements the shear rate is not 

constant from one measurement to the next and the results may become 

significantly exaggerated. 

To demonstrate the importance of shear rate, the apparent viscosity 

of actin networks was measured at various concentrations and shear 

rates. As Figure V-4 shows, the apparent viscosity of actin networks is 

both concentration and shear rate sensitive. To illustrate this effect, 

consider the upper and lower curves in Figure V-4 (5.5 and 0.5 mg 

act1n/ml, respectively). The sample with a high actin concentration 

will simulate the MAPs-actin network while the low actin concentration 

sample will represent the non-cross-1inked network. Griffith and 
OO 

Pollard4-0 have reported apparent viscosities of MAPs-actin networks to 

Increase by a factor of 30 to 100, when compared to actin networks with 

no MAPs. If the factor of 30 is used, this would indicate that the ball 
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Figure V-4 The effect of shear rate and concentration on the apparent 
viscosity, n» of actin solutions. The data were obtained with the cone 
and plate geometry, and by averaging the clockwise and counterclockwise 
values. 
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(in the viscometer) took 30 times longer to pass between the calibration 

marks, and also that the average shear rate was decreased by a factor of 

30. If the initial shear rate is 10 seconds-1 in the non-cross-linked 

network, the apparent viscosity would be 0.24 poise (see Figure V-3). 

In the simulated cross-linked network the shear rate would be 0.33 

seconds-1, and the apparent viscosity would be 24 poise. However, if 

the shear rate is kept constant, the cross-linked network would only 

have an apparent viscosity of 1.1 poise. Therefore, the cross-linked 

network's apparent viscosity actually increased only by a factor of 4 to 

5, where the capillary viscometer indicates it to increase by a factor 

of 100. Needless to say, some caution is required when interpreting low 

shear viscometry data. 

Despite the aforementioned drawbacks of the capillary viscometer, 

reasonable agreement exists between data presented in this paper and 

that of other investigators. However, the conclusion of a MAPs to act in 

ratio resulting in a maximum interaction is not reflected elsewhere. 

This is probably because the capillary viscometer cannot accurately 

differentiate between various degrees of gelation, and the gelation 

hides the effect of large concentrations of MAPs. The conclusion that 

phosphorylation of MAPs leads to reduced interactions is consistent with 

the literature, although some small discrepancies in the concentration 

of MAPs required to observe the interaction may exist. However, these 

differences are probably due to different viscosity measurements, or to 

slightly different phosphate content between MAPs fractions. 

The modification of actin gelation activity by varying the 

phosphate content is consistent with the observation that many 
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polycatioiric molecules will result in gelation of actin24. Since MAPs 

are a basic protein, the addition of phosphate groups will result 1n a 

shift towards a more acidic protein which would not be as effective in 

actin gelation. The networks formed from low phosphate content MAPs 

will also reach a peak elastic modulus 33% greater than the MAPs with a 

higher phosphate content. Since this maximum elastic modulus occurs at 

roughly the same MAPs concentration, it can be concluded that the 

maximum number of interaction points is the same, but the strength of 

the interaction depends on the phosphate content. 

Phosphorylation of proteins is a wide spread method of 

physiological control, which substantiates the hypothesis that the 

actin-MAPs interaction has significance in vivo. Pollard has also shown 

that these interactions will occur under physiological conditions and 

also that physiological concentrations of nucleotides can affect the 

Interaction22»2^. Assuming that this interaction does occur in vivo, 

then the locally applied strain may affect the cytoskeleton network. 

Even in the protected environment of the cytoplasm, high enough shear 

forces may be generated to affect similar networks. This may be one way 

in which cell shape is modulated by the local extracellular environment 

in circulatory cells for example. Sufficient shear forces may also be 

developed under intracellular movements of protoplasm whereby cells 

could break down parts of their existing cytoskeleton by cytoplasmic 

streaming, appendage extension, or similar types of movement. This 

would eliminate the need for enzymatic modification of the network which 

would have to occur over large parts of the affected cytoskeleton. 

Concerning the interaction between actin and microtubule protein 
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and their possible function in intracellular motility, additional 

regulatory factors may be required to stabilize the interaction. Or, 

the environment in vivo could be considerably different from in vitro 

conditions, in water availability for example. The next step 1n this 

research would naturally be to add the motile proteins with an ATPase 

for converting chemical to mechanical energy (such as myosin) and look 

for contraction or additional network development. 



VI. SUMMARY 

Modeling Microtubule Polymerization 

The formation of microtubule networks can easily be followed on the 

Fluids Rheometer. Rate sweeps of fully cured networks along with 

electron micrographs and other observations have revealed the rigid-rod- 

like character of microtubules. 

A model based on head to tail polymerization of tubulin 

heterodimers was developed to describe the complex dynamic modulus 

versus time. The equation found to adequately fit the data over the 

* * , -K.m t + b 
initial period of polymerization was: G = Gmax (1 - e i' ). The 

model describes network formation at short times during the initial 

steps of polymerization, but deviates at long times. It was also shown 

that the initiation step in the polymerization process was virtually 

"invisible" in turbidity and rheometric measurements, which led to the 

use of a constant number of microtubules, m, in the development of the 

model. 

Effect of Tubulin Concentration 

The elastic modulus of microtubule networks in the standard buffer 

was shown to be a weak function of tubulin concentration. For highly 

purified tubulin, a maximum modulus of 20 dynes/cm^ was found at a 

tubulin concentration of 9 mg/ml. At higher tubulin concentrations a 

stable network would not form. 
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Stabilizing Additions 

The effect of deuterium oxide and glycerol is primarily to modify 

the Interactions between microtubules and to stabilize the 

heterodimer. Networks formed in 90% deuterium oxide exibited a lower 

critical concentration and greatly enhanced elasticity, 4-6 times that 

of non-stabillzed networks. 25% glycerol had little effect on the 

critical concentration as measured by the rheometer, but led to networks 

with 2-3 times the elasticity of those without additives. 

MAPs Proteins 

Additions of the MAPs fraction back to purified tubulin resulted in 

an increase in the amount of polymer formed, according to turbidity 

measurements. However, rheometric measurements revealed that the MAPs 

fraction actually led to a decrease in elasticity of purified tubulin 

networks. The appearance of very long microtubules in EM micrographs in 

the purified tubulin system plus other observations from the literature 

indicated that this contradiction could be resolved. Apparently, as 

more MAPs are added to purified tubulin more nucléation centers arise. 

Polymerization proceeds as before until an equilibrium is reached, but 

the end result is a larger number of shorter microtubules, which 

contribute less elastic behavior to the network. 

Actin-MAPs-Tubulin Interactions 

Actin and microtubule protein form strain sensitive networks with 

elastic moduli considerably greater than the sum of the components. 

Heat treated MAPs containing MAP 2 and Tau proteins were also found to 
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interact and cross-link actin filaments, but these networks were also 

strain sensitive. The maximum elastic modulus for heat treated MAPs was 

found to be 300 dynes/cm2 at 0.3 mg MAPs, 1 mg actin. After treatment 

with an acid phosphatase, which removed approximately 30% of the 

phosphate groups, the resulting MAPs fraction would cross-link actin 

O 

networks and yield a maximum elastic modulus of 400 dynes/cm at 

approximately 0.3 mg MAPs, 1 mg actin. This corresponds to a ratio of 

approximately 1 mole of MAPs per 23 moles of actin and appears to be 

constant while the phosphorylation state appears to modulate the 

interaction between MAPs and actin. 
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APPENDIX A 

DETERMINATION OF DYNAMIC SHEAR MODULI 

The mathematics required to Interpret oscillatory tests of linear 

viscoelastic fluids have been worked out by Walters and Kemp26. A 

summary of this as told by Kirkpatrick2? is presented here. 

The objective is to relate the upper and lower platen motions in 

terms of the input parameters (frequency, amplitude) the measured 

parameters (amplitude ratio and phase angle) and the desired physical 

parameter (G*). G* is the complex dynamic shear modulus and is made of 

two parts, G' and G". The real part of G*, G*, is referred to as the 

dynamic shear storage modulus or the elastic modulus. The imaginary 

part of G* is the dynamic shear loss modulus, G", also known as the 

viscous modulus. 

The test system consists of two parallel, concentric platens with 

radius, r, separated by a known gap, h. The lower platen oscillates 

with a frequency <u and an angle of oscillation 9^ . The upper platen 

lags behind the motion of the lower platen by a phase angle, c, with a 

decreased amplitude, . 

The first step in developing the relationship is to assume the 

following form for the velocity distribution; 

vr = Vz = 0 

V„ - Re (r F(z) e1ot} (A-l) 

where Re { } indicates the real part. Therefore, the angular part is 
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proportional to an angular amplitude, F(z), and an oscillatory part, 

Itot e • 

For a linear viscoelastic material, the only non-vanishing 

component of the stress tensor is xQ which is: 
02 

T 
0Z 

3F(Z) 
Iz— 

(A-2) 

The only non-trivial equation of motion describing the motion of 

the platens is: 

Re (P r F(z) iu) eiwt} (A-3) 

where p is the fluid density. 

Combining these two equations and rearranging yields 

+ a
2F = 0 (A-4) 

3z 

where a2 = 
G 

By applying appropriate no slip boundary conditions at the platen- 

sample Interface, the solution to Equation (A-4) is 

F(z) = A sin(otz) + B cos(az) (A—5) 

where the boundary conditions are: 
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F(0) = i ai 02 eic (A-6) 

F (h) = 1 uSj 

The variables in Equation (5) have the following values: 

A = i oi(0j csc(ah) - ©g e^ccot(ah) ) (A—7) 

B = i to @2 6 

An expression for the torque (T) on the upper platen is then 

needed, which is based on integrating the shear stress expression 

(evaluated at the upper platen) over the platen area. The resulting 

equation for the torque is: 

4 2 -ioit , 
T = ~ * y p Re{£-£— (02e1ccsc(ah) - ©^otfah)} (A-8) 

The equation of motion on the upper platen can be written in terms 

of the torque, the torsion bar constant (K) and the rotational inertia 

of the upper assembly (I) to yield: 

T = Re {(K - loi2) 01ei(üt} (A-9) 

The two equations for the torque may be combined and then simplified to 

cos(ah) + Sah sin(ah) (A—10) 

where 



To quantity a , and hence G* (= G' + 1G") is automatically 

evaluated by the Fluids Rheometer computer and results are output to the 

printer and plotter. 



APPENDIX B 

PROTEIN PURIFICATION 

B.l Tubulin Purification 

Tubulin was purified by the method of Shelanski^ in which glycerol 

is present in all stages of the procedure. All steps were done in a 

cold room when convenient. Table B-l summarizes the chemicals needed in 

this preparation. 

Table B-l 

Chemicals Required for Isolation of Bovine 
Brain Microtubules 

Chemical Abbreviation 

Piperazine-N, N'-bis PIPES 
(2-Ethanesulfonic Acid) 

Ethylene glycol-bis-( B -Aminoethyl EGTA 
Ether)N, N'-Tetra Acetic Acid 

Magnesium Chloride MgC^ 

Glycerol 

2-Mercaptoethanol 

Guanosine-5-Triphosphate GTP 

DL-Dithiothreitol DTT 

The procedure is given in detail below: 

1) Bovine brains are obtained from Freedman Packing Plant as soon 

after slaughter as possible. The brains are placed on ice and 

transported Immediately. Three brains are used which amounts to 

roughly 750 grams. 
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2) While working quickly in a cold room, the meninges and blood 

vessels are removed with tweezers and the brains are cut into small 

pieces with surgical scissors. Large pieces of white brain matter 

are discarded when convienent. 

3) The brains are washed with cold homogenizing buffer (0.1 M PIPES, 1 

mM EGTA, 1 mM MgCl2) and drained. 

4) Minced brains are suspended in cold glycerol buffer (25% glycerol 

in 0.1 M PIPES) at a 1:1 (volume to weight) ratio. Total volume is 

typically 1.5 liters. 

5) A virtus homogenizer is used to homogenize the mixture. This is 

done until no small clumps are visible. 

6) Mercaptoethanol is added to yield a 0.1% (volume) solution and the 

homogenate is cooled to 4°C. 

7) A crude clarification is performed in a Sorvall low speed 

centrifuge with a 6SA rotor at 4°C, 12,000 rpm for one hour (15,000 

g's). 

8) The supernatant is collected ( 700 ml) and 30 ml of glycerol per 

100 ml of supernatant is added. The resulting solution is then 

brought to 1 mM MgC^, 2 mM EGTA and 0.1 mM GTP. Everything is 

mixed while on ice. 

9) A high speed spin is performed on Beckman ultracentrifuges with 

TI35 rotors at 4°C, 31,000 rpm for 30 minutes ( 80,000 g's). 

10) The supernatant is brought to 0.5 mM GTP and stirred while on ice. 

11) The supernatant is then placed in a 37°C bath and allowed to 

polymerize for 30 minutes. Timing is started after the solution 

reaches 35°C. 
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12) The solution is centrifuged 1n the TI35 at 25°C, 31,000 rpm for 30 

minutes (80,000 g's). 

13) The supernatant is removed and discarded. The pellets from the 

first polymerizaiton (HjP's) are resuspended in 150 mis of cold 0.1 

M Pipes. The solution is brought to 1 mM MgC^» 1 mM E6TA, 0.1 mM 

GTP. 

14) The mixture is homogenized with a teflon-glass homogenizer until 

clear of particles. The volume is measured and the mixture is left 

on ice for 20 minutes. 

15) Glycerol 1s added to yield a 25% (volume) solution and the solution 

is brought to 1 mM DTT. The solution is left in the refrigerator 

freezer overnight. 

16) On the following day, the mixture is slowly defrosted, stirred, and 

centrifuged at 4°C, using the TI35 at 31,000 rpm for 30 minutes. 

17) The supernatant is then brought to 0.5 mM GTP while on ice. The 

second polymerization step is started by bringing the supernatant 

to 37°C for 30 minutes. Start timing after the temperture comes to 

35°C. 

18) The microtubules from the second polymerization are pelleted by 

spinning at 25°C in the TI35 at 31,000 rpm for 30 minutes. 

19) The pellets are saved and place on ice. Then the pellets are 

transferred as completely as possible to a homogenizer and the 

volume is brought to 75 mis with cold 0.1 M PIPES. The solution is 

then brought to 25% glycerol, 1 mM MgC^» 1 mM EGTA and 0.1 mM GTP. 

20) The mixture is depolymerized for 30 minutes on ice. 

21) The mixture is then spun at 4°C using the TI35 at 31,000 rpm for 30 
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minutes 

22) The supernatant is recovered and brought to 0.5 mM GTP and 1 mM 

DTT. 

23) The mixture is polymerized at 37°C for 30 minutes. Timing is 

started after the mixture reaches 35°C. 

24) The microtubules are pelleted at 25°C in the TI35 at 31,000 rpm for 

30 minutes. 

25) The supernatant is discarded and the pellets (HgP) are recovered. 

26) The pellets are transferred into preweighed vials, frozen in liquid 

nitrogen and stored at -80°C. 

The typical yield of H^p’s is roughly seven to eight grams of 

pelletized microtubules. Of the total weight only five to six percent 

is actually tubulin so the overall yield is approximately 400 mg tubulin 

per 750 grams bovine brains. 

B.2 Actin Preparation 

Actin was prepared by a modification of the Spudich and Watt method 

as described by Pardee and Spudich^. Rabbit muscle acetone powder was 

either purchased from Sigma, was obtained from a previous investigator, 

or prepared fresh from rabbit muscle. The best yields were achieved 

when fresh acetone powders were used (see Table B-2). 

Table B-2 
Yield of Actin 

Source Yield ( 
mg Actin 

g Acetone powder 

Sigma - Acetone Powder 

18 month old Acetone Powder 

> 1 

3-5 

Fresh Acetone Powder 15-30 
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Preparation of Acetone Powder 

A list of the required chemicals needed to prepare acetone powders 

is given in Table B-3. 

Table B-3 

Chemicals Required to Prepare Rabbit Muscle Acetone Powders 

Chemicals Abbreviation 

Potassium Chloride KC1 

Potassium Phosphate K2HPO4 

Sodium Bicarbonate NaHCO-j 

Ethylenedlaminetetracetate EDTA 

Acetone 

All extractions were done with vigorous stirring. 

1) A large rabbit is killed, bled and skinned as quickly as 

possible. As much of the muscle as possible is then removed, cut 

into small pieces, and washed with distilled water. The meat 1s 

placed on ice and transported to the cold room where it is passsed 

through a meat grinder two times. 

2) About 400 g of minced meat is extracted with one liter of cold 0.1 

M KC1, 0.15 M potassium phosphate, pH 6.5, for 10 minutes. The 

slurry is then filtered through several layers of cotton gauze. 

3) The minced muscle is then extracted with two liters of 0.05 M 

NaHCÛ3 for 10 minutes and filtered as before. 

4) The next extract is done with one liter of 1 mM EDTA pH 7.0 for 10 

minutes at 4°C, followed by the filtration step. 
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5) Two extractions follow, each with one liter of distilled water 

for 5 minutes at 4°C. 

6) The final extractions are performed with one liter of chilled 

acetone for 10 minutes at room temperature, and are followed by a 

filtration step as before. This step 1s repeated five times. 

7) The residue Is spread out in clean glass petri dishes and air 

dryed for several hours, under a hood. The final acetone powder 

is stored at -20°C in a refrigerator freezer. 

Preparation of Actin from Acetone Powder 

The chemicals requied to prepare purified actin are given in Table 

B-4. 

Table B-4 

Chemicals Required to Prepare Purified Actin 

Chemical Abbreviation 

Tris (hydroxymethyl) ami nomethane 

Adenosine 5'-Triphosphate 

2-Mercaptoethanol 

Calcium chloride 

Tris-Cl 

CaCl 2 

ATP 

Sodium azide NaN3 

KCl Potassium chloride 

Magnesium chloride MgCl 2 

1) The acetone powder is extracted in the cold room for 30 minutes with 

15-20 mis of buffer A per gram of acetone powder. Buffer A is 2 mM 
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Tris-Cl, 0.2 mM Na2ATP, 0.5 mM 2-Mercaptoethanol, 0.2 mM CaCl2, 

0.005% NaN3* pH 8 at 25°C. 

2) The resulting suspension is filtered through several layers of 

sterile cotton gauze and the solids are contacted a second time with 

15-20 mis of buffer A. After 30 minutes, the suspension is filtered 

as before and the extracts are combined. 

3) The extracts are centrifuged at 18,000 rpm in a SS-34 rotor (33K g's 

average) for 30 minutes. The supernatant is removed, leaving behind 

the pellet and as much of the turbid lipid layer as possible. 

4) The volume is measured and the supernatant is brought to 50 mM KC1, 

2 mM MgCl2» 1 mM ATP. The solution is mixed and then allowed to 

polymerize in the cold room for two hours without stirring. 

5) Solid KCL is then added with stirring to yield a concentration of 

0.6 M, and the solution is gently stirred for 30 minutes. 

6) The polymerized actin is then centrifuged at 42 K rpm in a TFT 65.13 

rotor (150 K g's) for 2 hours at 4°C. 

7) The resulting pellets are carefully transferred to a 50 ml teflon 

pestile homogenizer. The centrifuge tubes are rinsed with a small 

amount of buffer A which is then transferred to the homogenizer. 

The solution is gently homogenized. 

8) The homogenized solution is then placed in a 50 ml Ami con 

ultrafiltration unit fitted with a PM 10 membrane. Buffer A is 

added to the 50 ml mark and the unit is pressurized. The sample is 

dialyzed with Buffer A until the KC1 concentration is calculated to 

be less than 10 mM and then concentrated up to 3-5 mg actin per ml. 

9) The concentrated G-Actin solution is then centrifuged at 42 K rpm in 
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a TFT 65.13 rotor (150 K g's) for 2 hours at 4°C. 

10) The pellet is discarded and the supernatant 1s ready for use as G- 

Actin. 

In some experiments, the clarified G-actin is polymerized by adding 

KC1 to 50 mM, MgCl2 to 1 mM> ATP to lmM» After polymerizing for 30 

minutes the solution is centrifuged as before, the supernatant is 

discarded and the pellets are covered with fresh Buffer A. The pelleted 

F-Actin is more stable than the G-Actin solution so this can extend the 

useful life of an actin preparation. To use these F-Actin preparations, 

the pellets are resuspended 1n fresh Buffer A, homogenized, and a 

clarifying spin is performed (30-40 K g's for 20 minutes). 

B.3 Phosphocellulose Purification of Microtubule Protein 

Separation of the MAPs and Tubulin fractions was performed as 

described by Slobada et al43 on a column of phosphocellulose (Whatman 

Pll). The required chemicals are basically the same as those needed in 

the preparation of tubulin. 

1) One gram of dry Pll is used for each 5 ml of desired swolen gel. 

The resin 1s cycled according to the manufacture's directions by 

washing with one liter of 0.25 N NaOH for 60 minutes and rinsed 

until the supernatant pH stabilizes at 8.0. The resin is then 

washed with 0.25 N HC1 for 30 minutes and rinsed until the pH 

stabilizes. Most of the liquid is decanted and replaced with column 

buffer - 100 mM PIPES, 0.5 mM MgCl2, 1 mM EGTA and 0.1 mM GTP, pH 

6.9. 

2) A 50 ml syringe barrel is used for the column with a porous paper 

support plate. The column is poured by slurrying the resin and 
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quickly filling the syringe barrel. The resin is allowed to settle, 

liquid is run off or removed with a pipette and additional resin is 

added as needed. A rubber stopper with a large guage needle is 

placed in the syringe barrel and attatched to a suitable 

reservoir. The column is eluted with 300 mis of column buffer at a 

hydrostatic pressure of 75-100 cm. A flow rate of 0.5 ml/min was 

maintained and all of the column work is done at 4°C. 

3) The pellets from twice cycled tubulin are thawed and taken through 

one more cycle of polymerization in glycerol buffer. The resulting 

pellets are suspended in column buffer, homogenized and taken 

through a clearing spin (30,000 g's by 20 minutes). This solution 

should contain about 10-15 mg/ml of protein and no more than 3 mg 

protein per ml of bed volume should be placed on the column. 

4) The clarified, depolymerized solution is placed on the column and 

the column is eluted. Five ml samples were collected and the 

elution of the tubulin peak is monitored by absorbance at 280 nm. 

Enough MgClg is added to each sample to yield a concentration of 1.0 

mM. 

5) The peak fractions are combined and concentrated by ultrafiltration 

on Amicon PM 10 filters. The resulting purified tubulin is taken 

through a clarifying spin (30,000 g's for 20 minutes) placed in 

small tubes, frozen in liquid nitrogen and stored at -80°C. 

6) After the peak tubulin fraction elutes from the column, 1-2 bed 

volumes of column buffer are passed through the column to remove 

nonadsorbed protein. 

7) The MAPs fraction is then eluted with 0.8 M NaCl in column buffer at 
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a flow rate of 1 ml/minute. Once again, five ml samples are 

collected and the protein concentration is monitored by absorbance 

at 290. 

8) The peak samples are combined and placed into the Ami con pressure 

dialysis unit equipped with a PM 30 filter. The MAPs fraction is 

desalted using the column buffer to about 7 mM NaCl and then 

concentrated to 3-4 mg/ml protein. 

9) The purified MAPs fraction 1s taken through a clarifying spin 

(30,000 g's for 20 minutes), placed in small tubes, frozen in liquid 

nitrogen and stored at -80°C. 

B.4 Preparation of Heat Treated MAPs 

Heat treated MAPs were prepared from twice cycled microtubule 

protein according to the procedure outlined by Nishida27. Table B-5 

lists the required chemicals. 

Table B-5 

Chemicals Required to Prepare Heat Treated MAPs 

Chemical Abbreviation 

2[-N-Morpholino]ethane-sulfonic acid MES 

Magnesium chloride MgCl2 

Potassium chloride KC1 

Calcium chloride CaCl 2 

Sodium chloride NaCl 

2-Mercaptoethanol 

A detailed procedure is given below. 

1) Microtubule protein is allowed to depolymerize in 17 mM Mes, 5 mM 
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MgCl2> 90 mM KC1, 0.15 mM GTP and 1.1 mM CaClg at 4°C for 10 

minutes. The solution is then taken through a clearing spin at 

40,000 g's for 20 minutes. 

2) The solution is brought to 2 mM EGTA and incubated at 37°C for 30 

minutes. 

3) The solution is then brought to a final concentration of 0.8 M NaCl 

and 80 mM 2-mercaptoethanol. 

4) Microtubule protein is then heated in a 100°C water bath for five 

minutes, cooled on ice and centrifuged at 40,000 g's at 5°C to 

pellet the precipitated proteins. 

5) The clarified heat stable supernatant is then dialyzed against MAPs 

buffer (2 mM HEPES pH 7.5, 100 mM KC1) until the NaCl concentration 

is less than 15 mM. The sample is then concentrated up to 2-4 mg 

protein/ml, taken through a clarifying spin (40,000 g's for 20 

minutes) and stored on ice until needed. 

B.5 Preparation of Oe-phosphorylated MAPs 

Heat Treated MAPs are de-phosphorylated according to a procedure 

outlined by Selden and Pollard10. 

1) Heat stable MAPs in MAPs buffer are incubated with 0.5 mM 

phenylmethylsulfonyl fluoride, 1 mM DTT, 2 mM EGTA, 2 yg/ml 

leupeptin and 10 ug/ml acid phosphatase. After the pH is brought 

to pH 6.6 with 0.5 M HC1 the mixture 1s incubated for one hour at 

37°C. 

2) Terminate the reaction by heating at 100°C for five minutes and then 

cool on ice. 
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3) Centrifuge the solution at 40,000 g's for 20 minutes at 4°C to 

remove precipitated protein. 

4) The clarified solution 1s then dialyzed with a PM 30 membrane with 

MAPs buffer and then concentrated as much as possible. The 

dephosphorylated MAPs are then taken through a clarifying spin 

(40,000 g's, 20 minutes) and stored on ice until needed. 

B.6 Total Protein Analysis 

The Schacterly and Polack29 modification of the Lowry technique for 

total protein was used in all experiments. In this assay the following 

reagents are required: 

a) Alkaline Copper Reagent 

-10% Sodium carbonate 

-0.1% Sodium potassium tartrate 

-0.05% Copper sulfate 

enough NaOH to yield a 0.5 N solution 

b) Phenol Reagent Solution 

-IN Folin Ciocalteu reagent diluted 1/8 with water 

Procedure: 

1) 1 ml of alkaline copper reagent is mixed with 1 ml of sample and 

allowed to stand for 10 minutes. 

2) 4 ml of phenol reagent solution is rapidly added and the samples are 

placed in a 55°C water bath for 5 minutes. 

3) The samples are cooled and the absorbance at 660 nm is determined. 

4) A standard curve is obtained by similarily running a set of bovine 
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serum albumin samples of known protein content. 

B.7 Assay for Protein Bound Phosphate 

To assay for bound phosphate a method described by Selden and 

Pollard10 is used. The required chemicals are given in Table B-6. 

Table B-6 

Chemicals Required for Bound Phosphate Assay 

Chemcial Abbreviation 

Tri-chloro acetic acid 

Sodium hydroxide 

Magnesium nitrate-6 hydrate 

Potassium phosphate 

Ammonium molybdate 

Malachite green 

Sterox 

The detailed procedure is given below. 

1) Samples containing 0.5 to 4 nanomoles of phosphate are placed in 

ashing tubes (usually 0.05-0.15 ml of MAPs are added). 

2) The protein is precipitated by adding 0.5 ml of cold 10% TCA. The 

solution is pelleted by spinning at 1700 g's for 15 minutes at 

4°C. All subsequent centrifugations are done at these conditions. 

3) The supernatant is carefully removed with a glass pasteur pipet. 

One ml of cold 5% TCA is added, the sample is centrifuged and the 

supernatant is removed. 

4) The pellet is resuspended in 16% TCA and heated for 20 minutes at 

TCA 

NaOH 

MgN03-6H20 

KH2PO4 
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90°C. 

5) After cooling on ice, the sample is centrifuged and the supernatant 

is discarded. 

6) The precipitate is dissolved in 0.3 ml of 0.2 N NaOH, mixed and then 

re-precipitated with 0.6 ml of cold 20% TCA. The sample is 

centrifuged and the supernatant is discarded. 

7) One ml of cold 5% TCA is added, the sample is centrifuged and the 

supernatant is removed. 

8) A set of standards containing a known amount of phosphate are then 

prepared. 25 u 1 of MgW^-ôt^O is then added to the standard and 

test samples. 

9) All tubes are then dried in an oven, and are then ashed over an 

intense flame. 

10) The ash is dissolved in 0.3 ml of 1.2 M HC1 and then 0.3 ml of 

phosphate reagent is added. The phosphate reagent is prepared by 

mixing: 

a) one part 4.2% ammonium molybdate 

b) three parts 0.045% malachite green. 

After mixing the two ingredients for 20 minutes, the solution is 

filtered and 0.2 ml of sterox is added per five ml of solution. 

11) After five minutes the absorbance is read at 660 nm. 

B.8 Preparation of Samples for Electron Microscope 

Grids for electron microscopy are prepared in a procedure similar 

to that given by Sloboda7. Carbon over formvar-coated grids (200 and 

400 mesh) are exclusively used. An aliquot of microtubule protein is 
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placed in a test tube and allowed to polymerize for 30 minutes to one 

hour. An amount of fixative buffer is added to yield a solution 

containing approximately 1 mg/ml of protein. The fixative 1s also 

maintained at 37°C and contained 1 or 2% glutaraldehyde in PEM buffer 

(0.1 m Pipes, 1 mM EGTA, 1 mM MgCl2) plus 1 mM GTP. This solution is 

mixed by inverting the tubes, a small portion is removed and allowed to 

cure for one minute. The grid is then placed on the drop for one 

minute. After blotting, the grid is washed with 0.2% cytochrome C 1n 1% 

amyl alochol. The grid 1s blotted once again and stained with 1% uranyl 

acetate for one minute. This is followed by another wash step. The 

stained grid was dried as completely as possible and then stored in a 

desicator. Electron microscopic observations were made at a 

magnification of 3300X or 5000X. 

B.9 Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis (SDS- 

PAGE) 

SDS-PAGE was performed according to a variation of the method 

popularized by Laemmli4^. The slab gels are prepared from a 8% gel mix 

containing: 

8% acrylamide 

- 0.5% N,N'methylene bis acrylamide 

- 0.536 M tris-HCl 

- 0.15% SDS 

- .043% Ammonium persulfate 

- 0.06% TEMED 

The mixture is slowly dripped into the glass plate sandwich of a 
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Hoefer electrophoresis unit using a Buchler Polystaltic Pump. The gel 

is overlaid with 0.5 ml of a 1:4 dilution of running buffer (0.192 M 

glycine, 0.025 M Tris-HCl, 0.1% SDS) and the gel is allowed to 

polymerize for one hour. The next morning, the overlaying buffer is 

removed and the stacking gel is poured, which contains: 

- 5.3% acrylamide 

- 0.06% N, N'-methylene bis acrylamide 

- 0.1% SDS 

- 0.125 M Tris-HCl 

- 0.03% ammonium persulfate 

- 0.08% TEMED 

A teflon comb is inserted in the stacking gel to produce flat 

sample wells. A layer of 0.1% SDS is applied to the top of the gel to 

obtain a smooth surface. After polymerizing for 30-60 minutes the comb 

and the buffer are removed. 

The samples are prepared by placing a small amount in a plastic 

tube and adding at least one volume of SDS SAMPLE buffer (2.3% SDS, 5% 

0 -mercaptoethanol, 10% glycerol, 62.5 mM Tris-HCl pH 6.8) and then 

boiling for 5 minutes. 10-50 y 1 of the sample is then placed in a 

well. Also, 10-15 y 1 of a molecular weight standard is placed in one 

well. 

The lower reservoir is filled with running buffer (0.192 M glycine, 

0.025 M Tris-HCl, 0.1% SDS) and the upper chamber is carefully filled 

with running buffer containing 0.00007% bromophenolblue to indicate the 

gel front. 

The electrophoresis is carried out at room temperature for 4-5 
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hours. The gels are then fixed overnight in 40% methanol, 7% glacial 

acetic acid. A stain is then added to the fixing solution - 0.2% 

Coomassie Brilliant Blue R. Destalning is done in 25% methanol, 7% 

glacial acetic acid, 2.5% glycerol until a clear background is 

observed. The gels are then placed on filter paper and dried under a 

vacuum. Photographs can then be made. 


