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Abstract

Elongation factor Tu is a 43,200 MW protein from prokaryotes which is known

to carry aminoacyl-tRNAs to the mRNA-programmed ribosome. The state of

aggregation of elongation factor Tu (EF-Tu), purified to near homogeneity from E....

CQ/i, has been examined here under various conditions in vitro. At pH 7.5, EF-Tu

appears to be mostly a monomer to time-resolved fluorescence spectroscopy

experiments, but quasi-elastic light scattering data suggests the presence of a small

amount of higher aggregates. Polymerization of EF-Tu has been shown to be induced

by pH below 7 under low ionic strength conditions. Polymerization curves, as

monitored by turbidity, show a lag time followed by rapid growth in a fashion similar

to that for actin and tubulin. However, the inability to seed polymerization with pre

formed polymers suggests that polymerization of EF-Tu does not proceed via the

canonical nucleation/elongation model. Polymerization was shown to be inhibited by

pH above 7, high ionic strength, particularly magnesium and calcium ions, low

temperature and the presence of aurodox and nocodazole. Increasing concentrations up

to 2.5 flM increase the rate of polymerization, but further increases to 9.8 flM decrease

the rate of polymerization and increase the lag time. Such behavior with concentration

is unique compared to other polymerizing systems. Also, polymerization of EF-Tu

does not require bound GTP, as is the case with tubulin. Time-resolved fluorescence

polarization studies on EF-Tu covalently labeled with 2,5-dansyl chloride indicate that

the monomer concentration decreases as polymerization proceeds.

The structure of the polymer formed by EF-Tu was examined by various

techniques. Scanning and transmitting electron micrographs of EF-Tu polymerized at

low pH show evidence of linear filament bundles, branched polymers and two

dimensional sheets. Light microscopy using fluorescence optics of EF-Tu labeled with
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tetramethylrhodamine isothiocyanate provided evidence for branched polymers similar

in size (10-15 urn in diameter) to those observed under the electron microscope.

Polymers of EF-Tu approximately 120nm in diameter behave as spheres,

whereas smaller polymers behave more as linear rods which show almost no

interaction. An interesting observation was that monomers added to a solution of

polymers tend to form new polymers instead of adding onto pre-formed polymers,

which is exactly opposite to the behavior of known polymerizing proteins and suggests

a size limit.

Finally, time-resolved phosphorescence anisotropy of EF-Tu labeled with

erythrosin isothiocyanate revealed that as polymers grow, they become entangled.

There was a fast rotational motion which was resolved by increasing the solvent

viscosity with glycerol. The sub-microsecond motion may be due to either internal

flexibility of the polymers or the presence of small aggregates such as hexamers or

heptamers.
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Chapter.I
Introduction to Elongation Factor Tu

Elongation Factor Tu (EF-Tu) is a well known protein that is involved in the

elongation phase of prokaryotic protein biosynthesis. Although much research has

been done on EF-Tu since its discovery in 1966, many aspects of its structure and

function are either controversial or unknown altogether even though EF-Tu is

considered the best known guanine nucleotide binding protein (Lucas-Lenard and

Lipmann, 1966). A brief description of the current knowledge of the structure and

function of EF-Tu will follow here and particular attention will be given to the state of

aggregation of EF-Tu, as well as the polymerization phenomenon at low pH.

Structure:

EF-Tu from E. coli is a 43,200 MW protein consisting of 393 amino acids, and

the carboxy-terminal residue can be either a glycine or a serine (Arai et aI., 1980;

Jones et aI., 1980; and Laursen et aI., 1981). The amino-terminal serine was found to

be acetylated and lysine-56 was found to be partially methylated. The reason for the

heterogeneity at the carboxy-terminal residue is that EF-Tu is encoded for by two genes

in lLalli, known as tufA (glycine-393) and tufB (serine-393) (Yokota et aI., 1980 and

An and Friesen, 1980). In fact, the nucleotide sequences differ at only 13 positions

between the two genes. It has been suggested that approximately two-thirds of the EF

Tu in the cell is the product of the tufA gene, with the remaining one-third being the

product of the tufB gene (Van Der Meide et aI., 1982). The tufA gene product

(glycine-393) is also thought to be essential for growth, whereas the tufB gene product

(serine-393) is thought to be nonessential (Van De Klundert et aI., 1978). Recently, it
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was shown that mutant strains of~ with either gene (tufA or tutB) insertionally

inactivated had reduced growth and translational elongation rates (Tubulekas and

Hughes, 1993). The experimental evidence is consistent with a computer model of

elongation, which predicted the dependence of elongation rate on the concentration of

EF-Tu (Pingoud et al., 1990).

Besides E. coli, EF-Tu has been isolated and studied from many different

organisms. Some of the better known prokaryotes from which EF-Tu has been studied

are Thermus thermophilus and Halobacterium marismortui (Arai et aI., 1978; Kushiro

et aI., 1987; Satoh et al., 1991; Guinet et aI., 1988; and Ebel et aI., 1992). The

proteins range from 45 - 60 kDa and have 65 - 70% amino acid homology to EF-Tu

from E. coli. The tolerance of T. thermophilus to high temperatures makes it a unique

organism to study, and it has been shown that EF-Tu from this organism is fully active

at 600C (Arai et al., 1978). The original characterization of EF-Tu from E. coli

showed thermal sensitivity, and the "u" in EF-Tu stands for unstable at high

temperatures. Also, the "s" in EF-Ts, the nucleotide exchange factor in protein

biosynthesis, stands for stable at high temperatures.

Another unique organism growing at extreme conditions is H. maiismanui.

which may be found under near-saturating salt concentrations such as those found in

the Dead Sea and the Great Salt Lake. To adapt, the cytoplasmic salt concentration of

H. marismortui is maintained at 3 - 4 M KCI. It has been shown that EF-Tu from

Halobacterium species is stable only at 3 - 3.6 M KCI, and that perhaps this stability is

due to the higher proportion of acidic amino acid residues than in EF-Tu from E. coli

(Kessel and Klink, 1981 and Guinet et aI., 1988). A very interesting feature of EF-Tu

from H. marismortui is its stability in the range of pH 4.5 to 9.5, and its activity

between pH 6 and 9.5 (Ebel et aI., 1992). The genes encoding EF-Tu in H.
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marismortui have not been cloned, but those from T. thermophilus have, demonstrating

that two genes encode EF-Tu (tufA and tuffs), which is analogous to the situation in E.

cali (Kushiro et aI., 1987 and Satoh et aI., 1991).

Other sources of EF-Tu are chloroplasts and mitochondria, which contain their

own protein biosynthetic machinery distinct from that of the host organism.

Chloroplasts contain ribosomes which are 70S in size and are thus similar to those

from eubacteria (Steinmetz and Weil, 1989). Animal mitochondria ribosomes are 55 

60S due to a lower ratio of rRNA to protein, and they apparently lack 5S rRNA

(Matthews et al., 1982). The mitochondrial translation factors and ribosomal proteins

are encoded by nuclear genes, so they are synthesized in the cytoplasm and transported

into the mitochondria (Richter, 1971). Mitochondrial EF-Tu from bovine liver has only

recently been investigated, but that from Saccharomyces cerevisiae has been cloned and

characterized, demonstrating that EF-Tu is encoded by a single, nuclear gene in this

organism (Schwartzbach and Spremulli, 1989; Nagata et aI., 1983; and Rosenthal and

Bodley, 1987).

The genes encoding chloroplast EF-Tu have been more thoroughly investigated

than those from animal mitochondria, and it has been shown that EF-Tu from spinach

and Euglena gracilis is encoded for by chloroplast genes (Ciferri, 1979 and Montandon

and Stutz, 1983). By way of contrast, chloroplast EF-Tu from Arabidopsis thaliana and

Brassica species are encoded by a single copy and multiple gene family in the nuclei of

the respective organisms (Baldauf and Palmer, 1990 and Baldauf et al., 1990).

Recently, the chloroplast EF-Tu from tobacco was shown to be encoded by two nuclear

genes (Murayama et aI., 1993). The reason for chloroplast and mitochondria EF-Tu

genes being found in the nucleus is unclear, as is the reason for different locations of

genes in different organisms.
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In terms of post-translational modifications, it is interesting to note that both

EF-Tu and elongation factor lex (EF-1a), which is the counterpart aminoacyl-tRNA

carrier in eukaryotes, have both been shown to be phosphorylated in vivo, with EF-Tu

being phosphorylated at threonine-382 (Lippmann et aI., 1993 and Venema et aI.,

1991a). Phosphorylation of EF-1ex was shown to enhance synthesis of poly-U

dependent poly-phenylalanine (Venema et aI., 1991b). The effect of phosphorylation on

the activity of EF-Tu is unknown at present.

Methylation at lysine-56 was shown to contain two species: monomethyl- and

dimethyl-lysine (Toledo and Jerez, 1985). The methylation appeared to be dependent

upon the growth phase of the bacteria, with monomethylation of lysine-56 occurring

during the log phase and dimethylation of lysine-56 occurring during the stationary

phase. Methylation apparently slows the GTPase activity of EF-Tu (Van Noort et al.,

1986). The slower GTPase may slow protein synthesis and possibly allow for higher

accuracy in translation. Besides growth phase, nutrient availability was also shown to

affect methylation of EF-Tu, with more methylation of EF-Tu occurring during

starvation (Young and Bernlohr, 1991). The effect was again thought to cause slower

translation, but may have relevance for chemotaxis.

A great deal of effort has gone into resolving the crystal structure of EF-Tu,

with the earliest reported crystal being done in 1973 (Sneden et al., 1973). A low

resolution electron density map (6 A) on mildly trypsinized EF-Tu·GDP from E. coli

was soon done (Kabsch et al., 1977). The guanine nucleotide domain electron density

map was resolved later to 2.7 A resolution (Jurnak, 1985 and la Cour et al., 1985).

There still exists controversy over electron density maps for domains 2 and 3 of EF

Tu, but structures are currently available to 2.6 A resolution (Kjeldgaard and Nyborg,

1992). The crystal structure suggests that EF-Tu consists of three globular domains
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(domain 1 contains the first 200 amino acids and is the site for guanine nucleotide

binding) and resembles a flattened triangle with a hole in the middle. The overall

dimensions are 7.5 nm x 5.0 om x 3.0 nm (Kjeldgaard and Nyborg, 1992). The crystal

structure is represented in Figure I below (adapted from the work of Dr. F. Jurnak).

Figure 1 - Three-dimensional structure of EF-Tu·GDP. Domain 1 is shown in purple,
domain 2 in blue-green, and domain 3 in red. Tryptophan-184 is highlighted in green,
GDP in red and tyrosines in blue. The structure shown here was done by Dr. Frances
Jurnak based upon her own data.
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Recently, the crystal structure of the complete (untrypsinized) EF-Tu from L

thermophilus was resolved to 1.7 Aresolution (Berchtold et al., 1993). The protein

was crystallized bound to a nonhydrolyzable analog of GTP, which was guanosine-5'

(p,y-imido) triphosphate or GppNHp. Space filling models of EF-Tu·GppNHp and EF

Tu·GOP are shown in Figure 2 below (adapted from Berchtold et al., 1993).

Comparison of the two structures reveals that both consist of three globular

domains. The overall structure of domain 1 of both forms of EF-Tu and of p21ras are

similar (Pai et al., 1990 and Berchtold et al. , 1993). Domain 1 consists basically of a

central p-sheet, five strands of which are parallel and one of which is antiparallel. Six

a-helices surround the p-sheet and ten loops connect the secondary structures. Domains

2 and 3 consist mainly of antiparallel p-sheets in both forms of EF-Tu, and p21ras does

not contain these domains (Berchtold et al., 1993).

The differences between the two forms of EF-Tu, whether it is bound to GOP

or GppNHp, are apparent in the relative positions of the three domains. As can be seen

in Figure 2a, there is a central hole or space between the three domains of EF-Tu·

GOP. When the protein binds to GppNflp, the domains shift so that the hole is

occluded as shown in Figure 2b. The rearrangement is accomplished by a structural

complementarity between domains 1 and 2 in the "GTP" form, which can form a tight

interface, whereas there is repulsion between domains 1 and 2 in the "GOP" form

(Berchtold et al. , 1993). The new interface between domains 1 and 2 of the "GTP"

form consists of five salt bridges and eight hydrogen bonds, while the polar side chains

all interact with water in the "GDP" form. Apparently, the interface between domains

1 and 2 is designed to be broken and specifically reformed. The interface between

domains 2 and 3, on the other hand, seems to remain intact in both the GOP and GTP

bound forms. Thus, domain 3 moves along with domain 2 when the bound nucleotide
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is exchanged, and the contacts between domains 1 and 3 are different in the "GTP" and

"GDP" forms <Berchtold et al., 1993).

Figure 2 - Three dimensional structures of EF-Tu: A) EF-Tu·GDP; B) EF-Tu·
GppNHp; and C) alternate view of EF-Tu·GppNHp. Domain 1 is shown in red,
domain 2 in yellow, domain 3 in blue, Mg2+ in green and the nucleotidcs in white.
The structures shown here are adapted from Berchtold et aI., 1993.
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Solution studies have yielded different results on the shape of EF-Tu. Small

angle X-ray scattering suggested that EF-Tu·GDP is an oblate ellipsoid with semi-axes

of 4.08 nm x 4.08 nm x 1.18 nm (Sjoberg and Elias, 1978). From small angle neutron

scattering, the radius of gyration of either EF-Tu·GDP or EF-Tu·GTP was found to be

2.5 nm uncorrected for a hydration shell, and 2.1 nm after correction (Antonsson et

aI., 1986). The uncorrected value of 2.5 nm is consistent with other neutron and X-ray

scattering studies (Sjoberg and Elias, 1978; Osterberg et aI., 1981; and Osterberg et

aI., 1986). The corrected value of2.1 nm for the radius of gyration is in close

agreement with that calculated from the crystal structure. Dynamic light scattering

from EF-Tu·GDP yielded a translational diffusion coefficient of 7.1 x 10-7 cm2tsec,

which corresponds to a radius of gyration of 2.34 nm (± 0.7 nm), assuming the protein

behaves as a sphere, which is also in close agreement with the crystal structure (Sam et

aI., 1990).

It is interesting to note that the dynamic light scattering study suggested the

presence of higher aggregates of EF-Tu (Sam et al., 1990). The most recent small

angle neutron scattering study indicated a monomer-dimer equilibrium, with the dimer

being converted to monomer upon binding of aminoacyl-tRNA (Antonsson et al.,

1986).

Fluorescence spectroscopy has also been used to study the hydrodynamics of

EF-Tu·GDP. By studying the time-resolved or dynamic polarization of tryptophan-184

of EF-Tu, a rotational relaxation time of 63 ns was found (Jameson et aI., 1987).

However, dynamic polarization measurements using a fluorescent analog of GDP

(fluorescamine-GDP) indicated a rotational relaxation time of 88 ns, whereas a

rotational relaxation time of 50 ns would be expected for a sphere of 43,000 MW

(Eccleston et al., 1987). The authors suggested that of the two estimates, the 88 ns time
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better reflects the hydrodynamics of EF-Tu because of the longer lifetime of

fluorescamine-GDP, and is more consistent with an ellipsoidal model for EF-Tu.

Fluorescence spectroscopy studies also suggested the presence of dimers of EF-Tu·GTP

(Jameson and Hazlett, 1989).

Besides the overall structure of EF-Tu, information is also available on the

change in domain 1, which contains the binding site for the guanine nucleotide, when

bound to GDP or GTP. Residues 86-88 of EF-Tu·GppNHp from T. thermophilus form

a ~-turn instead of an a-helix, which they do in EF-Tu·GDP from E. coli (Berchtold et

al., 1993). Also, a hydrogen bond is broken between the amide of glycine-84 and the

carboxylate of aspartate-87, allowing the amide of glycine-84 to bind the y-phosphate

of GTP as well as a reactive molecule of water, which is involved in the hydrolysis of

the phosphate.

EF-Tu from T. thermQphilus has also been used in affinity labeling experiments

with periodare-oxidized GDP and GTP, which covalently bond s-amino groups of

lysine residues. Covalent attachment of radiolabeled probe to lysine-52 in both the

GDP and GTP bound forms of EF-Tu suggested placement of this residue, previously

unassigned in the crystal structure as residues 45-59 are cleaved by trypsin, near the

nucleotide binding site (Peter et al., 1988). The labeling of lysine-137 was the most

affected by the bound nucleotide, being more extensively labeled in EF-Tu·GTP than in

EF-Tu·GDP. It was suggested that GDP may be more rigid than GTP, which may be

mobile enough to react with lysine-137 (Peter et al., 1988). However, the difference in

labeling was not thought to be significant. Indeed, labeling through reductive

methylation with 14C-formaldehyde showed no difference in the labeling between EF

Tu·GDP and EF-Tu·GTP (Kraal and Hartley, 1978).
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Although affinity labeling of lysine residues did not show a significant

conformational change between EF-Tu·GDP and EF-Tu·GTP, other techniques have

provided evidence for such a change. For example, the rate of exchange of tritium

indicates that there are 25-35% more slowly exchanging protons in EF-Tu·GDP than in

EF-Tu·GTP, suggesting that EF-Tu·GDP has a tighter conformation (Printz and Miller,

1973). Also, EF-Tu·GTP was shown to bind three molecules of l-anilino-8-naphthalene

sulfonate (ANS) with an apparent Kd of 2 x 10-5 M, whereas EF-Tu·GDP binds two

molecules of ANS with an apparent Kd of 5-8 x 10-5 M (Crane and Miller, 1974). It

was further shown that when EF-Tu·GDp·2 ANS is converted to EF-Tu·GTp·3 ANS,

the emission is increased two-fold and the maximum is shifted 8 nm to the blue (475

nm to 467 nm) (Arai et aI., 1975).

Another approach to probing the conformational changes has been 19F-NMR

used to study EF-Tu labeled with 3-fluorotyrosine. In the case of EF-Tu·GDP, two

signals were shifted downfield compared to all other complexes of EF-Tu studied,

which included EF-Tu·GTP, EF-Tu·EF-Ts, Ef-Tu-Glrl-aurodox, and

EF-Tu·GDp·EF-Ts (Eccleston et aI., in press). The shifts were attributed to a more

sterically crowded environment for the 3-fluorotyrosines in the case of EF-Tu·GDP.

The two tyrosines giving rise to the shifted signals were suggested to be tyrosine-87

(domain 1) and tyrosine-309 (domain 3), which both appear to be buried judging from

the crystal structure of EF-Tu·GDP (Jurnak, 1985; la Cour et aI., 1985; and Kjeldgaard

and Nyborg, 1992). If the two signals do arise from tyrosines-87 and -309, the data are

then consistent with the suggestion that domain 1 interacts closely with domain 3 in

EF-Tu·GDP (Limmer et aI., 1992).

Clearly, the conformational change between EF-Tu·GDP and EF-Tu·GTP is

slight. On the other hand, the conformational change in EF-Tu·GTP upon binding
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aminoacyl-tRNA is more pronounced. EF-Tu·GTP, when bound to aminoacyl-tRNA,

was shown to enhance the emission of ANS only as much as EF-Tu·GDP, whereas free

EF-Tu·GTP enhances the emission of ANS more than EF-Tu·GDP (Crane and Miller,

1974). The third binding site for ANS was therefore suggested to be at or near the

binding site for aminoacyl-tRNA (Crane and Miller, 1974 and Arai et al., 1975). More

lysines were seen to be reactive with reductive methylation in EF-Tu·GTP·aa-tRNA

than in free EF-Tu·GTP (Kraal and Hartley, 1978). Also, lysine residues 208 and 390

were shown to be more reactive with ethyl acetimidate in EF-Tu·GTP·aa-tRNA than in

free EF-Tu·GTP, while lysines-2, 4, 237, 263 and 282 all became less reactive

(Antonsson and Leberman, 1984).

In terms of conformational differences between EF-Tu·GDP and EF-Tu·GTP,

studies using the antibiotic kirromycin, or its N-l methyl derivative aurodox, have

yielded interesting results. Kirromycin or aurodox inhibit translational elongation by

binding 1:1 with EF-Tu, and the EF-Tu·GDP·aurodox complex remains bound to the

ribosome instead of being released so that a new cycle may begin. The antibiotics bind

to either EF-Tu·GDP or EF-Tu·GTP, and have been shown to induce a conformational

intermediate (Douglass and Blumenthal, 1979). Studies on the emission from the single

tryptophan in domain 1 of EF-Tu have suggested that EF-Tu·GDP·aurodox is similar to

that of denatured EF-Tu, but the studies were hampered by absorption of aurodox at

325 nm (Balestrieri et al., 1989). The conformation of EF-Tu ·GDP·aurodox is such

that it has an increased affinity (20-fold) for aminoacyl-tRNA compared to EF-Tu·

GDP, causing it to remain on the ribosome after GTP is hydrolyzed to GDP.

Alternatively, interactions between EF-Tu and the ribosome may also be affected by

the binding of antibiotics to EF-Tu and may lead to increased affinity of EF-Tu·GDp·

aurodox for the ribosome (Dell et al., 1990). Thus, it is clear that the conformational
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switch between EF-Tu·GDP and EF-Tu·GTP is responsible for the functional

difference between the two forms and that the antibiotics aurodox and kirromycin

interfere with the switch. The structures of aurodox and kirromycin are shown in

Figure 3 below (adapted from Panneggiani and Swart, 1985).

mocimycin. kirromycin
aurodox
heneicomycin
efrotomycin

Figure 3 - Chemical structures of aurodox, kirromycin and related compounds. (The
structures above were adapted from Panneggiani and Swart, 1985.)

Function:

EF-Tu is clearly a multi-functional protein, but its best known function is its

involvement in protein biosynthesis, where it carries aminoacylated-tRNAs to the A

site, or acceptor site, of the elongating ribosome (Weijland et al., 1992). A schematic

of the elongation cycle is shown in Figure 4 below.
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Figure 4 - Role of EF-Tu in prokaryotic protein biosynthesis (adapted from Allende,
1988).

To bind to aminoacyl-tRNA, EF-Tu must be bound to GTP, so this is called its

"on" state. EF-Tu·GTP has been shown to bind all aminoacyl-tRNAs except the tMet

tRNA (the initiator aminoacyl-tRNA) and induce a similar conformation in all of them

(Janiak et al., 1990). The "ternary complex" ofEF-Tu·GTP·aa-tRNA binds to the

ribosome, where the codon-anticodon interaction between the bound aa-tRNA and the

mRNA triggers the GTPase activity of EF-Tu·GTP. After GTP is hydrolyzed,

noncognate ternary complexes may dissociate from the ribosome, thus allowing for a

proofreading mechanism. On the ribosome, EF-Tu has been shown to be near the

exterior surface of the 30S subunit, near the ribosomal proteins S4, S5 and S12, and

near the base of the L7/L12 stalk of the 50S subunit (Spirin and Vasiliev, 1989). Once

the nucleotide is hydrolyzed, EF-Tu·GDP can then dissociate from the ribosome,
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leaving the newly bonded aa-tRNA behind, assuming correct pairing between the aa

tRNA and the mRNA.

Finally, for the cycle to start again, EF-Tu must exchange its bound GDP for

GTP. Since EF-Tu binds to GDP with more affinity than with GTP (Kd = 2 oM for

GDP and Kd =170 oM for GTP, representing a difference in free energies of

association of 1.1 kcal/mole), an exchange factor is required and it is called elongation

factor Ts, or EF-Ts. It has been shown that EF-Tu·GDP binds to EF-Ts to form an EF

Tu·GDp·EF-Ts intermediate (Chau et aI., 1981 and Eccleston et aI., 1988). The

nucleotide then dissociates, leaving an EF-Tu·EF-Ts complex. The EF-Tu·EF-Ts

complex is short-lived when sufficient GTP is present because GTP quickly associates

with EF-Tu, again to form an EF-Tu·GTp·EF-Ts intermediate. Finally, EF-Ts

dissociates to leave EF-Tu·GTP. The high affinity of EF-Tu·GTP for aminoacyl

tRNAs, with dissociation constants down to subnanomolar levels, pulls the reaction

forward (Ott et aI., 1990). That is, aminoacyl-tRNAs sequester EF-Tu·GTP so that

practically all aminoacyl-tRNA is present in the cell as a ternary complex (Gouy and

Grantham, 1980 and Bourne et aI., 1991).

The complete cycle for EF-Tu in Figure 4 requires approximately 50 ms, while

the rate of elongation in the cell is approximately 10-20 amino acids per second (Bilgin

et al., 1988). The fidelity of translation is regulated by recognition of cognate ternary

complexes by the ribosome and by proof reading after GTP hydrolysis so that one error

occurs per approximately 1000 incorporations (Bouadloun et al., 1983 and Kurland et

aI., 1990). Fidelity of translation as well as growth rate has been shown to be

influenced by the concentration of EF-Tu, with lower concentrations causing lower

translational and growth rates (Pingoud et al., 1990 and Tubulekas and Hughes, 1993).

The low concentration of EF-Tu has been suggested to cause delays in bringing the
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aminoacyl-tRNA to the ribosome, thus slowing translation (Gouy and Grantham,

1980). Simulations have suggested that the excess of EF-Tu over aminoacyl-tRNAs is

required for accuracy (Pingoud et aI., 1980). A compromise between speed of

translation and accuracy appears to exist, which has been demonstrated by mutants of

EF-Tu that display hyperaccuracy due to a longer pause on the ribosome (Jacquet and

Parmeggiani, 1989).

The above outlined scheme has been the accepted model for many years, but

certain aspects of it have recently been called into question based on further research.

Most notably, it was proposed that two molecules of EF-Tu hydrolyzed two molecules

of GTP (one each) per one aminoacyl-tRNA binding to the ribosome, so a pentameric

complex of 2EF-Tu- 2GTP· aa-tRNA was proposed to be the functional carrier to the

ribosome (Ehrenberg et aI., 1990). In response to this controversial report, further

evidence was published to support the classical model, where only one EF-Tu·GTP

binds to one aminoacyl-tRNA (Bensch et aI., 1991).

Even more recently, aspartate-138 of EF-Tu was substituted with asparagine to

change the specificity of EF-Tu from GTP to XTP (xanthosine triphosphate). The

reason for the change in specificity was to avoid contaminating GTPase activity present

in the ribosomes, where elongation factor G, or EF-G, hydrolyzes one GTP per

aminoacyl-tRNA incorporated to move the ribosome down the mRNA. Experiments

with the asparagine-138 mutant EF-Tu suggested that two molecules of XTP are

hydrolyzed per aminoacyl-tRNA incorporated (Weijland and Parmeggiani, 1993).

Incorporation of leucyl-tRNA into a poly-U programmed ribosome, which thus

encodes poly-phenylalanine, hydrolyzed seven molecules of XTP, suggesting that

energy utilization is coupled to a proofreading mechanism (Weijland and Parmeggiani,

1993). The stoichiometry between GTP hydrolysis and amino acid incorporation is still
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an active area of research. In fact, the hypothetical pentameric complex may also be

revised in light of recent evidence suggesting that EF-Ts stays bound to EF

Tu·GTP·aa-tRNA until GTP is hydrolyzed on the ribosome (Bubunenko et al., 1992).

A large body of evidence based on the interaction of the antibiotics aurodox and

kirromycin with EF-Tu had led to quite a different conclusion: that EF

Tu-G'I'Pvkirromycin could interact with two aminoacyl-tRNAs on the ribosome (Kraal

et al., 1989 and references therein). Again, the kirromycin complex with EF-Tu·GDP

is an aberrant conformation of EF-Tu that gets stuck on the ribosome, thus interfering

with elongation. Cross linking studies have shown in such cases that the A site bound

aa-tRNA cross links to lysine-237 of EF-Tu (called "site I"), and that the P site bound

aa-tRNA cross links to lysine-208 ofEF-Tu (called "site II") (Kraal et al., 1989).

However, more recent studies by the same group of investigators have led to a revision

of this theory: that one EF-Tu-G'I'Pvkirromycin complex interacts with only one aa

tRNA (Abrahams et al., 1991). In fact, the affinities of Ef-Tu-Gfrlvkirromycin and

EF-Tu-G'I'P'kirromycin for aminoacyl-tRNA are of about the same order of magnitude

(Abrahams et al., 1991). Using a fluorescently labeled phenylalanyl-tRNA, the Kd of

Ef-Tu-GTlvkirromycin-Phe-tk.Na was shown to be 6-fold larger than that of EF-

Tu·GTP·Phe-tRNA (Dell et al., 1990).

Another interesting aspect of EF-Tu is that the product of the tufA gene affects

transcription of the tufB gene (Van Der Meide et al., 1982). It was further shown that

EF-Tu·GDP binds to a promoter sequence from the upstream region of the tufB gene

(Vijgenboom et al., 1988). The DNA binding activity appears to be dependent upon

another unknown protein, as the DNA binding activity was lost when EF-Tu was

purified to more than 95 % purity.
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Besides its involvement in protein biosynthesis and transcriptional regulation,

EF-Tu is also involved with the E......w.li. phage Q~ RNA replicase, which is a RNA

dependent RNA polymerase (Brown and Blumenthal, 1976). The replicase is a tetramer

made up of one phage encoded protein and three host encoded proteins, of which EF

Tu and EF-Ts are two.

Polymerization:

Another interesting property of EF-Tu is its ability to polymerize under certain

conditions. The first observations along these lines concerned a 44,000 MW protein

associated with the inner membrane of E. coli that could be released from the cell by

osmotic shock (Jacobsen et al., 1976). Surprisingly, this protein was identified as EF

Tu, previously thought to be a cytoplasmic protein. Later investigations also describe

finding EF-Tu associated with the inner membrane (Minkoff and Damadian, 1976 and

Young and Bernlohr, 1991).

The earliest reports on polymerization of EF-Tu attributed the phenomenon to

calcium or magnesium ions, which are well known to initiate actin polymerization

(Rosenbusch et al., 1976; Wurtz et al., 1978; and Beck et al., 1978). These studies

were done in low pH buffers and the polymerization of EF-Tu was finally attributed to

low pH (6.0) and low ionic strength (Beck, 1979). It should be noted here that the

intracellular pH of E. coli is tightly controlled around pH 7.5 (Ogawa et al., 1978).

Also, polymerization of EF-Tu was attributed to the presence of vinblastine, but no

data on this effect was published (Jacobsen et al., 1976; Jacobsen and Rosenbusch,

1976; Wurtz et al., 1978; and Beck, 1979).

If the pH of a solution of EF-Tu·GDP was lowered from 7.5 to 6.0, turbidity at

340 nm was shown to increase as a function of time, with turbidity increasing more
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rapidly with higher concentrations of protein (Beck, 1979). A critical concentration, or

that concentration below which no polymerization occurs, was found to be 2.1 IlM

under the conditions used (210C, pH 6.0, and 20 mM sodium cacodylate) (Beck,

1979). Electron microscopy of negatively stained EF-Tu polymers showed them to be

bundles of filaments, with the individual filaments being 5 run wide, which is similar to

the size of a monomer. Polymers up to 0.7 urn in diameter and 200 urn in length were

observed, and the polymers were shown to exchange nucleotides at least as well as the

monomers (Beck, 1979). Also, the antibiotic kirromycin was observed to induce

polymerization at pH 7.5. However, the effect of kirromycin on polymerization of EF

Tu could not be repeated by other investigators (Parmeggiani and Swart, 1985 and

Crechet and Parmeggiani, unpublished results).

A later study using electron microscopy and image processing found that EF

Tu·GDP polymerized in the presence of 70% ammonium sulfate and at pH 7.5 formed

cylindrical polymers with a diameter of 15 run, and is made up of rings of five protein

subunits (Cremers et al., 1981). Also using 70% ammonium sulfate, a further study

suggested that dimers of trypsinized EF-Tu·GDP are arranged in a helix with 15.4

subunits per turn to form a hollow, cylindrical aggregate with a diameter of 34 nm

(Schilstra et al., 1986). It was also noticed that untrypsinized EF-Tu may form two

dimensional sheets (Schilstra, M., personal communication).

It is interesting to note that an electron microscopy study of thin sections of E.

caliharvested during the log phase of growth revealed the presence of "microtubular

structures" with a diameter of 30 nm, while no such structures were observed in

bacteria harvested during the stationary phase (Eda et al., 1976). As stated above, the

state of methylation of EF-Tu has also been observed to change with the growth phase,

but no connection between methylation and polymerization has yet been made.
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On the other hand, a study using gold labeled protein A and antibodies for EF

Tu to stain thin sections of E. coli found no evidence of supramolecular assemblies or

fibers of EF-Tu (Schilstra et aI., 1984). No relation with the membrane was found,

either. In E. coli cells transformed with a multicopy plasmid containing the tufA gene

and a strong promoter such that the concentration of EF-Tu is approximately twice

normal, dark granules appeared in the cells and these granules were seen to contain

EF-Tu (Schilstra et aI., 1984).

Comparisons:

A very interesting comparison between EF-Tu and EF-la, the aa-tRNA

carrying counterpart of EF-Tu from eukaryotes, may be drawn. A high degree of

homology between EF-Tu and EF-la was pointed out, as well as the presence of

trimethyl-Iysine in at least three positions in EF-la (Amons et aI., 1983). Another

report noticed the presence of dimers and trimers of EF-la (Herrera et aI., 1991).

Even more interesting is that EF-la can be found as part of a high MW aggregate

called EF-IH (heavy), which also contains EF-IB and EF-ly, and can associate with a

high MW complex of valyl-tRNA synthetase (Crechet et aI., 1976 and Motorin et aI.,

1991). In E. colt, leucyl-tRNA synthetase activity was found to move from the

cytoplasm to the membrane under nutrient deprivation conditions (Williamson, 1993).

That leucyl-tRNA synthetase moves to and EF-Tu moves away from the membrane in

response to nutrient deprivation is proposed to be a response mechanism of protein

synthesis components (Williamson, 1993).

An interesting property of EF-la that has come to light recently is its ability to

bind actin. It was originally shown that a protein later found to be identical to EF-la

cosediments with actin filaments (Hock and Condeelis, 1985). The protein in question
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from Dictyoste!ium discoideum was later shown to bundle actin filaments in vitro and to

be identical to EF-la (Demma et al., 1990 and Yang et al., 1990). In fact, EF-la

binds 1:1 to F-actin with a Kct of 2.1 uM and to G-actin with a Kd of 90 flM (Demma

et al., 1990 and Dharmawardhane et al., 1991). The relative concentrations of EF-la

and G-actin suggest that 99% of the cellular EF-la is bound to G-actin, and the high

concentration of EF-la (75 flM) suggests that it is the major actin bundling protein

(Edmonds, 1993). Although EF-la·GDP binds readily to G-actin, EF-la·GTP shows a

decreased ability to bind G-actin. On the other hand, F-actin has been shown to bind

either EF-la·GDP or EF-la·GTP, and thus may be permissive to translation. Indeed,

when D. discoideum cells are stimulated with cAMP, EF-la and F-actin colocalize to

areas of newly formed surface projections, which are sites of actin polymerization

(Dharmawardhane et al., 1990). Whether EF-la plays a structural role in these sites or

whether protein synthesis is its main function is unclear, but a role for the actin

cytoskeleton in translation has been suggested (Hesketh and Pryme, 1991).

Also, EF-la was recently found to be associated with tubulin in cells arrested

between prophase and metaphase, and was proposed to be involved in mitotic spindle

nucleation (Marchesi and Ngo, 1993). The role of EF-la as a structural protein is

becoming more apparent.

Because of the abundance of EF-Tu (about 5-10% of the total cell protein, at a

final concentration of 100-200 J.lM), its excess over protein biosynthesis components

(10 fold over ribosomes and 4 fold over EF-Ts) and its membrane association, a

structural role for EF-Tu seemed plausible and comparisons were made with actin

(Jacobsen and Rosenbusch, 1976; Rosenbusch et al., 1976; and Weijland et al., 1992).

Both actin and EF-Tu are of a similar size (42,000 MW for actin and 43,200 MW for

EF-Tu), both are acidic (pI of 4.7 for actin and pI of 5.3 for EF-Tu), both have a large
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fraction of random coils (71 % for actin and 86% for EF-Tu) and both bind to and

hydrolyze nucleoside triphosphates (ATP for actin and GTP for EF-Tu) (Rosenbusch et

aI., 1976). On the other hand, immunochemical tests found no cross-reactivities

between EF-Tu and actin (Wurtz et aI., 1978).

Although comparison of EF-Tu with actin has yielded equivocal results, one

might expect that a comparison with tubulin would yield more similarities because

tubulin is a guanine nucleotide binding protein, whereas actin is an adenine nucleotide

binding protein. Actually, tubulin was found to have quite a different guanine

nucleotide binding domain than EF-Tu and other members of the superfamily, which

include EF-1a, p21 ras, and the G proteins (Dever, et aI., 1987 and Dever and

Merrick, 1989). [In the EF-Tu superfamily, the first consensus sequence is

GXXXXGK, the second is DXXG and the third is NKXD. The first two sequences

interact with the phosphate groups of the nucleotide, while the third provides for

guanine specificity.] However, it is interesting to note that cc-tubulin is 56,000 MW,

~-tubulin is 54,000 MW and both are acidic (as are EF-Tu and actin), with pIs near 5.5

(Schliwa, 1986). More extensive comparisons between EF-Tu and tubulin have not

been made.

Summary:

Although the canonical model of protein biosynthesis holds that one molecule of

EF-Tu binds to one molecule of aminoacyl-tRNA, recent evidence suggests that two

molecules of EF-Tu bind to one aminoacyl-tRNA, each of which hydrolyzes one

molecule of GTP. The transport complex must then be a pentamer of 2EF-Tu· 2GTp·

aa-tRNA. Recent evidence suggests that EF-Ts may even be part of this complex.

Considering this evidence, the evidence that EF-Tu polymerizes under certain

conditions, and the evidence for "microtubular structures" in log phase E. colicells,
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the state of aggregation of EF-Tu is clearly a relevant issue. Data was referenced above

concerning monomers, dimers, and higher order aggregates of EF-Tu under various

conditions, but the entire process of polymerization is poorly understood and

controversies still exist. It is therefore the goal of this proposal to characterize the

process of polymerization of EF-Tu and the conditions affecting it, which may provide

a framework for understanding the function of EF-Tu.

22



Cb.aprer2
Studies on EF-Ttl at Physiological pH

Introduction:

The intracellular pH of E. coli is tightly controlled at pH 7.5 (Ogawa et al.

1978). To examine the function of EF-Tu under conditions close to those found in vivo,

EF-Tu was examined under conditions of physiological pH, namely pH 7.5 -7.6.

Concerning the state of aggregation of EF-Tu, all available information indicates that

EF-Tu·GDP or EF-Tu·GTP is a monomer, but with the hydrodynamic behavior of a

oblate ellipsoid (Sjoberg and Elias, 1978; Osterberg et aI., 1981; Osterberg et aI.,

1986; Antonsson et aI., 1986; Eccleston et aI., 1987; Jameson et aI., 1987; and Sam et

al., 1990). Some of the aforementioned data indicates the presence of higher order

aggregates of EF-Tu at high pH, and the presence of a monomer - dimer equilibrium

has been suggested (Antonsson et al., 1986 and Sam et al., 1990). The function of a

dimer of EF-Tu is unknown at present, with the EF-Tu monomer being the

traditionally thought of as the carrier of aminoacyl-tRNA in prokaryotic protein

biosynthesis (Allende, 1988 and Weijland et aI., 1992). Recent results, however,

showing that each EF-Tu hydrolyzes two GTP molecules per amino acid incorporated

suggest that the functional carrier of aminoacyl-tRNAs may be a dimer (Ehrenberg et

aI., 1990 and Weijland and Parmeggiani, 1993). The presence of monomers and higher

order aggregates of EF-Tu·GDP at pH 7.5 - 7.6 is the focus of the following chapter.

Materials and Methods:

Purification of EF-Tu from E, coli:

The first step in studies of EF-Tu is obtaining a purified protein. The following

purification procedure is modified from Leberman et aI., 1980. Frozen paste of R...a!1i
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MRE 600 harvested at log phase was obtained commercially, either from Grain

Processing, Inc. (Indiana) or from the Center for Applied Microbiology and Research

(Porton Down, UK) and was stored at -800C until used.

Typically, 100 g of frozen E. coli paste was dissolved in 200 mL of buffer

containing 25 roM Tris (pH 7.6 at 50C), 1 roM EDTA, 0.5 mM DTT, 0.01 mM

PMSF and 20 IlM GDP. The solution was allowed to thaw at room temperature while

stirring with a stir bar. Then, 40 mg of lysozyme was added with vigorous stirring for

10 minutes. Next, 4 mL of 4% sodium deoxycholate in water was added with vigorous

stirring to lyse the cells. The solution became very viscous at this point, so 4 mg

DNase I was added with vigorous stirring until the solution thinned. Cell debris was

removed by centrifuging in a Beckman Ti 60 rotor at 40,000 rpm for 1 hour 20

minutes at 50C.

The supernatant was carefully poured off and the pellet of cell debris was

discarded. The supernatant was loaded onto a column of DEAE-Sepharose CL-6B

weak anion exchange resin at 60 mLlhr in a cold room. (The ion exchange resin was

pre-equilibrated with buffer A, which contains 25 mM Tris (pH 7.6 at 50C), 10 mM

MgCI2, 1 roM NaN3, 0.5 roM DTT, 0.01 mM PMSF, and 5 IlM GDP. It should be

noted that NaN3 is a preservative, DTT is a reducing reagent and PMSF, or

phenylmethylsulfonyl flouride, is a protease inhibitor.) The flow was regulated with a

peristaltic pump and the absorbance was followed with a monitor set at 280 nm. After

washing with approximately one column volume of buffer A, a linear gradient of NaCI

from 0 to 0.4 M in buffer A was used to elute EF-Tu. A linear gradient maker (BRL)

which holds a total volume of 2 L was used. The gradient was also run at 60 mLlhr,

and fractions were collected every 12 minutes (12 mL volume). A typical elution

profile from the ion exchange column is shown in Figure 5 below.
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Figure 5 - Elution profile from OEAE-Sepharose CL-6B column eluted with a linear
gradient of a to 0.4 M NaCl in buffer A at 60 mUhr. Absorbance at 280 nm was
followed with time, and the full scale absorbance is 2.0. The chart speed was 1.5
ern/hr. Arrows indicate where GOP-binding activity was found.

Fractions were assayed for activity by measuring binding of 3H-GOP (NEN).

Small aliquots of fractions « 10 mL) were added to 100 mL of a buffer containing 10

mM Tris (pH 7.6 at 5°C), 5 mM MgCI2, 80 mM KCl, 80 mM NH4Cl, and 1 mM

OTT. The concentration of cold GDP was approximately 10 flM and was determined

spectrophotometrically using an extinction coefficient for GOP at pH 7.5 of 13,700

M -l.cm- l. Then, 3H-GOP was added to approximately 100 cpm/ pmole of total GOP.

The mixture of protein and 3H-GDP was then incubated at 370C for 10 min. to allow

for nucleotide exchange. The samples were then chilled on ice until the labeled protein

could be applied to a nitrocellulose filter disc (Millipore). The samples were washed

over a filter disc with buffer containing 50 mM Tris (pH 7.6 at 5°C), 5 mM MgCI2.

100 mM KCl, and 1 mM NaN 3 and rinsed with the same buffer three times. Filter

discs were then dried under a heat lamp to evaporate contaminating tritiated water and
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then placed in Scintiverse II for counting. Samples were then counted in a Beckman

liquid scintillation counter for 1 minute. Blank values (without protein aliquots) were

subtracted out and counts per minute of the samples were converted to concentrations

of GDP-binding protein assuming 1:1 stoichiometry between protein and GDP. That is,

in a sample containing x cpm/ul., the concentration will be given by dividing this

number by - 100 cpm/pmole (the activity of the 3H-GDP), which gives y pmoles/ul.,

or YIlM.

To further correct the concentration above, the 5 IlM GDP in the sample buffer

and the GDP bound to the protein (assumed to be at the same concentration as the

protein) had to be taken into account, and were thus added onto the concentrations

determined as above. The correction usually resulted in approximately a 5% increase in

active concentrations.

Fractions from the ion exchange column containing the highest 3H-GDP

binding activity were pooled and precipitated with ammonium sulfate at 55% saturation

(Scopes, 1982). The ammonium sulfate was added slowly and dissolved and mixed by

gentle inversion while keeping the solution on ice. The solution was allowed to sit on

ice for 20 min., and the precipitate was pelleted by centrifuging in an SS-34 rotor

(Sorvall) at 15,000 rpm at 50C for 15 minutes. The pellet was then redissolved in a

small volume of buffer A and then dialyzed against 1 L of buffer A overnight. The

solution was then concentrated to less than 5 mL with microconcentrators with a

30,000 MW filter (Amicon) and finally clarified by centrifuging in a microfuge at SoC

for 5 minutes.

The solution was then applied to an Ultrogel AcA 44 gel filtration column

(LKB) and eluted with buffer A at 10 mLlhr. Fractions were collected every 24

minutes (4 mL volume). Absorbance at 280 nm was again followed with time, and a
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sample elution profile is shown in Figure 6 below. The last major peak to elute was

typically the highest in 3H-GDP binding activity, and these fractions were pooled and

precipitated with 60% ammonium sulfate and then centrifuged as above.
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Figure 6 - Elution profile from AcA 44 gel filtration column eluted with buffer A at 10
mL/hr. Absorbance at 280 nm was followed with time, with the full scale absorbance
being 1.0. The chart speed was 1.5 em/hr. Arrows indicate where GDP-binding
activity was found.

The last step of the purification involves an ammonium sulfate back extraction

procedure. The pellet from above is exposed to 35% ammonium sulfate in buffer A

with gentle mixing with a glass stirring rod. After 15 min. on ice, the solution was then

centrifuged as above. The supernatant was then poured off and ammonium sulfate was

added to 60%. After 15 min. on ice, the solution was centrifuged and the pellet was

dissolved in approximately 1 mL buffer A. This solution was labeled "P.35".

The pellet from the first run which did not dissolve in 35% ammonium sulfate

was then dissolved in 30% ammonium sulfate in buffer A and centrifuged as above.
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Again, the supernatant was poured off and precipitated with 60% ammonium sulfate.

After dissolving in about 1 mL of buffer A, this solution was labeled "P. 30" .

The pellet from the second run which did not dissolve in 30% ammonium

sulfate was then dissolved in 25% ammonium sulfate. The solution was handled the

same way as above and was eventually dissolved in 1 mL buffer A and labeled "P.25".

The three solutions were subjected to the 3H-GDP binding assay as described

above, as well as to the Coomassie protein assay (Pierce) to determine the total protein

concentration. Alternatively, the concentration of EF-Tu could be determined

spectrophotometrically given an extinction coefficient of 29,200 M-l.cm-1 (Hazlett et

aI., 1989). The specific activity could then be given as ~M GDP binding activity/ ~M

total protein. (The highest activities were typically found in the P.35 and P. 30

fractions. )

Finally, the purity could be checked by running the samples on SDS-PAGE gels

(BioRad). The gels were stained with Coomassie brilliant blue, destained and then

dried. Protein samples were stored on ice for short terms, but were quickly frozen and

kept at -800C for long term storage.

Attachment of Fluorescent Probes:

The fluorescent probes utilized in this study are either chemically reactive and

form a covalent bond to the protein, or are intrinsic parts of the protein. Most

commonly, isothiocyanate derivatives of fluorescent probes are used to react with

amino groups of lysine or at the amino terminus, resulting in a thiourea. The reaction

proceeds as follows.

R - N=C=S + Protein-+NHa

S
II

--.. R-NH-C-NH-Protein

28



The structures of fluorescein and tetramethylrhodamine isothiocyanates are

shown in Figure 7 below. Another probe utilized in this study was l-succinimidyl

pyrenebutyrate, which has a succinimidyl ester that reacts with amino groups on the

protein to form amides. The advantage of pyrene derivatives is their extremely long

fluorescent lifetime (> 100 ns). The structure of l-succinimidyl pyrenebutyrate is also

shown in Figure 7. Also, the 2,5-isomer of dansyl chloride was used, and this also has

a fairly long fluorescent lifetime (- 25 ns). The sulfonyl chloride reactive group may

react with amines, imidazoles (such as histidines), thiols and alcohols. The structure of

2,5-dansyl chloride is also shown in Figure 7.

Labeling reactions are typically carried out in buffer at pH 7.6 at 50 C

overnight. Labeled protein can then be separated from unlabeled protein with a small

desalting column (Sephadex G-25, PD-lO, Pharmacia) eluted with buffer A, and with

subsequent dialysis against buffer A, typically in tubing with 25,000 MW pore size.

Absorbance measurements may then be done to determine the concentration of the

fluorescent probe, given extinction coefficients from the supplier (Molecular Probes).

Fluorescence polarization measurements (see below) could then confirm attachment of

the probe to the protein, as does a change in electrophoretic mobility on SDS-PAGE

gels.

Tryptophan-184 was also used as a fluorescent probe because it offers the

advantage not only of being an intrinsic part of the protein, but also of its close

proximity to the GTP binding site of EF-Tu. The emission properties of tryptophan are

environmentally sensitive, as well (Beechem and Brand, 1985). The structure of

tryptophan is also shown in Figure 7.
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Figure 7 - Structures of fluorescent probes.
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Fluorescence Spectroscopy:

The probes listed above were utilized in fluorescence spectroscopy experiments.

A brief introduction to fluorescence spectroscopy will follow here.

Fluorescence is a physical process which occurs when molecules (usually with

conjugated double bonds) absorb light and become excited to a higher electronic

vibrational state (n to 7t* transitions) for a short period of time (a few nanoseconds, or

ns) and then give off light when they decay back to the ground state. It is this emission

process which gives rise to fluorescence. The process is shown schematically in Figure

8 below.

T
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Figure 8 - Jablonski type diagram of fluorescence and phosphorescence processes.

Molecules in the S2 state lose energy very quickly to heat, and thus populate the

SI state, or the singlet excited state, and it is from here that the decay to ground state

(SO) which produces fluorescence may occur. If, on the other hand, intersystem

crossing to the triplet excited state (Tj) occurs, phosphorescence may result from decay

from the triplet excited state to the ground state. Because of the loss of energy due to

thermalization processes, fluorescence is always of a lower energy (longer wavelength)
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than the exciting light, and phosphorescence is even lower still (even longer

wavelength).

It is the persistence of the excited state which gives rise to the excited state

lifetime. Fluorescence excited state lifetimes are on the order of nanoseconds (ns, or

10-9 seconds), while phosphorescence excited state lifetimes are on the order of

microseconds (IlS, or 10-6 seconds) to seconds. Measurement of these quantities will be

discussed below. (Pyrene derivatives have lifetimes> 100 ns and thus define the upper

limit of fluorescent lifetimes). Each process has its own time window for experiments

and is therefore useful in different ways, and both processes will be used to study

different events.

Steady state fluorescence spectroscopy refers to those measurements done with

exciting light of a constant intensity. The measurements presented here were done on a

SLM 800ae spectrofluorometer (SLM Aminco) interfaced to a computer for data

collection, manipulation and output. A xenon arc lamp was used for a light source and

the excitation and emission wavelengths were isolated using monochromators with

holographic gratings. Emission was detected with a red sensitive photomultiplier tube

(Hamamatsu R-928). All fluorescence measurements were done in quartz cuvettes.

Emission spectra were taken by fixing the excitation monochromator at one

wavelength and scanning the emission monochromator over the wavelength region of

interest. The spectra presented here are uncorrected or technical emission spectra.

Excitation spectra were taken by fixing the emission monochromator at one wavelength

and scanning the excitation monochromator over the region of interest. The excitation

spectra may be corrected by dividing the spectrum by the reference signal, thus

correcting for variations in lamp intensity over different wavelengths. The corrected

excitation spectrum may be expected to be similar to the absorbance spectrum.
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Fluorescence polarization measurements were also done on the SLM 8000e

spectrofluorometer. (Polarization and anisotropy give equivalent information, they are

simply defined differently.) Plane polarized light (in the vertical direction, or straight

up and down) is used to excite the sample, and only those probes with their absorption

dipole moments aligned vertically become excited, so there is a photoselection process.

The fluorescent light is then examined through filters (to eliminate exciting light which

is scattered) and polarizers, one set vertically ( " ) and the other set horizontally

(parallel to the floor, or 1-). The intensity measurements through each polarizer is

recorded and polarization (P) is then given by the following equation.

A correction factor, known as a "G factor", or grating correction factor, must also be

calculated and this is done by exciting the sample with horizontally (1-) polarized light

and then finding the intensities of the parallel and perpendicular emissions. The "G

factor" is then given by:

G = .!!L
11.

and the equation for polarization may then be expressed as follows.

p III-(IJ. x G)

III + (11. x G)
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The polarization value is related to the excited state lifetime of the probe and to

the harmonic mean of the rotational relaxation rate, which is the time required for the

probe to rotate through an angle of arccos (e-1). The relationship is expressed through

the Perrin equation:

where P is the polarization, Po is the limiting polarization of the particular probe, l' is

the excited state lifetime, and p is the harmonic mean of the rotational relaxation time.

The rotational relaxation time (p) is then related to the hydrated volume (Vh) of the

molecule:

where 11 is the solvent viscosity, R is the gas constant, and T is the absolute

temperature. The polarization, then, is a sensitive measure of the size of the molecule,

but it should be noted that longer lifetimes (1') are required to detect longer rotational

relaxation times (p), otherwise the limits of polarization may be reached (P---+Po) when

p> >1'.

As pointed out by Dr. G. Weber, the limits for polarization for molecules in

solution are +1/2 (when absorption and emission dipoles are parallel to one another)

and -1/3 (when the absorption and emission dipoles are perpendicular to one another)

(Weber, 1966). A polarization value of 0 occurs when the probes randomly reorient

during the excited state lifetime and are thus said to be depolarized or anisotropic.
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A term equivalent to the rotational relaxation time which will be used later is

the rotational correlation time ('tc), which is simply p/3, or:

11V"'tc =--
RT

where the right side of the equation is the same as that for p except for the 3. It should

also be stated here that the molecular volume of hydration is related to the rotational

diffusion coefficient (Do) by the equation:

where k is Boltzmann's constant, T is the absolute temperature, 11 is the solvent

viscosity, and Vh is the hydrated volume.

Polarization measurements are used in this study to determine the size of the

probe-protein in solution under various conditions, and changes in polarization directly

reflect changes in size.

The need to measure the excited state lifetime of a fluorescent probe is clear

from the Perrin equation, where there are two unknowns, the excited state lifetime (r)

and the rotational relaxation rate (p). Using current time-resolved fluorometers, it is

possible to determine both of these quantities and thus have a complete interpretation of

the Perrin equation. The instrument used for the studies presented here utilizes an

electro-optical device called a Pockel's cell to modulate the intensity of the exciting

light sinusoidally in the megaHertz (MHz) range. Such an instrument was first

described in 1983 (Gratton and Lirnkeman, 1983). The theory of how the lifetime may

be measured on such an instrument is shown schematically in Figure 9.
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Figure 9 - Theory of frequency domain lifetime measurements. The phase difference
($) between the exciting (E(t) and emitted light (Ftt) as well as the modulation ratio
[ (ACem/DCem)7(ACex/DCex) ] are used to determine the excited state lifetime, and
the two measurements are independent (adapted from Jameson and Hazlett, 1991).

Briefly, the lifetime of the fluorophore will cause a phase shift in the emitted

light, if the exciting light is modulated in the appropriate range. The phase shift (~) is

then related to the lifetime (r) by the equation:

tan{$)= (J)'tp

where (J) is the frequency of modulation and 'tp is the lifetime calculated from the phase

shift. The modulation ratio (M), which is given by (ACem/DCem)7(ACex/DCex), is

independently used to calculate a lifetime by the equation:

I

M=[I+{(J)'tM)2r Z
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where co is again the frequency of excitation and t M is the lifetime calculated from the

modulation ratio (Jameson and Hazlett, 1991).

In practice, the fluorescence from the sample is measured relative to a solution

of known lifetime, such as fluorescein in dilute NaOH (4.05 ns) or glycogen in water

(0 ns because it simply scatters light and leads to a phase shift of 0). Both of these

measurements are done relative to the signal from the reference beam (see below), and

the absolute phase delay (~) may then be expressed as:

~ =(<l>rcf. - ~sam.) - (~rcf. - ~std.)

where <l>ref. is the phase angle of the reference beam, ~std. is the phase angle of the

standard solution, and ~sam. is the phase angle of the sample.

A schematic diagram of the instrument used (ISS K2 multifrequency phase and

modulation fluorometer) is shown in Figure 10 below. An argon ion (Ar r ) laser

(Spectra-Physics model 2045) was used as a light source. Modulation was obtained by

driving the Pockel's cell with a frequency synthesizer (Marconi) in the MHz range. A

second synthesizer was used to drive the photomultiplier tubes (sample and reference)

at a frequency 40 Hz faster than the Pockel's cell so that a cross-correlation occurs and

the phase difference detected at the photomultiplier is shifted into the low frequency

range (Hz) (Spencer and Weber, 1969). It should be noted that the photomultiplier

tubes are red wavelength sensitive (Hamamatsu R-928), which are not susceptible to

color effects which may increase the phase lifetime (tp) (Jameson and Weber, 1981).

Phase and modulation meters were connected to an analog/digital converter in a

computer attached to the instrument for data acquisition, analysis, output, and for

automation. Software for data collection and analysis is commercially available (ISS).

37



In the laser, a prism assembly was used to isolate lines in the visible range

(such as 488 nm), but in the UV range high reflecting mirrors were used, so bandpass

filters were used in the excitation path to isolate lines (such as 301 nm). Unless

otherwise stated, a parallel polarizer was also used in the excitation path. In the sample

emission path, a cut-off filter was used to eliminate exciting light which has been

scattered, and a polarizer at 550 (the magic angle) was used to eliminate polarization

effects in the photomultiplier tube (Spencer and Weber, 1970). Temperature was

controlled with a circulating water bath.

Optical Module

LASER
" /-_.. PC ---lSIp---..~'---__...J I

I

I

Figure 10 - Schematic of ISS K2 multifrequency phase and modulation fluorometer, as
adapted from Jameson and Hazlett, 1989. PC, Pockel's cell; P, polarizer; BS, beam
splitter; F, filters; T, sample turret; PMT, photomultiplier tube; PS, power splitter; A,
amplifier; FS, frequency synthesizer; PHASE, phase meter; and MOD, modulation

meter.
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Lifetime measurements are collected over the appropriate frequency range

(usually from 200 to 750 phase angle) and several measurements are taken so that the

standard deviations are less than 0.20 phase angle and 0.004 for the modulation ratio.

(At least 4 measurements were taken at all frequencies in the studies presented here.)

The data is then fitted with a Marquardt non-linear least squares algorithm until the

reduced chi-squared (X2) value is minimized. The reduced X2 is given as follows,

x
2

= L {[Pe - PM / a
P

] + [Me - MM / aM]}

(2n-f-l)

where P is the phase angle and the subscripts c and m are calculated and measured

quantities, M is the modulation ratio, a P and aM are standard deviations in the phase

and modulation measurements, n is the number of modulation frequencies, and f is the

number of free parameters.

If the emission from the probe is homogeneous, i.e., a single exponential decay,

then Lp = LM' However, the emission from biological systems is usually heterogeneous

and in this case, Lp < LM' For a heterogeneous emission, two different decay models

may be used: a sum of exponentials or a continuous distribution of lifetime values. It

should be noted that the value of X2 is minimized trying the different models or a

combination of the two. Also, the data may be fit with more than one sum of

exponentials (also called discrete components), with different types of distributions, or

again with a combination of both. Each component can either be left free so that the

analysis changes it to minimize X2 or can be fixed if some knowledge of the parameter

exists before analysis. For example, a component of 0.001 ns is often fixed in lifetime

analyses to allow for contribution from scattered light, which should have a lifetime

close to 0 ns because it has a phase angle close to 00 •
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The calculated values phase angles and modulation ratios, Pc and Mc in the

equation for the reduced X2 above, are obtained by:

Pe = tan- 1[S(ro) I G(ro)]

Me =S(ro f + G(ro)2

where S(to) and G(ro) are function depending upon the fitting model used. For a sum of

exponentials,

S(ro) =~)i -co 'Lj I (1 -\-{J)~ • 'to
G(ro) =~)j I (1 -\-{J)~ • 't~)

so that L fj =1

where ro is the frequency, fi is the contribution to the steady state emission from

component i and 'ti is the lifetime of component i (Jameson and Hazlett, 1991).

Using a model of a sum of exponentials of lifetimes, some data are not fit well.

Indeed, a sum of exponentials assumes a small number of emitting species. The

continuous distribution model, however, allows for a large number of emitting species,

which may be more likely for fluorophores such as tryptophan residues in proteins. In

the case of a continuous distribution of lifetimes,

s(ro ) =Jf( 't)roL I (1 -\-{J)~ • t nd't

G(ro)= Jf('t)/(I-\-{J)~ ·'tnd't

so that Jf( r ) =1
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where f('r) may be either a Gaussian, Lorentzian or uniform distribution function

(Alcala et al., 1987). The data presented here were modeled with a Lorentzian

distribution function, for which f('r) is given by:

co

where A is a constant determined by normalization (f f( r )dt =1), C is the center of

o

the distribution and W is the width at half maximum (Alcala et aI., 1987). In fact,

analysis of tryptophan emission was observed here to fit best to a model including two

Lorentzian distributions and a discrete component of 1 ps, which has been added to

account for scattered light.

Lifetime data may also be analyzed by the so called Globals algorithm, which is

commercially available from the Laboratory for Fluorescence Dynamics, University of

Illinois, Urbana-Champaign. Global analysis allows simultaneous fitting of several data

sets at once, and parameters can be linked between sets so that all sets have a

parameter in common (Beechem et aI., 1991). This routine also uses a Marquardt non

linear least squares algorithm to minimize X2, and can be used on time domain data as

well as frequency domain data (as it is used here).

Polarization can also be measured in the frequency domain so that different

rotational rates and their contribution to the total polarization may be resolved. With

polarizers in the path of the excitation (parallel) and emission (parallel and

perpendicular), the difference in phase delay (Li~) and the modulation ratio (Y) between

the parallel and perpendicular components of the emission are measured. The quantities
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~~ and Yare then related to the rotational diffusion coefficient of a single, spherical

rotator by the equations:

where ~~ is the phase difference and Y the modulation ratio (1-111) of the AC

components, 0) is again the modulation frequency, To is the limiting anisotropy (which

is analogous to the limiting polarization, Po), k is the radiative rate constant (L'r), and

R is the rotational diffusion coefficient (Weber, 1971 and Jameson and Hazlett, 1991).

Again, data is collected over a wide frequency range (usually from 1-5 MHz to

250-300 MHz) such that the standard deviations are low « 0.2 0 phase angle and 0.004

for the modulation ratio). The data may then be fitted with a Marquardt non-linear least

squares algorithm to minimize X2. In this case, different rotational correlation times

(-cc) and their corresponding fractional anisotropies, or contribution to the total

anisotropy, are calculated by the software from ISS and the Globals Unlimited

software, and these will be the terms utilized throughout this proposal. Finally, it is

possible to subtract contributions from buffers (background) from the frequency

domain measurements, and when this has been done it will be mentioned (Reinhart et

al., 1991).
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Quasi - Elastic Light Scattering:

Another technique used to study the hydrodynamics of EF-Tu at high pH (7.5)

was quasi - elastic light scattering. As with fluorescence spectroscopy, a brief

introduction to light scattering theory and application will follow here.

Scattering of light results from local changes in concentration in the solution.

The scattered light arising from such concentration fluctuations is given off at all

angles. It was originally shown that scattered intensity at some observation angle e is

dependent upon many variables, such as the wavelength of the incident light (A), the

concentration of the scattering molecules (such as proteins) (c), and the molecular

weight of the scattering particle (M) according to the equation:

R _ Kc
o -lI(M +2Bc+3Cc2+...)

where Re is the so-called Rayleigh ratio (after Lord Rayleigh), which is defined as:

and K is an optical constant defined as:

where B is the second virial coefficient, r is the distance from the particle to the

detector, is is the scattered intensity, 10 is the incident intensity, nO is the refractive

index of the solvent, dn/dc is the change in refractive index with the change in
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concentration of the particle, NA is Avogadro's number and A is the wavelength of the

incident light (Tanford, 1961).

It is interesting to note that scattering is inversely proportional to the fourth

power of the wavelength, so that blue light scatters much better than red light. Also,

scattering is proportional to the molecular weight of the particle, so larger particles

scatter better.

From a light scattering experiment where intensities (averaged over time) are

collected at various angles for various concentrations of particles, a Zimm plot may be

constructed to determine the molecular weight and the radius of gyration (Ra) of the

scattering particle. The Zimm plot is based on the equation:

. Kc 1 ( 16n
2

,., e )Llm-=- 1+--, RGsm--+...
c->o R, M 3A- 2

such that a plot of Kc/Rq versus c will give a limiting slope related to Ra and a y-

intercept of 11M. The molecular weight determined in this way is a weight average

quantity and is absolute, not relative to some standard. The radius of gyration, on the

other hand, is a z-average quantity (Tanford, 1961).

A Zimm plot is traditionally done in a classical light scattering experiment, but

in a quasi-elastic or dynamic light scattering experiment the scattered intensity is

followed over time in the us to ms range. The intensity of scattered light will be seen

to vary randomly about a mean value because particles in solution undergo Brownian

motion (translational diffusion) and concentration fluctuations occur in the path of the

incident beam (see Figure 11 below). The frequency of the intensity fluctuations may

then be related to the translational diffusion coefficient (D), which in turn may be

related to particle size.
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Figure 11 - Intensity fluctuations observed for light scattered from large and small
particles, and their corresponding autocorrelation curves.

The time scale of the intensity fluctuations may be characterized by the intensity

autocorrelation function (0(2)(1')), which is defined as:

where N is the number of samples and l' is the delay time between samples (Thomas,

1991). For very short delay times (1') between samples, the autocorrelation function is

large, but becomes smaller for longer delay times. The autocorrelation function is

determined by measuring intensities at times short compared to the intensity
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fluctuations and then averaging the products of intensities as a function of the delay

time (r). This operation is accomplished with a multichannel digital correlator, which

is interfaced to a computer for data collection and analysis. Once the autocorrelation

data is collected, the curves may be described by an exponential equation, so the curves

are fit with a non-linear least squares algorithm. For a solution of monodisperse

spheres,

where r is again the delay time between samples and f=K2D, where D is the

translational diffusion coefficient and K is a constant defined as:

4nnsin(e/2)
K=------'-----'--

A

where n is the refractive index of the solution (water, in the cases presented here), e is

the observation angle, and A is the wavelength of the incident light. Since a nonlinear

least squares fit of the data yields r directly, the diffusion coefficient (D) must be

determined separately.

Several different means of analyzing data from dynamic light scattering

experiments are commercially available. The methods used here include single and

double exponential analyses, cumulant analysis, and inverse Laplace transform

analysis. The inverse Laplace transform is part of the CONTIN algorithm, and allows

the autocorrelation function to be represented by a distribution of decay rates so that a

distribution of diffusion coefficients, and therefore particle sizes (see below), may

therefore be recovered (Provincher, 1982).
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From the diffusion coefficient recovered, particle size must then be determined

based on different models. Assuming a sphere, the translational diffusion coefficient

(D) is related to the hydrodynamic radius (R) of the sphere by the Stokes-Einstein

relation:

D=~
67t11R

where k is Boltzmann's constant, T is the absolute temperature, and 11 is the solvent

viscosity. Alternatively, the particle may be modeled as a long, thin rod with length L

and radius r, in which case the translational diffusion coefficient follows the form of

the Broersma equation, which is defined as follows (Broersma, 1960).

D= ((kT)) (8-0.S(yl-y2))
37tllL

where,

8=ln(L 7 r )

yl = 1.27-7.4((1 78)-O.34f

y2 =O.19-4.2((178)-O.39f

Both models have been used for interpreting the data presented here.

The quasi-elastic light scattering instrument used here was a Brookhaven

Instruments model 2030, which was equipped with a 72 channel digital correlator that

was interfaced to a computer for data collection and analysis. The exciting light was

from an argon ion (Ar t ) laser (Lexel) tuned to 514.5 TIm. The intensity was detected

with a red sensitive photomultiplier tube on a variable angle goniometer. The entire

instrument was mounted on an air-cushioned optical table for stability (see Figure 12).
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Samples were placed in borosilicate tubes, which were then placed in the

sample compartment in a temperature controlled bath of toluene, which was used to

match the refractive index of the water. It is important to note that all solutions were

filtered before use, including protein samples, through 0.2 urn nylon filters (Gelman)

to remove dust. Sample tubes were rinsed with filtered buffer before samples were

added. Data sets suspected of having dust particles included were discarded, as dust

appears to be large, slowly diffusing particles in solution that may lead to

misinterpretation of light scattering data.

Argon Ion Laser

Computer

514.5 nm
Exciting Light..

SAMPLE

o·
I.z.,
+ Angle

IS:]
72 Channel ~

Autocorrelator ...

I - AID
I

Photomultiplier
Tube

Figure 12 - Schematic of a quasi-elastic light scattering instrument from Brookhaven
Instruments, as adapted from Thomas, 1991.
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Results:

Purity of EF-Tu:

The EF-Tu·GDP purified according to the procedure outlined above was

subjected to SDS-PAGE to check for purity. As can be seen from the picture of the gel

below (Figure 13), the P.30 fraction was the cleanest, with only small amounts of other

species present. For most of the experiments used in this study, either P.30 or P.35

fractions were used.

48.S kDa ~ --...........'"......... .

t
MW

markers

t t t
P.lS P.30 P.3S

t t t t
MW P.2S P.30 P.3S

markers

Figure 13 - SDS-PAGE gel of fractions from a purification (#10) of EF-Tu. Samples
were run on a ready made gel (BioRad) with 12.5% acrylamide. The gel was run at 22
rnA constant current for 1 hour, stained overnight, and destained against several
changes of destain solution. EF-Tu ran slightly faster than the 48.500 MW marker.
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The fractions were also checked for specific activity by assaying for 3H-GDP

binding activity and then dividing this quantity by the concentration obtained from a

Coomassie Plus assay. For the samples shown in the gel above, the specific activities

are given in Table 1 below.

Table 1 - Specific activities of fractions from a purification (#10) of EF-Tu.

11M 3H-GDP
Fraction of EF-Tu Binding Activity 11M Total Protein % Specific Activity

P.35 9.42 75.5 12.5

P.30 4.28 36.6 11.7

P.25 18.8 22.6 83.2

Although P.30 had a low specific activity, this fraction contained the most

protein and looked the purest on SDS-PAGE. Therefore, P.30 will be subjected to

further studies. Also, it has been pointed out that EF-Tu loses its capability to bind

DNA when purified to more than 95 % homogeneity, so perhaps a similar effect is

occurring here (Vijgenboom et aI., 1988). Limitations in the 3H-GDP binding assay

have been observed by other investigators (Eccleston, J., personal communication).

Finally, it should be noted here that 20-30 mg of high purity EF-Tu may be obtained

from 100 g of frozen E. coli paste.

In order to closely examine the hydrodynamics of EF-Tu·GDP at high pH (7.6),

time-resolved fluorescence spectroscopy was done using intrinsic tryptophan

fluorescence and emission from 2,5-dansyl chloride covalently attached to EF-Tu.
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Intrinsic tryptophan fluorescence:

A sample of EF-Tu ·GDP at 5 IlM in buffer A at pH 7.6 was subjected to

lifetime measurements versus a solution of para-terphenyl in ethanol as a reference, as

well as dynamic polarization measurements. Temperature was controlled with a

circulating water bath. Excitation was 301 nm, and emission was observed through a

Corning 0-52 filter and a polarizer set at 550 . Both lifetime and dynamic polarization

data were collected over the range of 5-200 MHz. Examples of the data obtained for

the lifetime and dynamic polarization studies are shown in Figures 14 and 15 below.
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Figure 14 - Phase and modulation data obtained for 5 IlM EF-Tu·GDP at 17°C and pH
7.6 over the frequency range of 5 to 200 MHz. Excitation was 301 nm and emission
was observed through a Corning 0-52 filter and a polarizer set at 550 . The reference
solution was para-terphenyl in ethanol.
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Figure 15 - Differential phase and modulation data obtained for 5 11M EF-Tu·GDP at
4°, 170 and 20°C and pH 7.6 over the frequency range of 5 to 200 MHz. Excitation
was 301 nm and emission was observed through a Corning 0-52 filter and a polarizer
alternating between 00 and 90°. (In the legend, file 1 corresponds to 40; file 2 to 17°;
and file 3 to 200 . )

After collecting the lifetime data, several different models were used to analyze

the data, but the lowest values for X2 were obtained with a model consisting of 2

Lorentzian distributions. Because of a systematic error in the modulation data, only the

phase data was used for analysis. One of the data sets (T =17°C) required addition of a

scattering component (0.001 ns) to achieve the lowest possible X2. An example of the

form of the distribution of lifetimes obtained for one of the data sets is shown in Figure

16 below.
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Figure 16 - Distribution of lifetime components obtained for 5 J.lM EF-Tu'GDP at
l70e and pH 7.6. The final X2 was 0.264 after analyzing only the phase angle data.

Data collected from lifetime and dynamic polarization measurements of

EF-Tu'GDP at 40, 170, and 200e and then analyzed with the Global Analysis software

are assembled in Table 2 below. The final X2 values for each data set are given, as are

widths for Lorentzian distributions. The dynamic polarization data (differential phase

angles and modulation ratios) were analyzed with the lifetime values fixed, but the

rotational correlation times, fractional anisotropies and limiting anisotropies were all

left to vary. The final X2 for all three dynamic polarization data sets was 5.138.
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Table 2 - Results of data analyses for lifetime and dynamic polarization measurements
ofEF-Tu·GDP at pH 7.6 and varying temperatures.

Temperature (OC)

4

17

20

Lifetime Values (ns)1
Fractional Intensities

6.09 ns, width=2.05 nsf 0.709
1.32 ns, width=0.811 nsf
0.291
X2 = 1.206

5.71 ns, width=2.00 nsf 0.679
1.39 ns, width=0.052 nsf
0.289
0.001 nsf 0.032
X2 = 0.264

6.21 ns, width= 1.33 nsf0.547
1.59 ns, width= 1.32 nsf0.453
X2 = 0.394

Correlation Times(ns)1
Fractional Intensities

31.8 nsf 0.773
0.908 nsf 0.227

X2 = 0.868

23.7 nsf 0.714
0.916 nsf 0.286

X2 = 1.464

21.1 nsf 0.738
0.866 nsf 0.262

X2 = 13.082

The global rotational correlation times are consistent with an ellipsoidal model

for a monomer of EF-Tu. Also, both rotational correlation times were shown to exhibit

Stokes-Einstein behavior, that is they scaled with Till. The Stokes-Einstein plot is

shown in Figure 17 below.
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Figure 17 - Stokes-Einstein plot of rotational correlation times obtained from analysis
of dynamic polarization data of EF-Tu-GDP at varying temperatures. (Global rotations
are indicated as (_), local rotations are indicated as (A) and the solid lines are linear
regressions. )

Finally, the X2 surface of the global rotational correlation times were examined

using the Global Analysis software. Each temperature and its global correlation time is

represented by a curve in Figure 18 below.
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Fluorescence of 2,S-dansyl chloride labeled EF-Tu:

The probe 2,5-dansyl chloride was used to label EF-Tu because of its long

lifetime ( - 25 ns), which is similar to the rotational correlation time of the global

motion of EF-Tu. A concentrated stock solution of 2,5-dansyl chloride (Molecular

Probes) was made in ethanol: acetone (1:1) to 7.5 roM and then a 1:6 dilution was

made into the protein containing solution at pH 7.6. The reaction was allowed to

proceed overnight at 50C. The solution was passed over a desalting column (Sephadex

G-25M, PO-lO), eluted with buffer A (pH 7.6) and then concentrated in a

microconcentrator with a 30,000 MW filter (Amicon). The final concentration of

protein as judged by a Coomassie Plus assay was 11 !J.M.

Lifetime and dynamic polarization measurements were done on a solution of

1.1 IlM 2,5-0NS-EF-Tu at room temperature in a low ionic strength buffer that is 1:10

buffer A (2.5 roM Tris (pH 7.5), 1 mM MgCI2, 0.1 mM NaN3 , 0.5 mM OTT and 10

roM PMSF). Excitation using the Ar t laser was at 364 om, with a 365 om bandpass

filter and a vertical polarizer in the excitation path. Emission was observed through a

KV399 filter and a 550 polarizer. Lifetime measurements were made relative to

dimethyl-POPOP in ethanol. The phase and modulation data obtained over the range of

3-100 MHz is shown in Figure 19 below.

The phase and modulation data were again analyzed using several different

models and the best model (lowest X2) was found to consist of three components: one

Lorentzian distribution and two discrete components. All components and fractional

intensities were allowed to vary. Global analysis was performed on the data, and the

results are shown in Table 3.
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Figure 19 - Phase and modulation data for 1.1 11M DNS-EF-Tu at room T, pH 7.5
over the range of 3-100 MHz. The reference solution was dimethyl-POPOP in ethanol.

Table 3 - Results from Globals analysis of phase and modulation data for 1.1 11M
DNS-EF-Tu. The value ofX2 was 5.198.

Lifetime (05) Distribution Width (ns) Fractional Intensity

26.0 5.95 0.871

4.45 0.105

0.553 0.024
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Dynamic polarization measurements were taken on the same solution under the

same conditions. Differential phase and modulation ratio data are shown in Figure 20

below.
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Figure 20 - Differential phase and modulation data for 1.1 ~M DNS-EF-Tu·GDP at
250C and pH 7.5. Measurements were taken over the frequency range of 5 to 200
MHz.

The data was then analyzed using the Global Analysis software and utilizing the

lifetime data obtained in Table 3. All components and fractional anisotropies were

allowed to vary. The results of the analysis are shown in Table 4 below.
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Table 4 - Results of Global Analysis of differential phase and modulation ratio data of
1.1 ~M DNS-EF-Tu. The value ofX2 was 7.413.

Rotational Correlation Time (ns)

25.6

0.932

Fractional Intensity

0.538

0.462

Limiting anisotropy = 0.308

As with the tryptophan emission studies, the X2 surface of the global rotational

time was examined using the Global Analysis software. The result is shown in Figure

21 below.
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Figure 21 - Global rotation X2 surface for 1.1 ~M DNS-EF-Tu·GDP at 250C and pH
7.5.

It is interesting to note that the rotational correlation time obtained from

tryptophan emission (21.1 ns at 20°C) is similar to that obtained from 2.5-DNS-EF-Tu

emission (25.6 ns at -23°C), and both numbers are consistent with an ellipsoidal

monomer of 43,000 MW. From the equation of the line in the Stokes-Einstein plot

above (Figure 17), a rotational correlation time of 19 ns would be predicted for n°e.
Therefore, the difference between the observed correlation time (25.6 ns) and the

predicted one (19 ns) is not due to a temperature difference. It should be noted that the

lifetime of the dansyl probe (26 ns) is cioser to the range of the rotation of EF-Tu than

tryptophan (6 ns) and perhaps more accurate.
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Quasi-Elastic Light Scattering of EF-Tu:

A solution of EF-Tu was made to 48.6 IlM because light scattering intensity

depends upon concentration and size, so the higher concentration is necessary to

achieve detectable scattering for the monomer of EF-Tu. The buffer was again the low

ionic strength buffer A (see above) at pH 7.5 at 250C. The solution was subjected to

quasi-elastic light scattering measurements with the observation angle at 900 with the

sample time set at 1 usee, (The sample time is analogous to the delay time (r)

discussed above.)

After the data was collected, a non-linear least squares analysis was done to

determine 1, which was 0.3737 x 105 (+ 1.44%) rad/sec. The value of I" then

corresponds to a diffusion coefficient of 0.706 x 10-6 ems/sec, which is in close

agreement to a value reported in the literature for EF-Tu under similar conditions (Sam

et aI., 1990). The value of the diffusion coefficient led the authors to propose that

EF-Tu under the conditions employed is virtually all monomeric. Assuming a sphere, a

radius of 3.45 nm for EF-Tu was determined by the linear (first) cumulant of a

cumulant analysis. The radius determined here is a hydrodynamic radius (RH) , which is

related to the radius of gyration (RG) by the following equation.

Thus, the radius of gyration determined here is 2.67 nm, which is also in close

agreement with the value reported in the literature for quasi-elastic light scattering

studies (2.34 nm) and small angle neutron scattering studies (2.5 nm) (Sam et aI.,

1990; Antonsson et aI., 1986).

62



Also, an inverse Laplace transform was done on the data obtained. The inverse

Laplace transform is a non-negatively constrained least squares algorithm that

calculates distributions of diffusion coefficients and therefore diameters, assuming

spherical shape. The distribution of diameters for EF-Tu at high pH is shown in Figure

22 below.
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Figure 22 - Distribution of diameters of EF-Tu obtained from inverse Laplace
transformation of quasi - elastic light scattering data. The conditions were 48.6 ~M
EF-Tu, pH 7.5, 250C and the sample time was 1 usecond.

Discussion:

The studies presented in this chapter seem to indicate that EF-Tu·GDP is indeed

a monomer at pH 7.5-7.6 and over the concentration range of 1.1 to 48.6 ~M. For

example, the global rotational correlation times of 20-25 ns at the higher temperatures

studied correspond to rotational relaxation times of 60-75 ns. As alluded to earlier, a
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rotational relaxation time of 50 ns would be expected for a spherical monomer of

43,000 MW (Eccleston et aI., 1987). Therefore, the correlation times are also

consistent with an ellipsoidal monomer.

The state of aggregation was not seen to change over the temperature range

studied as the correlation times were seen to scale directly on a plot of the correlation

time as a function of viscosity/temperature.

It is interesting to note the suggestion of a small amount of higher order

aggregates of EF-Tu in the distribution of diameters obtained by inverse Laplace

transformation of the quasi-elastic light scattering data. The peak diameter around 5 nm

may be taken to be the monomer, which was indicated by the 2.67 nm radius calculated

from the diffusion coefficient, while the shoulder at higher diameters (> 10 nm)

suggests the presence of a small amount of higher order aggregates.

To examine the presence of higher order aggregates in the fluorescence studies,

the global rotational correlation times were plotted as X2 surfaces. In Figure 18, three

separate curves are shown, each for a given temperature. The curve for EF-Tu at 40C

(Figure 18, A) rises sharply below 30 ns, but only slowly above 30 ns. Therefore, the

presence of higher aggregates with correlation times higher than 30 ns seems possible.

However, the other two X2 surfaces do not seem to suggest the presence of higher

aggregates. In fact, the X2 surface of the DNS-EF-Tu, which has a 4-fold longer

lifetime than tryptophan and is therefore better suited to detecting longer correlation

times, also does not suggest the presence of higher aggregates.

It should be noted here that light scattering techniques are extremely sensitive to

larger particles (the Rayleigh ratio is directly dependent upon molecular weight), and

hence may detect very small amounts of higher aggregates. Fluorescence, on the other

hand, should not be so sensitive to higher aggregates, especially with shorter lifetimes.
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Besides the 26 ns lifetime dansyl chloride probe, it would have been useful to examine

EF-Tu at high pH with a longer lifetime probe such as a pyrene derivative. In any case,

it seems clear that the major form of EF-Tu·GDP at high pH is an ellipsoidal

monomer.
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~
Polymerization of Elongation Factor Tu

Introduction:

Observations that EF-Tu could polymerize under certain conditions appeared in

the literature in the mid-1970's (Jacobsen et aI., 1976; Minkoff and Damadian, 1976;

and Rosenbusch et aI., 1976). A protein found to be identical to EF-Tu was seen to be

associated with the inner membrane, as it was released from the cell by osmotic shock,

and was further shown to polymerize in the presence of calcium or magnesium ions

(Rosenbusch et aI., 1976; Wurtz et aI., 1978; and Beck et aI., 1978). Until this point,

EF-Tu was thought to be a cytoplasmic monomer.

A later study showed polymerization to proceed at slightly acidic pH (6.0) and

low ionic strength (Beck, 1979). Varying concentrations of trypsinized EF-Tu were

adjusted to pH 6.0 and absorbance at 340 nm was followed with time to follow

polymer formation. Thus, a critical concentration, or a concentration below which no

polymerization will occur, of2.11lM EF-Tu was determined. Polymers of 0.7 urn in

diameter and 200 urn long were seen under the electron microscope. Also, it was

shown that the polymeric form of EF-Tu could exchange nucleotides (GDP or GTP) at

least as well as the monomer (Beck, 1979). Further studies on the effect of slightly

acidic conditions on EF-Tu were not forthcoming. Although kirromycin was originally

reported to induce polymerization of EF-Tu at pH 7.5, other authors have not been

able to reproduce the effect (Beck, 1979 and Parmeggiani and Swart, 1985). Indeed,

some researchers in the field were skeptical of the results obtained with slightly acidic

pH (Jameson, D., personal communication).
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Nevertheless, the early reports sparked comparisons of EF-Tu with actin, as

well as speculations of a structural role for EF-Tu (Jacobsen and Rosenbusch, 1976;

Rosenbusch et aI., 1976; and Weijland et aI., 1992). Of particular interest were the

high concentration of EF-Tu (100-200 ~M), which placed it at a 4-fold molar excess

over EF-Ts and a lO-fold molar excess over ribosomes, and its association with the

membrane. By way of comparison to actin, both EF-Tu and actin are of a similar size

(42,000 MW for actin and 43,200 MW for EF-Tu), both are acidic (pI of 4.7 for actin

and pI of 5.3 for EF-Tu), both bind to and hydrolyze nucleotide triphosphates (ATP for

actin and GTP for EF-Tu), and both have a large fraction of random coils within their

tertiary structure (71 % for actin and 86% for EF-Tu) (Rosenbusch et aI., 1976). On the

other hand, immunochemical tests found no cross-reactivities between EF-Tu and actin

(Wurtz et al., 1978).

Comparisons of EF-Tu with tubulin might seem appropriate, but have not been

made in the literature. In fact, the guanine nucleotide binding domain of tubulin has a

different sequence than EF-Tu and other members of the superfamily, which include

EF-la, p21 ras, and the G proteins (Dever, et aI., 1987 and Dever and Merrick,

1989). However, it is interesting to note that c-tubulin is 56,000 MW, ~-tubulin is

54,000 MW and both are acidic (as are EF-Tu and actin), with pIs near 5.5.

Besides the effect of slightly acidic pH on EF-Tu, 70 % ammonium sulfate has

also been shown to polymerize EF-Tu. EF-Tu·GDP polymerized in the presence of

70% ammonium sulfate and at pH 7.5 formed cylindrical polymers with a diameter of

15 nm, and was made up of rings of five protein subunits (Cremers et aI., 1981). Also

using 70% ammonium sulfate, a further study suggested that dimers of trypsinized EF

Tu·GDP are arranged in a helix with 15.4 subunits per turn to form a hollow,

cylindrical aggregate with a diameter of 34 nm (Schilstra et aI., 1986). It was also
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noticed that untrypsinized EF-Tu may form two-dimensional sheets (Schilstra, M.,

personal communication).

It is interesting to note that an electron microscopy study of thin sections of R.

cali harvested during the log phase of growth revealed the presence of "microtubular

structures" with a diameter of 30 nm, while no such structures were observed in

bacteria harvested during the stationary phase (Eda et al., 1976). The only study to

attempt to localize EF-Tu in vivo found diffuse staining throughout the cytoplasm

unless EF-Tu was overexpressed and the temperature was raised to 48oC, in which

case staining was observed in dark granules (Schilstra et aI., 1984).

The state of aggregation of EF-Tu to date has not been thoroughly investigated,

particularly the conditions that might affect the state of aggregation and the mechanism

by which polymers of EF-Tu form. Besides the suggestion of a structural role for EF

Tu, evidence has been presented to suggest that a dimer of EF-Tu may be the

functional carrier of aminoacyl-tRNAs to the ribosome (Ehrenberg et al., 1990 and

Weijland and Parmeggiani, 1993). The results presented in the following chapter

attempt to define the conditions affecting the state of aggregation and the mechanism by

which polymers of EF-Tu form in more detail than previously known.

Before presenting the results, it is useful to review some of the salient features

of known polymerizing proteins. The first protein to which EF-Tu was compared was

actin, and in fact much of the early work on the kinetics and thermodynamics was done

with actin as a model system (Oosawa and Kasai, 1962 and Oosawa and Asakura,

1975).

Actin is a 42,000 MW protein found in all eukaryotic cells and is usually the

most abundant protein, comprising normally 5-10% of the total protein, but may be up

to 25% in some cases (Schliwa, 1986). In muscle cells, actin forms the thin filament
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which interacts with the myosin thick filaments. In non-muscle cells, actin may be

found in two forms: G-actin (globular), which is the monomeric form, and F-actin

(filamentous), which is the polymeric form. The polymeric form (F-actin) is a linear,

double-stranded, right-handed helical polymer approximately 8-9 om wide and several

urn long (Schliwa, 1986). Approximately half of the cellular actin is in the G-actin

form, and it is subject to rapid polymerization into F-actin, which in turn may be

rapidly depolymerized. Polymerization is therefore regulated by actin-binding proteins

so that polymerization occurs only where and when the cell needs it, such as in

lamellipodia, the leading edge of motile cells.

Actin binds 1:1 to ATP and to approximately 6 divalent cations such as calcium

and magnesium ions. Polymerization of G-actin at low ionic strength may be induced

by addition ofKCI to 50-100 mM, or by addition of Mg2+ to 1-2 mM. Once G-actin is

incorporated into a polymer, ATP is hydrolyzed to ADP. It has been shown that G

actin bound to a nonhydrolyzable analog of ATP polymerizes as well as G-actin·ATP,

but G-actin·ADP polymerizes more slowly than G-actin·ATP (Hayashi and Rosenbluth,

1960 and Mannherz et al., 1975). The requirement of the nucleoside triphosphate is

clear and has turned out to be true for other systems as well.

The polymers form in such a way that there is polarity of F-actin. That is, the

ends of the polymer are distinct. There is a fast-growing end, which is also called the

barbed end or the plus end, and there is a slow-growing end, also called the pointed

end or the minus end. The names for each end are derived from their growth

characteristics. The rate of addition of monomers at the plus end has been shown to be

diffusion limited, but the rate of monomer addition at the minus end is 5-7 times

slower. The presence of the slow growing end makes it possible for a polymer to

simultaneously grow at one end (plus end) and shrink at the other end (minus end), a
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phenomenon known as treadmilling. It has been suggested that irreversible hydrolysis

of ATP underlies the process of treadmilling because Gsactin-ATP can polymerize and

F-actin·ADP cannot (Wegner, 1976). The overall rate of polymer growth has been

shown to be 0.2 urn per second, which is consistent with cellular events.

Polymerization is thought to proceed only when the concentration of G-actin

monomers is high enough, or above a critical concentration, a concentration below

which no polymerization occurs. The critical concentration is expected to depend upon

the conditions of the medium, but has been shown to be 6.3 IlM in one case (Wegner,

1976). In terms of critical concentrations, the fast growing end has been shown to have

a 12-15-fold lower critical concentration (0.1-0.12 IlM) than the slow growing end

(1.5 IlM) (Wegner and Isenberg, 1983).

The theoretical model for actin polymerization was originally put forth by

Oosawa and co-workers (Oosawa and Kasai, 1962 and Oosawa and Asakura, 1975).

Actin polymerization is thought to be a two-step process, with the first step being

formation of a critical nucleus, and the second step being elongation, or addition of

monomers to the nucleus. The first step, formation of the critical nucleus, is thought to

be a thermodynamically unfavorable process, so it is the rate-limiting step. That is,

G-actin monomers are favored over higher order aggregates and a critical nucleus may

be defined as the first aggregate which is stable (n monomers) or more favored than the

previous aggregate (n-1 monomers).

It is the disfavored formation of a critical nucleus which is thought to be

responsible for the phenomena of critical concentrations and lag times observed in

polymerization curves because critical nuclei need protein subunits and time to form. In

fact, the necessity of a critical nucleus is demonstrated by adding small amounts of

polymers to a solution of G-actin monomers, where they serve as seeds, thus allowing
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polymerization to occur immediately, i.e., without a lag time (see Figure 23 below).

That is, once the nucleus forms, polymerization is then a highly cooperative process

similar to the condensation of a gas and it continues until the monomer concentration

drops below the critical concentration.

p
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Figure 23 - Effect of adding seeds of actin polymers to a solution of actin monomers
under polymerizing conditions, as adapted from Schliwa, 1986.

The size of the critical nucleus was originally determined by comparing the

initial polymerization rate to the power of the initial concentration of G-actin, and was

found to be 3.5 (Oosawa and Kasai, 1962). Similar measurements as well as simulation

of nucleation/elongation schemes performed more recently have confirmed the nucleus

size as 4 G-actin monomers (Frieden and Goddette, 1983 and Tobacman and Korn,

1983). Actin polymers are thought to have 3 subunits per turn, so just more than one

turn is necessary to produce a stable nucleus.

It is clear from curves of actin polymerization at various starting concentrations

that higher concentrations polymerize faster (see Figure 24 below). Fitting such curves
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with a model assuming only nucleation and elongation did not yield good results, so

Wegner and co-workers suggested the presence of spontaneous fragmentation of actin

filaments, which could then provide more ends available for elongation (Wegner, 1982

and Wegner and Savko, 1982). Better fits to the data were obtained assuming

fragmentation, which allowed the curves to become more sigmoidal in that they

contained a longer lag phase and a more strongly increasing growth phase.
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Figure 24 - Polymerization kinetics of varying concentrations of actin in the presence
of 1.8 mM CaCI2, as adapted from Wegner and Savko, 1982. The initial
concentrations of actin were 6.9,9.4,11.7,15.1,17.7,20.1 and 24.1IlM.

Evidence of fragmentation of F-actin was also found when examining the

phosphorescence anisotropy of actin labeled at cysteine-34 with erythrosin

iodoacetamide. The rotational correlation time was seen to reach a maximum of

28 usee within 5-10 minutes of initiation of polymerization, and then it declined
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(Sawyer et al., 1988). The shorter correlation times suggested the presence of shorter

filaments, some of which may have arisen from fragmentation of longer polymers.

The filaments were also seen to become immobilized, resulting in no rotational

motion and no anisotropy decay over time as polymerization proceeded, indicating that

all filaments are immobile due to entanglement (Sawyer et al., 1988). Mobility of the

polymers has also been studied with quasi-elastic light scattering. The observation that

the decay constant I' obtained from the autocorrelation function did not scale with Till

was taken as evidence for polymer flexibility (Newman and Carlson, 1980). Also, r

was seen to be proportional to sin2
(e12) and is independent of concentration, which

was taken to indicate little, if any, interaction between filaments under the conditions

used (Newman and Carlson, 1980).

Recently, some interesting properties of actin have come to light. Actin from

Dictyosrelium discoideum has been shown to be phosphorylated on tyrosine residues,

perhaps tyrosine-363, in a developmentally controlled fashion and in correlation to

changes in cell shape (Schweiger et al., 1992 and Howard et al., 1993). Under

conditions of starvation, actin is dephosphorylated and highly assembled into spikes so

that the cells are spread out, forming focal contacts with the substratum. When the D:

discoideum cells are transferred to nutrient-rich media, actin is transiently

phosphorylated and becomes disassembled so that the cells round up, losing their focal

contacts. The exact mechanism by which phosphorylation exerts its effects on actin

polymerization is unclear, but it has been suggested that the interaction of Gsactin-ATP

with thymosin ~4, a well known actin monomer sequestering protein, may be involved.

In fact, the interaction of actin with thymosin ~4 has been shown to be affected by the

ATP/ADP ratio of the medium in in vitro studies. That is, phosphorylation of actin
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monomers is suggested to promote its interaction with thymosin p4, which would

sequester it, leaving it unavailable for polymerization (Carlier, 1993).

Finally, it should be noted that two classes of drugs have been used to study

actin polymerization and depolymerization. Cytochalasins are heterocyclic compounds

which are naturally occurring fungal metabolites and five of them have been well

characterized. The cytochalasins bind with high affinity (I<d of approximately 10 nM)

to the barbed end of F-actin, resulting in an inhibition of the rate of assembly (Brown

and Spudich, 1979 and Brenner and Korn, 1980). The phallotoxins are cyclic peptides

from toadstools and phalloidin is an octapeptide. The phallotoxins have effects opposite

to the cytochalasins in that they stabilize actin filaments against depolymerization,

lower the critical concentration for assembly and increase the rate of polymerization

(Lengsfeld et aI., 1974 and Wieland, 1977). The use of such drugs has helped in

identifying processes involving actin polymers.

Clearly, much remains to be studied concerning the structure and function of

actin. It is impressive to point out that actin was originally isolated from muscle in

1942 by the Hungarian biochemist Bruno Straub, and continues to be a very active area

of research 50 years later (Straub, 1942).

Perhaps the most complex polymerizing protein and the one which has received

the most attention is tubulin. Also, microtubules were the first component of the

cytoskeleton to be studied, with the first report of an axial rod in Actinophrus SQ1 in

1849 (Kolliker, 1849). Indeed, cilia and flagella were first shown to fray into as many

as 11 filaments in 1888 (Ballowitz, 1888).

Microtubules are now known to function in the cytoskeleton as well as in cilia

and flagella. A microtubule is a hollow cylinder of linear tubulin filaments that has an

approximate diameter of 25 nm (Schliwa, 1986). The individual filaments are termed
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protofilaments, and a microtubule may contain between 11 and 16 parallel

protofilaments, but usually 13 ± 2 parallel protofilaments. Cilia and flagella, on the

other hand, have a characteristic arrangement of 9 protofilaments around a core of 2

protofilaments. In fact, it is the ability of tubulin to form a wide variety of structures

which makes it unique from all other polymerizing systems. Tubulin has been shown to

form double rings, curly polymers in the presence of colchicine, helical spirals and

ribbons in the presence of vincaalkaloids, and flat sheets in the presence of zinc and

cobalt ions (Frigon and Timasheff, 1975; Saltarelli and Pantaloni, 1982; Himes et aI.,

1976; Larsson et aI., 1976; and Gaskin, 1981).

There are two distinct tubulin proteins, which are termed o-tubulin and ~

tubulin. They are 56,000 MW and 54,000 MW, respectively, and they have a high

amount of acidic residues in their carboxy-termini such that they have isoelectric points

around 5.5. The functional subunit of microtubule assembly is a heterodimer of a

tubulin and ~-tubulin, which was shown to have a K<t of 7.4 x 10-7 M in the case of

brain tubulin and the formation of which has been suggested to require hydrolysis of

GTP (Schliwa, 1986 and Fontalba et aI., 1993). Each subunit of the tubulin

heterodimer binds to one molecule of GTP. The ~-tubulin subunit contains an

exchangeable binding site for GTP, which is termed the "E" site, while the u-tubulin

subunit contains a nonexchangeable site for GTP, termed the "N" site. Also like actin,

about half of the cellular tubulin is in the heterodimer form and the other half in

microtubules.

As with actin, Mg2 + has been shown to induce polymerization of tubulin

heterodimers at mM levels, but even flM levels of Ca2+ have been shown to inhibit

polymerization through calmodulin. Also like actin, the nucleoside triphosphate is

hydrolyzed to a nucleoside diphosphate sometime after the heterodirner is incorporated
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into the polymer. Although the GTP bound form is required for polymerization of

tubulin into microtubules, the GTP bound form is not required for formation of two

dimensional sheets, or "zinc sheets" (Penningroth and Kirschner, 1978 and Melki and

Carlier, 1993).

The assembly of tubulin heterodimers into microtubules was originally

suggested to follow the same kind of nucleation/elongation scheme as actin (Oosawa

and Kasai, 1962). Indeed, the early evidence demonstrated that tubulin polymerization

curves had a lag time which could be abolished by the addition of polymer seeds (see

Figure 25 below). The rate of elongation was shown to increase with increasing

concentration and the number concentration of microtubule ends (Johnson and Borisy,

1977). The critical nucleus is thought to consist of 7 tubulin heterodimers (Voter and

Erickson, 1984).
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Figure 25 - Kinetics of tubulin polymerization at varying concentrations, as adapted
from Gaskin et aI., 1974.
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Also like actin, the simple model of nucleation and elongation was found not to

accurately describe the kinetics of tubulin polymerization. Instead, a second stage of

nucleation was added to account for lateral growth, or the formation of a sheet

structure which eventually seals to form the cylinder of a microtubule (Voter and

Erickson, 1984). Indeed, small sheets have been observed early in the polymerization

process and have been suggested to be the critical nucleus by several groups (Erickson,

1974; Pantaloni et al., 1981; and Bordas et aI., 1983).

Ring shapes have also been reported early in the polymerization process and

have been shown to be promoted by MAP2, or microtubule-associated protein 2. Both

MAP1 and MAP2 are known to stimulate polymerization of tubulin in that they lower

the critical concentration and increase the rate of elongation (Murphy et al., 1977). In

vivo, microtubules may be seen growing from microtubule organizing centers

(MTOC's), which appears to consist of high molecular weight proteins and RNA.

Microtubules, like actin filaments, are polar structures with a fast-growing, or

plus, end and a slow-growing, or minus, end. It is the minus end which interacts with

the organizing center so that the microtubule has stability. Thai. is, the microtubule may

undergo treadmilling like actin does because it may simultaneously grow at the plus

end and shrink at the minus end.

In fact, microtubules do something more complex than treadmilling - they are

said to have dynamic instability. The term dynamic instability is used to describe the

apparently random transition of a microtubule between extended periods of slow

growth and brief periods of rapid shortening. The transition from growing to shrinking

is known as a "catastrophe", and the transition from shrinking to growing is known as

a "rescue". The changes in microtubule length over time are illustrated in Figure 26

below. The phenomenon of dynamic instability has been linked to hydrolysis of GTP
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(one GTP is hydrolyzed per dimer) when the tubulin heterodimer is incorporated into a

microtubule. In Figure 26,the rapidly changing lengths of tubulin-G'I'P are shown, but

a nonhydrolyzable analog of GTP, GMPPNP, causes the lengths to remain stable

because the microtubule would not be allowed to disassemble. Adding in 20% tubulin-

GDP prevents the microtubules from becoming very long, but they still show dynamic

instability due to assembly and disassembly (Martin et aI., 1993).
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Figure 26 - Dynamic instability of microtubules. The length of microtubules over time
illustrates the slow growth (2 um/min.) and the rapid shortening (27 um/min.) which
occur (adapted from Cassimeris et aI., 1988).

Ends with a "cap" of tubulin-G'I'P continue to elongate, while ends which have

lost the cap and contain tubulin·GDP will rapidly disassemble. Different models have

been proposed for the cap, and the models fall into two categories: a large cap and a
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small cap. The large cap model suggests that hydrolysis of GTP is independent of

tubulin incorporation, and there may be a large amount of tubulin-G'TP in the

microtubule. When free tubulin dimers become depleted, hydrolysis catches up to the

subunits on the ends and a catastrophe occurs (Keates, 1993). The small cap model, on

the other hand, suggests that hydrolysis of GTP is coupled to tubulin incorporation.

Hydrolysis is thought to occur on the next to last subunit, so that the cap is then a

single layer of tubulin-G'I'P. A catastrophe occurs during the rare times when a tubulin

GTP heterodimer dissociates from the microtubule. Considering that a microtubule

contains 13 protofilaments, each protofilament contains a cap, thus forming a "lateral

cap". The lateral cap model, which is an extension of the small cap model, has been

used to successfully simulate the behavior of several different types of microtubules

(Bayley et aI., 1990 and Martin et aI., 1993). Besides simulations, experimental

evidence is consistent with a small cap model, but are hampered by resolution

difficulties (O'Brien et aI., 1987 and Walker et aI., 1991).

Like F-actin, microtubules have also been shown to be affected by drugs which

bind to it. Colchicine, and alkaloid from the meadow saffron, binds 1:1 to the tubulin

dimer and induces a conformational change. The colchicine-tubulin dimer prevents

further elongation at the microtubule end (Wilson et aI., 1974 and Margolis and

Wilson, 1977). Other alkaloids which affect microtubules are vinblastine and

vincristine, which are isolated from Yinca tasea. Vinblastine and vincristine have been

shown to bind two sites on the tubulin dimer, one of low affinity and one of high

affinity (Bhattacharrya and Wolff, 1976). High concentrations of either drug induces

formation of microtubule paracrystals, macrotubules which have a diameter of more

than 30 nrn, and helical protofilament arrays (Himes et aI., 1976). Nocodazole is a

benzimidizole which binds tubulin with high affinity to inhibit assembly and induce
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disassembly (De Brabander et al., 1976). Taxol has the opposite of other microtubule

binding drugs in that it binds to the microtubule to stabilize it against calcium or other

depolymerizing drugs (Schiff et al., 1979 and Schiff and Horwitz, 1980). Taxol also

lowers the critical concentration for assembly. When applied to living cells, taxol

induces unusual arrays of microtubules (De Brabander et al., 1981).

It is clear that tubulin assembly is a very complex process that is highly

dependent upon solution conditions and the presence of microtubule-associated

proteins, which is perhaps why research continues more than 100 years after the

discovery of microtubules.

Another example of a polymerizing protein which has perhaps become the best

defined is that of sickle cell hemoglobin, or hemoglobin S (Hb S). In hemoglobin S,

the sixth codon of the p chain is changed from GTG, which encodes glutamate, to

GAG, which encodes a valine. Although the oxygen binding properties are not altered

upon mutation, Hb S can aggregate at sufficiently high concentrations such as those

found in erythrocytes (> 200 mg/mL). In fact, Hb S polymerization is the process

responsible for sickle cell disease. After a delay period, deoxygenated Hb S

polymerizes into long, multi-stranded polymers which deform the erythrocyte into the

characteristic sickle shape. The sickled erythrocytes are too rigid to traverse capillaries

and thus cause vaso-occlusion, which is responsible for painful episodes known as

sickle cell crises. The occluded capillaries lead to a decreased oxygen supply to the

tissues and since any organ may be affected, vase-occlusion is the major cause of

mortality. Also, the sickled erythrocytes are more fragile than normal ones due to

membrane damage and are readily removed form circulation, leading to anemia, but

anemia is not the major problem (Eaton and Hofrichter, 1990).
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Individual polymers of Hb S have been shown to contain an inner core of 4

filaments and they are surrounded by 10 outer filaments, as shown in Figure 27 below

(Dykes et aI., 1979). The diameter of the filament is 21 run and different lengths have

been observed. The 21 run fiber is the only one observed from purified preparations of

Hb S over a wide range of conditions: pH 6.2-7.4, ionic strength from 0.05-1.0 M,

and 170 - 370C (Wellems and Josephs, 1979). Also, it has been shown that the 14

strands are essentially 7 double strands bundled together, a structure very similar to

that of crystallized Hb S (Eaton and Hofrichter, 1990).

A B c

Figure 27 - Model of polymers of hemoglobin S showing A) the 21 run fiber, B) the
core of 4 strands, and C) the arrangement of the outer 10 strands around the 4 strand
core (adapted from Dykes et aI., 1979).
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It is interesting to note that in solution, only monomers and polymers appear to

be present, with no evidence for higher order aggregates (Kam and Hofrichter, 1986).

Upon polymerization, no volume change occurs so pressure has no effect on the

polymer (Kahn and Briehl, 1982). Also, the positive values for enthalpy and entropy

changes for polymer formation, as well as the negative heat capacity change, were

taken as evidence of aggregation being driven by hydrophobic interactions (Ross and

Subramanian, 1981).

The variable to which Hb S polymerization is most sensitive is oxygen

saturation. The control of polymerization by oxygen may be understood in terms of a

model in which deoxyhemoglobin molecules polymerize with equal probability,

whereas oxyhemoglobin molecules do not polymerize at all. The effect of oxygen

saturation was originally reported in 1950 (Harris, 1950). It was shown in model

building studies that the oxyhemoglobin structure cannot fit into the double strand of

the deoxyhemoglobin crystal (Padlan and Love, 1985). Deoxyhemoglobin polymers

were shown to bind oxygen noncooperatively and with equal affinity to the monomer,

so comparisons have been made between the relaxed state, or R state, for the monomer

free in solution and in the polymer. The so-called taut state, or T state, again is thought

not to polymerize at all but will instead bind oxygen in a cooperative fashion (Sunshine

et aI., 1982).

Like actin and tubulin, polymerization curves for deoxyhemoglobin S are

sigmoidal, with a lag time and a fast elongation phase. The delay time is very sensitive

to the conditions, and has been shown to depend reciprocally upon a very high power

of the hemoglobin S concentration; from 15 at 350 mg/mL, up to 50 at 250 mg/mL

(Sunshine et aI., 1979 and Ferrone et aI., 1985a). With a long delay time, solutions of

metastable Hb S monomers may persist for long periods of time. In fact, patients who
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are homozygous for Hb S have demonstrated delay times ranging from a few

milliseconds up to > 100 seconds, an effect predicted by in vitro studies where

variations in the time required for nucleus formation have been observed (Colletta et

al., 1982). The delay time is therefore long enough for most erythrocytes to travel back

to the lungs and become oxygenated before polymerization of Hb S can occur

(Mozzarelli et al., 1987).

Like actin and tubulin, a simple nucleation/elongation model for polymerization

did not seem to explain experimental evidence, particularly the extreme concentration

dependence of the delay time. An alternative model has since been proposed, which is

a double-nucleation model. Two kinds of nucleation are proposed to occur: at first,

homogeneous nucleation occurs between Hb S monomers until a critical nucleus is

formed and can then be elongated, and later, heterogeneous nucleation occurs when a

nucleus forms on the surface of a pre-existing polymer. The extra stabilizing

interactions of heterogeneous nucleation cause it to be more probable than homogenous

nucleation. Also, the rate of heterogeneous nucleation increases as polymerization

increases because the presence of more polymers provides more surface area. This

model is shown in Figure 28 below.

o

HOMOGENEOUS NUCLEATION

8 ~ 00 .=.. <l1 .=.. ;::::= @ -

critical

HETEROGENEOUS NUCLEATION nucleus

Figure 28 - The double nucleation model for deoxyhemoglobin S polymerization
(adapted from Ferrone et aI., 1985b).
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The high concentration dependence of Hb S polymerization is indicative of the

large critical nucleus that must be formed before elongation may begin. The nucleus

size has been shown to vary with concentration, increasing up to 50 subunits as the

concentration is lowered. The concentration of erythrocyte hemoglobin is between 250

and 500 mg/mL, making the critical nucleus ~ 18 subunits (Eaton and Hofrichter,

1990). The concentration also has implications for the tenth time of polymerization, or

the amount of time required to reach 10% of the maximum signal. It has been shown

that a two-fold concentration reduction is sufficient to lengthen the delay time from a

few milliseconds to more than 10,000 seconds, which appears to explain why

heterozygotes for Hb S do not express sickle cell anemia. In fact, within the range of

300 to 400 mg/mL, the tenth time has been shown to depend upon the 15th power of

the concentration of Hb S (Eaton and Hofrichter, 1990).

Finally, it should be noted that not only are the structures of Hb S polymers

from cells indistinguishable from polymers formed in vitro, the kinetic studies of

intracellular polymerization are completely consistent with the kinetics in solution.

Therefore, there are no cellular factors involved in polymerization, which distinguishes

Hb S from actin and tubulin and is surprising considering aggregation has been shown

to be driven by hydrophobic interactions (Hofrichter and Eaton, 1990).

The polymerizing proteins listed above (actin, tubulin and hemoglobin S) are all

eukaryotic in origin. but some prokaryotic proteins are also known to polymerize even

though no cytoskeleton is present. One of the best characterized examples of a

polymerizing protein from prokaryotes is recA, a 38,000 MW protein. The recA gene

product is involved in recombinational DNA repair and homologous genetic

recombination, as well as the S.O.S. response to DNA damage where it is involved as

a coprotease in cleavage of the lexA repressor and related repressors (Roca and Cox,
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1990). The active form of recA is a nucleoprotein filament which hydrolyzes large

quantities of ATP to promote strand exchange in vitro, although further evidence

suggests ATP is not required for strand exchange, but is wasted in vitro (Roca and

Cox, 1990). The nucleoprotein filament has a regular structure with helical grooves

(Stasiak and Egelman, 1988).

Several different aggregation states of recA have been identified: monomers

approximately 4 om in diameter; rings approximately 12 om in diameter; short rods 10

om in diameter and 50-200 om in length and larger bundles of rods (Brenner et al.,

1988). Thorough quasi-elastic light scattering studies have suggested that the rings are

hexamers arranged in a toroid or lock-washer structure, and that the hexamer is the

smallest fundamental unit of recA (Benight et al., 1991). Under strand exchange

conditions, recA was found to exist as a mixture of 12 om rings and short rods, and the

12 om rings (hexamers) are the active single-stranded DNA binding form. In fact,

addition of ssDNA to assembled recA caused disassembly of the recA filaments

(Benight et al., 1991).

Bundles of recA may be induced by mM levels of MgCI2, and the kinetics of

assembly are perhaps the most interesting aspect of recA. The assembly has been

shown to be biphasic, displaying no lag time (Wilson and Benight, 1990). The first

phase represents linear growth or elongation of polymers and is the faster of the two.

The second phase represents bundling of polymers, which is apparently initiated by

second order collisions of linear polymers. It was further shown from temperature

studies that assembly of recA is entropically driven (Wilson and Benight, 1990).

Only some of the better known polymerizing proteins have been presented

above, but some other ones that have gained attention to a lesser extent are collagen,

flagellin, and several different viral shell proteins such as those from tobacco mosaic
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virus and phages P22 and T4 (Comper and Veis, 1977; Gelman et al., 1979; Asakura,

1968; Butler and Klug, 1971; and Prevelige et al., 1993). Some ofthe main features of

the well known polymerizing proteins will be compared to those found with EF-Tu.

Materials and Methods:

Protein and Buffers:

EF-Tu was placed at -80oC for long term storage, but was kept on ice for short

term storage. The storage buffer (buffer A) contained 25 mM Tris (pH 7.6), 10 mM

MgCI2, 1 mM NaN3' 0.5 mM DTT, 0.01 mM PMSF and 5 ~M GDP. Until

immediately before use, EF-Tu stock solutions were maintained on ice. Concentration

was determined either by the Coomassie Plus protein assay (Pierce) or by using the

extinction coefficient for EF-Tu, which was determined to be 29,200 M-l.cm-1

(Hazlett et al., 1989).

To study polymerization, EF-Tu was diluted from the stock solution at least ten

fold into one of the following buffers: 2.5 mM Tris (pH 7.5) or 2.5 mM MES (pH

7.5). (Note that MES is N-morpholinoethane sulfonic acid, for which the pKa is 6.1.)

Hence, the final ionic strength is at the mM level in either case. Polymerization could

then be induced by lowering the pH, which was accomplished by addition of typically

one-tenth volume of one of the following buffers to 2.5 mM Tris: 50 mM KH2P04

(pH 5.0) or 50 mM KHPhthalate (pH 5.0). In the case of the MES buffer system, pH

could be lowered by the addition of 50 mM MES (pH 4.0). Buffers were made each

day and the final pH was determined by measuring the pH of a larger volume of the

buffer in the same proportions as that used in the sample, which typically occupied less

than 1 mL.
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Turbidity and Scattering Methods:

In order to follow the extent of polymerization, turbidity was measured in a

conventional UV-visible spectrophotometer, with most experiments being performed in

a Perkin-Elmer Lambda 5 instrument. Solutions were placed in quartz cuvettes, which

transmit light in the UV range. Because scattering intensity is proportional to the

inverse of the fourth power of the wavelength of light, and thus blue light scatters

much better than red light, absorbance at 340 om was measured which is just above the

absorption maximum of the tryptophan in EF-Tu. The absorbance at 340 om was then

followed with time, typically for 45-60 min., which allowed sufficient time to reach an

absorbance plateau.

Alternatively, the scattering intensity of 340 om light at a right angle was

measured using an SLM 8000e photon counting spectrofluorometer with a Xenon arc

lamp as a light source. Excitation and emission could be set to 340 om with

monochromators, whose positions were verified by adjusting to the maximum intensity

with a strong scattering solution such as glycogen in water. All samples were placed in

quartz fluorescence cuvettes which had a 1 ern excitation path length and a 2 mm

emission path length, or a "T-cell" cuvette.

Preparation of EF-Tu ·GTP:

The effect of the phosphorylation state of the bound nucleotide was examined

because of the known behavior of actin and tubulin, both of which require bound GTP

to polymerize. To exchange GDP for GTP, it was necessary to incubate EF-Tu·GDP

with an excess of GTP because of the large difference in affinities of EF-Tu for the

nucleotides. (Recall that Kd= 2 oM for GDP and Kd= 170 oM for GTP.) So, 92 IlM

EF-Tu·GDP was incubated at 37°C for 30 min. with 15 mM phosphoenolpyruvate
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(PEP), 25 11M GTP and 50 ug/ml. phosphorylase kinase, all in buffer A at pH 7.6.

The resulting EF-Tu·GTP was then handled in the same fashion as EF-Tu·GDP.

Results:

Effect of pH:

Initially, the effect of pH on the state of aggregation was investigated by

addition of small aliquots of 50 mM KH2P04 (pH 5.0) to a dilute solution of EF-Tu in

2.5 mM Tris (pH 7.5). Absorbance at 340 nm was followed with time to monitor the

extent of polymerization. The reversibility of polymerization at low pH was then

examined by addition of small aliquots of 0.5 M NaOH to raise the pH. As shown in

Figure 29 below, the rate of polymerization of EF-Tu was shown to increase with

decreasing pH and polymerization could be reversed by raising the pH back above 7.0.

From the initial rates of polymerization in Figure 29 and from other data not

shown here, the rates were plotted as a function of pH. Such a plot is shown in Figure

30 below.
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Figure 29 - Rate of polymerization of EF-Tu at varying pH conditions. Absorbance at
340 nm was followed with time for a solution of 7.5 IlM EF-Tu originally in 2.5 mM
Tris (pH 7.5). The pH was altered by addition of small aliquots of 50 mM KH2P04 or
0.5 M NaOH and the final pH values are indicated on each part of the curve. The
temperature was 30oC.
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Figure 30 - Initial rate of polymerization as a function of pH. The initial rates were
obtained from Figure 29 above and from data not shown here.
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Other buffer systems were used to study the effect of slightly acidic conditions

on EF-Tu. Either the stock EF-Tu solution was diluted into 2.5 mM Tris (pH 7.5) and

then small aliquots of 50 mM KHPhthalate (pH 5.0) were added to lower the pH. or

EF-Tu was added to 2.5 mM MES (pH 7.5) and then small aliquots of 50 mM MES

(pH 4.0) were added to lower the pH. The polymerization curves from each of the

latter buffers were compared and found to be identical. as shown in Figure 31 below.
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Figure 31 - Polymerization of EF-Tu in two different buffer systems: A) 4 J-lM EF-Tu
in 2.5 mM Tris (pH 7.5) with 50 mM KHPhthalate (pH 5.0) added to a final pH of 5.3
and B) 4 11M EF-Tu in 2.5 mM MES (pH 7.5) with 50 mM MES (pH 4.0) added to a
final pH of 5.75 at time O. Absorbance at 340 nm was followed as a function of time at

30°C.
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Effect of Ionic Strength:

To distinguish a pH effect from an ionic strength effect, a monoprotic buffer

system (MES) was used. The structure of MES is shown in Figure 32 below.

o pKa= 6.1

r>. II
o N-CH2-CH2-S-OH
L-I II

o

Figure 32 - Structure of N-morpholinoethane sulfonic acid (MES). The proton of the
sulfonic acid has a pKa of 6.1 at 250C.

For the conditions used in Figure 30 and taking the pKa of MES to be 6.1, the

final ionic strength was found using the Henderson-Hasselbalch equation shown below.

[base]
pH = pK +log--

a [acid]

Only the conjugate base of MES, a sulfonate ion, will be charged, so it will be the only

contributor to the ionic strength. At pH 5.75, for example, the ratio of base to acid is

0.45. Since the total concentration was 6.76 mM MES, there is 1.45 mM ofthe

sulfonic acid and 2.10 mM of the sulfonate. Hence, the ionic strength of the solution

(p) is 2.10. The ionic strength was calculated from the following equation:
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where M is the concentration of an ion and z is the charge on that ion. It should be

noted then that increasing pH would increase the ionic strength. If ionic strength caused

polymerization, decreasing pH would disfavor polymerization, a situation which was

not observed.

To reproduce the effect of an ionic strength jump, a solution of 2 11M EF-Tu

was made in 2.5 mM MES at pH 7.5. Then, a small aliquot of NaCI was added to a

final concentration of 2.1 mM NaCl. So, the final ionic strength was 4.5 mM

considering the contribution from the MES buffer at pH 7.5. As shown in Figure 33

below, the ionic strength jump did not induce polymerization under the conditions

used, but lowering the pH by adding MES and therefore changing the ionic strength

from 2.4 mM to 2.1 mM did cause polymerization.
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Figure 33 - Effect of an ionic strength jump on the state of aggregation of EF-Tu. A
solution of 2 J.lM EF-Tu in 2.5 mM MES at pH 7.6 with A) 50 mM MES added to a
final pH of 5.75 added at time 0 or B) NaCl added to 2.1 mM final concentration. The
final ionic strengths were 2.1 mM for curve A and 4.5 mM for curve B. Absorbance at
340 nm was followed as a function of time at 30°C.

To further examine the effect of ionic strength on polymerization of EF-Tu,

polymerization was induced by lowering the pH in buffers containing different

concentrations of NaCl. As shown in Figure 34 below. raising the ionic strength of the

buffer slowed polymerization. (Note that Figure 34 follows the scattered intensity at a

right angle over time instead of absorbance.) The bumps present in the scattered

intensity curves were reproducible, but their origin is unclear.
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Figure 34 - Scattering intensity at a right angle to the exciting light (340 nm) for
solutions containing 1.2 11M EF-Tu, 2.5 mM Tris (pH 7.5) and varying amounts of
NaCl. The pH was lowered to 5.8 by addition of small amounts of 50 mM KH2P04
(pH 5.0). The temperature was 250C.

Besides NaCl, the effect of other salts were examined. Polymerization was

induced by lowering the pH and was allowed to proceed for a brief period. at which

point NaCI, KCI or NH4CI was added to 300 mM. As shown in Figure 35A, all three

salts slowed polymerization to a similar extent. By contrast, the divalent magnesium

cation slowed polymerization almost to a halt, which is shown in Figure 35B. Other

salts containing divalent cations such as Ca2+ also slowed polymerization. the data for

which is not shown here. The effect of divalent cations will be taken advantage of in

experiments presented in the next chapter.
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Figure 35 - Effect of various salts on polymerization of EF-Tu. A) 4.6 !lM EF-Tu in
2.5 mM Tris <pH 7.5) was polymerized at pH 5.8 by addition of small aliquots of 50
mM KH2P04. The highest curve represents polymerization after addition of NH4CI to
300 mM; the middle curve was after addition of KCI to 300 mM; and the lowest curve
was after addition of NaCl to 300 mM. B) 4.6 uM EF-Tu was again polymerized at pH
5.8 as in A), but either MgCl2 was added to 100 mM or an equal amount of buffer at
pH 5.8 was added. Again, absorbance at 340 nm was followed as a function of time at
300C.
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Effect of Protein Concentration:

It is clear from studies on every polymerizing protein known that

polymerization proceeds faster with higher protein concentration. The effect was also

tested with EF-Tu. Figure 36 below shows polymerization of EF-Tu over the range of

0.25 11M to 2.5 11M, and the curves illustrate the effect of concentration on the rate of

polymerization as expected.
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Figure 36 - Polymerization of EF-Tu ranging from 0.25 to 2.5 11M. From the bottom
curve, the concentrations of EF-Tu are 0.25,0.50, 1.0 and 2.5 11M. The solutions
were all 2.5 roM MES (pH 7.5), and the final pH was adjusted to 5.8 at time 0 by
addition of 50 roM MES (pH 4.0). Absorbance at 340 nm was followed with time and
the temperature was 250 C .

96



Although the concentrations used in Figure 36 followed the predicted pattern.

examination of higher concentrations led to interesting results. Figure 37 shows that

over the range of 1.2 to 9.8 ~M EF-Tu, the opposite effect of concentration on

polymerization is seen. That is. higher protein concentrations actually polymerized

slower than the lower concentrations and a considerably longer lag time was seen at

higher concentrations.
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Figure 37 - Polymerization of EF-Tu ranging from 1.2 to 9.8 f.lM. From the left-most
curve, the concentrations of EF-Tu are 1.2, 2.5, 4.9 and 9.8 ~M. The solutions were
handled as in Figure 35, with the pH being adjusted to 5.8 at time 0, and absorbance at
340 nm was again followed with time at 250C.
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Effect of Temperature:

To examine the effect of temperature on polymerization of EF-Tu, a

spectrophotometer with a thennostatted sample holder was used to follow absorbance at

different temperatures. Figure 38 below shows the result of polymerization at varying

temperatures from 15 to 250C.
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Figure 38 - Effect of temperature on the rate of polymerization of EF-Tu. Solutions of
4 urn EF-Tu in 2.5 ruM Tris (pH 7.5) were adjusted to a final pH of 5.5 at time 0 by
addition of 50 mM KHPhthalate (pH 5.0). Absorbance at 340 nm was followed with
time at the temperatures indicated on each curve.
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Effect of Bound Nucleotide:

Both actin and tubulin have been shown to polymerize only when bound to

nucleoside triphosphates and to hydrolyze them to nucleoside diphosphates after

incorporation into polymers. Also, when actin and tubulin are bound to nucleoside

diphosphates, they do not polymerize. In light of what is known of actin and tubulin,

the effect of the phosphorylation state of the guanine nucleotide on polymerization was

examined here. Preparation of EF-Tu·GTP was discussed in the Materials and Methods

section above, and the result of polymerizing both EF-Tu·GDP and EF-Tu·GTP are

shown in Figure 39 below.
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Figure 39 - Polymerization of 9.2 IlM EF-Tu·GDP and EF-Tu·GTP. Both solutions
contained 2.5 roM Tris (pH 7.5) and the pH was adjusted to a final value of 5.7 at time
oby addition of 50 roM KH2P04. The temperature was 30°C and absorbance at 340
om was followed with time.

99



Effect of Drugs:

A controversy exists in the literature over whether kirromycin induces

polymerization of EF-Tu at pH 7.5 or not (Beck, 1979 and Parmeggiani and Swart,

1985). Therefore, the effect of kirromycin was examined here after the kind donation

of aurodox, which is the N-1 methyl derivative of kirromycin and has been shown to

have identical effects on EF-Tu. (The aurodox was donated by Dr. John F. Eccleston

of the NIMR, Mill Hill, London.) Figure 40 below shows the absorbance of EF-Tu in

the presence of either 25 flM aurodox or ethanol as a control. No polymerization at pH

7.5 was observed as reported, so the pH was then lowered to 5.6 (Beck, 1979).

Polymerization actually proceeded more slowly in the presence of aurodox (Figure

40B) than in the presence of only ethanol (Figure 40A).
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Figure 40 - Polymerization of EF-Tu in the presence of aurodox. In both graphs. the
absorbance of a solution of 0.5 11M EF-Tu in 2.5 mM Tris (pH 7.5) was measured for
a brief period in the presence of A) 4 ul, ethanol or B) 25 uM aurodox dissolved in
ethanol. The sharp spikes indicate addition of 50 mM KHPhthalate (pH 5.0) to a final
pH of 5.6. Again, the absorbance at 340 nm was followed with time.

101



Finally, the effects of nocodazole and vinblastine on EF-Tu were examined.

Nocodazole is known to inhibit assembly and promote disassembly of microtubules,

while vinblastine is known to induce paracrystals of tubulin (De Brabander et aI, 1976

and Himes et aI., 1976). The vinblastine and nocodazole were kindly donated by Dr.

Gerard Marriott from the Max Planck Institute in Munich. Reports of vinblastine

causing polymerization of EF-Tu have appeared in the literature, but the data has not

(Jacobsen et aI., 1976; Jacobsen and Rosenbusch, 1976; Wurtz et al., 1978; and Beck,

1979). Solutions of EF-Tu were polymerized at low pH for brief periods and then large

excesses of either drug were added, or a DMSO control, and the absorbance at 340 nm

was followed with time. Figure 41 below shows the effects of nocodazole and

vinblastine on polymerization of EF-Tu.
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Figure 41 - Effect of nocodazole and vinblastine on polymerization of EF-Tu.
Solutions of 25 flM EF-Tu in 2.5 mM Tris (pH 7.5) were adjusted to a final pH of 5.5
at time 0 by addition of 50 mM KH2P04 (pH 5.0). After 5 minutes, A) nocodazole
was added to a final concentration of 330 flM, B) 58 ul, of DMSO was added as a
control, and C) vinblastine was added to a final concentration of 110 flM.
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Effect of Polymer Seeding:

As discussed in the introduction to this chapter, lag times in polymerization

curves for proteins such as actin, tubulin and hemoglobin S have been taken as

evidence for formation of a critical nucleus. The lag time has been shown to be

abolished by "seeding" the polymerization mixture with pre-formed polymers, which

serve as nuclei from which polymerization may then proceed. Such an experiment is

illustrated in Figure 23 in the introduction to this chapter.

To determine if EF-Tu also requires formation of a critical nucleus, seeding

experiments were performed. In a mixture of monomers of EF-Tu, the pH was lowered

in the usual fashion. After one minute at pH 5.5, either a small aliquot of pre-formed

polymers of EF-Tu were added or an equal amount of monomers were added as a

control. Figure 42 below shows the effect of adding polymers or monomers of EF-Tu

to a polymerizing solution.
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Figure 42 - Addition of polymers or monomers of EF-Tu to a polymerizing solution of
EF-Tu. A solution of 2.3 IlM EF-Tu in 2.5 mM Tris (pH 7.5) was adjusted to a final
pH of 5.5 by addition of 50 mM KHPhthalate (pH 5.0) at time O. After 1 minute,
either A) 2.3 x 10-11 moles of EF-Tu monomers or B) 2.3 x 10-11 moles of EF-Tu
polymers were added, with both solutions at pH 5.5. The temperature was 300C.
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Discussion:

Controversies exist in the literature concerning polymerization of EF-Tu, and

have not yet been settled. The initial observation that EF-Tu polymerized under certain

conditions attributed the effect to the presence of calcium or magnesium ions, which

are well known to induce polymerization of actin (Rosenbusch et al., 1976; Wurtz et

al., 1978; and Beck et al., 1978). These original observations were made by placing

EF-Tu in dialysis tubing and dialyzing against buffers containing various salts, but the

ones containing calcium and magnesium were also below pH 7.

Later, it was shown that EF-Tu, both trypsinized and untrypsinized, would

polymerize in low ionic strength buffer at pH 6.0 (Beck, 1979). To date, the

aforementioned paper was the only one to report polymerization of EF-Tu at slightly

acidic pH and low ionic strength. It must be noted here that other researchers studying

EF-Tu were skeptical of such an effect on EF-Tu (Eccleston, J., personal

communication) .

Another controversial aspect of polymerization of EF-Tu has been the effect of

vinblastine. Several papers concerning polymerization of EF-Tu have stated that

vinblastine induced polymerization of EF-Tu, but a more recent review has stated that

such an effect could not be reproduced (Jacobsen et aI., 1976; Jacobsen and

Rosenbusch, 1976; Wurtz et al., 1978; Beck, 1979; and Parmeggiani and Swart,

1985). In the past decade, no reports concerning polymerization of EF-Tu have

appeared.

The first data series presented in this chapter show that EF-Tu does indeed

polymerize at slightly acidic pH and low ionic strength. Figure 29 shows that

polymerization may be induced by slightly acidic pH and may be reversed if the pH is

raised above 7.0. Data not presented here suggest that if polymerized for long periods
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of time, very high pH conditions are required to depolymerize EF-Tu. Figure 30

relates the initial rate of polymerization to pH and demonstrates that polymerization

slows to undetectable levels near pH 7.0. Polymerization may still occur at pH near 7,

it is simply very slow. It has been shown that the intracellular pH of E. coli is tightly

controlled near pH 7.5 (Ogawa et aI., 1978).

In order to eliminate the possibility of a specific interaction between the buffer

components and EF-Tu, different buffer systems were used for polymerization

reactions. Either a Tris buffer with KH2P04 or KHPhthalate added or a MES buffer

with more MES added to reduce the pH were used. Figure 31 shows quite convincingly

that two very different buffers can produce to same polymerization curve for EF-Tu. It

then becomes clear that EF-Tu can and will polymerize under slightly acidic and low

ionic strength conditions.

Since actin is well known to polymerize upon addition of calcium or

magnesium, it is important to eliminate the possibility of an ionic strength effect from a

pH effect. The MES buffer system offers the advantage of being monoprotic and with a

pKa of the sulfonic acid group, the ionic strength may be calculated. Besides the

calculation, it should be pointed out that the conjugate base of MES is a sulfonate ion

and is the only form which would contribute to the ionic strength. So, increasing pH

would mean increasing ionic strength. If polymerization were induced by increases in

ionic strength, increasing pH would cause polymerization, which is exactly the opposite

of what is observed.

It has been calculated that the ionic strength of 2.5 mM MES at pH 7.5 is 2.4

mM. Upon addition of a small aliquot of 50 mM MES to a final pH of 5.75, the ionic

strength actually decreases to 2.1 mM because the pH shifts the equilibrium back to the

sulfonic acid form, which is uncharged. In fact, the lower pH and lower ionic strength
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of MES polymerize EF-Tu very well, as may be seen in Figure 32A. On the other

hand, addition of NaCl to 2.1 roM to a solution of EF-Tu in 2.5 roM MES buffer at pH

7.5, bringing the ionic strength to 4.5 roM, did not induce polymerization of EF-Tu

(see Figure 32B). The lack of an ionic strength effect is consistent with the above data

suggesting that EF-Tu may be induced to polymerize under slightly acidic conditions. It

may be that histidine residues are becoming protonated and affecting the conformation

of the EF-Tu monomer and there are 11 histidines residues in EF-Tu. It is interesting

to note that tubulin has been shown to polymerize more rapidly at pH 6 than at pH> 7

(Gaskin et al., 1974).

Increasing ionic strength has been shown been shown to inhibit polymerization,

which would suggest that charge-charge interactions are being shielded. Figure 34 used

the scattered intensity at a right angle to show that increasing the concentration of NaCI

slowed polymerization. (Concerning the use of scattered intensity, it has been shown

for hemoglobin S that various techniques for following the extent of polymerization,

including turbidity, viscosity, scattered intensity and broadening of line widths on

NMR spectra, all give similar polymerization curves. The similarity suggests that the

fractional signal change is indeed proportional to the fractional extent of polymerization

(Eaton and Hofrichter, 1990).) Furthermore, Figure 35A shows that different salts such

as KCI and NH4CI have similar effects on the rate of polymerization. However, a salt

with a divalent cation like magnesium has a dramatic effect on slowing polymerization

of EF-Tu even at the same ionic strength as the monovalent cations, which is shown in

Figure 35B and was also observed for calcium in data not presented here. The dramatic

effect of a divalent cation may suggest a specific interaction with EF-Tu, but no

evidence for such an interaction has been obtained.
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Perhaps the most interesting effect on polymerization of EF-Tu was observed

with varying concentrations of protein. Every polymerizing protein studied to date

polymerizes faster at higher concentrations. Figure 36 shows that, in fact, EF-Tu does

polymerize faster over the range studied, which was 0.25 to 2.5 IlM. However, higher

concentrations showed the opposite effect, which is demonstrated in Figure 37. The

right-most curve in Figure 37 contains 9.8 IlM EF-Tu, which has the longest lag time

and is the slowest to polymerize. In fact, the higher concentrations show the longest lag

times, which is exactly the opposite of what has been shown for hemoglobin Sand

other polymerizing systems (Eaton and Hofrichter, 1990). Since EF-Tu obviously

behaves in a manner unique from other polymerizing proteins, some of the analyses

involving tenth times and lag times used for other proteins would not apply to EF-Tu.

Perhaps at high concentrations there is an aggregate of EF-Tu which may be unable to

polymerize, and the extended lag time is required for dissociation of this

nonpolymerizable aggregate. No evidence has been found for such an aggregate,

though.

The effect of temperature on the polymerization of EF-Tu was predictable in

that low temperatures have been shown to favor monomers of Hb S (Eaton and

Hofrichter, 1990). Figure 38 shows that lower temperatures do indeed inhibit

formation of polymers. An unpredicted result, on the other hand, is shown in Figure

39. For both actin and tubulin, the bound nucleoside triphosphate is required for

polymerization and has been linked to the dynamic properties of these polymers.

However, EF-Tu seems to polymerize equally well with bound GDP or GTP (see

Figure 39). Considering the data on the concentration dependence and lack of

dependence on the phosphorylation state of the bound nucleotide, EF-Tu is clearly a

unique system when compared to other known polymerizing proteins.
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Of particular interest due to controversies in the literature were the effects of

aurodox and vinblastine on polymerization of EF-Tu. Figure 40B demonstrates that

EF-Tu at pH 7.5 in the presence of a 50-fold molar excess of aurodox did not

aggregate. When the pH was lowered to 5.6, EF-Tu in the presence of aurodox

polymerized more slowly than the control with only ethanol. It would appear that

aurodox slows polymerization slightly, and thus has an effect similar to ionic strength.

The data presented here are therefore inconsistent with Beck, 1979, but consistent with

Parmeggiani and Swart, 1985.

Polymerization of EF-Tu has also been attributed to the presence of vinblastine,

but no data has been reported even though it was originally reported to be a

quantitative process (Jacobsen et aI., 1976; Jacobsen and Rosenbusch, 1976; Wurtz et

aI., 1978 and Beck, 1979). Figure 41 shows that when vinblastine was added to a

partially polymerized solution of EF-Tu to more than a 4-fold excess, virtually no

effect was seen as the polymerization curve proceeded as the control did (see Figures

41B and C). On the other hand, nocodazole, a drug well known to inhibit formation of

and promote disassembly of microtubules, appeared to halt polymerization of EF-Tu

(see Figure 41A). Although it did not dissociate polymers of EF-Tu, nocodazole does

appear to have a specific effect. It would be interesting to examine nocodazole and

other actin and tubulin binding drugs for potential effects on EF-Tu polymerization and

antibiotic activities.

Finally, polymerization of EF-Tu was tested for susceptibility to addition of

seeds, or pre-formed polymers. The effect of seeding is dramatically illustrated in

Figure 23, where seeds completely abolish the lag time in polymerization of actin.

However, Figure 42 demonstrates that polymerization of EF-Tu cannot be seeded as

the lag time was not abolished by addition of pre-formed polymers of EF-Tu (Figure
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42B). In fact, polymerization proceeded in a similar fashion upon addition of either

monomers or polymers (Figures 42A and B). Polymerization proceeded faster after

addition of monomers, which may be expected considering the effect of increased

monomer concentration over a narrow range, as demonstrated in Figure 36. The data

therefore suggest that polymerization of EF-Tu is not nucleation dependent, so adding

seeds of pre-formed polymers does not speed polymerization. Such a unique

mechanism has not been described for other polymerizing proteins and invites further

study. Perhaps the formation of a critical nucleus is not an unfavorable process as it is

with other proteins. Also, because of the behavior of the lag time at different

concentrations of EF-Tu, it would be interesting to study the seeding effect at different

concentrations. Indeed, the experiment done in Figure 42 used a starting monomer

concentration of 2.3 IlM, whereas Figure 37 suggests that above 1-2 IlM the lag time

increases with increasing concentration. Therefore, seeding experiments below 1 IlM of

initial monomer concentration may yield different results. The lack of an effect of seeds

at 2.3 IlM is nevertheless an interesting and unique phenomenon.

In conclusion, EF-Tu has been shown to polymerize under slightly acidic and

low ionic strength conditions. Polymerization is not induced by changes in the ionic

strength of the solution, but is inhibited by salts, suggesting that charge-charge

interactions between EF-Tu monomers are being shielded. The dramatic effect of

divalent cations on polymerization suggest a specific interaction. Temperature had a

predictable effect on polymerization in that low temperatures slowed the rate of

polymerization.

Protein concentration had an unusual effect in that high concentrations were

seen to have an anomolously long lag time. The reversal of the dependence of lag time

on concentration clearly prevents analysis of tenth times as has been done for other
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polymerizing proteins and suggests that EF-Tu polymerizes by a unique mechanism.

Also, there may be a higher aggregate of EF-Tu which is nonpolymerizable, therefore

causing the longer lag time. Another feature of EF-Tu that may be unique is the lack of

dependence of polymerization on the GTP-bound form. That both EF-Tu·GDP and EF

Tu·GTP polymerize equally well is unusual for a polymerizing protein. Perhaps GTP

hydrolysis is only important for protein synthesis and interactions with aminoacyl

tRNA and the ribosome, thus the conformational difference is not important for

polymerization. The lack of an effect of pre-formed polymers on the lag time at

2.3 /-lM is also interesting. For all known polymerizing proteins, lag times have been

attributed to formation of a critical nucleus, which may not be the case for EF-Tu, at

least under the conditions used.

Finally, it is interesting to note that the two drugs reported to induce

polymerization of EF-Tu, namely aurodox and vinblastine, showed no such activity.

Vinblastine had no observable effect and aurodox actually slowed polymerization in

much the same way as the salts did. Clearly, polymerization of EF-Tu is a complex

phenomenon, but its uniqueness invites further study.
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Cha{neL4

Studies OD EF-III Below p.H 7

Introduction:

The polymeric form of EF-Tu has been reported in the literature. In the most

recent study on the polymer grown under slightly acidic conditions (pH 6.0) and low

ionic strength, bundles of filaments up to 0.7 urn wide and 200 urn long were observed

under an electron microscope (Beck, 1979). Bundles of filaments were seen under a

variety of buffer conditions in the pH range of 6-6.5 (Beck et aI., 1978).

Later studies used 70% ammonium sulfate to polymerize EF-Tu at pH 7.5.

Under such conditions, EF-Tu forms long, cylindrical polymers approximately 15 nm

in diameter and is made up of rings of five monomers (Cremers et aI., 1981). More

recently, it has been shown that trypsinized EF-Tu·GDP are arranged in a helical

polymer with 15.4 subunits per turn, thus forming a hollow, cylindrical aggregate with

a diameter of 34 nm (Schilstra et aI., 1986). The studies presented here did not

examine the structure of EF-Tu polymerized with 70% ammonium sulfate, but instead

focused on low pH and low ionic strength conditions.

A possible structural role for EF-Tu has been suggested because of its high

intracellular concentration (100-200 /lM), its excess over ribosomes and EF-Ts (lO-fold

and 4-fold, respectively), and its membrane association. In fact, EF-Tu has been called

an "actin-like protein" from lL..aili. (Jacobsen and Rosenbusch, 1976; Rosenbusch et

al., 1976; and Weijland and Parmeggiani, 1992). Direct comparisons between actin and

tubulin have, however, only yielded general similarities. Perhaps the most striking

similarity between EF-Tu and actin and tubulin is that they are all acidic, with

isoelectric points in the range of 4.7 to 5.5 (Rosenbusch et aI., 1976). Complete amino
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acid sequence comparisons have not been reported between EF-Tu and other

polymerizing proteins.

The point of comparing EF-Tu to other known polymerizing proteins should be

extended to include EF-la, which is the counterpart ofEF-Tu found in eukaryotic

organisms in that EF-la also carries aminoacyl tRNAs to the ribosome. The sequence

homology between EF-Tu and EF-la has been pointed out in the literature (Amons et

aI., 1983). Even more interesting is the ability of EF-la to associate into a variety of

higher order aggregates. Dimers and trimers of EF-la have been reported, as well as a

very high molecular weight aggregate called EF-IH, which consists of EF-la,~ and y

(Herrera et aI., 1991; Crechet et aI., 1976; and Motorin et aI., 1991).

Recent evidence has also shown EF-la to be an actin bundling protein in D:

discoideum. In fact, EF-la is thought to be the major actin bundling protein in vivo

because of its high affinity for F-actin <Kct of 2.1 IlM) and its high concentration

(75 IlM) (Demma et aI., 1990; Dharmawardhane et aI., 1991; and Edmonds, 1993).

The binding of either EF-la·GDP or EF-la·GTP to F-actin suggests that F-actin is

permissive to translation. In D. discoideum cells stimulated with cAMP, EF-l a and

F-actin co-localize into areas of newly formed surface projections. The role of EF-la

in such areas may be either to bundle newly formed actin filaments or to promote

synthesis of actin where it is needed most (Dharrnawardhane et aI., 1991).

Finally, it should be noted that EF-la was recently found to associate with

microtubules and was proposed to be involved in mitotic spindle nucleation (Marchesi

and Ngo, 1993). Considering the data, it seems clear that EF-la is involved in the

cytoskeleton, besides its role in protein synthesis. Unfortunately, the structure of

polymeric EF-la has not been examined.
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The state of aggregation of EF-Tu in vivo remains unclear. Although a

monomer of EF-Tu is thought to be the functional carrier of aminoacyl-tRNAs to the

ribosome, recent evidence demonstrates that two molecules of GTP are hydrolyzed per

incorporation of one aminoacyl-tRNA, suggesting that a dimer of EF-Tu·GTP is the

functional carrier (Ehrenberg et aI., 1990 and Weijland and Parmeggiani, 1993). It has

been reported that microtubule-like structures exist in log phase E. coli, but staining of

£....Wi with antibodies for EF-Tu has demonstrated no such structures (Eda et aI., 1976

and Schilstra et aI., 1984). Instead, dark granules which did stain for EF-Tu were

observed only in cells in which EF-Tu was overexpressed and at 430C (Schilstra et al.,

1984). The possibility remains, however, that EF-Tu may associate into a small

aggregate in vivo which is too small to visualize. Although the issue of the state of

aggregation in vivo is not addressed here, evidence is presented for the structure of

polymeric EF-Tu in vitro.

Materials and Methods:

Electron Microscopy:

For transmission electron microscopy, samples of EF-Tu polymerized at low

pH for varying times were placed on ice briefly to arrest polymerization and were then

applied to 200 mesh copper grids coated with Formvar. Small aliquots ( - 3 ul.) were

added to the grid and allowed to sit for 3 min., and then the excess buffer was blotted.

The grid was then rinsed with water and then stained with a small amount (5 ul.) of

2% uranyl acetate for 30 seconds (negative staining). The grid was then rinsed again

and allowed to dry before visualization in a Zeiss 10/A transmission electron

microscope. The grid was scanned and filament bundles were photographed.

Magnification is indicated on the micrographs.
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For scanning electron microscopy, samples of EF-Tu were polymerized at low

pH in the usual fashion and placed on ice until applied to the coverslip. Glass

coverslips were coated with 2 % nitrocellulose in amyl acetate, rinsed with ethanol and

allowed to dry. Small aliquots (50 ul.) of polymerized EF-Tu were added directly to

the nitrocellulose-coated coverslip and allowed to sit for 20 minutes. The buffer

solution was blotted off and placed in a container with dessicant overnight. The

coverslips were finally coated with Au/Pd to 2 nm thickness in a sputter coater

(Hummer II). The samples were visualized in a Hitachi S-800 field emission scanning

electron microscope using a 25 kV accelerating voltage and a working distance of

5 mm. Both the scanning and transmitting electron microscope images were taken at

the Biological Electron Microscope Facility at the Pacific Biomedical Research Center,

University of Hawaii.

Fluorescence Microscopy:

In order to visualize EF-Tu under a light microscope equipped with

fluorescence opties, EF-Tu was labeled with tetramethylrhodamine isothiocyanate

(TRITC) as described in Chapter 2, and the structure of TRITC is shown in Figure 7.

Samples were added to a glass coverslip coated with 2 % nitrocellulose in amyl acetate

and then loaded onto a Zeiss Axiovert inverted fluorescence microscope. Different

filter sets for isolation of excitation and emission wavelengths were available to

visualize emission from fluorescein and rhodamine.

The samples were then focused manually and visualized by taking digital images

with a CCD camera interfaced to a computer for data collection, manipulation and

output. Software for CCD camera operation and image manipulation is commercially

available (Photometries). Exposure times are typically 0.5 sec in the images shown.

116



False color images were assembled and the images were automatically scaled to 256

colors beginning with the darkest pixel and ending with the brightest pixel. A 35 mm

camera was used to take pictures onto slide film, which were then made into the prints

presented here. The instrument used for the studies presented here were in the

laboratory of Dr. Gerard Marriott at the Max Planck Institute for Biochemistry in

Munich, Germany.

Time-Resolved Phosphorescence Anisotropy:

Phosphorescence is a physical process resulting from decay from molecules in

the triplet excited state, which is derived from intersystem crossing from the singlet

excited state. (Figure 8 illustrates fluorescence and phosphorescence.) The persistence

of molecules in the triplet excited state gives rise to a lifetime which is long compared

to fluorescence. Phosphorescence excited state lifetimes are in the range of

microseconds to milliseconds. The usefulness of a long lifetime such as that found with

a phosphorescent probe may be demonstrated with the Perrin equation below.

The polarization of emission, be it fluorescence or phosphorescence, is related to the

lifetime (1:) over the rotational relaxation time (p). Since the rotational relaxation time

increases with molecular weight, a probe with a lifetime that is short compared to the

rotational relaxation time will approach the limiting polarization (Po). That is, little

movement of the probe, which would lead to depolarization, will occur during its

lifetime. Hence, long lifetime probes are required to study polarization or anisotropy of

large molecules. It should be noted here that polarization and anisotropy are equivalent
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quantities which differ solely in the numerical value. With III as the parallel emission

intensity and 1.1 as the perpendicular emission intensity, polarization (P) and

anisotropy (A) may be defined as follows.

A = 111- 1.1
III +211..

The decay of anisotropy over time is described by the following equation.

where Ao is the limiting anisotropy and 'tcorr is the rotational correlation time. As with

the fluorescence experiments, the curve will be fit with a non-linear least squares

routine and sums of exponentials will be recovered. For the data presented below, the

best fits were obtained assuming one discrete component for the rotational correlation

time for EF-Tu labeled with erythrosin isothiocyanate. Actin labeled with

phosphorescent probes also models best assuming one rotational correlation time

(Sawyer, W., personal communication).

The instrument used to study time-resolved phosphorescence anisotropy was in

the laboratory of Dr. William H. Sawyer at the University of Melbourne in Parkville,

Australia. A schematic of the instrument used is shown in Figure 43 below.
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Figure 43 - Time-resolved phosphorescence anisotropy instrument. The nitrogen dye
laser is set for 10 ns pulses. Emission is observed through a filter which passes red
wavelengths and a polarizer which is automated to rotate to 00 and 900 . The
photomultiplier tube (PMT) is gated by the pulse width controller. (The instrument
above is at the University of Melbourne in Parkville, Australia.)

The instrument used for phosphorescence anisotropy measurements is

fundamentally different from those used to measure fluorescence polarization and

lifetimes in two ways. First, the phosphorescence instrument uses a pulsed light source

rather than a constant light source whose intensity is modulated sinusoidally. The light

source shown in Figure 43 is a nitrogen dye laser whose output was set at 510 nm. The

pulse width was set at 8-10 ns.

The second feature which makes the phosphorescence instrument unique is the

way in which the photomultiplier is gated. In order to separate phosphorescence from

fluorescence, advantage is taken of the long lifetime of phosphorescence. That is, a

pulse width controller is used to turn on the photomultiplier tube 100 ns after the laser

has emitted a 10 ns pulse. Within the first 100 ns, the fluorescence decays and any
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remaining intensity is due to phosphorescence. The photomultiplier tube then remains

on for the subsequent 100 us. The gating of the photomultiplier tube is illustrated in

Figure 44 below.

..

Intensity

10 ns
pulse

100 ns
delay

fluorescence

III

100 fls
sampling ..

o

Time

phosphorescence

Figure 44 - Pulse gating for phosphorescence measurements. Excitation at 510 nm was
provided from a nitrogen dye laser in 10 ns pulses. The emission was observed after a
100 ns delay time for 100 us. The delay time allows decay of intensity due to
fluorescence, so that only phosphorescence remains.

Erythrosin isothiocyanate was the phosphorescent probe used here. The

structure of erythrosin isothiocyanate, which is an iodinated analog of fluorescein

isothiocyanate, is shown in Figure 45 below.
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N=C=S

Figure 45 - Structure of erythrosin isothiocyanate (EITC), a phosphorescent probe.

A five fold molar excess of erythrosin isothiocyanate to EF-Tu was used for the

labeling reaction, which was allowed to proceed at OOC overnight in buffer A (pH 7.6).

Labeled protein was separated from free probe with a Sephadex G-25, PD-lO column

(Pharmacia) eluted with buffer A. Using an extinction coefficient for EITC of 86,000

M-1.cm-1 and taking the protein concentration from a Coomassie assay, there were

approximately 0.5 erythrosins per EF-Tu molecule after labeling.

The long lifetime of the triplet excited state is more susceptible to quenching

than the singlet excited state. That is, the probability of bimolecular collisions is related

to the duration of the excited state. Therefore, dissolved molecular oxygen must be

removed from the buffer. The effect of oxygen is demonstrated in the following

examples. For a molecule with a lifetime of 1 ms, the concentration of oxygen which

will reduce the lifetime 10% is 0.11 nM, which is so low as to be difficult to achieve

as aqueous buffer at 200 C contains - 0.25 roM 02. For a 1 us lifetime, the

concentration of 02 required for 10% quenching is 0.11 f..I.M 02, which is more readily

attainable in experimental systems. By comparison to fluorescent probes, a 1 ns

lifetime requires 0.11 M 02 to be quenched by 10%, which is well above the

equilibrium concentration and thus fluorescence measurements do not require removal

of oxygen (Vanderkooi, 1991).
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Removal of oxygen was accomplished by addition of 120 roM glucose and a

glucose oxidase mixture, which contained the following components to final

concentrations: 0.15 mg/mL glucose oxidase, 0.1 mg/mL BSA, 0.04 mg/mL glucose,

and 1 oM catalase in 0.1 M Tris (pH 7.5). The solution of erythrosin-EF-Tu was

allowed to incubate at room temperature for at least 10 minutes before measurements

were taken. To keep oxygen out of the cuvette, argon gas was flushed over the sample.

Results:

Electron Microscopy:

A solution of 4.0 IlM EF-Tu was polymerized in a cuvette by lowering the pH

to 5.7 with a small aliquot of 50 roM KH2P04 (pH 5.0). After 20 minutes at low pH,

a 20 mL aliquot was taken out and placed on ice, which arrests polymerization without

depolymerizing as evidenced by stable absorbance readings at 340 om. The polymer

solution was later applied to Formvar coated copper mesh grids, negatively stained

with 2 % uranyl acetate, dried and visualized in a transmission electron microscope.

Photographs were taken of polymers at various magnifications, and some of the

photographs are shown in Figures 46 to 48. The polymers shown did not appear on

control grids containing monomers of EF-Tu or low pH buffer alone.
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0.32 urn

Figure 46 - Electron micrograph of negatively stained EF-Tu polymerized at pH 5.7
for 20 minutes. Magnification is 159,000x.
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0.79 urn

Figure 47 - Electron micrograph of negatively stained EF-Tu polymerized at pH 5.7
for 20 minutes. Magnification is 63 ,500x.
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50.1 urn

Figure 48 - Electron micrograph of negatively stained EF-Tu polymerized at pH 5.7
for 20 minutes. Magnification is 19,800x.

For the scanning electron microscope, a solution of 13.5 ~LM EF-Tu in 2.5 mM

MES (pH 7.5) was adjusted to a final pH of 5.7 by addition of 50 mM MES (pH 4.0)

and allowed to polyermize for 15 minutes. As described above, the samples were

applied to a glass coverslip coated with 2% nitrocellulose in amyl acetate. The samples

were coated with gold and palladium to approximately 2 nm. A control of buffer alone

was visualized to determine contributions from buffer salts. Figure 49 below is a

micrograph of buffer alone. which formed very large crystals.
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Figure 49 - Scanning electron micrograph of buffer (2.5 mM MES (pH 7.5) with 50
mM MES (pH 4.0) added to a final pH of 5.7). The magnification is 600x.
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For EF- Tu polymerized at pI-I 5.7 for 15 min., large two-dimensional sheets

could be seen even at low magnification. Figure 50 below demonstrates the large sheet

and other small species present.

Figure 50 - Scanning electron micrograph of 13.5 uM EP-Tu polymerized at pH 5.7

for 15 minutes. The magnification is 1OOx.
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Upon closer inspection, the smaller species associated with the sheets appeared

to be globular and to have a rough surface. The smaller species are shown in Figures

51 through 53 below.

Figure 51 - Scanning electron micrograph of 13.5 11M EF-Tu polymerized at pH 5.7
for 15 minutes. (Top) The sheet appears to have smaller species associated with it. The
white square indicates the portion at higher magnification in the bottom image.
(Bottom) The magnification is 1500x in the lower image.
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Figure 52 - Higher magnification view of globular species. The magnification is
2200x.
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Figure 53 - High magnification view of globular species. The rough surface and
complex structure of the globular species is clear under high magnification (10,OOOx).

It is clear that many different species are present when high magnification is

used, but the most common structures are the sheets and the globular species. It must

be pointed out, however, that dehydration of the samples, a required procedure for

electron microscopy, leads to artifacts such as the large crystals formed from buffer

alone (see Figure 49).
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Fluorescence Microscopy:

A technique which does not require dehydration of the sample is light

microscopy. Also, with a fluorescent probe covalently attached to EF-Tu polymers,

assignment of species present is unambiguous, unlike electron microscopy without the

use of antibodies. Approximately 5 IlM solutions of tetramethylrhodamine-EF-Tu were

then polymerized at pH 5.4 by addition of 50 mM KHPhthalate (pH 5.0) on glass

coverslips coated with 2 % nitrocellulose in amyl acetate. The polymers could then be

visualized on a Zeiss inverted fluorescence microscope equipped to excite rhodamine

and to observe its emission through appropriate filters. The microscope was focused

onto polymers as soon as they were visible under 630x magnification. Figures 54 and

55 below show the species observed for increasing times at low pH, and it is clear that

larger species are formed with increasing times. Also, the polymers seemed to grow in

three dimensions as different parts of the polymers could be visualized by moving the

plane of focus up and down.
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Figure S4 - False-color fluorescence micrograph of 5 IlM rhodamine labeled EF-Tu
exposed to pH 5.4 for varying times. The magnification is 630x.
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Figure 55 - False-color fluorescence micrograph of 5 ~M rhodamine labeled EF-Tu
exposed to pH 5.4 for a series of times. The magnification was again 630x.

The structures observed under the fluorescence microscope are not unlike the

globular structures observed with the scanning electron microscope. With hoth

microscopes, highly hranched species several urn in diameter were observed. In fact,

the large structure seen with low magnification under the transmitting electron

microscope is also a large, hranched polymer (see Figure 48).

On the other hand, no evidence of sheets was found using the fluorescence

microscope. It is possible that the sheet structures are an artifact of dehydration of the

sample.
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Quasi-Elastic Light Scattering:

Another technique which examines polymers of EF-Tu in solution is quasi

elastic light scattering, which was introduced in Chapter 2 where the monomer of EF

Tu was studied. To illustrate the increase in size of EF-Tu with time at low pH, the

diffusion coefficient was followed with time. A solution of 0.56 JlM EF-Tu in 2.5 roM

Tris (pH 7.5) was adjusted to a final pH of 5.7 by addition of 50 roM KH2P04 (pH

5.0). The observation angle was set to 900 and the sample time was adjusted

accordingly as the diffusion coefficient grew, but the range of sample times was from

30 JlS at the beginning to 400 JlS at the end of the experiment. Also, the laser light

intensity had to be reduced as polymers grew. The duration time of each measurement

was 30 s and a measurement was taken every few minutes. The scattered intensity was

also noted and plotted with time for comparison. Finally, aliquots of EF-Tu at pH 7.5,

assumed to be monomers, were added to the final concentrations indicated to determine

whether growth could continue. Figure 56 below shows the behavior of the diffusion

coefficient and scattered intensity over time at low pH.
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Figure 56 - A) Scattering intensity at 90° versus time for a solution of 0.557 llM EF
Tu at pH 5.7 and 250C. Arrows indicate addition of monomers of EF-Tu. B) Log of
the translational diffusion coefficient measured for the same solution of EF-Tu.
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From the scattering intensity, it may be observed that intensity reaches a

maximum. When monomers are then added, a lag time occurs before polymerization

proceeds in a way analogous to initiation of polymerization. Another maximum is

reached, and addition of more monomers results in another lag time followed by

another growth phase. At the same time, it would appear that the log of the diffusion

coefficient does not change significantly, suggesting either that the size of the polymers

does not change, or that the change is too small to be detected. The data therefore

suggest that a maximum size limit may exist, with a diffusion coefficient of about

1 x 10-9 cm2/sec, and then addition of monomers causes formation of new polymers.

A minimum diffusion coefficient of 1 x 10-9 cm2/sec corresponds to a radius (assuming

a sphere following the Stokes-Einstein relation) of 2.5 urn, which is certainly consistent

with the microscopy images above.

The diffusion coefficient should also be seen to vary with the observation angle

and concentration and the scattering intensity should vary with the observation angle

(Stepanek and Konak, 1984). The angular dependence of the diffusion coefficient is

given by:

Dapp (K) = D(1 + C· K 2
. R~)

(
4nn ) . (8)where K = T sm "2

and where C is a structural constant equal to 0.133 for a sphere and 0.173 for a linear,

monodisperse polymer (Stepanek and Konak, 1984). The angular dependence of the

diffusion coefficient therefore yields information on the shape of the scattering particle

in the form of a radius of gyration (RG) . The radius of gyration may then be obtained

from a plot of Dapp versus K2, where the slope will be given by:
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slope = D.C.R~

where D is the actual diffusion coefficient, obtained from the y-intercept of the plot.

Then, the Ro obtained from the plot may be compared to the radius of hydration (RH)

obtained from the diffusion coefficient via the Stokes-Einstein relation. The ratio of the

radii is given as follows:

where p for a solid sphere is 0.775 in a monodisperse solution and 1.504 for linear

polymers under certain conditions.

For studies on the angular dependence of the diffusion coefficient, a stable

polymer, or one that does not continue to grow, must be obtained. Considering the

curves in Figure 35 where 100 mM MgCl2 was shown to virtually arrest

polymerization, a divalent cation was again used. To a solution of 1.1 flM EF-Tu in

2.5 mM MES (pH 7.5), the pH was lowered to 6.1 for 7 min. by addition of 50 mM

MES (pH 4.0). Then, CaCl 2 was added to 100 mM to arrest polymerization. The

diffusion coefficient was measured at 900 until it was shown to be stable. The results of

measuring the diffusion coefficient at various angles is shown in Figure 57 below.

137



5.00E-08

4.00E-08

Diffusion
Coefficient

(square em/sec)
3.00E-08

2.00E-08

O.OOE+OO 2.00E-04 4.00E-04

K'"'2

6.00E-04 8.00E-04

Figure 57 - Angular dependence of the diffusion coefficient of EF-Tu. A solution of
1.11lM EF-Tu in 2.5 mM MES (pH 7.5) was adjusted to a final pH of6.1 by addition
of 50 mM MES (pH 4.0). After 7 min. at pH 6.1, CaCl 2 was added to 100 mM to
arrest polymerization. The diffusion coefficient was measured over the range of 30
1200 . The temperature was 250C. Measurements were taken over a wide range of

sample times for a duration of 200 s. Note that K2 is given by: ( 4~nrsin(~r'an

angular dependent term where e is the observation angle, Ais the excitation wavelength
(514.5 nm) and n is the refractive index of the solution.

The data presented in Figure 57 demonstrate a linear dependence of the

diffusion coefficient upon the observation angle as predicted. The equation of the line

drawn between the data points in Figure 57 is:

which suggests the actual diffusion coefficient is 4.12 x 10-9 square ern/sec. From the

diffusion coefficient, the radius of hydration is 57.8 nm. From the slope, the radius of

gyration is calculated to be 58.8 nm. Thus, the ratio p becomes:
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p= RG = 58.9 = 1.02
RH 57.8

so that the polymer of EF-Tu more closely resembles a sphere (p=0.775) than a linear

polymer (p =1.502). Considering the highly branched aggregates presented in the

micrographs above, it is not unreasonable to expect the aggregate to behave like more

like a sphere in solution. It must be pointed out, however, that the negative slope

observed in Figure 57 was not expected, as the diffusion coefficient should decrease

with decreasing angle. The reason for the negative slope is unclear, but has been

observed for ordering of scattering particles in solution (Konak, C., personal

communication).

The inverse of the scattered intensity also varies with observation angle and may

be used to calculate RG. On a plot of the inverse of the scattered intensity versus K2,

the radius of gyration will be given by the following equation (Konak, C., personal

communication) .

R2 =3. slope
G intercept

The scattered intensities from the measurement of diffusion coefficients presented in

Figure 57 were recorded and plotted in Figure 58 below.
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Figure 58 - Inverse of scattered intensity versus K2 for a 1.1 /lM solution of EF-Tu
polymerized at pH 6.1 for 7 min. before addition of CaCl 2 to 100 rnM. (The conditions
were the same as those for Figure 57.)

The slope of the line obtained from the data in Figure 58 was:

y =2.58 x 10-6(x] +2.24 x 10-9

and using the slope and intercept, the radius of gyration is then 58.8 nm, which is in

perfect agreement with that obtained from the plot of diffusion coefficients as a

function of K2 (58.9 nm). Thus, the ratio p remains 1.02, which is not unlike a solid

sphere. Finally, it should be noted that the best estimates of diffusion coefficients are

obtained when KRo ~ 1. For an observation angle of 750 and a radius of gyration of

120 nm, KRo == 0.04. Therefore, the measurements presented in Figures 57 and 58

may be expected to be accurate.

Next, a solution of smaller polymers was examined. A solution of 1.1 /lM EF-

Tu in 2.5 rnM MES (pH 7.5) was adjusted to pH 5.3 by addition of 50 rnM MES (pH

4.0). The solution was immediately placed in the light path and allowed to polymerize
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at 250C until a slight scattering signal above background level could be seen with the

eye. (The time required was 3.5 minutes.) To arrest polymerization, CaCl2 was added

to 100 roM and measurements were taken to ensure the polymers were stable over

time. The angular dependence of the diffusion coefficient and the inverse of the

scattered intensities were measured as above and are presented in Figures 60 and 61

below. Also, a series of two-fold dilutions was made on the solution of EF-Tu

polymers so the dependence of the diffusion coefficient (y-intercepts from the angular

dependence plots in Figure 60) as a function of concentration could be examined. (The

absolute concentration of polymers is unknown because the extent of polymerization

and the polymer sizes are unknown.) A negative slope on a plot of D versus

concentration is indicative of attraction between scattering particles, whereas a positive

slope is indicative of repulsion, which is illustrated in Figure 59 below.

Small
Particles

Diffusion
Coefficient

Large
Particles

Low

Concentration

High

Figure 59 - Possible effects of interaction between scattering particles on the
concentration dependence of the diffusion coefficient. No slope on such a graph would
indicate lack of interactions between particles.

141



2.25E'()7

2.00E'()7

Diffusion Coefficient I.75E.()7
(square em/sec)

1.50E.()7

•
1.25E.()7

5.00E'()5 2.50E-04 4.50E-04

K'2

6.50E-04

Figure 60 - Angular dependence of the diffusion coefficient of varying concentrations
of EF-Tu polymers. A solution of 1.1 llM was polymerized at pH 5.3 for 3.5 minutes
at 250C, at which time 100 mM CaCl2 was added to arrest polymerization. The
original solution ([Polymer]) was diluted two-fold ([Polymer/2]) and then another two
fold ([Polymer/4]).
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Figure 61 - Angular dependence of the inverse of the scattered intensity of various
concentrations of polymeric EF-Tu. The intensities were taken from the diffusion
coefficients measured in Figure 60 on the same solutions.
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The equations of the lines for the data in Figures 60 and 61 were obtained so

that radii of gyration could be compared to radii of hydration at each concentration of

polymer. The radii obtained are shown in Table 5 below.

Table 5 - Radii obtained for varying concentrations of EF-Tu from the diffusion
coefficient and plots of the diffusion coefficient and the inverse of the scattered
intensity versus angle. For each radius of gyration, the value of p is indicated.

Sample

[Polymer]

RG from D vs. K2 RG from I-I vs. K2

91.0 nm 87.2 nm

RH from D

17.4nm

[Polymer/2]

[Polymer/4]

(p=5.23)

53.7 nm

(p=3.36)

32.5 nm

(p=2.07)

(p=5.01)

328 nm

(p=20.5)

276 nm

(p= 17.6)

16.0 nm

15.7 nm

It is interesting to note that the radii of gyration were much larger than the radii

of hydration, especially those calculated from the inverse of the intensity. However, the

radii of gyration calculated from the angular dependence of the diffusion coefficient

approach the radii of hydration upon dilution, with the value of p approaching that

expected for linear polymers (1.502). It may be that the smaller polymers are not as

highly branched as the larger polymers and therefore behave more like linear polymers.
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Finally, the concentration dependence of the diffusion coefficients (y-intercepts

obtained from the angular dependence of the diffusion coefficients) is shown in Figure

62 below.
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Figure 62 - Concentration dependence of the diffusion coefficient of polymeric EF-Tu
at varying concentrations. The data were taken from the y-intercepts of the plot of the
angular dependence of the diffusion coefficient at varying concentrations (Figure 60).

It is interesting to note that the slope of the line in Figure 62 is very slightly

negative, which indicates a slight attraction between polymers under the conditions

used.
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Time-Resolved Phosphorescence Anisotropy:

The necessity of using a long lifetime probe such as erythrosin isothiocyanate

was clear from experiments on EF-Tu labeled with succinimidyl pyrenebutyrate, shown

in Figure 7. Pyrene has an excited state lifetime in excess of 100 ns, but on

polymerized EF-Tu, the polarization reached the limiting value of 0.17 very quickly

after polymerization was induced (data not shown). Therefore, the polymers formed

must have been very large and in fact too large to study by depolarization of pyrene

emission.

Erythrosin isothiocyanate was used to label EF-Tu as described above. After

deoxygenation for 10 minutes by the action of glucose oxidase in the presence of

glucose, the time dependent phosphorescence anisotropy was measured. A solution

containing 0.75 ~M erythrosin-EF-Tu and 2.2 ~M EF-Tu in 2.5 mM Tris (pH 7.5) and

10 mM CaClz was measured for over a 100 us sampling time. The solution was then

adjusted to pH 6.0 by addition of 50 mM KHPhthalate (pH 5.0) and measurements

were taken at 1 minute and 20 minutes after the pH was lowered to 6.0. (It should be

noted that the 10 mM CaCl z was added to slow the rate of polymerization.) The decay

curves are presented in Figure 63 below.
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Figure 63 - Phosphorescence anisotropy decay of 0.75 J..lM erythrosin-EF-Tu at A) pH
7.5, B) pH 6.0 for 1 minute, and C) pH 6.0 for 20 minutes. It should be noted that the
full x-scale is 100 us. The curves are averages of 8 measurements with dark current
subtracted from the parallel and perpendicular components. The temperature was 150C.

From the curves in Figure 63, a nonlinear least squares fitting routine was used

to recover rotational correlation times as well as the initial anisotropies (ro) and the

infinite time anisotropies (roo)' As with the fluorescence data, the fits were performed

for different models and the model yielding the lowest value of the reduced X2 was

taken as the most appropriate. All of the decay curves presented here model best

assuming a single exponential rotational correlation time. which is consistent with [he

behavior of actin labeled with a phosphorescent probe (Sawyer, W., personal

communication). The data from the fitting routine is shown in Table 6 below.
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Table 6 - Results of analysis of phosphorescence anisotropy decay from Figure 63.

Correlation Anisotropy ro (Initial roo (Infinite
Conditions Time (us) Amplitude Anisotropy) Anisotropy) Reduced X2

pH 7.5 6.31 0.0044 0.0184 0.0140 0.0162

pH 6 for 1 64.7 0.0006 0.0282 0.0277 0.0052
minute

pH 6 for 20 118 0.0053 0.0442 0.0389 0.0017
minutes

Because the infinite time anisotropy of erythrosin-EF-Tu is not 0, but 0.014,

there is some slow motion associated with EF-Tu at pH 7.5 which fit to a correlation

time of 6.31 us. At pH 6, both the initial and infinite time anisotropies rose very

quickly, reaching the limiting value of 0.04 within 20 minutes. A limiting anisotropy of

actin labeled with erythrosin was shown to be approximately 0.04-0.05.

The flat decay curves for erythrosin-EF-Tu at pH 6.0 along with the increasing

infinite time anisotropies suggest that the polymers cannot rotate and are perhaps

becoming entangled. That is, the global motion of the polymers, which are expected to

be on the us time scale, becomes very slow very quickly.

Also, the flat curves suggest that there are fast motions which depolarize the

emission, which may be due to internal motions of the polymers. To address the issue

of rapid, or sub-microsecond, motions of erythrosin-EF-Tu polymerized at low pH,

glycerol was added to the solution to increase the viscosity. However, glycerol was

seen to inhibit polymerization, so solutions of erythrosin-EF-Tu were polymerized at

low pH for varying times and then glycerol was added and measurements were done.

A solution of 1.5 IlM erythrosin-Ef'-Tu and 0.55 11M EF-Tu in 2.5 mM Tris

(pH 7.5) and 10 roM CaCl2 was brought to 60% glycerol and the anisotropy was
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measured as above. Then, another solution with the same components was adjusted to

pH 5.6 by addition of 50 mM KHPhthalate (pH 5.0) and glycerol was added to 60%

after 5, 10 and 43 minutes. The resulting decay curves are presented in Figure 64

below.

0.10
pH 7.5

A

0.10 pH 5.6 glycerol after 5 mln.

B

6: 0.00Q- 0Q
.:a= 0.10-e

0.00
200 400 600 800 1000

pH 5.6 glycerol after 10 min'
0

.
10

c

o 200 400 600 800 1000

pH 5.6 glycerol after 43 min.

D

0.00 , • i • i i • I t

a 200 400 600 800 1000
0.00

o 200 400 600 800 1000

Microseconds x 10-1

Figure 64 - Phosphorescence anisotropy decay from 1.5 l-lM erythrosin-Ef-Tu.
A) Glycerol was added to a pH 7.5 solution to 60%. Also, erythrosin-EF-Tu was
exposed to pH 5.6 for B) 5 min., C) 10 min., and D) 43 min. before glycerol was
added to 60%. The temperature was 15°C.
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From the decay curves in Figure 64, the results of nonlinear least squares

analysis are presented in Table 7 below. However, it is clear from the shape of the

curves, which show a slight decay, that a fast motion is apparent on the IlS time scale.

It should be noted that a monomer of EF-Tu would be expected to have a correlation

time of 0.25 IlS in 60% glycerol at 150C, which is too fast to appear on the scale

observed in Figure 64.

Table7 - Results of analysis of phosphorescence anisotropy decay from Figure 64.

Correlation Anisotropy ro (Initial roo (Infinite

Conditions Time (us) Amplitude Anisotropy) Anisotropy) Reduced X2

pH 7.5,60% 3.32 0.0163 0.0247 0.0084 0.0533
glycerol

pH 5.6 for 5 5.05 0.0161 0.0257 0.0096 0.0906
rnin., 60%

glycerol

pH 5.6 for 10 5.30 0.0154 0.0378 0.0224 0.0221
min., 60%

glycerol

pH 5.6 for 43 4.12 0.0271 0.0459 0.0188 0.0655
min., 60%

glycerol

The data in Table 7 above show that there is indeed decay in the curves which

is demonstrated by the difference in the initial and infinite time anisotropies. The fast

motion such a phenomenon suggests is approximately 5 IlS. Such a fast motion, which

was apparent in the presence of 60% glycerol, may be due to either internal motions of

polymers of EF-Tu, or to the presence of small aggregates on the order of hexamers or

heptamers.
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Also, the initial anisotropy was seen to increase until the apparent limit was

approached, which was 0.0459. The infinite time anisotropy also increased,

representing increased immobility of the polymers, as was the case without glycerol.

Time-Resolved Fluorescence Spectroscopy:

Although motions of polymeric EF-Tu could not be resolved even with a pyrene

derivative as a probe, the initial stages of polymerization were examined using EF-Tu

labeled with 2,5-dansyl chloride, which has a 26 ns lifetime when attached to EF-Tu. A

solution of 1.1 ~M EF-Tu labeled with 2,5-dansyl chloride was subjected to lifetime

and dynamic polarization measurements at pH 7.5 (see above) and at pH 6 for 10

minutes and 40 minutes. The dynamic polarization data was then subjected to analysis

by the Globals Unlimited software. The assumption made was that there are 2 rotators

(disks which have two motions, a local and a global motion) and each has a lifetime

associated with it (fixed at 26 ns in this case). The idea was to resolve different species

such as monomers and dimers, so a rotational correlation time of 20 ns (monomer) was

fixed and linked between the data sets. The data is summarized in Table 8 below.
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Table 8 - Results from Globals analysis of dynamic polarization data from 1.1 IlM EF
Tu labeled with 2,5-dansyl chloride and exposed to various conditions. The model
assumed to consist of two disks, each with a lifetime of 26 ns associated with it.

(The final X2 was 3.923.)

Anisotropy
Fractional Correlation Time

Conditions Lifetime (ns) Intensity (ns)

pH 7.5 26 0.534 20 (linked)
26 0.694 104

pH 6, 10 minutes

pH 6, 40 minutes

26
26

26
26

0.462
0.786

0.397
0.784

20 (linked)
111

20 (linked)
133

Table 8 shows an increase in a longer correlation time, from 111 to 133, over

time at low pH. Also, the fractional anisotropy of the shorter correlation time of 20 ns

decreased over time at low pH, suggesting that monomers are being used up to form

larger species. It is clear, however, that polymerization is a complex phenomenon

which may involve several different species. A complete study would involve the use

of several different probes and analysis of each one with different models. Longer

lifetime probes such as pyrene analogs may be used to extend the size of species which

may be observed.
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Discussion:

The polymeric form of EF-Tu grown under slightly acidic and low ionic

strength conditions in vitro is reported to be a bundle of filaments (Beck et al., 1978

and Beck, 1979). In E. coli, evidence was not found for bundles of EF-Tu filaments,

but dark granules staining with an antibody for EF-Tu were observed when EF-Tu was

overexpressed to double the normal amount and the temperature was raised to

430 C (Schilstra et al., 1984). It is important to note that the state of aggregation of

EF-Tu in vivo has not been studied here and therefore no conclusions have been drawn

regarding the properties of EF-Tu in vivo. The data presented in this chapter do,

however, extend the original observations on the structure of EF-Tu polymerized at

low pH in vitro.

Using both scanning and transmitting electron microscopy, polymers of EF-Tu

were visualized at high magnification. Figures 46-48, which are transmitting electron

micrographs, demonstrate that bundles of filaments do exist. Figure 47 shows a bundle

of filaments which appear to bend or twist, and Figure 48 shows branching into a very

large structure. Under the scanning electron microscope, the appearance of crystals of

buffer salts is illustrated in Figure 49. Large, two-dimensional sheets were also

observed (Figure 50) and smaller aggregates were seen to be associated with the sheets

(Figure 51). Using higher magnification with the scanning electron microscope, the

aggregates were seen to be highly branched and had a rough surface (see Figures 52

and 53). The diameters of the species shown in Figures 52 and 53 are 10-15 urn,

Although such species were not present on control samples, unambiguous assignment

of the species shown would require an antibody for EF-Tu, which was not available at

the time of the experiments.
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The presence of the two-dimensional sheets has not been reported in the

literature, but they were observed under both the scanning and transmitting electron

microscopes. Tubulin has been reported to form two-dimensional sheets in the presence

of certain ions, such as Zn2+ (Penningroth and Kirschner, 1978 and Melki and Carlier,

1993). Although reports of sheets of EF-Tu have not appeared in the literature, they

have been observed by one group (Schilstra, M., personal communication). The

possibility that the sheets form due to dehydration of the sample, a step required in

preparation for electron microscopy, should not be discounted.

In fact, the fluorescence micrographs show structures of EF-Tu labeled with

tetramethylrhodamine which are consistent with the small, branched aggregates so clear

under the scanning electron microscope. No evidence of sheets was found. Figure 54

demonstrates that the species are 10-15 urn in diameter when polymerized at pH 5.4

for more than 40 minutes. On a qualitative level, one cannot help but notice that the

structures in Figure 54 look like those in Figure 52, the scanning electron micrograph.

For the fluorescence micrographs, EF-Tu was polymerized in solution directly on the

coverslip, so dehydration was not required. Finally, it should be noted that the

branched polymers were seen to grow in all directions, as different parts of the

aggregate could be brought into focus by moving the plane of focus up or down.

To study the hydrodynamics of polymeric EF-Tu, quasi-elastic light scattering

and time-resolved phosphorescence anisotropy were used. In Figure 56, a solution of

EF-Tu was induced to polymerize by adjusting the pH to 5.7 and the scattering

intensity and diffusion coefficient were measured by quasi-elastic light scattering with

time. The scattered intensity shows a lag time followed by growth and an eventual

plateau, similar to the data presented in Chapter 3. When more monomers of EF-Tu

were added, another lag time followed by growth and plateau was observed.
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Meanwhile, the diffusion coefficient of the same sample did not undergo such dramatic

changes, suggesting that the size of the scattering particles did not change upon

addition of monomers. The lack of a particle size change and the presence of a lag time

suggests that new polymers are being formed, perhaps because the polymers have a

size limit. Indeed, the seeding experiment performed in Figure 42 suggested that

monomers could not add onto polymers quickly.

To gain information on the shape of polymers of EF-Tu, the angular

dependence of the diffusion coefficient and inverse of the scattered intensity were

examined for two different sizes of polymers. A sample of EF-Tu was exposed to pH

6.1 for 7 minutes, with the angular dependence of the diffusion coefficient illustrated in

Figure 57. Radii of gyration and hydration were calculated from this plot, and the ratio

of these radii (p) was shown to be 1.02, which is more like a solid sphere (p=0.775)

than a linear polymer (p = 1.502). The plot of the inverse of the scattered intensity

versus angle (Figure 58) also yielded a radius of gyration, which was found to be

58.8 nm. The ratio p remained 1.02, in perfect agreement with that obtained from

Figure 57. It would seem reasonable that a very highly branched aggregate would

behave hydrodynamically as a sphere. If the aggregate is indeed a sphere, then the

radius of hydration should closely resemble the true radius.

Similar studies were done on a solution of smaller polymers over a four-fold

concentration range, and the plots are shown in Figures 60 and 61. The radii calculated

for all of the polymer concentrations are presented in Table 5. It is clear that the radii

of gyration differ significantly from the radii of hydration, but the radius of gyration

obtained from the angular dependence of the diffusion coefficient approaches the radius

of hydration as the polymer is diluted. The ratio p also appears to approach the value
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expected for a linear polymer. It may be that linear polymers exist early in the

polymerization process and branching occurs later.

Finally, the concentration dependence of the diffusion coefficient was examined.

The slightly negative slope indicates a slight attraction between scattering particles. The

slope is so small, however, that the interaction is almost negligible.

Time-resolved phosphorescence anisotropy was measured from EF-Tu

covalently labeled with erythrosin isothiocyanate. The data presented in Figure 63

shows that no decay occurs within 100 ps at pH 7.5 and at pH 6 up to 20 minutes,

suggesting that the polymers cannot rotate. It may be that the polymers become

entangled with one another.

The erythrosin labeled EF-Tu also seems to have sub-microsecond rotations

which depolarize the emission, as evidenced by the appearance of a decay when

glycerol was added to 60% (see Figure 64). The fast motions, which were shown to fit

to a correlation time of approximately 5 us, may be due to either small aggregates on

the order of hexamers or heptamers, or to internal modes of rotation of the polymer,

i.e., twisting and bending.

Finally, time-resolved fluorescence spectroscopy was used to resolve the

behavior of small aggregates early in polymerization. The probe used, 2,5-dansyl

chloride, has a lifetime of 26 ns and is therefore appropriate for examining rotations of

small aggregates of EF-Tu. The Global Analysis software was used to perform

nonlinear least squares analysis on dynamic polarization measurements of dansyl-EF

Tu at pH 7.5, and at pH 6 for up to 40 minutes. For the analysis, a correlation time of

20 ns was fixed to represent contributions from monomers, and another correlation

time was allowed to vary. It was shown in Table 8 that the longer time increased with

increasing time at pH 6, indicating growth of a larger species. The fractional
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contribution from the shorter time was seen to decrease, indicating disappearance of the

monomers.

In summary, then, EF-Tu appears to form a highly branched polymer when

exposed to slightly acidic conditions. At early times in polymerization, linear polymers

may exist. Sheets of EF-Tu were seen under electron microscopes, but not under the

light microscope equipped with fluorescence optics. Prior observations have not

reported the structures presented here.

Polymers of EF-Tu have been shown to behave hydrodynamically as a sphere,

or as a linear polymer earlier in polymerization. There appears to be almost no

interaction between the polymers in solution, at least early in polymerization. Also, the

polymers appear to become entangled as they grow, but still have some internal

flexibility, as has been shown to be the case for actin (Newman and Carlson, 1980).

It is interesting to note that monomers added to a solution of polymers do not

add onto the polymers, but instead form new polymers. Therefore, a size limit for the

polymers is suggested, which is consistent with the observation that polymers do not

induce a solution of monomers to polymerize, or act as seeds.

Finally, the fraction of monomers appears to decrease and the size of larger

aggregates appears to increase over time at low pH. Hence, the monomers appear to be

incorporated into polymers early in polymerization.

156



Cl1apteL5

Conclusions

The state of aggregation of EF-Tu has been examined in vitro on protein

purified from E. coli. It was shown, largely by the work of Beck and co-workers, that

EF-Tu would aggregate in the presence of calcium or magnesium ions, vinblastine,

kirromycin or at low ionic strength and pH 6.0 (Beck et aI., 1978 and Beck, 1979).

From the data presented in Chapter 3, polymerization of EF-Tu has been shown to be

induced only by pH below 7 and not by the other factors reported by Beck and co

workers. In fact, calcium and magnesium salts actually inhibit polymerization,

probably by shielding charges on the protein surface.

Polymerization has been shown here to be affected by pH, protein

concentration, ionic strength, temperature and the drugs aurodox and nocodazole all in

a fashion similar to other known polymerizing proteins. It may be that histidine

residues mediate the effect of pH by becoming protonated. There are, however, three

unique aspects of EF-Tu: the lag time in the polymerization curve is not directly related

to concentration, and polymerization cannot be induced by addition of polymer seeds.

The reason for the anomalous behavior early in polymerization is not yet understood.

Also, polymerization of EF-Tu does not depend upon the presence of bound GTP, as is

the case for tubulin.

It is known that the intracellular pH of E. coli is tightly controlled around pH

7.5 (Ogawa et aI., 1978). Also, it has been shown that dark granules staining with

antibodies for EF-Tu appear in E. coli when EF-Tu is overexpressed and the

temperature is held at 430C (Schilstra et aI., 1984). It may be that EF-Tu does not

form large aggregates under normal conditions, but rather a smaller aggregate which
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has not been seen. The in vitro experiments presented in Chapter 3 are consistent with

the possibility of EF-Tu forming aggregates in vivo, assuming other proteins are not

involved in polymerization. That is, the high concentration (l00-200 ~M) and the high

temperature (370C) in vivo favor polymerization.

Other authors have suggested a structural role for EF-Tu based on its high

concentration in vivo and its apparent membrane association (Jacobsen and Rosenbusch,

1976; Rosenbusch et aI., 1976; and Weijland et aI., 1992). Comparisons were made

with actin, but they were equivocal. It is apparent that EF-Tu, actin and tubulin are all

acidic, with isoelectric points of 5.3,4.7, and 5.5, respectively.

Because complete sequence comparisons have not been reported, they have been

done here and are shown in Table 9 below. The on-line service from the Genetics

Computer Group, Madison, WI was used. The GAP alignment algorithm was used to

compare amino acid sequences of EF-Tu from E. coli to other proteins, some of which

were expected to have homology with EF-Tu because they bind guanine nucleotides

and some of which were not expected to show homology, but were included as

controls. The GAP alignment considers all possible alignments and possible positions

of gaps to create the largest number of residue matches and the fewest number of gaps

(Needleman and Wunsch, 1970). The results are presented as percent identities of

amino acids to EF-Tu.

158



Table 9 - Results of GAP sequence alignments of EF-Tu with other proteins

Protein (organism)

Proteins suspected to be similar to EF-Tu:

EF-la (D. discoideum)

EF-G (E. coli)

RecA (E. coli)

Flagellin (c. jejuni)

«-Tubulin (human keratinocyte)

Ga (tomato)

Ga (S. mansoni)

Tet M (S. aureus)

Actin (E. histolytica)

Proteins not suspected to be similar to EF-Tu:

~-Hemoglobin (Sickle) (human)

Malate Dehydrogenase (porcine)

Horseradish Peroxidase (R
solanacaerum)

~-Hemoglobin (rat)

Malate Dehydrogenase (E. coli)
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% Identity to EF-Tu (E. Coli)

32.9

26.8

18.5

17.8

16.7

16.1

14.6

14.3

14.1

21.6

19.5

17.9

15.7

14.5



The only protein with which EF-Tu appears to have a significant

homology is EF-1a, the counterpart aminoacyl-tRNA carrier from eukaryotes, with a

homology of 32.9%. It is clear from the controls that 20% homology may be obtained

for almost any two proteins. The homology between EF-Tu and EF-1a has been

pointed out in the literature and EF-1a has recently been shown to form high molecular

weight complexes with EF-113 and y, as well as bundling actin (Amons et aI., 1983 and

Edmonds et aI., 1993).

To summarize, there is reason to believe EF-Tu may form higher aggregates in

vivo, but no direct evidence. The state of aggregation of EF-Tu may also apply to

protein biosynthesis. Recent evidence has shown that EF-Tu hydrolyzes two molecules

of GTP per aminoacyl-tRNA bound to the ribosome (Ehrenberg et aI., 1990 and

Weijland and Parmeggiani, 1993). Therefore, two molecules of EF-Tu·GTP may be the

functional carrier of aminoacyl-tRNAs to the ribosome.

Chapter 2 addresses the state of aggregation of EF-Tu·GDP at pH 7.5. It would

appear that EF-Tu·GDP is mostly a monomer at pH 7.5, with the indication that a

small amount of higher aggregates exist. The state of aggregation of the EF-Tu·GTp·

aminoacyl-tRNA ternary complex has not been examined here. Nevertheless, it is

apparent that polymerization of EF-Tu begins with monomers. At high concentrations,

however, there may be a higher aggregate which does not polymerize readily, which

would be consistent with the lack of dependence of the lag time on concentration.

From experiments on EF-Tu labeled with 2,5-dansyl chloride, it is apparent that

monomers are consumed with time at low pH and a larger species tends to grow. Later

in polymerization, monomers do not appear to add onto polymers, but form new

polymers instead. Thus, a size limit for polymers of EF-Tu may exist, which would be
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consistent with the inability to seed polymerization with pre-formed polymers as has

been done with other polymerizing proteins.

Finally, the structure and dynamics of polymeric EF-Tu were examined.

Electron microscopy and fluorescence microscopy have both visualized highly

branched aggregates that are several urn in diameter (l0-15 urn under the conditions

used). The sheets visualized under the electron microscopes may be artifacts formed

due to dehydration of the protein samples as they were not seen under the fluorescence

microscope.

Polymers of EF-Tu approximately 120 om in diameter behave

hydrodynamically as a sphere, but smaller particles are more linear. The early

aggregates may be linear, which later bundle or branch so that they rotate more like

spheres as they grow.

Using the phosphorescent probe erythrosin isothiocyanate to covalently label

EF-Tu, time-resolved anisotropy measurements were performed. It was apparent that

the polymers become entangled as they grow. Also, there was evidence of a fast

rotation, which was resolved by increasing the solvent viscosity with glycerol. The fast

rotation may be due either to internal motions of the polymer such as twisting and

bending, or to the presence of small aggregates such as hexamers or heptamers.

In conclusion, polymerization of EF-Tu in vitro is clearly a complex, but unique

phenomenon. Also, it should be pointed out that polymerization of actin and tubulin

have been fruitful areas of research for decades and all of the details of polymerization

are still not completely characterized.

161



References

Abrahams, J. et al. Biochem, 30: 6705-6710 (1991).

Alcala, J. et al. Biophys, 1. 51: 587-596 (1987),

Allende, J. FASEB J. 2: 2356-2367 (1988),

Amons, R. et al. FEBS Lett. 153(1): 37-42 (1983).

An, G. and Friesen, J. D. ~ 12: 33-39 (1980),

Antonsson, B. et al. Biochem. 25: 3655-3659 (1986),

Antonsson, B. and Leberman, R. Eur. J, Biochem. 141: 483-487 (1984).

Arai, K. et al. J, Biochem. 77: 1095-1106 (1975),

Arai, K. et al. PNAS. USA 77(3): 1326-1330 (1980).

Asakura, S. J. Mol. BioI. 35: 237-239 (1968).

Balestrieri, C. et al. Biochem, 28: 7097-7101 (1989),

Ballowitz, E. Arch. mikr. Anat. 32: 401-473 (1888),

Bayley, P. et al. J, Cell Science 95: 33-48 (1990),

Beck, B. et al. PNAS,USA 75(3): 1250-1254 (1978).

Beck, B. Eur. J, Biochem, 97: 495-502 (1979),

Beechem, J. and Brand, L. Ann, Rev. Biochem. 54: 43-71 (1985).

Beechem, J. et aI., in "Topics in Fluorescence Spectroscopy," ed. by Lakowicz, J.
Plenum Press, NY. (1991)

Benight, A. et al. Biochimie 73: 143-155 (1991).

Bensch, K. et al. Biochimie 73: 1045-1050 (1991).

Berchtold, H. et al, Nature 365: 126-132 (1993).

Bhattacharrya, B. and Wolff, J. PNAS, USA 73: 2375-2378 (1976),

Bilgin, N. et al. Biochimie 70: 611-618 (1988).

Bouadloun, F. et al. EMBO J. 2: 1351-1356 (1983).

162



Bourne, H. R. et al. Nature 349: 177-127 (1991).

Brenner, S. and Korn, E. J. BioI. Chern. 255: 841-844 (1980).

Brenner, S. et aI. J. Mol. BioI. 204: 959-972 (1988).

Broersma, S. J. Chern. P~ 32(6): 1626-1631 (1960).

Brown, S. and Blumenthal, T. PNAS,USA 73(4): 1131-1135 (1976).

Brown, S. and Spudich, J. J. Cell BioI. 83: 657-662 (1979).

Bubunenko, M. G. et aI. Biochirnie 74: 419-425 (1992).

Butler, P. and King, A. Nature New BioI. 229: 47-50 (1971).

Carlier, M. Curr. BioI. 3(5): 321-323 (1993).

Cassimeris, L. et aI. J. Cell BioI. 107: 2223-2231 (1988).

Chau, V. et aI. J. BioI. Chern. 256: 5591-5596 (1981).

Colletta, M. et aI. Nature 300: 194-197 (1982).

Comper, W. and Veis, A. Biopoly. 16: 2113-2131 (1977).

Crane, L. and Miller, D. Biochern. 13(5): 933-939 (1974).

Cremers, A. F. M. et aI. J. Mol. BioI. 153: 477-489 (1981).

De Brabander, M. et aI. Cancer Res. 36: 905-916 (1976).

De Brabander, M. et aI. PNAS, USA 78: 5608-5612 (1981).

Dell, V. et aI. Biochern. 29: 1757-1763 (1990).

Dever, T. E. et aI. PNAS,USA 84: 1814-1818 (1987).

Dever, T. E. and Merrick, W. C., in "The Guanine- Nucleotide Binding Proteins:
Common Structural and Functional Properties," ed. by Bosch, L. et al. NATO
ASI Series, Ser. A, vol. 165, Plenum Press, NY. (1989)

Douglass, J. and Blumenthal, T. J. BioI. Chern. 254: 5383-5387 (1979).

Dykes, G. et al. J. Mol. BioI. 130: 451-472 (1979).

Eaton, W. and Hofrichter, J. Adv. Prot. Chern. 40: 63-279 (1990).

Eccleston, J. et al. Biochern. 26: 3902-3907 (1987).

163



Eccleston, J. et al. J. BioI. Chern. 263(10): 4668-4672 (1988).

Eccleston, J. et al. Bur J. Biochern. (in press).

Eda, T. et aI. J. Bacteriol. 127(3): 1564-1567 (1976).

Ehrenberg, M. et aI. J. Mol. BioI. 211: 739-749 (1990).

Erickson, H. J. Cell BioI. 60: 153-167 (1974).

Ferrone, F. et aI. J. Mol. BioI. 183: 591-610 (1985a).

Ferrone, F. et al. J. Mol. BioI. 183: 611-631 (1985b).

Frieden, C. and Goddette, D. Biochern. 22: 5836-5843 (1983).

Frigon, R. and Timasheff, S. Biochern. 14: 4559-4573 (1975).

Fontalba, A. et aI. J. Cell Science 106: 627-632 (1993).

Gaskin, F. et aI. J. Mol. BioI. 89: 737-758 (1974).

Gaskin, F. Biochern. 20: 1318-1322 (1981).

Gelman, R. et aI. J. BioI. Chern. 254: 180-186 (1979).

Gouy, M. and Grantham, R. EBBS Lett. 115(2): 151-155 (1980).

Gratton, E. and Limkeman, M. Biophys. J. 44: 315-324 (1983).

Harris, J. Froc. Soc. Bxp. BioI. Med. 75: 197-201 (1950).

Hayashi, T. and Rosenbluth, R. BioI. Bull. 119: 290 (1960).

Hazlett, T. L. et al. Biochern. 28: 4109-4117 (1989).

Herrera, F. et aI. Bur. J. Biochern. 200: 321-327 (1991).

Himes, R. et aI. Cancer Res. 36: 3798-3802 (1976).

Howard, P. et al. Science 259: 241-244 (1993).

Jacobsen, G. et al. Biochern. 15(11): 2297-2303 (1976).

Jacobsen, G. and Rosenbusch, J. Nature 261: 23-26 (1976).

Jacquet, E. and Parmeggiani, A. Bur. J. Biochern. 185: 341-346 (1989).

Jameson, D. and Weber, G. J. Chern. Phys. 85: 953-958 (1981).

164



Jameson, D. M. et al. Biochern. 26: 3894-3901 (1987).

Jameson, D. and Hazlett, T., in "Fluorescent Biornolecules, " ed. by Jameson, D.
and Reinhart, G. Plenum Publishing, NY. (1989)

Jameson, D. and Hazlett, T., in "Biophysical and Biochemical Aspects of
Fluorescence Spectroscopy," ed. by Dewey, T. G.. Plenum Publishing, NY.
(1991)

Janiak, F. et al. Biochem. 29: 4268-4277 (1990).

Johnson, K. and Borisy, G. J. Mol. BioI. 117: 1-31 (1977).

Jones, M. D. et al. Eur. J. Biochem. 108: 507-526 (1980).

Jurnak, F. Science 230: 32-36 (1985).

Kabsch, W. et al. J. Mol. BioI. 117: 999-1012 (1977).

Kahn, P. and Briehl, R. J. BioI. Chern. 257: 12,209-12,213 (1982).

Kam, Z. and Hofrichter, J. Biophys. J. 50: 1015-1020 (1986).

Keates, R. Biophys. J, 65: 566-567 (1993).

Kjeldgaard, M. and Nyborg, J. J. Mol. BioI. 223: 721-742 (1992).

Kolliker, A. Z. wiss. Zool. 1: 198-217 (1849).

Kraal, B. et al., in "The Guanine-Nucleotide Binding Proteins: Common Structural
and Functional Properties," ed. by Bosch, L. et al. NATO ASI Series, Ser. A,
vol. 165, Plenum Press, NY. (1989)

Kraal, B. and Hartley, B. J. Mol. BioI. 124: 551-564 (1978).

Kurland, C. et al. in "The Ribosome: Structure, Function and Evolution," ed. by
Hill, W. et al. Amer. Soc. Microbiol., Washington, DC. (1990)

la Cour, T. F. M. et al. EMBO J. 4(9): 2385-2388 (1985).

Larsson, H. et al. Exp. Cell Res. 100: 104-110 (1976).

Laursen, R. A. et al. J. BioI. Chern. 256(15): 8102-8109 (1981).

Leberman, R. et al. Anal. Biochern. 104: 29-36 (1980).

Lengsfeld, A. et al. PNAS. USA 71: 2803-2807 (1974).

165



Limmer, S. et at. Biochem. 31: 2970-2977 (1992).

Lippmann, C. et at. J. BioI. Chern. 268(1): 601-607 (1993).

Lucas-Lenard, J. and Lipmann, F. PNAS. USA 55: 1562-1566 (1966).

Mannherz, H. et at. Bur. J. Biochem. 60: 109-116 (1975).

Marchesi, V. T. and Ngo, N. PNAS. USA 90: 3028-3032 (1993).

Margolis, R. and Wilson, L. PNAS, USA 74: 3466-3470 (1977).

Martin, S. et al. Biophys. J. 65: 578-596 (1993).

Melki, R. and Carlier. M. Biochem. 32: 3405-3413 (1993).

Miller, D. L. and Weissbach, H. Arch. Biochem. Biophys. 147: 26-37 (1970).

Minkoff, L. and Damadian, R. J. Bacteriol. 125(1): 353-365 (1976).

Motorin, Y. A. et at. Eur. J. Biochem. 201: 325-331 (1991).

Mozzarelli, A. et at. Colloq. Inst. Natl. Rech. Sante Med. 141: 39-51 (1986).

Murphy, D. et at. J. Mol. BioI. 117: 33-52 (1977).

Needleman, S. B. and Wunsch, C. D. J. Mol. BioI. 48(3): 443-453 (1970).

Newman, J. and Carlson, F. Biophys. J. 29: 37-48 (1980).

O'Brien, E. et at. Biochem. 26: 4148-4156 (1987).

Ogawa, S. et at. Biochim. Biophys. Acta 502: 45-50 (1978).

Oosawa, F. and Kasai, M. J. Mol. BioI. 4: 10-21 (1962).

Oosawa, F. and Asakura, S. "Thermodynamics of the Polymerization of Protein, "
Academic Press, NY. (1975)

Ott, G. et at. Biochim. Biophys. Acta 1050: 222-225 (1990).

Padlan, E. and Love, W. ,J. BioI. Chern. 260: 8280-8291 (1985).

Parmeggiani, A. and Swart, G. W. M. Ann. Rey. Microbiol. 39: 557-577 (1985).

Penningroth, S. and Kirschner, M. Biochem. 17(4): 734-740 (1978).

Peter, M. et at. Biochem. 27: 9132-9139 (1988).

Pingoud, A. et at. Biochim. Biophys. Acta 1050: 252-258 (1990).

166



Prevelige, P. et al. Biophys. J. 64: 824-835 (1993).

Printz, M. and Miller, D. Biochem. Biophys. Res. Comm. 53(1): 149-156 (1973).

Provincher, S. W. Comp. Phys. 27: 213-228 (1982).

Reinhart, G. et al. J. Fluorescence 1(3): 153-162 (1991).

Roca, A. and Cox, M. Crit. Rey. Biochem. Mol. BioI. 25(6): 415-456 (1990).

Rosenbusch, J. et al. J. Supramol. Struct. 5: 391-396 (1976).

Ross, P. and Subramanian, S. Biochem. 20: 3096-3102 (1981).

Saltarelli, D. and Pantaloni, D. Biochem. 21: 2996-3006 (1982).

Sam, T. et al. Biopolymers 30: 299-308 (1990).

Sawyer, W. et al. Biochem. 27: 7733-7740 (1988).

Schiff, P. et al. Nature 277: 665-667 (1979).

Schiff, P. and Horwitz, S. PNAS. USA 77: 1561-1565 (1980).

Schilstra, M. et al. FEBS Lett. 165(2): 175-179 (1984).

Schilstra, M. et al. J. Ultrastruct. Mol. Struct. Res. 34: 260-267 (1986).

Schliwa, M. "The Cytoskeleton," Springer-Verlag, NY. (1986)

Schweiger, A. et al. J. Cell Science 102: 601-609 (1992).

Scopes, R. "Protein Purification: Principles and Practice," Springer-Verlag,
NY. (1982)

Sjoberg, B. and Elias, P. Biochim. Biophys. Acta 519: 507-512 (1978).

Sneden, D. et al. Nature 241: 530-531 (1973).

Spencer, R. and Weber, G. Ann. NY Acad. Sci. 158: 361-376 (1969).

Spencer, R. and Weber, G. J. Chern. Phys. 52: 1654-1663 (1970).

Spirin, A. and Vasiliev, V. BioI. Cell 68: 215-223 (1989).

Stasiak, A. and Egelman, E. in "Genetic Recombination," ed. by Kucherlapati, R.
and Smith, G.. Am. Soc. for Microbiol., Wash., DC. (1988)

Stepanek, P. and Konak, C. Adv. Coil. Interfac. Sci. 21: 195-274 (1984).

167



Straub, B. Studies. Univ. of Szeged II: 3-15 (1942).

Sunshine, H. et al. J. Mol. BioI. 133: 435-467 (1979).

Sunshine, H. et al. J. Mol. BioI. 158: 251-273 (1982).

Tanford, C. "Physical Chemistry of Macromolecules." John Wiley and Sons,
NY.(1961)

Thomas, J. C. in "Photon Correlation Spectrosocopy: Multicomponent Systems."
SPIE Proceedings, vol. 1430, SPIE Opt. Eng. Press. (1991)

Tobacman, L. and Korn, E. J. BioI. Chern. 258(5): 3207-3214 (1983).

Toledo, H. and Jerez, C. A. FEBS Lett. 193(1): 17-21 (1985).

Tubulekas, I. and Hughes, D. Mol. Microbiol. 8(4): 761-770 (1993).

Van De Klundert, J. et al. PNAS, USA 75: 4470-4473. (1978).

Vanderkooi, J. in "Topics in Fluorescence Spectroscopy," ed. by Lakowicz, J.

Plenum Press, NY. (1991)

Van Der Meide, P. H. et al. FEBS Lett. 139(2): 325-330 (1982).

Van Noort, J. M. et al. Eur. J. Biochem. 160: 551-561 (1986).

Venema, R. C. et al. J. BioI. Chern. 266: 11,993-11,998 (1991a).

Venema, R. C. et al. J. BioI. Chern. 266: 12,574-12,580 (1991b).

Vijgenboom, E. et al. Nuci. Acids Res. 16(21): 10,183-10,197 (1988).

Voter, W. and Erickson, H. J. BioI. Chern. 259(16): 10,430-10,438 (1984).

Walker, R. J. Cell BioI. 114: 73-81 (1991).

Weber, G. in "Fluorescence and Phosphorescence Analysis" ed. by Hercules, D. M.
John Wiley and Sons, NY. (1966)

Weber, G. .T. Chern. Phys. 66: 4081-4091 (1971).

Wegner, A. J. Mol. BioI. 108: 139-150 (1976).

Wegner, A. Nature 296: 266-267 (1982).

Wegner, A. and Isenberg, G. PNAS, USA 80: 4922-4925 (1983).

168



Wegner, A. and Savko, P. Biochern. 21: 1909-1913 (1982).

Weijland, A. et al. Mol. Microbiol. 6(6): 683-688 (1992).

Weijland, A. and Parmeggiani, A. Science 259: 1311-1314 (1993).

Wellems, T. and Josephs, R. J. Mol. BioI. 135: 651-674 (1979).

Wieland, T. Naturwiss. 64: 303-309 (1977).

Williamson, R. M. Biochern. Biophys. Res. Cornrn. 190(3): 794-800 (1993).

Wilson,D. and Benight, A. J. BioI. Chern. 265(13): 7351-7359 (1990).

Wilson, L. et al. Fed. Proc. 33: 158-166 (1974).

Wurtz, M. et al. Enr. J. Biochern. 88: 593-597 (1978).

Yokota, T. et al. Gene 12: 25-31 (1980).

Young, C. C. and Bernlohr, R. W. J. Bacteriol. 173(10): 3096-3100 (1991).

169


