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ABSTRACT

I have investigated the formation of the aa-tRNA*EF-Tn*GTR ternary
complex spectroscopically by monitoring a flnorescence change which

accompanies the association of EF-Tn*GTP with Phe-tRNA^^**-F^, a
PllCfunctionally active analog of Phe-tRNA with a fluorescein moiety

4covalently attached to the s Ü-8 base. Using this approach, the 

protein-nucleic acid interaction could be examined directly and at 

equilibrium. The fluorescence emission intensity of each Phe-tRNA^®-F^ 

increased by 36-55% upon association with £F-Tu*GTP, depending on the 

solvent conditions. Thus, when Phe-tHNA^^®-F^ was titrated with EF- 

Tu*GTP, the extent of ternary complex formation was determined from the 

increase in emission intensity. A nonlinear least squares analysis of 

the titration data yielded a dissociation constant of 0.85 ntl for the 

ternary complex in 50 mM Hepes (pH 7.6), 10 mM MgCl^, 50 mM NH^Cl, at 

6 °C. The AH° of this interaction, determined by the temperature 

dependence of K^, was -16 kcal/mol: the AS° was therefore -16 cal 

mol  ̂deg  ̂ at 6 °C in this buffer. In a more physiological polycation— 

containing solvent (polymix), the was 4.7 nM. The ionic strength 

dependence of ternary complex formation showed that a minimum of two 

salt bridges and a substantial non-electrostatic contribution are 

involved in the binding of aa-tRNA to EF-Tu.

The affinities of unmodified tRNAs for EF-Tu*GTP were determined by 

their abilities to compete with the fluorescent aa-tRNA for binding to 

the protein. As expected, titrations using two different fluorescent 

aa-tRNAs, Phe—tRNA^®—F^ and Val—tRNA^®^— gave similar values for the



Kj of the E. coli Phe-tENA^^® ternary complex. In polymix, the vaines 

for yeast Phe-tRNA^*, E. coli Phe-tRNA^** and E. coli Lys-tRNA^^^ are 

0.72, 1.16, and 7.7 nM, respectively. As expected the value for
fMet-tRNA^°^ for EF-Tn*GTP in polymix was shown to be much higher

—7(2 X 10 H) than for the elongator tRNAs. Unacylated tRNA was found to
—5have a weak affinity for EF-Tu*GTP also, with an approximate of 10 

M.

The affinity of EF-Tn*GTP for aa-tRNA is much higher than necessary 

to obtain ternary complex formation in the cell, and this suggests that 

the very tight association between the protein and the aa-tRNA is 

required to take full advantage of the discriminatory mechanisms of the 

ribosomal complex, thereby reducing translational errors.

xi



AN INVESTIGATION OF PROTEIN-NDCLEIC ACID INTERACTIONS:
THE AFFINITY OF AMINOACYL-TRANSFER RNA

FOR ELONGATION FACTOR Tu 

CHAPTER I 

INTRODUCTION

The transmission of genetic information from chromosomes to 

proteins is accomplished by a complex and precise series of interactions 

between macromolecules. The information in the deoxyribonucleic acid 

(DNA) of the chromosomes is transcribed into a messenger ribonucleic 

acid (mRNA) molecule (Figure 1). The sequence of bases in the DNA 

dictates the mRNA sequence by base pairing interactions. The mRNA is 

translated into a protein product at the ribosome, the site for protein 

synthesis. The order of the amino acids in the protein polymer is 

determined by the sequence of bases in the mRNA. The amino acids are 

brought to the ribosomal complex covalently attached to a carrier 

macromolecule, the transfer RNA (tRNA), as an aminoacyl-tRNA (aa-tRNA). 

The result of this process is an efficient and accurate transmission of 

genetic information from the chromosome to a protein product.

Three phases of the synthesis of a linear protein polymer can be 

distinguished: initiation, elongation, and termination. (For reviews



Figure 1: The transmission of genetic Information to proteins. The

synthesis of a protein results from the transcription of the genetic 

information in the DNA into a mSNA and the translation of the mRNA at 

the ribosome into a protein, requiring the aid of the carrier molecule, 

aa-tRNA.
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sec Kurland, 1977, and Grunborg-Hanago ot al., 1978.) The initiation 

process serves to correctly position the mRNA on the ribosome with the

nucleotide triplet (codon) for the first amino acid of the peptide base-

paired to the initiator aa-tRNA, formyl-Mcthionine-tRNA^^^ (fMet- 

tRNAj®^) in bacteria. This aa-tRNA is bound in a functionally-defined 

site on the ribosome designated the P site.

The elongation process is a cycle, beginning with the positioning 

of an aa-tRNA in a second functionally-defined binding site on the 

ribosome, the acceptor or A site (see Figure 2). The aa-tRNA diffuses 

to the ribosome as part of a ternary complex with guanosine triphosphate 

(GIP) and a protein, elongation factor Tu (EF-Tu). After the aa-tRNA 

binds to the mRNA codon on the ribosome, the EF—Tu-bound GTP is 

hydrolyzed to GDP (guanosine diphosphate), and the EF-Tu*GDP binary 

complex leaves the ribosome. A peptide bond is spontaneously formed 

between the amino acid of the aa-tRNA in the A ùite and the amino acid 

(or peptide) from the P site-bound fMet- or peptidyl-tRNA; this 

transfers the nascent protein chain to the tRNA bound in the A site. 

The now unacylated tRNA in the P site dissociates from the ribosome, and

the peptidyl-tRNA in the A site is translocated to the P site by a

movement of the mRNA relative to the ribosome. This translocation step 

is catalyzed by a second non-ribosomal protein, elongation factor G (EF- 

G), and is accompanied by the hydrolysis of another GTP molecule. The 

next codon of the mRNA is thus available for another aa-tRNA to bind in 

the A site to begin the next cycle of elongation.

Termination occurs when one of the three mRNA codons specifying 

termination is positioned in the A site. During this process, the



Ei6nre_2; Schematic representation of the elongation cycle of protein 
synthesis.
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peptide of the peptidyl—tRNA in the P site reacts with a water molecnle 

rather than another amino acid from an A site bonnd aa-tRNA. The 

peptide, now no longer attached to a ribosome-bonnd tRNA, is therefore 

released from the ribosome.

Each of the above operations involves specific interactions between 

proteins and nucleic acids and is catalyzed by non-ribosomal proteins, 

designated initiation, elongation, and release factors. Although these 

proteins have been identified, their specific roles in the overall 

mechanism have yet to be clearly understood.

One of the catalytic non-ribosomal proteins, the elongation factor 

Tu, is the most abundant protein in Escherichia coli (Furano, 1975; 

Jacobson and Rosenbusch, 1976; Wittinghofer et al., 1979). The fact 

that EF-Tu is produced in a large excess over ribosomes and the other 

elongation factors (Furano, 1975; Skjold, et al., 1973; van der Heide et 

al., 1983 and references therein) suggests that it may have a role(s) in 

the cell other than in protein biosynthesis. Some evidence supporting 

this view has been reported (Travers, 1976; Beck et al., 1978). There 

are two distinct genes coding for EF-Tu which are under different 

transcriptional control (Bachman and Low, 1980; van der Heide et al., 

1982, 1983). EF-Tu itself has been implicated in the regulation of the 

expression of these two genes (van der Heide, et al., 1982, 1983). The 

primary structure of EF-Tu, a single polypeptide chain of 393 amino 

acids with a molecular weight of 43,200 daltons, has been determined 

(Jones et al., 1980; Arai et al., 1980). Three laboratories have

crystallized EF-Tu (Rubin et al., 1981; Kabsch et al., 1977; Jurnak et 

al., 1980), but a high resolution x-ray crystal structure has yet to be 

reported. Low resolution data suggests that the protein has three
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structural domains (see Figure 3), and the approximate location of the 

GDP binding site has been assigned.

In the presence of GTP, EF-Tn binds very strongly to the various 

aa-tRNAs which participate in the elongation cycle. Howcrer, EF-Tn*GTP 

binds only weakly to fMet-tENA^°^, the initiator aa-tRNA in prokaryotes 

(Tanada et al., 1982). This is consistent with its participation in the 

elongation cycle for the binding of aa-tRNA to the A site.

How does EF-Tu catalyze the elongation cycle of protein synthesis? 

After all, aminoacyl—tRNA has been shown to bind to the ribosomal 

complex in a message-dependent manner without EF-Tu (e.g. Johnson et 

al., 1976), and in vitro protein synthesis has been demonstrated in the 

absence of EF-Tu, although at a rate much slower than in vivo (Gavrilova 

et al., 1976). One possibility is that the EF-Tu-dependent GTP 

hydrolysis provides the energy necessary to drive the elongation 

process. Another possibility is that EF-Tu aids in the recognition of 

the aa-tRNA by the ribosome, perhaps by effecting or facilitating a 

conformational change in the aa-tRNA which is required for codon- 

anticodon base-pairing. A third possibility is that catalysis is 

effected by an interaction of EF—Tu with the ribosome, perhaps by 

changing the conformation of the ribosomal complex.

The error frequency for protein synthesis predicted on the basis of 

equilibrium processes involving base-pairing is much greater (lUU-fold) 

than has been observed in vivo, where the error rate is about one 

incorrect amino acid for every 10,000 amino acids incorporated into a 

protein (Jelenc and Kurland. 1979). It has therefore been suggested 

that the recognition of ternary complexes by the ribosome is a two-stage 

process. One specific hypothesis for a two-stage process was proposed



Figure 3; Cartoon representation of the three-dimensional structure of 

EF-Tu from x-ray crystallographic studies. Dotted line: GDP binding 

site (on the back side of the domain): X: His-66, the site which is 

affinity labeled using Ne-bromoacetyl-Lys-tRNA; 0: the single

tryptophan residue in EF-Tu; ^ : Lys-357» (on back side of the domain) 

site to which kirromycin cross-links. (Adapted from Duisterwinkel et 

al., 1984.)
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independently by Eopfield (1974) and by Ninio (1975). In this scheme, 

the first stage is an initial discrimination among the varions ternary 

complexes based only on the differences in stability of interactions of 

cognate and noncognate tRNÂs with the codon. The second stage involves 

the hydrolysis of GTP and the dissociation of EF-Tu*GDP in those ternary 

complexes which survive the first stage. This proposed second step is 

referred to as proofreading since it provides an additional opportunity 

for checking the accuracy of the codon-anticodon base-pairing.

In an attempt to gain a better understanding of this protein- 

nucleic acid interaction, several investigators have sought to identify 

the parts of the aa-tRNA which interact directly with EF-Tu. There is 

strong evidence that EF-Tu interacts with the aminoacyl end of the aa- 

tRNA (see Figure 4). For example, when EF-Tu forms a ternary complex 

with aa-tRNA and GTP, the protein both protects the labile aminoacyl 

bond of the aa-tRNA from spontaneous hydrolysis (Beres and Lucas-Lenard, 

1973) and protects the S' end of the tRNA from digestion by nucleases

(see e.g. Jekowsky et al., 1977; Wikman et al., 1982). In contrast,

uncharged tRNA and N-a-acetylated aa-tRNAs do not form stable ternary

complexes (Ravel et al., 1967). The chemical acylation of the a-amino

group of the aa-tRNA is greatly reduced when it is bound to EF-Tu*GTP 

(Sedlacek et al., 1976). In addition, analogs of the 3'-terminus of the 

aa-tRNA bind to EF-Tu and block chemical modification of a site of on 

EF-Tu (Jondk, et al., 1980).

EF-Tu interacts with the aminoacyl group of the aa-tRNA, but will 

bind aa-tRNAs differing greatly in the aminoacyl moiety. Primary 

evidence for this property of EF-Tu lies in the fact that EF-Tu can form 

ternary complexes with all elongator aa-tRNAs. In addition, ternary



Figpre 4; The strpctpre of E. coli transfer RNA. Left: two-dimensional 
representation; right: three-dimensional representation. Dotted lines

indicate hydrogen bonding between portions of the RNA present in the
M

helices of the stem regions. Ihe 5’ end of the tRNA has a phosphate ^

moiety, and the 3* end is the site for covalent attachment of the amino 

acid. (Adapted from Rich and Kim, 1978).
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complex formation has been demonstrated nsing aa-tRNA lacking 

its a-amino group (Derwonskns and Sprinzl, 1983). Interestingly, an 

aa-tRNA analog with a reactive moiety on the side chain of the lysine 
(Johnson and Cantor, 1980) has been used to affinity label EF-Tu at 

Eis-66 (Johnson et al., 1978; Duffy et al., 1981; see Figure 3).

EF-Tu requires certain structural features in the S' terminus of 

the aa-tRNA in order to form a ternary complex. EF-Tu is sensitive to 

the nature of the linkage of the amino acid to the tRNA. When an amide 

bond replaces the usual ester bond between the amino acid and the tRNA, 

ternary complex formation is prevented (Sprinzl, et al., 1977). In 

addition, an intact 2',3'—carbon-carbon bond on the 3'—terminal 

adenosine of the aa-tRNA is necessary for binding to EF-Tu and GTF 

(Of engand and (Zhen, 1972).

Studies with nuclease-modified tRNAs have been used to obtain

information about other portions of the aa-tRNA involved in binding to
ValEF-Tu*GIP. EF-Tu can form a ternary complex with Val—tRNA cleaved 

in its anticodon loop (Krauskopf, et al., 1972), suggesting that the 

anticodon does not interact directly with EF-Tu. This result is as 

expected since codon-anticodon binding must occur between the ternary 

complex and the ribosome-bound mRNA. A weak interaction between EF-Tu 

and tRNAs lacking all or portions of their C-C-A ends has been reported 

(Picone and Parmeggiani, 1983). However, 3' half—molecules of Val-tRNA 

were found by Krauskopf and colleagues (1972) to be completely inactive 

with respect to interaction with EF-Tu*GTP.

Information about the interactions of EF-Tu with the various 

regions of the aa-tRNA has also been obtained using various types of 

protection experiments. Boutorin and coworkers (1981) demonstrated that
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the acceptor arm and TjC stem of various aa-tRNAs are protected by EF-Tu 

from digestion by the double-strand-specific cobra venom ribonuclease. 

Other nuclease protection experiments using single-strand-specific 

nucleases have been reported by Jekowsky et al. {1971) and Wikman et al. 

(1982). Their results indicate accessibility of the dihydrouridine and 

T$C loops to nuclease attack and protection of the 3* terminus from 

cleavage. In the presence of EF-Tu*GTP, the D loop and D stem of the 

aa-tRNA are protected from chemical modification by kethozal (Bertram 

and Wagner, 1982). However, these latter data appear to have been 

interpreted incorrectly. Wintermeyer has shown with fluorescent—labeled 

tRNA that the D loop does not interact with the protein (personal 

communication to A. E. Johnson). Instead, the reactivity differences 

observed by Bertram and Wagner were most likely due to a conformational 

change in the aa-tRNA which resulted from ternary complex formation 

(Adkins et al., 1983). Iodide ion quenching experiments using a 

fluorescent-labeled aa-tRNA (Adkins, et al., 1983) have also shown that 

EF-Tu does not cover the region of the tRNA around the elbow of the L- 

shaped tRNA. Taken together, these data are interpreted to mean that 

EF—Tu binds to the aa-tRNA only along its acceptor and TWO helices.

The aa-tRNA*EF-Tu*GTP ternary complex is one of several 

multicomponent complexes which participate in the process of 

discriminating between cognate and noncognate aa-tRNAs at the ribosome. 

The detailed mechanism for this recognition process is unknown. A 

characterization of the interactions between the various macromolecules 

and multicomponent complexes participating in the process is therefore 

required to understand the mechanism(s) which control recognition. 

Since the ternary complex is an obligatory intermediate in the
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elongation cycle, a thermodynamic characterization of this protein— 

nucleic acid interaction is essential to clarify its specific role in 

protein synthesis. Accordingly, it is important to determine accurately 
the affinity of aa—tRNA for EF—Tu*GTP. In particular, an evaluation of 

the contributions of different regions of the aa-tRNA to the binding 

energy of the ternary complex is required to better understand the 

factors influencing complex formation and complex dissociation at the 

end of the recognition process.

The equilibrium constant for the dissociation of the aa-tRNA*EF— 

Tu*GTP ternary complex has been estimated by several groups using three 

different approaches. One method was based on EF-Tu's protection of the 

aa-tRNA from nuclease digestion (Enowlton and Yarns, 1980; Tanada et 

al., 1981, 1982; Derwenskus and Sprinzl, 1983; Louie et al., 1984). A 

radioactively-labeled aa-tRNA, with the label in the amino acid, was 

allowed to form a ternary complex with EF-Tu*GTP, and the mixture was 

then incubated with nuclease. Under these conditions, any aa-tRNA which 

is not EF-Tu-bound is rapidly degraded, and the radioactive label is no 

longer attached to the tRNA. Only label which is still intact on the 

tRNA will be precipitated in cold trichloroacetic acid. Hence, the 

concentration of the ternary complex-bound aa-tRNA was estimated based 

on the acid insoluble radioactivity remaining at the time of assay, and 

was used to calculate a dissociation constant.

Another method for determining the equilibrium constant for the 

ternary complex relied on EF-Tu's ability to protect the aminoacyl bond 

of aa-tRNA from spontaneous non-enzymatic hydrolysis (Beres and Lucas- 

Lenard, 1973; Pingoud et al., 1977b; Pingoud and Urbanke, 1980; Wagner 

and Sprinzl, 1980). Experimentally, the rates of spontaneous hydrolysis
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of the aa-tRNA were compared in the presence and absence of EF-Tn*GTP, 

nsing acid insoluble radioactivity to determine the amount of the 

radioactive label remaining intact on the aa-tRNA. The *as
calculated by determining the £F-Tu*GTP concentration dependence of the 

protection of the aminoacyl bond.

A third approach was based on the ability of aa-tRNA to reduce the 

amount of EF-Tu bound to nitrocellulose filters (Hiller et al., 1973; 

Arai et al., 1974; Ofengand, 1974). In the presence of GDP or GTP, EF-Tu 

is known to bind to nitrocellulose filters (Miller and Weissbach, 1977). 

However, in the presence of aa-tRNA and GTP, EF-Tu does not bind the 

filters. For this type of experiment, a radioactively-labeled GTP was 

incubated with the EF-Tu in the presence of aa-tRNA. The amount of EF— 

Tu*GTP bound to filters in the presence and absence of aa-tRNA was

measured. The extent of ternary complex formation was deduced by the 

difference in EF-Tu bound to the filters in the two sets of samples.

The dissociation constants obtained using these methods ranged from 

less than 10 nM to 1 pM for the various aa-tRNAs tested. For Phe-

tRNA^® the values ranged from 1-10 nM (Miller et al., 1973) to lUU nM 

(Derwenskus and Sprinzl, 1983). Some of the discrepancies in these

equilibrium constants can be attributed to the different experimental 

protocols (e.g. temperature and ionic strength) which were used. More 

importantly, each of these investigations had the disadvantage of making 

measurements under non-equilibrium conditions. In two of the methods, 

one component of the complex was removed from the equilibrium, by 

spontaneous hydrolysis or nuclease digestion of the aa-tRNA. In the 

other situation, the equilibrium was altered by physical separation of 

one species from the solution, i.e., by binding a component of the
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equilibrium to a filter.

Ideally the ternary complex dissociation constant should be

evalnated nsing a technique which permits measurements under equilibrium 

conditions. This normally requires an optical method, since continuous 

and non-destructive monitoring of the system is possible. Fluorescence 

spectroscopy is particularly useful in such studies both because a 

fluorescent dye is typically very sensitive to changes in its 

environment and because very low concentrations of a fluorescent probe 

can bo detected. With a probe covalently attached to a single site on a 

macromolecule, the changes in a single portion of the labeled molecule 

can be monitored. An advantage of nsing a covalently attached extrinsic 

fluor is that it can avoid the background fluorescence problems which 

are frequently encountered with the use of most intrinsic fluors, in

part because intensely fluorescent extrinsic dyes can be chosen.

To examine the association of aa—tRNA with EF-Tu*GTi’ directly and 

at equilibrium using fluorescence spectroscopy, one needs either the 

tRNA or the EF-Tu labeled with a fluorescent dye whose environment

changes when the two macromolecules associate. EF-Tu labeled with an

extrinsic fluor has been prepared (Rychlik et al., 1983), but no report 

of a change in fluorescence upon binding to aa-tRNA molecules has 

appeared. Several tRNAs have been prepared with spectral probes, and 

most show little change in signal in the presence of EF-Tu (Beres and 

Lucas-Lenard, 1973; Pingoud et al., 1977a; Sprinzl and Faulhammer, 

1978). However, an analog of aa-tRNA sensitive to the presence of EF- 

Tu*GTP has been reported (Johnson et al., 198Z; Adkins et al., 1983). 

This tRNA^® analog was modified by the covalent attachment of a
4fluorescein dye on the 4-thiourldine base (s Ü-8) in the corner of the
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L-shaped molecule, and is designated tRNA^®-F^ (see Figure 5).

Of course, whenever an investigation utilizes a molecule or 

macromolecule with a covalent modification, it is essential that the 
effects of the modification on the molecule's functional activity be 

examined. Fortunately, tENA^®-F^ has proven to be active in its 

biological functions. tRNA^®-F^ can be aminoacyl a ted by E. coli aa- 

tRNA synthetases (Johnson et al., 19B2). Phe-tRNA^®-F^ binds to EF-Tu 

in the presence of GTP, as demonstrated by the protection of the 

aminoacyl bond from non-enzymatic hydrolysis (Johnson et al., 1982: 

Adkins et al., 1983). The EF-Tu-dependent binding to poly(uridylic 

acid)—programmed ribosomes is the same for Phe-tRNA^® and for Phe- 

tRNA^®-F^ (Johnson et al., 1982). Finally, and most convincingly, Phe- 

tRNA^®—F^ has been shown to be as active as Phe-tRNA^® in 

polyphenylalanine synthesis (A. E. Johnson, unpublished experiments).

Previous work in Johnson's laboratory characterized some of the 

spectral properties of this probe. No change in fluorescence emission 

intensity was observed upon aminoacylation of tRNA^®-F^ (Adhins et al., 

1983). Host interestingly, however, a substantial increase (+28%) in 

fluorescence emission intensity of Phe-tRNA^^^-F^ accompanied its 

association with EF-Tu*GTP (Adkins et al., 1983). Since the rate of 

iodide ion quenching of the Phe-tRNA^^^-F^ fluorescence was not altered 

by ternary complex formation, it was concluded that the EF-Tu does not 

directly interact with the fluorescein dye on the tRNA (Adkins et al.,

1983). The fluorescence change was therefore interpreted to be due to a 

conformational change in the aa-tRNA near the s^U-8.

Thus, tRNA^®-F^ is a probe which both contains a fluorescent dye 

sensitive to changes in its environment and is functionally active.



Figpre 5; Fluorescein modification of E. coli tRNA**̂ ®. Reaction of 

5-(iodoacetamido)flnorescein with 4-thiooridine, base 8 in E. coli tRNAs

(see Figure 4), results in a thioether-1inked adduct (left) between the ^

dye and the tRNA. In the three-dimensional representation of the tRNA 

(right), the dye is located in the inside of the elbow of the tRNA.
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Taking advantage of its availability, tRNA^®-F^ was therefore used to 

obtain physiologically meaningful information about the aa-tRNÂ*EF- 

Tu*GTP ternary complex, and to better understand the nature of this 

protein-nucleic acid interaction.



CHAPTER II

materials and METHODS

A. Solvent Systems

Titrations were carried out in one of two solvent systems. Buffer 

A contained 50 mM Hepes^ (pH 7.6), 10 mM MgCl^, 50 mM NH^Cl, and 0.1 mM 

DTT, unless specified otherwise. Buffer B, the polycation—containing 

solvent (polymix), was prepared using lOX polymix (Jelenc, 1980), and in 

the final incubations contained 5 mM MgCl^, 0.5 mM CaCl2 , 8 mM 

putrescine-HCl, 1 mM spermidine-HCl, 5 mM NH^Cl, 95 mM KCl, 0.1 or 1 mM 

DIT, and 5 mM potassium phosphate (pH 7.0). Because a salt precipitate 

was observed at pH 7.5 in the Jelenc polymix buffer at 6 °C, the buffer 

B solutions were titrated to pH 7.0 at 6 °C.

The scintillation cocktail used for counting radioactivity in 

aqueous samples contained 16.5 g PPO and 0.50 g dime thy1-POPOP per 2 L 

toluene and 1 L Triton X-100 (Amersham). Four mL of the Triton

Abbreviations: Hopes, N-(2-hydroxyethyl)piperazine-N'-2-
ethanesulfonic acid; DTT, dithiothreitol; IAaF,
5-(iodoacetamido)fluorescein; PEP, phosphoenolpyruvate; aa-tRNA,
aminoacyl-tRNA; EF-Tu, elongation factor Tu; s4y 4-thiouridine; PPO, 
2,5-diphenyl-l,3-oxazole; POPOP, 1,4-bis-2-(5-phenyloxazolyl)-benzene; 
dimethyl-POPOP, l,4-bis-2-(4-methy1-5-phenyloxazolyl)-benzene;
poly(rU), poly(uridylic acid); poly(rA), poly(adenylic acid); PEI, 
polyethyloneimine.

23
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X-lOO-contnining cocktail were used per 400 pL of aqneons radioactive 

sample. For those radioactive samples which were dried on filters, a 

second scintillation cocktail was used, and contained 16 g PFO and 0.4 g 

POPOP per gallon of toluene.

B. Transfer RNA

Escherichia coli tENA^® (Plenum Scientific, Hackensack, NT) and 
ValtENA^ (Boehringer, Indianapolis, IN) were reacted with lAAF

(Molecular Probes, Junction City, OH) as described previously (Johnson

et al., 1982), except that the time of reaction was increased to 17 h.

The treatment of the tENA^®^ reaction product differed from that with 
Ph 6tENA only by the inclusion of 5 mM HgCl^ in the buffers for Sephadez

G25 chromatography and for dialysis. The tENA species with the

fluorescein dye covalently attached to s^D-8, tENA^^— and tRNA^*^—F^,

were purified by EPC-5 chromatography (Johnson et al., 1982). The

tENA^^^-F^ eluted from the EPC-5 column at a position in the NaCl

gradient very similar to that observed for tRNA^®-F^.

After reaction with IAAF, it was necessary to identify the site of
Valthe covalent modification of tENA^ . A total enzymatic digestion of the 

modified tENA^^^ was carried out as described by Johnson et al. (1982). 

The digestion mixture was dried and anaylzed by thin-layer 

chromatography on silica gel plates (Analtech) in a

benzene/pyridine/acetic acid/ethanol (65:25:4:6, by volume) solvent
Asystem using s D-fluorescein and pseudouridinc-fiuorescein dye- 

nucleoside adducts as markers (Adkins, 1982). Fluorescein-containing 

material was visually located using an ultraviolet lamp (Mineralight
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DVSL-25) to measure values.

Modified and unmodified tRNA^*^ and yeast tRNA^® (Boe&ringer) wore 

aminoacylated as described earlier (Johnson et al., 1982) using E. coli 

S-100 enzymes prepared according to Johnson et al. (1976) and 

radioactive phenylalanine purchased from ICN (Irvine, CA). E. coli MRE 

600 tENA^^® (Boehringer) was aminoacylated nsing [^H]Lysine (ICN) as 
described elsewhere (Johnson and Slobin, 1980). The same procedures 

were used to aminoacylate tENA^®^-F^ using [^^C]Valine (ICN), except 

that the dithiothreitol concentration was 1 mM instead of 5 mM. The 

preparation of f-[^H]Met-tENA^®^ was similar to that described by

Johnson and colleagues (1982) except that the incubation contained 10 mM 

KCl, 0.1 mM CTP, 1 mM DTT, 9.9 A^gg units tENA^®^ (a gift from Dr. P. E.
3Cole), and 76 pM [ HjMethionine (Amersham). Preparative aminoacylation

of unfractionated E. coli tENA (Boehringer) with a mixture of 20 amino
P^Cacids was carried out as for tENA , except that the incubation 

(12.0 mL) contained 40 pM amino acids, 600 A^g^ units tENA, and 1.2 mg 

S-100 enzymes.

The advertised specific activities of ICN, New England Nuclear, and 

Amersham amino acid preparations have occasionally been found to be
3incorrect, and are frequently incorrect for [ H]Phe. Consequently, the 

actual specific activity of radioactive amino acid preparations were 

routinely determined using parallel accepting activity assays (Johnson 

et al., 1982) that differ only in the ratio of non-radioactive to

radioactive amino acid in each incubation.

Transfer ENA concentration was determined using E261)~ 

6.25 X 10^ M ^cm ^. The amount of aminoacylated tENA was determined 

from the amount of radioactivity precipitated in cold trichloroacetic
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acid. Samples were normally precipitated in the presence of 0.3 to 0.4 

AggQ nnits of added rRNA or tENA as carrier. However, the efficiency of 

precipitation for larger aliquots (e.g. 400 pL) was found to be improved 
by using twice as much carrier RNA. Filters were routinely dried 

overnight, soaked in 1 mL byamine hydroxide (Packard) for 1 hr, and 

counted after the addition of 14 mL of PPO- and POPOP-containing 

toluene-based scintillation cocktail, on either a Beckman LS-750Ü or a 

LS-lOO liquid scintillation counter. The byamine hydroxide was used to 

hydrolyze the RNA in the precipitate, maximizing the uniform 

distribution of radioactivity in the samples relative to the fluor in
3

the scintillation fluid. This procedure also resulted in increased H 

counting efficiencies over those for the non-hyamine treated filters. 

The fraction of acid-insoluble radioactivity in a sample of aa-tRNA was 

found to be the same as the fraction of radioactivity that eluted in the 

void volume following chromatography on Sephadex G25, at 4 °C in 1 mM 

potassium acetate (pH 5.0), 5 mM MgCl^.

C. EF-Tu

Crystalline EF-Tu*GTP was purified from E. coli B cells as

described elsewhere (Miller and Weissbach, 1974). EF-Tn*GDP
—1 —1concentrations were determined using 41,600 M cm . (A

1.0 mg/mL solution of EF-Tu*GDP had an absorbance at 280 nm of 0.96; Dr. 

D. L. Miller, personal communication.) GDP-binding assays showed that 

the EF-Tu was completely active in binding nucleotide.

The nucleotide binding activity of the EF-Tu was routinely measured
3using [ H]GDP in a nitrocellulose filter binding assay similar to that
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described by Miller and Weissbach (1974), except that no EF-Ts was 

present. For this assay, duplicate aliquots of a solution containing
3

20 pM I H]-GDP (167-236 dpn/pmol) and 1.1 mg/mL bovine serum albumin in 
the same buffer as the EF-Tu stocX solution (see Section E below) (but 

without the pyruvate kinase, PEP, and GTP) were placed in polystyrene

assay tubes on ice. To each tube an equal volume aliquot of the EF—

Tu*GTP solution was added, typically containing 130 to 300 pmol EF-Tu. 

Duplicate aliquots of each of two different sizes were usually assayed. 

The samples were incubated on ice for 8 to lo min and diluted with 2 mL 

ice cold wash buffer (10 mM Tris-Cl, pH 7.4, 10 mM MgClg, 10 mM NH^Cl) 
before pouring over prewetted nitrocellulose filters (0.45 pm pore size; 

Gelman GN-6, or Millipore HÂWP) Each tube was rinsed three times with 3 

mL ice cold wash buffer. Filters were dried overnight before counting 

in a PPO- and POPOP-containing toluene-based scintillator. Polystyrene 

tubes and BSÂ were found to be useful in minimizing variations in filter 

binding results, presumed to be due to adsorption of the EF—Tu*GTP to 

the sides of the assay tubes. The 8 to 10 min incubation period was 

found adequate to permit the exchange of GTP bound to EF-Tu for the

tighter binding GDP.

The GDP-binding activity of an EF-Tu sample was also estimated

using gel filtration following an 8 min, 0 °C incubation in the presence

of 10 pM [^H]GDP (167-236 dpm/pmol) and 0.55 mg/mL bovine serum albumin.

In this case, the minimum amount of active EF-Tu was calculated from the

total radioactivity eluted in the void volume from the Sephadex G-25 

column (0.6 cm ID x 19 cm) at 4
3The specific activity of the [ H]GDP was periodically redetermined 

using two different methods. First, the mole fraction of GDP was
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determined by chromatography on thin layer plates (PEI Cellulose F;

Merck) as described by Jelenc and Kurland (1979). Small aliquots of 
3 1 1[ B]GDP, [ H]GDP and [ H]GTP were spotted 5 mm from the lower edge of 

11-12 cm long plates in separate lanes. After developing in a 0.75 M 

potassium phosphate (pH 3.5) buffer, the plates were dried, and the 

I^H]-GTP and -GDP markers were located by absorption using short 

wavelength ultraviolet light to measure their respective values.
3Strips about 4 mm wide were cut from the lanes containing the [ HJGDP, 

placed in scintillation vials with 0.4 mL 2 N HCl, incubated 10 min, and 

counted in a Triton-XlOU—containing scintillation cocktail. The 

positions and amplitudes of the radioactive peaks were compared to those
3of the markers to quantitate the [ H]GDP relative to the presumed 

hydrolysis product, [^H]GMP.

Secondly, an evaporation test was used to determine the amount of
3 3H exchange into H^O. An aliquot of [ H]GDP was diluted with cold H^O

and split into 10—12 equal samples in scintillation vials. Half the

samples were immediately diluted with cold HgO, mixed with a Triton-

containing scintillation cocktail, and counted. The remaining samples

were allowed to evaporate to dryness under a fume hood before dilution

and counting. The ratio of the average radioactive counts in the dried
3to the undried samples yielded the fraction of the H remaining on the 

nucleotide.

D. Protection and Deacvlation Assays

Samples (160 pL) were prepared in 1.5-ml capped polypropylene tubes 

and contained 10 pH GTP, 8 pg pyruvate kinase, 1 mM PEP, 0.1 mM
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dithiothreitol, and 1.77 ng EF-Tu*GDP, in bnf1er B, buffer A, buffer A 

at pH 7.0, or in buffer A with SO, 300, or lUUU mM KCl instead of 50 mM 
NH^Cl. Déacylation assays differed from the protection assays only in 
that EF-Tu was omitted from the samples. Following an initial 20-min 

incubation at 37 °C to convert all GDP to GTP, 9.6 to 11.7 pmol aa-tENA 

(0.18 to 0.27 ^260 ^^its for unfractionated tRNAs, or 0.013 to 0.015 

Aggg units for purified tRNAs) was added to each sample. Immediately 

after mixing, aliquots were removed and assayed for cold acid insoluble 

radioactivity as described by Johnson and Adkins (1984). The sample 

tubes were then capped and placed at the desired incubation temperature 

(6, 15, or 25 °C). Duplicate aliquots were removed and assayed two more 

times between 2 and 8 hours after the beginning of the incubation. 

Since it was expected that the déacylation rates would be greater at 

higher temperatures, lower at pH 7.0, and lower for Val-tRNA^®^-F^, the 

times for assay were chosen to yield significant levels of déacylation 

without the loss of all precipitable radioactivity. Accordingly, the 

final assays for samples incubated at 25 °C were taken after 4 hr, and 

for Val—tRNA^^^—F^ and pH 7.0 samples after 8 hr. The déacylation ranged 

from 58% at 25 °C for Fhe-tRNA, to 12% at 6 °C for Val-tRNA^“^-F® 

incubations.

E. Fluorescence Measurements

All fluorescence measurements were made using a Spex Fluorolog 

spectroflnorimeter interfaced either to a Tektronix 31 programmable 

calculator (Adkins et al., 1983), or to an Apple II Plus microcomputer. 

The band-pass was usually 10 nm on both excitation and emission. Slits
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verc kept closed except during scans to avoid photodogradation of the 

sample. Temperature control was maintained with a Lauda E2R circulating 

bath attached to the four-position cell holder. Temperatures in the 

sample cells, determined using a temperature probe (Fisher Scientific) 

in a cell containing only solvent, were between S and 7 °C during all 
experiments, unless specified otherwise. The cell holder compartment 

was flushed throughout each experiment with a steady stream of N2  iu 

order to prevent condensation on the faces of the cuvettes.

All samples were excited at 4*0 nm. The absorbance of the samples

at 480 nm was less than 0.001, so no corrections in the fluorescence 

emission intensities for inner filter effects were necessary. Spectra 

were obtained by measuring 1 nm increments, typically at an integration 

time of 2 seconds. Emission intensity was quantified by integration of 

the uncorrected fluorescence signal from 500-600 nm. A minimum of two 

emission scans were done at each titration point, and fewer than 5% of 

the duplicate emission intensities differed from their average by more 

than 0.5%. In all experiments, the background signal due to solvent was 

subtracted, and all data were corrected for dilution due to the addition 

of titrant.

In order to monitor the stability of the instrument, the emission

intensity of a 8 nM solution of disodium fluorescein in 0.1 N SOU was

measured prior to each set of sample scans during a titration. In 52 

separate experiments of 3—9 h duration, individual measurements did not 

differ more than 1.2% from the mean for that experiment, and most were 

within 0.6% of the mean value. Hence, the lamp intensity was 

essentially constant during each experiment.
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F. Titration Procédures

Ail titrations used the following procedures unless specified 

otherwise. Prior to a titration, EF-Tu was incubated with pyruvate 

kinase and PEP in buffer A or B at 37 °C for 20 min to convert all of
the GDP to GTP and thereby ensure that all of the EF-Tu was bound to

GTP. This EF-Tu*GTP stock solution was then kept on ice, or at the 

temperature of the sample cells, during the course of the titration.

Samples were prepared without EF-Tu directly in 1x1 cm quartz 

fluorescence cuvettes. All samples (3.0 mL) contained 10 pM GTP, 

135-168 pg pyruvate kinase (Sigma), 1 mM PEP and usually 0.01 A^^^ units 

of [^'*C]Phe-tKNA*^®-F® (900-1080 pmol Phe/A^gQ unit tRNA; 405-450 Ci/mol 

Phe) in buffer A or B,^ Thus the concentration of Phe-tRNA^^®-F^ in the 

samples typically ranged from 2.2 to 4.6 nM. A teflon-coated magnetic 

stirrer was added to each cuvette to permit mixing without removal of 

the cuvette from the cell holder; this prevented any spectral 

fluctuations due to temperature changes in the sample. The initial

fluorescence emission intensity of each sample, F^, was determined by 

averaging a minimum of four separate scans. The initial scans sometimes 

showed a monotonie increase in emission intensity. In those cases,

scans were repeated until a constant emission was observed over six 

scans. Typically, a stable was established within two hours.

However, in a few cases, as much as 3.3 hours were required to obtain a

oThe buffer B used in the experiments described in this 
dissertation differs from the polymix used by Jelenc and Kurland (1979) 
for the optimal translation assay system in pH, in the GTP and PEP 
concentrations (0.5 mM vs. 10 pM, and 6 mM vs. 1 mM respectively for 
Jelenc and Kurland's and my experiments), and in lacking ATP.
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stable fluorescence signal. Robertson and Wintermeyer (1981) also 

observed that a pre-incnbation of fluorescent tRNA samples was necessary 

in their experiments.
Following the determination of F^> two 250 or 300 pL aliquots from 

each sample were assayed for acid-insoluble radioactivity to establish 

the initial concentration of aa-tRNA. GDP-binding to the EF-Tu in the 

stock solution was also measured at this time using filter assays.

Titrations were performed by one of two methods. In the first 

method, aa-tRNA was titrated with an EF-Tu stock solution containing PEP 

and pyruvate kinase (see above). In order to span a wider range of EF- 

Tu*GTP concentrations in a titration, this method was varied for some 

experiments. A portion of the EF-Tu stock solution was diluted l6-fold 

in the buffer for that experiment (including the GTP, PEP, and pyruvate 

kinase) after the 37 °C incubation. This diluted stock solution was 

only used for the initial titration points.

The second method was used when the Phe—tRNA^®—F^*EF-Tu*GTP 

ternary complex was titrated with a competing tRNA species. In these 

experiments, the samples initially contained 3.2 to 3.6 nM[^^C] Phe- 

tRNA^®-F^ in buffer B. After obtaining an F^ and removing aliquots to 

assay for acid—insoluble radioactivity, a small aliquot of EF-Tu*GTP in 

buffer B was added to the cuvette, to give a final concentration of 

6.9 nM. Three or four sets of duplicate scans were taken as above to 

ensure attainment of equilibrium. The samples in the cuvettes were then 

titrated with the competing tRNA.

Titrations were accomplished by the sequential addition of the 

titrant solution (in volumes ranging from 1 to 250 |xL) to the samples in 

the cuvettes. After each addition, the solution was gently stirred for
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1 min. Emission scans were not initiated until seven minutes later in 

order to ensure complete equilibration and to permit the evaporation of 

any condensation on the cuvettes. This procedure usually resulted in an 

interval of 16 to 18 min between successive pairs of scans. After the 

final addition of EF—Tu*GTP, 3 to 5 sets of duplicate scans were taken 

at 8 minute intervals in order to ensure attainment of equilibrium.

At the end of each experiment, three or four 40U pL aliquots of

each sample were assayed for cold acid-insoluble radioactivity. In

addition, three 400 pL aliquots of each sample were usually assayed for

total radioactivity in the Triton X-lOO-containing scintillation 

cocktail. The Triton assays served to verity the amount of the aa-tRNA 

initially added to the solution. The GDP-binding activity of the EF-Tu 

in the stock solution was also measured by filter binding assay. The 

total volume of titrant added to a sample during a titration did not 

exceed 12% of the original sample volume (2.4 or 2.5 mL), except in the 

experiments at higher temperatures or high ionic strength, where a

greater [EF-Tu] was required for saturation of binding.

Titrations of Val-tRNA^^^-F^ were carried out as above, except that 

they initially contained from 6.1 to 7.4 nM [^^C]Val-tRNA^®^-F^ (790 

pmol Val/Aggg unit tRNA; 240 Ci/mol Val).

G. Ionic Strength Dependence of

The dependence of on the ionic strength was determined in

titrations as described above using [^^C]Phe-tRNA^^—F^ in buffer A 

containing 50, 120, 300, 550, or 1000 mM KCl instead of 50 mM NH^Cl. In 

each case, fewer titration points were used in order to minimize the
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duration of the experiment and thus the déacylation of the Phe-tRNA^*- 

P«.

H. Determination of Values for Fluorescent aa-tRNAs

In any sample, the total observed fluorescence emission intensity 

(F) is given by

F - * V t  *

where R is the concentration, and E is the fluorescence intensity per 

molecule, of unacylated tRNA^®-F^ (u), free Phe-tRNA^®-F^ (f), and 

Phe-tRNA^®-F^ bound to EF-Tu*GTP (b). Since the aminoacylation of 

tRNA^®-F^ does not change its emission intensity (Adkins et al, 1983), 

E^ = Eg. In the absence of EF-Tu*GTP, the fluorescence intensity, F^, 

equals R^Eg, where Eg is the total concentration of tRNA^®-F^ (R^ + Eg 

+ R^). When EF-Tu*GTP is in excess, so that all Phe-tRNA^®-F^ is in a 

ternary complex, the observed emission intensity is at a maximum and the 

relative fluorescence emission intensity (F/F^> is given by

•» W  ■

“A
Rearrangement of equation 2 yields

■ <FA>..x 1 . (3)

i; ;

where y = E^/Rg and R^ = Eg + R^. E^/Eg was determined for each 

experiment using equation 3. The same equations were used to analyze the
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Val-tRNA^^^-F® titrations.

The for the association of EF-Tu with GTF is 2.5 z 10^ M  ̂ (Arai 

et al., 1974). Since incubations always included lu |iM GTP, essentially 

all of the EF-Tu present was associated with GTP. Hence, the 

dissociation of the ternary complex is given by

aa-tRNA*EF-Tu*GTP e — * aa-tRNA + EF-Tu*GTP, (4)

and this equilibrium is described by the following equation:

= [aa-tRNA][EF-Tu*GTP] = R^(T^-R^) , (5)

[aa-tRNA*EF-Tu*GTPJ R^

where the concentration of the free EF-Tu*GTP (T̂ ) is given by the

difference between the total EF-Tu*GTP concentration (T̂ ) and the 

concentration of EF—Tu*GTP bound in the ternary complex (T^ = R^). 

Combining equations 1 and 5 yields an expression for the relative

fluorescence intensity in terms of the experimentally-determined 

parameters (R^, R^, T^, E^/E^) and the unknown, K^:

F/F^ = 1 + [(E^/E^)-1][(R^+T^+K^)-[(R^+T^+K^)^-4R^T^]. (6)

:*t

Values of were obtained by performing a nonlinear least squares 

fit of the data from individual fluorescence experiments to equation 6 

using the NLIN procedure of SAS (Statistical Analysis System, SAS 

Institute, Inc., Cary, NC). A sample of the actual programs written for

use with NLIN on an IBM 3081 is found in Appendix A. For this analysis,

the intercept of one (equation 6) was considered a variable since the 

initial fluorescence measurement does have uncertainty associated with
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it (see (Hiapter III, Section H). The intercept was initially set to 1. 

The best-fit value of this initial fluorescence measurement ranged from

0.993 to 1.002 for the four sets of data in Table II. Initial estimates 
for Kg were calculated from the individual data points for each 

experiment using a BASIC program written for an Apple II Plus 

microcomputer (see Appendix B). This program calculates a Kg for each 

point in the titration from the fluorescence change and an approximation 

of the value of for that particular experiment. This procedure

neglected the déacylation of the aa-tSNA, since it was only used to 

obtain Kg estimates (see discussion of déacylation of aa-tRNA below). 

Each Kg value reported in Tables II and III was obtained from a 

nonlinear least squares analysis of a data set that included all of the 

data points collected in titrations of a particular type.

The best-fit Kg values returned by NLIN were reported with 

symmetric, asymptotic 95% confidence intervals. As pointed out by 

Johnson and Frasier (1984), such confidence limits can be seriously 

misleading. Therefore, the 67% confidence intervals were obtained by 

searching the parameter space for the variance ratios predicted by the 

F-statistic (Johnson et al., 1981; Johnson, 1983; Johnson and Frasier,

1984). The programs used in determining the 67% confidence intervals 

are listed and described in Appendix C. These 67% confidence intervals 

were frequently asymmetric and larger than the 95% confidence intervals 

returned by NLIN. Tests for goodness-of-fit were done as described by 

Johnson et al. (1981). The residuals of the nonlinear fit, examined 

both as a function of F/F^ and as a function of T^, were scrutinized for 

systematic deviations graphically and by fitting to polynomials to the 

third degree.
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Neglecting the déacylation of the aa-tRNA during the experiment was 

found to result both in significant systematic deviations in the 

residuals of the fit and in broader confidence intervals for Hence,
the effect of déacylation on the total concentration of aa-tRNA (R̂ ) was 

taken into account at each titration point (i) using

“.1 ■ <■”

where At is the time between titration points i—1 and i. In this 

model, only the free aa-tRNA deacylates. R^ was calculated using the 

best estimate of from previous iterations with NLIN, and the rate 

constant k was determined from déacylation assays (see Section D above). 

All E^ values at 6 °C reported here were obtained using the déacylation 

rates listed in Table I. The expression in equation 7 was found to 

yield values for R^^ which were consistent with aa-tRNA concentrations 

calculated from the acid insoluble radioactivity determined at the ends 

of experiments.

I. Competition Experiments

Experiments to determine the affinity of a second tRNA species for 

EF-Tu were based on its ability to compete with Phe-tRNA^®-F^ for 

binding to EF-Tu, and two different methods were used. In the first 

method, samples initially contained 2.8—4.0 nM [^^C]Phe—tRNA^*—F^ in 

buffer A or B and either [^H]Phe-tRNA^®, [^H]Lys-tRNA^^^, or yeast

t^H]Phe—tENA^® at concentrations between 3.9 and 14.8 nM. Those 

experiments using Val-tRNA^^^-p^ initially contained 5.5-5.6 nM 

[^'^C]Val-tRNA^®^-F^ and 4.4-4.8 nM [^H]Phe-tRNA^® in buffer A.
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Table I

DEACYLATION BATE CONSTANTS FOB AMINOACYL-tRNAS^^^

aa-tBNA Buffer Temperature k (min"^)

Phe-tENA^®^ A 6 °C 1.1 X 10"3
Phe-tENA A, pH 7.0 6 °C 3.0 X 10~^
Phe-tENA B 6 °C 3.0 X 10“^
Lys-tENA^"^) B 6 °C 3.0 X 10~4
Val-tENA^®^-F® A 6 °C 2.2 X 10“"*

Phe-tENA A 15 °C 2.5 X 10“^

Phe-tENA A 25 °C 7.2 X 10“^

^^^Ezperimental details are described in Chapter II, Section D.

^^^The rate constants were calcnlated assuming a first-order decay 
process, nsing the relationship: 

k = -ln(c/c )
F"

where c and c represent the amounts of acid insoluble radioactivity
at two assay times (c is from the later assay), and t is the time
(min) between these assays.

(c^Unfractionated tENA aminoacylated using only phenylalanine.

^^^Unfractionated tENA aminoacylated using only lysine.
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Titrations vith EF-Tn*GTP were carried ont as described above. In 

general, fewer titration points were used in the competition experiments 

than in the experiments using only one tRNA species, to avoid the 

greater amounts of déacylation anticipated when two aa-tRNA species were 

competing for binding to the EF-Tu. The data from this type of 

competition experiment was used for determining dissociation constants 

using the nonlinear least squares analysis (see Section J below).

Other competition experiments were carried out by forming a ternary 

complex with Phe-tRNA^®-F^ and EF-Tu*GTP first, and then titrating with 

a second tRNA competitor species. Samples were prepared containing 3.2 

to 3.6 nM [^'^C]Phe-tRNA**^®-F® in buffer B. For the titrant, f-[^H]Met- 

tRNA^®^ or unfractionated tRNA, either unacylated or aminoacylated with 

a mixture of all 20 amino acids (totally aminoacylated tRNA), was used. 

When very concentrated tRNA solutions were required to reach high 

concentrations at the end of a titration, rather than diluting the tRNA 

in buffer B, undiluted tRNA stock solutions were used. Therefore, as a 

control, in each case a second identically prepared cuvette was titrated 

with only the buffer in which the titrant tRNA was stored, either H^O or 

5 mM MgCl^.

J. Determination of Values for Unmodified Non-Fluorescent tRNAs

Since fluorescence changes are associated only with Phe-tRNA^®—F^ 

binding to EF-Tu*GTP, the expression relating the relative emission 

intensity to the concentration of Phe-tRNA^®-F^ in the ternary complex 

is the same whether or not non-fluorescent aa-tRNA is also present in 

the sample. From equations 1, 2, and 3, this expression is:
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F/F^ = 1 + [(E^j/E^)-1](R^/R^). (8)

When a sample contains two different aa-tRNA species, R^ at a particular 

value will depend upon the concentration of the competing aa-tRNA and 

its affinity for EF-Tu*GTP, since the following two equilibria must hold 

simultaneously:

^dR “ ^f^f * (9*)

and

^dS ^f^f ’ (9b)
V

where R refers to the fluorescent aa-tRNA and S to the non-fluorescent 

aa-tRNA. Since is determined in the single component titration

experiments, and since:

’■f = n  - \  ■ <"»

one can derive an equation that relates the amount of bound fluorescent 

aa-tRNA (R̂ ) to the experimentally determined quantities (T̂ , R^, R^, 

S^, S^, and K^) and the single unknown, E^g:

<WdE-V.'dR-“ .VdS-«.'“̂ dS-WdS>®b + 'ds'.\ - » (")
The solutions to this equation are three real, unequal roots, and an 

algorithm was used to select the correct non-negative root which was 

within the range of the possible concentrations for R^. Nonlinear least
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squares analyses were then performed to fit equation 8 with convergence 

on the values of and the intercept as described above. A listing of

a representative program which was used for this analysis is given in 

Appendix D. In these experiments, the best-fit intercepts ranged from

1.02 to 1.07. The déacylation of each aa-tENA was included in the 

analysis, as detailed earlier. The confidence intervals and the 

goodness—of-fit were also determined as above (see Section E).

In the experiments where Phe-tRNA^®-F^*EF-Tu*GTP was titrated with 

tRNA, the same expression relating the relative emission intensity to 

the concentration of Phe—tENA^®-F^ in a ternary complex is still valid 

(equation 8). For these titrations, the concentration of ternary- 

complex bound Phe-tRNA^®-F^ (E^=T^) at each titration point was 

calculated from equation 8 using experimentally determined values for 

F/F^ and R^, and the average E^/E^ value for buffer B, 1.55 (see Table 

II). T^ can be obtained from equation 9a, since R^ is given by R^-R^, 

and was experimentally determined from single component titrations.

is calculated from (= T^-R^-T^; see equation 10) and S^, since

S^=S^-S^. Thus, E^g, the for the second tRNA species, is calculated 

from equation 9b. values were calculated at each point using a BASIC 

program written for an Apple II Plus microcomputer (see Appendix E for 

program listing). Since there was an excess of tRNAs over EF-Tu in 

these experiments, the concentration of Phe-tRNA^®—F^ was corrected for 

déacylation using the expression in equation 7. The results of these 

experiments were not analyzed by nonlinear least squares, because there 

were not sufficient data to perform a statistically significant 

analysis.
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K. Titration of tENA^°-F® with EF-Tn*GTP

tRNA^®-F^ was titrated with EF—Tn*GTP to determine the affinity of 
EF-Tu*GTP for this modified tRNA relative to its aminoacyl form, Phe- 

tRNA^^-F^. A sample initially contained 9.86 x 10  ̂M tRNA^^-F^ in 

hnffer B. The absorbance of the sample at 480 nm was about 0.05, high 

enough to exhibit a small inner filter effect (5%). However, the 

absorbance of the sample was approximately constant throughout the 

experiment, so the inner filter effects were constant and could be 

neglected. The £F-Tu*GTP stock solution was prepared as described 

above, except that the GTP concentration was increased to 1 mM. 

Titrations were carried out as described in Section F, using a 5 nm 

bandpass on both excitation and emission, except that no assays for cold 

acid insoluble radioactivity were required. For each titration point, 

two pairs of emission scans were done, with stirring of the sample and 

an additional delay (as though for an addition) between the pairs of 

scans.

The dissociation constant for the complex of tRNA^®-F^ with EF- 

Tu*GTP was calculated for each point in a titration using the BASIC 

program listed in Appendix B.



CHAPTER III

RESULTS

A. Fltxorescence—detected Ternary Conrplex Formation

The addition of EF—Tu*GTP to a solution of Phe—tRNA^®— caused a 
substantial increase in its fluorescence emission intensity (Figure 6). 

This enhancement resulted from the association of EF—Tu*GTP with Phe- 

tRNA^®—F^ and a subsequent EF-Tu*GIP-induced conformational change in 

the aa-tRNA near the s^U-8 base (Adkins, et al., 1983).

The extent of this emission intensity increase was solvent 

dependent. The largest fluorescence change was observed in buffer B, 

where it averaged 55%. The fluorescence change was 36% in buffer A, and 

28% in the Eepes-containing buffer (pH 8.0) reported by Adkins, et al. 

(1983). To identify the source of these differences, the EF-Tu*GTP- 

dependent fluorescence change of Phe-tRNA^®-F^ was examined in a buffer 

A solution which had been adjusted to pH 7.0. The size of this 

fluorescence increase was found to be the same as in buffer B (see Table 

II). These results suggest that the magnitude of the observed 

fluorescence change is primarily pH-, rather than buffer-, dependent, 

and decreases with increasing pH.

The EF-Tu*GTP-induced increase in fluorescence emission intensity

43
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Fignre 6: Fluorescence change upon ternary complex formation.

Uncorrected emission spectra for Phe-tRNA^^®-F^ in buffer B (polymix)

before (-- ) and after (- - -) the addition of excess EF-Tu*GTP. The

emission intensity of the Phe-tENA^^®-F^ in the sample prior to EF-Tu 

addition vas arbitrarily defined to be 1.0. Since the addition of EF- 

Tu*GIP does not alter the emission of tRNA^^^—F^ (see Figure 8), its 

contribution to the fluorescence signal has been subtracted.
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Table II

ASSOCIATION OF FLüORESCENT-IJtBF.I.Tyn AA-tKNA WITH EF-Tn*GTP^*^ 

aa-tRNA Buffer Ezpts

~ f

Plie-tENA*^®-F^ A 4 1.36 0.85

(1.29-1.42) (0.31-0.97)

[0.49-1.21]

Phe-tENA^®-F^ A 2 1.55 1.2

(pH 7.0) (0.77-1.8)

[0.89-1.5]

Phe-tENA^®-F® B 13 1.55 4.7

(1.47-1.62) (3.6-6.2)

[4.2-5.2]

Val-tENAy®^-F^ A 4 1.69 4.31
(1.63-1.79) (2.8-6.5)

[3.4-5.2]

(a)Experimental details are given in Chapter II, Section F.

^^^Average value of E^/E^: range of values obtained is shown in
parentheses.

(®^Best-fit Rg returned by the nonlinear least squares analysis of all 
of the titration data. The values in parentheses indicate the 67% 
confidence interval. The values in brackets indicate the 95% 
confidence interval returned by NLIN (see Chapter II, Section H).
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for Val-tRNAj*^-F^ was larger than that observed for Phe-tRNA^**-F^ in 
the same buffer (A). This suggests that the conformation of the Val- 
tKNA^*^-F^ differs from that of the Phe-tRNA^^-F^. Also, it is 

interesting to note that the fluorescence emission intensity per mole of 

free Val-tRNA^*^-F^ was less than that for free Phe-tRNA^^—F^, both in 

the presence and the absence of EF-Tu*GTP.

No changes in spectral shape upon ternary complex formation were 

observed in either buffer A or buffer B.

B. Titration of Fluorescent-labeled aa-tRNA with EF-Tu*GTP

In order to determine the affinity of EF-Tn*GTP for Phe-tRNA^®-F^, 

the concentration dependence of the association of EF-Tu*GTP with Phe- 

tRNA^®-F^ was determined. The formation of the ternary complex was 

monitored by the change in fluorescence, and, as expected, the emission 

intensity reached a maximum when sufficient EF-Tu*GTP had been added 

(Figure 7). The fluorescence change occurred over a two-log change in 

EF-Tu*GTP concentration (Figure 8), which indicates that the 

fluorescence change monitors a single binding event (Elotz, 1982). This 

conclusion was further supported by the fact that the data were fit 

successfully to a model that includes only a single binding event. The 

fluorescence change was reversible upon the addition of an excess of 

aminoacyl—tRNA (see Section I below).

The formation of EF-Tu*GTP was ensured by including pyruvate 

kinase, PEP, and 10 GTP in both the aa-tRNA— and the EF-Tu-containing 

solutions. Experiments were done at 6 °C to reduce the rate of



Fignre 7; EF-Tn*GlP dependence of Phe-tRNA^®-F^ flnorescence 

intensity. The titration initially contained 3.2 nM Phe-tRNA^®-F® (9) 
in buffer B at 6 °C as described in Chapter II, Section F. No 

fluorescence change was observed when 5.4 nM tRNA^°-F® was titrated 

with EF-Tn*GIP (A). The data in the inset are from the same 

experiments, but are plotted on a reduced scale in order to demonstrate 

the saturation of the fluorescence change.
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Fignre 8; The change In flnorescence for Phe-tRNA^^*-F® occnrs within a 
2-log change in EF-Tn*GTP concentration. The sample initially contained

2.40 nM Phe-tRNA^*-F® in hnffer B and was titrated as described in ô
Chapter II, Section F. For this experiment, a portion of the EF-Tn*GlP 

stock solntion was dilnted 16-fold in buffer B after the 37 °C 

incubation, and was used for the initial titration points.
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hydrolysis of tho aa-tRNA. Although czporiments lasted as long as 9 hr, 

the total déacylation never exceeded 13% at 6 °C, and in nearly all 

cases was less than 10%. In the experiments at 15 and 25 °C, as well as 

in the titrations at high ionic strength, the total déacylation was 

greater. However, the data analysis procedures included corrections for 

the déacylation in all cases.

Within the concentration ranges used in the ternary complex 

titrations, no fluorescence change was observed when Phe-tRNA^^-F^ was 

titrated with EF-Tu*GDP, or when either tRNA^®-F^ or tRNA^*^-F^ was
3

titrated with EF-Tu*GTP (see Figure 7). These results are consistent 

with those reported by Adkins et al. (1983), and support the conclusion 

that the change in fluorescence emission intensity is due to the binding 

of Phe-tRNA^®-F^ to EF-Tu*GTP in a ternary complex.

The titrations of Val—tRNA^^^^-p^ in buffer A proceeded like those 

with Phe-tRNA^^-F^ with respect to the EF-Tu*GTP dependence and the 

saturability of the fluorescence change. In buffer B, I was unable to 

obtain a stable initial fluorescence intensity. The fluorescence 

increase observed was perhaps due to a slow equilibration for the Val- 

tRNA^^^^— with the polycations in buffer B.

C. Calculation of for Fluorescent-labeled Aminoacyl-tRNAs

The values reported in Table II were obtained by nonlinear least 

squares analysis of the combined data from all of the titrations of a

OHowever, a f^oreacence change was observed at higher 
concentrations of tRNA F and EF-Tu*GTP (see Section H below).
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particular type, as detailed in Chapter II, Section B. The 67%

confidence intervals for these best-fit E. values determined asd
described in Chapter II (Section H) and the symmetric, asymptotic 95%

confidence intervals from NLIN are also shown in Table II. The lower

limits of the 95% confidence intervals from NLIN were sometimes less

than zero, especially when individual rather than combined data sets

were analyzed. Such unrealistic limits were obtained because the

titration data were asymmetrically distributed about the E^ values, with

only very little data at concentrations lower than the E^ values.

The values in Table II were obtained using two different

preparations of Phe-tRNA^®-F^. Dissociation constants calculated from

experiments using a higher concentration of Phe-tRNA^^®-F^ (10.6-13.4

nM) were not significantly different from those using lower

concentrations of Phe-tKNA^®-F® (2.2-4.6 nM), and are also included in

the average E^ (for buffer B) listed in Table II. These data indicate

that the calculated E^ was independent of both the concentration and

preparation of the Phe-tENA^®-F^. Similarly, the same E^ was obtained

using two different preparations of EF-Tu.

A Scatchard plot of the binding data of Figure 7 is shown in Figure

9. Linear least squares regression analysis of the data from this
—9particular experiment gave n = 1.0 and E^ = 7.0 x 10 M.

These results demonstrate that EF—Tu*GlP has a very high affinity 

for aa-tRNA. Whether the E^ values were obtained using NLIN, a BASIC 

program (Appendix B), or Scatchard analysis, the values were all in 

reasonable agreement with each other. As noted in Chapter II, Section 

C, the EF-Tu concentration in these experiments was determined by 

absorbance. Hence, the E^ values reported here actually constitute the
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inn»Imom vaines for since the possibility that a fraction of the EF-

Tn vas unable to participate in ternary complex formation cannot bo 

ruled ont.

D. Nonlinear Least Squares Analysis of Titration Data

To find the best way to fit titration data using a nonlinear least

squares analysis, variations of the model represented in equation 6 (or

equation 11 for competition experiments) were tried. Each was assessed

in terms of their effects on the best—fit value for and the goodness-

of-fit. For example, attempts to converge simultaneously on both and

(F/F ) or K,, (F/F ) , and F. were unsuccessful due to the veryo max a o max x
high correlation coefficient for K, and (F/F )u o max

As noted in Chapter II, Section H, the residuals of the nonlinear 

fits were examined both as a function of F/F^ and T^. The graphically 

analyzed residuals of the fit were found useful in assessing the 

goodness-of-fit. For example, the residuals obtained from fits of the 

data both accounting for and neglecting the déacylation of the aa-tRNA 

(Figures 10 and 11, respectively) were compared. Significant systematic 

deviations in the residuals of the fit, such as those apparent in Figure 

11, were found to result when déacylation was neglected. Thus, the 

relation given in equation 7 was used for all data analyzed using 

nonlinear least squares to minimize the systematic deviations in the 

residuals of the fits.

The sensitivity of the obtained to the value used for the molar 

absorptivity for the tRNA was examined. The value

of S2gQ=6.25 X lO^M ^cm ^ is equivalent to 1600 pmol tRNA per



Fignre 10; Residnals of the nonlinear least squares fit of the combined 

data for titrations of Phe-tRNA^®-F® with EF-Tu*GTP in buffer B, 

plotted as a function of F/F^ (left) and (right). As for all data 

fitted using NLIN, the effects fo déacylation on the concentration of 

the aa-tRNA was taken into account. Note the lack of systematic

deviations in the residuals and the symmetrical distribution of points 

above and below zero.
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Fignre 11: Residuals of the nonlinear least squares fit of the combined
data for titrations of Phe-tRNA^^^-F^ with EF-Tu*GTP in buffer B, not CPI'O
corrected for déacylation of the aa-tRNA. Note the pronounced 

systematic deviations in the residuals plotted as a function of F/F^

(left) and of (right).
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unit. However, purified tRNA preparations aninoacylate to various

levels, with the differences presumably being due to impurities of other

tRNA species or functionally less-active tRNAs, to differences in molar

absorptivity values, to incorrect radioisotope specific activity values

(see Section B above), to varying losses during sample preparation, and

to synthetase preparations with varying activities. No significant

difference in the fitted values was observed with GggQ values
5 -1 —1ranging from 5.86 to 6.64 x 10 H cm (corresponding to 1500 to 1700 

pmol/Aggg). Thus, even if the true molar absorptivities for the tRNAs 

used in any experiment were not in accord with that which was used, no 

significant affect on the fitted would be anticipated.

E. Ionic Strength Effects

The electrostatic contribution to the interaction between a 

particular protein and nucleic acid can be evaluated by examining the 

ionie strength dependence of the E^ (Record et al., 1976, 1978; Lohman 

et al., 1980). The ionie strength dependence of the ternary complex E^ 

is shown in Figure 12. The increase in E^ with increasing ionic 

strength demonstrates that the affinity of EF-Tu*GTP for aa-tRNA does 

involve ionic interactions. It is also clear that there is a major non­

electrostatic component to the binding, since the E^ is quite low even 

in 1 H ECl (see Record et al., 1976).

Under some circumstances, the number of ion pairs involved in a 

protein-nucleic acid interaction can be determined using the analysis 

procedures detailed by Record et al. (1976) and Lohman et al. (1980). If 

it is assumed that no anions are displaced during the EF-Tu*GTP
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Figure 12; Ionic strength dependence of the ternary complex 
dissociation constant. Titrations were carried ont in the presence of 

50 to 1000 mM as described in Chapter II, Section G. [M ] represents 

the total concentration of monovalent cations in the samples. Each of 

the Ej vaines was obtained from the nonlinear least sqnares best-fit of 

the combined data from two or three separate experiments. The straight 

line was generated by a linear least sqnares regression analysis of the 

data.
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2+association vith aa-tRNA, and that Mg effects are limited to 

electrostatic competition with and EF-To, then, using the results of 

Lohman et al. (1980), calculations using the data in Figure 12 indicate 

that there are between 1.4 and 1.9 ion pairs involved in ternary complex 

formation. The 1.4 value is obtained if one assumes that the protein 

binds only to double-stranded RNÂ and that the $ value of 0.89 found for 

poly(rA)*poly(rU) (Record et al., 1976) is appropriate. The 1.9 value is 

obtained using the $ value of 0.68 for single-stranded poly(rD). 

Unfortunately, it is not known to what extent EF-Tu binds single­

stranded and double-stranded regions of the aa-tRNA (see Chapter TV).

The data in Figure 12 indicate the extent of ion release during

ternary complex formation under these conditions (i.e., in the presence 
2+of Mg ). Hence, the number of ion pairs calculated above represents the

minimum number of ion pairs involved in ternary complex formation. EF-Tu
2+does not bind GTP in the absence of Mg (Ravel and Shorey, 1969:

Leupold et al., 1983), thereby precluding a determination of the ionic

strength dependence of ternary complex formation in the absence of

divalent cations. In addition, numerous studies have shown that the
2+conformation of tRNA is sensitive to [Mg ] (e.g., Crothers and Cole,

1978), and, consistent with such observations, the fluorescence of

tRNA^®-F^ is dependent upon the Mg^^ concentration (see section M
2+below). Thus, the above assumption that the only role of Mg is to 

compete with and EF-Tu for binding to the tRNA phosphates is probably

not justified, and hence the total number of salt bridges between EF-Tu 

and aa-tRNA cannot be calculated.

The formation of the ternary complex at high ionic strength was 

confirmed by protection assays which showed an EF—Tu—dependent reduction



Figure 13; Protection of the aminoacyl bond of Phe-tRNA by EF-Tu*GTP 
from spontaneous hydrolysis in the presence of 1 M KCl. Samples (160 

pL) were prepared as described in Chapter II, Section D, with 11.1 pmol 

[^^C]-Phe-tRNA (0.27 A^gg units), and were incubated at 6 °C following 

the addition of 40.9 pmol EF-Tu. Incubations containing EF-Tu (0,A)
Ul

showed complete protection of the aminoacyl bond from hydrolysis, while 

parallel samples lacking EF-Tu (0,A) demonstrated spontaneous 

hydrolysis. KCl was added to a final concentration of 1 M either before 

(circles) or after (triangles) the 37 °C incubation of EF-Tu. Acid- 

insoluble radioactivity at t = 0 totalled approximately 1450 cpm.
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of amiaoncyl ester bond hydrolysis even at 1 M KCl (see Figure 13). It 

was also important to demonstrate that the presence of 1 M KCl in the 

samples did not hinder EF-Tu*GlP formation and thereby prevent ternary 

complex formation. Protection assays were performed in which the KCl 

was added both before and after the incubation of EF—Tu with pyruvate 

kinase and PEP at 37 °C, prior to the addition of aa—tRNA and incubation 
at 6 °'C. No difference in protection of tlie aminoacyl bond was 

observed in the two samples (see Figure 13).

F. Temperature Dependence of K^

The ternary complex dissociation constants for Phe-tENA^®-F^ in 

buffer A were determined to be 1.4 nM at 15 °C and 5.4 nM at 25 °C, 

using the same procedures as described in Chapter II, Section F, except 

that the time of individual scans was reduced in order to minimize 

déacylation during the experiment. The best-fit K^ values were obtained 

as described (Chapter II, Section E) using déacylation rate constants 

(k) listed in Table I, determined as described in Chapter II, Section D. 

A van't Hoff plot (In K versus 1/T) of the K. values at 6, 15, ando d

25 °C indicates that the AH° of this interaction is -16 kcal/mol of

complex.

G. Determination of K. Values for Unmodified Non-fluorescent  a______________________________________
Aminoacyl-tENAs

The affinities of non-fluorescent unmodified aa—tRNAs for EF—Tu*GTP 

can be determined by their ability to compete with the fluorescent-
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labeled aa-tENAs for binding to the protein. Thus, a miztnrc of 

unmodified non-fluorescent aa-tENA and fluorescent-labeled aa-tENA was 

titrated with EF-Tu*GTP. As expected, at the end of the titration, when

EF-Tu*GTP was in excess, the total fluorescence change was the same in a

sample containing only Phe-tENA^®-F^ at 3.2 nM as in a sample 
containing Phe-tENA*’̂ ®-F* at 3.2 nM and Phe-tBNA**^® at 14.8 nM (Figure 

14). (The small difference in the total fluorescence change observed in 

these two samples is due to increased déacylation of Phe-tENA^®-F^ in 

the sample containing Phe-tENA^®.) However, in the early stages of the 

titration when EF-Tu*GTP was limiting, a smaller rate of increase in 

emission intensity was observed in the latter sample due to competition 

between Phe-tENA^®-F® and Phe-tENA^® for the available EF-Tu*GTP.

The ternary complex dissociation constants for three unmodified aa- 

tENAs under different conditions are listed in Table III, along with the 

67% and 95% confidence intervals. These values were obtained by 

nonlinear least squares analysis of the combined data from all of the 

titrations with a particular pair of aa-tENAs, as described in Chapter 

II, Section J. For all nonlinear least squares analyses, the effects of 

déacylation on the total concentrations of both aa-tENAs was taken into 

account at each point in a titration using the relationship given in 

equation 7. The same values were obtained when competition

experiments used a range of concentrations of the unmodified aa-tENA 

(see Chapter II, Section I). The confidence intervals for the

titrations in Table III are larger than for the titrations in Table II

because fewer data points were used in the analysis of the competition 

experiments. The larger confidence intervals also reflect the fact that 

errors in strongly influence the value obtained for E^g. In
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Fignre 14; Titration of Phe-tRNA^®— with EF—Tn*GIP in the presence 
or absence of competing Phe-tENA^^®. One sample (•) initially contained 

Phe-tENA^®-F^ (3.2 nM), while the second sample (g) contained both Phe- 

tENA^®-F^ (3.2 nM) and Phe-tRNA^® (14.8 nM). Titrations were performed 

as described in (Chapter II, Section I.
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Table III

ASSOCIATION OF UNMODIFIED aa-tRNA WITH EF-Ta*GTP(a)

Unmodified
aa-tRNA

aa-tRNA-F Buffer Expts ^JS'
(b)

E. coli Phe-tRNA*^® Phe-tRNA^®-F® B 1.16 (0.55-2.3) 

10.72-1.6]

Yeast Phe-tRNA^® Phe-tRNA*^®-F® B 0.72 (0.27-1.9) 

[0.29-1.2]

E. coli Lys-tRNA^y® Phc-tRNA^®-F^ B 7.7 (3.6-14.4)

[4.6-10.8]

E. coli Phe-tRNA*^® Phe-tRNA^®-F® A 0.10 (0.02-0.26) 

[0.03-0.16]

E. coli Phe-tRNA^® Val-tRNA^“^-F® A 5 0.28 (0.03-2.75)

[-0.95-0.66]

(a)

(b)

Experimental details are described in Chapter II,
Section I.

The best fit values for the unmodified aa-tRNAs
(=K^g) were determined as detailed in Chapter II, Section J,
using the K, values for the fluorescent-labeled aa-tRNAs given
in Table II. The values in parentheses indicate the 67% confidence
interval. The values in brackets indicate the 95% confidence interval
returned by NLIN (see Chapter II, Section H).
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addition, becanse the vaines were lower than anticipated, the data

points were asymmetrically disposed about the the consequences of

such asymmetry are discussed by Johnson and Frasier (1984). As pointed 

out in Chapter II, Section H, the confidence intervals were frequently 

asymmetric. The two plots in Figure 15 clearly show the asymmetry of 

the confidence intervals from two different sets of combined data.

In principle, the value found for a particular unmodified non-

fluorescent aa-tRNA should be independent of the nature of the

fluorescent-labeled aa-tRNA used in the competition experiments. Since 

Phe-tRNA^®-F® and Val-tRNA^“^-F® differ in their affinity for EF-Tu*GTP 

(Table II), we investigated whether or not competition experiments using 

these two fluorescent probes would yield the same E^ value for Phe—

tRNA^^. As can be seen from the data in Table III, the E^ values

obtained for Phe-tRNA^® using two different spectral probes were very

similar. This similarity is particularly noteworthy becuase the value 

obtained for the E^ of an unmodified aa-tRNA ternary complex is very

sensitive to the value used in the calculations for the E^ of the

fluorescent aa-tRNA ternary complex. Thus, the E^ values determined

using this approach appear to be independent of the spectral probe used 

in the titration.

Based on the data shown in Tables II and III, Phe-tRNA^®—F^ has a
  Ph ftlower affinity for EF-Tu*GTP than does Phe-tRNA . This suggests that

the fluorescein dye somehow interferes with the protein-nucleic acid

interaction. Such an effect by the dye would have to be allosteric, 

since EF-Tu does not cover this region of the aa-tRNA when in the
g

ternary complex (Adkins et al., 1983). Conceivably, tRNA which is

modified with fluorescein may have a slightly altered conformation



Fignre 15; Asymmetry of the confidence intervals for for two sets of 

combined data. The contour lines represent points of equal significance 

level (SIGL), as calculated using the program in Appendix C and plotted 

as a function of both F. (FIEST) and (EDEST). The range of the 67%

confidence interval was obtained from the maximum and minimum values for

each variable (EDEST and FIEST) for a significance level of 0.33. Left: -.j

confidence Intervals obtained for the combined data for EF-Tu*GTP

titrations of Phe-tRNA^^^-F^ and yeast Phe-tRNA^^® in buffer B, using

Kjjj = 4.7 nM and Kjg(egt) ~ 0.72 nM. Right: confidence intervals

obtained for the combined for EF-Tu*GTP titrations of Val-tRNA^®^-F^
Pheand E. coli Phe-tRNA in buffer A, using = 4.3 nM and “

0.84 nM.
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relative to the uiunodified tRNA^*^. However, Adkins et al. (1983) 

observed some heterogeneity in Phe-tRNA^®-F^ preparations, with respect 

to the EF-Tn-dopendont protection of the aminoacyl bond from hydrolysis. 
It is possible that the fluorescent-labeled aa-tRNA solutions contain 

molecules with a reduced capacity to bind or interact with £F-Tu*GTP.

The affinities of fMet-tRNA^^^ and totally aminoacylated 

unfractionated tRNA for EF-Tu were determined by their abilities to 

compete with ternary complex-bound Phe-tRNA^®-F^ for binding to EF- 
Tu*GTP. Thus, when a sample containing Phe-tRNA^®—F^*EF-Tu*GTP was 

titrated with either fMet-tRNA^^^ or totally aminoacylated 

unfractionated tRNA, the fluorescence of the sample decreased (see 

Figure 16). As expected, the rate of the decrease in emission intensity 

was slower for the titration with fMet-tRNA^®^, since this aa-tRNA 

species is known to have a lower affinity for EF—Tu*GTP than elongator 

aa-tRNAs.

The dissociation constant for the complex of the competing aa-tRNA

with EF-Tu*GTP was determined for each point in the titration (see

Figure 16) using a BASIC program which uses the fluorescence to

calculate the concentration of the ternary complex-bound Phe-tRNA^^®—F^,

and from this the other concentrations needed to calculate a (see

Appendix E). Using this method, for those points where the fluorescence

decrease was small, and consequently more sensitive to errors in the

fluorescence measurement, the calculated values were highly

inconsistent and therefore disregarded. Only the points past the

beginning of a titration were used in calculating an average K^. For a

titration with fMet-tRNA^®^, the average was 3 x 10 ^M. The average

K, calculated from a titration with totally aminoacylated tRNA was d



Fignre 16; Titration of the Phe-tRNA^®-F®*EF-Tn*GTP ternary complex 

with aminoacylated or nnacylated tRNA in buffer B. Ternary complexes 

were formed by the addition of EF-Tn*GTP (final concentration <= 6.9 nM) 

to samples initially containing Phe-tRNA^®-F^ (9: 3.6 nM; g  :
o\3.3 nH;A: 3.5 nM), prepared as described in Chapter li. Section F.

The samples were titrated with totally aminoacylated nnfractionated tRNA 

(in buffer B; 9), f-[^H]Met-tRNAj®* (in 1 mM K-aoetate, pH 5, 5 mM 

MgCl^: @ ), or nnacylated, nnfractionated tRNA (in 5 mM MgCl^iA).
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8 X 10"®M.

H. Titration of Ternary Complex with Dnacvlated tRNA

As noted above, the affinities of non-flnorescent unmodified aa- 

tRNAs for EF-Tn*GTP can be determined by their ability to compete with 

the flnoresccnt-labeled aa-tRNAs for binding to the protein. Similarly, 

the affinity of nnacylated tRNA for the aa-tRNA binding site on EF-Tn 

can be evaluated by its ability to compete with Phe-tRNA^^-F^ for 

binding to EF-Tu. When a sample containing Phe-tRNA^^®-F^*EF—Tu*GTP was 

titrated with either nnfractionated aa-tRNA or nnfractionated tRNA, the 

fluorescence emission intensity increase resulting from the binding to 

EF-Tu*GTP was reversed (see Figure 16). The concentration of tRNA 

required to cause a 50% decrease in the fluorescence emission intensity 

was three orders of magnitude larger for nnacylated tRNA than for aa- 

tRNA. Titration of a similarly prepared ternary complex with the 5 mM 

MgClg solution in which the nnacylated tRNA had been dissolved resulted 

in no significant decrease in fluorescence.

At the end of a titration with aa-tRNA, the fluorescence decreased 

to a level near F^, i.e. that of the Phe—tRNA^*—F^ before addition of 

EF-Tu*GTP. Surprisingly, however, in the titration with nnacylated 

tRNA, the fluorescence of the sample began to increase as the tRNA 

concentration increased. To investigate this unexpected fluorescence 

increase further, a Phe—tRNA^®—F^ sample lacking EF—Tu*GTP was titrated 

with nnacylated tRNA. In this case, the fluorescence emission intensity 

was constant until it the tRNA concentration reached 20 pM, the level at 

which the fluorescence was found to increase in the presence of EF-Tu.
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The magnitude of the fluorescence at tRNA concentrations above 200 pM 

was the same both in the presence and absence of EF-Tu (Figure 17). 

Hence, this increase in fluorescence is not caused by an interaction of 

the fluorescent tRNA with EF-Tu. No cloudiness was observed in any of 

the samples, suggesting that light-scattering effects did not contribute 

to the fluorescence changes.

The exact nature of the effect responsible for the fluorescence 

increase in the presence of high concentrations of nnacylated tRNA is 

not known. The possible causes of the fluorescence increase include 

tRNA—tRNA interactions, - for example in codon—anticodon or loop-loop 

base-pairing.

To test the possibility that base-pairing interactions could cause 

the observed fluorescence increase, EF—Tu*GTP-bound Phe-tRNA^^-F^ was 

titrated with synthetic polyribonucleotides. When the ternary complex 

was titrated with poly(rU) (Sigma), a polynucleotide complementary to 

the tRNA^^ anticodon, at concentrations in excess of 50 A^gg mL  ̂ the 

fluorescence of the sample increased to about 21% beyond the EF-Tu— 

dependent increase (Figure 18). This result suggests that the 

fluorescence increase observed in the presence of either poly(rU) or 

tRNA was due to base pairing with the anticodon of Phe-tRNA^®-F^. In 

contrast, titration to similar concentrations with poly(rA) (Boehringer) 

resulted in a reversal of the Tu—induced fluorescence increase (Figure 

18). Although the data are not conclusive, this decrease may have been 

caused by competition between the poly(rA) and Phe-tRNA^®—F^ for 

binding to EF-Tu.

In any case, this secondary effect did not occur until tRNA 

concentrations were high enough to demonstrate a substantial competition



Plttpre 17; Titration of Phe-tRNA^^®-F® with nnacylated nnfractionated 

tRNA in the presence and absence of EF-Tn*GTP. Samples were prepared as 

described in Chapter II, Section F, and initally contained 3.5 (0) or

3.4 (A) nM Phe-tRNA*^®-F® in bnffer B. EF-Tn*GTP was added to one

sample (0) to a concentration of 6.9 nM to form the ternary complex. oao
Both samples were titrated with nnfractionated nnacylated tRNA in 5 mM 

MgClg. In each case, parallel samples were titrated with only 5 mM 

MgClg as a control (data not shown), demonstrating that dilntion did not 

affect the observed flnorescence, either in the presence or absence of 

EF-Tn*GTP.
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Fignre 18; Titration of Phe-tRNA^®-F®«EF-Tu*GTP with poly(rD) or 

poly(rA). EF-Tu*GTP was added (final concentration = 6.9 nM) to samples 

which initially contained 3.3 nM Phe-tRNA^^®-F® in bnffer B, prepared as 

described in Chapter II, Section F. One sample was titrated with 

poly(rU) (0), while the a second sample was titrated with poly (rA) 

(A). Both polynncleotides were dissolved in 5 mM MgCl2  The 

flnorescence (F/F^) of both samples was 1.22 prior to the titrations. 

As in the experiments in Fignre 17, control titrations with 5 mM HgCl^ 

showed no change in flnorescence.

00N>
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■with Pho-tRNA^®-F® for binding to EF-Tn* GTP. In spite of the 

secondary flnorescence change, the data snggest that the affinity of 

nnacylated tRNA for the protein is abont three orders of magnitnde 

weaker than that of aa-tRNA.

I. Determination of for Unacylated tRNA

The dissociation constant for the complex of nnacylated tRNA with 

EF-Tn*GTP was determined for each point in a titration (cf. Fignre 16) 

nsing a BASIC program which nses the flnorescence to calcnlate the 

concentration of the ternary complex-bonnd Phe-tRNA^^®-F^, and from 

this, the other concentrations needed to calcnlate a (see Appendix 

E). However for those points where the flnorescence decrease was small, 

and conseqnently more sensitive to errors in the measnrement, the 

calcnlated K^'s were highly inconsistent and therefore disregarded. 

Those points later in the titration where the flnorescence began to show 

increases (cf. Fignre 16) were also nnreliable for obtaining a K^, since 

the flnorescence intensities were inflnenced by effects other than the 

competition between Phe—tRNA^®-F^ and tRNA for binding to EF-Tn*GTP. 

Thns, an average for a particnlar experiment was calcnlated from the 

intermediate points in a titration which resulted in larger flnorescence 

decreases, bnt before the flnorescence began to increase again. The 

for the dissociation of the complex of tRNA with EF-Tn*GTP was fonnd to 

be abont 1 x 10  ̂M.
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J. Determination of K, for tRNA^°-F^________________   e______________

Since an affinity of nnacylated tRNA for EF-Tn*GTP was 

demonstrated, two questions were raised. First, can tRNA^°-F^ also 
bind to EF-Tu*GTP? Secondly, if tENA^^-F^ does bind to the protein, 

can a change in fluorescence be induced? As stated earlier, within the 

range of EF-Tu*GTP concentrations used in titrations to determine the 

ternary complex dissociation constant for Phe-tRNA^®-F^, no 

fluorescence change was observed when the unacylated tRNA^®-F^ was 

titrated with EF-Tu*GTP. In addition, when a sample containing a much 

higher concentration of tRNA^^-F^ (9.86 x 10  ̂M) was titrated with EF- 

Tu*GTP to 2.2 X 10 no change in fluorescence emission intensity

resulted. Thus, although titrations of Phe-tRNA^®-F^ with EF-Tu*GTP 

also contained tENA^®-F^ because of déacylation, no interaction between 

tRNA^®—F^ and EF-Tu contributed to the observed changes in 

fluorescence.

However, further titration of tENA^®-F^ with EF—Tu*GTP to 97 pM 

results in a fluorescence increase of 85% (see Figure 19). Although 

saturation of the fluorescence change was not demonstrated, a minimum 

can be calculated if the fluorescence level at the end of the titration 

is taken to be the maximum. Assuming that the increase was indeed a 

result of the formation of a ternary complex between EF-Tu*GTP and 

tRNA^®-F^, a minimum of 3 x 10  ̂M for this interaction was

calculated, using the BASIC program in Appendix B.



Finnre 19; Titration of tRNA**^®-F® with EF-Tu*GTP. The sample 
initially contained 9.9 x 10~^M tRNA**^®-F® in buffer B, and was titrated

with EF-Tn*GTP in the presence of 1 dM GXP. Each point represents the

average fluorescence from four scansp in each case the range of the

fluorescence emission intensities was within the size of the point.
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K. Characterization of the Flnorescein-modified tRNA^*^

Thin-layer chromatographic analysis of the product of the covalent

reaction of lAAF with tRNA^*^ was used to identify the site of
Valmodification on the tRNA^ . Visual inspection of the plate with an

ultraviolet lamp revealed one fluorescent spot displaced from the origin

with an corresponding to that of the s^ü-F dye-nucleoside adduct

marker (see Adkins, 1982). No other fluorescent spots were observed from 
Valthe modified tRNA^ digestion mixture. It was therefore concluded 

Valthat the tRNA^ was singly and covalently labeled with fluorescein at
4s D-8. The similarity of the chromatographic behavior on the RPC-S 

column of the modified tRNA^*^ to that of the modified tRNA^^* supported 

this conclusion.

L. Activity of EF—Tu

Considerable variability was observed in the results from the EF-Tu 

nitrocellulose filter binding assays. It was found that decomposition
3of the [ H]GDP was a major contributor to this variability. In spite of 

storage of the [^H]GDP solution at -20 °C, as much as 5% of the 

exchanged into H^O per month. Thin layer chromatographic analysis 

indicated hydrolysis of 12% of the [^H]GDP to [^H]GMP after 15 months, 

and 29% hydrolysis after 22 months. It was therefore necessary to
3redetermine the specific activity of the [ H]GDP periodically to obtain 

meaningful filter binding results.

The ability of EF-Tu to bind GDP was confirmed using gel filtration 

on a Sephadex G-25 column. In more than one experiment, the GDP binding
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activity of an EF-Tu solution was unusually low (e.g. 30%) when assayed 

using the nitrocellulose filters. However, when aliquots of the same 

EF-Tu solution were tested for GDP binding using gel filtration, the 

protein was determined to be nearly completely active. These results 

suggest that problems other than those related to the specific activity
3of the [ H]GDP contributed to the variability in the filter assays.

This notion is supported by the fact that the wetting ability of filters

was occasionally very poor, although all the filters used from one

company were from the same lot. Variations in results obtained using

filter assays have been noted previously (Dr. D. L. Miller, personal

communication), and were the cause of difficulties in using this assay

to estimate the for the ternary complex. Differences in the

material used to make the nitrocellulose filters appeared to be the

source of the problems with these assays.

The molar absorptivity used in determining concentrations of EF-Tu

differed from one reported in the literature. Block and Pingoud (1981)
—1 —1determined the Sggg to be 32,900 M cm , for EF-Tu, apparently in the 

absence of any bound nucleotide. All EF-Tu solutions used in this 

dissertation were measured in the presence of bound GDP, so the CggQ 

value of 41,600 M ^cm ^, derived from the absorbance of a 1.0 mg (dry 

weight)/mL solution, (see Chapter II, Section C) was deemed more 

appropriate. This Sggg value is consistent with that reported by 

Block and Pingoud if the Gggg contribution for GDP is included.

M. Factors Influencing the Fluorescence of the Probe 

The possible effects of Mĝ "*" on tRNA^^—F^ conformation and
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fluorescence were investigated, since the tRNA^°-F® was stored in

buffers lacking Mg^*. Thus, Phe-tRNA^®-F^ and tRNA^*-F^ samples were
2+prepared in buffer A lacking Mg and DTT, and the fluorescence emission

intensities at the emission maximum (519 nm) wore followed at 6 °C.

After the addition of enough MgClg to equal that for buffer A, more than

a three-fold increase in fluorescence was observed. A stable

fluorescence signal was obtained within 8 minutes, the length of the

usual interval allowed for equilibration between groups of scans. It
2+was therefore concluded that any Mg equilibration in the fluorescence 

experiments occured relatively rapidly, and that other factors were 

responsible for instabilities in the initial fluorescence scans.

In order to avoid potential fluorescence reproducibility problems 

caused by reorienting the cuvette after removing it for mixing, a 

teflon-coated magnetic stirrer was added to each cuvette to permit 

mixing before and during titrations without removal of the cuvettes from 

the cell holder. The use of a stirrer also prevented any spectral 

fluctuations due to temperature changes in the sample, caused by 

removing the cuvette from the cell holder to achieve mixing of the 

solution. Such temperature-associated problems could be especially 

dramatic in experiments performed at 6 °C.

Since other investigators have reported the loss of fluorescent or 

radioactive labels attached via thioethers (Eshaghpour et al., 1979; 

Kruse et al., 1980), similar losses could be another possible source of 

unstable fluorescence emission intensities. It was suspected that 

reducing agents could cause the fluorescein dye to be displaced from the 

tRNA, because the dye is attached to the s^ü-8 base via a thioether bond 

(see Figure 5). To test this possibility, samples of tKNA^®-F^ and
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tRNA^*^-F^ were incubated in buffer B in the presence of 0.1, 1.0, and 

10 mM DTT at 37 °C for 12 to 14 hr under an atmosphere. Each mixture 

was dried and analyzed by thin-layer chromatography on silica gel plates 

(Analtech) using a bonzene/pyridine/acctic acid/ethanol (65:25:4:6, by 

volume) solvent system (Adkins, 1982). Fluorescent spots which were not 

at the origin were observed only in the lanes for samples incubated with

1.0 or 10 mM DTT. Each of these spots had an greater than that of
4the s U-fluorescein adduct marker. This result suggested that the dye

was no longer covalently attached to the tRNA, but instead a free

fluorescein dye. Based on this apparent displacement of the fluorescein

dye from the tRNA at high levels of DTT, 0.1 mM DTT was used in all

subsequent experiments, although early experiments in polymix had been

carried out using 1 mM DTT as described by Jelenc (1980)^. The

sensitivity of tRNA^®-F^ to reducing agents was also demonstrated with
Plie2—mercaptoethanol. The fluorescence emission intensity of Phe-tRNA - 

increased by at least 25% when incubated at 5 for 210 min in 

buffer A solutions containing 5 or 100 mM 2-mercaptoethanol in place of 

DTT.

The sensitivity of the fluorescence emission intensity of the 

tRNA^^®-F® probe to nucleases was also examined. The fluorescence of a 

sample containing 5.9 nM tRNA^®-F^ in 50 mM Hepes (pH 7.6) and 10 mM 

MgClg in a volume of 2.5 mL was prepared in a 1x1 cm polystyrene 

fluorescence cuvette and placed in the cell holder at 37 °C. The

Titrations using 1 mM DTT in buffer B did not yield K. values 
significantly different from those using 0.1 mM DTT and were therefore 
included in the analyses of the combined data for experiments of a 
particular type.
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fluorescence emission intensity of the sample was monitored before and 

after the addition of 0.3 units alkaline phosphatase (Sigma), 40 pg 

ribonuclease A (Grand Island Biological), 4 pg snake venom 

phosphodiesterase (Worthington), and 1 pg ribonuclease XI (Sigma), all 

in a volume of 11 pL. The amounts of the digestive enzymes used are the 

same as are typically used in this laboratory to characterize the 

fluorescent modification of a tRNA, by total digestion of the tRNA in a 

20 pL incubation at 37 °C for 18 hr (Johnson et al., 1982). An increase 
of 220% was observed within 30 min after the addition of the nucleases 

and mixing of the sample. Thus, it is clear that the fluorescence 

changes associated with digestion of the tRNA by nucleases are 

substantially larger than those resulting from the formation of the Phe- 

tRNA^ ̂ -FEF-Tu*GTP ternary complex.

N. Experimental Considerations

All buffer B solutions, containing the polymix solvent, were 

titrated to pH 7.0 to avoid precipitates observed at the higher pH (7.5) 

which was specified by Jelenc (1980). Under certain conditions (e.g. 

high salt or with significant amounts of alcohol in the solution), 

Jelenc encountered precipitation also, indicating a high tendency of the 

polymix buffers toward precipitation. The assays in which Jelenc used 

the polymix buffers were all at 37 °C, so it is likely that the 

precipitation observed in the present study was due to the lower 

temperatures at which the experiments were performed.

The presence of pyruvate kinase in titrated samples was found to be 

useful in minimizing problems due to apparent adsorption to the teflon
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stirrer. Such adsorption was only deduced when titration of Phe- 

tENA^°-F^ with EF-Tu*GDP was attempted in the absenee of pyruvate 

kinase and PEP. In those experiments, the initial fluorescence 

intensities decreased at least 10% and as much as 25% in 90 min. 

However, the fluorescence increased to approximately that of the initial 

scans upon addition of the usual amount of pyruvate kinase. 

Additionally, the amounts of cold acid-insoluble radioactivity were 

lower at the beginning than at the end of a titration in the absence of 

pyruvate kinase. This suggests that a fraction of the tRNA was 

initially removed from the solution by adsorption, and returned to the 

solution only after sufficient EF-Tu was added to form ternary complexes 

or to compete for adsorption sites.

Solvent pH has a major influence on the intensity of fluorescent 

emission (cf. Table II). This was also evident when a sample containing 

Phe-tENA^^®-F® was prepared in a quartz cuvette lacking both a stirrer 

and pyruvate kinase. Initially, no decrease in fluorescence was 

observed. Subsequent addition of an aliquot of pyruvate kinase to the 

cuvette caused a drop in fluorescence. A control sample showed a 

similar decrease when an equivalent aliquot containing only the 2.2 M 

(NH^)^SO^, (pH 6.0) buffer in which the pyruvate kinase was suspended 

was added to the cuvette. The fluorescence emission intensity decrease 

was presumably due to the lower pH of the buffer for the enzyme. 

Pyruvate kinase was therefore included in titrations with EF—Tu*GDP, 

where GDP necessarily replaced GTP, and PEP was omitted.

Due to the possible inaccuracies in the calculated concentrations 

of aa-tRNA caused by adsorption to the teflon stirrer, titrations of 

Phe-tRNA**^®-F® with EF-Tu*GTP in buffer B were carried out in the
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absence of stirrers. The titrations proceeded in a manner similar to 

those with stirrers, except that some mixing problems seemed to bo 

present, as evidenced by greater variability in the titration curves. 
The Kj values from these stirrer-less experiments did not differ 

significantly from those in which stirrers wore used. These titrations 

were therefore included in the combined data sets used in determining a 

Kj for buffer B.



CHAPTER IV 

DISCUSSION

The mechanism by which the ribosomal complex enhances the 

discrimination between aa-tRNAs that are correctly and incorrectly base- 

paired to the mRNA codon is unknown. An essential prerequisite to 

elucidating that mechanism is the characterization, both thermodynamic 

and kinetic, of the interactions between the various macromolecules and 

multicomponent complexes which participate in the recognition process. 

I have investigated the formation of the aa-tRNA*EF-Tu*GTP ternary 

complex by monitoring a fluorescence change which accompanies the 

association of Phe-tRNA^®-F^ with EF—Tu*GTP (Adkins et al., 1983; 

Figure 6). This approach facilitated the examination of the protein- 

nucleic acid interaction directly and at equilibrium.

The importance of examining this interaction under equilibrium 

conditions is demonstrated by comparing the values obtained

spectroscopically and those obtained by other techniques (see Table IV). 

The ternary complex dissociation constant measured at low temperature 

using non-equilibrium techniques ranged from 1—10 nM to 100 nM for 

E. coli Phe-tRNAEEe Although variations in the ionic strengths and 

temperatures of the incubations make direct comparisons impossible, it 

is apparent that, in general, the higher E^ values obtained by these

95



96

Table IV

COMPARISON OF REPORTED VALUES FOR AMINOACYL-tRNAs (a)

He thod

- ■ ---  - M-----

aa-tRNA Temp­ :d Ref.

erature (uM)
s: S c;=s s= c B B B a C z= t= B S ==== = ====

Fluorescence E. coli Phe-tRNA*^® 6 °C 0.13 Table 111

Spectroscopy E. coli Phe-tRNA^®-F® 6 °C 0.85 Table 11

E. coli Phc-tRNA*^®-F* 25 °C 5.4 Chapter 111

Yeast Phe-tRNA**^® 6 °C 0.72 Table 11

E. coli Lvs-tRNA^y® 6 °C 7.7 Table 111

Filter E. coli Phe-tRNA^® 0 °C 1-10 (b)

Assay E. coli Phe-tRNA^® 0 °C 72 (c)

Nuclease E. coli Phe-tRNA**^® 0 °C 79 (d)

Protection E. coli Phe-tRNA*^® 0 °C 100 (e)

Assay Yeast Phe-tRNA^® 0 °C 54 (f)

Hydrolysis E. coli Phe-tRNA*^® 25 °C 20 <g)

Protection Yeast Phe-tRNA^® 25 °C 20 (h)

Assay E. coli Lvs-tRNA^y® 25 °C 250 (g)

(a)All measurements were made in buffers of similar pH and ionic strength.
(f).(b)Miller et al.. 1973

(c)Arai et al., 1974

Tanada et al.. 1982 

^B^Pingoud and ürbanRe. 1980
(d)

(e)
Tanada et al.. 1981 (h)Pingoud et al.. 1977

Derwenskus and Sprinzl. 1983
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methods reflect an underestimation of the strength of the ternary 

complex with Phe-tRNA^°, shown by my results to have a of 0.13 nM at 
g °C in a buffer similar to those used in the other studies. At 25 °C, 

the value for the Phe-tRNA^* ternary complex determined by

protection assay was 20 nM (Pingoud and Drbanke. 1980), while the for 

Phe-tRNA^®-F^ at 25 °C was found to be 5.4 nM (see Chapter III, Section 

F). Because the of Phe-tENA^® is less than that of Phe-tRNA^*— 

(Tables II and III), the 20 nM figure considerably underestimates the 

affinity of Phe-tRNA^® for EF-Tu*GTP. Ihis underestimation is to be 

expected, because only the spectroscopic measurements were obtained 

under equilibrium conditions. On the other hand, the non-equilibrium 

methods do provide an indication of the relative affinities of various 

aa-tRNAs for EF-Tu*GlP: the E^ for Lys-tRNA^^^ is 6.6-fold higher than 

the E^ for Phe-tRNA^® by spectroscopy (Table III), it is 3.2- to 

4.3-fold higher by nuclease protection experiments (Louie et al., 1984), 

and 12.5-fold higher by aminoacyl bond protection experiments (Pingoud 

and Urbanhe, 1980). These differences in the relative affinities may 

result from the differences in the experimental conditions.

It is also important to emphasize that the spectroscopic method 

described in this dissertation does not require the modification of an 

aa-tRNA to determine the E^ of its ternary complex. Instead, the 

affinity of an unmodified aa-tRNA for EF-Tu*GTP is determined by its 

ability to compete with a fluorescent-labeled aa-tRNA for binding to the 

protein. The identity of the fluorescent aa-tRNA is irrelevant: the

fluorescent aa-tRNA only provides a mechanism for monitoring the extent 

of association of the unmodified aa-tRNA with the protein. The approach
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utilized in this dissertation is therefore a general approach for the 

determination of the binding affinity of a nucleic acid for EF-Tn*GTP. 

Additionally, this approach can be used to study various mutant EF-Tu 

molecules, various undermodified tRNAs, fragments of tRNAs, and various 

nucleotides for their influences on ternary complex formation.
PheIt is worthwhile to note that although modification of tRNA with 

a fluorescein dye weakens the interaction of its aminoacylated form with 

EF-Tu, the is still within the range of values for other unmodified 

aa-tRNAs (see Tables II and III). Consistent with the relative 

affinities of Phe—tRNA^®—F^ and Phe-tRNA^® for the protein, the 

affinity of tRNA^®-F^ for EF-Tu*GTP also appears to be weaker than that 

of tRNA (Chapter III, Section H; see discussion below). The apparently 

weakened binding of the fluorescent tRNA to the protein could be due to 

heterogeneity in tRNA^®-F^ preparations (see Chapter III, Section G) 

and/or to a structural alteration in the tRNA caused by the dye.

The E^ values reported in this dissertation were obtained using a 

nonlinear least squares analyisis of the data, fitting to a model with 

only a single binding event: the association of aa-tRNA with EF-Tu*GTP. 

The validity of this model is supported by titrations which demonstrated 

the absence of interactions between tRNA^®-F^, tRNA^^^-F^, or 

unacylated tRNA with EF-Tu in the range of concentrations employed to 

study aa-tRNA*EF—Tu*GTP ternary complex equilibria. The lack of any 

fluorescence change in titrations of Phe—tRNA^®-F^ with EF-Tu*GDP is in 

agreement with the EF-Tu*GTP-dependence of the interaction and of the 

concomittant fluorescence increase. More importantly, even if there 

were any EF-Tu*GDP in the titrant solutions, in spite of the GTP- 

regenerating pyruvate kinase and PEP, no effect on the observed
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fluorescence vonld result. The fluorescence changes associated with 

ternary complex formation are also substantially smaller than those 

resulting from nuclease digestion of the tRNA. Clearly, the 
fluorescence changes observed in titrations of Phe-tRNA^**-F^ with EF- 

Tu*GTP resulted only from ternary complex formation.

ify experiments demonstrate that EF-Tu*GTP has a high affinity for 

aa-tRNA, and it is appropriate to consider why the binding between aa- 

tRNA and EF-Tu*GTP is so tight. Since the intracellular concentrations 

of EF-Tu and aa-tRNA are in excess of 100 pM (Ingraham et al., 1983), 

values on the order of 1 pM would be sufficient to ensure ternary 

complex formation. However, the actual values are approximately
100-fold lower. This suggests that the strong affinity of EF—Tu*GTP for

aa-tRNA is required for something besides ternary complex formation. A 

reasonable hypothesis is that the tight association between the protein 

and the aa-tRNA is necessary to take full advantage of the 

discriminatory mechanisms of the ribosomal complex. Stated most simply, 

because of the high affinity of EF—Tu*GTP for the aa-tRNA, the aa-tRNA 

will be released from the protein and free to bind to the ribosome only 

after the correct codon—anticodon interaction triggers a mechanism to 

disrupt the ternary complex. This mechanism would presumably involve

the hydrolysis of the GTP to GDP and the formation of the EF-Tu*GDP

complex, which has a low affinity for aa-tRNA.

Eopfield (1974) and Ninio (1975) have independently proposed that 

the recognition process is a two-stage mechanism involving proofreading. 

In their schemes, an initial codon-anticodon-mediated discrimination of 

various ternary complexes is followed by a second discriminatory stage 

(= proofreading) that is initiated by the hydrolysis of GTP and the
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dissociation of EF-Tn*GDP in those ternary complexes which successfully 

complete the first stage. There is some experimental evidence which 

supports this hypothesis. Thompson and coworkers demonstrated that 

while some non-cognate ternary complexes bound without any GTP 

hydrolysis, near-cognate ternary complexes exhibited an abortive binding 

reaction with ribosomes that involved GTP hydrolysis and the 

dissociation of the aa-tRNA before it stably binds in the A site 

(Thompson and Stone, 1977; Thompson et al., 1981). These data are 

interpreted as demonstrating a GTP-dependent proofreading step in aa-

tRNA recognition on the ribosome. Experiments reported by other 

laboratories are consistent with Thompson's findings (Yamane et al., 

1981; Ruusala et al., 1982; Andersson and Kurland, 1983). If this is 

indeed the mechanism, then the tight binding between EF-Tu*GTP and aa-

tRNA may be required to ensure that the ternary complex remains intact

during the first stage of the recognition process. This would minimize 

the chances of premature release of the factor from the aa-tRNA and the 

possible passage of aa-tRNA into the proofreading stage prior to 

completion of the first stage. In effect, the high affinity of EF-

Tu*GTP for aa-tRNA would reduce translational errors by ensuring that 

maximum discrimination was achieved during the first stage of the 

recognition process.

The importance of the solvent milieu on the ternary complex K^ is 

clearly shown by my results (Tables II and III; Figure 12). It is 

particularly noteworthy that the protein-nucleic acid binding is much 

tighter in a commonly-used Hepes-based in vitro milieu than in the more 

physiological polymix milieu. This difference does not result from a 

difference in solvent pH (Table II), but rather from the difference in
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solvent ionic strength: the in polymix is approximately the E^

expected in a Eepes-buffered solution of the same ionic strength (Figure 

12). In any event, the differences in E^ obtained in polymix compared 
with that obtained in other solvent systems will have to bo considered 

when comparing data from the different solvent systems.

The pH of the solvent influences the magnitude of the fluorescence 

change observed upon ternary complex formation. Larger fluorescence 

changes were observed in solvents at pH 7.0 than at pH 7.6. Also, the 

fluorescence emission intensity of Fhe-tENA^®— is lower in buffer A 
at pH 7.0 than in buffer A at pH 7.6, both in the presence and absence 

of EF-Tu*GTP. These differences in fluorescence emission intensities 

are probably attributable to the the molar absorptivity of fluorescein, 

which is known to be highly pH-sensitive, decreasing with decreasing pH 

(Hercola et al., 1972). The similarity of the conformational states of 

the Phe-tENA^®-F^ which is EF-Tu-bound in the buffers differing only in 

pH therefore cannot be assessed.

The various studies whose aims were to identify the portion of the 

aa-tRNA which interacts directly with EF-Tu have been interpreted to 

mean that the EF-Tu binds to the aa-tRNA along its acceptor arm (see 

Chapter I). Since EF-Tu must bind to all elongator aa-tRNAs, no matter 

what the base sequence, one might expect that the putative binding along 

the acceptor arm would involve salt bridges between the protein and the 

phosphates on the aa-tRNAs. This view would appear to be supported by 

the fact that the ternary complex E^ values are nearly the same for 

yeast and E. coli Phe-tRNA^® (Table III; Pingoud and Urbanke, 1980; 

Tanada et al., 1982), despite the considerable difference in their 

acceptor arm sequences (Sprinzl et al., 1978).
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My data indicate that there are a minimum of 2 salt bridges 

involved in ternary complex formation. However, as detailed in Chapter 

III, Section E, the actual number of ionic interactions cannot be 
determined. In the case of another protein—nucleic acid interaction, 

that of phage El7 coat protein with its ENA binding site, an upper limit 

of five ionic contacts between the protein and ENA was obtained using 

assumptions similar to those made in the present study (Carey and 

Uhlenbeck, 1983b). These investigators interpreted the ionic contacts 

as contributing to the observed high specificity of the binding. 

Although studies with several DNA binding proteins have led to the idea 

that ionic contacts are characteristic of nonspecific protein-DNA 

interactions, ionic contacts may be a characteristic of specific ENA- 

protein interactions. The secondary and tertiary structure of ENA 

create protein binding sites which have unique three dimensional arrays 

of nucleotide phosphates and hence enhance the specificity of 

interactions (see Carey and Uhlenbeck, 1983b).

However, it is important to note that there is a substantial non­

electrostatic component of the binding between EF-Tu and aa-tENA. Using 

protection assays, Pingoud et al. (1977b) observed an ionic strength 

dependence of the Tÿr-tENA^^*' ternary complex which was very similar 

to that of Figure 12. In agreement with my results, they also concluded 

that there was a considerable non-electrostatic contribution to the 

binding energy. Because of the polyanionic nature of tENA, an 

electrostatic component to tENA-protein interactions would not be 

surprising. Also, as noted above, the ability of EF-Tu to bind to all 

elongator aa-tENAs points to an electrostatic contribution to this 

protein-nucleic acid interaction. However, the large contribution of
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non-electrostatic interactions to the binding energy of the ternary 

complex can be viewed as consistent with the relative weakness of the 

interaction of EF-Tn*GTP with unacylated tRNA (see Chapter III, Section 

J). It is conceivable that non-electrostatic interactions of EF-Tn with 

the aminoacyl group of the aa-tRNA are responsible for the much of the 

specificity and the strength of the association with EF-Tu. This view 

is also supported by the relatively weak affinity of fMet-tRNA^*^ for 

EF-Tu*GTP (Chapter III, Section G), and by the reported differences 

affinities for EF-Tn*GlP of aa-tRNAs which differ only in their 

aminoacyl groups (Pingoud and Urbanke, 1980; Wagner and Sprinzl, 1980; 

Tanada, et al. 1982).

The affinity of unacylated tRNA for EF-Tn is about 1000-fold weaker 

than that for aa—tRNA (Figure 16). The affinity of tRNA^®—F^ is also 

much weaker than Phe-tRNA^^®—F^ for EF-Tu*GTP (see Chapter III, Section 

J). If the at 6 °C in buffer B is not less than 3 x 10 (Chapter 

III, Section H), the AG° for the tRNA^®-F^ ternary complex is 

therefore at most —5.8 kcal/mol^. In contrast, the AG° for the Phe- 

tENA^®—F® ternary complex at 6 in buffer B is -10.6 kcal/mol. Thus
P'll fithe interaction of tRNA with EF-Tu has at best one-half the binding 

energy of the Phe-tRNA^®-F®*EF-Tu*GTP ternary complex. In other words, 

the aminoacyl moiety contributes a substantial fraction of the energy 

for ternary complex formation.

Note however that there are other possible explanations for the 
large increase in fluorescence observed in titration of tRNA^^®-F with 
EF-Tu*GTP. For example, the fluorescence could have been influenced by 
depletion of Mg in the buffer due to the high concentration of GTP, or 
by other unrecognized ^ffects caused by the unusually high 
concentrations of the tRNA ®-F and EF-Tu*GTP.
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Tho interaction between EF—Tn*GTP and aa—tENA can be further 

characterized in terms of enthalpy and entropy changes. At 6 °C in

buffer A, tho AG° for the Phe-tENA^®-F^ ternary complex is -11.6

kcal/mol, as calculated directly from E^. From the temperature 

dependence of the ternary complex dissociation, a AH° of -16 kcal/mol 

and a AS° of -16 cal mol ^deg  ̂are calculated.

Comparison of the thermodynamic parameters describing the 

interaction of Phe-tRNA^®-F^ with EF-Tu*GlP to those for other ENA— 

protein interactions aids in evaluating the significance of these 

measured values. The value for AG° is very similar to that reported 

for the sequence-specific binding of phage E17 coat protein to its ENA 

binding site (see Table V) . The enthalpy change for the Phe-tENA^®- 

F^-EF-Tu*GTP interaction is less than the large favorable AH° for the 

El7 coat protein-ENA interaction, but the latter is offset somewhat by 

the entropie contributions to AG®.

A highly specific ENA-protein interaction which has been the

subject of much investigation is that between tENA and aminoacyl-tENA 

synthetases. Erauss and coworkers (1976) measured thermodynamic 

parameters for both specific (cognate, homologous) and nonspecific 

(noncognate, heterologous) tENA-synthetase interactions. Both the 

specific and the nonspecific Interactions were characterized by a large 

favorable gain in entropy resulting from the release of bound H^O 

molecules upon association of the two macromolecules. The specific 

interaction has a small negative AH® and a positive AS®, but the 

nonspecific interaction has a positive AH° which is counteracted by a 

large positive AS® (see Table V). The authors concluded that the

nonspecific binding is stabilized by electrostatic interactions (e.g.
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Table V

THERMODYNAMIC PARAMETERS DESCRIBING RNA-PROTTIIN lOTERACTIONS

ENA AG° AH° AS° Ref.
Protein (nM) (kcal/mol) (kcal/mol) ( cal

mol dog)

Pbe-tENA^®-F® 0.85 -11.6® -16 -16 ^

EF-Tn*GTP 5.4 -11.3® -16 -16 *

tENA

Synthetase

Specific 100 -9.4® -3.5 +20 ^

Nonspecific 2000 -7.8® +15 +75 ^

21-Nncleotide

ENA Binding Site® 1® -11^ -19 -30 ^

El7 Coat Protein

®Buffer A (50 mM Hepes pH 7.6, 10 mM MgCl^, 50 mM NH^Cl), 6 ®C 

^Table II; Chapter III.

®Buffer A, 25 °C.

^Chapter III, Section F.

®0.03 M Potassium phosphate pH 7.2, 0.05 M KCl, 10 mM MgCl^, 24 ®C. 

^Erauss et al., 1976.

®see Carey and Uhlenbeck, 1983a.

^0.1 H Tris-HCl pH 8.5, 10 mM magnesium acetate, 80 mM ECl, 2 ®C. 

*Carey and Uhlenbeck, 1983b.
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ion pairs) which resnlt in a positive AH.

As noted by Carey and Uhlenbeck (1983b), in general, favorable 

contributors to AH are relatively weak contacts of the van der Waals' 

and hydrogen-bond typos which resnlt when there is a good steric fit 

between the associating macromolecnles, and favorable contributors 

to AS include ionic contacts and hydrophobic forces, because both 

permit greater disorder of the solvent molecules (e.g. E2 O) when no 

longer constrained in a highly ordered state around the charged or 

hydrophobic surfaces of the macromolecule. Thus, similar to the 

assessment of the El7 coat protein system, the favorable AH value for 

aa-tENA association with EF-Tu*GTP appears to reflect a relatively large 

number of hydrogen—bonding and van der Waals' interactions between 

protein and ENA, although perhaps fewer in number than for the R17 coat 

protein-ENA association. In both cases, a close steric fit between the 

ENA and the protein is indicated, consistent with the need for 

specificity in each interaction. Some unfavorable hydrophobic 

interactions or configurational constraints may contribute to the 

unfavorable change in entropy in these association processes. Since 

only few ion contacts were indicated for the complexes of these 

polyanionic ENA molecules with their respective proteins, it is not too 

surprising that there is not a favorable entropie contribution to the 

binding energy.

In contrast, the interaction of aa-tENA with EF-Tu*GTP is quite 

different from that of tENA with synthetase enzymes, since the latter is 

not stabilized by a large number of hydrogen-bonding and van der Waals' 

interactions. Instead, the tENA-synthetase association presumably uses 

ionic contacts made available by the release of bound H^O molecules to
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provide stability, compensating for a lack of weak contacts to favor the 

association of the macromolecnles.

The weak affinity of unacylated tRNA for EF-Tn*GTP reported here is
consistent with the data from other studies indicating the formation of

a tRNA*EF-Tu*GTP complex. While at lower concentrations of tRNA and EF-

Tu*GTP, no interaction between the protein and RNA is demonstrable
—4(Chapter III, Section B; Adkins, 1982), at 8 x 10 M concentrations of 

both tRNA^^^ and EF-Tu*GTP, Shulman and coworkers (1974) deduced complex 

formation using high-resolution n.m.r. spectroscopy. In another study, 

the protection from covalent labeling with N-tosyl—L-

phenylalanylchloromethane provided for EF-Tu*GTP by aa-tRNA was observed 

in the presence of about 10 B̂I tRNA^^^ (Jondk et al., 1980). Picone and 

Parmeggiani (1983) have reported an interaction between unacylated tRNA 

and EF-Tu based on an assay for the GTPase activity of EF-Tu. Based on 

my results, the relatively high concentrations of tRNA and protein used 

in each of these investigations are in accord with what one would expect 

to be necessary to observe tRNA-EF-Tu*GTP interactions.

Although the exact nature of the aa-tRNA structural changes which 

cause the changes in fluorescence emission have not been identified, I 

have now shown that two different fluorescent-modified aa-tRNAs behave 

similarly when confronted with EF-Tu*GTP. My data indicate that it is 

also possible for EF-Tu*GTP to alter the fluorescence emission intensity 

in tRNA^^®-F^. Curiously, this evidence also implies that the binding 

of the aminoacyl group by EF-Tu*GTP is not essential to effect a 

conformational change in aa-tRNA, although other experiments presented 

here suggest that the aminoacyl group is a major contributor to the 

binding energy of the ternary complex. Further investigations will be
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required to clarify the possibility that the EF-Tn-indnced fluorescence 

changes in Phc-tENA^*-F^ end tRNA^*^-F^ arc caused hy similar 

structural changes, but limitations of the system will hinder such a 

study using fluorescence.^

Tho conformational or environmental changes in Phe-tRNA^®-F^ 

associated with the additional fluorescence increase observed in the 

presence of high concentrations of tRNA or poly(rU) are also unknown. 

Other preliminary data demonstrate that the binding of Phe-tENA^^—F^ to 

ribosomes elicits an additional change in fluorescence emission (A.E. 

Johnson, unpublished data). If in fact the fluorescence increase is due 

to base pairing at the anticodon, a conformational change in aa-tRNA 

upon binding to mRNA would be implied.

The emission intensities of both Phe-tRNA^®-F^ and Val-tRNA^°^-F^ 

increase when they associate with EF-Tu*GTP. The sensitivity of the
4s D-conjugated dye to the binding of EF-Tu*GTP (allosterically; Adkins

4et al., 1983) suggests that the region of the aa-tRNA near the s D is 

particularly susceptible to conformational changes, since aa-tRNAs with 

fluorescent moieties elsewhere have not exhibited spectral changes upon 

association with EF-Tu*GTP (Bores and Lucas-Lenard, 1973; Pingoud et

In ^ort^ to attempt to saturate the fluorescence change observed 
when tRNA ®-F was titrated with EF-Tu*GTP, higher concentrations of
either the tRNA of the protein JTor both) will be necessary. Increasing 
the concentration of the tRNA F will require the use of smaller 
fluorescence cuvettes to minimize inner filter effects. Reproducible 
fluorescence measurements have been found very difficult to obtain with 
such cuvettes, because (a) mixing requires the use of either a
micropipet or a polystyrene stirring rod, and (b) measurements are 
highly dependent upon the exact repositioning of the cuvette every time
the cell holder is rotated. In addition, such high concentrations of
EF-Tu would be rather costly to use, especially considering the 
unreliability of measurements made in the smaller fluorescence cuvettes.
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al., 1977a; Sprinzl and Fanlhasuner, 1978). This region has also been
2+shown to be sensitive to tho presence or absence of Mg (see Chapter 

III, Section M; Heerschap et al., 1983). Since the binding of Phe- 

tRNA^^-F^ to ribosomes elicits an additional change in flnorescence 

emission (A.E. Johnson, unpublished data), it is possible that the aa- 

tRNA undergoes an additional conformational change upon binding to the 

ribosomal complex. Whatever the case, the additional spectral change 

will permit the evaluation of the thermodynamics and kinetics of the aa- 

tRNA interaction with the ribosomal complex and its dependence upon EF- 

Tu.



LITERATURE CITED

Adkins, E. J., Ph.D. dissertation. University of Oklahoma (1982).
Adkins, H. J., Miller, D. L., and Johnson, A. E. (1983) Biochemistry 22. 

1208-1217.

Andersson, D. I., and Knrland, C. G. (1983) Mol. Gen. Genet. 191. 
378-381.

Arai, K., Eavakita, M., and Eaziro, Y. (1974) Jj. Biochem. (Tokyo) 76. 
293-306.

Arai, E., C^ark, B. F. C., Duffy, L., Jones, M. D., Eaziro, Y., Lanrsen, 
R. A., L'Italien, J., Miller, D. L., Nagarkatti, S., Nakamura, S., 
Nielsen, E. M., Petersen, T. E., Takahashi, E., and Wade, H. (1980) 
Proc. Natl. Acad. Sci. U.S.A. 77. 1326—1330.

Bachman, B. J., and Low, E. B. (1980) Microbiol. Rev. 44. 1—56.

Beck, B. D., Arscott, P. G., and Jacobson, A. (1978) Proc. Natl. Acad. 
Sci. U.S.A. 25, 1250-1254.

Beres, L., and Lucas-Lenard, J. (1973) Biochemistry 12. 3998-4002.

Bertram, S., and Wagner, R. (1982) Biochemistry Int. 4, 117-126.

Block, W., and Pingoud, A. (1981) Anal. Biochem. 114. 112-117.

Boutorin, A. S., Clark, B. F. C., Ebel, J. P., Eruse, T. A., Petersen, 
H. U,, Remy, P., and Vassilenho, S. (1981) Ĵ . Mol. Biol. 152. 
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APPENDIX A

This is an example of the programs used to obtain ternary complex 

dissociation constants from titrations of fluorescent aa-tRNAs with EF- 

Tu*GTP using a nonlinear least squares analysis. The statistical 

package available on the IBM 3081 which is capable of this type of 

analysis, among others, is "SAS", a product of the Statistical Analysis 

System (SAS Institute, Inc., Cary, NC). There are no line numbers here 

because SAS does not require numbered lines. An asterisk in front of a 

line indicates a comment statement, one which is to be ignored by SAS. 

The semicolon is the delimiter for ends of statements in SAS. The first 

section, all lines beginning with //, contains the job control language 

(JCL) required to run the program on the IBM 3081.

Each section which begins with DATA is called a "data step". This 

is where the data are read into the program from disk files, using INPUT 

statements. The first set of input values and their assigned variable 

names are (in order):

Date DATE

Descriptive header 1 HDRl

Descriptive header 2 HDR2

Number of titration points NPTS

Initial sample volume VO

Sample volume after assay removal V
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Concentration of the aa-tRNA-F stock (Aĵ g/niL) CR

Volume of aa-tRNA-F added to sample (ml) VR

Concentration of the EF-Tu*GDP stock solution (mg/ml) CT

Volume to which EF-Tu is diluted to use as titrant (uL) VU

Volume of EF-Tu diluted (uL) VT

F^ integrated fluorescence intensity of NsgFluorescein sample FF

F^ integrated fluorescence intensity for aa-tRNA-F sample FS

Integrated fluorescence of blank B

The next INPUT statement reads the values of the addition volume (uL), 

aa-tRNA-F sample integrated fluorescence, NsgFluorescein integrated 

fluorescence, and time from the previous scan (min). Values for the

various concentrations and the fluorescence for each point in a

titration are calculated in the data step, using the input values from 

the data file, other measured quantities (e.g. • acid-insoluble

radioactivity), an estimate for K^, and the déacylation rate. The

calculated values are then stored with the input values in temporary SAS

data sets (called IHx, where x is the number of the input data file) to

be used in NLIN. Although the equations in each data step are the same,

SAS requires the use of one data step for each input data file.

After the last data step, the data sets (INI, IN2, etc.) are merged 

into a larger data set (ENTIRE) using the SET statement. Only the data

sets specified in the SET statement will be used in the procedure (PROC)

NLIN. For each point in a titration, this procedure calculates a value 

for the fluorescence (F) based on the computed concentrations (from the 

data steps) and on the estimated parameter(s) value(s) The FARMS 

statement lists the parameter(s) to be varied by NLIN to fit the data to 

the equation in the MODEL. NLIN fits the data using an iterative method
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to converge on values for the paramcter(a) which minimize the sum of the 

squares of the residuals (also called the residual sum of squares or 

SSE), where the residual ■= [actual value of F] - [predicted value of F]. 

When the convergence criterion are met, the converged value is output, 

along with a 95% asymtotic confidence interval, and a table of 

correlation coefficients for the parameters.

The next section in the program uses other SAS procedures to aid in 

the analysis of the goodness-of-fit. PROC GLM (general linear model) 

fits the residuals to polynomials to the third degree in and F. The 

last procedure, PROC PLOT, plots the actual data overlaid with the 

calculated values, and the residuals both as a function of T^ and F.

//LOGONIDK JOB NO1NOZIT,'JA:NL-BND',CLASS=J,TIME=(1,0J,
// PASSWORD=XXXXXX,NOTIFY=LOGONID,
// MSGCLASS=C
/*JOBPARM D=R3 
/*JOBPARM 0=20000,L=10 
/*ROÜTE PÜNCH PHSC 
//NIINBND EXEC SAS
//FT20F001 DD DSN=AB1300.GRIDBIG.DATA,
// DNIT=TSODISK,DISP=OLD,
// DCB=(RECFM=FB,LRECL=133,BLKSIZE=1330)
//INDATAl DD DSN=AB3248.TÜ040283.DATA,
// UNIT=TSODISK,DISP=SHR,
// DCB=(RECFM=FB,LRECL=80,BLKSIZE=3 200)
//INDATA2 DD DSN=AB3248. TÜ031483.DATA,
// ÜNIT=TSODISK,DISP=SHR,
// DCB=(RECFM=FB,LRECL=80,BLKSIZE=3 200)
//INDATA3 DD DSN=AB3248.TUI22082.DATA,
// UNIT=TSODISK,DISP=SHR,
// DCB=(RECFM=FB,LRECL=80,BLKSIZE=3200)
//INDATA4 DD DSN=AB3248. TUI10382.DATA,
// UNIT=TSODISK,DISP=SHR,
// DCB=(RECFM=FB,LRECL=80,BLKSIZE=3200)
//SYSIN DD *
TITLE PHE HEPES PH 7.6 DK=1.10E-3 KD=0.84NM;
DATA INI;

INFILE INDATAl;
INPUT DATE $1-70 #2 HDRl $1-70 #3 HDR2 $1-70 #4 NPTS 2.

#3 V0 #6 V #7 CR #8 VR #9 CT #10 VU #11 VT #12 FF 
#13 FS #14 B @;

FI=0.998 ;



118

NDSN=1;
KDEST=0.84E-9; K2EST-1. lE-3;
Y-873/1600; Yl-791/1600;
Z-1.0;
FMAX=1.176;
V=V*lE-6;V0“V0*lE-6; CT=Z*CT*2.31E-5; T=CT*VT/VU; 
RT“CR*1.6E-9*VR/V0; RA0“RT*Y;

TT=0; VC=1.0; F0«=FS-B; ADDT“0;VT*V;TIME=0;RA=RA0;VPREV=V; 
DO I *= 1 TO NPTS ;

INPUT / ADDN 1-8 / TRNA 1-8 / NA2F 1-8 DTIME 11-20 
TIME=TIME+DTIME;
TEHP=(TT+RA+KDEST);
RB=(TEMP-SQRTCTEMP*TEMP-4*RA*TT))/2;
RA=(RB+(RA-RB)*EXP(-K2EST*DTIME));
ADDN=ADDN*lE-6;
ADDT=ADDT+ALDN;
VPREV=VT;
VT=VT+ADDN;
TT=ADDT*T/VT;
VCTOT=VT/V; VC=VT/VPREV;
RT=RT/VC;
RA=RA/VC;
RB=RB/VC;
RE=RT*Y1;
F=(TRNA*VCTOT-B)/F0;

OUTPUT;
END;

INPUT;
DATA IN2;

INFILE INDATA2;
INPUT DATE $1-70 t2 HDRl $1-70 #3 HDR2 $1-70 f4 NPTS 2.

#5 V0 #6 V #7 CR #8 VR #9 CT #10 VU #11 VT #12 FF 
#13 FS #14 B @;

FI=1.0001;
NDSN=2;
KDEST=0.84E-9; K2EST=1. lE-3;
Y=885/1600; Yl=836/1600;
2=1.0;
FMAX=1.221;
V=V*lE-6;V0=V0*lE-6; CT=Z*CT*2.31E-5; T=CT*VT/VU; 
RT=CR*1.6E-9*VR/V0; RA0=RT*Y;
TT=0; VC=1.0; VPREV=V;F0=FS-B; ADDT=0;VT=V;TIME=0;RA=EA0; 

DO I = 1 TO NPTS ;
INPUT / ADDN 1-8 / TRNA 1-8 / NA2F 1-8 DTIME 11-20 @; 
TIME=TIME+DTIME;
TEMP=(TT+BA+KDEST);
RB=(TEMP-SQRT(TEMP*TEMP-4*RA*TT)1/2 ; 
RA=(RB+(RA-RB)*EXP(-K2EST*DTIME)1 ;
ADDN=ADDN*lE-6 ;
ADDT=ADDT+ADDN;
VPREV=VT;
VT=VT+ADDN;
TT=ADDT*T/VT;
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VCTOT=VT/V; VC=VT/VPREV;
RT=RT/VC;
RA=RA/VC;
RB=RB/VC;
RE=RT*Y1;
F=(TRNA*VCTOT-B)/F0;

OUTPUT;
END;

INPUT;
DATA IN3;

INFILE INDATA3;
INPUT DATE $1-70 #2 HDRl $1-70 #3 HDR2 $1-70 #4 NPTS 2.

#5 V0 #6 V #7 CR #8 VR #9 CT #10 VU #11 VT #12 FF 
#13 FS #14 B @;

FI=0.994;
NDSN=3;
KDEST=0.84E-9; K2EST=1. lE-3;
¥=941/1600; ¥1=824/1600;
2=1.0;
FMAX=1.214;
V=V*lE-6;V0=V0*lE-6; CT=Z*CT*2.31E-5; T=CT*VT/VU; 
RT=CR*1.6E-9*VR/V0; RA0=RT*¥;
TT=0; VC=1.0; VPREV=V;F0=FS-B; ADDT=0;VT=V;TIME=0;RA=RA0; 

DO I = 1 TO NPTS ;
INPUT / ADDN 1-8 / TRNA 1-8 / NA2F 1-8 DTIME 11-20 @; 
TIME=TIME+DTIME;
TEMP=(TT+RA+RDEST);
RB=(TEMP-SQRT(TEMP*TEMP-4*RA*TT)1/2 ;
RA=(RB+(RA-RB)*EXP(-K2EST*DTIME));
ADDN=ADDN*lE-6;
ADDT=ADDT+ADDN;VPREV=VT;
VT=VT+ADDN;
TT=ADDT*T/VT;
VCTOT=VT/V; VC=VT/VPREV;
RT=RT/VC;
RA=RA/VC 
RB=RB/VC 
RE=RT*¥1;
F=(TRNA*VCTOT-B)/F0;

OUTPUT;
END;

INPUT;
DATA IN4;

INFILE INDATA4;
INPUT DATE $1-70 #2 HDRl $1-70 #3 HDR2 $1-70 #4 NPTS 2.

#5 V0 #6 V #7 CR #8 VR #9 CT #10 VU #11 VT #12 FF 
#13 FS #14 B @;

FI=0.998;
NDSN=4;
KDEST=0.84E-9; K2EST=1.lE-3;
¥=780/1600; ¥1=679/1600;
2=1.0;
FMAX=1.124;
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V=V*lE-6;V0=V0*lE-6; CT=Z*CT*2.31E-5; T=CT*VT/VU; 
RT“CR*1.6E-9*VR/V0; RA0=RT*Y;
TI=0; VC=1.0; F0=FS-B; ADDT=0;VT=V;TIME=0;RA=RA0; VPREV=V; 

DO I = 1 TO NPTS ;
INPUT / ADDN 1-8 / TRNA 1-8 / NA2F 1-8 DTIME 11-20 
TIME=TIME+DTIME;
TEHP=(TT+RA+KDEST);
RB=(TEMP-SQRT(TEHP*TEMP-4*RA*TT)1/2;
RA=(RB+(RA-RB)*EXP(-K2EST*DTIME));
ADDN=ADDN*lE-6;
ADDT=ADDT+ADDN;
VPREV=VT;
VT=VT+ADDN;
TT=ADDT*T/VT;
VCTOT=VT/V; VC=VT/VPREV;
RT=RT/VC;
RA=RA/VC 
RB=RB/VC 
RE=RT*Y1 :
F=(TRHA*VCTOT-B)/F0;

OUTPUT;
END;

INPUT;
DATA ENTIRE;

SET INI IN2 IN3 IN4 ;
PROC PRINT;
VAR NDSN TT RA RE RB RA0;

DATA ;
SET ENTIRE;
KEEP F FMAX Y1 RA RT TT;

PROC SORT;
BY TT;

*PROC PRINTTO UNIT=20 NEW;
* OPTIONS NOCENTER ;
PROC NLIN METHOD=DUD EFORMAT ;
* PARMS KD=1E-11 TO 100E-11 BY 2E-11 FI=0.98 TO 1.02 BY 0.001;
PARMS KD=1E-10 FI=1.0 ;

BOUNDS KD>1E-15 ;
D=(FMAX+Y1-1)/Y1;
S1=(D-1)/(2*RT);
S2=(RA+TT+KD);

MODEL F=FI+(S1*(S2-SQRT(S2*S2-4*RA*TT)));
OUTPUT 0UT=E1 P=FHAT R=RESID PARMS=KD ;

PROC GLM ;
MODEL RESID=TT TT*TT TT*TT*TT;

PROC GLM ;
MODEL RESID=F F*F F*F*F;

PROC PLOT ;
PLOT F*TT='+' FHAT*TT='X' / OVERLAY ;
PLOT RESID*TT / VREF=0.0;
PLOT RESID*F / VREF=0.0;

/ *



APPENDIX B

This is the BASIC program which was written for use on an Apple II 

Plus microcomputer to obtain estimates for the ternary complex from 
titrations of fluorescent aa-tRNAs with EF-Tu*GTP. Unlike the NLIN 

procedure in SAS which can analyze data from several combined data sets 

(see Appendices A and D), this program only evaluates data from one 

experiment. The first lines (20 to 90) define abbreviations for 

commands to the printer (NEC model PC-8023A-C). The next lines (through 

360) are used select, open, read, and close the text file which contains 

the data. The input values are the same as in Appendix A (and in the 

same order), except that no times are entered for the individual 

titration points. When the program is run, the user enters values for 

the acid-insoluble radioactivity at the beginning and end of the 

experiment, the fractional activity of the EF-Tu (=1, in all of my 

analyses), and the ^/^o(max)’ the INPUT statements. The input values 

are used to calculate a at each titration point using the

relationships in equations 1 through 5 (see Chapter II). An average 

is calculated for the specified number of points in the titration.

20 UL$(0) = CHR$ (27) + CHR$ (88): REM UNDERLINE ON
30 UL$(1) = CHR$ (27) + CHR$ (89): REM UNDERLINE OFF
40 GC$ = CHR$ (27) + CHR$ (38): REM SELECT GREEK CHARACTER SET
50 AS8 ■= CHR8 (27) + CHR$ (36): REM ASCII ON
60 FF$ = CHR$ (12): REM FORM FEED
70 LF$ = CHR8 (10): REM LINE FEED

121



122

80 LM$ = CHR$ (27) + "L010": REM LEFT MARGIN SET TO 10 
90 CR$ ■= CHR$ (13)
100 PRINT LM$

DISK DRIVE 
130 REM ************************
140 REM ***** TULIP ************
150 REM ************************
160 DIM A(30,99)
170 REM DATA FILE READ IN HERE 
180 D$ = CHR$ (4)
190 INPUT "FILE TO BE USED: ";A$
200 INPUT "DRIVE LOCATION OF FILE:";DR%
210 IF DR% < 1 OR DR% > 2 GOTO 200 
220 PRINT LF$
230 POKE 33,40: HOME : POKE 33,33 
240 PRINT D$;"OPEN ";A$;",D";DR%
250 PRINT D$;"READ ";A$
260 ONERR GOTO 1050
270 INPUT B$(1),B$(2),B$(3),DP
280 INPUT V0,V,CR,VR,GT,VU,VT,FF,FS,B
290 REM FF IS F0(NA2F) ** FS IS F0(SAMPLE)
300 FOR J = 1 TO DP 
310 FOR I = 1 TO 3 
320 INPUT A(I,J)
330 NEXT 
340 NEXT
350 PRINT D$"CLOSE"A$
360 PRINT "# DATA PTS. IN FILE: ";DP
370 PRINT UL$(0);B$(1);" ";B$(2);" ";B$(3);UL$(1)
380 INPUT "TCA AT F0 (PMOL/A260) = ";Y
390 INPUT "TCA AT PLATEAU = ";Y1
400 INPUT "FRACTION OF ACTIVE EF-TU = ";Z
410 INPUT "FMAX (MUST BE >1.0) = ";FM
420 INPUT "# DATA POINTS = ";P
430 IF P = 0 THEN GOTO 990
440 ETAB 1: PRINT UL$(0);"TRNA";
450 HTAB 8: PRINT "TU";
460 HTAB 14: PRINT "F/F0";
470 HTAB 22: PRINT "KD (E-9 M)";
480 HTAB 34: PRINT GC$"B";
490 ETAB 39: PRINT AS$"(Z*TU-TC)";UL$(1)
500 AV = 0:CYC = 0:A1 = 0 
510 Y = Y / 1600:Y1 = Y1 / 1600
520 V = V * 1.0E - 6:V0 = V0 * 1.0E - 6:VU = VU * 1.0E - 6:VT 

VT * 1.0E - 6 
530 CT = CT * 2.31E - 5: REM CONC'N OF TU STOCK (M)
540 T = VT * CT / VU: REM T IS CONC'N OF TU IN 'T' (M)
550 TR = CR * 1.6E - 9 * VR / V0: REM CONC'N OF TRNA IN SOL'N

(M)
560 VI = V: REM V IS VOL OF SOLN AT F0
570 F0 = FS - B: REM SAMPLE F0
580 F2 = (FM - 1 + Yl) / Y1
590 FOR J = 1 TO P
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600 FOR I = 1 TO 3
610 A = A(1,J):F = A(2,J):G = A(3,J)
620 REM F = SAMPLE FL; G ■= HA2F FI 
630 A = A * 1.0E - 6
640 A1 = A + Al: REM A1 = TOTAL AMT OF 'T' IN SOL'N (TO HERE)
650 VI ■= VI + A; REM VI «= TOTAL VOL OF SOL'N
660 TU “ Al * T / VI: REM TU IS TU CONC'N IN SOL'N
670 VC = VI / V: REM VC IS VOL CORRXN FACTOR
680 T1 •= TR * Y / VC: REM T1 IS AA-TRNA CONC'N (TO HERE)
690 G = G / FF: REM G IS CORRXN FOR SIGNAL FLUXES
700 F ■= ((F * VC) / G - B) / F0
710 FB = (F - 1) / (Y * F2 - Y)
720 TC = FB * T1
730 Z1 = Z * TU - TC
740 KD = (T1 * (1 - FB)) * Z1 / TC
750 AV = AV + KD:CYC = CYC + 1
760 KD = KD * 1.0E9
770 TU = TU * 1.0E9
780 T1 = T1 * 1.0E9
790 Tl$ = STR$ (T1):TU$ = STR$ (TU)
800 F$ = STR$ (F):KD$ = STR$ (KD)
810 HTAB 1: PRINT LEFT$ (Tl$,4);
820 HTAB 7: PRINT LEFT$ (TU$,4);
830 HTAB 13: PRINT LEFT$ (F$,6);
840 HTAB 21: PRINT LEFT$ (KD$,6) + RIGHT$ (KD$,4);
850 N = 33: HTAB N 
860 IF J = 1 GOTO 900
870 IF (K - KD) < = 0 THEN PRINT GC$"'";
880 IF (K - KD) > 0 THEN PRINT GC$")";
890 N = N + 1 
900 ZZ$ = STR$ (Zl)
910 N = N + 3
920 HTAB N: PRINT AS$ LEFT$ (ZZ?,4) + RIGHT$ (ZZ$,4)
930 K = KD 
940 NEXT J 
950 F2Ç = STR$ (F2)
960 PRINT UL$(0);"F2= LEFT$ (F2$,6);UL$(1)
970 AV = AV / CYC:AV$ = STR$ (AV)
980 PRINT UL$(0);"KD(AVG) = LEFT$ (AV$,6) + RIGHT$ 

(AV$,4);UL$(1);" CYCLES = ";CYC 
990 PRINT "ANOTHER RUN, SAME DATA? (FILE IS NOW ";A$;") (Y/N)": GET 

Z$
1000 IF Z$ = "Y" THEN GOTO 220
1010 PRINT "ANOTHER RUN, DIFFERENT DATA? (Y/N)": GET W$
1020 IF W$ = "Y" THEN GOTO 170 
1030 POKE 33,40 
1040 END
1050 PRINT "THIS FILE MAY NOT EXIST. DO YOU WISH TO DELETE '";A$

? (Y/N)": INPUT Q$
1060 IF Q$ = "N" THEN GOTO 990
1070 PRINT "ARE YOU SURE YOU WANT TO DELETE THIS FILE? (Y/N)":

INPUT RS 
1080 IF R$ = "N" THEN GOTO 990
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1J)90 PRINT
1100 PRINT D$;"DELETE"A$ 
1110 GOTO 1010



APPENDIX C

The determination of the 67% confidence intervals for the 
values obtained from NLIN is a multistep procedure. First, the NLIN 

program, such as the ones given in Appendices A and D, is run with a few 

changes. (i) The best estimates of the parameter value(s) is inserted 

in each of the data steps. (ii) The asterisks preceding the PROC 

PRINTTO and OPTIONS statements (immediately before the PROC NLIN 

statement) are removed. The PROC PRINTTO tells SAS to send the output, 

i.e. everything normally output by PROC NLIN, to a specified file, 

(iii) The PARMS statement under PROC NLIN is changed to specify the grid 

of values of the parameter(s) which is to be examined. (iv) The 

procedures for analyzing the residuals of the fit are removed or 

converted to comments (with *). (v) Often the time allowed for running

the NLIN program as a background job must be extended to permit it to be 

run, because it requires more computer time than when NLIN is run 

without a parameter grid to be evaluated.

The next step requires the modification of the output from NLIN to 

make it compatible with the program which determines the confidence 

interval. This involves deleting everything from the file containing 

the output from NLIN except a title, the converged values of the 

parameters, the number of degrees of freedom, the residual sum of 

squares at the converged minimum (in that order), and the listing of the
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individual points in the grid with their corresponding residual sums of 

squares. The first few lines of one output data file in its modified 

form is given below:

P VS P HEPES KD1=0.85NM KD2=9.6E-11M DKl=l.lE-3 DK2=l.lE-3 
1.00667549E+00 9.58688265E-11 43 3.52223960E-03 
1.0000E-11 9.9500E-01 1.54446995E-02 
1.0000E-11 9.9700E-01 1.29267575E-02 
1.0000E-11 9.9900E-01 1.07688156E-02 
1.0000E-11 1.0010E+00 8.97087361E-03 
1.0000E-11 1.0030E+00 7.53293164E-03 
1.0000E-11 1.0050E+00 6.45498968E-03 
1.0000E-11 1.0070E+00 5.73704772E-03 
1.0000E-11 1.0090E+00 5.37910576E-03

Once the file with the NLIN output file is modified, it is used as 

the input data for the program listed below. Here, after the file has 

been read (INPUT), the ratio of the residual sum of squares (SSE) for 

each value of the parameter(s) to the residual sum of the squares at the 

converged minimum (SSEMIN) is evaluated. The level of significance of 

this ratio is determined using a probability function (PROBF) and the 

number of degrees of freedom (DF). Those values of the parameter(s) 

which yield a ratio of the sums of the squares of the errors of the

residuals with a significance level between 0.30 and 0.35 are included

in the output from this program (by the IF ... THEN statement). The 

values to be output are sorted by increasing value of the parameter(s) 

before the output is printed. The list of the significance levels for 

the parameter value(s) is examined to find the minimum and maximum

values of the parameter which yield a significance level of 0.33 (or

greater) to give the 67% confidence interval. If the lower or upper 

limit of the confidence interval is the same as the limit of the values 

of the parameter which were tested, the range (or increment) of the grid
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must be adjusted in the NLIN procedure to reevaluate the confidence 

interval.

//LOGONIDE JOB NOINGZIT,'JA:NL-BND',CLASS=J,TIME=(0,3f);, 
// REGI0N=3 33 8K,PAS SWORD=XXXXXX,NOTIFY=LOGONID,
// MSGCLASS=C
/♦JOBPARM D=R3 
/*JOBPARM 0=20000,L=20 
/*ROÜTE PUNCH PHSC 
//FSTAT EXEC SAS
//INDATA DD DSN=AB1300.GRIDBIG. DATA,
// UNIT=TSODISK,DISP=SHR,
// DCB=(RECFM=FB,LRECL=133,BLKSIZE=13301
//SYSIN DD *
DATA;

INFILE INDATA END=LASTOBS;
INPUT HDR $ 1-80 / FIMIN KDMIN DF SSEMIN 

DO UNTIL(LAST0BS=1);
INPUT / KDEST FIEST SSE 

X=SSE/SSEMIN;
SIGL=2*(1-PROBF(X,DF,DF));

IF SIGL<0.35 AND SIGL>0.30 THEN OUTPUT; 
* OUTPUT;

END;
INPUT;
CALL SYMPUT('KMIN',KDMIN);
CALL SYMPUK'FMIN',FIMIN);
CALL SYMPUT('XXX',HDR);

PROC SORT;
BY KDEST ;

*PROC PRINTTO UNIT=20 NEW;
TITLE &XXX;
TITLE2 CONVERGED FI=&FMIN;
TITLE3 CONVERGED KD=&KMIN ;
PROC PRINT;

VAR SIGL KDEST FIEST ;
PROC SORT;
BY FIEST;

PROC PRINT;
VAR SIGL KDEST FIEST ;

/*
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This is an example of the programs used to obtain dissociation 

constants for the ternary complex of an unmodified non-fluorescent aa- 

tRNA using a nonlinear least squares analysis. This type analysis 

procedure was used for experiments in which a mixture of the unmodified 

and a fluorescent aa-tRNA were titrated with EF-Tu*GTP. The form of 

this program is very similar to that of the program listed in Appendix 

A. The differences in this particular program arise in the equations 

which calculate values for concentrations pertaining to the unmodified 

aa-tRNA. Thus within each data step, the additional values in the first 

INPUT statement, CS and VS, are the concentration of the unmodified aa- 

tRNA stock (A2 gQ/mL) and the volume of the unmodified aa-tRNA added to 

the sample, respectively. After the second INPUT statement in a data 

step, a series of equations (from DEACYL to RETURN) are required to 

calculate the concentration of the bound aa-tRNA-F using the 

relationships in equations 9, 10, and 11 (see Chapter II), and to

correct for the déacylation of both aa-tRNAs. As noted in Appendix A,

although the equations in each data step are the same, SAS requires a

separate data step for each set of data input from a file.

In the NLIN procedure, the data are fit to a model based on 

equation 8. This expression requires the calculation of the 

concentration of the bound aa-tRNA-F, and hence a series of equations
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similar to those in the individual data steps.

//LOGONIDP JOB N01N0ZIT,'JA:N1.-BND- ,CLASS-J,T1ME“11,»B;,
// REGION=3338K,PASSWORD=XJO(XXX,NOXlFi“LOGONlD,
// MSGCLASS=C
/*JOBPARM D=R3
y*JOBPARM C=2P0P0
/«ROUTE PUNCH PHSC
//NLINBND EXEC SAS,REGI0N=3338K
//VECTR2 DD DSN=&VECTR2,SPACE-=(CYL, (6P,3) / ,UNIT«=SYSDA 
//FT2PFPP1 DD DSN=AB13PP.GRIDBIG. DATA,
// UNIT=TSODISK,DISP=OLD,
/ / DCB = UECFW=FB, LRECL=I33 ,BLKSIZE=133p;
//INDATAl DD DSN=AB3248.CRP61683.DATA,
// UNIT“TSODISK,DISP=SHR,
// DCB = 1RECFM=FB,LRECL=80,BUCSIZE=3 2PP/
//INDATA2 DD DSN=AB3248.CR062283.DATA,
// UNIT=TSODISK,DISP=SHR,
/ / DCB=UECFM=FB, LRECL=80 ,BLKSIZE=3 2PP J
//INDATA3 DD DSN=AB3 248.CRl11283.DATA,
// UNIT=TSODISK,DISP=SHR,
// DCB=CRECFM=FB,LRECL=80,BLKSIZE=320PJ
//INDATA4 DD DSN=AB3248.CR051384.DATA,
// UNIT=TSODISK,DISP=SHR,
// DCB=1RECFM=FB,LRECL= 80,B LKSIZ E=3200/
//SYSIN DD *
TITLE P VS P HEPES KDi=0.8hNM KD2=9.6E-11M DKl=l.lE-3 DK2=l.lE-3’; 
TITLE2 4 DATA SETS COMBINED ' ;

*** READ IN DATA FROM DD STMT LISTED IN INFILE *«««;

DATA INI;
INFILE INDATAl;

*** INPUT VARIABLES THAT DESCRIBE INITIAL CONDITIONS *«««;

INPUT DATE 91-70 / HDRl 91-7P / HDR2 91-70 / NPTS 2. / V0 / V 
/ CR / VR / CT / VU / VT / FF / FS / BL/ CS / VS @;

**« VARIABLE DEFINITIONS *««*

NPTS=ÿ OF DATA PTS. V0=INIT1AL VOLUME
V=VOLUME AT T=0 1AFTER TCA ASSAY) CR=CONCENTKAX10N OF TRNAl 
VR=VOLUME OF TRNAl CT=CONCENTRATION OF TU STOCK
VU=VOLUME OF TU STOCK VT=VOLUME OF EACH TU ALIQUOT
FF=INIT1AL FLUORESCEIN SIGN/SJL FS=INIT1AL SAMPLE FLUORESCENCE
BL=BLANK FLUORESCENCE CS=AA-TRnA2 CONCENTRATION
VS=AA-TRNA2 VOLUME

** INSERT ESTIMATES HERE *«««;
*XXXXXXX**X***X**X*XX*XX*X*XW**WWX*XXXX**XX*XXXXXXXXXXX*XXXX*XXXJ

FI=1.0h; «INITIAL FLUORESCENCE;
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NDSN“1; *DAXA SET? lUSüD BY SUME SUKXlNG PROCEDURES
WHEN THERE ARE MUETiPLE DAXA SEXSl; 

KDIEST-P.a^E-9; *ESX1MAXED TU-TRNAl Ku;
DKl=l.lE-3; «EST1MAXED DEAOYLAXiUN RAXE FOR TRNAl; 

KD2EST“9.6E-11; «ESTiMAXED TU-TRNA2 KD;
DK2-1.1E-3; «EST1MAXED DEAOYLAXIUN RAXE FOR TRNA2; 

Y-826/16PB; FRACTION TRNAl AMlNU-ACYLAXED AX T=P;
Yl=74ü/lbpP; *Y1=FRACT1ÜN TRNAl AmiNU-ACYLAXED AX END; 

Y2-84B/16PP; *Y2=FRACTiUN TRNA2 AHiNO-ACYLAXED AX T=P;
Y3-756/16PP; *Y3=FRACT10N TRNA2 AWiNO-ACYLATED AX END; 
Z“l; «FRACTION OF TU THAT IS ACTIVE;
FMAX=l.lb8; «MAXIMUM FLUORESCENCE CHANGE (.I.E. THE

SPECIFIC FL-BOUND/FL-FRe e ;
*-»r»r»:->t*»r*****1ir̂ *»n(c*-»:»:»r»r»r»rïr**xi«r*xx*xTr»cxxxxx»r7rxx'X7r7rxxJC7rTfxxxxxxxx»r7r*: j
** NORMALIZE UNITS OF VOLUME & CONCENTRATION
*« TO LITERS AND MOLAR ««;
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx»

V=V«lE-6;VP=V0«lE-6; CT=Z*CT*2.31E-5; T=CT*VT/VU;
RT=CR*1. 6E-9*VR/V0; RAP=RT*Y;
ST=CS*1.6E-9«VS/VP; SAP=ST*Y2;
TT=P; VC=1.P;
VPREV=V; FP=FS-BL; ADDT=P;VT=V;TiME=P;RA=RAP; SA=SAP;

**xxxxxxxxxxxx*xxxxxxxxxxxxxxx«xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx;
*«« INPUT 3 'CARDS' PER DATA POINT:
*«« 1=V0LUME OF TU ADDITION
*«« 2=FLU0RESCENCE OF TRNA SOLUTION
*«« 3=FLU0RESCENCE OF FLUORESCEIN STANDARD
*«* & TIME INCREMENT FROM LAST SEX
XXX OF SCANS
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXJ
DO I = 1 TO NPTS ;

INPUT / ADDN 1-8 / TRNA 1-8 / NA2F 1-8 DTIME ll-2p 
TIME=TIME+DT1ME; «TOTAL TIME ;

LINK DEACYL ;
*TU VOLUME INCREMENT IN LITERS ;
«TOTAL VOLUME OF TU ADDED ;
«TOTAL VOL. AX PREV. POINT ;
«TOTAL SOLUTION VOLUME ;
«TOTAL CONCENTRATION TU ;
«VOLUME CORRECTION FACTOR ;
«OVERALL CORRXN FACTOR ;
«TRNA1 CONCENTRATION *,

*x; 
*x; 
Xx; 
Xx; 
X X  ; 
★x*

ADDN=ADDN«lE-6;
ADDT=ADDT+ADDN;
VPREV=VT;
VT=VT+ADDN;
TT=ADDT«T/VT;
VC=VT/VPREV;
VCTOX=VT/V;
RT=RT/VC;
RA=RA/VC;
SA=SA/VC;
SB=SB/VC;
ST=ST/VC; «TRNA2 CONCENTRATION
RE=RX*Y1; «TRNA1 CONCENTRATION & EXPX END
SE=ST«Y3; «TRNA2 CONCENTRATION (g EXPX END;
F=ITRNA«VCT0X-BL1/Fp; «VOL-CONC CORRECTED FLUORESCENCE; 

OUTPUT; «OUTPUT VALUES CALCULATED FOR
THIS RECORD;

END;
X X X X X X X X X X X X X W X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X J
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INPUT FINAL CARD AND RELEASE DATA SET

INPUT / COM 51-70; «COMMENT IS LAST RECORD OF FILE;
STOP; «END EXECUTION OF THIS DATA STEP;

DEACYL : « 
«« ESTIMATE RBEST IN PRESENCE OF DEACYLATION ««;
■Htste-K'K-)CKKie-!KKilc**tc^f<-k*^lcifKlettfctcietr>ctcic-K*-K-KtrKmrK-KiCKiKycicycyc-KicfticicKrc'KrctrKieKityf^

«* CALCULATE COEFFICIENTS OF CUBIC EQUATION FOR TRNAl ««;
«« BOUND AT EACH DATA POINT «*;
*« BASED ON VALUES FOR TU, AATRNAl, AATRNA2 AND KDl «*;
««FORM OF EQUATION D«RBEST*«3 + A«RBEST««2 + B*RBEST + C = 0««;

**»n»:»:********Ds=COEFFICIENT«FOR«CUB IC«TERM**««****««*«*«««*««««*«;
D=1KD1EST-KD2EST1; 

**7r**********A=C0EFFICIENT«F0R«QUADRATiC*TERM***«««««««««««««««*; 
A=1TT*KD2EST + 2«RA*KD2EST + KU1EST«KD2EST - RA*KD1EST + 
SA«KD1EST - TT«KD1EST - KD1EST««21; 

***r********«*B=COEFFI(;iEN];«FOR«LINEAR«TERM«««*«*«««««« «««««««««*; 
B=-1«1RA«SA*KD1EST - RA*TT*XD1EST + 2«RA*TT«KD2EST 
+ KD2EST«RA««2 + RA*KD1EST«KD2EST1;

STANT«TERM*««««««««««««««««««««*««««««««««««««««««««; 
C=IKD2EST*TT«RA««21;

«« DIVIDE COEFFICIENTS THROUGH BY D *«;
*« RECAST AS RBEST**3 + P*RBEST*«2 + Q*RBEST + R = 0 ««;

P=A/D; Q=B/D; R=C/D;

** & SUBSTITUTE IN X=RBEST+P/3 ««;
«« TO GET FORM X«*3 + AA«X + BB = 0, WHERE *«;

AA=(1/3;*(3«Q - P*«21;
BB=11/271«12*P**3 - 9«P*Q + 27«R1;

** FIND ROOTS TRIGONOMETRICALLY OF THIS EQUATION *«;
** FROM ARCCOSlPHi; OF -BB/(.2«SQRT(.-l*AA*»3/2/;; «*;

PHI = ARC0Sl-BB/l2«SQRTl-l*AA*«3/2/;;;;
PI=3.14159282;

a***************************************************************; 
** ROOT OF X IS 2«SQRTl-AA/3)«C0SlPHI/3+2*Pl/31 ««;
** WHEN KDIEST < KD2EST «*;

IF KD1EST<KD2EST THEN X= 2*SQRTl-AA/31«C0SlPHI/3+2*PI/31 ;

«* ROUT OF X IS 2«SQRTl-AA/31«C0SlPHI/3+4«Pl/31
** WHEN KDIEST > KD2EST «*

IF KD1EST>KD2EST THEN X= 2*SQRTl-AA/3)«C0SlPHI/3+4«Pl/31 ;

** SET RBEST = X - P/3 ««;

RBEST= X - P/3 ;
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** USE RBEST TO CALCULATE ESTIMATE OF RA *=;
a***************************************************************;

RA=1RBEST+1RA-RBESTJ*EXP(-DK1*DTTMEJ; ;
***********************%**«*********%*****************%**%*%****;
** USE RBEST TO CALCULATE ESTIMATE OF SA *»;

TEMP=1TT-RBEST+SA+KD2EST;;
SB=lTEMP-9QRTlTEMP*TEME-4*SA*(TT-RBESTi;1/2;
SA= ISB+l SA-SB ; *EXP I -DK2>'DT JLME11 ;

RETURN;

*** READ IN DATA FROM DD STMT LISTED IN INFILE *==*;
****«****#**************%*************%****************«*%%*%**%; 
DATA IN2;

INFILE INDATA2;
* * * * * % * * * * * * * * * * * * * * * * * * * * * * % * * * * * * % * * * % * % % * * * * « * * * * * * * % * * * * * * * * J

INPUT VARIABLES THAT DESCRIBE INITIAL CONDITIONS ****;

INPUT DATE Sl-70 / HDRl S1-7P / HDR2 91-7P / NPTS 2. / V0 / V 
/ CR / VR / CT / VU / VT / FF / FS / BL/ CS / VS g;

* * * % * * * * * * * * * * * * * % * * * * * * * * * * * * * * * * * * * * * * * * * * % * * % * * « * * * * * * * * * * * * * J
*** VARIABLE DEFINITIONS *===
**%************************%********************%****%**********
NPTS=ÿ OF DATA PTS. V0=INITLAL VOLUME
V=VOLUME AT T=0 IAFTER TCA ASSAY) CR=CONCENTKATiON OF TRNAl 
VR=VOLUME OF TRNAl CT=CONCENTRATION OF TU STUCK
VU=VOLUME OF TU STOCK VT=VOLUME OF EAUH TU ALIQUOT
FF=INITIAL FLUORESCEIN SIGNAL FS=INITIAL SAMPLE FLUORESCENCE
BL=BLANK FLUORESCENCE CS=AA-TRNA2 CONCENTRATION
VS=AA-TRNA2 VOLUME 

**%***********************%**%*%**********************%***%***%%;
** INSERT ESTIMATES HERE *»**;

FI=1.06; ^INITIAL FLUORESCENCE;
NDSN=2; *DATA SETff «.USED BY SOME SORTING PROCEDURES

WHEN THERE ARE MULTIPLE DATA SETS); 
KDlEST=P.8bE-9; «ESTIMATED TU-TRNAI Ko ;

DKl=l.lE-3; «ESTIMATED DEACYLATION RATE FOR TRNAl; 
KD2EST=9.bE-ll; «ESTIMATED TU-TRNA2 Ku;

DK2=l.lE-3; «ESTIMATED DEACYLATION RATE FOR TRNA2; 
Y=752/16PP; *Y=FRACTI0N TRNAl AMINO-ACYLATED AT T=P;

Yl=6/P/lbPP; *YI=FRACTIUN TRNAl Am INO-ACYLATED AT END; 
Y2=79P/lbpP; «Y2=FRACTI0N TRNA2 AMlNU-ACYLATED AT T=P;

Y3=7P9/lbp0; «Y3=FRA0TI0N TRNA2 AMINO-ACYLATED AT END; 
2=1; «FRACTION OF TU THAT IS AoTlVE;
FMAX=1.151; «MAXIMUM FLUORESCENCE CHANGE II.E. THE

SPECIFIC FL-BOUND/FL-FREE;
**wvr*<c»:w*w»fSit»f««KtKCiie»r»r»::KV<rx*»rii:*»c*'»r»f»rx»r»:x»:xx***xx*Tcx**xxx>cKX7cxxxx*»f*wx J

NORMALIZE UNITS OF VOLUME & CONCENTRATION «^;
**ïoï TO LITERS AND MOLAR ««;

V=v«lE-6;V0=V0*IE-b; CT=Z«CT«2.3IE-5; T=CT*VT/VU;
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Rï“CR*l.6E-9*VR/V0; RAH=RT»Y;
ST=CS*1.6E-9*VS/Vt); SAW=ST*Y2;
TT=D; VC=1.P;
VPREV=V; FO=FS-BL; ADuT=D;VT=V;TlME=D;RA=RAW; SA-SAP;«rWKWXX'XvcxxKyryc'Kyrxvcxxxvr'KxxxxxxxxxxxxwxKxxirxxxKvrvrxxxxxxxKKXxxxxKxxicxx j

***** INPUT 3 -CARDS' PER DATA POINT: **;
***** 1=V0LUME OF TU ADuriiUM **;
***** 2=FLU0RJSSCENCE OF TRNA SOLUTION **;
***** 3=FLU0RJSSCENCE OF FLUORESCE JLN STANDARD **;
***** 6 TIME INCREMENT FROM LAST SET **;
***** OF SCANS **;
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX J
DO I = 1 TO NPTS ;

INPUT / ADDN 1-8 / TRNA 1-8 / NA2F 1-8 DTIME ll-2|9 6; 
TiME=TlME+DTlME; *TOTAL TIME ;

LINK DEACYL ;
ADDN=ADDN*lE-6; *TU VOLUME INCREMENT IN LITERS ;
ADDT=ADDT+ADDN; *TOTAL VOLUME OF TU ADDED ;
VPREV=VT; *TOTAL VOL. AT PREV. POINT ;
VT=VT+ADDN; *TOTAL SOLUTION VOLUME
TT=ADDT*T/VT; *TOTAL CONCENTRATION TU
VC=VT/VPREV; *VOLUME CORRECTION FACTOR
VCTOT-VT/V; *0VERALL CORRXN FACTOR ;
RT=RT/VC; *TRNAi CONCENTRATION ;
RA=RA/VC;
SA=SA/VC;
SB=SB/VC;
ST=ST/VC; *TRNA2 CONCENTRATION ;
RE=RT*Y1; *TRNA1 CONCENTRATION g EXPT END;
SE=ST*Y3; *TRNA2 CONCENTRATION @ EXPT END;
F=ITRNA*VCT0T-BL1/Fp; *VOL-CONC CORRECTED FLUORESCENCE; 

OUTPUT; *OUTPUT VALUES CALCULATED FOR
THIS RECORD;

END;
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXJ
**** INPUT FINAL CARD AND RELEASE DATA SET **;
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxJ

INPUT / COM S l - 7 0 ;  *COMMENT IS LAST RECORD OF FILE;
STOP; *END EXECUTION OF THIS DATA STEP;

DEACYL :*x*xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx j
** ESTIMATE RBEST IN PRESENCE OF DEACYLATION **;
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxJ
** CALCULATE COEFFICIENTS OF CUBIC EQUATION FOR TRNAl **;
** BOUND AT EACH DATA POINT **;
** BASED ON VALUES FOR TÜ, AATRNAl, AATRNA2 AND KDl **;
**FORM OF EQUATION D*RBEST**3 + A*RBEST**2 + B*RBEST + C = *)**;xxxxxxxxxxxXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxJ
xxxxxxxD=coEFFICIENT*FOR*CUBIC*TERM*****************************;

D=IKD1EST-KD2EST1; 
xxxxxxxxxxA=COEFFICIENT*FOR*QUADRATIC*TERM**********************;

A=ITT*KD2EST + 2*RA*KD2EST + KU1EST*RD2EST - RA*KD1EST + 
SA*KD1EST - TT*KD1EST - KD1EST**21; 

xxxxxxxxxxB=COEFFICiENT*FOR*LlNEAR*TERM*************************;
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B— 1»IRA*SA*KD1EST - RArrT»KDlEiJT + 2*RA*TX*KU2EbX 
+ KD2EST*RA’̂ 2  + RA'»Ki)lEST*KU2ESX; ;

C"IKD 2E ST*TX*RA** 21 ;
nn»i»nfci>ry»»rw»in«fyxxxxxxxxxxyKKXicxxxyyiif»KXK<r»cxxityT»rxxxyiiritxxxxKT<xxKK j

* *  DIVIDE COEFFlUXENXt) THKOUCiH BY D
RECASX AS RBES1’**3 + P*RBESX'»*2 + Q*RBESX + R “ U *=;

P=A/D; Q=B/D; R“C/D;
T*rj«ri*r»fxxx*iirWi^T*n*nn:wVfiwn»f«r»nrKX»rxKXKXxwKXKKXXKxxKxirxicx-xxxxxxic3cxiTKX7rxxTfK j
* *  & SUBSTITUTE IN X=RBESX+P/3 **;
** TO GET FORM X**3 + AA*X + BB = P, WHERE
H:***w**»:***ïr*'»c*»rxxî>rxxxxx>cx»ric»rxxïc»rxxxxxxxxx'»rx*'>rx7fxxxxx»rxxxxxxxxxx j

AA=a/3J»(.3*Q - P*=21;
BB=li/27T*l2*P**3 - 9*P*Q + 27*RJ;

Klr»r'»r»rxx*x»r»:**nr»:iK»f»:*»r'»:»f»rx»r»f*xxx***xxxxx*x*xx'*rxxxx*»c»r*»rx**xx»rxx»rxxx J
** FIND ROOTS TRIG0NOMETKIOALEÏ OF THIS EQUATION
** FROM ARCOOSlPHi; OF -BB/U*SQRTl-l*AA**3/2/;; **;
X x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  j

PHI = ARC0Sl-BB/(.2*SQRTl-l*AA**3/2/;;j;
PI=3.14159282;

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  J

* *  ROOT OF X IS 2*SQRTl-AA/31»C0SlPHI/3+2*Pi/31 **;
* *  WHEN KDIEST < KD2EST
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x J

IF KD1EST<KD2EST THEN X= 2*SQRTl-AA/31*C0slPHI/3+2»Pi/37 ;
X x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
** ROOT OF X IS 2’'SQRTl-AA/3J*C0S(.PHI/3+4*Pi/3;
** WHEN KDIEST > KD2EST **
x x x x x x x x x x x X X X X X W X X x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x

IF KD1EST>KD2EST THEN X= 2:^SQRTl-AA/31*C0SlPHI/3+4*Pl/31 ;
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X J

** SET RBEST = X - P/3
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X J

RTEST= X - p/3 ;
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  '

** USE RBEST TO CALCULATE ESTIMATE OF RA **;
X X X x x x x x x x x X X X x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x J

RA=IRBEST+IRA-RBEST1*EXP(.-DK1»DT1ME//;
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
** USE RBEST TO CALCULATE ESTIMATE OF SA **
X x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x

TEMP=ITT-RBEST+SA+KD2EST1;
SB=ITEMP-SQ RT (. TEMP*TEMP-4*S A* ITT-RBE ST 1 / 7/ 2; 
SA=ISB+ISA-SB7*EXP1-DK2*DIlME/7;

RETURN;
X x x x x x x x x x x x x w x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x J
**rw r e a d  in d a t a  FROM DD STMT LISTED IN INFILE Xxxx;
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X J

DATA IN3;
INFILE U{DATA3;

x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x j
** INPUT VARIABLES THAT DESCRIBE INITIAL CONDITIONS »xxx;



135

«T'KxxwKXxx'K'XYrwrxXKWrxvrwvrxvrxxirxKxyrxwwKXXXvrKxxxxxxxxxKxxxxxKxxxxxx*
INPUT DATE 91-70 / HDRl 91-70 / HDR2 91-70 / NPXb 2. / VO / V

/ CR / VR / CT / VU / VT / FE / FS / BL / CS / VS (?;
»r*r*'»rxxxxxjc>r***xxxK'KX»r*xjfXTrxxxxx>txTc»rxKxxxxxxxxxx»r7cxxxKxirxx»rjrxxKxx
*** VARIABLE DEFINITIONS **"*
**xx**x%**xx*xxxxxx*x*xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

NPTS=f OF DATA PTS. V0=INIT1AL VOLUME
V*=VOLUME AT T=D lAFTER TCA ASSAY! CR=CONCENXRATION OF TRNAl
VR=VOLUME OF TRNAl CT=CONCENTKATiON OF TU STOCK
VU=VOLUME OF TU STOCK VT=VOLUME OF EACH TU ALIQUOT
FF=INIT1AL FLUORESCEIN SIGNAL FS=INIX1AL SAMPLE FLUORESCENCE
BL=BLANK FLUORESCENCE CS=AA-TRNA2 CONCENTRATION
VS=AA-TRNA2 VOLUME

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** INSERT ESTIMATES HERE ***«
xxxxxxxxxxxXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Fl=1.06; «-INITIAL FLUORESCENCE;
NDSN=3; «DATA SETf lUSED BY SOME SORTING PROCEDURES

WHEN THERE ARE MULTIPLE DATA SETS!; 
KD1EST=0.B5E-9; «ESTIMATED TU-TRNAl Ko;

DKl=l.lE-3; «estimated DEACYLATION RATE FOR TRNAl; 
KD2EST=9.6E-11; «ESTIMATED TU-TRNA2 Ko;

DK2=l.lE-3; «ESTIMATED DEACYLATION RATE FOR TRNA2; 
Y=69«/1600; «Y=FRACT10N TRNAl AMiNO-ACYLATED AT T=0;

Yl=6/B/lbO0; «Yl=FRACTiON TRNAl AMLNO-ACYLATED AT END; 
Y2=816/1600; «Y2=FRACT10N TRNA2 AMiNO-ACYLATED AT T=0;

Y3=782/1600; *Y3=FRACT10N TRNA2 AMiNO-ACYLATED AT END; 
Z=l; «FRACTiON OF TU THAT IS ACTiVE;
FMAX=1.147; «m a x i m u m  FLUORESCENCE II.E. THE F/F0 MAX!;

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
«« NORMALIZE UNITS OF VOLUME & CONCENTRATION «*
«« TO LITERS AND MOLAR ««
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

V=V«lE-6;V0=V0*lE-6; CT=Z*CT«2.31E-5; T=CT«VT/VU;
RT=CR*1.6E-9*VR/V0; RA0=RT*Y;
ST=CS*1.6E-9«VS/V0; SA0=ST*Y2;
TT=0; VC=1.0 ;
VPREV=V; F0=FS-BL; ADUT=0;VT=V;TiME=0;RA=RA0; SA=SA0;

xxxwxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
««W INPUT 3 'CARDS' PER DATA POINT: ««
«*« 1=V0LUME OF TU ADDITION *«
«*w 2=FLU0RESCENCE OF TRNA SOLUTION *«
««« 3=FLU0RESCENCE OF FLUORESCEIN STANDARD *»

& TIME INCREMENT FROM LAST SET ««
««« OF SCANS ««
**xx***w«x**xxxxxxxxxxxxxxx*xxxxxxxxxxxwxxxxxxxx*xx*xxxxxxxxxxxx
DO I = 1 TO NPTS ;

INPUT / ADDN 1-8 / TRNA 1-8 / NA2F 1-8 DTIME 11-20 @; 
TIME=TIME+DT1ME; «TOTAL TIME ;

LINK DEACYL;
ADDN=ADDN*lE-6; «TU VOLUME INCREMENT IN LITERS
ADDT=ADDT+ADDN; «TOTAL VOLUME OF TU ADDED
VPREV=VT; «TOTAL VOL. AT PREV. POINT
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VT“VT+ADDN; *TUTAL SOLUTION VOLUME
TT=ADDT*T/VT; *TUXAL OOnCENXKAXION TU
VC=VT/VPREV; ^VOLUME COKKECXiUN FAOTOK
VCTOX=VT/V; *OVEKALL COKKXN FACTOK
RT=RT/VC; «TTRNAl CONCENTRATION
RA=RA/VC;
SA-SA/VC;
SB=SB/VC;
ST=ST/VC ; *TRNAZ CONCENTRATION
RE=RT*Yi ; *TRnA1 CONCENTRATION (d EXPX END
SE=ST*Y3; *TKNAZ CONCENTRATION (? EXPX END;
F=ITRNA*VCT0T-BL;/FP; *V0L-C0NC corrected FLUORESCENCE; 

OUTPUT; «OUTPUT VALUES CALCULATED FOR
THIS RECORD;

END;
** INPUT FINAL CARD AND RELEASE DATA SET *«
***:i«:»r*»c»tKiit**w»t»r**:**i>r»:»r*»r'»t'»c»r»r»:»r»:*»r'»rxxxx*x*xxrrx*xxxx*Trx*»r*xx*xxxxx

INPUT / COM S1-7P; «COMMENT IS LAST RECORD OF FILE;
STOP; «END EXECUTION OF THIS DATA STEP;

DEACYL : «*xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
«* ESTIMATE RBEST IN PRESENCE OF DEACYLATION ««
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
«« CALCULATE COEFFICIENTS OF CUBIC EQUATION FOR TRNAi ««
«« BOUND AT EACH DATA POINT ««
«« BASED ON VALUES FOR TU, AATRNAi, AATRNA2 AND KUi «*
««FORM OF EQUATION D*RBEST««3 + A«RBEST-*«2 + B«RBEST + C = P*«
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxj)=cOEFFIClENT«FOR«CUBlC*TERM*««««««**«««**«««*«**«*««« 

D=IKD1EST-KD2EST1; 
xxxxxxxxxx^=COEFFlCiENT«FOR«QUADRATlC«TERM*««**«*«**«««*««**«««« 

A=lTT«KD2EST + 2«RA«KU2EST + KU1EST«K02EST - RA«K01EST + 
SA*KD1EST - TT«KOiEST - KD1EST«*2;; 

xxxxxxxxxxb=cOEFFIC1ENT«FOR*LINEAR«TERM*«*««**««««««««««*««««««« 
B=-1«IRA«SA«KD1EST - RA*TT«KD1EST + 2«RA*TT«K02EST 
+ KD2EST«RA*«2 + RA«KD1EST«KD2EST1; 

xxxxxxxxxxc=CONSTANT«TERM*«««««««««««««««*«««««««««««««««««««««« 
C=(.KD2EST*TT*RA««21 ;

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
«« DIVIDE COEFFICIENTS THROUGH BY D «*
«« RECAST AS RBEST««3 + P*RBEST««2 + Q«RBEST + R = 0 ««
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

P=A/D; Q=B/D; R=C/D;
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
«« & SUBSTITUTE IN X=KBEST+P/3 ««
«« TO GET FORM X««3 + AA«X + BB = 0, WHERE *«
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

AA=U/31«(.3«Q - p««21;
BB=ll/27;*l2«P««3 - 9«P«Q + 2/*Rl;

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
«* FIND ROOTS TRIGONOMETRICALLY OF THIS EQUATION ««
«« FROM ARCCOSlPHIl OF -BB/^2«SQRT(.-l*AA*«3/2/i; *«
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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PHI - ARCOSl-BH/(.2*SQR'n-l*AA**3/27111 ;
PI=3.1415928%;

**w»rx**»rifc**»r'*rii«(t»:»f»r*:»t»cx»r»:iir*xx»:»r»rx*>tw*x*xxx»fx*'»r**xx*xxx'iifx»:xxxx'KXX>t
* *  ROUT OF X IS 2»'SQRH.-AA/37*C0SlPHI/3+2*Pi/3; »*
* *  WHEN KDIEST < KD2EST
**'#r»ri»:**»fi»r'»t»fKr»r»c»f»r»t*'»r*»r»(»t»r»t»r»ciiir»r»:*'»rx»tx*»fX*x»c»t*snitxxw*xxx***xxKXxxxxx

IF KD1ESX<KD2EST THEN X«= 2*SQRTl-AA/3)*C0ülPHI/3+2*Pi/3; ;
★**̂ 1ftr>n*fXKX»f̂ 1«fKC»fX»f»f1̂ WXXKW1lt»f‘»n*f»fXXX»f»CXXKXXXXKXXXX'XX»rXKX»fXX10CKXl(fX>rK>lf
** ROUT OF X IS 2»fSQRX(.-AA/31*C0S(.PHI/3+4»fPi/3;
* *  WHEN KDIEST > KD2EST **
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

IF KD1EST>KD2EST THEN X= 2*SQRTl-AA/31*C0blPHI/3+4*Pi/31 ;
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
* *  SET RBEST = X - P/3
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

RBEST= X - p/3 ;
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
* *  USE RBEST TO CALCULATE ESTIMATE OF RA **
xxxxxxxxxxxXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

RA=lRBEST+(RA-RBEST;*EXPI-DK1*DT1ME)};
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
* *  USE RBEST TO CALCULATE ESTIMATE OF SA **
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

TEMP=ITT-RBE ST+ SA+KD 2E ST 7 ;
SB=CTEMP-SQRHTEMP*TEMP-4’fSA*tTX-RBESTJ ))/2\ 
SA=ISB+ISA-SB1*EXPI-DK2*DTLME/;;

RETURN;
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

read in data from DD STMT LISTED IN INFILE ****
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
DATA IN4;

INFILE INDATA4;
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
XXX INPUT VARIABLES THAT DESCRIBE INITIAL CONDITIONS *==*
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

INPUT DATE S1-7P / HDRl S1-7P / HDR2 51-70 / NPTS 2. / VO / V 
/ CR / VR / CT / TUI / TU2 / FE / FS / BL / OS / VS @;

%LET MTIT1=;
%LET MTIT2=;

Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
XXX VARIABLE DEFINITIONS ****
XX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

NPTS=f OF DATA PTS. V0=INITIAL VOLUME
V=VOLUME AT T=0 (.AFTER TCA ASSAY) CR=C0NCENTKATIUN OF TRNAI 
VR=VOLUME OF TRNAI CT=CONCENTRATION OF TU STOCK
TU1=C0NCN OF TU TITRANTfl TU2=C0NCN OF TU TlTRANTf2
FF=INITIAL FLUORESCEIN SIGNAL FS=INITIAL SAMPLE FLUORESCENCE
BL=BLANK FLUORESCENCE CS=AA-TRn A2 CONCENTRATION
VS=AA-TRNA2 VOLUME

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XX INSERT ESTIMATES HERE ****
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

FI=1.06; ^INITIAL FLUORESCENCE;
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NDSN=4; «DATA SETf lUSED BY SUME SUKTlNG PROCEDURES
WHEN THERE ARE MUETIRLE DATA SETSl; 

KD1EST=P.8>E-9; «ESTIMATED TU-TRNAi Ki);
DKl-l.lE-3; «ESTIMATED DEACYLATION RATE FOR TRNAi; 

KD2EST"=9.6E-11; «ESTIMATED TU-TRNA2 KD;
DK2-1.1E-3; «ESTIMATED DEACYLATION RATE FOR TRNA2; 

Y-952/16PP; *Y=FRACTiON TRNAi AMiNO-ACYLATED AT T»0;
Yi-8i8/16p0; «Yi-FRACTiON TRNAi Am i NO-ACYLATED AT END; 

Y2=857/ibp0; «Y2=FRACTiON TRNA2 AMiNO-ACYLATED AT T-0;
Y3=716/16P0; «Y3-FRACTION TRNA2 AMiNO-ACYLATED AT END;
Z-1; «FRACTION OF TU THAT IS ACTIVE ;
FMAX-1.17P; «MAXIMUM FLUORESCENCE (I.E. THE F/FPMAX);

«« NORMALIZE UNITS OF VOLUME & CONCENTRATION «*
«« TO LITERS AND MOLAR ««
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

V=V«iE-6;V0=V0*lE-6;
RT=CR«i.6E-9«VR/V0; RAP-RT«Y;
ST=CS«i.6E-9*VS/V0; SAP=ST«Y2;
TT=0; VC-1.0;
VPREV-V; FP=FS-BL; ADDT=0;VT=V;TiME=0;RA=RA0; SA-SA0;

Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
««« INPUT 3 'CARDS' PER DATA POlNT: «^
*«« 1-VOLUME OF TU ADDITION ««
««« 2-FLUORESCENCE OF TRNA SOLUTION «-
«** 3-FLUORESCENCE OF FLUORESCEIN STANDARD *»
*«« & TIME INCREMENT FROM LAST SET ««
*** OF SCANS ««
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
DO I - 1 TO NPTS ;

INPUT / ADDN TRNA NA2F DTXME INDEX @;
TIME-TIME+DTIME; «TOTAL TIME ;

LINK DEACYL ;
ADDN=ADDN*lE-6; «TU VOLUME INCREMENT IN LITERS ;
IF INDEX-1 THEN ADDT-ADDT+ADDN*!!^ ;

ELSE ADDT=ADDT+ADDN*XU2; «TOTAL MOLES OF TÜ ADDED; 
VPREV-VT; «TOTAL VOL. AT PREV. POINT ;
VT-VT+ADDN; «TOTAL SOLUTION VOLUME
TT-ADDT/VT; «TOTAL CONCENTRATION TÜ
VC-VT/VPREV; «VOLUME CORRECTION FACTOR
VCTOT-VT/V; «OVERALL CORRXN FACTOR- ;
RT-RT/VC; «TRNAi CONCENTRATION
RA-RA/VC;
SA-SA/VC;
SB-SB/VC;
ST-ST/VC; «TRNA2 CONCENTRATION
RE=RT«Y1; «TRNAi CONCENTRATION @ EXPT END
SE-ST«Y3; «TRNA2 CONCENTRATION @ EXPT END;
F=ITRNA*VCT0T-BL;/FP; «VOL-CONC CORRECTED FLUORESCENCE; 

OUTPUT; «OUTPUT VALUES CALCULATED FOR
THIS RECORD;

END;
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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INPUT FINAL CAKD AND RKLEASE DATA SET
INPUT / COM S1-7P; «COMMtNT IS LAST RECORD OF FILE;

STOP; *END EXECUTION OF THIS DATA STEP;
DEACYL :
** ESTIMATE RBEST IN PRESENCE OF DEACYLATION
te-ittrKt:i(ic*lfA*lcietti<tstc-*:'K'K'KKirK‘K'K'K'KycycycyeycirKic'KiCK-Kif»fKiicKieycxyeifKycycycKifKffKycy(fCTKyc
** CALCULATE COEFFICIENTS OF CUBIC EQUATION FOK TRNAi **
** BOUND AT EACH DATA POINT **

BASED ON VALUES FOR TU, AATRNAI, AATRNA2 AND KDl
**FORM OF EQUATION D*RBEST»*3 + A*RBEST"**2 + B*RBEST + C = $)*=*>rx»f>r*»:'»r*i(r»ri«r'*t»c»r»rir'»r*»r»f»ri«r»rxxxxxxx>txxxxx*xxxxxTrx**xxxxx»r>rxxxxxxxxxx
xxxxxxxxxxD=coEFFIClENT*FOR*CUBIC*TERM************************** 

D=1KD1EST-KD2EST;; 
xxxxxxxxxxA=cOEFFIClENT*FOR*QUADRATiC*TERM**^******************* 

A=ITT*KD2EST + 2*RA*KD2EST + KD1EST*RD2EST - RA*KD1EST + 
SA*KD1EST - TT*KD1EST - KU1EST**2;; 

xxxxxxxxxxg=coEFF%ciENT*FOR*LINEAR*TERM************************* 
B=-1*IRA*SA*KD1EST - RA*TT*RDiESX + 2*RA*TT*RU2EST 
+ KD2EST*RA**2 + RA*KD1EST*RD2EST;; 

xxxxxxxxxxczCOQsTANT^TERM************************************^** 
C=IKD2EST*TT*RA**21; Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

XX DIVIDE COEFFICIENTS THROUCH BY D xx
XX RECAST AS RBESTxxg + pxRBEST’Xx2 + QxrbEST + R = P xx
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

P=A/D; Q=B/D; R=C/D;
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
XX & SUBSXilTJTE IN X=RBESX+P/3 xx
XX TO GEX FORM Xx*3 + AAXX + BB = P, WHERE xx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

AA=U/3Jx^3xq - pxx2);
BB=ll/27;x(2xpxx3 - gxpxq + 27*R1; 

Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
XX find ROOXS TRIGONOMETRICALLY OF THIS EQUATION Xx
XX f r o m ARCCOSlPHi; OF -BB/12x SQRT1-1XAa x x 3/27;; Xx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

PHI = ARC0S(.-BB/(.2*SQRT(.-1XAAXx3/27;;;;
Pi=3.14159282;

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
XX root of X IS 2xSQRXl-AA/3;xcos(.PHl/3+2xpi/3J xx
XX WHEN KDIEST < KD2ESX xxXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

IF KD1EST<KD2EST THEN X= 2xSQRX(.-AA/3;xc0slPHI/3+2xpi/3J ;XXXXXXXXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
XX ROOT OF X IS 2xSQRTl-AA/3jxcosiPHI/3+4xpi/37 xx
XX WHEN KDIEST > KD2ESX xx
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

IF KD1EST>KD2EST THEN X= 2xSQRH-AA/3;xcOSlPHI/3+4xpI/3; ; 
vr* SEX BBEST = X - P/3 *=

RBEST= X - P/3 ;
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W»:x»:»:jcxx>txxx»r**»r*X'K'»rx**KX*xxxxxxx*Tcx>rxxxirx»rxxxxxxxTrxTrxxxxxi>r»rxxicx
USE RBEST TO CALCULATE ESTIMATE OF RA

Hrî ^̂ Ŵ l̂ fllr'̂ f’S^yilftfltWKCItWXKnrXXKKK^JrKXDCHnPOflKfWKCIIfirXXWXXXXXKXWWKKXKXXXXXXXXXXX
RA^lRBEST+lRA-EBESTl^'EXPl-DKl^DTiME; ; ;

t«r»r»rxxxx***i«f*r»r»:'*f»r»t»n»t»f*'»:»t»nitw»finit*****x**xx**xwxxxx**xxxxxxx»t*xxxxxx
* *  USE RBEST TO CALCULATE ESTIMATE OF SA *=***********************************%«*******«%*%*%««**%*«*%%*%*%

TEMP=CTT-RBEST+SA+KU2EST;;
SB=ITEMP-SQRTITEMF*TEME-4*SA*ITT-RBEST; ))/2',
SA=ISB+ISA-SB1*EXPI-DK2*DTiME));

RETURN;
**»rwir******EHD*oF*INDIVIDUAL*DATA*SET‘*INPUT*'********************
■cwxcwirxiirwvrxiirxvrxxitvcxxxxirKxxxxxxirxxxxxxxxxxxxxxxxxxxxxxxxTrxirxxxxxx
* *  COMBINE DATA & REDUCE NUMBER OF VARIABLES IN SAS DATASET **
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
DATA ENTRE;

SET INI IN2 INS IN4 ;
PROC PRINT ;

VAR NDSN TT RA RE RB RT RAO SA SE SB ST SAP VC VCTUT;
BY NDSN;
ID NDSN;
PAGEBY NDSN;

DATA ENTIRE;
SET ENTRE;
IF TT <> P THEN LTT=L0G1PITT1 ;

KEEP RA SA KDIEST TT LTT FMAX Y1 RT F;
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
** SORT OBSERVATIONS BY TT **
x x w x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
PROC SORT DATA=ENTIRE 0UT=SENTIRE ;

BY TT;
* x x x x x * X X r * x x * x * x * x x x * x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
* *  PERFORM NONLINEAR LEAST SQUARES **
** ANALYSIS WITH CONVERGENCE ON KD2 *=
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
*PROC PRINTTO UNIT=20 NEW;
* OPTIONS NOCENTER ;
PROC NLIN DATA=SENTIRE METHOD=DUD EFORMAT ;
* FARMS KD2=l.PE-li TO 3.5E-1P BY 3E-12 FI=P.9V5 Tu 1.013 BY .002 ; 

FARMS KD2=1.0E-10 FI=1.0 ;
BOUNDS KD2>1E-13 ;

X x x x x x x x w x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
** CALCULATE COEFFICIENTS OF CUBIC EQUATION FOR TRNAI *xxxx
** BOUND AT EACH DATA POINT *xxxx
** BASED ON VALUES FOR TU, AATRNAi, AATRNA2 AND KDI Xxxxx
* *  FORM OF EQUATION D*RB**3 + A*RB**2 + B*RB + C = 0
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
xxxxxxxxxxD=coEFF%ciENT*FOR*CUBlC*TERM**************************

D=IKD1EST-KD21;
xxxxxxxx*XA=COEFFlCIENT*FOR*QUADRATIC*TERM**********************

A=ITT*KD2 + 2*RA*KD2 + KD1EST*KD2 - RA*KD1EST + SA*KD1EST - 
TT*KD1EST - KD1EST**21; 

xxxxxxxxxxB=cOEFFICIENT*FOR*LINEAR*TERM*********************=**
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B=-1=1RA*SA*KD1EST - Rl'i'TT’̂ KUlEST + 2*RA*TT*KU2 + KD2*RA*’'2 + 
RA*KD1EST*KU21;

»>fï.-»r**Kr***Q=coN
C=IKD2*TT*RA**%;;

*:̂ >r>fxx>f;̂ ycTfc-T»f;̂ xyn«r̂ i»vî »rxv<rxi*rx'j«fXKXXxxwxxxxxxxxKxicxxxxKXKX'»cwxxxxxxxwxxTiC
DIVIDE COEFFICIENTS THKUUCH BY D 

** RECAST AS RB**3 + P*RB**2 + Q*RB + R = P
:fr*'#r:fir*ifr*Vf:̂vn#:W:»:xxx’xxxxxxT«r-x^xxxT«rxxxxxx>rxxxxxx»rxxxxxxxxx'jirxxicxxT^Trx>rx>r

P=A/D; Q=B/D; R=C/D;
X x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
** & SUBSTITUTE IN X=RB+P/3 **
** TO GET FORM X**3 + AA*X + BB = P, WHERE **
*«■3% ïT***x*»nt>ir >r*«rVc»:i(i:».-x>i:w**»r>i:»r*X'»rTK*»r*xxx»:xxx*xx»cxxx*xxx*xxxxxxxx

AA=U/3;»13*Q - P*»21;
BB=U/27;*U*P**-3 - 9’̂P*Q + 27*R1;

:fc*5Sr̂:#:*:#*':̂»r:sr>:vrx>c»rxx>cx‘»rxî>:'>n#rwr̂ Tfcvr»:7:xxï:>rxxT:xxxxxx'xxxxxxxxxic>:ïcwrxxxx‘»csçxx
** FIND ROOTS TRIGONOMEI'KICALEY OF THIS EQUATION
** FROM ARCCOS(.PHi; OF -BB/(.2*SQRT1-1*AA**3/27 J 7 **
***Kï:x»:Trxxx*'****iir******:*ïr*v:xx*v;x*»rx»riïxxxxxxxxxïC'>c>cxxwxx»rx»rïr»:x'je'xx*

PHI = ARC0Sl-BB/l2*SQRTl-l*AA**3/277 77;
PI=3.14159282;

XXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** ROOT OF X IS 2*SQRT(.-AA/37*COS(.PHI/3+2*PI/3J **
** WHEN KDl < KD2
XXXXxxxxxxxXXXXXXXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

IF KD1EST<KD2 THEN X= 2*SQRTl-AA/37*C0slPHI/3+2*PI/31 ;
XXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** ROOT OF X IS 2*SQRTl-AA/3j*C0SlPHI/3+4*PI/37
** WHEN KDl > KD2 *=
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

IF KD1EST>KD2 THEN X= 2*SQRTl-AA/3J*C0SlPHI/3+4*PI/37 ;
**XX*X*XX*xxxxxxxxxxxx-xxxxx~xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** & SET RB = X - p/3
XXXxxxxxxxxXXXXXXXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

RB= X - p/3 ;
RB_RT=RB/RT ; ^FRACTION OF TRNAI THAT IS BOUND;

Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** DETERMINE MOLAR FLUORESCENCE GAIN ON BINDING
XX AS GG
xxxwxxxxxxxXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

GG=(FMAX+yi-i;/Yl;
XXXXxxxXXXXXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** MODEL FLUORESCENCE F/FP **
* *  IN TERMS OF GG AND RB
xxxxxxxxxxxXXXXXXXXXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

MODEL F= FI + lGG-i;*RB/RT ;
Xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** AND OUTPUT THE RESULTING DATA IN
** A SASDATA SET NAMED FIT *=
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

OUTPUT OUT=FIT P=FHAT R=RESID PARMS=KU2 SSE=SSEHIN;
XXxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
** USE PROC PLOT TO GRAPH DATA WITH FITTED POINTS
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OVERLAYED AND TO EXAMINE THE REblUUALb **
AS FUNCTIONS OF F AND TX **

■*C'iCtrf!'»t*****1k*iSifk-ktCtetCtC1f*1CK'K'K'K-K'X‘K'K7fK7l-K1K'K'K'KtCrrKytyC'rCre‘KietCrC'X1fKK'K1t1C1fK1fKTfK-K
PROC GLM ;

MODEL RESID“TT T1’*TT rX*TX*TX;
PROC GLM ;

MODEL RESID-F F*F F*F*F;
PROC PLOT;

PLOT F^LTT='+ FHAX*LTT='X'/OVERLAY;
PLOT RESID*LTI/VREF=B.P;
PLOT RESID*TT/VREF=B.B;
PLOT RESID*F/VREF=0.0;

/*



APPENDIX E

This is the BASIC program written tor use on an Apple II Plus 

microcomputer to calculate dissociation constants for tne ternary 

complex of an unmodified tRNA with EF-Tu*GTP from experiments where Phe- 

tRNA^^^-F^*EF-Tu*GTP was titrated with the competing tRUA. This program 

reads data in from text files, and asks the user to input six 

experimentally determined values, as in the program in Appendix B. The 

concentration of the ternary complex-bound Phe-tRNA^^®-F^ in the 

presence of added EF-Tu*GTP is obtained from the fluorescence, using an 

expression derived from equation 8 (.see Chapter III. A correction for 

the effects of déacylation on the concentration of the Phe-tRNA^^®-F^ is 

included in this calculation. The next segment of the program 

calculates the concentration of the bound Phe-tRNA^^®-F^ from the 

fluorescence after the addition of each aliquot of the competing tRNA. 

This calculation uses the fluorescence change per bound aa-tRNA-F 

(Eĵ /Efl and the value for the aa-tRNA-F as previously determined 

(see Table III. The value for the ternary complex with the competing 

tRNA is determined from the relationships expressed in equations 8, 9, 

and 10 (see Chapter II, Section Jl.

3P ULJf(Pl ■= CER9 (271 + CHR? (881: REM UNDERLINE ON 
4P ULÇdl = CHRi? (271 + CHRÇ (891: REM UNDERLINE OFF 
5P GCÇ = CER9 (271 + CERÇ (381: REM SELECT GREEK CEARACTER SET 
6P ASS = CERS (271 + CER? (3fal: REM ASCII ON
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710 FFÇ •= CHR9 REM FORM FEED
80 LF? = CHR9 (IPJ: REM LINE FEED
90 LMÇ = CHRÇ 1277 + "L01P": REM LEFT MARGIN SET TO IP
IPP CRÇ = CHRÇ 1137 
lip PRINT LMÇ 
12P REM
13P REM COMPETE
140 REM ************************
130 REM THIS PROGRAM CALCULATES A KD FOR A SECOND SPECIES AS IT IS 

TITRATED INTO THE COMPLEX 
16P REM OF THE FIRST SPECIES, REVERSING THE FLUORESCENCE 

CHANGE.
170 DIM AUP.3P7
180 REM DATA FILE READ IN HERE
190 DS = CHRS 147
200 INPUT "FILE TO BE USED: ";A$
2IP INPUT "DRIVE LOCATION OF FILE:";DR%
220 IF DR% < 1 OR DR% > 2 GOTO 2ip 
23P PRINT LFS
240 PRINT DS"OPEN";A?;",D";DR%
250 PRINT D?"READ"A$
260 INPUT BS117,BS127,BS137,DP
270 INPUT V0,V,CR,VR,CT,VU,VT,FF,FS,B,CS,VS
280 FOR J = 1 TO DP
290 FOR I = 1 TO 3
300 INPUT A U , J 7
310 NEXT
320 NEXT
330 INPUT COS
340 PRINT DS"CL0SE"A9
350 POKE 33,40: HOME : POKE 33,33
360 PRINT COS
370 PRINT "V  DATA PTS. IN FILE: ";DP
380 PRINT ULS107;B9117;" ";BS127;" ";BS137;ULS117
390 INPUT "TCA AT F0 IPMOL/A2607 FOR AA-TRNA-F = ";Y
400 INPUT "TCA AT Fp FOR TRNA-2 = ";W
410 INPUT "FRACTION OF ACTIVE EF-TU = ";Z
420 INPUT "FIB0UND7/F(FREE7 = ";F2
430 INPUT "KD FOR AA-TRNA-F lE-9 M7 = ";K1
440 INPUT "DEACYLATION RATE (PER MIN7 = ";DK
450 INPUT "V  DATA POINTS = ";P
460 IF P = 0 THEN GOTO 10/0
470 HTAB 1: PRINT ULS(07;"TRNAF";
480 HTAB 8: PRINT "TU";
490 HTAB 14: PRINT "F/F0";
500 HTAB 22: PRINT "BOUND TU (NM7";ULS117 
510 A1 = 0:TB = 0:WC = 1.0 
520 Y2 = Y / 1600
530 Wi = W / 1600
540 V4 = V * 1.0E - 6:V0 = V0 * 1.0E - 6:V2 = VU * 1.0E - 6:V3 = VT
* 1.0E - 6
550 Kl = Kl * 1.0E - 9
560 Cl = CT * 2.31E - 5: REM CONC N OF TU STOCK (M7



145

57J) T = V3 * Cl / V2: REM CONC N OF TU IN TITRANT (Ml
580 RT - CR * 1.6E - 9 * VR / VO: REM CONC N OF TKNA-F IN SUL'N INI
5SP TJ - Y2 * RT: REM CONC N OF AA-TRNA-F IN SUL'N AT START IMl
6PP VI = V4
61P FP = FS - B
62P FOR J = 1 TO 3
63P GOSUB 121P
640 TU = A1 * T / VI: REM TOTAL TU CONC'N TO HERE
650 TU “ TU * Z
66P TB = RT * IF - 11 / IF2 - 1): REM CONC N OF TU BOUND TO

AA-TRNA-F 
67P TJ = TI - TB
680 TF = TU - TB
690 TP = TB * 1.0E9
70P TY ■= TU * 1.0E9
71P Tl = TI * I.0E9
720 TIS = STRS lTll:TUÿ = STK? (.TYl 
730 F? = STKS IF):TP9 = STK? ITP)
740 HTAB 1: PRINT LEFT? IT1?,41;
750 HTAB 7: PRINT LEFT? ITU?,41;
760 HTAB 13: PRINT LEFT? IF?,61;
770 HTAB 24: PRINT LEFT? ITP?,61 
780 NEXT J
790 REM SECOND PART OF THE EXPERIMENT ** DIFFERENT TITRANT 
800 HTAB 1: PRINT UL?101;"TRNA";
810 HTAB 10: PRINT "TB";
820 HTAB 16: PRINT "F/FO";
830 HTAB 24: PRINT "K2 ";UL?lll
840 AV = 0:CYC = 0:A1 = 0
850 FOR J = 4 TO P
860 GOSUB 1210
870 TU = TU / VC
880 TB = RT * (F - 11 / IF2 - 11 : REM CONC N OF TU BOUND TO

AA-TRNA-F
890 TJ = TI - TB: REM CONC N OF AA-TRNA-F IFREE1
900 TF = Kl * TB / TJ: REM CONC N OF FREE TU
910 TS = A1 * Wl * CS * 1.6E - 6 / VI: REM TOTAL CONC'N OF TRNA2 IN 

SOL'N 
920 TX = TB + TF
930 TC = TU - ITB + TFl: REM CONC N OF TU BOUND TO TRNA2
940 T2 = TS - TC: REM CONC N OF FREE TRNA2
950 K2 = TF * T2 / TC: REM KD FOR TRNA2
960 AV = AV + K2:CYC = CYC + 1
970 TQ = TS * 1.0E6:TP = TB * 1.0E9
980 TQ? = STR? ITQ1:TP? = STR? ITPl
990 F? = STR? IF):K2? = STR? IK21
1000 HTAB 1: PRINT LEFT? ITQ?,41;
1010 HTAB 9: PRINT LEFT? ITP?,41;
1020 HTAB 15: PRINT LEFT? IF?,61;
1030 HTAB 23: PRINT LEFT? IK2?,61 + RIGHT? IK2?,41 
1040 NEXT J
1050 AV = AV / CYC:AV? = STR? lAVl
1060 PRINT UL?101;"K21AVG1 = "; LEFT? UV?,6l + RIGHT?
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IAV9,41;UL5111;" CXCLES = ";CïC 
1P7P PRINT "ANOTHER RUN, SAME DATA? IFTLE NOW IS ";AS;"1 (Y/Nl": 

GET ZS
1P8P IF ZS - "Y" THEN GOTO 35P
1P90 PRINT "ANOTHER RUN, DIFFERENT DATA? lY/Nl": GET WS 
IIPP IF WS “ "Y" THEN GOTO 180 
lllP POKE 33,4P 
112P END
113P PRINT "THIS FILE MAY NOT EXIST"
1140 PRINT "DO YOU WISH TO DELETE ";AS;"' ? lY/Nl": INPUT QS
1150 IF QS = "N" THEN GOTO lp7p
116P PRINT "ARE YOU SURE YOU WANT TO DELETE THIS FILE ? lY/Nl":

INPUT RS 
1170 IF RÇ = "N" THEN GOTO Ip/p 
1180 PRINT
1190 PRINT DS;"DELETE"AS 
12PP GOTO 1P90
121P REM CALCULATE VOLUME CHANGES, CONC NS, ETC.
1220 A = AC1,J7:F = AU,J7:DT = AU,J7
1230 A = A * l.OE - 6: REM ADDED TITRANT IN LITERS
1240 A1 = A + Al: REM COUNTER FOR VOL. ADDED
1250 VP = VI: REM VOL. AT PREV. POINT
1260 VI = VI + A: REM COUNTER FOR TOTAL VOL.
1270 WC = VI / VP: REM INCREMENTAL VOL. CORRXN
1280 VC = VI / V4: REM VC IS VOL. CORRXN FACTOR ITOTAL!
1290 TI = 1TB + TJ * EXP 1 - DK * DTJ7 / WC: REM CONC N OF

AA-TRHA-F JUST BEFORE ADDITION 
13PP F = U F  * VC! - B! / FP 
13IP RETURN


