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CHAPTER l 

INTRODUCTION 

1. tRNA in Pro-rein 2ynthef;is 

Transfer ru~A molecules are of central importance in 

the transfer of genetic information from DNA to the proteins. 

During protein synthesis, tP~A interacts with great speci-

ficity with other components of the protein synthesizing 

' 1 2 
system. ' 

--Each tRNA interacts with its specific aminoacyl synthetase 

¥:hicl. adds the correct amino acid to the 3' OH terminal of 

C-C-A end of the t~~A. This process must be carried ~ut 

with a high degree of fidelity, since the attachment of a 

given amino acid to a non-cognate tRNA can lead to errors in 

. h . 3 prcteln synt es1s. The .tRNA then interacts with transfer 

factor, Tu, and GTP to form a transferable complex which 

binds to the ribosome. The complex migrates to the arninoacyl 

site (A) of the ribosome, and three nucleotides of the anticodon 

bind to the complementary messenger RNA. The correct transla-

tion of the genetic message depends on this specific codon-

anticodon interaction. 

The growing polypeptide chain is joined to the amino acid 

on tRNA at the A site by peptidyl transferase. Then, ~he 

translocation of ~ruJA frorn A sit:e to peptydyl site (P) occurs 

with the e longaticn factor G ar.d G':'P hydrolysis. The dea.:yl-

ated tR!'-:A previously at P site is 'l"elea~ed from the ribosome 

• • • J. • 4 
and can be: charged aga::..n c:.nd tak·2 part ~r-. prote1n syntl1es1s. 
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It is quite possible that t.P.NA exhibits different structures 

at different times in its life cycle. 

All these complicated interactions are very specific 

since the maximum frequency at which a wrong but similar amino 

acid is inserted has been estimated as 1 in 10 4 .( 5 ) It is 

necessary to know the three dimensional structure of t.RNA 

to understand the nature of this specific and accurate 

recognition. For example, the accumulated data on the 

general pattern of the interaction of t.RNA and synthetase had 

no direct explanation when viewed only in.terms of the 
' 6 

cloverleaf secondary structure. However, it can be ration-

alized according to the three dimensional tRNA structure. 7 ' 8 

2. Three Dimensional Structure of t.RNAphe 

The three dimensional structure of tRNAphe from yeast 

9-15 phe has been determined by X-ray crystallography. The tRNA 

molecule not only contains the double helical stems implicit 

in the cloverleaf diagram as shown in Fig. 1.1, but was 

found to have an L shape with the anticodon loop at one 

end of the L, the acceptor stem at the other end, 82 A apart. 

The dihydrouracil (DHU) and T~C loops form the corner 

of the molecule. The major framework of the molecule is 

composed of the two segments of helical RNA. A shorter 

stretoh consists of the amino acid acceptor stem and the DHU 
I 

stem. The longer stretch contains five nucleotides in the 

extra loop and connects the T~C stem and the anticodon 

stem. 

.. ~ 

. 
~ 
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Figure l.l. Yeast phenylalanine tRNA arranged ln the clover-

leaf form. The four stems, amino acid, dihydro-

uridine, anticodon and T~C, consist of short 

helices. These short helices are joined by four 

single stranded loops. The secondary base pairs 

are represented by dots. 
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Figure 1.2. (a} A schematic diagram of the te:r:-tiary structure 

' Ph *9 
of yeast tRNA. e by MIT group . The ribose 

phosphate backbone lS drawn as a continuous 

cylinder with bars to indicate hydrogen-bonded 

base pairs. The positions of single bases are 

indicated by rods which are intentionally 

shortened. Tertiary structure interactions 

are illustrated by black rods. 

(b) A schematic diagram of the tertiary structure 

Phe *12 of yeast tRNA by MRC group. The ribose 

phosphate backbone is represented by a continuous 

dark line, except where there is ambiguity. Then 

it is shown dashed. Base pairs in the double 

helical stem are represented by long light lines, 

and non-paired bases by shorter lines. Tertiary 

base pairs are indicat€d by dotted lines.* 

9 12 :': Figures were taken from Kim et al. and F.obertus et al. 
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M d 'l ' . . . 16 h h ore etal eo 1nvest1gat1ons ave shown t at a large 

number of the bases which are consistent to all tRNAs are 

·used in the tertiary hydrogen bonding interaction. This 

suggests that the three dimensional structure seen in yeast 

tRNAphe may predict the structure of all other tRNAs. 

The schematic drawings of tertiary structure of yeast 

tRNAphe are shown in Fig. 1.2. These two diagrams were 

obtained with different forms of th·2 crystal, mono:::linic and 

orthor'hombic, by two different groups, MIT and MRC. Most of 

the tertiary interactions are identical. These iertiary 

interactions were observed 1n a single species of tRNA and 

also in a mixture of tRNAs by NMR. 17
-

19 

A molecular model was built just after the X-ray struc-

ture had been published by the MIT group in January, 1973. 

Corey, Pauling, and Koltun spacefilling models were used 

to Construct a molecular model of tRNAphe as shown in Fig. 

1.3. The primary structure was put together by students in 

Biochemistry 206 at U.C. Berkeley during the winter of 1968. 

The general shape is L structured and the entire structure 

is about 20 ~ thick, which is the thickness of an RNA double 

helix. Two perpendicular segments of double helices were 

built according to RNA-A form 20 , 21 with an axial repeat 

distance of 2.8 ~per residue. Some of the later published 

tertiary structures between the T'i'C and the DHU loop were not 

included in this model. 



Figure l. 3. Phe The CPK space filling model of yeast tRNA . 

8 
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3. Codon-anticodon Interactions 

A~ong t he many specific interactions of tRNA and the 

protein s ynthesi zing system, the codon-anticodon interaction 

play s an important · role in the reading of the triplet genetic 

code. While the discovery of the genetic code has led to a 

broad understanding of the molecular process by which 

recognition occurs during protein synthesis, little is known 

about the structure, strength or life time of the codon-

anticodon complex. This complex is more stable than founct 22 

. 2 3 . ' 
or predlcted for two complementary oligonucleotides of the 

same length. So far, this stability has been attributed to 

the special conformation of the anticodon loop. 24 - 29 

A) The conformation of the anticodon loop in crystal 

30 . 
Fuller and Hodgeson · proposed a detailed conformation 

of the loop acccrding to the model building shown in Fig. 1.4 . 

In this model, the codon and anticodon are paired in a way 

that the two triplets from tRl\JA and mRNA can be arranged as 

the two strands in a regular RNA double helix. Recently, 

X-ray crys~allography has provided a similar conformation 

30 of the anticodon loop. The anticodon loop contains two 

distinct quasihelical parts; two pyrimidines stacked at the 

5' end and five bases (including anticodon and two purines) 

stacked at the 3' end. There lS a sharp kink between u33 

and Gm 34 . A Kendrew model o f the anticodon loop according 

to the atomic coo rdinates of the MRC group is shown in 



0 () 6 0 6 7 

11 

~igure 1. 4. Schematic d·iagrarn of the tRNA anticodon loop 

illustrating its relatiohship to the codon and 

helical character of the structure. )': 2 9 The 

bases in nucleotides 1 to .. 10 are stacked on one 

another and follow the regular helix which is 

shown in black. The chain of the anticodon 

double helix between D and B follows the same 

helix as the codon. These are represented by 

shading. The dotted lines indicate the generic 

helix from which the structure can be imagined 

to be derived. 

* The figure and figure captions were taken from Fuller and 
')9 

Hodgeson.-
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Fig. 1.5. The backbone and the base stacking pattern of the 

anticodon loop does not have a conventional RNA geomtery. 

Rather, bases are stacked on top of each other almost like 

DNA-B geometry. An unusual hydrogen bond is observed be-

tween u33 and the phosphate of P 36 . u33 1s near the bend in 

the anticodon loop and it has P 35 on top of the base u33 , 

while N3 of u33 forms a hydrogen bond with P 36 . The MIT 

group suggested a hydrogen bond between N6 of A38 and o2 of 

c32 . This model, built according to the MRC group, does 

not show this additional hydrogen bond. 

B) Conformation of the loop in solution 

It is important to know the conformation of the anticodon 

loop and to compare it with the conformation of the crystal 

structure. Fluorescence life time measurement and iodide 

quenching experiments have shown that the fluorescent 

property of Y base in yeast tRNAp~e in the crystal is similar 

to tRNAphe in the mother liquor. 31 Raman spectroscopy has 

shown similarity between the solution and crystalline 

32 structures. Trans-Pt(NH 3 ) 2Cl
2 

has the same binding site 

between residues Gm 34 and A35 of the anticodon both in the 

1 . d 11" 3 3 so ut1on an crysta 1ne states. 

On the other hand, the solution structure probed by 

oligonucleotide binding shows contradictory results regarding 

1 3 4-41 the crystal structure of the anticodon oop. The five 

nucleotides at the 5' end of ~he loop bind to their com-

plementary oligomers while the two bases on the 3' end are 



14 

Figure 1.5. The photograph of the Kendrew model of the 

anticodon loop built according to the atomic 

coordinates published by MRC group. 13 U-U-C-A 

is bound to the complementary region of the loop. 

. . -
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4-1 .l bl f b' d' 34- 41 apparenL y unava1 a e or 1n 1ng. The crystal structure 

of the anticodon loop strongly suggests the reverse case: the 

five bases form a helix at the 3' end of the loop but not at 

the 5' end. Therefore, the crystal structure predicts a 

tighter binding to the 3' end rather than to the 5' end of 
I 

the anticodon loop. 

Modified bases are usually found at the 3' end of the 

anticodon. In these cases, direct comparison of oligonucleo-

tide binding cannot be made since most of the modified bases 

. 34-38 
do not base pa1r. · A few cases, for example, E. co Zi 

tRNA~et and yeast tRNA~eu, do not have a modified base at the 

3' end. of the anticodon. The same tendency of strong binding 

to the 5' end but not to the 3' end was observed withthese 

tRNAs. 39 - 40 

At the present stage, this contradiction still remains 

a mystery. There are two possibilities: (1) The loop 

conformation in solution may be different from the loop 

conformation in crystal; the comparisons made between the 

1 d " . 31-3 3 . h b crysta an so~ut1on structures m1g t e too gross to 

pick up the details in the difference. (2) The loop in 

solution may be very flexible and may undergo a conformational 

change in the presence of the complementary oligomers. 

C) What can kinetics tell about the codon-anticodon 

interaction? 

In an optimal condition, a cell adds 30-50 amino acid 

residues per second to a growing peptide. It is furthermore 
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interesting to investigate: (1) For what length of time 

tRNA is bound to mRNA; (2) What would be the turnov-er time 

of a tRNA; and (3) What is the rate determining step in the 

protein synthesis? These questions, however, are hard to 

answer since physical-chemical studies of the complex 

formed between the anticodon of tRNA and a ribosome-bound 

codon are not possible at the present. 

As a model case, the codon-anticodon interaction is 

studied in solution in the absence of the ribosome. Thermo-

dynamic study has. shown the stability of this complex. The 

kinetics can tell us about the mechanism of forming and 

breaking base pairs. The following questions were addressed: 

l) Is the stability of the complex due to the ·special 

loop conformation? Do the kinetics of ·the codon-

anticodon complex differ from theki!ietics of two 

single-stranded oligonucleotides? 

2) Is the triplet reading frame during translation an 

3) 

intrinsic nature o-f the anticodon loop? Or is 

the anticodon loop flexible enough to form more 

than three base pairs if available? 

Can we say something about the kin~tibs"of protein 

synthesis by measuring the life time of the complex? 

T h · h k · · .c RNAohe · · h o answer t ese questl.ons, t e J.netics·o.~.·t · WJ.t 

different codon-like oligomers such as U-U-C, U-U-C-A, and 

C"-U-C-C were examined. Also the kinetics of the U-U-C-A 
5 

binding to the dodecanucleotide (A-C -U-G -A-A-Y-A-~-m C-U-Gp) 
m m 

excised from the anticodon region of tRNAphe were studied. 
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D) Why fluorescence? 

The hypermodified base Y which is located at the 3' end 

of the anticodon is the only base in tRNAphe which is fluo-

rescent at room temperature. This unique fluorescence of 

the y base has been used extensively to probe the local 

environment of the anticodon loop. The fluorescence of Y 

base is very sensitive to the local environment, such as 

50 ++ . 51 
pH and M t t _ g concen ra 1on. Accumulated experimental 

results by other groups have shown that Y base is sandwiched 

between two adjacent bases, A
36 

and A
38

, and thus provides 

d k
. . . 52,13-15 goo stac ~ng 1nteract1ons. 

Still, the Y base is not completely buried inside but has 

a considerable amount of rotational motion which is observed 

45 in fluorescence depolarization study. The fluorescence 

change as a function of Mg++ concentration reflects a con-

formational change of Y base in such a way that the Y base 

becomes exposed to the solvent and is less sheltered by ad-

Mg
++ 

jacent bases in the absence of 

Upon binding of the codon U-U-C, the quantum yield changes 

from 7% toS% and a small blue shift (5 nm) of the maximum 

. . . . b d 24 em1ss1on was o serve . The fluorescence of Y base is ideal 

for studies of the tRNA-codon complex because of its sensi-

ti vi ty and proximity to the anticodon. The usual absorbance . 

method does not provide this specificity. 

.. 
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CHAPTER II 

TEMPERATURE JUMP METHOD 

1. IntroductiQn 

The term "relaxation" in a molecular process is used to 

describe any process of self-adjustment of a perturbed 

molecular system by an external source. Chemical relaxation 

studies any rate process readjusting the chemical equilibrium 

as a consequence of perturbation of the concentrations of 

reactants by some other external forces influencing the 

.l.b . 1,2 equ1. J. rJ.um. 

The· direct study of the rate and. the mechanism of fast 

reactions in solution is difficult since there is no way of 

bringing reactants together J.n a well defined time shorter 

than about a millisecond. 3 In the relaxation technique, a 

solution already in its equilibrium state is perturbed by 

the external source and the relaxation of the system to the 

final state J.s followed. Therefore, the relaxation method 

can be used to measure a wide time range of chemical relaxa-

tions. Various kinds of techniques can be applied to 

perturb the solution at equilibrium. 

One of the most extensively used perturbations is a 

rapid change (microsecond) of the temperature. The temperature-

jump relaxation can be used for a reaction with nonzero 

enthalpy change. Almost any chemical reaction is either 

temperature-dependent or can be coupled to be temperature-

dependent. When a system, initially at thermal equilibrium 
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and containing substances coupled by a chemical equili-

brium, is perturbed by a rapid increase in temperature, 

the concentrations of the chemical species will change 

to new equilibrium values at the final temperature. The 

magnitude of the concentration changes is dictated by the 

laws of thermodynamics: for each equilibrium 

(a .R.n K) = ilH 0 

aT p RT2 
(2 -.1) 

where K is the equilibriuni. constant of tl:'le chemical reaction, 

6H 0 is the standard enthalpy change of the reaction, R is 

the gas constant and T is the absolute temperature. Clearly 

if a sequence of coupled reactions occur, the system will 

be perturbed by a temperature jump if any one of the reactions 

is characterized by a nonzero enthalpy change. A sudden 

increase in temperature is usually achieved by joule heating 

of the electrically conducting medium. 

A simplified diagram5 of a temperature jump apparatus 

that uses joule heating is shown in Fig. 2.1. The temperature 

pulse is applied to an aqueous solution of electrolyte of low 

resistance (100 n) by a discharge of a high-voltage capacitor 

through the solution in a celL The capacitor is discharged 

when the breakdown voltage of a spark gap is reached. 

Concentration changes due to the chemical relaxation are 

usually detected by several optical methods such as absorbance, 

fluorescence and optical rotatory dispersion. A conventional 

absorbance detected temperature jump apparatus (Messanlagen 

Studien Gesellshaft, Gottingen 34 W. GermaDy) was modified to 

be used for both absorbance and fluorescence detections. 
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'l'cS 
Figure 2.1. Schematic diagram of a temperature jump 

apparatus utilizing absorption spectrophotometry 

for the detection of concentration changes. A, 

light source; B, monochromator; C, observation 

cell; D, photomultiplier emitter follower; E, 

oscilloscope; F, spark gap; G; high voltage 

*Figure and figure captions were taken from Hammes et a1. 5 
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Schematic diagram of a temperature-jump apparatus. 
A, light source; B, monochromator; c, cell 
D, photomultiplier; s, Oscilloscope; F,s~ark gap 
G, high voltae;e 
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2. Instrumentation 

The temperature jump apparatus consists of four main 

compartments: illumination,· discharge, optics and detection 

parts. Each part will be described in detail. 

A. Ill~mination 

The lamp power supply can accommodate xenon 7 5 W or 

mercury 100 W high pressure lamps. Thesa high pressure 

lamps usually run at 5 amps. For the excitation of Y base 

the 313 nm mercury line was used. 

a. Adjustment of the lamp 

It is very critical to adjust the position of the lamp 

to get an optimum light intensity. There are two knots for 

bo~h vertical and lateral adjustments. The proper arrange

ment of the lamp position and the detailed procedure are 

described below. 

1) Insert 2 d.c. leads (from the power sup_ply unit) 

into the lower rear corner of the lamphouse, and securely 

bolt them to the positive and the negative terminals of 

the lamphouse. Be sure to observe correct polarity as marked 

on the terminals. Xe and Hg lamps have an opposite polarity. 

2) With your eye close to the collimating lens, look 

through the lens barrel of the lamphouse. Be sure to put 

on safety gla.:;ses even though the lamp is not on. Check the 

position of the reflected image of the electrodes relative to 

the position of the eh:ctrod<::~:; themselves. They appear· as 
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shown in Fig" 2.2 and the lamp position should be adjusted 

until they are as shown in (a)' of Fig. 2. 2. 

3) Check the connection once again and turn on the 

lamp. Project the arc images onto a wall or screen and ob-

serve the arc J.mages. They should appear as shown in Fig. 

2.3 (a). If the reflected (inverted) image of the cathode 

"hot spot" is imaged onto the original cathode "hot spot" (as 

shown in Fig. 2.3(b)), the lamp must be turned off immediately. 

Adjust the vertical adjustment before restarting the lamp. 

If the reflected image of the cathode "hot spot" is imaged onto 

one of the two electrodes, quickly adjust the vertical ad-

justment until they appear as in Fig. 2.3(a). Either condition 

will cause lamp failure if not corrected. 

4) If the images are displayed as in Fig. 2.3(c), adjust 

the lateral adjustment to bring them into line. Also, if the 

i~ages are not the same size (Fig. 2.3(d)) adjust the focus to 

equalize them. 

b. Stability of lamp 

The stability of the lamp depends crucially on the 

7 temperature. The optimum rms of ripple is 0.1% with this 

power supply. Connection to the vent causes too much cooling 

of the lamp and increases noise by a factor of about 5 - 10 

times even with The damper closed. Also, too high temperatures 

cause arc wandering and decrease the life of the lamp. 

After installation of a nevl lamp let it burn at least 3 - 4 

hrs con~inuously. A plasma arc is very sensitive to 
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Figure 2~2. Proper vertical and lateral adjustmen~s of lamp 

before turning it on. 

(a) Proper adjustment. 
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{b) Proper vertical adjustment. Adjust lateral 

position until images appear as in (a) 

(c) Proper lateral adjustment. Raise or lower 

lamp with vertical adjustment until images 

appear as in (a). 
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,. 
Figure 2.3. Adjustments of the lamp position after turning 

it on. 

(a) Proper adjustment 

(b) Turn lamp off" immediately. Change vertical 

position, restart and adjust to (a). 

(c) Lamp off center. Adjust lateral position 

to (a). 

(d) Out of focus. Adjust focus until images 

are approximately equal in size. 
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alternating magnetic fields of transformers and pump motors. 

If there is any oscillation near the line frequency, check 

the position of the regulating bath and heavier power 

supplies. A general method for stabilizing plasma arcs 

is to try a small magnet in various posi tio'ns to find oui: 

the most effective position for the stabilization. 

B. Optics 

The optical system is aligned in such a way that a light 

beam focuses to the center of the cell. 

a. Monochromator 

The Bausch and Lomb high intensity monochromator gives 

30% transmittance.· The UV grating is blazed at 2 50 nm. 

The entrance slit should be opened nearly twice the exit 

in order to get an optimal spectral resolution with the 

maximum intensity. The slit widths used and the dispersion 

is shown below. 

Slit width 
Entrance 

5.4 rrun 

Slit tvidth 
Exit 

3.0 mm 

Bandwidth in 
UV grating 

9.6 nm 

b. Filters and light pipes 

Dispersion at 
Exit Slit 

3.2 nm/mm 

Sharp cut-off filters have been used to eliminate the 

313 nm light excitation. In the beginning of the work, a 

2 mm thick Schott GG-400 glass filter was used. Later KV 
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filters .CKV-389 from Schott) were used due to their extremely 

weak intrinsic fluorescence. Compared to the glass filters, 

these plastic laminated filters show considerable improvement 

in the steepness of the curve and the weakness of the intrin

sic fluorescence. The characteristics of filters 8 used are 

shown in Fig. 2.4. The fluorescent light is transmitted 

to the detection compartment by a UV conducting light pipe 

(5 em x l em QLT type from Schott). The transmittance of 

the light pipe 8 is shown ln Fig. 2.5. 

C. Discharging Unit 9 

A storage capacitor of O.OS~F is contained in the 

cylindrical discharge compartment of the rear of the instru

ment. This compartment also houses the switching spark gap 

with its pneumatic actuating mechanism, and a trigger capaci-

tor that delivers the initial synchronizing pulse to the 

control amplifier of the HV power supply. A short coaxial 

cable for this trigger pulse must be plugged in the BNC 

connector on top of the cylindrical unit. 

A rubber tube with pneumatic bulb lS to be connected to 

the inlet on the side of the discharge compartment. vmen 

the bulb is pressed, one of th~ spark gap electrodes moves 

close to the other until breakdown occurs. The discharge 

compartment is connected to the sample cell compartment via a 

cbaxial cable provided w~th special HV connectors. These 

insulating parts of these connections should be coated with 

silicone grease before insertion. 
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Figure 2.4. The characteristics of cut-off filters used to 

*8 block the 313 nm exciting light. The units 

shown on the vertical axis are the fraction of 

the transmitted light. 

* Figure was taken from Schott catalog. 8 
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Figure 2.5. The spectral transmission of UV light conducting 

d 
... 8 ro s·· . Light conducting rods, type QLT have 

an aperture angle of 65°. 

8 i:figure was taken from Schott catalog. 
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For operating the HV-supply push the "Reset" knob. 

When starting measurements the voltage control knob should 

be set to the ~ounterclockwise stop position. Turn it 

very slowly clockwise till the HV-meter indicates the desired 

HV value. For later T-jumps push the "Reset" only and wait 

till the meter has reached its final value. 

Maximum high-voltage is 40 kV with older power supplies. 

Newer ones may be used up to 50 kV in extreme conditions , 

especially when USJ.ng the small HV-capaci tor of 0.01 ~f. 

Too high heating energies favor disturbances such as cavJ.-

tation. Take special care when using microcells. 

D. Detection System 

a. Background 

l) Absorbance detection 

The change in transmitted light intensity is related 

to the change in the concentration by the Beer-Lambert 

( 2. 2) 

law. 
) 

where c. and E. are the concentration and the extinction J. J. 

coefficient of absorbing substance i, and ~ is the path 

length. For a disturbance in concentration, 

c.(tl =c. _ + cc. 
J. J.ret J. 

with ( 2. 3) 

I(t) = Iref + 6 I (t) 

the total change in intensity can be written 



or (2.4) 

oi 
-I-
ref 

= -2.3 E E.20c. 
i ~ ~ 

for e:. Q.o c. << 1. For small changes ~n the absorbance of 
~ ~ 
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the sample, the relative change in the intensity is directly 

proportional to the optical change in the sample. 

2) Fluorescence detection 

A similar equation can be written for the fluorescence 

detection. 

The fluorescence intensity I£ can be taken proportional 

to the total amount of light absorbed by the fluorescing 

species. The self absorb-ance can be neglected when the 

concentration is dilute and the total fluorescent intensity 

can be written as follows: 

where g ~s a proportionality factor. For a small change 

in concentration , one obtairis 

= 
oc. 

~ 

c. £ 
~re 

( 2. 6) 

In the case of absorption spectroscopy, the relative change 

of the measured light is proportional to the absolute change 

of the concentration, whereas it is proportional to the 

relative change in· concentration in the case of fluorescence. 
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The most important aspect of the design of a detection 

circuit is maximization of the signal to noise ratio (S/N), 

which is given approximately by the equation5 

-e:·c·9../2 e J. J. ( 2 • 7) 

where oi/I is the relative change in light intensity, I A 
0 g 

is the available light intensity, SA is the sensitivity of 

the photocathode at a particular wavelength, ~f is the 

ba11dwidth. Equation ( 2. 7) is valid at room temperature and 

above, where noise is mainly provided by the "shot effect". 

·b. Preamplifier 

The preamplifier for the absorbance is modified for 

the fluorescence. An RCA 4517 photomultiplier was used due 

to its high sensitivity in the 400 nm region. Its wJ.rJ.ng 

h . h 10 . ~. sc erne J.S s own J.n tJ.g. 2 . 6 . In order to get rid of 

electromagnetic disturbances, a metal screen is applied to 

the envelope of the PM tube and attached to the photocathode. 

The photomultiplier preamplifier is designed for the 

measurement of fast transient changes of light intensity. 

Since these transients are superimposed on a relatively 

high background illumination, a balancing arrangement must 

be used that cancels the photocurrent due to background 

illumination. The detector provides for manual and 

automatic balancing. 



Figure 2.6. Typical voltage-divider arrangement which 

permits direct coupling to the anode. 

R1 : 82K/1W 

R2 and R3 : 68K/lW 

R4 through R11 : 47K/1W 
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A metal screen is applied to the envelope of the 

PM tube· and attached to the photocathode. 
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In ~he manual balancing mode, the offset compensating 

for the background illumination is constant but can be 

adjusted by the calibration potentiometer. With no light 
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on the photomultiplier (shutter closed) the detector output 

voltage measures this offset directly. When the photomulti

plier is illuminated (shutter open). the gain control poten

tiometer is adjusted until the signal from the background 

illumination matches the calibrated offset voltage. The 

detector output voltage is then zero, and the background 

illumination corresponds in magnitude to the value of the 

previously calibrated offset voltage. Since the output 

voltage from the detector is zero in the balanced condition, 

the sensitivity of a d.c. coupled oscilloscope may be varied 

without affecting the position of the baseline. 

In the "automatic" balancing mode, the offset voltage 

compensating the background illumination is adjusted auto

matically by a feedback arrangement including a fast inte

grator memory. The amplifier remains balanced (output 

approximately zero-) for whatever illumination level present. 

The feedback loop must be disconnected during the actual 

measurement, otherwise any change in light intensity would 

be compensated automatically and immediately. The feedback 

loop is opened by applying a voltage step of at least 20 

volts amplitude (from zero volts to a positive or negative 

level)_ to the 11 +Gate 11 input during the oscilloscope recording. 

This gating voltage can· be obtained from the oscilloscope 
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blanking circuitry. During the application of the gate 

signal, the integrator memory retains the compensating voltage 

at whatever value that was present immediately before gating. 

An internal fixed delay of 5 11sec occurs between the gating 

signal and the unlocking of the amplifier. With a delayed 

sweep oscilloscope, an additional delay may be incorporated 

between the temperature perturbation and the release of the 

automatic compensation. Fast baseline shifts caused by 

very fast relaxation phenomena can thus be compensated 

automatically before the recording of much slower relaxation 

effecTs. 

In the automatic mode, the sensitivity of the amplifier 

is the same as in the manual mode, as long as the gain control 

potentiometer and the background light intensity is not 

changed. In order to operate at a calibrated sensitivity, 

the manual balancing procedure is follatved before switching 

to the automatic mode. Measurements with automatic balancing, 

especially with time scales below 50 11sec and above 50 msec/cm 

must be checked with measurements using manual balancing to 

avoid errors by voltage transients, integrator drift etc. If 

the automatic mode is not used, it is preferable to disconnect 

the +Gate signal. The details of the operation procedure 

will be given in Appendix A. 

E. Cell Body 

The most critical part of the temperature-jump apparatus 

from the aspect .of design is the cell that holds the reaction 
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mixture. The commercially available cell (Delrin; polyacrylic) 

is not adequate for the UV range since it gives out materials 

which absorb UV. Kel-F is chosen for the cell body due to 

its chemical insensitivity and its mechanical durability. 

The diagram of the cell design11 is shown in Fig. 2.7. 

Fo~r cone-shaped UV grade quartz windows shown in Fig. 2.8 

are inserted to the Kel-F cell body. Two of the quartz 

windows are vacuum coated with aluminum to maximize the 

fluorescence intensity. High vacuum silicone grease is 

applied to the surfaces of the windows in contact with the 

cell body to prevent leakage of the sample. 

The electrode is designed to reduce the sample volume. 

A brass rod is pressure fitted (no adhesive is added) to the 

Kel-F block which can be screwed tightly to the main cell 

body. The details of the upper and lower-electrodes are 

shown in Fig. 2.9(a) and (b). With this design, virtually 

all the sample solution is retained in the square block (6.3 

mm x 6.3 mm) of the cell body. The brass rods are plated 

with 0.002 inches of Rhodium and 0.002 i)1ches of pure gold 

to prevent corroslon. The distance between the upper and the 

lower electrodes is 0.8 em. 

3. Miscellaneous Information 

A. Cavitation 

A very fast heating of the solution takes place 

esentially at a constant volume because inertia prohibits 
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Figure 2.7. Schematic drawing of the main body of the 

temperature jump cell. 



TEMPERATURE JUMP CELL 

3rs4 DRILL- S;e- 18THD. 

A-A~ 

112
11 

DEEP 
.250 SQUARE THRU 

.250
11 

lc I '\: . 630 
II 

1.860 B.C. 
V4" PILOT HOLE 
FOR l5°TAPER 

26 THO. 1.270 O.D. DRILL 4 HOLES 
#22 

....... 311 -I r-------=•---11 

BODY A+A 

.. 

SIDE VIEW 

A-A -* I 

90° APART ON B. C. 

+ 
(X) 



0 0 .. , i ' .,} 6 7 , 
0 

49 

Figure 2.8. Windows for the temperature jump cell are made 

of UV grade transparent quartz. Bottom diameter: 

2/4", top diameter; 1/2", middle tapered to 15°, 

flat surfaces on top and bottom - 10 .waves/inch. 
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Figure 2.9. (a) Schematic drawing of the bottom electrode. 

The brass block makes.a tight contact with high 

val tage discharging unit. 

(b) Schematic drawing of_the upper electrode. 

The upper electrode lS grounded to the cell 

block. Temperature was measured with a thermo-

couple in contact with the upper electrode. 
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the volume change instantaneously following the temperature 

12-14 change. Therefore, at the first instant, the temperature 

change is accompanied by a relatively great increase in pres-

sure, which will propagate through the liquid as a s0ock wave. 

The reflection of this shock wave at the walls of the sample 

cell may be accompanied by phase reversal of the pressure 

and cavitation effects can occur. The initial pressure 

change may be quite appreciable. It is given by 

(av) . 
. aT P 

= - (#)T = 
( 2. 8) 

Even for water, where a at room temperature is small because . p 

of the density anomaly, the pressure will rise to about 50 

atm for temperature change from 20° to 30° C. This will 

create a disturbance in the microsecond range. Cavitation 

can be avoided if the measurements are made near 4°C (where 

ap = 0) with a well degassed sainple solution. The "flash 

effect" occurs if the cell and the sample· are not degassed 

sufficiently or if a small bubble is near the electrode. 

This effect can be minimized by the proper imaging of the 

irradiated sample volume on the multiplier photocathode. 

B. Measurement of the Time Range of Temperature 

Jump Apparatus 

Fast time limit 

The fast time limit is determined by the heating time 

of the instrument. The heating time is defined as the 

, 
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exponential decay time of the heating energy: 

1 
Theating time= 2 Rcell·C 
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(2. 9 )_ 

where R , 1 is the resistance of the solution in the cell ce ... 

and. C is the capacitance of the discharging system. -The 

resistance of the cell depends on the geometry of the cell; 

R = p ( Z I A) wher.e p is the res;i.sti vi ty of the sol uti on, Z 

is the distance between the.two electrodes and A is the 

a~ea of the elect~odes. Fo~ ea· ch cell T 1s ... ... ... ' ·heating time 

measured. 

The actual heating time is measured for a fast reaction 

of known relaxation. The ionic reaction 

+. (_ )-4 4 Na + Fe CN 6 = 

. 15 
1s known to have a very fast relaxation (< 30 ns). For 

I 

such·syste~s, the relaxation will be observed as a heating 

time·. of the instrument. A typical trace is shown in Fig. 

2.10(a). Another system is looked at to measure the time 

constant of the heating pulse. Tris buffer has a large pH 

change with temperature. Thus, an actual pH jump is produced 

when a temperature jump is applied. Table 2.1 shows the pH 
( 

dependence of the buffers with temperature. Any indicator 

can be used to monitor. the heating time of the instrument 

since the protonation is a fast process (< 100 ns). 

Relaxation observed with m-nit:rophenol in 0.01 H Tris, 0.1 

M NaCl at pH 6.9 is shown in Fig. 2.10(b). 
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Figure 2.10. (a) The instrumental heating time measured 

by the ionic reaction 4Na+ + Fe(CN)~- ~ Na + 

Fe(CN) 6 in 0.1 M phosphate buffer pH 7. The 

concentration of Na4 Fe(CN) 6 was 0.02 M. 

Final temperature was 20.5°C; oscilloscope 

setting: 5 ~s/div, 50 mV/div. The total intensity 

corresponds to 10 V and wavelength was 365 nm. 

(b) The instrumental heating time measured by 

the indicator, m-nitrophenol in 0.01 M Tris 

buffer 0.1 M NaCl pH 6.9. Final temperature 

l0.4°C; oscilloscope s~tting; 10 us/div, 0.2 V/div. 

The total intensity corresponds to 8 V and 

wavelength was 400 n~. 

: 



20 

10 

8 

6 

'4 

2 

o u o ~ 6 o ~ 6 a o 

57 

2 4 6 8 10 12 

TIME (MICROSECONDS) 
XBB 769-8785 



20 

10 

8 

6 

4 

2 

58 

·, . 

: 

2 4 6 8 10 12 

TIME (MICROSECONDS) 
XBB 769-8786 



0 u 

59 

Table 2.1. Temperature dependence of the pH of buffers. 

Tris 8 8. 3 8.5 8. 8 9. 3 

phosphate 8 8.03 8.07 

cacodylate 8 8.02 8.04 8.07 8.09 

·. 
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b. Slow time limit 

The slow measurable time limit is determined by the 

cooling of the solution due to convection. Cooling depends 

on the structure of the cell, the distance between the two 
/ 

electrodes and the cell volume. Typical cooling time is 

15 sec as shown in Fig. 2.11. One needs to be careful with 

small signals at the time range longer than 100 ms, since the 

cooling effect already shows up appreciably. 

c. Calibration of the magnitude of temperature jump 

It is important to know t~e final temperatures of the 

system in order to study the temperature dependence of the 

kinetics. For each cell, ~T is measured with pH indicators 

such as m-nitrophenol and cresol red in tris buffer. 

The temperature change at constant pressure (for a 

homogeneous current density in ~he sample cell) is given 

by 

where 

~T = 

(2.10) 

C; capacitance 

V; high voltage applied to the solution 

Cp; Constant pressure heat capacity of the solution 

v · effective heating volume. c' 

p ; density of the solution 



' .· 

Figure 2.11. The cooling time measured by the indicator 

m-nitrophenol in 0.1 M NaCl, 0.01 M Tris 

buffer pH 6.9. Final temperature 5.8°C; 

oscilloscope set.ting; 5 sec/div, 50 mV/div. 

The total intensity corresponds to 8 V and 

wavelength was 400 nm. 
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The total change in absorbance can be calculated by 

the measurement of the signal as described previously. 

t.I 
-I-
ref 

= -2.3/'J.A, for t.A << 1. (2. 11) 

With the calibration of the absorbance change per degree of 

temperature, the magnitude of t.T can be calibrated. The 

typical graph of absorbance vs. temperature is shown in 

Fig. 2.12 for cresol red. The measurement was carried out 

by the Gilford Model 2000 Absorbance Recorder with a tern-

perature sensor. The buffer used was 0.1 M Nac~, 0.01 M 

Tris at pH 8.7. The calibrated temperature jump vs. the 

square of the high voltage shows a good linear line shown 

in r,i g. 2 .13 . 
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Figure 2.12. The absorbance change versus temperature for 

~resol red in 0.1 M NaCl, 0.01 M Tris buffer 

pH 8.2. The path length of the cell was 1 em 

and the wavelength was 572 nm. 
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Figure 2.13. The magnitude of the temperature Jump versus 

the square of the high voltage. 

: 
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CHAPTER III 

MATERIALS ~~D METHODS 

1. Synthesis of Oli2ohucleotides . . ..._ _____ _ 

The codon-like oligonucleotides such as U-U-C, U-U-C-C 

and U-U-C-A have been synthesized by polynucleotide phos-

phorylase reaction. The polynucleotide phosphorylase cc.ta-

lyzes the kinase reaction of a mononucleoside -5'- diphosphate 

to the 3' end of a growing polynucleotide, with the release 

of inorganic phosphate. This enzyme also catalyzes the 

reverse reaction. The techniques for synthesizing oligo-

nucleotides have been developed primarily by Thach1 and 

2 3 3 further' developed by Martin ' and Uhlenbeck . 

A. Synthesis of U-U-C and U-U-C-C 

The synthesis of the codon U-U-C was accomplished ~.vi th 

primer-dependent polynucleotide phosphorylase from 

Mic.r>ococcus lute us. The procedure followed the equilibrium 

reaction method described by Thach and Doty (1966). 1 The 

reaction conditions were 98 ~M UPU, 123 ~M.CDP, 10 rnM MgC1 2 , 

0.4 M NaCl, 0.2 M Glycine pH 9.3 buffer and 0.3 mg/rrl enzyme 

for 60-70 hours at 37°C. Worthington alkaline phosphatase 

was added to hydrolyse the un~eacted CDP and the reaction 

mixture was separated on DEAE Sephadex A-25 with a triethyl-

amine bi~arbonate (TEAS) gradient. A profile of the sepa-

ration is shown in Fi~. 3.1. Each peak was identified Jrom its 

"'; ... 



Figure 3 .1. 
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The chromatographic profile of the separation 

of U U C reaction mixture with a TEAB gradient. p p n 
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RNase A digestion products using a paper chromatography tech-

nique. The TEAB was removed by evaporation. More details 

of general methods. for oligonucleotide preparation are 

given by Borer (1972).
4 

The yield for U-U-C and U-U-C-C 

ranged from 10 - 15%. 

B. Synthesis of U-U-C-A 

When a normal nucleoside-5 1 -diphosphate has a blocking 

group on the 3'-hydroxyl, it can be added to the 3 1 end of 

a primer as has been the case in the PNPase reaction described 

above. However, no further polymerization can take place 

until the 3'-block is removed. This technique allows the 

synthesis of ru~A of any sequence in good yield. 6 

U-U-C-A was synthesized by the blocked diphosphate 

method described by Walker and Uhlenbeck (1975). 5 E. coli 

polynucleotide phosphorylase catalyzed the addition of a 

2'(3')-0-isovaleryl ADP to U-U-C. Reaction conditions were 

0.12 mM U-U-C, 10 mM 2'(3')~0-isovaleryl ADP (ADPiv)' 6 units 

of E. coli polynucleotide phosphorylase per ~mole of primer, 

4 mM MnC1 2 , 0.01 M tris buffer at pH 8.5 for 2 hours at 37°C. 

At the end of the incubation period a 200 fold volume of 50% 

methanol saturated with NH 3 gas at 0°C was added and the 

solution was allowed to stand at room temperature for 1 

.hour to-remove the blocking group. After removal of the 

solvent in vacuo, the mixture was separated on a DEAE 

Sephadex A-25 column with a triethylamine bicarbonate gradient. 
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A typical profile of colwnn separation is .shown in Fig. 3. 2. 

Sometimes the separation is not v~ry good and the ADP peak 

overlaps with U-U-C-A. Alkaline phosphatase can not be 

used in this case since it has a specific nuclease activity 

for the sequence C A. 
' p 

In this case, the reaction mixture 

was directly applied to the paper before it was deblocked. 

The blocked diphosphate, 2'(3')-0-isovaleryl ADP moved much 

faster than ADP and thus, did not overlap with the U-U-C-A 

peak:. U-U-,C-A. moves about the same as U-U-C but it can 
lV 

be separated by deblocking with a methanol-NH 3 solution. 

The yield for U-U-C-A was about 60%. 

2; Preparation of tRNAPhe 

The phenylalanine-specific tRNA from Brewer's Yeast 

was purchased from the Boeringer Mannheim Corporation. 

According to· the assay, 70% of tRNA was charged using a 

maximum charging capacity for the phe synthetase of 1610 

pmoles/A260 unit. It has been shown that a further purifi-

· · h h · · f N Phe " 6 catJ.on lmproves t e c argJ.ng capacJ. ty o tR A. up to 8 7>o. 

The sample solution was prepared by an extensive dialysis 

of tRNAPhe_into the buffer condition to be used. A further 

purification of tRNAPhe with RPC 5 column was tried. A 

typical profile of separation with NaCl gradient in caco-

dylate buffer is shown in Fig. 3.3. 

The relative Flu/Abs ratio is about the same for each 

peak, as shown in Table 3.1. The relative fluorescence was 

measured at 430 nm and the excitation wavelength was 318 nm. 
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Figure 3.2. 
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The profile of the separation of U-U-C-A 

synthesized by the blocked diphosphate method. 
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Figure 3. 3. The purification of tRNAPhe from Boeringer on 

A 

B 

c 

D 

an RPC 5 column with a NaCl gradient. The 

arrows designate the salt concentrations at which 

each peak was eluted. The charging capacity 

of each peak is listed below from Dr. Knapp's 

results. 7 

Phe synthetase only C-C-A enzyme enriched 
Phe synthetase 

12.1% 55.9% 

67.7% 61.4% 

87.7% 75.6% 

62.3% 53.5% 
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Table 3. 1. tRNAPhe purified on RPC 5 column with NaC1 gradient. 

0.003 (scale) 
Peak Tube A260 % Transmittance Flu/Abs 

A 44 0.06 7 116 

B 48 0.17 18 105 

c 70 0.02 3 150 

D 72 ' 0. 0 3 3 160 

.\ . = 318 nm 
exl t 

.\ = 430 nm em 

·. 

l 
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The aminoacylation assay has shown that the peak A in tRNAPhe 

shown in Fig. 3.3 is missing -C-C-A terminus. 7 

3. Extinction Coefficient Determination 

E t. . . ff" . .f RNAPhe . d h · x 1nct1on coe 1c1ents o t an t e synthes1zed 

oligonucleotides were determined by degrading the molecule to 

nucleotides and using the known nucleotide extinction 

ff
. . 8 

coe lClents. The UV spectra of the sample solution were 

measured before and after the alkaline hydrolysis. The 

volumes of the solution were measured to correct a dilution 

effect. The extinction coefficient was calculated from: 

where v1 , A
1 

are the volume and absorbance respectively of 

the sample before alkaline hydrolysis and v2 , A2 are the 

volume and absorbance of the sample after the hydrolysis. 

The extinction coefficients so determined are listed in 

Table 3.2. 

4. General Method for Kinetics 

Exciting light from a 100 W Osram mercury arc lamp was 

selected by a Bausch and Lomb high intensity monochromator 

whose dispersion in the UV range is 3.2 nm per mm at the 

exit slit. Slit widths for entrance and exit were5.4 mm and 

3.0 mm respecTively. The fluorescent light is transmitted 

to the detector by a UV conducting light pipe (5 em x 1 em 

: 
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Table 3.2. Extinction Coefficients 1n 0.01 M Tris-HCl (pH 7.0) 

-1 -1 
£260(M em ) 

tRNAPhe 5.1 X 10 5 

U-U-C 2. 7 X 10 4 

U-U-C-C 3.4 X 10 4 

U-U-C-A 3.9 X 10
4 

·. 
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QLT type from Schott). The excitation wavelength was 313 nm, 

the fluorescent light of wavelength above 400 nm was selected 

by a 2 mm thick Schott GG 400 filter. 

The cell is of Kel-F with four conical quartz windows 

as described in Chapter II. The initial temperature was 

measured by a thermocouple in contact with the surface of 

the upper electrode. The calibration of the magnitude of 

temperature is given in Chapter II. Usually a 3-5° tempera

ture jump is used. 

At the early stage of the experiment, data were 

recorded as Polariod photographs of a Tektronix oscilloscope 

screen. Relaxation times were obtained from logarithmic 

plots of relaxation amplitude vs. time. Each relaxation 

time reported is the average of at least five consistent 

oscilloscope traces. Later, data were recorded on 35 mm 

film. The film was projected on the screen, read with a 

microcomparator and digitalized output (paper tape) was 

obtained through an interfaced teletype. A least square fit 

program of logarithmic plot was used for the analysis. 
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CHAPTER IV 

RESULTS 

l. Spectroscopic Study of tRNAPhe with Codons 

A. Fluorescence Measurement 

Phe The emission and excitation spectra of tR~A are 

shown in Figs. 4.1 and 4.2. The emission and excitation 

spectra have maxima at 430 nm and 318 nm respectively, as 

d . h l' l-3 reporte 1n t e 1terature. As mentioned in Chapter I, 

the fluorescence of Y base is very sensitive to the local 

environment. Binding constants of U-U-C-A and U-U-C-C to 

Phe 
tRNA were measured by the quenching of the Y base 

fluorescence. All fluorescence measurements were done with 

an MPF III spectrofluorimeter at Chemical Biodynamics 

Laboratory at Berkeley. 

a. tJ-U-C-A- binding constant measurement 

The fluorescence spectra were taken at different con-

centrations of U-U-C-A at 8.2°C. The temperature of the 

solution was measured directly with a thermocouple inside 

the cell. The maximum of the emission was blue-shifted 

approximately 10 nm upon binding of U-U-C-A as shown in 

Fig. 4. 3. The same t.endency of blue shift was observed for 

U-U-C binding. The fluorescence intensity of the completely 

bound tRNAPhe r,.;as extrapolated from the data of the fluores-

cen~e at high U-U-C 7 A concentration. Table 4.1 shows the 

relative fluorescence intensity at 420 nm ~ith different 

: 
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-
Figure 4 .1. The emission spectrum of tP~APhe in 0.1 M NaCl, 

0.01 M MgC1 2 and 0.01 M NaCacodylate pH 7.0 

at 5°C. The excitation wavelength was 313 nm. 

The emission and excitation slits were 5 and 

6 mm, respectively. 
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· Phe The excitation spectrum of tRNA in 0.1 M 

NaCl, 0. 01 M MgC1 2 and 0. 01 M NaCacodyla.te 

pH 7.0 at 5°C. The emission wavelength was 

at 430 nm. The emission and excitation slits 

were 5 and 6 mm respectively. 



~ 
:::> cr: 
1-
u w 
a. 
en 

z 
0 

~ 
~ 
u 
X 
w 

240 

88 

.. 

280 320 360 

WAVELENGTH ( nm) 



·. 

0... ;_·_·!· v ·' ;_'_,r. ,t;:l h-,,-~ ~· ., fi~ n , o' 
v ·U "'·' 9 6 

Figure 4. 3. 

89 

Phe The fluorescence quenching of tRNA upon tha 

addition of U-U-C-A at 8.2°C: The maximum of· 

the emission was blue-shifted approximately 

10 nm upon binding of U-U-C-A. The buffer 

solution was 0.1 H NaCl, 0. 01 M MgC1 2 and 0. 01 

M NaCacodylate pH 7.0. 
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Table 4.1. Fluorescence quenching of tRNAPhe upon binding of U-U-C-A 

Initial concentration Flu intensity fb, fraction Free concentration 

of [U-U-C-A] , M at 420 nm bound . of {U-U-C-A]f' M 
0 

0 100 0.0 

5.58 X 10-S 95.8 0.15 4.45 X 10-6 

1.28 X 10 -5 91.0 0. 30 1. 07 X 10-5 

2.20 X 10 -5 86. 8 0.44 1. 89 X 10-S 

2.96 X 10-S 84.4 0.52 2.59 X 10-S 

3.73 X 10 -5 81.6 0.58 3.32 X 10- 5 

4.47 X 10-S 81.4 0.62 4.03 X 10-S 

7.98 X 10 -5 77.8 0.74 7.46 X 10-S 

00 70 1. 00 

fb 

[U-U-C-A] f 

3.32 X 10 4 

2. 80 . X 10 4 

2.33 X 10 4 

2.01 X 10 4 

1.75 X 10 4 

1. 54 X 104 

0.99 X 10 4 

w 
1--' 

-0 

r'· ....... 

~~·"· 

@!.,_"" 
"'-l 

-~ 

0 

c 
t! 

o·· 

~ 

"""'J 



92 

concentrations of U-V-C-A. The total fluorescence F'( A.), can 

be represented by the sum of the contributions from the two 

fluorescing groups;. free and U-U-C-A bound tRNAPhe. 

(4.1) 

~here F1 CA) and F2 (A) designate the fluorescence spectra 

Phe of the free and U-U-C-A bound tP..1'1A , respectively. The 

fraction of bound, fb' can be calculated from the relative 

fluorescence measurement: 

A conventional Scatchard plot is presented in Fig. 4.4 with 

fb/[U-U-C-A]free versus fb. 

From the slope and intercept of Fig. 4.4, an equilibrium 

constant of 4.1 x 10
4 

M-l and one binding site were obtained. 

This agrees well with the value obtained from the temperature 

4 -1 Jump experiment, 4.9 x 10 M at 8.2°C. 
' 

b. U-U-C-C binding constant measurement 

The measurement of the binding constant of U-U-C-C to 

t~~APhe was carried out in a similar way. The relative 

fluorescence at 420 nm is reported in Table 4.2. The 

Scatchard plot showsan equilibrium constant of 4800 M-l at 

8.2°C and possibly one binding site. The calculated equi-

librium constant from the temperature jump experiment was 

6600 M-l at 8.2°C. 

I~ 
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Scatchard plot of U-U-C-A binding to tRNAPhe, 

from the slope, an equilibrium constant of 

4.1 x 10 4 M-l was obtained. From the intercept, 

one possible binding site was obtaine~ . 
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Table 4.2 Fluorescence quenching of tP.NAPhe upon binding of U-U-C-C 

Initial concentration Relative Flu Fraction free concentration 

of [U-U-C-C] M o' intensity bound of (U-U-C-C]f, M 

0 100 0.0 1.21 X 10-4 

0.61 X 10 -4 94 0.20 2.11~ X 10-4 

-4 -4 
1.08 X 10 91 0. 30 3.92 X 10 

1.98 X 10 
-tf 

88 0.40 7.21 X 10-4 

3.63-x 10- 4 
84 0.53 -4 14.33 X 10 . 

7.15 X 10 -4 79 0.70 18.82 X 10-4 

9.42 X 10 -4 75 0.83 20.57 X 10-4 

10.29 X 10 -4 74 0.87 

00 70 l. 00 

fb 
[U-U-C-C]f 

3400 

2 800 

2040 

1480 

9 80 

884 

840 

lD 
Ul 
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At high concentration of U-U-C-C (fraction bound greater 

than D.6), there appears to be a nonspecific binding. A 

similar phenorne:1on ·.vas observed in temperature jump kinetics: 

the amplitude of the binding signal decr'eased appreciably and 

the signal itself t.,;as :1ot very reprc;ducible. This may be 

due to the binding of U-V-C-C to other parts of the tRNAPhe 

such as the dihydrcuridine loop which contains the sequence 

G-G-A. The last two points of Fig. 4.5 were not included in 

the least squares fit of the Sc~tchard plot because these 

points appear to be caused by non-specific binding. 

B. Fluorescence Lifetime Measurement 

Fluorescence lifetime measurement by a single photon 

counting method was done in cooperation with Dr. Paul Hartig 

at Chemical Biodynamics Laboratory. For excitation of tRNAPhe 

solution, a'1 air' gap flash lamp (Ortec 9352) with a 3215 ~ 

band filter was used. A few neutral density filters were 

used to decrease the incident light intensity. The count 

rate must always be 10% or less of the lamp flashing rate for 

the system to operate in the single photon mode. A Schott 

KV 399 filter was used to select the emission light and a 

blue sensitive photomultiplier EM 8850 was used. A conven

tional fluorescence cell with path length of 1 em was employed. 

The data analysis was carried out by the method of 

rroments on a CDC 7GGS computet' at the Lawrence Berkeley 

Laboratory. A very good fit of two exponentials for the 

\. 

: 
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Scatchard plot of U-U-C-C binding to tRNAPhe. 

From the slope, an equilibrium constant of 4800 

M-l was obtained. A possible one binding site 

was obtained at low concentration of U-U-C-C. 

The last two points at high concentrations 

appear to be influenced by non-s~ecific binding. 
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fluorescence decay ,_ tn:-TAPhe . r or .,.. 1.n buffer solution, 0.1 M 

NaCl, 0.01 MgC1 2 , 0.01 M NaCacodylate pH 7, is shown in 

Fig. 4.6. 

At room temperature, the tRNAPhe fluorescence has two 

components with different lifetimes: 79% with a liietime 

of 6.2 ns and 21% with 2.6 ns~ As the temperature was de-

creased to 0°C, the longer lifetime component increased from 

79% to 99% and the lifetime lengthened to 8.5 ns. 

Th f 1 h n'NAPhe . ere ore, at ower temperature, t e t~ ex1sts as 

a single fluorescing species in solution. To check :the 

. . f I Phe . 1 purl ty o tiD A solut1.on, an RPC 5 column was emp oyed 

for further purification as described in Chapter III. The 

RPC 5 purified tRNAPhe showed the same result as the pre-

v1ous measurement. This indicates that the measured t'wO 

lifetimes are not due to an impurity. The reported lifetime 

of tRNAPhe in 10 mM MgC1
2 

at room temperature was 6.:3 ns 

with a single exponential decay. 4 

, . Phe 
When U-U-C-A was added to tRNA solution at 0°C, a 

shorter lifetime component appeared: 58% with 8.94 ns and 42% 

with 6.39 ns. The amount of the shorter lifetime component 

was approximately equal to the fraction of tRNAPhe bound, 

predicted from the measured equilibrium constant. The lifetime 

measurements are summarized in Table 4.3. 

C. Absorbance Change of U-U-C-A Binding to 

Dodecanucleotide 

The absorb-:1rLce change of the dodecanuclE:'otide (A-C -U
m 

mS 5 
Gm-A-A-Y-A-IlJ- C-U-G) obtained by a T1 cut of the anticodon 



Figure 4.6. 

100 

The fluorescence lifetime decay of tRNAPhe 

0.5 OD260 in 0.1 M NaCl, 0.01 M MgCl 2 and 

0.01 M NaCacodylate pH 7 at room temperature. 

Two exponential fit, 79% with a lifetime of 6. 2 

ns and 21% with 2.6 ns, is shown above the 

experimental measurement. 

J 
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Table 4. 3. 

Sample 

tRNAPhe 

tRNAPhe 

tRNAPhe 

tRNAPhe 
+ 

U-U-C-A 

102 

The fluorescence lifetime measurement of tRNAPhe. 

Temperature Concentration 

Room Temp. 8.00 

Room Temp. 8.00 

0°C 1. 200 

0°C tRNAPhe=l. 31 OD 
(2.5x1o- 6 M) 

U-U-C-A=0.96 OD 
(2.47x10- 5 M) 

fb = 0.696 

using K=10 5 

Buffer Amplitude T(ns) 

O.lM Nacl 67% 6.44 
O.OlM NaCaco 33% 2.72 
1 m.M MgC1 2 

O.lM NaCl 79% 6.24 
O.OlM NaCaco 21% 2.60 

10 m.M MgC1 2 

0.1 M NaC1 98% 8.5 
0.01M NaCaco 

10 mM MgC1 2 

O.lM NaCl 58 go 8.94 
0. 0 1M NaCaco 42% 6. 39 

10 mM MgC1 2 

·" • 
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region of tRNAPhe was measured in the presence of the 

complementary oligonucleotide U-u-C-A. This was a prelimi-

nary experiment for the ternper;ature jump kinetics of the 

dodecanucleotide and U-U-C-A. The magnitude of the maximum 

absorbance change and the wavelength of the maximum change 

were examined. 

fig. 4.7 shows the absorbance change versus wavelength. 

The dotted line is the total absorbance change of the 

sample of dodecanucleotide a.:nd U-U-C-A for a 5°C change 

in the temperature. The dotted lin~ represents the actual 

absorbance change due to the binding (i.e. corrected for 

both the absorbance change of the dodecanucleotide and u-U-C-A 

by themselves at different temperatures). The maxlmurn 

change in absorbance due to the binding occurs at 260 nm 

a.:nd is 0.7% of the total absorbance of the sample. This lS 

comparable to the amplitude of the concentration dependent 

relaxation found in the kinetics of the dodecanucleotide 

a.:nd U-U-C-A. 

D. Circular Dichroism and Fluorescence Detected 

Circular Dichroism Measurement. 

Fluorescence detected circular dichroism ( FDCD) can be 

applied to measure the circular dichroism of a fluorescent 

chromophore in a mixture of non-fluorescent but optically 

6-9 active groups. This te6hnique has an advantage over CD 

in the study of the codon-anticodon interaction of tRNAFhe 
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Figure 4.7. The absorbance change with complex formation 

between dodecanucleotide and U-U-C-A: 

----, total absorbance change of the sample; 

absorbance change due to binding. 

The concentrations of dodecanucleotide and 

-6 -~ . U-U-C-A were 4.8~10 M, 1.9~10 M, respectl-

vely. The absorbance was measured at 0°C and 

5° C. The dotted line represents the actual 

absorbance change due to binding corrected .. 
for both absorbance chang~s of the dodecanucleo-

: 
tide and U-U-C-A by themselves at different 

temperatures) 
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The regular CD lS a result of the contributions from the 

whole molecule and is therefore not sensitive enough to 

follow local changes in the anticodon loop upon codon 

binding. 

The usual measurement of circular dichroism in a glven 

wavelength region depends on all electronic transitions in 

this region. Fluorescence detected circular dichroism only 

depends on those electronic transitions which lead to 

Phe fluorescence. In tRNA these are the Y base and neigh-

boring bases which can appreciably transfer energy to the 

Y base. The FDCD thus measures the conformation only in 

the immediate neighborhood of the Y base. The CD of tRNAPhe 

and U-U-C bound tRNAPhe is shown in Fig. 4.8. There is no 

appreciable change in CD upon binding. On the other hand, 

FDCD can follow the local environment of the Y base by 

measuring the CD of the fluorescent Y base induced by the 

neghboring group. 

a. FDCD of codon bound tRNAPhe 

The FDCD of tRNAPhe and codon bound tENAPhe were 

9 measured by Dr. D.H. Turner. Figs. 4.9 and 4.10 show the 

6£FI£F of Y base with U-U-C and U-U-C-A bound respectively. 

The most useful way to present FDCD spectra is in terms of 

the g factor: the ratio of the circular dichroism to the 

absorption. 

g -
6A 2.303 6A 10-A = -0.0698 er +A- A . 

(1 - 10- ) 
( 4 • 2 ) 



Figure 4.8. 
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Phe CD spectrum of tRNA and U-U-C in 0.1 M 

NaCl, 0.01 M MgC1 2 and 0.01 M Cacodylate buffer 

(pH 7} at 4°C. Concentrations were 2.4 uM 

tRNAPhe and 0.39 mM U-U-C. 32% of the tRNAPhe 

is complexed with U-U-C. 
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Analyzed FDCD spectra (t:.E F/ E F) of Y base in 

tRNAPhe with and without U-U-C in 0.1 M NaCl, 

0.01 M MgC1 2 and 0.01 M cacodylate buffer (pH 7) 

Phe Concentrations were 2.4 ~M tRNA and 

0.39 mM U-U-C. 32% of the tRNAPhe is complexed 

with U-U-C . 
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Figure 4ol0o Analyzed FDCD spectra (6£F/£r) of Y base in 

tRNAPhe with and without U-U-C-A in Ool M 

NaCl, 0 o 01 M MgC12 and 0 o 01 M cacodylate buffer 

(pH 7) at 4 6 Co Concentrations were 2o3 ~M 

tRNAPhe and 4o4 ~M of U~U-C-Ao 75% of the tRNA 

lS complexed with U-V-C-Ao 
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8F is the measured fluorescence-detected ellipticity (in 

degrees) read directly from the Cary 60. 6A = A
1

- AR lS 

the difference in the absorbance of the sample .for the left 

and right circularly polarized light, and A is the absorbance 

of the sample. 

Detailed interpretation of the spectra is difficult 

because there are two fluorescing species in the mixtures. 

The measured FDCD is thus a weighted sum of the FDCD due to 

the tRN.APhe d RNAPhe l . l . . d l an t -o lgonuc eot1 e comp ex. In the 

U-U-C solution 32% of the tRNA is bound and in the U-U-C;...A 

SOl\]tion 75% of the tRNA is bound. The g factor is directly 

proportional to the ratio of the rotational strength divided 

by the dipole strength for the transition. Therefore g should 

be ~ssentially constant throughout each absorption band that 

corresponds to only one electronic transition. The Y base 

has an absorption spectrum with maxima at 313 nm, 260 nm and 

235 nm; regions where the approximate constancy of the g 

factor was observed. 

For the 310 nm band of the' U-.U-C and U-U-C-A complexes, 

and the 235 nm band of the U-G-C-A complex there is a decrease 

in g of 20 to 30%. This is two or three times larger than 

the irreproducibility of the measurement. The decrease in 

g implies ~hat ~he rotational strength has decreased by the 

same factor, because binding an oligonucleotide is not ex-

pected to change the dipole strength of the Y base appreciably. 

Taking in to account the fraction of t RNA bound, it is con-

eluded that there is at least a 50% decrease in the rotational 

strength of the 310 nm band on forming the codon-anticodon complex. 
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The decrease in rotational strength on binding an 

oligonucleotide means either that the environment of the Y 

base has become less asymmetric, or that the Y base has 

become more disordered. An increase in.flexibility around 

t~e ribose-phosphate links of the Y nucleotide or around the 

glycosidic bond of the Y base would be consistent with the 

decrease in rotational strehgth. 

b. FDCD of dodecanucleotide and U-U-C-A 

Similar measurements of FDCD were carried out for 

dodecanucleotide and U-U-C-A. The experimental method for 

measuring FDCD spectra has been described previously. 6 The 

detection system was a Cary 60 spectrophotometer with 

Model 6001 CD attachment modified for fluorescence detection 

by Dr. D.H. IT' 6 
.~.urner. To separate the fluorescence excita-

tion light, a KV·399 plastic Schott filter was used. Fluores-

cence cells of 2 rnm pathlength were used so that a high concen

tration of the oligomers would not produce a high optical 

density. -6 An aqueous solution of 2 x 10 M sodium fluorescein 

was used to obtain the baselines. CD spectra were obtained 

in 2 rnrn pathlength microcells using a Cary 60. Absorption 

spectra were measured with a Cary 15. 

The FDCD spectrum has been analyzed ln a similar way 

to that mentioned above. The anisotropy factor gF was 

calculated by Eq. 4.2. The g factor is presented in Fig. 

4.11 for> the solution of dodecanucleotide and U-U-C-A at 
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Figure 4.,11. Analyzed FDCD spectra (6£FI£F) of- Y base in 

dodecanucleotide with and without U-U-C-A in 

0. l M NaCl, 0. 01 M MgCl
2 

and 0. 01 M cacodylate 

buffer (pH 7} at 4°C. Concentrations were 

13.5 uM dodecanucleotide and 0.11 mM of U-U-C-A. 

90% of the dodecanucleotide is complexed with 

U-U-C-A. 
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-l.8°C. At this temperature, 90% of dodecanucleotide is 

bound with U-U-C-A. The general features of g factor of 

the Y base in the dodecanucleotide is similar to those of the 

Y base in tRNAPhe except for a decrease in magnitude. The 

three bands of the dodecanucleotide at 310 nm, 265 nm and 

230 nm, have been decreased by 20-30% compared wi~h tRNAPhe. 

This implies that the Y base in dodecanucleotide has more 

freedom than the Y base in tRNAPhe. 

There are slight changes in 265 nm and 235 nm bands upon 

U-U-C-A binding. The absolute magnitude of the g factor showed 

a 60% increase in the 265 nm band and a 30% decrease in the 

230 nm band. A similar shift was observed in the 230 nm band 

of tRNAPhe upon U-U-C-A binding. However, these changes 
, 

may not be very meaningful because of the shift in the 

base line and the large standard deviation of the measurements. 

2. Kinetics 

The kinetics were measured by the temperature Jump 

method described in Chapters II and III. 

A. Kinetics of U-U-C 
p· 

Binding to tRNA he 

The kinetics of U-U-C binding to tRNAPhe were measured 

at U-U-C concentrations ranging from 0.1 to 1 mM; tRNA con-

centrations were about 40 ~M. The solvent was 100 mM NaCl, 

10 mM MgC1 2 , 10 mM cacodylate buffer, pH 7. A. typical 

oscilloscope trace of fluorescence intensity vs. time is 

shown in Fig. 4.12. Two discrete relaxation effects were 
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Figure 4.12. Oscillogram of fluorescence temperature jump 

relaxation curve o,f U- U- C binding to t RNAPhe 

in 100 mM NaCl, 10 mM HgCl 2 and 10 mM sodium 

cacodylate buffer pH 7. Concentrations were 

2 8 1JM tR!\!APhe and 0. 4 8 mM U-U-C. Final 

temperature 8.8°C; oscilloscope setting: 

2 ms/division, 0.1 V/division. Total intensity 

corresponds to 16 V and excitation ~vavelength 

was 313 nm. 

: 
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observed. Tl'le fast relaxation time was too rapid to be 

resolved by our instrument (T < 20 ~sec) and was also present 

in solutions containing only t&~APhe Its amplitude was 

about 10% of the total fluorescence intensity. This effect 

was caused by temperature quenching of the fluorescence of 

the Y base. The slower signal occured on a millisecOnd time 

scale and corresponded to a change of about 1 or 2% in the 

total fluorescence intensity. This relaxation had a concen-

tration dependent lifetime; it can be attributed to the 

anticodon-codon comple;{ formation: 

( 4. 3) 

The concentration dependence of the lifetime for such a 

reaction has the following· form 

-l 
T = kiC.IU-U-C] + (tRNA] ) + k 1 eq eq -

( 4. 4) 

where [U-U-C] and [tRNA] are the equilibrium concentra-
eq eq 

tions of uncomplexed U-U-C and tRNA at the final temperature. 

Lifetimes were measured as a function of concentration at 

2.2°C, 8.8°C and l3.0°C. 
. -1 
A plot of T vs. concentrations 

gives k1 and k_
1

• An iterative procedure was used to obtain 

the equilibrium concentrations [U-U-C] and [tRNA] The eq eq 

equilibrium constants of Eisinger10 were used to obtain a 

first approximation to the equilibrium concentrations for the 

kinetic plot. The eq uilibri urn constant calculated from this 

plot was then employed to generate a new plot. This procedure 
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was· repeated until the assumed and calculated equilibrium 

constants were consistent. Fig. 4.13 shows a plot of T-l 

vs. ( [U-U-C] + ItRNA] } ; a good linear relation was -- eq eq 

obtained at each temperature. The association (k
1

) and 
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dissociation (k_ 1 ) rate constants obtained from the plots 

are given in Table 4.4. The equilibrium constant for U-U-C 

binding to tRNAPhe calculated from the ratio k
1

/k_
1 

at 2. 2°C 

-1 
is 1800 M . This is in satisfactory agreement with .the 

1 f 16 0 0 M-1 d b E . . 10 , 11 h va_ue o . measure y lSlnger at t e same 

temperature using equilibrium fluorescence changes in 60 mM 

sodium cacodylate buffer, 10 mM MgC1
2

, pH 6.7. 

The temperature dependence of the rate constants can 

be used to obtain activation parameters for the reaction. 

Arrhenius plots for k 1 and k_ 1 yield 4 ± 1 and 18 ± 3 

-1 . 
kcal mole for the activation energies of association and 

dissociation, respectively. The difference between these 

activation energies is equal to the equilibrium enthalpy 

change for the reaction. Our value of -14 ± 4 kcal rriole -1 

is in -good agreement with the value of -15 ± 1.5 kcal mole 

reported by Eisinger et a1.
1° From a knowledge of the 

activation energies, Ea = aHt + RT, and rate constants, k, 

it is possible to obtain entropies of activation, ast' 

from Eq. ( 4 . 5 ) : 

k ( 4 • 5 ) 

-1 



Figure 4~13 
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Reciprocal of the relaxation time vs. concen

trations of unbound [U-U-C] and [tRNAPhe] 
eq eq 

at final temperature. 
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Table 4.4. Kinetic and Thermodynamic Parameters fop the Interaction between tRNAPhe 
and U-U-C. 

Temperature 

2.2°C 

8. 8° c 

13.0°C 

2°-l3°C 

-1 -1 k
1 

(M sec ) 

(l.8±0.2)xl0 5 

5 (2.2±0.3)xl0 

(2.3±0.3)xl0 5 

-1 E =4±1 kcal mole 
a 

l -1. 
6Hl=3±l kcal mole 

l -1 6S1 =-23±4 cal deg mole 

. .. ... 

. -l k_
1 

(sec - ) 

100±10 

230±20 

330±40 

-1 E =18±3 kcal mole a 
± -1 

6H~ 1 = 17±3 kcal mole 

+ -1 
6S~ 1 =13±3 cal deg mole 

K(M-l) 

1800±400 

1000±200 

700±200 

-1 6H=l4±4 kcal mole 

-1- -1 6S=36±7 cal deg mole 

,,, 

I-' 
N 

+ 
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t,.7he re R is the gas constant, N is Avogadro's number, h is 

Planck's constant and T is the temperature~ The calculated 

. -l -l 
activation entropies are -23 ± 4 and+l3 ± 3 cal deg mole 

for association and dissociation, respectively. Their 

difference of -36 ± 7 cal deg- 1mole-l is in good agreement 10 

with the equilibrium value of -39 ± 5 cal deg- 1mole-l 

B. Kinetics of U-U-C-A Binding to tRt\TAPhe 

U-U-C-A has an extra adenosine residue compared with the 

codon U- U- C. In the anticodon loop of tRNAPhe, a uri dine 

residue is located at the 5' side of the anticodon G -A-A. m 

This indicates a possibility of the four base pair formation 

Phe between tRNA and U-U-C-A. However, the interaction of 

the codon and the anticodon usually involves three base 

pair formation. It will be of interest to find out the 

effect of the adenosine residue in the kinetics and thermo-

dynamics. 

a. U-U-C-A binding in 10 mM MgCl 2 

The kinetics of U-U-C-A binding to tRNAPhe were 

measured at U-U-C-A concentrations r~~ging from 1.6 x 10-
5 

-4 to l. 4 x 10 M; tRNA concentrations 'i.vere about 30 f.LM. The 

Phe t8JA sample solution was prepared by extensive dialysis 

with 100 mM NaCl, 10 mM MgCl
2

, 10 mM cacodylate buffer, pH 7. 

Hdinly, two rel.n:ations were ob:_;erv1:;d de> in the:~· c:::a~:>c of U-U-C; 

a fast one (lO us) due to the temperature quenching of the 

fluorescence and a slow one (l ms) due to the binding 

of U-U-C-A. These are shown ln the upper and middle traces 
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of Fig. 4.14. There is another slovJ relaxation shown at 

the bottom of Fig. 4.14 (10 ms) with small amplitude. This 

relaxation was not studied quantitatively because it was 

difficult to fellow the small a~plitude (< 0.2%). However, 

~ 1 'lor M C' th ~ 1 , · c , o ) h · bl ..c.n _ ml- ._.g 1. 2 . .1.s s ow re1.axat1on ·"' .L ms as an apprec1a e 

amplitude (0.3 "'1.5%). 

The signal due to binding showed a concentration-

dependent lifetime. The amplitude of this relaxation vs. 

fraction bound is shown in Fig. 4.15; it peaks at about 

50 - 60% bound as predicted for a bimolecular reaction. 

The detailed amplitude analysis is presented in Appendix B. 

The kinetics of U-U-C-A binding to tRNAPhe were analyzed 

in a similar manner to the case of U-U-C. Fig. 4.16 shows a 

-1 plot of T vs. ((U-U-C-A] + [tRNA] ) ; again, a good linear eq eq 

relation was obtained at each temperature. Table 4.5 sum-

marizes the kinetic data for U-U-C-A. Arrhenius plots for k l 

and k_ 1 yield 3 ± 1 and 22 ± 3 kcal mole-l for the acti'Jation 

energies of association and dissociation, respectively. 

calculated activation entropies are -17 ± 2 and 28 ± 5 cal

deg-1mole-l for association and dissociation, respectively. 

-1 
The net enthalpy change of -19 ± 4 kcal mole - and the entropy 

change of -45 ± 7 cal deg-1mole-l obtained from the kinetic 

11 data agree reasonably well with the reported values of 

1 -1 -1 -19.5 ± 1.5 kcal mole- and -49 ± 6 cal deg mole . 

. 
J 
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Oscillograms of the fluorescence temperature 

jump relaxation curve of U-U-C-A binding to 

tRNAPhe in 100 mM NaCl, 10 mM MgC1
2 

and 10 mM 

NaCacodylate buffer pH 7. Concentrations were 

Phe 
30 ~M tRNA and 0.14 mM U-U-C-A. Final 

temperature 4.9°C. 

Signal due to Oscilloscope setting 

top temperature quenching 20 ~s/div, 100 mV I di v 

middle binding of U-U-C-A l ms/div, 50 mV /di v 

bottom conformational change 10 ms/div, 20 mV/div 

Total intensity corresponds to 8 V and the excitation 

wavelength was 313 nm. 
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Figure 4.15. The relative amplitude (~I/If) of the re

laxation versus fraction of tR.l\JAPhe complexed 

with U-U-C-A. ~I is the voltage of the 

fluorescence signal due to binding and If lS 

the total fluorescence intensity measured in 

voltage. A shift in the maximum is observed 

as the binding constant decreases: 

.final temperature was ll.8°C (K=3.6xl0
4 

M-
1
), 

4 -1 , final temperature was 17.7°C (K=l.9x10 M ). 
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Figure l.f .16. Reciprocal of relaxation time vs. 

concentrations of unbound [U-U-C-A] . eq 

130 

and [tilliA] at several final tempera-eq . . 

tures in 10 mr-: l-1gCl
2

, 100 mH NaCl ·and 10 Jnlvl 

cacodylate buffer pH 7. 

. 
I 

.· 
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Table 4.5. Kinetic and Thermodynamic Parameters for the Interaction between tRNAPhe 

·Temperature 

4.9°C 

ll.8°C 

17.7°C 

21. 7°C 

5°-22°C 

and U-U-C-A in 10 mt1 MgC1 2 . 

-1 -1 k 1 ( H sec ) 

(1.4±0.2)x10 7 
~ 

(1.7±0.2)xl0 7 

(1.8±0.2)xl0 7 

(1.9±0.2)xl0 7 

E =3±1 kcal mole-1 
a 

~H1=2±1 kcal mole-l 

. l -1 
~s 1 =-l7±2 cal deg mole 

.. , ' . 

-1 k .. (sec ) 
-1 

190±20 

470±50 

950±100 

1700±200 

E =21±3 kcal mole-l 
a 

~H! 1 =21±3 kcal mole-l 

l -1 
~s_ 1 =28±3 cal deg mole 

K(M-l) 

(7.4±1.5)xl0 4 

·4 (3.6±0.8)xlO, 

(l.9±0.4)xl04 

(1.2±0.2)xl0 4 

-1 
~H=-19±3 kcal mole 

-1 
~S=-45±7 cal deg ~ole 

' 

1-' 
w 
"-.) 
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b. U U C A b . d' RN Phe - - - ln lng to t A in 1 mM MgC1 2 

Several measurements have shown that a very strong 

Mg++ ion site is located nearby the anticodon loop. 3 ' 4 

The binding constant measured by equilibrium dialysis 
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showed an increase of about a factor of 1.5 upon the change 

of Mg++ concentration from 1 mM to 10 mM. 12 The kinetic 

++ 
effects of Mg were therefore studied for the U-U-C-A binding 

to tRNAPhe. 

The kinetics of U-U-C-A binding to tRNAPhe in 1 mf'I 

MgC1 2 were measured at U-U-C-A concentrations ranging from 

. -~ -4 
2.6 x 10 v to 3.2 x 10· M; tRNA concentrations were about 

++ Phe 
30 ~M. The Mg free tRNA sample solution was prepared by 

the method described previously. 13 A 40 mM EDTA solution was 

added to tRNAPhe solution and titrated to pH 7 with 0.1 M NaOH. 

This solution was applied to G-50 Sephadex column and diluted 

with Water with pH adjusted to 7. After lyphclyzation, a 

buffer, 100 mM NaCl, 1 mM MgCl
2 

and 10 mM cacodylate pH 7 

was added. U-U-C-A was desalted over a P2 column 3 - 4 

times and lypholized. The same buffer solution was added 

to U-U-C-A . 

Three. relaxations were observed; a fast one due to the 

temperature quenching of the fluorescence, a slow one (500 

~s) due to binding, and a third one appeared in the long 

time scale (10 ms). These are shown in Fig. 4.17 at the top, 

middle and bottom traces, respectively. 

The basis for the assignment of the signal due to 

binding is : 1) The direction of the signal; the signal due 
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Figure 4.17. Oscillograms of the fluorescence temperature 

top 

middle 

bottom 

jump relaxation curve of U-U-C-A binding to 

tRNAPhe in 100 mM NaCl, 1 mM MgC1
2 

and 10 m.H 

NaCacodylate buffer pH 7. Concentrations were 

30 ]..111 tRI'IAPhe and 0.26 m.M U-U-C-A. Final 

temperature was 5.8°C; 

S.ign·al due to Oscilloscope setting 

temperature quenching 20 ]..ls/div, 200 mV/div 

binding of U-U-C-A sao lls/div, 25 mV/div 

conformational change 12.5ms/div, 20 mV/div 

Total intensity corresponds to 11.6 V and the excitation 

wavelength was. 313 nm. 

. 
• 

.. • 
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to the binding should have an increase in fluorescence 

intensity upon temperature jump since a smaller fraction of 

the tR~APhe is bound at higher temperature. The signal 

displayed. in the middle of Fig. 4.17 has the right direction 

f b .. d" 2) Th l" d f h . 1 14 h or 1n 1ng. e amp 1tu e o t e s1gna ; t e 

concentration dependence of each relaxation at different 

time scale was studied. Only the trace in the middle of 

Fig. 4.17 showed a correct amplitude for a bimolecular 

reaction as discussed in Appendix B. 

Each relaxation was analyzed separately. The 1nverse 

of the relaxation due to the binding presented in the middle 

of Fig. 4.l7, llT1, versus the concentration of the free 

tRNAPhe and U-U-C-A is presented in Fig. 4.18. A good linear 

relation was obtained at each temperature. The slowest 

relaxation, presented at the bottom of Fig. 4.17, l/T 2 , 

versus the concentration is shown in Fig. 4.19. The relaxa-

tion time stays constant at high concentrations of U-U-C-A. 

The two relaxations and their concentration dependences 

imply that the following kinetic mechanism can be fitted 

to the data. 

tRNA
Phe kl 

+ U-U-C-A ~ 
-1 

( 
Phe ) tRNA • U-U-C-A l 

fast slow 

( 4. 6) 
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If the assumption is made that the bimolecular binding 

steps are much faster than the subsequent conformational 

cha~ge, the reciprocals of the two relaxation times Tl and T
2 

can be written as 

1 = k l + k
1

[(tRNA) + (U-U-C-A) ] r 1 - eq eq 
(4.7) 

= ( 4. 8) 

1 + [(tRNA) . + (U-U-C-A) ] 
eq eq 

Therefore, the fast relaxation due to binding, l/T
1

, will 

shdw .a linear relation with concentration as in the case 

of a simple bimolecular reaction. The slow relaxation, l/T 2 , 

approaches a limiting value at high U-U-C-A concentration. 

This is what has been seen in Figs. 4.18 and 4.19(a). The 

other various cases where the above assumption does not hold, 

show relaxations with different concentration dependence. 

The details will be presented in Chapter V. 

The rate constants were calculated from the concentration 

dependence of the reciprocal of relaxation times. The 

binding relaxation, l/T
1

, has b~en analyzed according to the 

conventional bimolecular reaction as described previously. 

For the second relaxation, l/T 2 , Eq.(l+. 8) was modified to 

give a linear plot. 

( 4. 9) 



Figure 4.18 Reciprocal of relaxation time, l/T1 , vs. 

concentrations of unbound [U~U-C-A] and eq 

138 

[tRNAPhe] at several final temperatures ln 
eq 

1 mM MgCl 2 , 100 mM NaCl and 10 mM NaCacodylate 

buffer pH 7. 

. 
• 



-I 
(.) 
w 
en -

I 
J-T 

·,, 

5000 

4 000 

3 000 

2000 

1000 

tRNA phe + u-u-c-A 

in 1 mM MgCI2 

• 5.8 c 

X 10. 1° C 

A 13.0°c 
c l6.~c 

2 3 4 

( t RNA + U-U-C-A) x 104, M 

139 



Figure 4.19. (a} Reciprocal of relaxation time, l/T
2

, 

concentrations of unbound [U-U-C-A] and eq 

[tRNAPhe] at,fi~al temperature in 1 mM 
eq 

MgC1
2 

,_ 100 mM NaCl and 10 mM NaCacodylate 

buffer at pH.7. 

140 

vs. 

(b) A linear plot of l/T2 versus [K1 (tRNA)eq 

J-1 
+ K (U-U-C-A) + 1 . 

1 eq 

. 
{ 

.· 
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where K
1 

= k
1

/k_
1 

is the equilibrium constant of the fast 

step indicated in Eq. (4.6). The plot of l/T
2 

versus 

[K
1

(tRNA) + K1 CU-U-C~A) + 1]-l was presented in Fig. 
eq eq 

4.19(b). From the slope and the intercept, the rate 

constants k 2 and k_
2 

were obtained. 

The kinetic and thermodynamic parameters are sununarized 

in Table 4-6. Arrhenius plots for k 1 and k_ 1 yield 2 ± 1 

and 23 ± 3 kcal mole-l for the activation energies of associa-

tion and dissociation, respectively. The calculated acti

-1 -1 
vation entropies are -18 ± 4 and -35 ± 7 cal deg mole 

for association and dissociation, respectively. 

The second relaxation is not temperature sensitive as 

shown in Table 4.6. The overall equilibrium constants will 

be the product of the two equilibrium constants for each step. 

++ 
In comparison with the data in 10 II'l.M Mg the equilibrium 

Mg
++ 

constant has been decreased by a factor of two in l mM 

The enthalpies of reaction for the two cases are the same 

within experimental error. 

The slow relaxation is particularly interesting in 

comparison with the results of the U-U-C binding study. This 

experiment shows a binding signal but not the slower relaxa-

tion due to conformational change. Fig. 4. 2 0 represents the 

typical case of U-U-C with 75% tRNAPhe bound in 1 mM MgCl 2 . 

There is no additional relaxation at the time scale of 20 ms 

where a relaxation does occur for U-U-C-A. This implies a 

possible conformational change of the anticodon loop to 

accomodate the A-U base pair formation in the case of U-U-C-A 



Table 4.6. Kinetic and Thermodynamic Parameters for the Interaction between tRNAPhe and 

Temp ( °C) 

5.8 

10.1 

13.0 

16.3 

U-U-C-A in 1 mM MgC1 2 

-1 -1 k 1 (M sec. ) -1 k_
1

(sec ) 

(7.9±0.8)xl06 300±30 

(8.0±1.0)x10 6 610±60 

(8.1±1.0)x10 6 990±100 

(9.2±l.O)xl0 6 1350±130 

E =2+1 a -

t.HI=1±1 

t.s!=-18±4 

' •.,, .. 

E =22±3 
a 

t. H~ 1 =21±3 

t.s! 1 =32±7 

K
1

=k1 lk_ 1 

(2.6±0.5)x10 4 

(1. 3±0. 3) x10 4 

(8.1±2.0)x10 4 

(6.8±1.3)x10 4 

t.Hi=-20±4 

t.Si=-50±1l 1· 

-1 k 2 (sec ) k_
2

(sec-1 ) K
2

=k
2

/k_
2 K=K1K2 

58±5 45±5 

46±5 41±5 

49±5 42±5 

56±5 43±5 

E =-0.5±1 E =0.7±1 
a a 

1.3±0.2 (3.4±0.7)Xl0 4 

1.2±0~2 (1.6±0.3)x10 4 

1.2±0.2 (9.7±2.0)x1o 3 

1.3±0.2 (8.i±2.0)x10 3 

t.H 2 = 1.2±2 t.H=-2Q±4 

t.S~=-51±5 t.s! 2=-55±5 t.S 2 =4±5 t.S=-46±10 

•·' 

1-' 
+: 
+: 
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Figure 4.20. Oscillograms of the fluorescence temperature 

jump relaxation curve of U-U-C binding to tRNAPhe 

in l mM MgCl 2 , 100 mM NaCl and 10 rriM NaCacodylate 

buffer at pH 7. 
· · · Phe 

The fraction of bound tRNA 

was 75% at the final temperature of 4.2°C. 

Oscilloscope setting: horizontal - 5 ms and 

20 ms per division, respectively, vertical -

20 .mV per division. There is no additional 

relaxation at the time scale of 20 ms where a 

relaxation does occur for U-U-C~A . 
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binding. Furthermore, this conformational change is related. 

to the M ++ • Lfg++ • g_ concentratlon; at 10 mM !' concentratlon, the 

magnitude of the change is much smaller than the signal at l 

mM Mg++ The implications will be discussed in detail in 

Chapter V. 

C. Kinetics of U-U-C-C Binding to tRNAPhe 

The kinetics of U-U-C-C binding were studied to measure 

the effect of the non-base pairing and effect of cytidine. 

The kinetics were measured in a similar manner to that 

described above. TI1e solvent was 100 mM NaCl, 10 mM MgC1 2 , 

10 mM cacodylate buffer, pH 7. A typical oscilloscope trace 

of fluorescence intensity vs. time is shown in Fig. 4.21. 

The concentration of U-U-C-C is kept lower (< 4 x 10- 4 M) 

than in the case of U-U-C. At the high concentration of U-U

-4 C-C (> 5 x 10 M, greater than 60% bound), the amplitude of 

the signal decreases appreciably and the signal itself lS 

not very reproducible. This may be due to binding of 

U-U-C-C to other loops such as the dihydrouridine loop. 

A tyipcal plot of 1/L vs. [tRNA] + [U-U-C-C] is eq eq 

shown in Fig. 4.22. The kinetic data are summarized in 

Table 4. 7. 

The comparison of kinetics between U-U-C and U-U-C-C 

shows that the pattern of kinetics has been changed. The 

association rate (.k.1 I. has increased by a factor of 50 

compared to u~u~c. The rate determining step for U-U-C-C 

is in the first base pair formation as in the case of 
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Figure 4.21. Oscillogram of the fluorescence temperature jump 

relaxation curve of U-U-C-C binding to. tRNAPhe 

in 10 mM MgCl 2 , 100 mM NaCl and 10 mM cacodylate 

buffer pH 7. Concentrations were 3.17 x 10- 5 

M tRNAPhe and 1.6 x 10- 4 M U-U-C-C. Final 

temperature 5.4°C; Oscilloscope setting: 

500 ~s/.div, 100 mV/div. Total intensity ,. 

corresponds to 18 V and the excitation wavelength 

was 313 nm. 
.· 
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Figure 4.22. Reciprocal of the reiaxation time vs. concentra

tions of unbound [U-U-C-C] and [tRNAPhe] at 
eq eq 

final temperature in 10 mM MgC1
2

, 100 mM 

NaCl and 10 mM NaCacodylate buffer pH 7. 

.-

/ 
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Table 4. 7. Kinetic and Thermodynamic Parameters for the Interaction between tRNAPhe and 

Temperature 

5.4°C 

l0.9°C 

l4.3°C 

l7.2°C 

5°-l7°C 

U-U-C-C. 

( -l -l· k
1 

t1 sec ) 

9.3 X 10 6 

1.10 X 10 7 

1. 14 X 10 7 

7 
1.20 X 10 

E =3.4 kcal mole-l 
a 

L\Ht = 3 

L\S4 = -16.3 

E 

-l k_1 (sec ) 

1050 

1800 

2900 

3900 

= 18.2 kcal mole a 

L\H+ = 17 
-l 

L\s!1 = 18.5 

K( M-l) 

8 800 

6100 

3900 

3100 

-l 

.,. 

I-' 
c.n 
N 
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U-U-C-A rather than in the second base pair formation as 

in the case of U-U-C. This suggests that the non-base-

pairing terminal C stabilizes the initial G·C base pair 

formation. 

D. Kinetics of U-U-C-A Binding to the • Dodecanucleotide 

from P~ticodon Loop Region 

It is important to know the conformation of the anti-

codon loop in solution and how it differs from a single 

stranded oligonucleotide of the same sequence. We have 

tried to answer this question by studying the kinetics of 

to the dodecanucleotide (A-C -U-G -A-A-Y-
m m U-U-C-A binding 

mS 
A-~- C-U-G ) excised p 

from the anticodon region· of tRNAPhe. 

This dodecanucleotide can form no base pairs to hold it in 

a loop and presumably has a single strand conformation. Its 

kinetics can be directly compared with the results of U-U-C-A 

. Phe 9 .binding to the intact anticodon loop 1n tRNA . 

The dodecanucleotide from the anticodon region of 

Phe 3 Baker's yeast tRNA was prepared as described previously. 

A molar extinction coefficient was determined by phosphate 

. 5 -1 -1 
analysis to be £(260) = 1.0 x ~0 molar ern . U-U-C-A 

3 
was synthesized by the blocked diphosphate method. The 

4 -1 -1 9 
£(260) for U-U-C-A was estimated to be 3.9 x 10 molar em 

The kinetics of U-U-C-A binding to the dodecanucleotide 

were measured at U-U-C-A concentrations ranging from 20 to 

120 ~H, with dodecanucleotide concentrations ranging from 
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4 to 7 ~M. The solvent was 100 mM Nacl,lOmM MgC1 2 , 10 mM 

cacodylate buffer (pH 7). TI1ree distinct relaxation times 

were observed. One was the instrumental heating time ( T = 

5 ~s); its amplitude comprised 1% of the total intensity. 

The dodecanucleotide showed this relaxation both in the 

presence and the absence of U-U-C-A. This relaxation time 

is ~ot dependent on the concentration of either species. 

Therefore, this fast relaxation can be attributed to single 

strand stacking changes which occur ln times of the order 

of 100 ns. 15 , 16 The second ranged from 30 to 100 ms with 

about 0.2% of the total intensity. This relaxation was 

observed with the solution of dodecanucleotide in the absence 

of U-U-C~A; the relaxation time depended on the concentration 

of dodecanucleotide. Thus, this relaxation can be attributed 

to the formation of an intermolecular complex of the dodeca-

nucleotide. The third relaxation occurs on a millisecond 

time scale and corresponds to a change of 0.2 - 0.5% of the 

total intensity, as shown in Fig. 4.23. This relaxation 

occurs only in the presence of both the dodecanucleotide and 

the U-U-C-A. It has a concentration dependence on both the 

dodecanucleotide and U-U-C-A. 
,. . 

The amplltude of the relaxation 

peaks when about half of the dodecanucleotide is bound. This 

is characteristic of bimolecular reactions. Thus this 

relaxation must be attributed to the dodecanucleotide and 

U-U-C-A complex formation: 

kl 
Dodecanucleotide + U-U-C-A ~ Dodecanucleotide•U-U-C-A. 

~ 
·'"-1 

(4.10) 

.· 
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Figure 4.23. Oscillograms of absorption temperature jump 

relaxation curves of U-U-C-A binding to dodeca-

nucleotide in 100 mM NaCl, 10 mM MgC1
2 

and 10 

mM cacodylate buffer pH 7. Concentrations were 

7.4 ~M dodecanucleotide and 49.2 ~M U-U-C-A. 

Final temperature l0.5°C; oscilloscope setting: 

Upper trace l ms/division, 2 mV/division, lower 

trace 400 ~s/division, 2 mY/division. Total 

intensity corresponds to 2 V and wavelength was 

265 nm. 

-. 
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The concentration depende:nce of the :celaxation time for the 

reaction has.the following form 

1 = 
'! 

k ( (U-U-C-A] + [Dodecanucleotide] ) + k_
1 l eq eq 

(4.11) 

whE:re [U-U-C] and [Dodecanucleotide] are the equilibrium eq eq 

concentrations of uncomplexed U-U-C-A and dodecanucleotide 

at the final temperature. 

The conqentration of dodecanucleotide was kept much 

lowerthan the concentration of U-U-C-A to 1suppress the 

interference of the relaxation signal of the_dodecanucleotide 

itself. The concentration depende:1t relaxation time was 

analyzed independent of other relaxations since the three 

discrete relaxations were sufficiently far apart. Figure 

2 1' h f' -l '( J (Dod , 4. -? s ow_ s a plot o T vs. ._ u-u~c-A + ecanuc ... eo-
- eq 

tide] ); a good linear relation was obtained at each 
eq 

temperature. Equilibrium concentrations were estimated and 

used to make a trial plot to obtain k1 and k_1 . · rrom the 

equilibrium constants K = k 1 1k_1 , new concentrations were 

obtained and the process was repeated until k 1 and k_ 1 

did not change. The association (k 1 ) and dissociation (k_ 1 ) 

rate constants obtained from the plots al~e given in Table 

7 -1 . -1 
4. 8. The rate constants (k1 = 1. 2 x lO , t mole sec , 

k _ = 150 sec-1 at 0°C) are very similar to those of U-U-C-A 
-l 

- · Phe 7 -1 -1 
binding to the int.act tRr-!A (k1 = 1. 3 x 10 mole sec , 

-1 9 k_i = 100 sec · at o°C). Ar-rhenius plots for k1 and k_ 1 
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Figure 4~24. Reciprocal of relaxation time vs. concentration 

of ·unbound ((U-U-C-A ) and ([Dodecanucleotide] ) 
. eq eq 

at several final temperatures . 

.. 
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Table 4.'8 Kinetic and Thermodynamic Parameters for the Interaction between 

Temperature 

5.7°C 

l0.5°C 

14.0°C 

l 7. 00 C 

5°-l7°C 

Dodecanucleotide and U-U-C-A. 

-1 -1 k
1

(H sec ) 

(l. 4±0. 2 )xlO 7 

(l. 6±0. 2) x107 

(l.7±0.2)xl0 7 

( l. 8±0. 2) xlO 7 

E =3±1 kcal mole-l a . 

~ -1 
~H1=2±l kcal mole 

' . -1 ~sr=-16±2 cal deg mole 

-1 
k_

1
<sec ) 

300±30 

590±60 

900±100 

1500±200 

-1 E =22±3 kcal mole a . 

+ . -1 
~H_1 =21±3 kcal mole 

l -1 
~s_ 1 =32±6 cal deg mole 

K(M-l) 

(4.7±0.9)xlo 4 

(2.7±0.5)xl0 4 

(l.9±0.4)xl04 

(l.2±0.3)xlo 4 · 

-1 
~H=-19±4 kcal mole 

-1 
~S=-48±8 cal deg mole 

1-' 
en 
tO 

0 

c~ 

......... 

.[~· 
~·· 

~t.:.. 

Ci' 

c;; 

' ·' ... _ 

': 
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yielde,d 3 ± 1 and 2 2 ± 3 kcal mole -l for the ·activation 

energies of association and dissociation, respectively. 

The same ac.tivati?n energies were obtained for the 

binding of U-U-C-A to tRNAPhe. 9 

-· 
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CHAPTER V 

DISCUSSION 

1. Mechanisms of the Codon-Anticodon Interaction 

One goal of this work has been to learn the details of 

the codon-anticodon binding reaction and to examine the 

kinetic patterns of the recognition of the codon-like 

oligonucleotides by tRNAPhe. Differences in ""the kinetics 

might play an important role during the codon selection pro-

' cess. To check this idea, several codon-like oligomers, 

U-U-C, U-U-C-A and U-U-C-C binding to tRNAPhe were examined. 

The kinetic and thermodynamic results are summarized in 

Table 5 .1. 

·A. U-U-C 

The mechanism of the binding of U-U-C to tRNAPhe has 

a different kinetic pattern than either U-U-C-A or U-U-C-C. 

The association rate of U-U-C is approximately two orders 

of magnitude smaller than U-U-C-A or U-U-C-C as shown in 

Table 5.1. It appears that the formation of one base pair 

(G ·C) is not stable enough for the fast zippering of the 
m 

subsequent base, pairs . 

The following kinetic scheme, in which the formation 

of each base pair constitutes a separate step, is 

considered: 
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Table 5 .l. Summary of the Thermodynamic and Kinetic Results 

on the Codon-Anticodon Interaction 

tRNA e tRNA e tRNA 12-mer Ph Ph Phe 

+ .+ + + ! 

uuc UUCA uucc UUCA 

kl(OO.C), 
l. 7xlo 5 7 7 

1.2x10 7 
-1 -1 . l. 3x 10 0. 8 xlO 

sec. M . 

k_l (OOC), 
80 .100 550 150 -1 sec . 

El 
a' kcal-

4±2 3±1 3 ±l 3±1 

mole -1 . 
E -1 kcal-a ' 18±2 22± 3' 18 ±2 22±3 

mole -1 . 

* cal- -16±2 .6.Sl' -23±4 -17±2 -16 ±2 

deg mole -1 . 
.6.sf 1 ,.cal-

13±3 2 8±5 19 ±5 32 ±6 
deg mole -1 . 
.6.H, kcal mole -1 . -14±4 -19±4 -15 ±3 19±4 

.6.H ( eq. dialysis) 
-15±1.5 -19.5±1.5 -16.0±2.0 --

kcal mole -1 19 . 

.6.S, cal deg -1 mole -1 -36±7 -45±7 -35±7 -48±9 . 

.6.S (eq . dialysis) 
-39±5 -49±6 -41±8 

deg -1 -1 19 
cal mole . 
K (0°C)' eq 

M-1 2100 l. 3xl0 5 l.4xl0'+ sx 10 4 

K (eq. dialysis) 
0.75xlo 5 4 

eq 2000 0.85xl0 --.. 

-1 19 M . 

. . 

.. 
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The data indicate that the rate determining step is the 

formation of the second base pair for U-U-C. The logic 

leading to this deduction will be described below. 

The encounter of the two molecular species will be 

close to a diffusion controlled process. Thus, the maximum 

rate of reaction in solution is limited by the diffusion rate. 

The diffusion rate in solution is given by the following 

. l equatJ.on. 

kdiff 

where 

(5.1) 
1000 

DA,DB - diffusion coefficients of molecules 

A and B, 

= van der Waals radii of molecules A 

and B, 

N
0 

= Avogadro's number. 

If, for simplicity, a spherical shape is assumed for both 

molecules, the diffusion coefficient can be calculated by 
' . 

the Stokes-Einstein equation. 



where 

kT 
D = 61rr11 

r = radius of the molecule, 

11 = viscosity of the solution. 

The Eq. (5.1) can be rewritten 

kdiff 

A diffusion rate of 1.2 10 9 -1 -1 
is predicted X M sec 
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( 5 • 2 ) 

( 5. 3) 

by 

using rA = 40 $., r> 
-B = 10 )\ and 11 = 0.0089 poise at 298°K. 

For ·the case of the binding of U-U-C to the tRNAPhe 

a.11ticodon, the rate will be slov1er by about a factor of ten 

because the binding site (anticodon Gm-A-A) is one tenth of 

the surface area of tRNAPhe. This rate will be decreased 

further by the repulsion from the negatively charged phos-

phates of the nucleic acid backbone. However, the measured 

association rate constant for U-U-C is a factor of 10 2 to 

10
3 

slower than expected if the rate determining step were 

the formation of the first base pair. Hence a more compli-

cated mechanism must be invoked for this reaction. 

If the formation of the second base pair is rate 

determining, the activation enthalpy of association is 

given by: 

( 5 . 4 ) 

where 6H
01 

lS th equilibri~m enthalpy of formation for the 

first base pair and 6H1
2 

is the activat~on enthalpy for 

. . 

.• 
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formation of the second base pair. ~Hal is approximately 

zero
2 

since formation of the initial base pair only involves 

replacing hydrogen bonds to water with hydrogen bonds to 

a base. That is, no stacking interact~on is created. Thus, 

in this model the activation enthalpy for formation of the 

16 7 

second base pair is equal to the measured activation enthalpy, 

~Hl = E - RT = 3 ± 1 kcal mole-1 . This is a quite reason-a 

able value for such an intramolecular step. An activation 

energy of 4 kcal mole -l (~Hf ·= 3 kcal mole -l) has recently 

been reported for the successive addition of AU base pairs in 

An + Un. 3 

While the activation enthalpy is close to that pre-

dieted if the second base pair is rate determining, it is 

inconsistent with that expected if the third base pair is 
. . 

rate'determining. In this case the activation enthalpy 

is given by: 

( 5 . 5 ) 

The value of ~Hal is approximately zero, as discussed above. 

The second base pair should provide an enthalpy change of 

about -6 kcal mole-1 . Thus an activation enthalpy of 

+ -1 ~H23 = 9.6 kcal mole would have to be assumed for producing 

the third base pair. This is somewhat high for this type of 

elementary step. Therefore the formation of the second base 

pair appears to be rate determining. The energetics of this 

reaction scheme for U-U-C are presented in Fig. 5.1. 
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Figuer 5.1. The energetics of U-U-C binding to tRNAPhe. 
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The comparison of the thermodynamic data for U-U-C 

tRNAP~e and U-U-C•G-A-A is shown in Table 5.2. The enthalpy 

of the formation is close to the th1,ee base pair formation 

predicted· from the model. compour>ds. 2 However, the difference 

in the entropy is quite large and affects the thermodynamic 

stability. 

B. U-U-C-A Binding to tRNAPhe 

U-U-C-A binding to tP~APhe was carried out to find out 

tre effect of the adenosine residue on the thermodynamic and 

kinetic aspects of the 90don-anticodon interaction. The 

a·denosine residue can base pair Hi th the uri dine residue at 

the 5' side of the anticodon G -A-A. This implies a possible m 

four base pair formation between U-U-C-A and tRNAPhe. 

However, the codon-anticodon interaction usually involves 

the forrnation.of only three base pairs between tRNA and 

mRNA. The following questions were considered: l) Does 

an extra adenosine residue make the mechanism of the 

binding of U-U-C-A different from U-U-C? 2) Is the 

anticodon loop flexible enough to form more than three base 

pairs?· 

The association rate of U-U-C-A, 2 x 10 7 M-l sec-l is 

close to the diffusion controlled rate considering the 

available proportion of the surface area of the binding site 

and the repulsion of the negatively charged phosphates. 

This indicates that the formation of the. first base-pair is 

probably· rate de·terrnining in this reaction. Therefore, the 
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Table 5.2. Codon-Anticodon Interaction in Yeast tRNAPhe 

~ uuc + GAt. 

GAA Estimated • • • cuu 

K(0°C) 1 

6.H 0 (kcal/mole) -14 

6.S 0 ( e u/mole) -53 

~ ......--

~ 

GAA 
• • • 
cuu 
.._.---

Experiment tRNA•UUC 

2100 

-14 
-36 

1-' 
-..J 
1-' 

0 

c 
~= .. 

......... 
~[ . ..... 

:'; . 
.. Iw:~ 

0' 

(:> 

(..;, 

~ 

c,..,; 

~ 
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adenosine residue next to the cytidine stabilizes the initial 

G·C base pair and slows down the dissociation rate. The 

proton NMR of U--U-C-A has shown that the extra adenosine 

residue stacks on top of the cytidine and causes line 

broadening of the H5 and H6 base protons of cytidine even 

4 at room temperature. 

The difference in the mechanism of binding between U-U-C 

and U-U-C-A is reflected in the dissociation rates. For a 

series of similar oligonucleotides which have the same kinetic 

scheme, the net observed dissociation rates decrease by a 

factor of six for each additional base pair formation. 5 ' 6 

(see Appendix C). This is not what is observed in the case 

of U-U-C and U-U-C-A. The observed dissociation rate of 

U-U-C-A is about the same as U-U-C implying a difference 

in the mechanism. 

The codon-anticodon complex is known to be more stable 

than other oligonucleotide complexes. A comparison of the 

thermodynamic data of U-U-C-A binding to U-G-A-A, tRNAPhe 

and dodecanucleotide is shown in Table 5.3. The thermodynamic 

data for U-U-C-A binding to U-G-A-A were estimated from 

the data of model compounds. 2 The equilibrium constant of 

U-U-C-A to tRNAPhe was increased by a factor of 2600 com-

pared to U-G-A-A·U-U-C-A, but only by a factor of 1.5 

compared to dodecanucleotide·U-U-C~A. The large binding 

constant for U.-U-C.-A and dodecanucleotide will be discussed 

in the following section. The enthalpy of the reaction, 

·-. 

.• 
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Table 5. 3. Codon-Anticodon Inte~action in Yeast tBNAPhe. 

---.:::... ~ UUCA 
UUCA + UGAA ~ . . . . 

-.::---- AAGU 
~ 

Estimated Experiment Experiment 

t1GAA 12-mer•UUCA . . . . tRNA•UUCA 
ACUU 

K(0°C) 50 130,000 80,000 

b.H 0 (kcal) -20 -19 -19 

b.S 0 (cal I de g) -6 6 -45 -48 

. 

1--' 
~ 
w 

0 

C> 

c 
.& 

0' 
,.. . ..., 
'\,.-

(/ .. 

·~ 

& 

0 
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-19 
. -1 2 
kcal mole , ~s close to the predicted value of the 

enthalpy for four base pair formation, -20 kcal, rather than 

the enthalpy of three base pair formation, -15 kcal. The 

binding constant has been increased by a factor of 60 com-

pared with U-U-C binding. However, the entropies are quite 

different from the predicted value as shown in Table 5.3. 

Therefore, the major contribution of the thermodynamic 

stability comes from the entropy gain. From the thermo-

dynamic and kinetic data, it is concluded that U-U-C-A 

f f b . . h RNAPhe . . . . orms our ase pa~rs w~t t s~m~lar k~net1c and 

thermodynamic data found for dodecanucleotide and U-U-C-A 

agrees with the formation of four base pairs. 

An equilibrium dialysis study on U-U-C-A binding to 

tRNAPhe has shown an increased binding constant at higher 

++ . . 7 
Mg concentrat~on. Fig. 5.2 shows an increase of about 

++ 
1.5 fold upon the increase cf Mg concentration from 1 mM 

to 10 mM. . . . ++ 
The quest~on ~s whether th~s Mg dependence has 

any relationship to the three dimensional structure or 

++ 
whether it is merely the result of Mg stimulated nucleic 

acid interactions. 

. ++ 
. The. comparison of the kinetics between h~gh and low Mg 

concentration gives an interesting result. In addition to 

the bimolecular relaxation an additional. slow relaxation was 

observed due to the binding of ·U-U-C-A at 1 mM MgC1 2 . The -

following two mechanisms were considered. 

.. 
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Figure 5.2. Binding constant of U-U-C-A to tRNAPhe as a 

function of magnesium concentration. The 

solution was 1 M NaCl and 0~01 M phosphate 

buffer pH 7 . 
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kl 
tRNA + U-U-C-A ~ tRNA•U-U-C-A 

~ 
-1 

tRNA·U-U-C-A' 

tRNA ~ tfu~A' U-U-C-A k2 
k_l 

tRNA•U-U.,..C-A. 

If the assumption 1s made that the bimolecular binding 

steps are much faster than the isomerization step, the 

( 5 • 6 ) 

( 5. 7) 

reciprocals of the two relaxation times associated with 

Eq. ( 5 . 6) are 

= k.;,;l + k 1 C[tRNA] + [U-U-C-A] ) r 1 eq eq 
1 ( 5 • 8) 

;
2 

= k 2 + k_ 2 - k 2 CK1 [tRNA]eq + K1 [U-U-C-A]eq + 1)-l 

( 5. 9) 

and those associated with the mechanism of Eq. ( 5. 7) can 

be written as 

1 = k + k 2 CI tRNA' J + [U-U-C-A] ) 
Tl -2 eq eq 

( 5. 10) 

1 
k .,.1 

= kl + 
T2 [U-U-C-A] 

1 + eq 
(k -2 7k2) + [ tRNA I ]eq 

(5 .11) 

These two mechanisms can be distinguished by the different 

dependence of the relaxation times on the reactants. In the 

first case, l/r 2 increases as U-U-C-A increases, whereas in 

the second case, l/r
2 

decreases as U-U~C-A increases. In 

both cases l/r 2 approaches a limiting value at high substrate 

concentrations. The graphical representations of the reaction 

mechanism for Eqs,. (5.6) <;:1nd (5.7) are given in Figs 5.3(a) 

and (b) for the fast binding and slow isomerization. The 
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experimental results showed that l/T 2 increases .as the con

centration of ·u-U-C-A increases. Therefore the mechanism 

shown in Eq. (5.7) is ruled out. 

The other cases where the above assumption (i.e. , fast 

binding and slow isomerization)_does not hold show relaxations 

with different concentration dependences. The reciprocal of 

each relaxation versus concentra~ion has been examined for 

two different cases; 1) slow binding and fast isomerization 

shown in Fig .. 5.3(c) and (d), 2}an intermediate case where 

rates are similar in the fir~t and the second steps shown 

in Fig. 5. 3 (e) and (.£). Neither of these relaxations 

showed the same phenomena observed in the experi~ent. 

Table 5.4 shows a comparison of the kinetic data of 

U-U-C-A binding to tRNAPhe at 10 mM and 1 mM MgC1 2 . The 

association rate has increased about a factor of two and 

the dissociation rate is about the same within the experi

mental errors .. Ionic strength dependence of the association 

and dissociation rates were studied for.the oligonucleotide 

by Porschke et al. 8 Their results showed that the association 

rate was increased by a factor of 5 - 8 on 20 fold increase 

of the salt concentration. Although there is an increase in 

the association rate, the activation enthalpy remains 

essentially the same suggesting that the initiation process 

at high salt concentration is the same as that of at low 

salt concentrations. The dissociation rates appeared to be 

independent of the ionic strength. 

'I 

.• 
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Figure 5.3. The concentration dependence of relaxation times. 
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Table 5. 4. Comparison of the kinetics at Different Hg ++ 

Concentrations 

10 mM Mg++ 1 mM Mg++ 

tRNA + UUCA ¢ tRNA• UUCA tRNA+UUCA ¢ tRNA· UUCA ¢ tRNA· UUCA I 

k (0°C) -1 -1 
1 

sec M 1.3xl0 7 7.lxl0 6 

k_l (QOC) 
-1 100 120 sec 

k
2 

( 0 ° C) sec -1 50 

k_2(QOC) -1 40 sec 

El kcal mole -1 3 2 

~ . . 1 E_ 1 kcal mole- 22 22 

El 
2 kcal mole -l -0.5 

El -1 -.0. 7 
-2 

kcal mole 

~st cal deg 
-1 

mole 
-1 -17 -18 

1 

~s: 1 .cal -1 -1 deg mole 25 32 

~s* cal deg 
-1 

mole 
-1 -51 

2 

~s~ 2 cal deg 
-1 

mole 
-1 -5~ 

• . 
..• 

\ 
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The slow relaxation did not show an apparent temperature 

dependence. The calculated rates k
2 

and k _
2 

from Eq. ( 5. 9) 

were 50 ± 5 sec-land 40 ± 5 sec-1 . The activation energies 

for forward and reverse reactions are very small. The slow 

rates are due to the high entropy barrier J.n the reaction 

coordinate. 

Several mechanisms 9-ll can be fitted to the observed 

relaxation time dependence on the concentrations. The 

following mechanisms were considered. 

I. 
k 

A + B ~ ABl ..----
k -1 ( 5 . 12) 

A + B 
k2 

AB 2 
~ 

~ -2 

The mechanism described above has two different complexes: 

AB 1 and AB 2 . This mechanism would show an identical relaxation 

behavior as-the ·mechanism with the conformational change, 
:'; 

A+ B ~ AB ~ AB'. The slow rates for both forward and reverse 

k 
A+B ~ AB -· 
~ 1 

k 
A+B _h AB 
~ 2 

-1 

: The rate equations for· the above mechanism are written below: 

.. 1/Tl + l/T2 = (k 1+k 2 )(A+B) + k_1 + K_ 2 

l/T
1

·1/T 2 = (k 1k_ 2+k_
1

k 2 )(A+B) + k_ 1k_ 2 

when l/T
1 

> l/T 2 and k 1 > k 2 , the following approximations 

are obtained. 

1/Tl - k 1 (A+§) + k_1 

l/T
2 

= k
2 

+ k_
2 

- k 2 [K
1

(A+B) + 1]-l 
•' . 

These are identical equations for the mechanism A+B ~ AB ~ AB'. 
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reactions and no apparent temperature dependence of the 

rates may rule out this mechanism. It is expected that the 

association rate of the complex AB
1 

would be of the same 

order of magnitude as the complex AB
2 

since the association 

rate will be determined mostly by diffusion rate. An enthalpy 

change is expected even for non correct base pairing. 

Another mechanism was considered which had a similar 

relaxation behavior: 

II. A 
kl 
~ A' 

B1l 

K_l 

1l B 
k2 

AB ~ AB' 
~ -2 

(5.13) 

Under certain limiting conditions, for example, if A state 

reacts with B much faster than A' state or vice versa, the 

reciprocal relaxation time for binding becomes a linear 

function of the concentration. The relaxation associated 

with the conformational change A ~A' coupled to the fast 

binding steps can be derived. If a further assumption 

1s made, that k_
1 

= k_
2

, then the following equation can 

be obtained. 

l 1 + [B] K' 
= k + k eg 

T -1 1 1 + (BJ K eq 
(5.14) 

where K and K' are the binding constants of AB and AB' 

respectively .. \fuen K < K', 1/T increases as the concen-

tration of B increases. This relaxation behavior agrees 

• . 
.. 
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with the observed relaxation phenomenon. Pnother attractive 

feature of the above mechanism is that one can see a simple 

physical basis of the rearrangement step of the anticodon 

loop of tRNAPhe. 

In summary, two mechanisms mentioned above are consis-

tent with the observed kinetic data; 

tRNA + U-U-C-A tRNA•U-U-C-A (tRNA•U-U-C-A) I 

or 

tRNA tRNA 1 

U-U-C-A 1~ 1l U-U-C-A 

tRNA•U-U-C-A (tRNA·U-U-C-A) I 

Other mechani~ms might be found which also fit the kinetic 

data; the above schematic models were chosen because they 

are of sufficient complexity to accomodate the results. 

C. U~U-C-C Binding to tRNAPhe 

The comparison of the results between U-U•C and U-U-C-C 

shows that the pattern of kineticshas changed. The associ-

ation rate Ck
1

) has increased by a factor of 50 compared to 

U-U-C. The rate determining step for U-U-C-C is in the 

first base pair formation as in the case of U-U-C-A rather 

than in the second base pair formation as in the case of 

U-U-C. This suggests that the non-base-pairing terminal C 

stabilizes the initial G•C base pair formation. A similar 

phenomenon was found in the dissociation rate. The dissoci-

ation rate was increased by a factor of six compared to U-U-C-A. 
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For series of the similar oligonucleotides which have the 

same kinetic scheme, the net observed dissociation rat·es 

decrease by a factor of six for each additional base pair 

formation (see Appendix C). 

The net enthalpy of the reaction is close to the 

enthalpy of the U-U-C binding suggesting the formation of 

three base pairs. However, the equilibrium constant has been 

increased by a factor of six. It is not clear whether this 

thermodynamic stabilization of the extra cytidine residue 

is due to the entropic or enthalpic contribution, because of 

the relatively large experimental error. 

D. Kinetics of the Dodecanucleotide and U-U-C-A 

The codon~anticodon interaction complex is more stable 

than found or predicted for two complementary oligonucleotides 

of the same length. So far, this stability has been attri-

buted to the conformation of the anticodon loop. The 

kinetics of U-U-C-A binding to intact tRNAPhe and the dodeca

nucleotide from the anticodon region of tRNAPhe are compared; 

the key point is to find out how the intact anticodon loop and 

the oligonucleotide of the same 'sequence differ in the 

interaction with codons. The similarity or difference in 

kinetics might reflect the conformation of the anticodon 

loop in solution. 

The kinetics of U-U-C-A binding to the dodecanucleotide 

show a remarkable similarity to the kinetics of U-U-C-A 

binding to the intact anticodon loop. 

' . 
.. 
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7 -1 -1 From the fast rate (k ~ 10 £ mole sec ) and small 

activation energy (E = 3 kcal), the rate determining step a 

can be assigned to the formation of the first base pair 

(G·C) as in the case of U-U-C-A·tRNAPhe. The enthalpy of 

formation U,H = -19 ± 4 kcal) 1s the same as found for 

U-U-C-A and tRNAPhe and is in agreement with the enthalpy 

estimated2 for the formation of four base pairs (6H = -20 

kcal). This strongly suggests that both the anticodon 

l . RNAPhe . oop 1n t and the dodecanucleot1de can form four 

base pairs with U-U-C-A. 

Th b . d" f C Phe . 5 e. 1n 1ng constant o U-U- -A to tRNA 1s 1.3 x 10 

at 0°C.
12

,
13 

This is about 3000 times that calculated from 

the model compound U-U-C-A · U-G-A-A. 2 It has been suggested 

that this greatly enhanced binding is due to the conforma-

tion of the anticodon loop. The experiments reported here 

indicate that the binding constant, K = k 1 /k_1 for U-U-C-A to 

a single stranded dodecanucleotide excised from the anticodon 

4 loop 8 x 10 at 0°C. This is within a factor of two of the 

binding to the intact tRNA. Horeover, the kinetic para-

meters in both cases are very similar. Thus it seems that 

the large binding cannot be attributed to a special confor-

mation of the anticodon loop . 

The reason for the enhanced binding of U-U-C-A to the 

dodecanucleotide ~emains a mystery. Several possible causes 

are: ( l) modified bases, (2) non-base-paired ends, and 

++ 
(3) Mg effects. 
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There are a number of modified bases in the sequence, and 

these may alter the stability. However, the effect of the 

hypermodified base Y has been found to be at most a factor of 

seven in the binding constant of two tRNA$ with complementary 

. d 14 
an~tlco ens. · The modified ribose in G is probably not 

m 

important since this does not strongly affect the base 

stackin.· g in G A or G u} 5 
'
16 Thus base modifications do mp mp · 

not seem to be the explanation. 

A more likely explanation for the increased binding 

lS the effect of non-base-paired ends. The first observation 

that these ends can affect stability was made by Martin, et 

a1.
17 Grosjean~ et a1. 14 have pointed out that this might 

be important in the codon-anticodon interaction. They 

s m2 18 
studied the binding of the decamer, C-C-C-U- U-U-C- A-C-G, 

~vi th the same dodecamer used in the experiments reported 

here. This is a situation in which.both oligomers have non-

base-paired ends. Their equilibrium constant for this complex 

formation is 1 x 10 6 at 0°C. In the work reported here, 

only one of the oligomers has -unpaired ends. The association 

constant is ~ 10 5 at 0°C. Thus it is clear that the 

effect of unpaired ends can be very significant. We find 

that the stability comes from a smaller decrease in entropy 

than expected for two oligonucleotides, just as ln the case 

of U-U-C-A·tRNAPhe.l 3 , 1·9 Model systems of A U (m > n)
20 

m n 

have also shown a large increase in binding cons~ant relative 

to AU due to a gain in entropy. For example, the melting n n . 

• . 
.. 
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temper'a:ture of A7u4 is 9°C higher than A4 u4
; A

7
u4 shows an 

unfavorable increase in enthalpy (2 kcal mole-1 ) and a 

-1 -1 favorable lncrease in entropy (12 cal deg mole ) compared 

to A4U4 . Previous codon-anticodon interactions have been 

compared to two complementary oligomers of the same length. 

This experiment has shown that oligomers of the same size 

are not a good model to use. Rather, an oligomer with 

non-base-paired dangling ends should be used. 

A third possibility for the large association constant 

is the effect of Mg
2

+ ion. Both the anticodon loop and the 

M 
2+ 20,21 

dodecanucleotide have one strong binding site for g . 

2+ 
The Mg dependent relaxation observed for U-U-C-A binding 

to tfu\IAPhe suggests that a similar Mg ++ dependence might 

play a role in the dodecanucleotide. 

2. Implications and Conclusions 

The codon-anticodon interaction has been studied to 

find out about its structure, strength and lifetime. The 

biological significance of this interaction is in the 

fidelity of the genetic reading during the translation. 

The fast kinetic method was employed to study the details 

of the interaction and the possible conformation of the 

anticodon loop in solution. 

The sources of the thermodynamic stability of the 

codon-anticodon complex have been puzzling. The facts 

are that the enthalpies for forming and breaking each base 

pair in the codon-anticodon complex are the same as in other 



188 

model oligonucleotides. However, t~e entropies are quite 

different. Thus, the thermodynamic stability can be attributed 

to the gain in the entropy rather than the decrease in the 

enthalpy. 

A plausible reason for the increased stability of the 

codon-anticodon complex in tRNAPhe is that the Y base acts 

by stacking on the codon. We can probably rule this out 

because ~H0 for forming the complex is not unusual and the 

~so is more positive than expected. Stacking of Y base 

should decrease ~H 0 and also decrease ~S 0 • Furthermore a 

rigid conformation of the Y base on binding U-U-C and 

U-U-C-A should lead to an increase in rotational strength, 

not a decrease as found. 22 A calculation of the circular 

dichroism of Y base suggests that a conformational change 

of the helix, such as a transition from B to C form, may 

th d f 1 Y b . l d . h . 2 3 cause e ecrease o t1e ase clrcu ar lC rolsm. 

Eisinger and coworkers, and Fuller and Hodgson have 

suggested that the anticodon has a fairly rigid conformation. 

corresponding to a Watson-Crick helix. It follows that there 

is essentially no loss of the entropy in ~he anticodon upon 

binding of the codon, therefore the overall change of 

entropy becomes less negative than the case of two oligo-

nucleotides. However, the similar kinetics observed for 

U-U-C-A binding to the intact tRNAPhe and dodecanucleotide 

sugge~t that the anticodon loop is as flexible as dodecanucleo-

tide. Dodecanucleotide can form no base pairs to hold it in a 

loop and presumably has the conformation of a single strand. 

~ . 
.. 
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A possible source of the entropy gain can be explained 

by a model in which the initial state of the loop 1s flexible 

and the final state of the codon-anticodon complex lS special. 

The conformational change involved in creating this final 

state would have to change the reaction entropy without 

affecting the enthalpy. it would also have to result in a 

decreased rotational strength for theY base. One possibility 

for such a change is a release of Mg++ ions or water mole-

cules. This could result in an increased flexibility of the 

nucleOtides in the anticodon loop which are not involved in 

the base pair formation . 
. ++ . 

A model of Mg depende-nt conformational change is 

particularly attractive in view of the results obtained from 

U-U-C-A binding to tRNAPhe at 1 mM MgC1
2

. An additional slow 

Mg++ relaxation was observed at low toncentration while this 

signal was not observed appreciably in U-U-C and U-U-C-A at 

h . h M' ++ lg 1'1g According to the recent X-ray crystallographic 

study, 24- 26 anticodon loop captains two distifict quasi-

helical parts as shown in the left side of Fig. 5.4. There 

is a polarity change of the helix between U 33 and G 34. m 

To accommodate four base pairs there needs to be a confor-

mational change of the loop. In collaboration with Dr. 

Helen Berman, the possi?le conformational change was in

vestigated with a Kendrew model built according to the 

published atomic coordinates of tRNAPhe by the MRC group.
24 

The following operations were applied; 1) breakage of the 

hydrogen bond between P 36 - 0 ••••••• H- N2 of uridine 33 
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Figure 5.4. Schematic drawings of the anticodon loop (left) 

and the anticodon loop bound with U-U-C-A 

(right) with a conformational change. 
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2) 180° rotation of ? 33 ~ o5 bond in the backbone, 3) 90° 

clockwise rotation of ? 34 - 0 5 bond ~n the backbone. 

As a result of these operations, the uridine residue 33 

swings out and lS at the right p0si tion to ma.ke a regular 

Watson-Crick base pair with adenine. The Newman projections 

of each rotation al1d the overall config'.lration are presented 

in Figs. 5. 5 (a) and (b). This could be one of the possible 

examples of the change which does not alter much of the 

other parts of the loop and still can accomodate four base 

palrs. The base proton NMR has shown that the ring 

nitrogen proton of uridine is protected in the anticodon 

27 
loop. This peak was observed at 11. 2 ppm and was sensi-

++ . 2 8 2 9 
tive to the Mg concentratlon. ' The proton NMR results 

++ suggest a possible Mg dependent conformational change of 

uridine 33. 

The slow rate assigned for the conformational change 

has a rather high free energy barrier, 14 kcal, mostly from 

the entropic contribution. However, the final state is 

energetically close to the intermediate. A possible ex-

Mg
++ 

planation involves an exchange of between two different 

sites. The calorimetric measurements have shown that binding 

++ 
of Mg to tRNA is not accompanied by a measurable heat 

f 'f t 30,31 e ec . However, the free energy change is large 

-1 . 
(-7 ~ -10 kcal mole ) according to the large binding 

constant measured. It seems ~hat a large free energy is 

provided by the high positive entropy of binding due to the 

. 
l 

.. 
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Figure 5.5. (a} The Newman projection of the conformational 

change. 

(b) The sketched drawing of the conformational 

change upon binding of U-U-C-A . 
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dehydration of ions when complexing with tRNA. To find out 

++ 
the effect of Mg on the conformational change, a further 

study of the slow relaxations at different concentration 

f M ++ . d ranges o g lS nee ed. 

Phe Studies on the complex between two tRNAs, Yeast tRNA 

and E. coli tRNAGlu, with complementary anticodons were 

. d b H G . l 14 carrle out y . rosJean et a . Their results have 

shown a very high binding constant (3.6 x 10 5 M-l at 25°C) 

due to the slow dissociation rate. The thermodynamic sta-

bility has been attributed to the enthalpy decrease (-25 

kcal mole-l) which is nearly twice as large as expected for 

two stacking interactions in a three base pair helix. 

However, the anticodon loop of E. coli tRNAGlu has a base 
2 . 

m s 18 
sequence, -C-A -C-U-U -U-C-, suggesting a possible addi-

tional A·U base pair formation in addition to the three base 

pairs between the anticodons. The similar enthalpy obtained 

for the oligonucleotides, dodecanucleotide and decanucleotide, 

. Phe Glu excised from the anticodon reglons of tRNA and tP.NA 

respectively, strongly suggests four base pair formation. 

The short oligonucleotides will be able to form four base 

pairs when available since there is no loop constraint as 

manifested. ln two tRNAs. 

14 Grosjean et al. have also shown that the complex 

between two tRNAs is strongest between their anticodons. 

Phe Val 
for example, Yeast tRNA and E. coli tRNA have potential 

five base pairs but they do not have complementary anticodons; 

.. 
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C -U-G -A-A and U-U-C-A-G (the anticodons are underlined). m __:;;;m __ 

However, no relaxation due to the binding was observed. In 

contrast, ahigh binding constant, 3 x 10 5 M- 1 , was measured 

by Eisinger et al. upon binding of the complementary pentamer 

U-U-C...;A-G to tRNAPhe. 32 This suggests that two anticodon·. 

loops have much larger steric interaction compared to the 

oligonucleotide binding to the anticodon loop. 

For conclusion, the anticodon loop is flexible enough 

to make four base pairs with U-U-C-A just as in the dodeca-

nucleotide. The'r"efore, the genetic reading frame of the 

triplet is not dependent solely on tRNA anticodon loop, 

but rather the interaction of the ribosomal protein and 

tRNA anticodon loop, or the presence of two tRNAs which 

will restrict the conformation of the loop to read the triplet. 

The stability. of the codon-anticodon complex can not be 

attributed to the special conformation of the loop. Other 

factors such as non-base-paired ends and Mg++ binding sites 

appear to be more important. The lifetime of the codon

anticodon complex is on the order of a millisecond in 

solution. This appears to be roughly 20 - 30 times shorter 

33 than the ribosome-tRNA complex. This suggests a stronger 

interaction of the ~RNA and mRNA in the ribosome. 
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APPENDIX A 

I. ABSORPTION PHOTO~~TER PREAMP INSTRUCTIONS 

MANUAL OPE RAT I ON 

1.) Set preamp controls as follows: 

a) Set DYNODE switch to desired value for analysis 

b) Set AUTO/MANUAL switch to desired value for 

analysis 

c) Set Xl/XlO switch to Xl 

d) Connect oscilloscope to SIGNAL connector if desired 

2.) Set high voltage power supply controls for desired voltage 

on phototube. 

3.) Turn on power and allow a little time for everything to 

warm up and stabilize. Note: if power was already on, 

this is not necessary. 

4.) Put specimen to be analyzed into place and set up 

instrument for analysis; i.e., cell in place, light 

on, photomultiplier voltage on, and etc. all ready 

for operation. 

5.) Adjust BALANCE control for a zero indication on the scope 

6.) There will, in general, be three possible conditions 

during analysis. They are (relative to INITIAL conditions 

or baseline) and INCREASE in light absorption, or a 

DECREASE, or a FLUCTUATION both above and below the 

baseline. 

Using the OVERLOAD CONTROL, set the OVERLOAD METER to one 

of three conditions as follows: 
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a) For an INCREASE in light absorption, set the 

OVERLOAD METER to the boundary between the red 

and black parts of its scale. 

b) For a DECREASE in light absorption, set the OVERLOAD 

METER to the index mark on the black scale. 

c) For a FLUCTUATION, wet the OVERLOAD METER approximately 

halfway between the index mark and the red/black 

scale boundary. 

7.) Set Xl/XlO gain switch to desired position for separation. 

Note: there may be a change in output signal D.C. level 

which may be corrected with the BALANCE control. 

8.) Select desired signal integrating TINE CONSTA..\JT with the 

TIME CONSTANT switch. 

Instrument should now be ready to operate. 

9.) Oscilloscope setting: 

input + 

DC or AC coupled according to your time scale to be 

measured 

Trigger+, ext, AC fast 

Single sweep mode 

II. PREAMPLIFIER INSTRUCTIONS FOR AUTOMATIC MODE ··-. 
Automatic mode is designed to effect a fast signal and 

to display a slower relaxation with high sensitivity. To 

operate in an automatic mode, delayed sweep and gating are 

required. The detailed procedure is described below. 

Both time base A and B will be used. 
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1.) Trigger to time base B 

2.) Gate to A 

3.) To get_the trigger in time base B, Time Base A fully 

clockwise ("stability" red knob). Triggering mode A 

can be anywhere except "auto". 

4.) "Horizontal display" to "A del'd by B" 

5.) By turning "Stability Time Base B" find out the point 

where the.trace just disappears. 

6.) Set "Triggering Mode B" to red knob AC, black knob to 

ext +. 

7.) Set delay time in time base B. There is also a delay 

time in preamp (3 us). 

Delayed Sweep 

With 535 Techtronik Oscilloscope, a 1 us to 10 sec 

delay can be used after application of the triggering pulse. 

Time base A: presents a normal horizontal sweep at 

the end of the delayed period. 

Time base B: controls the duration of the sweep delay. 

1.} Set delay time. The delayed time is determined by 

· time/em in time base B x delay time multiplier. 

2.) Set "Time Base A Stabili ty 1
' control fully clockwise, 

horizontal sweep starts immediately at the completion 

of the delay period determined by step 1. 
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Gating 

The automatic compensation is interrupted if a positive 

or negative voltage is applied to the + Gate of the detec-

tor. During the interruption the detector output can follow 

the changes in light intensity and the offset voltage re-

mains at the value that was present immediately before the 

interruption. 

-. 
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III. DC OFFSET FOR FAST FLUORESCENCE SIGNAL 

Fluorescence is usually quenched upon the increase ln 

temperature. This thermal quenching is faster than the heat

ing time of the instrument and displayed as a heating time. 

The amplitude of the signal is usually quite large for bio-

logical molecules. A DC offset was designed to suppress 

this fast signal and display the other small-amplitude 

signals at different time scales. The same effect can be 

achieved by "automatic mode". The circuit diagram of DC 

offset is shown below. 

From 
preamp 
in 

1 K ( 10 turns) 

Reference 
out 

Signal 
out 
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AMPLITUDE ANALYSIS 
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The analysis of a signal amplitude for bimolecular 

reaction is important since it has a special characteristic. 

Furthermore, it helps to determine the condition for the 

optimal detection. A detailed description of the amplitude 

analysis was described in the literature. 1 ' 2 The special 

cases observed in the codon-anticodon interaction, simple 

bimolecular and two-step process (fast bimolecular reaction 

coupled with slow conformational change) will be dis cussed. 

(a) Simple Bimolecular reaction 

Consider the bimolecular reaction described below: 

A 
___:;:,. 

+ B .._- AB 

where A and B are the initial concentrations of the 
0 0 

reactants A and B 

t = A /B 
0 0 

X = degree of the reaction. 

(1) 

Then,the equilibrium constant K for the reaction is glven by, 

X 
K = B (1-X)(l-tX)" 

0 

Taking the derivative of K with respect to X yields 

aK = 
ax X(l-X)(l-tX) 

( 2 ). 

( 3) 
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For a smal,l equilibrium perturbance, the change in equili-

brium constant can be written as 

~K 

K 
~HO T = -2 ~ . 
RT 

(4) 

Combining the Eqs. (3) and ( 4), the total optical change due 

to the temperature change can be obtained. 

( 5 ) 

where 

E AB, £A and t: 8 are the extinction coefficients of AB, A and B 

respectively, ~T is ·the magnitude of the temperature jump, 

~ is the path length of the cell. The profile of the 

relative amplitude vs. fraction bound (X) is shown in Fig. L 

The initial concentration of A was 3 x 10-S M and three 

different equilibrium constants were used for the calculation. 

The maximum amplitude was observed when 50 "' 60% of 

molecule A was bound. The position of the peak in amplitude 

shifted according to the equilibrium constants . 

(b) Two Step Process 

Consider the rapid binding of B to A followed by a 

slow conformational change of the complex. 

K K 
A + B . l, AB ~ AB' (6). 

fast slow 
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When two relaxations are far apart, the amplitude of the 

fast relaxation due to the binding is simply, 

(7) 

where ~~l = (£AB-£A-£B)A
0
i, ~Tis the magnitude of the 

temperature jump. The bars indicate the concentrations at 

equilibrium. The above equation is identical to Eq. (5) ob-

tained for the simple bimolecular reaction. 

The amplitude of the second relaxation coupled with 

the fast binding and slow conformational change can be 

written as follows: 

(8) 

where ~~l = (£AB'-£AB)P.
0

t and ~H1 , ~H 2 are the standard 

enthalpies of the first and second steps, respectively. 

The relative amplitudes of two relaxations are shown 

in Figs. 2(a), (b) and (c): the solid line and dotted line 

represent the amplitudes of the fast and slow relaxations, 

respectively. The amplitudes were calculated at the 

similar conditions to those of the experiment: 
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Figure 2. The amplitudes calculated for the induced fit 

mechanism 

A + B 
k 

AB ~AB'. 
o::----

slow 

The amplitudes were calculated by Eqs. 7 and 8, 

at the similar conditions as the experiment: 

~H = -20 1 
-1 1 kcal mole , ~H = -1 kcal mole- , 

2 

~<Pli~<P2 = 1, k 1 = 8000 with several different 

values of k 2 . ----, amplitude of the fast 

relaxation; ----, amplitude of the slow relaxa-

tion. Two signals have an opposite polarity 

on the above conditions. 

a) K
2 

= 0.1, the maximum signals for the fast and 

slow relaxations were observed at the fraction 

b) 

bound0.54 and 0.64, respectively. 

K
2 

= 1, the maximum signals for the fast and 

slow relaxations were observed at the fraction 

bound 0.60 and 0.70, respectively. 

c) K = 10, the maximum signals for the fast and \ 2 

slow relaxations wer'e observed at the fraction 

bound 0.78 and 0.84, respectively. 
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-1 -1 
~H1 = -20 kcal mole , ~H 2 = -1 kcal mole , ~<P 1 1~<P 2 = 1, 

K1 = 8000 and several different values of K2 were examined. 

The shift of the maximum amplitude was observed as K2 varied, 

shown in Figs. 2(a), (b} and (c): the maximum signal fer 

the fast relaxation was observed at the fracticn bound 

0.54, 0.60 and 0.78 with K2 varying from 0.1, 1 and 10 .. 

The same tendency of the shift was observed for the amplitude 

of the slow relaxation. 
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APPENDIX C 

COLLECTION OF THE KINETIC DATA OF OLIGONUCLEOTIDES 

The kinetic results obtained from the model compounds 

are important i~ the interpretation of the mechanism of the 

codon-anticodon interaction. The summary of the available 

k . t" d d 1 d 3- 6 . . 1ne lC ata on mo e compoun s lS shown 1n Table 1. The 

difference in the mechanism is observed between the oligonu-

cleotides which contain only A·U base pairs and those with 

G·C base pairs. The apparent negative activation energy of 

association was obtained for A·U oligonucleotides. This 

suggests that at least three base pair formation is required 

for the stable nucleus. On the other hand, G·c containing 

oligonucleotide has a positive activation energy suggesting 

that one or two base peir formation is stable enough for 

the stable nucleus. This lS what has been found for the 

codon-anticodon interaction. The activation energy and 

activation entropy of the dissociation show a linear 

dependence on the number of the base pairs as shown in Figs. 

-1 -1 3(a) and (b). An increase of 6.3 kcal mole and 7.1 kcal mole 

in the activation energy were obtained for an increase of 

one base pair for the oligonucleotides which contain only ., 

A·U base pairs and those with G·C base pairs, respectively. 

The association rate does not depend on the number of the 

base pairs. The overall results are summarized in Table 2. 
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Table I. Collected Kinetic·Data of Model Compounds 

Salt Association Dissociation 
Concen-

flSt flSf tration El k
1

(17°C) E_l k (l7°C) 1 -1 -1 

~ 0.05 M A8+U8 1. 71XlQ 6 -60(?) 30 2400 61 

NaCl A
9

+u
9 -8 0.71XlQ 6 

-60 36 640 83 ' " 
AlO+UlO -14 0.83XlQ 6 

-81 45 175 118 

All+u11 -12 . 0.58XlQ 6 -76 53 28 145 

A14+Ul4 -17.5 1.44X10 6 
-92 75 1 226 

0.05 M A2 G~U2 3 1. 5X106 
-22 33 115 56 

NaCl A
3
Gcu

3 7 5.5X1Q 6 
- 6 50 0.4 114 

A4Gcu4 8 9 XlQ 4 
-10 26 0.8 14(?) 

0.05 M A
6 

CG 6 2.7XlQ 6 -11 15.5 79 

NaC1 A8 CG 9 5.4xl0 5 - 3 62 0.2 136 

0. 05 M A4G2 13 l.lxlO 7 +16 34 320 77 

NaC1 A5G2 7 3. 7x10 6 
- 6 43 58 95 

A4G3 9 2.5XlQ 6 
- 1 44 <1 97 

. A5G3 7 1.9XlQ 6 - 8 51 <1 
81 

.··~ 
0. 25 M 

' 
A4U4 -6 1.3XlQ 6 -27 37 1150 120 

NaCl0 4 A5u5 -4 2.3XlQ 6 -23 50 67 149 

A6U6 -3 1. 3X 10 6 -22 60 4.1 160 

A7U7 +5 5 • 7X lQ 5 
- 9 65 0.2 
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Table II Summary of the Kinetics of A U and G C containing 

Oligonucleotides. 

k, 
.L 

k 
-1 

A + U 
n n 

:::: 10 6 

independent of the number 
of base pairs, decreases as 
temperature increases. 

negative 

(-8 ~ -17 kcal mole- 1 ) 

dependent on the number 
of base pairs, factor of 
6 decrease for l base pair 
added 

· E _
1 

= 6. 3n - 2 3 

= 6.3(n-4) 

Mechanism 

2S ~ H
1 
~ H

2 
~ H

3 
~ 

fast 

GC containing oligonucleotides 

:::: 10 6 

independent of the number 
of base pairs, increases as 
temperature increases 

positive 

(3 ~ 8 kcal mole- 1 ) 

dependent on the number 
of base pairs, factor of 
6 decrease for 1 base pair 
added 

E_
1 

= 7.ln- 7 

-- 7.l(n-l) 

2S ~ H2 ..•• 
slow 

r· 

'. 
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Figure 3. a) The activation energy of the dissociation 

versus the number of base pairs, 

, A·U containing oligonucleotides, 

G·C containing oligonucleotides. 

b) The activation entropy of the dissociation 

versus the number of base pairs 

A·U containing olitonucleotides, 

, G·C containing oligonucleotides . 
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DISSOCIATION ACTIVATION ENERGY ( Kcal/mole) ... 
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