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INTRODUCTION 

The mechanism of action of the naturally occurring and 

physiologically active thyroid hormones, 3,5,3'-Triiodo-L-thyronine 

(L-T3) and 3,5,3',5'-tetraiodo-L-thyronine (L-T,), has evaded the 

ingenuity of scientists. However, many of the physiological 

effects of the hormone have been expounded as well as many of its 

effects at the molecular level. Still, the specific function of 

thyroid hormones remains to be explicated. 

The biological responses to L-T3 and L-T, are the same. 

However , L-T, is present in blood at higher concentrations than 

L-T3 (1), but L-T, has a greater initial biological potency than 

does L-T, (2,3). A rat produces about 3 pug of L-T, per day per 100 

grams of body weight with a half life of the hormone estimated to be 

18 hours (4). From this, Lardy and Kent (5) have estimated that the 

concentration of L-T,, in the blood of rats to be 5 x 1078. This 

is considered to be the physiological level of thyroid hormones in 

the rat. 

Many studies of the effects of thyroid hormones have .been 

conducted with non-physiological levels (greater than 50 yg/100 g 

B.W.) which failed to explain the mechanism of action of the hormone 

but characterized the toxic effect of the hormone. Also, the mechanism 

of action of thyroid hormones has been ascribed to its effects on



physiological processes, such as growth and development, BMB, and 

oxidative phosphorylation. These are secondary effects because these 

processes have a latent period of several hours after administration 

of the hormone. 

The latent period is the time between the administration of 

the hormone and the detection of a response. The length of the latent 

period is dependent upon the amount of the hormone administered and 

which of the hormones (L-T, or L-T4) is administered (2, 6). A 

shorter latent period is observed with L-T3> but the effect is also 

of shorter duration than that produced by L-T, (2). These differences 

have not been explained but are believed to be related to the relative 

rates of distribution rather than to the activity of the hormones (7). 

The following discussion is devoted to the physiological effects 

of thyroid hormones. Although these are not the mechanism of action, 

each must be explained before any hypothesis could be accepted as the 

mechanism of action of thyroid hormones. 

Thyroid hormones have a biphasic effect on growth. If 5-100 

peg/100 g body weight of L-T, is administered to a hypothyroid rat, 

there is a continuous increase in the growth rate. However, as the 

level of L-Ty is increased from 100 to 2,500 yg/100 g body weight, 

there is a continuous decrease in the growth rate (8). These results 

emphasize the necessity of utilizing physiological levels of thyroid 

hormones if the results are to be interpreted as a physiological response 

of the hormone.
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The necessity of thyroid hormones for norsal growth and 

development is well exemplified in dwarfism of the congenital hypo- 

thyroid chiid or cretin. In cretinism there is a marked retardation 

of ossification and the body retains infantile characteristics of 

bone Structure. Cretinism is accompanied by severe mental retarc- 

ation (9). The skeletal abnormalities can be partially corrected if 

thyroid hormones are administered early but the mental retardation 

cannot be corrected by thyroid hormone therapy. This demonstrates 

a 

the necessity of thyroid normones for brain development in early 

embryonic growth. | 

The necessity of thyroid hormones for growth and development 

is demonstrated by the absolute requirement for thyroid hormones in 

tadpole metamorphosis (10). Thyroidectomized tadpoles will not 

metamorphose but may grow to 4 gigantic size. Such a tadpole will 

s e 

metamorphose when treated with thyroid hormones (11). This is th o 

best known effect of thyroid hormones on cold blooded animals. 

However, thyroid hormones have been reported to exert an effect 

on such animals as tunicates, acraniates and fishes (12). 

Boothby and his associates (13) set up a technique by 

which the activity of the thyroid giand may be measured by the BMR. 

Thus oxygen consumption is used as an indicator of thyroid activicy. 

The BMR is regulated by thyroid hormones. Tata and Shellaberger (7) have



demonstrated that as the éemount of L-T,, injected into a 

th
 

thyroidectomized rat increases from 5 to 2,500 ug/100 g body weight, 

the BMR will increase from 8 percent to 89 percent over the control. 

The BMR does not show the biphasic effect as is seen on growth (14), 

but the rise in BMR exhibits a latent period after hormone admin- 

istration similar to that observed on growth (2). 

Because of the effect of thyroid hormones on BMR, extensive 

research has been conducted on the effects of thyroid hormones on 

mitochondria (15, 16, 17, 18, 19}. Thyroid hormones lower the P:0 

ratio of rat liver mitochondria after either in vivo or in vitro 

administration, but this response was observed only when a pharma- 

cological level of the hormone had been administered (15, 16). 

Gustafsson et al. (17) did not observe an effect on the P:0 ratic or 

respiratory control index using physiological levels of L-Ty (18 ug 

L-T,/100 g B.W.). 

The swelling of liver mitochondria has been observed after 

treatment of mitochondria with thyroid hormones in vitro (18) and 

after the administration of large doses of hormone to rats (19). 

However, swelling was not observed in mitochondria from cardiac muscie, 

skeletal muscle, brain or testes (20). The swelling was observed 

only after administration of large doses of thyroid hormones. 

Also, the biologically-inactive D-isomers of T; and 1, produced 

swelling (21) as well as biologically-inactive analogs of thyroid 

hormones (22). 

TO 
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Roocyn et ai. (23) reported an increase in mitochondrial 

protein synthesis in vitro after 4 single injection of L-T. to 

thyroidectomized vats. The stimulation of protein synthesis was 

followed by an increase in leveis of cytochromes a, b, and c. The 

response observed in vivo could not be demonstrated with L-T; was 

added to a suspension of mitochondria. 

Since the effect on mitocnondria was observed only after 

treatment with large non-vhysiological doses of thyroid hormone and 

the biological inactive isomers and analogs of thyroid hormones 

elicited the same responses as the biologically-active hormones, it 

may be concluded that the effect of thyroid hormones on mitochondria 

is either a secondary effect of the hormone or the result of its phar- 

macological effects and are not the mechanism of hormonal action. 

mo
 single injection of thyroxine 

into thyroidectomized rats stimulated the incorporation of amino acids 

Dutoit (24) reported that 

into protein of rat liver slices. In subsequent studies, Sokoloff and 

associates (25, 26, 27, 28, 29) observed a stimulation of the incor- 

poration of amino acids into the protein of rat liver homogenates by 

thyroid hormone treatment in vitro. He demonstrated that the increased 

ability to incorporate amino acids into protein was dependent on 

the presence of the mitochondria, and could not be substituted for 

by a creatine phosphate-ATP generating system (26). 

Pretreatment in vivo or in vitro with L-T, stimulated amino 

acid incorporation into microsomal protein. However, L-T3 was



effective only in vivo (25). Thyroidectomy resulted in a reduction 

in amino acid incorporation into protein (27). Sokoloff et al. (26, 

28) proposed that the stimulation of amino acid incorporation into 

* 

protein by LT in the cell-free rat liver system was localized at the 

step involving the transfer of soluble ribonucleic acid bound amino 

acid to microsomal protein. The action of thyroid hormones on this 

GTP dependent step in protein synthesis was not altered by varying 

the levels of GIP, ATP, or GSH (26). 

Sokoloff et al.(29) observed that a single injection of L-T, 

stimulated liver microsomal protein synthesis within 2 hours. ‘The 

initial stimulation was followed several hours later by a second 

increase which is not mitochondrial dependent. From his work, 

Sokoloff has suggested that the stimulation of protein synthesis 

in vivo consists of two components: (1) an initial, cytoplasmic, 
omens   

mitochondria-dependent stimulation of the existing protein synthesizing 

apparatus followed by: (2) a secondary, nuclear-mediated, cellular 

response or adaptation which leads to an increase in the amount of 

protein-synthesizing components. 

Sokoloff and Kaufman s(27) explanation of the effect of thyroid 

hormone is questionable because the biologically-inactive isomer, D- 

thyroxine, is as active as L-T, in stimulating protein synthesis in 

vitro. Also, L-T, is effective when administered in vivo but exhibits 

very low activity when added in vitro. Non-physiological levels (60 ug/ 

100 g B.W.) of L-Ty, and L-T3. were necessary in order to observe a 

stimulation of protein synthesis (25, 26, 27, 28, 29).



A stimulation of the incorporation of labelled amino 

acid into rat liver microsomal and mitochondrial protein has been 

observed 36 hours after the injection of 4 single dose of u-T, 

(20-26 mg/i00 g B. W.) to thyroidectomized rats (23). An increase 

in the turnover of the nuclear basic protein has aiso been observed 

(30) which is paralleled by a stimulation of RNA polymerase activity 

but not of nuclear RNA (32). From this data, Tata has suggested that 

the mechanism of thyroid hormone action is the regulation of the 

synthesis of specific proteins and enzymes. 

A study of RNA synthesis by Tata and Widnell (32) indicated 

(T
t that thyroid hormones first stimulated the specific activity of 

rapidly labelled RNA beginning at 3-4 hours after hormone injection 

++ 
and increasing up to 16 hours. A stimulation of Mg activated 

RNA polymerase activity was observed at 10 hours and continued to increase 

until 42 hours after treatment (31, 32). However, the direct addition 

of L-T, to nuclei isolated from the liver of thyroidectomized rats 

had no effect on the specific activity of RNA polymerase (32). This 

result and the observation that RNA polymerase is not stimulated 

until 10 hours after administration of the hormone suggests that the 

stimulation of RNA polymerase in vivo does not stem from a direct 

hormone-enzyme interaction. 

Tata and Widnell (32) observed that administration of L-T, 

to rats induced a substantial rise in the amount of cytoplasmic 

ribosomal RNA and in the microsomal RNA:protein ratio between 24 and
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30 hours after treatment (32). Using an in vitro system of kidney 

epithelial cells, Siegel and Tobias (33, 34) observed an increase in 

che turnover of nuclear RNA. - It may be concluded that thyroid hormone 

administration accelerates nuclear RNA synthesis and its transport 

into the cytoplasm. 

In an attempt to determine the specific RNA affected by 

hormone treatment, Wyatt and Tata (35) studied the hybridization 

capacity of RNA after L-T, administration. Hypophysectomized rats 

treated with L-T3; and growth hormone stimulated the total incorporation 

of Cx) orotic acid into iiver nuclear RNA as well as the synthesis 

of hybridizing RNA. The percentage of hybridization of the labelled 

RNA was invariably decreased after hormone treatment, indicating that 

the treatment stimulated synthesis of r-RNA more than that of other 

kinds of RNA. The hormones stimulated the synthesis of readily 

hybridizable RNA suggesting production of new or more mRNA. However, 

a greater stimulation of synthesis of non-hybridizing RNA indicates 

a preferential effect of the hormone on the production of r-RNA. 

Wyatt and Tata (35) arrived at these conclusions on the 

assumption that the high content of ribosomal species in the bulk 

RNA and the small fraction of their cistrons in the DNA, only 

negligible proportions of r-RNA and ribosomal precursor RNA species



would hybridize at the low DNA/RNA ratio employed. However, m=RNA 

species were not present in such excess relative to their cistxrons 

and could hybridize. From these studies Wyatt and Tata have con- 

cluded that thyroid hormones effect different kinds of RNA. 

Auphibian metamorphosis is a tool for the study of thyroid 

hormones on development at moiecular level. In 1960, Finamore and 

Frieden (36) observed that thyroid hormones stimulated the incor- 

poration of H,°*PO,~, into RNA, DNA, and protein of tadpoie liver. 

Thyroid hormones elevated the production of hybridizing RNA but 

non-hybridizing RNA was stimulated to an even greater extent, 

indicating, as in the rat, a production of m-RNA but a greater 

production of r-RNA (35). Thyroxine stimulated RNA synthesis in 

tadpole liver 36 hours after treatment. The stimulation was greatest 

in the microsomal RNA; ali RNA synthesis was inhibited by actinomycin 

(37). 

Blatt et al. (38) observed a stimulation of RNA synthesis in 

a suspension of tadpole liver cells by L-T3 and L-Ty,. Both hormones 

Stimulated RNA synthesis maximaily at 10° M which is in contrast to 

other reports that L-T. is 16-300 times more active than L-T,- 

However, the suspension eliminates barriers such as absorption, 

metabolic alterations and distribution of the hormones. 

 



Cohen and associates have studied the biochemical changes 

associated with induced tadpole metamorphosis. They observed that 

thyroid hormones stimulate the de novo synthesis of the enzymes 

associated with the urea cycle (37, 38, 39, 40, 41). Since the 

metamorphosis of a tadpole to a frog is one of change from an 

ammonotelic to a ureotelic animal, one would expect the appearance 

of urea cycle enzymes. Cohen (42) suggests that a study of the effect 

of L-T, on RNA synthesis is important because RNA synthesis precedes 

the induction of the enzymes involved in urea biosynthesis. 

Cohen et al. demonstrated that the administration of L~Ty, to 

tadpoies modified chromatin isolated from liver nuciei, into a more 

efficient template for RNA synthesis. Kim and Cohen states that the 

modification of the chromatin which increases the template efficiency 

of the DNA is related to the protein moiety (41). From these obser- 

Fh
 

vations it may be concluded that a possible mechanism of action o 

thyroid hormones is at the transcription level. Cohen (42) has 

authored an excellent review of L-T, effects on liver cytology, trans- 

cription, translation and mitochondrial enzyme levels in amphibian 

metamorphosis. 

Autoradiography of cultured human kidney epithelial cells 

(after treatment with L-T, labelled with Lodine-125) showed that the 

hormone was concentrated mainly in the nucleus (60-80%). Siegel and 

Tobias (33) have proposed from this that thyroid hormones act in the 

nucleus in some manner to regulate genetic expression.



Thyroid hormones have also been implicated in the synthesis 

of purine nucleotides. Necheles (43) observed that L-Ty stimulated 

the incorporation of glycine-1-“c into the adenine of RNA, but it 

was without effect on adenosine-8-!"¢ incorporation into RNA. He 

proposed that thyroid hormones control purine nucleotide synthesis. 

Mah and Ackerman (44) also observed a stimulation of purine 

nucleotide synthesis by thyroid hormone in the soluble fraction of 

rat liver. Thyroid hormones were observed to stimulate the 

incorporation of glycine-1-!*¢ into AMP while its incorporation into 

GMP was inhibited (45). Stimulation of glycine-l- +6 incorporation 

into AMP was due to increased adenylosuccinate synthetase activity 

(46), while the decrease activity of IMP dehydrogenase inhibited 

incorporation in GMP (47). These results suggested that thyroid 

hormones regulate nucleotide synthesis at the step where IMP is 

converted to xanthosine phosphate or adenylosuccinate. 

When studied in vivo, thyroid hormones stimulated the 

incorporation of glycine-1-"*¢ into soluble purine nucleotide. How- 

ever, the specific activity of GMP from nuclear RNA was greater than 

that of the AMP (48). The incorporation of glycine-1-"'c into GMP 

and AMP of cytoplasmic RNA in vivo supports the in vitro studies but 

the effect on nuclear RNA synthesis is in contrast to the in vitro 

data (49). While this data demonstrates that thyroid hormones have



a definite effect on purine biosynthesis, the specific site of 

action has not been pinpointed with an in vivo system. 

Other hormones have been shown to have effects similar to 

thyroid hormones on cell metabolism. Dahmus and Bonner (50) 

demonstrated that the administration of hydrocortisone to 

adrenolectomized rats increased the template efficiency of liver 

chromatin for RNA synthesis. 

Maurer and Chalkey (51) found estradiol to be concentrated 

in the nucleus of endometrial. cells and bound to the chromatin. 

Aldosterone (52), cortisol (53), testosterone (54), estrogen (51, 55, 

56), and thyrotropin (57) have been shown to bind to chromatin. The 

binding of the various hormones to chromatin is support for the 

hypothesis put forth by Karlson (58) in which he suggests that the accion 

of hormones is on the hereditary factor, the gene. This same view has 

been reiterated by Siegel and Tooias with respect to the site of 

action of thyroid hormones. (33). | 

Stedman and Stedman (59) developed the hypothesis that the 

basic proteins (the histones) of the cell nuclei, inhibit gene 

expression in the cell. Extensive research has been conducted to 

determine the interrelationship of DNA, RNA, and histone as controls 

of gene expression.



Johns (60) described a method for the isolation of the five 

histone fractions: fi» toa? fous f.5 from calf thymus. Optical rotary 

dispersion (61) and infrared (62) studies indicates that about two- 

thirds of the histone is in the @ helix form. The surface of the 

DNA molecule has @ helical grooves, into which one of the Q helix 

of histones would fit. This is in agreement with x-ray diffraction 

patterns which demonstrate that the double helix configuration is 

mostly preserved in the nucleoprotein. 

Studies of the interaction of histones and DNA have shown very 

slight signs of specificity. Each histone fraction is capable of 

precipitating the whole of DNA. The only difference being that DNA 

is precipitated by fH at about one-half the concentration required of 

other fractions (63). 

It has been demonstrated that histones decrease the ability 

of DNA to act as a template for DNA dependent RNA synthesis (64, 65, 66, 

67, 68, 69). Allfrey et al. (67) proposed that the repressor 

activity of histones is controlled by their degree of acetylation. 

They have supported this view by demonstrating that the inhibition 

of RNA synthesis by arginine-rich histone in vitro was reduced by 

small degrees of acetylation. Pogo et al. (70) observed a stimulation 

of acetylation of histones by phytohaemagglutinin which also 

stimulates RNA synthesis. Phosphorylation is also a possible control 

mechanism for the control of histone in that the degree of phosphory- 

lation of serine in histones may control to what extent the histone 

is bound to the DNA (71).
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Although the mechanism of action of thyroid hormones has 

not been elucidated, Tata (72) has summarized the sequence of 

events that probably occur after the administration of a single 

dose of L-T3 as the stimulation of:1) the synthesis of rapidly- 

labelled nuclear RNA, 2) Mg activated DNA-dependent RNA 

polymerase in nuclei, 3) ribosomal RNA of nuclei, 4) mitochondrial 

increase in amino acid incorporation into protein, 5) cytochrome 

oxidase/mg mitochondrial proteins, 6) microsomal NADPH-cytochrome c 

reductase, 7) BMR, 8) liver weight. Kim and Cohen (41) observed an 

increase of the template efficiency of tadpole chromatin following 

the administration of thyroid hormone. Seigel and Tobias (33) 

have suggested that thyroid hormones exert their effects by action 

on the nucleus and specifically on gene expression. 

Since the first response to thyroid hormones appears to 

be in the nucleus and many of the other effects of the hormone are 

directly on the nucleus, this study was undertaken to find the 

biochemical effects induced by thyroid hormones on rat thymus nuclei. 

The thymus was selected as the organ to study because it has been 

observed that the administration of thyroid hormone to thyroid 

hormone deficient rats had a dramatic effect on the size of the 

thymus (73). This study attempts to elucidate the effect of L-T 
3 

on the nuclear protein, RNA, and DNA of rat thymus nuclei.
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�1� �G�l�y�c�i�n�e�-�1�-�1�4�¢� �(�1�1�6� �m�c�/�m�M�)�,� �p�h�e�n�y�l�a�l�a�n�i�n�e�-�U�L�-� �+�6� �(�3�6�9� �m�c�/�m�M�)�,� 

�1�4� �(�1�3�6� �m�c�/�m�M�)� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �U�I�P�-�5�-�"�H� �(�2�9� �c�/�m�M�)�,� �a�n�d� �a�l�a�n�i�n�e�-�1�-� 

�f�r�o�m� �N�e�w� �E�n�g�l�a�n�d� �N�u�c�l�e�a�r� �C�o�r�p�o�r�a�t�i�o�n�,� �B�o�s�t�o�n�,� �M�a�s�s�a�c�h�u�s�e�t�t�s�.� �U�T�P�,� �A�T�P�,� 

�C�T�P�,� �G�T�P�,� �a�n�d� �2�-�d�e�o�x�y�r�i�b�o�s�e� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �S�i�g�m�a� �C�h�e�m�i�c�a�l� 

�C�o�m�p�a�n�y�,� �S�t�.� �L�o�u�i�s�,� �M�i�s�s�o�u�r�i� �a�n�d� �w�e�r�e� �u�s�e�d� �w�i�t�h�o�u�t� �f�u�r�t�h�e�r� �p�u�r�i�f�i�c�a�t�i�o�n�.� 

�T�r�i�i�o�d�o�-�L�-�t�h�y�r�o�n�i�n�e� �(�L�-�T�,�)� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �C�a�l�b�i�o�c�h�e�m�,� �L�o�s� 

�A�n�g�e�l�e�s�,� �C�a�l�i�f�o�r�n�i�a� �a�n�d� �w�a�s� �r�e�c�r�y�s�t�a�l�l�i�z�e�d� �f�r�o�m� �b�o�i�l�i�n�g� �2� �N� �H�C�l� 

�(�m�p� �2�0�1�-�2�0�3�°�)� �(�7�4�)�.� �H�i�s�t�o�n�e�,� �T�y�p�e� �I�I�-�A� �f�r�o�m� �c�a�l�f� �t�h�y�m�u�s�,� �w�a�s� �u�s�e�d� 

�a�s� �a� �p�r�o�t�e�i�n� �s�t�a�n�d�a�r�d� �a�n�d� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� 

�S�t�.� �L�o�u�i�s�,� �M�i�s�s�o�u�r�i�.� 

�R�N�A� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �P�a�b�s�t� �L�a�b�o�r�a�t�o�r�i�e�s�,� �M�i�l�w�a�u�k�e�e�,� 

�W�i�s�c�o�n�s�i�n�,� �a�n�d� �u�s�e�d� �a�s� �a� �s�t�a�n�d�a�r�d� �w�i�t�h�o�u�t� �f�u�r�t�h�e�r� �p�u�r�i�f�i�c�a�t�i�o�n�.� �R�N�A� 

�p�o�l�y�m�e�r�a�s�e� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �M�i�l�e�s� �L�a�b�o�r�a�t�o�r�i�e�s�,� �I�n�c�.�,� �K�a�n�k�a�k�e�e�,� 

�I�l�l�i�n�o�i�s�.� �A�c�r�y�l�a�m�i�d�e�,� �N�,� �N�'� �m�e�t�h�y�l�e�n�e�b�i�s�a�c�r�y�l�a�m�i�d�e�,� �a�n�d� �N�,� �N�,� �N�'�,� 

�N�'�,� �t�e�t�r�a�m�e�t�h�y�l�e�t�h�y�l�e�n�e�d�i�a�m�i�n�e� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �E�a�s�t�m�a�n� �O�r�g�a�n�i�c� 

�C�h�e�m�i�c�a�l�s�,� �R�o�c�h�e�s�t�e�r�,� �N�e�w� �Y�o�r�k�.� �A�m�m�o�n�i�u�m� �p�e�r�s�u�l�f�a�t�e� �w�a�s� �p�u�r�c�h�a�s�e�d� 

�f�r�o�m� �B�a�k�e�r� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� �P�h�i�l�l�i�p�s�b�u�r�g�,� �N�e�w� �J�e�r�s�e�y�.� �E�s�c�h�e�r�i�c�h�i�a� 

�c�o�l�i�,� �T�y�p�e� �B�,� �D�N�A� �w�a�s� �a� �g�i�f�t� �f�r�o�m� �D�r�.� �J�.�-�L�.� �J�o�h�n�s�o�n� �o�f� �t�h�e� �A�n�a�e�r�o�b�i�c� 

�L�a�b�o�r�a�t�o�r�y�,� �V�.�P�.�I�.�,� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� 

�-�~�-�1�5�-



�-� �1�6� �-� 

�M�a�l�e� �S�p�r�a�g�u�e�-�D�a�w�l�e�y� �r�a�t�s� �w�e�r�e� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� 

�u�s�i�n�g� �0�.�1� �M� �s�o�d�i�u�m� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r� �a�t� �p�H� �7�.�0� �a�s� �t�h�e� �v�e�h�i�c�l�e� �f�o�r� 

�t�r�e�a�t�m�e�n�t�.� �L�-�T�,� �w�a�s� �a�d�m�i�n�i�s�t�e�r�e�d� �a�t� �a� �l�e�v�e�l� �o�f� �1�5� �u�g�/�r�a�t�.� �T�h�e� 

�r�a�d�i�o�a�c�t�i�v�e� �a�m�i�n�o� �a�c�i�d�s� �w�e�r�e� �i�n�j�e�c�t�e�d� �a�t� �a� �l�e�v�e�l� �o�f� �1�5� �u�c�/�1�0�0� �g� 

�B�.�e�W�.�,� �1�5� �m�i�n�u�t�e�s� �p�r�i�o�r� �t�o� �s�a�c�r�i�f�i�c�i�n�g�.� �T�h�e� �r�a�t�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d� 

�b�y� �a� �s�h�a�r�p� �b�i�o�w� �o�n� �t�h�e� �h�e�a�d� �f�o�l�l�o�w�e�d� �i�m�m�e�d�i�a�t�e�l�y� �b�y� �d�e�c�a�p�i�t�a�t�i�o�n�.� 

�T�h�e� �t�h�y�m�u�s� �w�a�s� �r�e�m�o�v�e�d� �a�n�d� �p�l�a�c�e�d� �i�n� �s�u�c�r�o�s�e�:� �T�K�M� �b�u�f�f�e�r�,� �(�0�.�2�5� �M� 

�s�u�c�r�o�s�e�,� �0�.�0�2� �M� �T�r�i�s�-�H�C�l�,� �p�H� �7�.�4�,� �0�.�2�5� �M� �K�C�l�,� �a�n�d� �0�.�0�5� �M� �M�g�C�l�o�)� 

�a�t� �4�9�,� �A�l�l� �s�u�b�s�e�q�u�e�n�t� �s�t�e�p�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �4�°�,� 

�T�s�o�l�a�t�i�o�n� �o�f� �N�u�c�l�e�i� 

�T�h�e� �t�h�y�m�u�s� �w�a�s� �h�o�m�o�g�e�n�i�z�e�d� �i�n� �s�u�c�r�o�s�e�:�T�K�M� �b�u�f�f�e�r� �u�s�i�n�g� �a� 

�S�o�r�v�a�l�l� �O�m�n�i�m�i�x�e�r� �a�t� �4�8�0�0� �r�o�m� �f�o�r� �2�0� �s�e�c�o�n�d�s�.� �T�h�e� �f�i�n�a�l� �h�o�m�o�g�e�n�a�t�e� 

�w�a�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �t�w�o� �l�a�y�e�r�s� �o�f� �c�h�e�e�s�e� �c�l�o�t�h� �a�n�d� �n�u�c�l�e�i� �w�e�r�e� 

�i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �f�i�l�t�r�a�t�e� �b�y� �t�h�e� �m�e�t�h�o�c� �o�f� �B�i�o�b�e�l� �a�n�d� �P�o�t�t�e�r� �(�7�5�)�.� 

�T�h�e� �i�s�o�l�a�t�e�d� �n�u�c�l�e�i� �w�e�r�e� �w�a�s�h�e�d� �i�n� �0�.�9� �p�e�r�c�e�n�t� �N�a�c�l� �i�n� �t�h�e� 

�S�o�r�v�a�l�l� �O�m�n�i�m�i�x�e�r� �a�t� �1�6�,�0�0�0� �r�p�m� �f�o�r� �o�n�e� �m�i�n�u�t�e�.� �T�h�e� �w�a�s�h�i�n�g� �w�a�s� 

�r�e�p�e�a�t�e�d� �t�h�r�e�e� �t�i�m�e�s� �a�t� �8�,�0�0�0� �r�p�m� �f�o�r� �3�0� �s�e�c�o�n�d�s�,� �a�n�d� �t�h�e� �p�e�l�l�e�t� 

�w�a�s� �r�e�c�o�v�e�r�e�d� �e�a�c�h� �t�i�m�e� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�t� �5�,�0�0�0� �x� �g�y� �T�h�e� �n�u�c�l�e�i� 

�w�e�r�e� �s�u�s�p�e�n�d�e�d� �i�n� �1�0� �m�l� �o�f� �0�.�9� �p�e�r�c�e�n�t� �N�a�c�l� �b�y� �h�o�m�o�g�e�n�i�z�a�t�i�o�n� �o�f� 

�8�,�0�0�0� �r�p�m� �f�o�r� �3�0� �s�e�c�o�n�d�s� �a�n�d� �a�l�i�q�u�o�t�s� �w�e�r�e� �t�a�k�e�n� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� 

�o�f� �D�N�A�,� �t�o�t�a�l� �p�r�o�t�e�i�n�,� �w�h�o�l�e� �h�i�s�t�o�n�e� �a�n�d� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�a�t�i�o�n�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �R�a�d�i�o�a�c�t�i�v�i�t�y� 

�A�L�L� �r�a�d�i�o�a�c�t�i�v�e� �s�a�m�p�l�e�s� �w�e�r�e� �e�v�a�p�o�r�a�t�e�d� �t�o� �d�r�y�n�e�s�s� �a�t� �r�e�d�u�c�e�d� 

�p�r�e�s�s�u�r�e� �o�v�e�r� �p�h�o�s�p�h�o�r�u�s� �p�é�e�n�t�a�o�x�i�d�e�.� �T�h�e� �r�e�s�i�d�u�e� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n



�1� �m�l� �o�f� �h�y�a�m�i�n�e� �h�y�d�r�o�x�i�d�e� �a�n�d� �1�5� �m�i� �o�f� �P�O�P�O�P� �(�.�4� �g�/�1�0�0� �m�i�,� �1�,�4� 

�b�i�s� �2�-�(�4�-�m�e�t�h�y�l�-�5�-�p�h�e�n�y�l�o�r�a�z�o�l�y�l�)�-�B�e�n�z�e�n�e�)�,� �P�P�O� �(�5� �m�g�/�1�0�0� �m�i�,� �2�,�5�-� 

�d�i�p�h�e�n�y�l�o�x�a�z�o�l�e�)� �i�n� �t�o�l�u�e�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�c�k�t�a�i�l�.� 

�R�a�d�i�o�a�c�t�i�v�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �a� �P�a�c�k�a�r�d� �T�r�i�-�c�a�r�b� �s�c�i�n�t�i�l�l�a�t�i�o�n� 

�S�p�e�c�t�r�o�m�e�t�e�r� �M�o�d�e�l� �3�3�1�0�6�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �P�r�o�t�e�i�n� �a�n�d� �D�N�A� 

�P�r�o�t�e�i�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �L�o�w�r�y� �e�t� �a�l�.� �(�7�6�)�.� 

�D�N�A� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �S�c�h�m�i�d� �e�t� �a�l�.� �(�7�7�)� �w�i�t�h� �m�o�d�i�f�i�c�a�t�i�o�n�s� 

�b�y� �S�h�o�r�t� �e�t� �a�l�.� �(�7�8�)�.� 

�T�s�o�l�a�t�i�o�n� �a�n�d� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �W�h�o�l�e� �H�i�s�t�o�n�e�s� 

�T�h�e� �n�u�c�l�e�i� �w�e�r�e� �r�e�c�o�v�e�r�e�d� �f�r�o�m� �t�h�e� �0�.�9� �p�e�r�c�e�n�t� �N�a�c�l� �b�y� 

�c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�t� �1�0�,�0�0�0� �x� �g� �f�o�r� �1�5� �m�i�n�u�t�e�s�.� �W�h�o�l�e� �h�i�s�t�o�n�e�s� �w�e�r�e� 

�e�x�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �n�u�c�l�e�i� �b�y� �w�a�s�h�i�n�g� �n�u�c�l�e�i� �3� �t�i�m�e�s� �w�i�t�h� �1�0� �m�l� �o�f� 

�0�.�2�5� �N� �H�C�l� �a�n�d� �h�o�m�o�g�e�n�i�z�i�n�g� �e�a�c�h� �t�i�m�e� �a�t� �1�6�,�0�0�0� �r�p�m� �f�o�r� �3�0� �s�e�c�o�n�d�.� 

�T�h�e� �s�u�s�p�e�n�s�i�o�n� �w�a�s� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�0�,�0�0�0� �x� �=� �f�o�r� �1�5� �m�i�n�u�t�e�s� �e�a�c�h� 

�t�i�m�e� �a�n�d� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �w�e�r�e� �p�o�o�l�e�d�.� �T�h�e� �p�o�o�l�e�d� �s�u�p�e�r�n�a�t�a�n�t�s� 

�w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a� �m�e�d�i�u�m� �s�i�n�t�e�r�e�d� �g�l�a�s�s� �f�i�l�t�e�r� �a�f�t�e�r� �w�h�i�c�h� 

�t�h�e� �f�i�l�t�r�a�t�e� �w�a�s� �a�d�d�e�d� �t�o� �5� �v�o�l�u�m�e�s� �o�f� �a�c�e�t�o�n�e� �a�n�d� �a�l�l�o�w�e�d� �t�o� �s�t�a�n�d� 

�f�o�r� �5� �h�o�u�r�s�.� �T�h�e� �p�r�e�c�i�p�i�t�a�t�e� �w�a�s� �c�o�l�l�e�c�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n�,� �w�a�s�h�e�d� 

�3� �t�i�m�e�s� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �w�i�t�h� �a�c�e�t�o�n�e� �a�n�d� �d�r�i�e�d� �u�n�d�e�r� �r�e�d�u�c�e�d� 

�p�r�e�s�s�u�r�e�.� �T�h�e� �p�r�o�t�e�i�n� �w�a�s� �t�h�e�n� �d�i�s�s�o�l�v�e�d� �i�n� �w�a�t�e�r�s�;� �p�r�o�t�e�i�n� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �L�o�w�r�y� �e�t� �a�l�.� �(�7�6�)� �a�n�d� �r�a�d�i�o�a�c�t�i�v�i�t�y� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d�.



�T�s�o�l�a�t�i�o�n� �a�n�d� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �H�i�s�t�o�n�e� �F�r�a�c�t�i�o�n� 

�H�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �n�u�c�l�e�i� �b�y� �t�h�e� �m�e�t�h�o�d� 

�o�£� �J�o�h�n�s� �(�6�0�)�.� �T�h�e� �p�r�o�c�e�d�u�r�e� �(�F�i�g�.� �4�)� �w�a�s� �s�c�a�l�e�d� �d�o�w�n� �t�o� �t�h�e� �s�m�a�l�l� 

�q�u�a�n�t�i�t�y� �o�f� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l� �u�s�e�d� �i�n� �t�h�e�s�e� �s�t�u�d�i�e�s�.� �T�h�e� �f�r�a�c�t�i�o�n�s� 

�w�e�r�e� �d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �a�n�d� �t�h�e� �r�e�s�i�d�u�e�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �w�a�t�e�r�.� 

�P�r�o�t�e�i�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �L�o�w�r�y� �e�t� �a�l�.� �(�7�6�)� �a�n�d� 

�r�a�d�i�o�a�c�t�i�v�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d�.� 

�H�i�s�t�o�n�e� �F�r�a�c�t�i�o�n�s� �r
�t
� 

�w
�i� �A�m�i�n�o� �A�c�i�d� �C�o�m�p�o�s�i�t�i�o�n� �o�f� 

�T�h�e� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �6� �N� �H�C�L� �a�n�d� �h�y�d�r�o�l�y�z�e�d� 

�u�n�d�e�r� �n�i�t�r�o�g�e�n� �i�n� �s�e�a�l�e�d� �a�m�p�u�l�e�s� �f�o�r� �2�4� �h�o�u�r�s� �a�t� �1�0�0�°�.�  ��T�h�e� �h�y�d�r�o�l�y�s�a�t�e�s� 

�w�e�r�e� �e�v�a�p�o�r�a�t�e�d� �t�o� �d�r�y�n�e�s�s� �w�i�t�h� �a� �r�o�t�a�r�y� �e�v�a�p�o�r�a�t�o�r�.� �T�h�e� �r�e�s�i�d�u�e�s� 

�w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �a� �s�o�d�i�u�m� �c�i�t�r�a�t�e� �b�u�f�f�e�r� �a�t� �p�H� �2�.�2� �a�n�d� �t�h�e� �a�m�i�n�o� 

�-� �a�c�i�d� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �e�a�c�h� �f�r�a�c�t�i�o�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �a� �B�e�c�k�m�a�n� 

�a�m�i�n�o� �a�c�i�d� �a�n�a�l�y�z�e�r�,� �M�o�d�e�i� �1�2�0�-�3�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �R�N�A�:�D�N�A� �R�a�t�i�c�s� 

�I�s�o�l�a�t�e�d� �n�u�c�l�e�i� �w�e�r�e� �s�u�s�p�e�n�d�e�d� �i�n� �0�.�2� �N� �p�e�r�c�h�l�o�r�i�c� �a�c�i�d� �a�n�a� 

�a�l�l�o�w�e�d� �t�o� �s�t�a�n�d� �f�o�r� �1�5� �m�i�n�u�t�e�s�.� �T�h�e� �n�u�c�l�e�i� �w�e�r�e� �r�e�c�o�v�e�r�e�d� �b�y� 

�c�e�n�t�r�i�f�u�g�a�t�i�o�n� �i�n� �a� �R�C�-�2� �S�o�r�v�a�l�l� �c�e�n�t�r�i�f�u�g�e� �a�t� �3�,�0�0�0� �x� �g� �f�o�r� �1�0� 

�m�i�n�u�t�e�s�.� �T�h�e� �p�e�l�l�e�t� �w�a�s� �s�u�s�p�e�n�d�e�d� �i�n� �0�.�4�0� �m�l� �o�f� �0�.�3�2� �N� �K�O�H� �a�n�d� 

�i�n�c�u�b�a�t�e�d� �a�t� �3�7�°� �f�o�r� �o�n�e� �h�o�u�r�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �c�o�o�l�e�d� �a�n�d� �b�r�o�u�g�h�t� 

�t�o� �0�.�2� �N� �w�i�t�h� �1�0� �N� �p�e�r�c�h�l�o�r�i�c� �a�c�i�d�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �c�o�o�l�e�d� �f�o�r� �1�5� 

�m�i�n�u�t�e�s� �a�n�d� �t�h�e� �p�e�l�l�e�t� �c�o�l�l�e�c�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n�.� �T�h�e� �p�e�l�l�e�t� �w�a�s� 

�w�a�s�h�e�d� �t�w�i�c�e� �w�i�t�h� �2� �m�l� �o�f� �0�.�2� �N� �t�r�i�c�h�l�o�r�o�a�c�e�t�i�c� �a�c�i�d� �a�n�d� �t�h�e� �s�u�p�e�x�-� 

�n�a�t�a�n�t� �w�a�s� �c�o�l�l�e�c�t�e�d� �e�a�c�h� �t�i�m�e� �a�n�d� �p�o�o�l�e�d�.� �T�h�e� �p�o�o�l�e�d� �s�u�p�e�r�n�a�t�a�n�t�s



�w�e�r�e� �b�r�o�u�g�h�t� �t�o� �1�0� �m�l� �w�i�t�h� �w�a�t�e�r� �a�n�d� �r�e�a�d� �a�t� �2�6�0� �m�y�.� �A�n� �a�b�s�o�r�b�a�n�c�e� 

�o�f� �1�.�0� �a�t� �2�6�0� �m�i� �w�a�s� �t�a�k�e�n� �t�o� �e�q�u�a�l� �3�2�.�0� �u�g� �o�f� �R�N�A� �p�e�r� �m�l� �(�7�9�)�.� 

�T�h�e� �p�e�l�l�e�t� �w�a�s� �w�a�s�h�e�d� �3� �t�i�m�e�s� �w�i�t�h� �4� �m�l� �o�f� �0�.�3�2� �N� �K�O�H� 

�a�n�d� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �w�e�r�e� �p�o�o�l�e�d�.�  ��T�h�e� �s�u�p�e�r�n�a�t�a�n�t� �f�r�a�c�t�i�o�n�s� �w�e�r�e� 

�n�e�u�t�r�a�l�i�z�e�d�,� �m�a�d�e� �t�o� �v�o�l�u�m�e�,� �a�n�d� �t�h�e� �D�N�A� �c�o�n�t�e�n�t� �d�e�t�e�r�m�i�n�e�d�.� 

�D�i�s�c� �G�e�l� �E�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �o�f� �H�i�s�t�o�n�e�s� 

�H�i�s�t�o�n�e�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �o�n� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �b�y� �t�h�e� �m�e�t�h�o�d� 

�o�f� �J�o�h�n�s� �(�8�0�)� �w�i�t�h� �m�o�d�i�f�i�c�a�t�i�o�n�s� �b�y� �B�e�n�s�o�n� �a�n�d� �R�u�a�r�k� �(�8�1�)�.� �T�h�e� �g�e�l� 

�s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�e�d� �e�q�u�a�l� �v�o�l�u�m�e�s� �o�f� �I�l�)�a�c�r�y�l�a�m�i�d�e� �(�4�0�%� �w�/�v�)�,� �N�.� 

�N�-�m�e�t�h�y�l�e�n�e� �b�i�s�a�c�r�y�l�a�m�i�d�e� �(�0�.�6�%� �w�/�v�)�;� �2�)� �N�,� �N�,� �N�'�,� �N�'� �t�e�t�r�a�m�e�t�h�y�l�-� 

�e�t�h�y�l�e�n�e� �d�i�a�m�i�n�e� �i�n� �4�.�6� �N� �a�c�e�t�i�c� �a�c�i�d�;� �3�)� �a�m�m�o�n�i�u�m� �p�e�r�s�u�l�f�a�t�e� �(�1�7�%� 

�w�/�v�)�;� �4�)� �w�a�t�e�r�.� �T�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �s�t�o�r�e�d� �i�n� �a�c�t�i�n�i�c� �r�e�d� �f�l�a�s�k�s� �a�t� 

�4�°� �u�n�t�i�l� �r�e�a�d�y� �f�o�r� �u�s�e�.� �A�m�m�o�n�i�u�m� �p�e�r�s�u�l�f�a�t�e� �w�a�s� �s�t�a�b�l�e� �f�o�r� �o�n�e� �w�e�e�k� 

�a�t� �w�h�i�c�h� �t�i�m�e� �a� �f�r�e�s�h� �s�o�l�u�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d�.� �T�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� 

�a�l�l�o�w�e�d� �t�o� �e�q�u�i�l�i�b�r�a�t�e� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �b�e�f�o�r�e� �m�i�x�i�n�g� �t�o� �p�r�e�v�e�n�t� 

�t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�i�r� �b�u�b�b�l�e�s� �i�n� �t�h�e� �g�e�l� �d�u�r�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� 

�e�e�l� �s�o�l�u�t�i�o�n� �w�a�s� �p�i�p�e�t�t�e�d� �i�n�t�o� �s�t�a�n�d�a�r�d� �d�i�s�c� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �s�a�m�p�l�e� 

�t�u�b�e�s� �(�5� �x� �6�3� �m�m�)� �t�o� �a� �h�e�i�g�h�t� �o�f� �a�b�o�u�t� �5�0� �m�m�.� �T�h�e� �g�e�l� �s�o�l�u�t�i�o�n� �w�a�s� 

�o�v�e�r�l�a�i�d� �w�i�t�h� �w�a�t�e�r� �a�n�d� �t�h�e� �t�u�b�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �w�a�t�e�r� �b�a�t�h� �a�t� �3�7�°� 

�f�o�r� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�h�i�c�h� �o�c�c�u�r�r�e�d� �i�n� �3�0� �m�i�n�u�t�e�s�.� �T�h�e� �p�o�l�y�m�e�r�i�z�e�d� 

�g�e�l�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �C�a�n�a�l�c�o� �M�o�d�e�l� �6�6� �d�i�s�c� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �a�p�p�a�r�a�t�u�s� 

�a�n�d� �e�q�u�i�l�i�b�r�a�t�e�d� �f�o�r� �o�n�e� �h�o�u�r� �w�i�t�h� �1� �N� �a�c�e�t�i�c� �a�c�i�d� �a�d�j�u�s�t�e�d� �t�o� �p�H� 

�2�.�0� �w�i�t�h� �H�C�l� �u�s�i�n�g� �a� �C�a�n�a�l�c�o� �M�o�d�e�l� �3�0�0�-�B� �p�o�w�e�r� �s�u�p�p�l�y� �a�t� �5� �m�a� �p�e�r� 

�t�u�b�e�,



�T�h�e� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �1� �M� �s�u�c�r�o�s�e�,� 

�2� �u�M� �a�c�e�t�i�c� �a�c�i�d� �t�o� �a� �f�i�n�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�.�6�-�2� �m�g�/�n�l�.�  ��t�h�e� 

�s�a�m�p�l�e� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �u�p�p�e�r� �s�u�r�f�a�c�e� �o�f� �t�h�e� �e�q�u�i�l�i�b�r�a�t�e�d� �g�e�l� 

�u�s�i�n�g� �a�n� �E�p�p�e�n�d�o�r�f� �m�i�c�r�o�p�i�p�e�t�t�e� �(�5� �u�l�)�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �o�v�e�r�l�a�i�d� 

�w�i�t�h� �f�r�e�s�h� �b�u�f�f�e�r�,� �p�l�a�c�e�d� �b�a�c�k� �i�n� �t�h�e� �C�a�n�a�l�c�o� �a�p�p�a�r�a�t�u�s� �p�r�e�v�i�o�u�s�l�y� 

�d�e�s�c�r�i�b�e�d�,� �a�n�d� �s�u�b�j�e�c�t�e�d� �t�o� �a� �c�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �o�f� �4� �m�a� �p�e�r� �t�u�b�e� 

�f�o�r� �3�0� �m�i�n�u�t�e�s�.� �T�h�e� �g�e�i�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �t�u�b�e�s� �b�y� �r�i�m�m�i�n�g� 

�t�h�e� �t�u�b�e� �w�i�t�h� �a� �s�y�r�i�n�g�e� �a�n�d� �n�e�e�d�l�e� �f�i�l�l�e�d� �w�i�t�h� �w�a�t�e�r�,� �p�l�a�c�e�d� �i�n� 

�L� �p�e�r�c�e�n�t� �(�w�/�v�)� �N�a�p�h�t�h�o�i� �b�l�u�e� �b�l�a�c�k� �i�n� �1�4� �p�e�r�c�e�n�t� �(�v�/�v�)� �a�c�e�t�i�c� �a�c�i�d� 

�f�o�r� �a�t� �l�e�a�s�t� �1�2� �h�o�u�r�s�.� �A�f�t�e�r� �s�t�a�i�n�i�n�g�,� �t�h�e� �g�e�l�s� �w�e�r�e� �d�e�s�t�a�i�n�e�d� �°� 

�e�l�e�c�t�r�o�p�h�o�r�e�t�i�c�a�l�l�y� �u�s�i�n�g� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �m�e�n�t�i�o�n�e�d� �p�o�w�e�r� �s�u�p�p�l�y� 

�a�n�d� �b�a�t�h� �a�s�s�e�m�b�l�y� �w�i�t�h� �1�0� �m�a� �p�e�r� �t�u�b�e� �a�n�d� �7� �p�e�r�c�e�n�t� �(�v�/�v�)� �a�c�e�t�i�c� 

�a�c�i�d� �a�s� �t�h�e� �b�u�f�f�e�r�.� �A�f�t�e�r� �d�e�s�t�a�i�n�i�n�g� �t�h�e� �g�e�l�s� �w�e�r�e� �s�t�o�r�e�d� �i�n� �7� 

�p�e�r�c�e�n�t� �a�c�e�t�i�c� �a�c�i�d�.� 

�D�e�n�s�i�t�o�m�e�t�e�r� �t�r�a�c�i�n�g�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �a� �G�i�l�f�o�r�d� �s�p�e�c�t�r�o�-� 

�p�h�o�t�o�m�e�t�e�r� �M�o�d�e�l� �2�4�0� �a�d�a�p�t�e�d� �f�o�r� �l�i�n�e�a�r� �d�e�n�s�i�t�y� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �D�N�A� �/� �D�r�y� �W�e�i�g�h�t� 

�I�s�o�l�a�t�e�d� �n�u�c�l�e�i� �w�e�r�e� �w�a�s�h�e�d� �5� �t�i�m�e�s� �w�i�t�h� �0�.�9� �p�e�r�c�e�n�t� �N�a�c�l�.� 

�T�h�e� �n�u�c�l�e�i� �w�e�r�e� �s�u�s�p�e�n�d�e�d� �i�n� �1�0� �m�l� �o�f� �0�.�9� �p�e�r�c�e�n�t� �N�a�c�l�,� �a�n�d� �a�n� �a�l�i�q�u�o�t� 

�w�a�s� �t�a�k�e�n� �f�o�r� �D�N�A� �a�n�a�l�y�s�i�s� �a�n�d� �a�n�o�t�h�e�r� �a�l�i�q�u�o�t� �w�a�s� �d�r�i�e�d� �i�n� �a� �t�a�r�e�d� 

�c�o�n�t�a�i�n�e�r� �i�n�a� �c�i�r�c�u�l�a�t�i�n�g� �a�i�r� �o�v�e�n� �a�t� �9�0�°� �u�n�t�i�l� �a� �c�o�n�s�t�a�n�t� �w�e�i�g�h�t� 

�w�a�s� �o�b�t�a�i�n�e�d�.



�I�s�o�l�a�t�i�o�n� �a�n�d� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �d�e�o�x�y�r�i�b�o�n�u�c�l�e�o�p�r�o�t�e�i�n� 

�D�e�o�x�y�r�i�b�o�n�u�c�l�e�o�p�r�o�t�e�i�n� �(�D�N�P�)� �w�a�s� �i�s�o�l�a�t�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� 

�C�o�m�m�e�r�f�o�r�d� �e�t� �a�l�.� �(�8�2�)�.� �T�h�e� �D�N�P� �w�a�s� �b�r�o�u�g�h�t� �t�o� �v�o�l�u�m�e� �i�n� �w�a�t�e�r� �a�n�d� 

�a�l�i�q�u�o�t�s� �w�e�r�e� �t�a�k�e�n� �f�o�r� �p�r�o�t�e�i�n� �a�n�d� �D�N�A� �a�n�a�l�y�s�i�s� �a�s� �p�r�e�v�i�o�u�s�l�y� 

�d�e�s�c�r�i�b�e�d�.� 

�T�s�o�l�a�t�i�o�n� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �r�a�t� �t�h�y�m�u�s� �c�h�r�o�m�a�t�i�n� �a�n�d� �D�N�A� 

�C�h�r�o�m�a�t�i�n� �w�a�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �r�a�t� �t�h�y�m�u�s� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� 

�M�a�r�u�s�h�i�g�e� �a�n�d� �B�o�n�n�e�r� �(�8�3�)�.� �T�h�e� �c�h�r�o�m�a�t�i�n� �w�a�s� �d�e�p�r�o�t�e�i�n�i�z�e�d� �b�y� �t�h�e� 

�m�e�t�h�o�d� �o�f� �H�u�a�n�g� �a�n�d� �B�o�n�n�e�r� �(�8�4�)� �u�s�i�n�g� �4� �M� �C�s�C�l� �a�n�d� �c�e�n�t�r�i�f�u�g�i�n�g� �a�t� 

�3�5�,�0�0�0� �r�p�m� �f�o�r� �4�0� �h�o�u�r�s� �i�n� �a� �S�p�i�n�c�o� �S�W�-�4�0� �h�e�a�d�.� �T�h�e� �c�h�r�o�m�a�t�i�n� �o�r� 

�D�N�A� �w�a�s� �d�i�a�l�y�z�e�d� �a�g�a�i�n�s�t� �0�.�0�1� �M� �T�r�i�s� �o�v�e�r� �n�i�g�h�t� �t�o� �r�e�m�o�v�e� �s�u�c�r�o�s�e� 

�a�n�d� �C�s�C�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �T�,� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n� �o�r� �D�N�A� �w�a�s� �d�e�t�e�r�m�i�n�e�d� 

�u�s�i�n�g� �a� �G�i�l�f�o�r�d� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �M�o�d�e�l� �2�4�0�0�.� �T�h�e� �q�h� �w�a�s� �s�t�a�n�d�a�r�d�i�z�e�d� 

�a�g�a�i�n�s�t� �E�.� �c�o�l�i�,� �t�y�p�e� �I�Z� �D�N�A� �i�n� �1� �x� �S�S�C� �w�h�i�c�h� �h�a�d� �a� �7�,� �o�f� �9�0�.�5�°�.� 

�T�h�e� �s�p�e�c�t�r�a� �f�o�r� �t�h�e� �c�h�r�o�m�a�t�i�n� �a�n�d� �D�N�A� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� 

�B�e�c�k�m�a�n� �D�B� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r�.� �T�h�e� �D�N�A�,� �R�N�A� �a�n�d� �p�r�o�t�e�i�n� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �m�e�t�h�o�d�s� �o�f� �S�c�h�m�i�d� �e�t� �a�l�.� �(�7�7�)�,� �W�e�b�b� �(�8�5�)�,� �a�n�d� 

�L�o�w�r�y� �(�7�6�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �|� 

�T�h�e� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n� �a�n�d� �D�N�A� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �m�e�t�h�o�d� �o�f� �M�a�r�u�s�h�i�g�e� �a�n�d� �B�o�n�n�e�r� 

�(�8�3�)�.� �T�h�e� �c�o�m�p�l�e�t�e� �i�n�c�u�b�a�t�i�o�n� �m�i�x�t�u�r�e� �c�o�n�t�a�i�n�e�d� �i�n� �0�.�2�5� �m�l�:� �1�0� �u�m�o�l�e�s� 

�T�r�i�s� �b�u�f�f�e�r� �(�p�H� �8�.�0�)�,� �1� �u�m�o�l�e� �M�g�C�l�,�,� �0�.�2�5� �u�m�o�l�e�s� �M�n�C�l�o�,� �3� �u�m�o�l�e�s� 

�B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l�,� �0�.�1� �p�m�o�l�e�s� �e�a�c�h� �o�f� �A�T�P�,� �G�I�P�,� �C�T�P�,� �U�T�P�,� �2�.�5� �u�c� 

�U�T�P�-�5�-�"�H�,� �D�N�A� �o�r� �c�h�r�o�m�a�t�i�n�,� �a�n�d� �5� �u�n�i�t�s� �o�f� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �f�o�r



�c�h�r�o�m�a�t�i�n�,� �a�n�d� �1�5� �u�n�i�t�s� �o�f� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �f�o�r� �D�N�A�.� �I�n�c�u�b�a�t�i�o�n� 

�w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�t� �3�7�°� �f�o�r� �2�0� �m�i�n�u�t�e�s�.� �A� �b�l�a�n�k� �c�o�n�t�a�i�n�i�n�g� �n�o� �R�N�A� 

�p�o�l�y�m�e�r�a�s�e� �w�a�s� �r�u�n� �i�n� �e�a�c�h� �g�r�o�u�p� �t�o� �c�o�r�r�e�c�t� �t�h�e� �e�n�d�o�g�e�n�o�u�s� �R�N�A� 

�s�y�n�t�h�e�s�i�s�.� �A� �0�.�1� �m�l� �a�l�i�q�u�o�t� �w�a�s� �r�e�m�o�v�e�d� �a�t� �1�0� �a�n�d� �2�0� �m�i�n�u�t�e�s�,� �a�n�d� 

�i�m�m�e�d�i�a�t�e�l�y� �a�i�r� �d�r�i�e�d� �o�n� �p�a�p�e�r� �d�i�s�c�s�.� �T�h�e� �d�i�s�c�s� �w�e�r�e� �p�r�e�p�a�r�e�d� 

�f�o�r� �c�o�u�n�t�i�n�g� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �M�a�n�s� �a�n�d� �N�o�v�e�l�l�i� �(�8�6�)�.� �T�h�e� �d�i�s�c�s� 

�w�e�r�e� �i�m�m�e�r�s�e�d� �i�n� �5� �p�e�r�c�e�n�t� �t�r�i�c�h�l�o�r�o�a�c�e�t�i�c� �a�c�i�d�:� �0�.�0�0�2� �M� �p�y�r�o�-� 

�p�h�o�s�p�h�a�t�e�,� �a�n�d� �w�a�s�h�e�d� �f�o�r� �2�0� �m�i�n�u�t�e�s� �w�i�t�h� �c�o�n�s�t�a�n�t� �s�t�i�r�r�i�n�g�.� �T�h�i�s� 

�w�a�s� �r�e�p�e�a�t�e�d� �o�n�c�e� �i�n� �t�h�e� �c�o�l�d� �a�n�d� �t�w�i�c�e� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.�  ��T�h�e� 

�d�i�s�c�s� �w�e�r�e� �t�h�e�n� �w�a�s�h�e�d� �i�n� �1�:�1� �e�t�h�a�n�o�l�:�e�t�h�e�r� �f�o�r� �1�5� �m�i�n�u�t�e�s� �a�n�d� 

�t�h�e�n� �i�n� �e�t�h�e�r� �f�o�r� �1�5� �m�i�n�u�t�e�s�,� �t�h�e�n� �a�i�r� �d�r�i�e�d�.� �E�a�c�h� �d�i�s�c� �w�a�s� �p�l�a�c�e�d� 

�i�n� �a� �g�l�a�s�s�-�c�o�u�n�t�i�n�g� �v�i�a�l� �a�n�d� �5� �m�l� �o�f� �s�c�i�n�t�i�l�l�a�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� 

�a�d�d�e�d�.



�R�E�S�U�L�T�S� 

�I�n� �p�r�e�l�i�m�i�n�a�r�y� �c�y�t�o�l�o�g�i�c�a�l� �s�t�u�d�i�e�s� �o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i� �a� 

�c�o�m�p�a�r�i�s�o�n� �o�f� �n�u�c�l�e�i� �o�b�t�a�i�n�e�d� �f�r�o�m� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� 

�r�a�t�s� �w�i�t�h� �n�u�c�l�e�i� �o�b�t�a�i�n�e�d� �f�r�o�m� �r�a�t�s� �w�h�i�c�h� �h�a�d� �r�e�c�e�i�v�e�d� �1�5� �u�g� �o�f� �L�-�T�,� 

�s�h�o�w�e�d� �t�h�a�t� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �i�n�c�r�e�a�s�e� �t�h�e� �n�u�m�b�e�r� �o�f� �n�u�c�l�e�o�l�i� �p�e�r� 

�n�u�c�l�e�u�s�.� �T�h�i�s� �c�o�u�l�d� �n�o�t� �b�e� �s�u�b�s�t�a�n�t�i�a�t�e�d� �s�t�a�t�i�s�t�i�c�a�l�l�y�,� �n�e�i�t�h�e�r� �w�a�s� 

�i�t� �p�o�s�s�i�b�l�e� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e�s�e� �w�e�r�e� �n�e�w� �n�u�c�l�e�o�l�i� �o�r� �w�e�r�e� �n�e�w�l�y�-�r�e�v�e�a�l�e�d� 

�n�u�c�l�e�o�l�i� �d�u�e� �t�o� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �t�h�e� �n�u�c�l�e�u�s�.� �S�i�e�g�e�l� �a�n�d� 

�T�o�b�i�a�s� �(�3�3�)� �h�a�v�e� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �e�v�i�d�e�n�c�e� �t�h�a�t� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �e�f�f�e�c�t�e�d� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �n�u�c�l�e�o�l�i� �p�e�r� �n�u�c�l�e�u�s� �o�f� �k�i�d�n�e�y� �e�p�i�t�h�e�l�i�u�m� 

�c�e�l�l�s�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �s�t�u�d�i�e�s� �d�i�d� �i�n�d�i�c�a�t�e� �t�h�a�t� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� 

�o�f� �t�h�e� �n�u�c�l�e�u�s� �w�a�s� �w�a�r�r�a�n�t�e�d�.� �W�i�t�h� �h�o�p�e�s� �o�f� �r�e�t�u�r�n�i�n�g� �l�a�t�e�r� �t�o� �t�h�e� 

�m�i�c�r�o�s�c�o�p�i�c� �s�t�u�d�i�e�s�,� �t�h�e� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �h�e�r�e� �a�r�e� �t�h�e� �b�i�o�c�h�e�m�i�c�a�l� 

�o�b�s�e�r�v�a�t�i�o�n�s� �o�n� �t�h�e� �i�n� �v�i�v�o� �e�f�f�e�c�t� �o�f� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �o�n� �r�a�t� �t�h�y�m�u�s� 

�n�u�c�l�e�i�.� 

�R�e�p�o�r�t�s� �f�r�o�m� �o�t�h�e�r� �l�a�b�o�r�a�t�o�r�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �r�a�t�i�o� �o�f� 

�D�N�A�:�d�r�y� �w�e�i�g�h�t� �o�f� �s�o�m�a�t�i�c� �t�i�s�s�u�e� �i�s� �c�o�n�s�t�a�n�t� �(�8�7�,� �8�8�)�.� �T�a�t�a� �a�n�d� 

�W�i�d�n�e�l�l� �r�e�p�o�r�t�e�d� �(�3�2�)� �t�h�a�t� �t�h�e� �r�a�t�i�o� �o�f� �D�N�A�:�d�r�y� �w�e�i�g�h�t� �o�f� �t�h�y�r�o�i�d�e�c�t�o�m�i�z�e�d� 

�r�a�t� �l�i�v�e�r� �w�a�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s�.� �S�i�n�c�e� �t�h�e� �s�t�u�d�i�e�s� 

�r�e�p�o�r�t�e�d� �h�e�r�e� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �o�n� �i�s�o�l�a�t�e�d� �t�h�y�m�u�s� �n�u�c�l�e�i�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� 

�t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �o�n� �t�h�e� �D�N�A� �p�e�r� �g�r�a�m�  ��o�f� �d�r�y� 

�w�e�i�g�h�t� �o�f� �t�h�y�m�u�s� �n�u�c�l�e�i�.� �T�h�e� �r�e�s�u�l�t�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �1� �s�h�o�w� �t�h�a�t� 
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�t�h�e� �f�o�u�r� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �a�t� �1�5� �m�i�n�u�t�e�s�,� �3�0� �m�i�n�u�t�e�s�,� �o�n�e� �h�o�u�r�,� �a�n�d� �f�o�u�r� 

�h�o�u�r�s� �a�f�t�e�r� �h�o�r�m�o�n�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �w�a�s� �s�t�u�d�i�e�d�.� �I�n� �a�l�l� �f�o�u�r� �f�r�a�c�t�i�o�n�s� 

�t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �w�a�s� �l�o�w�e�r� �t�h�a�n� �t�h�e� �c�o�n�t�r�o�l� �1�5� �m�i�n�u�t�e�s� �a�f�t�e�r� �t�h�e� 

�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�3�.� �T�h�i�r�t�y� �m�i�n�u�t�e�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� 
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�c�o�n�t�r�o�l�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �a�l�l� �f�r�a�c�t�i�o�n�s� �c�o�n�t�i�n�u�e�d� �t�o� �r�i�s�e� �o�n�e� �h�o�u�r� 

�a�f�t�e�r� �L�-�T�,� �a�d�m�i�n�i�s�t�r�a�t�i�o�n�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �f�r�a�c�t�i�o�n�s� �f�i�;� �t�o�a�?� 
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�w�e�r�e� �r�e�p�e�a�t�e�d� �w�i�t�h� �a�l�a�n�i�n�e�-�1�-�  ��C�c�.� �F�i�g�u�r�e�s� �7� �t�o� �1�0� �s�u�m�m�a�r�i�z�e� �t�h�e� �d�a�t�a� 
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�T�h�e� �D�N�A� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �d�e�p�r�o�t�e�i�n�i�z�a�t�i�o�n� �o�f� �c�h�r�o�m�a�t�i�n� �w�i�t�h� 

�C�s�C�l� �a�n�d� �w�a�s� �a�n�a�l�y�z�e�d� �f�o�r� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y�.� �T�w�o�,� �4�,� �a�n�d� �8� �h�o�u�r�s� 

�a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�3� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �D�N�A� 

�w�a�s� �n�o� �d�i�f�f�e�r�e�n�t� �t�h�a�n� �t�h�e� �c�o�n�t�r�o�l� �(�T�a�b�l�e� �4�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� 

�t�h�a�t� �L�-�~�T�3� �i�s� �p�r�o�d�u�c�i�n�g� �i�t�s� �e�f�f�e�c�t� �o�n� �t�h�e� �R�N�A� �a�n�d� �p�r�o�t�e�i�n� �m�o�i�e�t�i�e�s� �o�f� 

�c�h�r�o�m�a�t�i�n� �a�n�d� �h�a�s� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� �D�N�A� �a�s� �s�h�o�w�n� �b�y� �T�h� �a�n�d� �t�e�m�p�l�a�t�e� 

�e�f�f�i�c�i�e�n�c�y�.



�D�I�S�C�U�S�S�I�O�N� 

�W�i�t�h� �t�h�e� �"�b�i�r�t�h�"� �o�f� �m�e�t�a�b�o�l�i�c� �c�o�n�t�r�o�l�,� �s�c�i�e�n�t�i�s�t�s� �h�a�v�e� �t�u�r�n�e�d� 

�t�h�e�i�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �f�r�o�m� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �o�n� �g�r�o�s�s� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �p�r�o�c�e�s�s�e�s� �t�o� �t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� �p�r�o�t�e�i�n� �m�e�t�a�b�o�l�i�s�m� �a�n�d� 

�R�N�A� �s�y�n�t�h�e�s�i�s�.� �T�h�e� �a�t�t�e�m�p�t� �h�a�s� �b�e�e�n� �t�o� �e�l�u�c�i�d�a�t�e� �t�h�e� �s�i�t�e� �o�f� 

�t�h�y�r�o�i�d� �h�o�r�m�o�n�e� �a�c�t�i�o�n� �w�h�i�c�h� �s�h�o�u�l�d� �i�n� �t�u�r�n� �e�x�p�l�a�i�n� �t�h�e� �m�e�c�h�a�n�i�s�m� 

�o�f� �a�c�t�i�o�n�.� �T�h�e� �a�p�p�r�o�a�c�h� �h�a�s� �b�e�e�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�a�r�l�i�e�s�t� �r�e�s�p�o�n�s�e� 

�t�o� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �o�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�i�s� �w�o�u�l�d� �b�e� �a�t� �o�r� �n�e�a�r� 

�t�h�e� �s�i�t�e� �o�f� �a�c�t�i�o�n�.� �S�u�b�s�e�q�u�e�n�t� �e�f�f�e�c�t�s� �w�o�u�l�d� �o�n�l�y� �b�e� �a� �c�o�n�s�e�q�u�e�n�c�e� 

�o�f� �t�h�e� �i�n�i�t�i�a�l� �r�e�s�p�o�n�s�e�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �L�-�T�3� �a�n�d� �L�T�,� �o�n� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �h�a�s� �b�e�e�n� 

�s�t�u�d�i�e�d� �e�x�t�e�n�s�i�v�e�l�y� �(�3�0�,� �4�1�,� �2�6�,� �2�7�,� �2�8�,� �2�9�)�.� �H�o�w�e�v�e�r�,� �m�u�c�h� �o�f� �t�h�e� 

�w�o�r�k� �i�s� �o�f� �d�o�u�b�t�f�u�l� �s�i�g�n�i�f�i�c�a�n�c�e� �s�i�n�c�e� �n�o�n�-�p�h�y�s�i�o�l�o�g�i�c�a�l� �d�o�s�e�s� �a�n�d� 

�p�r�o�l�o�n�g�e�d� �p�e�r�i�o�d�s� �o�f� �t�r�e�a�t�m�e�n�t� �p�r�o�b�a�b�l�y� �m�a�s�k�e�d� �t�h�e� �i�n�i�t�i�a�l� �e�f�f�e�c�t� �o�f� 

�t�h�e� �h�o�r�m�o�n�e�.� �A�c�c�o�r�d�i�n�g� �t�o� �T�a�t�a� �(�3�0�)� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s� �i�n� �t�h�e� �n�u�c�l�e�u�s� 

�i�s� �n�o�t� �s�t�i�m�u�l�a�t�e�d� �u�n�t�i�l� �1�0� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �a� �s�i�n�g�l�e� 

�d�o�s�e� �o�f� �L�-�T�,� �t�o� �t�h�y�r�o�i�d�e�c�t�o�m�i�z�e�d� �r�a�t�s�.� �T�h�e� �h�o�r�m�o�n�e� �i�n�c�r�e�a�s�e�d� �t�h�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l�l�e�d� �a�m�i�n�o� �a�c�i�d�s� �i�n�t�o� �t�o�t�a�l� �a�n�d� �b�a�s�i�c� �n�u�c�l�e�a�r� 

�p�r�o�t�e�i�n� �o�f� �r�a�t� �l�i�v�e�r�.� �T�h�e� �s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �p�r�o�t�e�i�n� �i�n�c�r�e�a�s�e�d� 

�w�i�t�h� �t�i�m�e� �u�p� �t�o� �4�3� �h�o�u�r�s�,� �w�h�i�c�h� �w�a�s� �t�h�e� �l�o�n�g�e�s�t� �p�e�r�i�o�d� �s�t�u�d�i�e�d�.� 

�O�n�l�y� �a� �s�l�i�g�h�t� �i�n�c�r�e�a�s�e� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o� �4�5� 

�h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�,�.� �K�i�m� �a�n�d� �C�o�h�e�n� �(�4�1�)� �s�t�u�d�i�e�d� 

�t�h�e� �e�f�f�e�c�t�s� �o�f� �L�-�T�y�,� �o�n� �t�h�e� �p�r�o�t�e�i�n� �m�o�i�e�t�y� �o�f� �l�i�v�e�r� �c�h�r�o�m�a�t�i�n� �f�r�o�m� �|� 

�t�a�d�p�o�l�e�s� �a�f�t�e�r� �1�1� �d�a�y�s� �o�f� �h�o�r�m�o�n�e� �t�r�e�a�t�m�e�n�t�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� 

�n�o� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� �p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o�,� �i�n� �s�p�i�t�e� 

�-� �3�0� �-



�o�f� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e�i�r� �d�a�t�a� �s�h�o�w�e�d� �a� �3�6� �p�e�r�c�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�r�e�s�i�d�u�a�l� �p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o� �i�n� �t�w�o� �s�e�p�a�r�a�t�e� �e�x�p�e�r�i�m�e�n�t�s�.� 

�I�n� �t�h�e� �s�t�u�d�i�e�s� �r�e�p�o�r�t�e�d� �h�e�r�e�i�n�,� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �d�o� �h�a�v�e� 

�a�n� �e�f�f�e�c�t� �o�n� �t�h�e� �p�r�o�t�e�i�n� �o�f� �i�s�o�l�a�t�e�d� �n�u�c�l�e�i�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�o�f� �a�l�a�n�i�n�e�-�1�-�"�"�c� �i�n�t�o� �t�o�t�a�l� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n� �o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i� 

�(�F�i�g�u�r�e� �1�)�,� �w�a�s� �i�n�c�r�e�a�s�e�d� �4�2� �p�e�r�c�e�n�t� �o�v�e�r� �t�h�e� �c�o�n�t�r�o�l� �4� �h�o�u�r�s� �a�f�t�e�r� 

�t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�3�.� �F�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �r�e�v�e�a�l�e�d� �t�h�a�t� 

�L�-�T�,� �s�t�i�m�u�l�a�t�e�d� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a�l�a�n�i�n�e�-�1�-�!�*�¢� �i�n�t�o� �t�h�e� �w�h�o�l�e� 

�h�i�s�t�o�n�e�s� �(�F�i�g�u�r�e� �3�)�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �g�l�y�c�i�n�e� �a�n�d� �p�h�e�n�y�l�a�l�a�n�i�n�e� 

�e�x�h�i�b�i�t�e�d� �a� �p�a�t�t�e�r�n� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �a�l�a�n�i�n�e�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �t�h�a�t� 

�t�h�e� �i�n�c�r�e�a�s�e�d� �i�n�c�o�r�p�o�r�a�t�i�o�n� �w�a�s� �n�o�t� �d�u�e� �t�o� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �h�o�r�m�o�n�e� 

�o�n� �a� �s�p�e�c�i�f�i�c� �a�m�i�n�o� �a�c�i�d� �p�o�o�l�.� 
�1�4� 

�T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a�l�a�n�i�n�e�-�l�-� �C� �i�n�t�o� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s�;� �f� 

�f�£� �f� �w�a�s� �i�n�c�r�e�a�s�e�d� �m�a�x�i�m�a�l�l�y� �e�i�t�h�e�r� �4� �o�r� �8� �h�o�u�r�s� �a�f�t�e�r� �L�-�T�3� 
�2�a�?� �f�o�b�?� 

�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �(�F�i�g�u�r�e�s� �7�,� �8�,� �9�,� �1�0�)�.� �T�h�e� �i�n�c�r�e�a�s�e�d� �t�u�r�n�o�v�e�r� �r�a�t�e� 

�w�a�s� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o� �(�F�i�g�u�r�e� �1�6�)� 

�o�f� �t�h�e� �i�s�o�l�a�t�e�d� �c�h�r�o�m�a�t�i�n�.� 

�T�w�o� �d�i�f�f�e�r�e�n�t� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �u�s�e�d� �f�o�r� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� 

�c�h�r�o�m�a�t�i�n� �a�n�d� �t�h�e� �r�e�s�p�o�n�s�e� �t�o� �L�-�T�,� �a�p�p�e�a�r�e�d� �t�o� �b�e� �d�i�f�f�e�r�e�n�t�.� �A� 

�c�o�m�p�a�r�i�s�o�n� �o�f� �F�i�g�u�r�e�s� �2� �a�n�d� �1�6� �r�e�v�e�a�l�s� �t�h�a�t� �t�h�e� �p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o� �o�f� 

�c�h�r�o�m�a�t�i�n� �i�s�o�l�a�t�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �M�a�r�u�s�h�i�g�e� �a�n�d� �B�o�n�n�e�r� �(�8�3�)�,� 

�F�i�g�u�r�e� �1�6�,� �e�x�h�i�b�i�t�e�d� �a� �b�i�p�h�a�s�i�c� �r�e�s�p�o�n�s�e� �w�i�t�h� �a� �m�a�x�i�m�u�m� �a�t� �4� �h�o�u�r�s� 

�a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �h�o�r�m�o�n�e�.� �W�h�e�n� �c�h�r�o�m�a�t�i�n� �w�a�s



�~� �3�2� �-� 

�i�s�o�l�a�t�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �C�o�m�m�e�r�f�o�r�d� �e�t� �a�l�.� �(�8�2�)�,� �F�i�g�u�r�e� �2�,� �t�h�e� 

�p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�1� �o�f� �t�h�a�t� �o�b�s�e�r�v�e�d� �i�n� �F�i�g�u�r�e� 

�1�6�,� �a�n�d� �t�h�e� �b�i�p�h�a�s�i�c� �r�e�s�p�o�n�s�e� �w�a�s� �n�o�t� �o�b�s�e�r�v�e�d�.� �I�n�s�t�e�a�d�,� �t�h�e� 

�p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o� �r�o�s�e� �t�o� �3�.�2�8� �m�g� �p�r�o�t�e�i�n�/�m�g� �D�N�A� �w�i�t�h�i�n� �4� �h�o�u�r�s� 

�a�n�d� �r�e�m�a�i�n�e�d� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �l�e�v�e�l� �t�h�r�o�u�g�h� �1�6� �h�o�u�r�s�.� �I�t� 

�a�p�p�e�a�r�s� �t�h�a�t� �a� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n� �h�a�s� �b�e�e�n� �r�e�m�o�v�e�d� �d�u�r�i�n�g� �i�s�o�l�a�t�i�o�n� 

�b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �C�o�m�m�e�r�f�o�r�d� �e�t� �a�l�.� �(�8�2�)�,� �a�n�d� �t�h�e� �r�a�t�e� �o�f� �s�y�n�t�h�e�s�i�s� 

�o�f� �t�h�i�s� �f�r�a�c�t�i�o�n� �i�n�c�r�e�a�s�e�s� �u�p� �t�o� �a�b�o�u�t� �4� �h�o�u�r�s� �a�n�d� �t�h�e�n� �d�e�c�r�e�a�s�e�s�,� 

�F�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�i�s� �f�r�a�c�t�i�o�n� �a�p�p�e�a�r�s� �t�o� �b�e� �i�n� �o�r�d�e�r�.� 

�T�h�e� �t�w�o� �m�e�t�h�o�d�s� �o�f� �i�s�o�l�a�t�i�o�n� �d�i�f�f�e�r� �i�n� �t�h�a�t� �t�h�e� �m�e�t�h�o�d� �o�f� 

�C�o�m�m�e�r�f�o�r�d� �e�t� �a�l�.� �(�8�2�)� �i�n�v�o�l�v�e�d� �e�x�t�r�a�c�t�i�o�n� �o�f� �t�h�e� �n�u�c�l�e�a�r� �p�e�l�l�e�t� 

�w�i�t�h� �0�.�0�5� �M� �N�a�H�C�O�3�;� �0�.�1� �M� �N�a�C�l� �b�u�f�f�e�r� �(�u�y� �=� �.�1�5�)� �f�o�l�l�o�w�e�d� �b�y� 

�s�o�l�u�b�i�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n� �i�n� �t�h�e� �i�n�s�o�l�u�b�l�e� �p�e�l�l�e�t� �w�i�t�h� �w�a�t�e�r� 

�w�h�i�l�e� �t�h�e� �m�e�t�h�o�d� �o�f� �M�a�r�u�s�h�i�g�e� �a�n�d� �B�o�n�n�e�r� �(�8�3�)� �i�n�v�o�l�v�e�d� �e�x�t�r�a�c�t�i�o�n� 

�w�i�t�h� �0�.�0�5� �M� �T�r�i�s� �b�u�f�f�e�r� �(�u�y� �=� �.�0�5�)� �f�o�l�l�o�w�e�d� �b�y� �s�o�l�u�b�i�l�i�z�a�t�i�o�n� �o�f� �t�h�e� 

�c�h�r�o�m�a�t�i�n� �i�n� �0�.�0�1� �M� �T�r�i�s�.� 

�T�a�t�a� �(�3�0�)� �o�b�s�e�r�v�e�d� �a� �c�o�n�t�i�n�u�a�l� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�o�f� �l�a�b�e�l�l�e�d� �a�m�i�n�o� �a�c�i�d�s� �i�n�t�o� �b�a�s�i�c� �p�r�o�t�e�i�n� �a�f�t�e�r� �L�-�T�3� �t�r�e�a�t�m�e�n�t�.� �I�n� 

�t�h�e� �s�t�u�d�i�e�s� �r�e�p�o�r�t�e�d� �h�e�r�e� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �p�r�o�d�u�c�e�d� �a� �b�i�p�h�a�s�i�c� �e�f�f�e�c�t� 

�o�n� �t�h�e� �b�a�s�i�c� �p�r�o�t�e�i�n� �o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� 

�s�y�s�t�e�m� �o�f� �T�a�t�a� �(�3�0�)� �a�s� �c�o�n�t�r�a�s�t�e�d� �t�o� �t�h�o�s�e� �r�e�p�o�r�t�e�d� �h�e�r�e� �m�i�g�h�t� �a�c�c�o�u�n�t� 

�f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �r�e�s�u�l�t�s�.� �T�a�t�a� �(�3�0�)� �u�s�e�d� �l�i�v�e�r� �f�r�o�m� �t�h�y�r�o�i�d�e�c�t�o�m�i�z�e�d� 

�r�a�t�s� �w�h�i�c�h� �h�a�d� �b�e�e�n� �i�n�j�e�c�t�e�d� �w�i�t�h� �a�m�i�n�o� �a�c�i�d�s� �t�w�o� �m�i�n�u�t�e�s� �b�e�f�o�r�e� 

�s�a�c�r�i�f�i�c�i�n�g�,� �a�n�d� �h�e� �i�s�o�l�a�t�e�d� �n�u�c�l�e�i� �a�n�d� �p�r�o�t�e�i�n� �b�y� �a� �d�i�f�f�e�r�e�n�t
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�p�r�o�c�e�d�u�r�e� �t�h�a�n� �r�e�p�o�r�t�e�d� �h�e�r�e�.� �T�h�e� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �h�e�r�e� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�y�m�u�s� �g�l�a�n�d�s� �o�f� �g�r�o�w�t�h�~�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�~�-�f�e�d� 

�r�a�t�s� �w�h�i�c�h� �w�e�r�e� �i�n�j�e�c�t�e�d� �w�i�t�h� �a�m�i�n�o� �a�c�i�d�s� �1�5� �m�i�n�u�t�e�s� �p�r�i�o�r� �t�o� 

�s�a�c�r�i�f�i�c�i�n�g�.� 

�I�t� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �c�o�n�t�r�o�l� �t�h�e� 

�s�y�n�t�h�e�s�i�s� �o�f� �R�N�A�.� �H�o�w�e�v�e�r�,� �t�h�e� �n�u�c�l�e�a�r� �R�N�A�:�D�N�A� �r�a�t�i�o� �o�f� 

�t�h�y�r�o�i�d�e�c�t�o�m�i�z�e�d� �r�a�t� �l�i�v�e�r� �i�s� �n�o�t� �c�h�a�n�g�e�d� �b�y� �L�-�T�3� �(�3�2�)� �a�n�d� �t�h�e� 

�r�a�t�i�o� �o�f� �R�N�A�:�D�N�A� �i�n� �t�h�y�m�u�s� �g�l�a�n�d� �o�f� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-� 

�f�e�d� �r�a�t�s�r�e�m�a�i�n�s� �c�o�n�s�t�a�n�t� �a�s� �s�e�e�n� �i�n� �T�a�b�l�e� �2�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �t�h�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �o�r�o�t�i�c� �a�c�i�d� �i�n�t�o� �n�u�c�l�e�a�r� �R�N�A� �i�s� �s�t�i�m�u�l�a�t�e�d� �3�.�3� 

�h�o�u�r�s� �a�f�t�e�r� �L�-�T�3� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �(�3�2�)�.� �W�y�a�t�t� �a�n�d� �T�a�t�a� �(�3�5�)� �u�s�i�n�g� 

�h�y�b�r�i�d�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�,� �h�a�v�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �L�-�T�3� �s�t�i�m�u�l�a�t�e�s� 

�t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �a� �n�e�w� �o�r� �m�o�r�e� �m�-�R�N�A� �a�n�d� �r�-�R�N�A�.� �T�h�e�s�e� �r�e�s�u�l�t�s� 

�s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �t�u�r�n�o�v�e�r� �r�a�t�e� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �n�o� �a�c�c�u�m�u�l�a�t�i�o�n� 

�o�f� �n�u�c�l�e�a�r� �R�N�A� �s�y�n�t�h�e�s�i�s�.� 

�A� �s�t�i�m�u�l�a�t�i�o�n� �o�f� �R�N�A� �s�y�n�t�h�e�s�i�s� �s�u�g�g�e�s�t�e�d� �t�o� �W�i�d�n�e�l�l� �a�n�d� �T�a�t�a� 

�(�8�9�)� �t�h�a�t� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �m�a�y� �b�e� �s�t�i�m�u�l�a�t�i�n�g� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �d�i�r�e�c�t�l�y�.� 

�H�o�w�e�v�e�r�,� �a� �t�h�o�r�o�u�g�h� �i�n�v�e�s�t�i�g�a�t�i�o�n� �b�y� �T�a�t�a� �r�e�v�e�a�l�e�d� �t�h�a�t� �i�s�o�l�a�t�e�d� 

�r�a�t� �l�i�v�e�r� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �d�i�d� �n�o�t� �r�e�s�p�o�n�d� �t�o� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �a�n�d� 

�t�h�a�t� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �d�i�d� �n�o�t� �i�n�c�r�e�a�s�e� �u�n�t�i�l� �1�6� �h�o�u�r�s� 

�a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�,� �t�o� �i�n�t�a�c�t� �r�a�t�s� �o�r� �1�2� �h�o�u�r�s� �a�f�t�e�r� 

�t�h�e� �i�n�c�r�e�a�s�e� �i�n� �R�N�A� �s�y�n�t�h�e�s�i�s� �w�a�s� �o�b�s�e�r�v�e�d�.� �T�a�t�a� �d�i�d� �n�o�t� �o�f�f�e�r� �a�n� 

�e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�i�s�,� �b�u�t� �t�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �r�e�p�o�r�t� 

�p�r�o�v�i�d�e�s� �a�n� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e� �s�t�i�m�u�l�a�t�i�o�n� �o�f� �R�N�A� �s�y�n�t�h�e�s�i�s� �w�h�i�c�h



�-� �3�4� �-� 

�i�s� �n�o�t� �m�e�d�i�a�t�e�d� �t�h�r�o�u�g�h� �R�N�A� �p�o�l�y�m�e�r�a�s�e�.� �A� �s�t�i�m�u�l�a�t�i�o�n� �o�f� �R�N�A� 

�s�y�n�t�h�e�s�i�s� �m�a�y� �o�c�c�u�r� �b�y� �o�t�h�e�r� �m�e�a�n�s�;� �n�a�m�e�l�y�,� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� 

�c�h�r�o�m�a�t�i�n�.� �|� 

�K�i�m� �a�n�d� �C�o�h�e�n� �(�4�1�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �L�-�T�,� �h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� 

�r�a�t�i�o� �o�f� �R�N�A�:�D�N�A� �o�f� �i�s�o�l�a�t�e�d� �t�a�d�p�o�l�e� �l�i�v�e�r� �c�h�r�o�m�a�t�i�n�.� �H�o�w�e�v�e�r�,� 

�t�h�e�i�r� �d�a�t�a� �s�h�o�w�s� �a� �1�7� �a�n�d� �6�0� �p�e�r�c�e�n�t� �i�n�c�r�e�a�s�e� �o�v�e�r� �t�h�e� �c�o�n�t�r�o�l� 

�a�f�t�e�r� �p�r�o�l�o�n�g�e�d� �t�r�e�a�t�m�e�n�t� �o�f� �t�a�d�p�o�l�e�s� �w�i�t�h� �L�-�T�,�.� �T�h�e� �r�a�t�i�o� �o�f� 

�R�N�A�:�D�N�A� �o�f� �r�a�t� �t�h�y�m�u�s� �c�h�r�o�m�a�t�i�n� �w�a�s� �i�n�c�r�e�a�s�e�d� �4�0� �p�e�r�c�e�n�t� �o�v�e�r� �t�h�e� 

�c�o�n�t�r�o�l� �4� �h�o�u�r�s� �a�f�t�e�r� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�3� �(�F�i�g�u�r�e� �1�5�)�.� �T�h�i�s� 

�i�n�c�r�e�a�s�e� �i�n� �b�o�u�n�d� �R�N�A� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �a�t� �t�h�e� �t�i�m�e� �t�h�e� �a�n�i�m�a�l�s� �w�e�r�e� 

�s�a�c�r�i�f�i�c�e�d� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �R�N�A� �w�a�s� �i�n�c�r�e�a�s�e�d�.� 

�G�o�l�d�b�e�r�g� �a�n�d� �A�t�c�h�l�e�y� �(�9�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �L�-�T�,� �h�a�d� �n�o� �e�f�f�e�c�t� 

�o�n� �t�h�e� �T� �o�f� �D�N�A� �n�o�r� �w�a�s� �t�h�e� �T�,� �o�f� �r�a�t� �t�h�y�m�u�s� �D�N�A� �a�f�f�e�c�t�e�d� �b�y� �L�-�T�,� 

�(�F�i�g�u�r�e� �1�8�)�.� �H�o�w�e�v�e�r�,� �2�,� �4�,� �a�n�d� �8� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� 

�o�f� �L�-�T�3� �t�h�e� �T�,� �o�f� �c�h�r�o�m�a�t�i�n� �o�f� �r�a�t� �t�h�y�m�u�s� �w�a�s� �i�n�c�r�e�a�s�e�d� �2�°� �o�v�e�r� 

�t�h�e� �c�o�n�t�r�o�l� �(�F�i�g�u�r�e� �1�8�)�.� �T�h�i�s� �c�h�a�n�g�e� �i�n� �T�,� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n� �w�a�s� 

�o�b�s�e�r�v�e�d� �a�s� �e�a�r�l�y� �a�s� �2� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�,� �a�n�d� 

�a�g�a�i�n� �i�n�d�i�c�a�t�e�s� �a� �m�a�r�k�e�d� �c�h�a�n�g�e� �i�n� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �o�r� �s�t�r�u�c�t�u�r�e� �o�f� 

�c�h�r�o�m�a�t�i�n� �i�n� �r�e�s�p�o�n�s�e� �t�o� �L�-�T�3�.� 

�F�u�r�t�h�e�r� �e�v�i�d�e�n�c�e� �o�f� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �c�h�r�o�m�a�t�i�n� �b�y� �L�-�T�3� �w�a�s� 

�o�b�t�a�i�n�e�d� �b�y� �a� �s�t�u�d�y� �o�f� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �r�a�t� �t�h�y�m�u�s� �c�h�r�o�m�a�t�i�n�.� 

�T�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �r�a�t� �t�h�y�m�u�s� �c�h�r�o�m�a�t�i�n� �w�a�s� �i�n�c�r�e�a�s�e�d� �1�7�1� �p�e�r�c�e�n�t� 

�o�v�e�r� �t�h�e� �c�o�n�t�r�o�l� �4� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�3� �(�F�i�g�u�r�e� �1�9�)�,



�a�n�d� �i�t� �i�s� �s�i�g�n�i�f�i�c�a�n�t� �t�h�a�t� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y� �o�£� �D�N�A� �w�a�s� �n�o�t� 

�a�f�f�e�c�t�e�d� �b�y� �L�-�T�,� �t�r�e�a�t�m�e�n�t�,� �T�a�b�l�e� �4�.� �T�h�i�s� �i�s� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� 

�'� �w�o�r�k� �o�f� �K�i�m� �a�n�d� �C�o�h�e�n� �(�4�1�)� �w�h�o� �h�a�d� �o�b�s�e�r�v�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�l�a�t�e� 

�e�f�f�i�c�i�e�n�c�y� �o�f� �t�a�d�p�o�l�e� �l�i�v�e�r� �c�h�r�o�m�a�t�i�n� �a�f�t�e�r� �e�x�p�o�s�u�r�e� �o�f� �t�a�d�p�o�l�e�s� 

�t�o� �L�-�T�,� �f�o�r� �1�1� �d�a�y�s�.� 

�T�h�e� �p�r�e�v�i�o�u�s� �d�a�t�a� �a�n�d� �t�h�e� �d�a�t�a� �o�f� �K�i�m� �a�n�d� �C�o�h�e�n� �(�4�1�)� �s�u�g�g�e�s�t�s� 

�t�h�a�t� �t�h�e� �s�i�t�e� �o�f� �a�c�t�i�o�n� �o�f� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e� �i�s� �o�n� �t�h�e� �c�h�r�o�m�a�t�i�n�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �m�e�c�h�a�n�i�s�m� �b�y� �w�h�i�c�h� �L�-�T�,� �a�f�f�e�c�t�s� �t�h�e� �p�r�o�t�e�i�n� �m�o�i�e�t�y� 

�o�f� �c�h�r�o�m�a�t�i�n�,� �i�n�c�r�e�a�s�i�n�g� �i�t�s� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y�,� �h�a�s� �n�o�t� �b�e�e�n� 

�e�l�u�c�i�d�a�t�e�d�.� �W�h�i�l�e� �t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �c�h�r�o�m�a�t�i�n� 

�h�a�v�e� �n�o�t� �y�e�t� �b�e�e�n� �e�l�u�c�i�d�a�t�e�d�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �h�y�p�o�t�h�e�s�i�s� �i�s� �p�r�o�p�o�s�e�d� 

�a�s� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �a�c�t�i�o�n� �o�f� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s�.� 

�T�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �n�u�c�l�e�u�s� �t�o� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �i�s� �v�e�r�y� 

�r�a�p�i�d�,� �p�r�o�b�a�b�l�y� �w�i�t�h�i�n� �3�0� �m�i�n�u�t�e�s� �a�f�t�e�r� �L�-�T�3� �i�n�j�e�c�t�i�o�n�.� �T�h�e� �d�r�o�p� 

�i�n� �t�h�e� �s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �o�f� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �(�F�i�g�u�r�e� �6�)� �c�o�u�l�d� �b�e� 

�t�h�e� �i�n�i�t�i�a�l� �e�f�f�e�c�t� �o�f� �L�-�T�3� �o�n� �c�h�r�o�m�a�t�i�n�.� �I�t� �i�s� �d�u�r�i�n�g� �t�h�i�s� �i�n�i�t�i�a�l� 

�e�f�f�e�c�t� �o�f� �L�-�T�3� �o�n� �c�h�r�o�m�a�t�i�o�n� �t�h�a�t� �t�h�e� �m�-�R�N�A� �i�s� �s�y�n�t�h�e�s�i�z�e�d� �f�o�r� 

�p�r�o�c�e�s�s�e�s� �t�h�a�t� �o�c�c�u�r� �l�a�t�e�r�.� 

�T�h�e�s�e� �s�t�u�d�i�e�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �i�n�i�t�i�a�l� �e�f�f�e�c�t� �o�f� �L�-�T�.� �i�s� �t�o� 

�p�r�o�m�o�t�e� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �a� �s�t�a�b�l�e� �m�-�R�N�A� �w�h�i�c�h� �c�o�d�e�s� �f�o�r� �s�p�e�c�i�f�i�c� �p�r�o�t�e�i�n�s� 

�w�h�i�c�h� �é�l�i�c�i�t�s� �t�h�o�s�e� �r�e�s�p�o�n�s�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�.� �T�h�e� �m�-�R�N�A� 

�i�s� �n�o�t� �e�a�s�i�l�y� �d�e�g�r�a�d�e�d� �a�n�d� �i�s� �t�r�a�n�s�l�a�t�e�d� �o�r� �m�a�y� �f�u�n�c�t�i�o�n� �a�s� �a�n� �i�n�d�u�c�e�r�.� 

�I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �t�h�e� �m�-�R�N�A� �i�n�d�u�c�e�d� �b�y� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e� �a�c�t�s� �o�n� 

�c�h�r�o�m�a�t�i�n� �a�s� �a�n� �i�n�d�u�c�e�r� �f�o�r� �t�h�e� �t�r�a�n�s�c�r�i�p�t�i�o�n� �o�f� �o�t�h�e�r� �m�-�R�N�A�.



�T�h�e� �r�e�s�u�l�t�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �v�i�e�w�e�d� �a�s� �a� 

�s�t�i�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �m�-�R�N�A� �w�h�i�c�h� �c�o�d�e�s� �f�o�r� �t�h�e� �s�y�n�t�h�e�s�i�s� �c�f� 

�h�i�s�t�o�n�e�s� �a�n�d� �o�t�h�e�r� �s�p�e�c�i�f�i�c� �p�r�o�t�e�i�n�.� �T�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �h�i�s�t�o�n�e�s� �"�t�u�r�n�s� 

�o�f�f�"� �t�h�e� �p�r�o�c�e�s�s� �o�f� �t�r�a�n�s�c�r�i�p�t�i�o�n�.� �T�h�i�s� �b�u�i�l�d�-�u�p� �o�f� �h�i�s�t�o�n�e�s� �a�n�d� 

�"�t�u�r�n�i�n�g� �o�f�f�"� �o�c�c�u�r�s� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4� �h�o�u�r�s� �a�f�t�e�r� �h�o�r�m�o�n�e� �a�d�m�i�n�-� 

�i�s�t�r�a�t�i�o�n� �a�n�d� �p�r�o�d�u�c�e�s� �t�h�e� �b�i�p�h�a�s�i�c� �e�f�f�e�c�t� �t�h�a�t� �i�s� �o�b�s�e�r�v�e�d� �i�n� �a�i�l� 

�t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�i�s� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �s�c�h�e�m�a�t�i�c�a�l�l�y� �a�s� �f�o�l�l�o�w�s�:� 

�T�h�y�r�o�i�d� �h�o�r�m�o�n�e� �s�e�n�s�i�t�i�v�e� �r�e�g�i�o�n�.� 
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�l�L� �R�N�A� 

�¥� �5� 
�h�i�s�t�o�n�e� �"�t�u�r�n�-�o�f�f�"� �m�-�R�N�A� �*� �S�u�b�j�e�c�t�e�d� �t�o� �p�o�s�t�-� �p�r�o�d�u�c�t� 

�t�h�y�r�o�i�d� �r�e�s�p�o�n�s�e�/�3� �/� �\� �/� �t�r�a�n�s�c�r�i�p�t�i�o�n�a�l� �c�o�n�t�r�o�l� 

�[�2� �a� �|� �4�/� �O�t�h�e�r� �p�r�o�t�e�i�n� �i�n�d�u�c�e� 
�,� �s�y�n�t�h�e�s�i�s� �o�f� �n�e�w� �m�-�A�N�A� 

�h�i�s�t�o�n�e� �o�t�h�e�r� �p�r�o�t�e�i�n� 

�1�.� �T�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �"�r�e�a�c�t�"� �w�i�t�h� �a� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e� �s�e�n�s�i�t�i�v�e� �a�r�e�a� 

�o�f� �c�h�r�o�m�a�t�i�n� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �m�-�R�N�A�.� 

�2�.� �T�h�e� �m�-�R�N�A� �i�s� �t�r�a�n�s�l�a�t�e�d� �p�r�o�d�u�c�i�n�g� �h�i�s�t�o�n�e� �a�n�d� �o�t�h�e�r� �p�r�o�t�e�i�n�.� 

�3�.� �T�h�e� �h�i�s�t�o�n�e� �"�t�u�r�n�-�o�f�f�"� �t�h�e� �r�e�s�p�o�n�s�e� �t�o� �L�-�T�3�.� 

�4�.� �O�t�h�e�r� �p�r�o�t�e�i�n�s� �f�u�n�c�t�i�o�n� �a�s� �i�n�d�u�c�e�r�s� �o�f� �m�-�R�N�A� �a�t� �s�i�t�e�s� �o�t�h�e�r� �t�h�a�n� �A�.� 

�5�.� �T�h�e� �m�-�R�N�A� �i�s� �s�u�b�j�e�c�t� �t�o� �p�o�s�t�-�t�r�a�n�s�c�r�i�p�t�i�o�n�a�l� �c�o�n�t�r�o�l�.� 
�y
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�T�h�e� �r�a�t�e� �o�f� �s�y�n�t�h�e�s�i�s� �a�n�d� �t�h�e� �p�r�o�t�e�i�n�:�D�N�A� �r�a�t�i�o� �o�f� 

�c�h�r�o�m�a�t�i�n� �r�e�a�c�h� �a� �m�a�x�i�m�u�m� �4� �h�o�u�r�s� �a�f�t�e�r� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�.� 

�i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �h�i�s�t�o�n�e� �a�n�d� �i�t�s� �b�i�n�d�i�n�g� �t�o� �D�N�A� �i�s� 

�d�e�c�r�e�a�s�i�n�g� �w�i�t�h� �l�o�n�g�e�r� �t�r�e�a�t�m�e�n�t�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �m�e�s�s�a�g�e� 

�f�o�r� �h�i�s�t�o�n�e� �s�y�n�t�h�e�s�i�s� �h�a�s� �b�e�e�n�  ��t�u�r�n�e�d� �o�f�f�"� �a�n�d� �i�s� �d�i�r�e�c�t�e�d� �b�a�c�k� �t�o� 

�t�h�e� �c�o�n�t�r�o�l�.� 

�A�s� �t�h�e� �m�-�R�N�A� �f�o�r� �s�y�n�t�h�e�s�i�s� �o�f� �h�i�s�t�o�n�e� �i�s� �b�e�i�n�g� 

�t�r�a�n�s�l�a�t�e�d�,� �o�t�h�e�r� �p�r�o�t�e�i�n�s� �a�r�e� �b�e�i�n�g� �s�y�n�t�h�e�s�i�z�e�d� �a�n�d� �a�c�t� �a�s� �i�n�d�u�c�e�r�s� 

�o�f� �o�t�h�e�r� �p�a�r�t�s� �o�f� �t�h�e� �g�e�n�o�m�e�.� �T�h�e�r�e� �i�s� �a� �c�o�n�t�i�n�u�o�u�s� �i�n�d�u�c�t�i�o�n� �o�f� 

�n�e�w� �m�-�R�N�A�,� �w�h�i�c�h� �w�h�e�n� �t�r�a�n�s�l�a�t�e�d� �p�r�o�d�u�c�e�s� �n�e�w� �p�r�o�t�e�i�n�.� �T�h�e�s�e� �p�r�o�t�e�i�n� 

�a�c�t� �a�s� �i�n�d�u�c�e�r�s� �o�r� �r�e�p�r�e�s�s�o�r�s� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n� �a�n�d� �c�o�n�t�r�o�l� �t�h�e� �r�a�t�e� 

�o�f� �s�y�n�t�h�e�s�i�s� �o�f� �R�N�A�.� 

�|� �T�h�e� �f�a�c�t� �t�h�a�t� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �d�o� �n�o�t� �e�f�f�e�c�t� �a�i�l� �t�i�s�s�u�e� �m�a�y� 

�b�e� �d�u�e� �t�o� �t�h�e� �i�m�p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�e�l�l� �m�e�m�b�r�a�n�e� �t�o� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� 

�o�r� �t�o� �t�h�e� �a�c�i�d�i�c� �c�h�r�o�m�o�s�o�m�a�l� �p�r�o�t�e�i�n�.� �T�h�e� �a�c�i�d�i�c� �p�r�o�t�e�i�n�,� �w�h�i�c�h� 

�h�a�v�e� �b�e�e�n� �p�o�s�t�u�l�a�t�e�d� �a�s� �b�e�i�n�g� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �o�r�g�a�n�-�s�p�e�c�i�f�i�c� 

�r�e�s�t�r�i�c�t�i�o�n� �o�f� �D�N�A� �t�r�a�n�s�c�r�i�p�t�i�o�n� �(�9�1�)�,� �r�e�p�r�e�s�s�e�s� �t�h�e� �i�n�i�t�i�a�l� �s�t�i�m�u�-� 

�l�a�t�i�o�n� �o�f� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s� �o�n� �t�h�e� �D�N�A�.� 

�I�n� �a�n� �e�l�e�g�a�n�t� �s�t�u�d�y� �o�f� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�t�e�r�o�i�d� �h�o�r�m�o�n�e� �o�n� 
�"� �(�9�3�)� 

�m�e�t�a�b�o�l�i�c� �c�o�n�t�r�o�l�,� �T�o�m�p�k�i�n�s�/�h�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �p�o�s�t�-�t�r�a�n�s�c�r�i�p�t�i�o�n�a�l� 

�h�o�r�m�o�n�a�l� �c�o�n�t�r�o�l� �o�f� �m�-�R�N�A�.� �O�t�h�e�r� �w�o�r�k�e�r�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �i�n�s�u�l�i�n� �(�9�2�)



�~� �3�8� �-� 

�a�n�d� �h�y�d�r�o�c�o�r�t�i�s�o�n�e� �(�5�0�)� �i�n�c�r�e�a�s�e� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y� �o�f� 

�c�h�r�o�m�a�t�i�n�.� �I�t� �i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �h�o�r�m�o�n�e�s� �i�n� �g�e�n�e�r�a�l�,� �m�a�y� �h�a�v�e� �a�s� 

�t�h�e�i�r� �s�i�t�e� �o�f� �a�c�t�i�o�n� �t�h�e� �p�r�o�t�e�i�n� �m�o�i�e�t�y� �o�f� �c�h�r�o�m�a�t�i�n�.� �T�h�e� �h�o�r�m�o�n�e�s� 

�a�c�t� �a�s� �a�n� �i�n�d�u�c�e�r� �o�r� �r�e�p�r�e�s�s�o�r� �f�o�r� �t�r�a�n�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e�i�r� �s�p�e�c�i�f�i�c� 

�m�-�R�N�A�.� �T�h�e� �t�r�a�n�s�l�a�t�i�o�n� �o�f� �t�h�i�s� �m�-�R�N�A� �i�n�t�o� �p�r�o�t�e�i�n� �p�r�o�d�u�c�e�s� �t�h�e� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�s�c�r�i�b�e�d� �t�o� �t�h�a�t� �h�o�r�m�o�n�e�.� 

�M�u�c�h� �w�o�r�k� �r�e�m�a�i�n�s� �t�o� �b�e� �d�o�n�e� �i�n� �o�r�d�e�r� �t�o� �e�l�u�c�i�d�a�t�e� �t�h�e� 

�d�e�t�a�i�l�s� �o�f� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �c�h�r�o�m�a�t�i�n� �t�o� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s�,� �b�u�t� 

�c�e�r�t�a�i�n� �a�s�p�e�c�t�s� �o�f� �t�h�i�s� �p�r�o�b�l�e�m� �d�e�s�e�r�v�e� �a�t�t�e�n�t�i�o�n�:� �1�)� �E�a�r�l�i�e�r� 

�t�i�m�e� �s�t�u�d�i�e�s� �o�f� �t�h�e� �e�f�f�e�c�t� �o�f� �L�-�T�,� �o�n� �c�h�r�o�m�a�t�i�n�,� �2�)� �A� �s�t�u�d�y� �o�f� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �a�c�t�i�n�o�m�y�c�i�n� �a�n�d� �p�u�r�o�m�y�c�i�n� �o�n� �t�h�e� �L�-�T�3� �r�e�s�p�o�n�s�e�,� �3�)� �T�h�e� 

�p�h�y�s�i�c�a�l� �c�h�a�n�g�e�s� �o�f� �c�h�r�o�m�a�t�i�n� �i�n�d�u�c�e�d� �b�y� �L�-�T� �5� �4�)� �O�b�t�a�i�n� �a�n� �i�n� 

�v�i�t�r�o� �s�y�s�t�e�m� �t�h�a�t� �w�o�u�l�d� �r�e�s�p�o�n�d� �t�o� �L�-�T�.�-



�S�U�M�M�A�R�Y� 

�P�r�e�l�i�m�i�n�a�r�y� �c�y�t�o�l�o�g�i�c�a�l� �s�t�u�d�i�e�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �L�-�T�3� �m�o�d�i�f�i�e�d� 

�t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i�.� �T�h�i�s� �l�e�d� �t�o� �s�t�u�d�i�e�s� �w�h�i�c�h� 

�a�t�t�e�m�p�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �c�h�a�n�g�e�s� �w�h�i�c�h� �t�o�o�k� �p�l�a�c�e�,� 

�s�p�e�c�i�f�i�c�a�l�l�y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �e�f�f�e�c�t�s� �o�f� �L�-�T�s� �o�n� �t�h�e� �p�r�o�t�e�i�n�,� 

�R�N�A� �a�n�d� �D�N�A� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �n�u�c�l�e�i�.� 

�T�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �1�5� �u�g� �o�f� �L�-�T�3� �t�o� �s�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �|� 

�s�u�l� �f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�s� �s�t�i�m�u�l�a�t�e�d� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l�l�e�d� 

�a�m�i�n�o� �a�c�i�d� �i�n�t�o� �t�h�e� �t�o�t�a�l� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n� �a�n�d� �i�n�t�o� �t�h�e� �h�i�s�t�o�n�e� 

�f�r�a�c�t�i�o�n� �o�f� �t�h�y�m�u�s� �n�u�c�l�e�i�.�  �� 

�T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a�l�a�n�i�n�e�-�1�-�"�*� �C� �i�n�t�o� �t�o�t�a�l� �n�u�c�l�e�a�r� 

�p�r�o�t�e�i�n� �w�a�s� �i�n�c�r�e�a�s�e�d� �4� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �a� �s�i�n�g�l�e� 

�d�o�s�e� �o�f� �L�-�T�,� �a�n�d� �r�e�m�a�i�n�e�d� �c�o�n�s�t�a�n�t� �t�h�r�o�u�g�h� �8� �a�n�d� �1�6� �h�o�u�r�s�.� �H�o�w�e�v�e�r�,� 

�a� �b�i�p�h�a�s�i�c� �r�e�s�p�o�n�s�e� �w�a�s� �o�b�s�e�r�v�e�d� �w�h�e�n� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l�l�e�d� 

�a�m�i�n�o� �a�c�i�d�s� �i�n�t�o� �h�i�s�t�o�n�e�s� �w�a�s� �f�o�l�l�o�w�e�d� �w�i�t�h� �t�i�m�e�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�i�n�t�o� �t�h�e� �w�h�o�l�e� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n� �e�x�h�i�b�i�t�e�d� �m�a�x�i�m�a� �a�t� �4� �h�o�u�r�s� �a�n�d� 

�t�h�e�n� �d�e�c�l�i�n�e�d� �a�t� �8� �a�n�d� �1�6� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�3�.� 

�T�h�e� �i�n�d�i�v�i�d�u�a�l� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �f�o�l�l�o�w�e�d� �t�h�e� �s�a�m�e� �p�a�t�t�e�r�n� 

�a�l�t�h�o�u�g�h� �m�a�x�i�m�a�l� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l� �o�c�c�u�r�r�e�d� �a�t� �d�i�f�f�e�r�e�n�t� �t�i�m�e� 

�p�e�r�i�o�d�s� �f�o�r� �t�h�e� �f�r�a�c�t�i�o�n�s�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l� �i�n�t�o� �f�r�a�c�t�i�o�n� 

�f�£�,� �r�e�a�c�h�e�d� �a� �m�a�x�i�m�a� �a�t� �4� �h�o�u�r�s� �w�h�i�l�e� �t�h�e� �m�a�x�i�m�a� �o�c�c�u�r�r�e�d� �a�t� �8� �h�o�u�r�s� 

�f�o�r� �f�r�a�c�t�i�o�n�s� �f�o�,�,� �f�o�b�s� �a�n�d� �£�3�.� 
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�N�o� �d�i�f�f�e�r�e�n�c�e� �w�a�s� �o�b�s�e�r�v�e�d� �o�n� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l� �w�h�e�n� �t�h�e� 

�h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n� �f�r�o�m� �c�o�n�t�r�o�l� �r�a�t� �t�h�y�m�u�s� �w�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �h�i�s�t�o�n�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�y�m�u�s� �o�f� �L�=�T�,�-�t�r�e�a�t�e�d� �r�a�t�s�.� 

�Q�u�a�n�t�i�t�a�t�i�v�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �p�r�o�t�e�i�n� �a�n�d� �R�N�A� �c�o�m�p�o�n�e�n�t�s� 

�o�f� �t�h�y�m�u�s� �c�h�r�o�m�a�t�i�n� �r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �r�e�s�p�o�n�s�e� �t�o� �L�-�T�3� �w�a�s� �a�l�s�o� 

�b�i�p�h�a�s�i�c� �w�i�t�h� �m�a�x�i�m�a� �a�t� �4� �h�o�u�r�s�.� �T�h�e�s�e� �c�h�a�n�g�e�s� �i�n� �p�r�o�t�e�i�n� �a�n�d� �R�N�A� 

�w�e�r�e� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �c�h�a�n�g�e�s� �o�f� �t�h�e� �T�m� �v�a�l�u�e� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n�.� �T�h�e� 

�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�,� �r�e�s�u�l�t�e�d� �i�n� �a� �2�°� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �T�a� �v�a�l�u�e� �o�f� 

�t�h�e� �c�h�r�o�m�a�t�i�n� �a�s� �e�a�r�l�y� �a�s� �2� �h�o�u�r�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �t�h�e� �T�y� �v�a�l�u�e� �o�f� 

�n�a�k�e�d� �D�N�A� �w�a�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �L�-�T�3� �>� 

�F�u�r�t�h�e�r� �e�v�i�d�e�n�c�e� �f�o�r� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n� �w�a�s� 

�o�b�t�a�i�n�e�d� �b�y� �a� �s�t�u�d�y� �o�f� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y�.� �T�h�e� �t�e�m�p�l�a�t�e� 

�e�f�f�i�c�i�e�n�c�y� �o�f� �n�a�k�e�d� �D�N�A� �w�a�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �L�-�T�,�,� �b�u�t� �a� �d�r�a�m�a�t�i�c� 

�i�n�c�r�e�a�s�e� �(�1�7�1�%�)� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �c�h�r�o�m�a�t�i�n� 

�4� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �L�-�T�,� �5� �w�h�i�c�h� �d�r�o�p�p�e�d� �t�o� �4�5� �p�e�r�c�e�n�t� 

�a�t� �8� �h�o�u�r�s�.� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �L�-�T�,� �h�a�s� �a� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�n� �r�a�t� 

�t�h�y�m�u�s� �c�h�r�o�m�a�t�i�n� �w�h�i�c�h� �e�n�h�a�n�c�e�s� �i�t�s� �p�o�t�e�n�t�i�a�l� �a�s� �a� �t�e�m�p�l�a�t�e� �f�o�r� �R�N�A� 

�s�y�n�t�h�e�s�i�s�.� �A� �h�y�p�o�t�h�e�t�i�c�a�l� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �a�c�t�i�o�n� �o�f� �t�h�y�r�o�i�d� 

�h�o�r�m�o�n�e�s� �i�s� �p�r�e�s�e�n�t�e�d�.
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�D�u�T�o�i�t�,� �C�.� �H�.�,� �i�n� �P�h�o�s�p�n�o�r�u�s� �M�e�t�a�b�o�l�i�s�m�.� �V�o�l�.� �I�I�.�,� �e�d�.� �b�y� 
�W�.� �D�.� �M�c�E�l�r�o�y� �a�n�d� �B�.� �G�l�a�s�s�,� �J�o�h�n�s� �H�o�p�k�i�n�s� �P�r�e�s�s�,� �B�a�l�t�i�m�o�r�e�,� 
�M�d�.�,� �(�1�9�5�2�)�,� �p�.� �5�9�7�.� 

�S�o�k�o�l�o�f�f�,� �L�o�u�i�s�,� �a�n�d� �K�a�u�f�m�a�n�,� �S�e�y�m�o�u�r�,� �S�c�i�e�n�c�e�,� �1�2�9�,� �5�6�9� �(�1�9�5�9�)�.� 

�S�o�k�o�l�o�f�f�,� �L�o�u�i�s�,� �K�a�u�f�m�a�n�,� �S�e�y�m�o�u�r�,� �C�a�m�p�b�e�l�l�,� �P�h�y�l�l�i�s� �L�.�,� �F�r�a�n�c�i�s�,� 
�C�a�t�h�e�r�i�n�e� �M�.�,� �a�n�d� �G�e�l�b�o�i�n�,� �H�a�r�r�y� �V�.�,� �J�.� �B�i�o�l�.� �C�h�e�m�.�,� �2�3�8�,� �1�4�3�2� 
�(�1�9�6�3�)�.� 

�S�o�k�o�l�o�f�f�,� �L�o�u�i�s�,� �a�n�d� �K�a�u�f�m�a�n�,� �S�e�y�m�o�u�r�,� �J�.� �B�i�o�l�.� �C�h�e�m�.�,� �2�3�6�,� �7�9�5� �(�1�9�5�1�)�.� 

�S�o�k�o�l�o�f�f�,� �L�o�u�i�s�,� �K�a�u�f�m�a�n�,� �S�e�y�m�o�u�r�,� �a�n�d� �G�e�l�b�o�i�n�,� �H�a�r�r�y� �V�.�,� �B�i�o�c�h�i�m�.� 
�B�i�o�p�h�y�s�.� �A�c�t�a�,� �5�2�,� �4�1�0� �(�1�9�6�1�)�.� 

�S�o�k�o�l�o�f�f�,� �L�o�u�i�s�,� �K�o�b�e�r�s�,� �P�a�t�r�i�c�i�a� �A�.�,� �J�a�n�u�s�k�a�,� �M�a�r�g�a�r�e�t� �M�.�,� �a�n�d� 
�K�l�i�n�e�,� �J�o�h�n� �E�.�,� �P�.�N�.�A�.�S�.� �6�0�,� �6�5�2� �(�1�9�6�8�)�.� 

�T�a�t�a�,� �J�.� �R�.�,� �N�a�t�u�r�e�,� �2�1�2�,� �1�3�1�2� �(�1�9�6�6�)�.� 

�W�i�d�n�e�l�l�,� �C�.� �C�.�,� �a�n�d� �T�a�t�a�,� �J�.� �R�.�,� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �A�c�t�a�,� �7�2�,� �5�0�6� �(�1�9�6�3�)�.� 

�T�a�t�a�,� �J�.� �R�o�,� �a�n�d� �W�i�d�n�e�l�l�,� �C�.� �C�.�,� �B�i�o�c�h�e�m�.� �J�.�,� �9�8�,� �6�0�4� �(�1�9�6�6�)�.� 

�S�i�e�g�e�l�,� �E�d�w�a�r�d� �a�n�d�T�o�b�i�a�s�,�C�o�r�n�e�l�i�u�s� �A�.�,� �S�c�i�e�n�c�e�,� �1�5�3�,� �7�6�3� �(�1�9�6�6�)�.� 

�S�i�e�g�e�l�,� �E�d�w�a�r�d�,�a�n�d� �T�o�b�i�a�s�,� �C�o�r�n�e�l�i�u�s� �A�.�,� �N�a�t�u�r�e�,� �2�1�3�,� �1�3�1�8� �(�1�9�0�6�)�.� 

�W�y�a�t�t�;� �G�.� �R�.�,� �a�n�d� �T�a�t�a�,� �J�.� �R�.�,� �B�i�o�c�h�e�m�.� �J�.�,� �1�0�9�,� �2�5�3� �(�1�9�6�8�)�.� 

�N� �F�i�n�a�m�o�r�e�,� �F�.� �J�.�,� �a�n�d� �F�r�i�e�d�e�n�,� �E�.�,� �J�.� �B�i�o�l�.� �C�h�e�m�.�,� �2�3�5�,� �1�7�5�1� �(�1�9�6�0�)�.
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�N�a�k�a�g�a�w�a�,� �H�a�s�h�i�r�o�,� �K�i�m�,� �K�i�-�H�a�n�,� �a�n�d� �C�o�h�e�n�,� �P�h�i�l�i�p� �P�.�,� �J�.� �B�i�o�l�.� 
�C�h�e�m�.� �2�4�2�,� �6�3�5�,� �6�3�5� �(�1�9�6�7�)�.� 

�B�l�a�t�t�,� �L�o�i�s� �M�.�,� �K�i�m�,� �K�i�-�H�a�n�,� �a�n�d� �C�o�h�e�n�,� �P�h�i�l�i�p� �P�.�,� �J�.� �B�i�o�l�.� �C�h�e�m�.�,� 
�2�4�4�,� �4�8�0�1� �(�0�9�6�9�)�.� 

�K�i�m�,� �K�i�-�H�a�n� �a�n�d� �C�o�h�e�n�,� �P�h�i�l�i�p� �P�.�,� �A�m�.� �Z�o�o�l�o�g�i�s�t�,� �8�,� �2�4�3� �(�1�9�6�8�)�.� 

�B�a�l�i�s�k�y�,� �J�.� �B�.�,� �S�h�a�m�b�a�u�g�h�,� �I�I�I�,� �G�.� �E�.�,� �C�o�h�e�n�,� �P�h�i�l�i�p� �P�.�,� �J�.� 
�B�i�o�l�.� �C�h�e�m�.�,� �2�4�5�;� �1�2�8� �(�1�9�7�0�)�.� 

�K�i�m�,� �K�i�-�H�a�n� �a�n�d� �C�o�h�e�n�,� �P�h�i�l�i�p� �P�.�,� �P�r�o�c�.� �N�a�t�.� �A�c�a�d�.� �S�c�i�.�,� �5�5�,� 
�1�2�5�1� �(�1�9�6�6�)�.� 

�C�o�h�e�n�,� �P�h�i�l�i�p� �P�.�,� �S�c�i�e�n�c�e�,� �1�6�8�,� �5�3�3� �(�1�9�7�0�)�.� 

�N�e�c�h�e�l�e�s�,� �f�T�.� �F�.�,� �A�m�.� �J�.� �P�h�y�s�i�o�l�.�,� �2�0�3�,� �6�9�3� �(�1�9�6�2�)�.� 

�M�a�h�,� �V�.� �T�.�,� �a�n�d� �A�c�k�e�r�m�a�n�,� �C�.� �J�.�,� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �R�e�s�.� �C�o�m�m�u�n�.�,� �1�7�,� 
�3�2�6� �(�1�9�6�4�)�.� 

�M�a�h�,� �V�.� �T�.�,� �a�n�d� �A�c�k�e�r�m�a�n�,� �C�.� �J�.�,� �L�i�f�e� �S�c�i�e�n�c�e�,� �4�5�7�3� �(�1�9�6�5�)�.� 

�A�l�-�M�u�d�h�a�f�f�a�r�,� �S�.�,� �a�n�d� �A�c�k�e�r�m�a�n�,� �C�.� �J�.�,� �E�n�d�o�c�r�i�n�o�l�.�,� �8�2�,� �9�0�5� �(�1�9�6�8�)�.� 

�A�l�-�M�u�d�h�a�f�f�a�r�,� �S�.�,� �a�n�d� �A�c�k�e�r�m�a�n�,� �C�.� �J�.�,� �E�n�d�o�c�r�i�n�o�l�.�,� �8�2�,� �9�1�2� �(�1�9�6�8�)�.� 

�O�'�B�r�i�e�n�,� �J�o�h�n� �C�o�r�n�e�l�i�u�s�,� �J�r�.�,� �M�.� �S�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� 
�I�n�s�t�i�t�u�t�e�,� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� �1�9�6�9�.� 

�A�r�m�s�t�r�o�n�g�,� �E�.� �G�l�e�n�n�,� �J�r�.�,� �M�.� �S�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� 
�I�n�s�t�i�t�u�t�e�,� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� �1�9�7�0�.� 

�D�a�h�m�u�s�,� �M�i�c�h�a�e�l� �E�.�,� �a�n�d� �B�o�n�n�e�r�,� �J�a�m�e�s�,� �P�r�o�c�.� �N�a�t�.� �A�c�a�d�.� �S�c�i�.�,� �5�4�,� 
�1�3�7�0� �(�1�9�6�5�)�.� 

�M�a�u�r�e�r�,� �H� �R�a�i�n�e�r�,� �a�n�d� �C�h�a�l�k�l�e�y�,� �G�.� �R�o�g�e�r�,� �J�.� �M�o�i�.� �B�i�o�l�.�,� �2�7�,� �4�3�1� 
�(�1�9�6�7�)�.� 

�F�a�n�e�s�t�i�l�,� �D�.� �D�.�,� �a�n�d� �E�d�e�l�m�a�n�,� �T�.� �S�.�,� �P�r�o�c�.� �N�a�t�.� �A�c�a�d�.� �S�c�i�.�,� �5�6�,� �8�7�2� 
�(�1�9�6�6�)�.� 

�S�e�k�e�r�i�s�,� �C�.� �E�.�,� �a�n�d� �L�a�n�g�,� �N�.� �H�o�p�p�e�-�S�e�y�l�e�r�'�s� �Z�.� �P�h�y�s�i�o�l�.� �C�h�e�m�.�,� �9�2�,� 
�3�4�0� �(�1�9�6�5�)�.
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�L�o�e�b�,� �P�.� �M�.� �a�n�d� �W�i�l�s�o�n�,� �J�.� �D�e�;� �C�l�i�n�.� �R�e�s�.�,� �1�3�,� �4�5� �(�1�9�6�5�)�.� 

�N�o�t�e�b�o�o�m�,� �W�.� �D�.�,� �a�n�d�a� �G�o�r�s�k�i�,� �J�.�,� �A�r�c�h�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.�,� �i�l�i� 
�5�5�9� �(�1�9�6�5�)�.� 

�H�a�m�i�l�t�o�n�,� �T�e�r�r�e�l�l�,�H�.�,� �S�c�i�e�n�c�e�,� �1�6�1�,� �6�4�9� �(�1�9�6�8�)�.� 

�G�r�e�e�n�s�p�a�n�,� �E�.� �S�.�,� �a�n�d� �H�a�r�g�a�d�i�n�e�,� �I�.� �R�.�,� �J�.� �C�e�l�l�.�B�i�o�l�.� �2�6�5�,� �1�7�7� �(�1�9�6�5�)�.� 

�K�a�r�l�s�o�n�,� �P�e�t�e�r�,� �P�e�r�s�p�e�c�t�i�v�e�s� �i�n� �B�i�o�l�o�g�y� �a�n�d� �M�e�d�i�c�i�n�e�,� �6�,�2�0�3� �(�1�9�6�3�)�.� 

�S�t�e�d�m�a�n�,� �B�e�,� �a�n�d� �S�t�e�d�m�a�n�,� �E�.�,� �N�a�t�u�r�e�,� �1�6�6�,� �7�8�0� �(�1�9�5�0�)�.� 

�J�o�h�n�s�,�E�.� �W�.�,� �B�i�o�c�h�e�m�.� �J�.�,� �9�2�,� �5�5� �(�1�9�6�4�)�.� 

�Z�u�b�a�y�,� �G�.�,� �a�n�d� �D�o�t�y�,� �P�.�,�;� �J�.� �M�o�l�.� �B�i�o�l�.�,� �1�,� �1� �(�1�9�5�9�)�.� 

�B�r�a�n�d�b�u�r�g�,� �E�.� �M�.�,� �P�r�i�c�e�,� �W�.� �C�.�,� �W�i�l�k�i�n�s�o�n�,� �G�.� �R�.�,� �a�n�d� �Z�u�b�a�y�,� �G�.�,� 
�J�.� �M�o�l�.� �B�i�o�l�.�,� �4�,� �5�0� �(�1�9�6�2�)�.� 

�J�o�h�n�s�,� �E�.� �W�.�,� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�y�m�p�o�s�i�u�m� �o�n� �t�h�e� �C�e�l�l� �N�u�c�l�e�u�s�-�M�e�t�a�b�o�l�i�s�m� 
�a�n�d� �R�a�d�i�o�s�e�n�s�i�t�i�v�i�t�y�,� �T�a�y�l�o�r� �a�n�d� �F�r�a�n�c�i�s� �(�1�9�6�6�)�,� �p�.� �1�1�5�.� 

�H�u�a�n�g�,� �R�.� �C�.�,� �a�n�d� �B�o�n�n�e�r�,� �J�.�,� �P�r�o�c�.� �N�a�t�.� �A�c�a�d�.� �S�c�i�.�,� �4�8�,� �1�2�1�6� �(�1�9�6�2�)�.� 

�H�u�a�n�g�,� �R�.� �C�.�,� �a�n�d� �B�o�n�n�e�r�,� �J�.�,� �J�.� �M�o�l�.� �B�i�o�l�.�,� �6�,� �1�6�9� �(�1�9�6�3�)�.� 

�B�a�r�r�,� �G�.� �C�.�,� �a�n�d� �B�u�t�l�e�r�,� �J�.� �A�.� �V�.�,�;� �N�a�t�u�r�e�,� �1�9�9�,� �1�1�7�0� �(�1�9�6�3�)�.� 

�A�l�i�f�r�e�y�,� �V�.� �G�.�,� �L�i�t�t�a�v�,� �V�.� �C�.�,� �a�n�d� �M�i�r�s�k�y�,� �A�.� �E�.�,� �P�r�o�c�.� �N�a�t�.� �A�c�a�d�.� 
�S�c�i�.�,� �4�9�,� �4�1�4� �(�1�9�6�3�)�.� 

�H�u�r�w�i�t�z�,� �J�.�,� �E�v�a�n�s�,� �A�.�,� �B�a�b�i�n�e�t�,� �C�.�,� �a�n�d� �S�k�a�l�k�a�,� �A�.�,� �C�o�l�d� �S�p�r�i�n�g� 
�H�a�r�b�o�r� �S�y�m�p�o�s�i�u�m� �Q�u�a�n�t�i�t�a�t�i�v�e� �B�i�o�l�o�g�y�,� �2�8�,� �5�9� �(�1�9�6�3�)�.� 

�H�i�n�d�l�e�y�,� �J�.�,� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �R�e�s�.� �C�o�m�m�u�n�.�,� �1�2�,� �1�7�5� �(�1�9�6�3�)�.� 

�P�o�g�o�,� �B�.� �G�.� �T�.�,� �A�l�l�f�r�e�y�,� �V�.� �G�.�,� �a�n�d� �M�i�r�s�k�y�,� �A�.� �E�.�,� �P�r�o�c�.� �N�a�t�.� �A�c�a�d�.� 
�S�c�i�.�,� �5�5�,� �8�0�5� �(�1�9�6�6�)�.� 

�O�r�d�,� �M�.� �G�.�,� �a�n�d� �S�t�o�c�k�e�n�,� �L�.� �A�.�,� �B�i�o�c�h�e�m�.� �J�.�,� �1�0�2�,� �6�3�1� �(�1�9�6�7�)�.� 

�T�a�t�a�,� �J�.� �R�.�,� �D�e�v�e�l�o�p�m�e�n�t�a�l� �a�n�d� �M�e�t�a�b�o�l�i�c� �C�o�n�t�r�o�l� �M�e�c�h�a�n�i�s�m�s� �a�n�d� 
�N�e�o�p�l�a�s�i�a�,� �S�y�m�p�o�s�i�u�m� �o�n� �F�u�n�d�a�m�e�n�t�a�l� �C�a�n�c�e�r� �R�e�s�e�a�r�c�h�,� �1�9�6�5�,� 
�p�.� �3�3�9�.
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�T�i�m�e� �a�f�t�e�r� �H�o�r�m�o�n�e� �m�g� �o�f� �d�e�o�x�y�r�i�b�o�s�e�/�g�m� �d�r�y� 

� � 

�A�d�m�i�n�i�s�t�r�a�t�i�o�n� �w�e�i�g�h�t� �o�f� �t�h�y�m�u�s� �n�u�c�l�e�i� 
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 ��t�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �u�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� �a�n�d� �t�h�e� 
�r�a�t�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� �E�a�c�h� �p�o�i�n�t� �i�s� �t�h�e� 
�r�e�s�u�l�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�o�l�e�d� �t�h�y�m�u�s� �n�u�c�l�e�i� �o�f� �5� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� 
�s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�s�.
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�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �u�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� �a�n�d� �t�h�e� �r�a�t�s� 
�w�e�r�e� �s�a�c�r�i�f�i�c�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� �E�a�c�h� �p�o�i�n�t� �i�s� �t�h�e� �r�e�s�u�l�t� 
�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�o�l�e�d� �t�h�y�m�u�s� �n�u�c�l�e�i� �o�f� �5� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�-� 
�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�s�.
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�V�a�l�i�n�e� �5�.�1�2� �6�.�1�6� �°� �6�.�3�5� �4�.�7�8� 

�M�e�t�h�i�o�n�i�n�e� �o�o�n� �5�.�2�9� �.� �~�9�0� �2�5�7� 
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�L�e�u�c�i�n�e� �3�.�8�1� �8�.�2�7� �6�.�5�8� �7�.�9�7� 

�T�y�r�o�s�i�n�e� �2�5�4� �2�.�1�9� �2�.�2�5� �1�.�6�5� 

�P�h�e�n�y�l�a�l�a�n�i�n�e� �.�7�8� �1�.�4�4� �1�.�7�8� �2�.�2�7� 
� � 

�*�T�h�e� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �J�o�h�n�s� �(�F�i�g�u�r�e� �4�)�.� �T�h�e� 
�a�m�i�n�o� �a�c�i�d�s� �a�r�e� �e�x�p�r�e�s�s�e�d� �a�s� �m�o�l�e�s�/�1�0�0� �m�o�l�e�s� �o�f� �t�h�e� �t�o�t�a�l� �a�m�i�n�o� �a�c�i�d�s�.� 
�N�o� �c�o�r�r�e�c�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �m�a�d�e� �f�o�r� �h�y�d�r�o�l�y�t�i�c� �l�o�s�s�e�s�.
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�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5�u�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� �a�n�d� �t�h�e� �r�a�t�s� �w�e�r�e� 
�s�a�c�r�i�f�i�c�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� �E�a�c�h� �p�o�i�n�t� �i�s� �t�h�e� �r�e�s�u�l�t� �o�b�t�a�i�n�e�d� 
�f�r�o�m� �t�h�e� �p�o�o�l�e�d� �t�h�y�m�u�s� �n�u�c�l�e�i� �o�f� �5� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� 
�r�a�t�s�.� 

�T�h�e� �c�o�m�p�l�e�t�e� �i�n�c�u�b�a�t�i�o�n� �m�i�x�t�u�r�e� �c�o�n�t�a�i�n�e�d� �i�n� �0�.�2�5� �m�l�:� �1�0� �u�m�o�l�e�s� �T�r�i�s� 
�b�u�f�f�e�r� �(�p�H� �8�.�0�)�,� �1� �y�m�o�l�e� �M�g�C�l�,�,� �0�.�2�5� �y�w�m�o�l�e�s� �M�n�C�l�o�,� �3� �p�m�o�l�e�s� �B�-�m�e�r�c�a�p�t�o�-� 
�e�t�h�a�n�o�l�,� �0�.�1� �p�m�o�l�e�s� �e�a�c�h� �o�f� �A�T�P�,� �G�T�P�,� �C�T�P�,� �U�T�P�,� �2�.�5� �p�c� �U�T�P�-�5�-�3�H�,� �D�N�A� 
�o�r� �c�h�r�o�m�a�t�i�n� �a�n�d� �1�5� �u�n�i�t�s� �o�f� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �f�o�r� �D�N�A� �a�n�d� �5� �u�n�i�t�s� �f�o�r� 
�c�h�r�o�m�a�t�i�n�.� �I�n�c�u�b�a�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�t� �3�7�°�.� �A� �0�.�1� �m�l� �a�l�i�q�u�o�t� �w�a�s� 
�r�e�m�o�v�e�d� �a�t� �1�0� �m�i�n�u�t�e�s� �a�n�d� �p�r�e�p�a�r�e�d� �f�o�r� �c�o�u�n�t�i�n�g� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �M�a�n�s� 
�a�n�d� �N�o�v�e�l�l�i� �(�8�6�)�.� �D�O�R� �=� �2� �d�r�o�x�y�r�i�b�o�s�e�.
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�F�i�g�u�r�e� �1�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�L�-�T�3�)� �o�n� �t�h�e� �i�n�c�o�r�-� 

�1�4� 
�p�o�r�a�t�i�o�n� �o�f� �a�l�a�n�i�n�e�-�1�-� �C� �i�n�t�o� �t�o�t�a�l� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n� �o�f� �r�a�t� 

�t�h�y�m�u�s� �n�u�c�l�e�i�.� 

�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �w�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� 

�a�n�d� �t�h�e� �a�n�i�m�a�l�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� 

�A�l�a�n�i�n�e�-�1�-�"�"�¢� �(�1�5� �p�c�)� �w�a�s� �i�n�j�e�c�t�e�d� �1�5� �m�i�n�u�t�e�s� �b�e�f�o�r�e� �t�h�e� �a�n�i�m�a�l�s� 

�w�e�r�e�s�a�c�r�i�f�i�c�e�d�.� �E�a�c�h� �p�o�i�n�t� �i�s� �t�h�e� �r�e�s�u�l�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �p�o�o�l�e�d� 

�t�h�y�m�u�s� �n�u�c�l�e�i� �o�f� �5� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�s�.
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�8�0�.� 

�5� 

�6�0�L� 

�b�e� 

�4�0�L�.� 

�2�0�.� 

�J�d� �j� �I� �i� �i� �4� �l� �i� �4� �i� �]� �L� �]� �i� �i� �w�d�h�c�e� 

�2� �4� �6� �8� �1�0� �l�2� �1�4� �I�s� 

�T�I�M�E� �A�F�T�E�R� �T�3� �I�N�J�E�C�T�I�O�N� 

�(�h�r�s�)



�~� �5�4� �-� 

�F�i�g�u�r�e� �2�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�L�-�T�,�)� �o�n� �D�e�o�x�y�-� 

�r�i�b�o�n�u�c�l�e�o�p�r�o�t�e�i�n� �(�D�N�P�)� �o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i�.� 

�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �u�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� 

�a�n�d� �t�h�e� �r�a�t�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� �E�a�c�h� 

�p�o�i�n�t� �i�s� �t�h�e� �r�e�s�u�l�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�o�l�e�d�,� �t�h�y�m�u�s� �n�u�c�l�e�i� 

�o�f� �5� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�s�.� �D�O�R� �=� �2�-� 

�D�e�o�x�y�r�i�b�o�s�e�.
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�4� �6� �8� �1�0� �1�2� 
�T�I�M�E� �A�F�T�E�R� �T�3� �I�N�J�E�C�T�I�O�N� 

�(�h�r�s�)� 

�1�4� 
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�F�i�g�u�r�e� �3�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�L�-�T�3�)� �o�n� �t�h�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l�l�e�d� �a�m�i�n�o� �a�c�i�d�s� �i�n�t�o� �w�h�o�l�e� �h�i�s�t�o�n�e�s� 

�o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i�.� 

�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �p�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� 

�a�n�d� �t�h�e� �a�n�i�m�a�l�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� 

�L�a�b�e�l�l�e�d� �a�m�i�n�o� �a�c�i�d�s� �(�1�5� �u�c�)� �w�e�r�e� �i�n�j�e�c�t�e�d� �1�5� �m�i�n�u�t�e�s� �b�e�f�o�r�e� 

�t�h�e� �a�n�i�m�a�l�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d�.� �E�a�c�h� �p�o�i�n�t� �i�s� �t�h�e� �r�e�s�u�l�t� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �p�o�o�l�e�d� �t�h�y�m�u�s� �n�u�c�l�e�i� �o�f� �5� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� 

�s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�s�.
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�i� �i� �j� �)� �i� �i� �I� �4� �i� �i� �J� �i� �t�t� 

�2� �4� �6� �8� �1�0� �1�2� �i�4� �1�6� 
�T�I�M�E� �A�F�T�E�R� �T�s� �I�N�J�E�C�T�I�O�N� 

�(�h�r�s�)
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�F�i�g�u�r�e� �4�.� �S�u�m�m�a�r�y� �o�f� �t�h�e� �m�e�t�h�o�d� �f�o�r� �e�x�t�r�a�c�t�i�o�n� �o�f� �h�i�s�t�o�n�e� 

�f�r�a�c�t�i�o�n�s� �f�r�o�m� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i�.
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�R�A�T� �T�H�Y�M�U�S� �N�U�C�L�E�I� 

�0�.�9�%� �N�a�C�l� 

�w�a�s�h�i�n�g� 

�S�E�D�I�M�E�N�T� 
�H�C�L�O�g� �e�x�t�r�a�c�t�i�o�n� �.� 

�T�r�i�c�h�i�o�r�o�a�c�e�t�i�c� �a�c�i�d� �P�r�a�g�t�i�o�n� 
�S�u�p�e�r�n�a�t�a�n�t� �y�.� �¢� �|� 

�|� �f� �|� �|� 

�S�E�D�I�M�E�N�T� 

� � 

� � � � � � 

�E�t�h�a�n�o�l�.� �5� �v�a�l�.� �o�f� �a�c�e�t�o�n�e�,� �p�p�t�.� �d�i�s�s�o�l�v�e�d� �P�r�e�c�i�p�i�t�a�t�e�  ��p�F�r�a�c�t�i�o�n� 

�e�x�t�r�a�c�t�i�o�n� �i�n� �e�t�h�a�n�o�l�-�1�.�2�5�N� �H�C�L� 

�e�e� �S�u�p�e�r�n�d� �t�a�n�t� �;� 

�f�2�(�a�j�+� �3� � �(�4�:�1�%�)� �a�n�d� �d�i�a�l�y�s�e� 
�Y� �a�g�a�i�n�s�t� �e�t�h�a�n�o�l� �|� �5� �v�o�l� �o�f�,� 

�S�E�D�I�M�E�N�T� �S�u�p�e�r�n�a�t�a�n�t�-�<�-�>�F�r�a�c�t�i�o�n� 

�0�.�2�5�N� �H�C�L� 
�e�x�t�r�a�c�t�i�o�n� 

�5� �v�o�l�.� 
�~�~� �S�u�p�e�r�n�a�t�a�n�t� �v�o�l�.� �o�f� �s�a�i�n� �F�r�a�c�t�i�o�n� 

�o�y� �f�2� �(�b�)� �a�c�e�t�o�n�e� 

�S�E�D�I�M�E�N�T� 
�(�d�i�s�c�a�r�d�e�d�)
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�F�i�g�u�r�e� �5�.� �S�e�p�a�r�a�t�i�o�n� �o�f� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �o�n� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� 

�g�e�l�.� 

�T�h�e� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �p�o�o�l�e�d� �t�h�y�m�u�s� 

�n�u�c�l�e�i� �o�f� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�s�.� 

�a�.� �f�i� 

�b�.� �f�a�a� 

�C�e� �f�o�n� 

�d�.� �£�3� 

�e�.� �w�h�o�l�e� �h�i�s�t�o�n�e



�6�1� �-� 

�
 
�
 

�E�T�E� �E�E�T� 
�
e
�
g
�
 
�
 



�~� �6�2� �-� 

�F�i�g�u�r�e� �6�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�L�-�T�,�)� �o�n� �t�h�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �g�l�y�c�i�n�e�-�1�-�!�'�c� �i�n�t�o� �f�o�u�r� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n�s� 

�o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i�.� 

�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �u�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� 

�a�n�d� �t�h�e� �a�n�i�m�a�l�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� 

�G�l�y�c�i�n�e�-�1�-�"�'�c� �(�1�5� �p�c�)� �w�a�s� �i�n�j�e�c�t�e�d� �1�5� �m�i�n�u�t�e�s� �b�e�f�o�r�e� �t�h�e� 

�a�n�i�m�a�l�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d�.� �E�a�c�h� �p�o�i�n�t� �i�s� �t�h�e� �r�e�s�u�l�t� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �p�o�o�l�e�d� �t�h�y�m�u�s� �n�u�c�l�e�i� �o�f� �5� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-� 

�f�e�d� �r�a�t�s�.� �T�h�e� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �b�y� �t�h�e� �m�e�t�h�o�d� �o�f� 

�J�o�h�n�s� �(�6�0�)�,� �F�i�g�u�r�e� �4�.
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�T�I�M�E� �A�F�T�E�R� �T�z� �I�N�J�E�C� 

�(�h�r�s�)� 

�3� 
�T�I�O�N� 

�i� �1� 

� � 
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�F�i�g�u�r�e� �7�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�L�-�T�3�)� �o�n� �t�h�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a�l�a�n�i�n�e�-�1�-�!�¢� �i�n�t�o� �t�h�e� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n� �o�f� �f�t� 

�o�f� �r�a�t� �t�h�y�m�u�s� �n�u�c�l�e�i�.� 

�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �w�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� 

�a�t� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� �A�l�a�n�i�n�e�-�1�-�!�"�¢� �w�a�s� �i�n�j�e�c�t�e�d� �1�5� �m�i�n�u�t�e�s� 

�b�e�f�o�r�e� �t�h�e� �a�n�i�m�a�l�s� �w�e�r�e� �s�a�c�r�i�f�i�c�e�d�.� �F�r�a�c�t�i�o�n� �f�l� �w�a�s� �i�s�o�l�a�t�e�d� 

�b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �J�o�h�n�s� �(�6�0�)� �F�i�g�u�r�e� �4�.� �T�h�e� �b�r�o�k�e�n� �l�i�n�e� �i�s� 

�t�h�e� �a�v�e�r�a�g�e� �o�f� �2� �e�x�p�e�r�i�m�e�n�t�s�.
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�1�4� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a�l�a�n�i�n�e�-�1�-�"�"�C� �i�n�t�o� �t�h�e� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n� 
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�b�y� �t�h�e� �m�e�t�h�o�d� �o�f� �J�o�h�n�s� �(�6�0�)� �F�i�g�u�r�e� �4�.� �T�h�e� �b�r�o�k�e�n� �l�i�n�e� �i�s� 

�t�h�e� �a�v�e�r�a�g�e� �o�f� �2� �e�x�p�e�r�i�m�e�n�t�s�.
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�T�r�i�i�o�d�o�t�h�y�r�o�n�i�n�e� �(�1�5� �u�g�)� �w�a�s� �i�n�j�e�c�t�e�d� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l�l�y� 

�a�t� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� �A�l�a�n�i�n�e�-�1�-�!�"�¢� �w�a�s� �i�n�j�e�c�t�e�d� �1�5� �m�i�n�u�t�e�s� 
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�F�i�g�u�r�e� �1�1�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �h�i�s�t�o�n�e� �f�r�a�c�t�i�o�n� �f�o� �o�n� �p�o�l�y�a�c�r�y�l�-� 

�a�m�i�d�e� �g�e�l�.� 

�1�.� �C�o�n�t�r�o�l� �g�r�o�w�t�h�-�a�r�r�e�s�t�e�d� �s�u�l�f�a�g�u�a�n�i�d�i�n�e�-�f�e�d� �r�a�t�.� 
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