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(ABSTRACT) 

Previous studies in our laboratory have demonstrated that 

consumption by mammals and birds of a low zinc diet is associated with a 

diminished output of gene products in response to either endogenous or 

exogenous estrogen challenge. A recent discovery of the highly conserved 

zinc finger (or twist) motif in the steroid receptor superfamily suggests that 

zinc may play a broad role in assuring swift and timely adaptive, regulatory, 

and developmental responses to this entire class of lipophilic substances. 

To determine the effect of zinc status at the molecular level, a zinc deficit 

was created in cell cultures and glucocorticoid regulated and constitutive 

gene expression monitored. 

Using a cell impermeable zinc specific chelator, 

diethylenetriaminepentaacetic acid (DTPA), a zinc deficient state in HeLa 

cells was created. This deficit was quantified by a fluorescence assay using 

N-(6-methoxy-8-quinoly1)-p-tolunesulfonamide (TSQ) to measure 

exchangeable zinc and induced coupled plasma analysis to measure total 

zinc. The 83% reduction in total cellular zinc, corresponding to a 65% 

decrease in TSQ fluorescence was rapid, nearly maximal within 4 hours,



and without significant loss of viability over 72 hours as tested by dye 

permeability. This was prevented by addition of zinc ions. This cellular 

system was used to study the effects of zinc deficits separately upon the 

individual steps in steroid-directed gene expression and constitutive protein 

synthesis. Differentiation between the effect of zinc supply upon hormone 

mediated and constitutive gene expression in HeLa cells was accomplished 

through transient transfections. By examining the expression of a 

glucocorticoid-responsive chloramphenicol acetyltransferase (CAT) 

reporter gene as compared to CAT activity derived from glucocorticoid- 

insensitive reporter plasmid, it was determined that glucocorticoid directed 

expression was reduced to a greater extent than constitutive (88% vs. 15%) 

when zinc concentations were reduced 80%. Furthermore, neither the 

binding affinities of receptors for dexamethasone nor nuclear translocation 

was altered by zinc concentrations. However, glucocorticoid receptor 

concentrations were reduced by 50%. This reduction in receptor number is 

sufficient to produce decreases in gene induction of the magnitude 

observed. Based on these results in conjunction with previous studies in our 

laboratory we propose that the most sensitive need for zinc may be in 

permitting rapid induction of newly synthesized enzymes as seen during 

hormone responses, rather than serving as a cofactor of metalloenzymes 

involved in constitutive synthesis.
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Role of Zinc in Biological Systems



Nutritional Zinc Requirements: 

In 1869 Raulin showed that zinc is indispensable for the normal 

growth and development of Aspergillus niger (Bettger and O’Dell, 1981). 

Birkner discovered the first indication of function for zinc in higher animals 

in 1919 (Mills, 1988). Almost a decade later, Somner introduced the idea 

that zinc is essential in higher plants (Mills, 1988). Scientists working at 

the University of Wisconsin demonstrated specific effects resulting from 

zinc deprivation in rats in 1934; Todd, Elvehjem, and Hart described the 

failure of growth and noted loss of hair and hair pigment in animals placed 

on a purified diet that contained only 0.16 mg zinc/100 g (Prasad et al, 

1971; Roth and Kirchgessner, 1980, and Scheinmam et al, 1995). Nearly 

two decades later Tucker and Salmon showed that zinc cures and prevents 

parakeratosis, a thickening of the epithelial skin cells, in pigs (Mills, 1988). 

O'Dell and colleagues reinforced earlier studies regarding zinc and erowth. 

They reported that zinc was essential for growth, feathering, and skeletal 

development in poultry (Mills, 1988). In the 1960's, Prasad and coworkers 

provided the first evidence for the occurrence of nutritional zinc deficiency 

in humans (Prasad et al, 1971; Roth and Kirchgessner, 1980, and



Scheinmam et al, 1995). The importance of zinc was further clarified 

during the 1970's. Highlights include the identification of acrodermatitis 

enteropathica as a genetic disease of zinc metabolism by Moynahan, which 

was followed by the identification of severe acquired zinc deficiency states 

and appreciation of the multifaceted clinical consequences of severe human 

zinc deficiency (Mills, 1988). The basic defect in acrodermatitis 

enteropathica has not been identified but is probably related to impaired 

intestinal uptake and transfer of zinc (Piotrowski, 1974). Recognition that 

mild human zinc deficiency syndromes occur in North America throughout 

the free-living population stimulated considerable interest in the clinical and 

metabolic consequences of human zinc deficiency (Hough et al, 1989). 

Impaired growth velocity is the clinical feature of mild zinc 

deficiency that has received most recognition in infants, children, and 

adolescents. Ganji and colleges recently reviewed data collected in a 

nationwide food consumption survey taken in 1987-1988. The survey 

evaluated the nutrient intakes of 1-10 year old children in the United States. 

The 3-day food intake data was used to evaluate the nutrient intakes of 1-3, 

4-6, and 7-10 year old American children. Nutrient intakes were compared



with 1989 Recommended Dietary Allowances (RDA) and percent RDA's 

were computed. When compared with RDAs, mean intakes of most 

vitamins and minerals were close to or above the RDA levels, except for 

vitamin E, calcium, iron, and zinc. Mean intakes of zinc for all age groups 

tested were below the RDA. Children 1-3 years exhibited only 58% of the 

RDA for zinc. The 4-6 and 7-10 year age groups exhibited 77% and 92% of 

the RDA levels, respectively (Franker et al, 1995; Henkin et al, 1984). Two 

studies in southern France also provide evidence suggestive of human zinc 

deficiency. Low serum zinc was discovered in 10% of children with growth 

retardation (Franker et al, 1995). It is apparent zinc is important for normal 

growth and development. However, much remains to be learned about 

changes in specific zinc dependent functions resulting from a zinc deficient 

State, and how these relate to clinical manifestation of zinc deficiency. 

Spectrum of Zinc Deficiency in Humans 

During the past two decades, a spectrum of clinical zinc deficiency in 

human subjects has been recognized. At one end, the manifestations of zinc 

deficiency may be severe, and at the other end, deficiency may be mild or 

marginal. The combination of clinical features, especially the skin lesions,



and severe hypozincemia make the detection of severe human deficiency 

relatively simple. In mild and moderate cases of zinc deficiency detection is 

more difficult since plasma zinc levels may be within normal ranges (Mertz, 

1989). 

Zinc Requirement During Pregnancy. 

During times of rapid growth and development, physiological 

requirements for zinc increase. This increased demand is also seen during 

pregnancy. Pregnancy is associated with extraordinary metabolic demands 

on both mother and developing fetus. It has been well demonstrated that a 

10-20 % decline in plasma zinc concentrations occur during the course of 

normal pregnancy (Mills, 1989). The reduction in plasma zinc during 

pregnancy is thought to be due to plasma volume expansion, the effect of 

rising estrogen and progesterone levels on liver zinc accumulation, and the 

uptake of zinc by the fetus (Mills, 1989). While part of this decline may be 

considered “normal”, the exent of decline in some women may be 

sufficient to represent a risk to the fetus.



Zinc and Fetal Developement: 

The development of embryos of fish (Ozoh and Jacobson, 1979), birds 

(Blamberg et al, 1960; Iniguez et al, 1969; O’Dell, 1968) and mammals 

(Apgar, 1972; Apgar and Fitzgerald, 1985; Dreosti, 1983; Dreosti et al; 

1986; Hurley, 1981; Keen and Hurley, 1989; Rogers et al, 1985; Sato et al, 

1985) including humans (Hambidge et al, 1975; Sever and Emanuel, 1973), 

is altered, and their survival is placed at risk when zinc intake is reduced. 

The effects on the rat embroy have been examined in the greatest detail. 

During normal pregnancy, the rat fetus acquires 3% of the total 

maternal dietary zinc from the maternal plasma (Masters et al, 1983). One 

or two days of a low zinc diet can reduce the plasma zinc content of a 

pregnant dam to 30% of the control value (Dreosti et al, 1986). Within four 

days, the decrease in plasma zinc is followed by a 50% reduction of its 

amount in the rat uterine fluid (Gallaher and Hurley, 1980). As early as the 

four-cell and persisting through the blastocyst stage, the embryos of zinc- 

deficient females differ from controls in size and abnormalities of the 

blastocoel cavity (Hurley and Shrader, 1975). The resorbtion rate of 

embroys that survive to be implanted is 30%, while 90% of those that do



survive become malformed and are underweight (Hurley and Swenerton, 

1966). The congenital malformations involve nearly all organs, including 

lack of formation of the head region, bone, and brain structures. The types 

of malformations vary depending on the time and extent of zinc deprivation. 

Early deprivation, (ie. in the first days of pregnancy), usually causes more 

marked defects of the head region, including eyes, facial structures, and 

central nervous system. Later exposure, in the first to second weeks, to zinc 

deficiency results in a more frequent incidence of skeletal malformations 

(Hurley and Swenerton, 1966; Keen and Hurley, 1989; Rogers et al, 1985; 

Warkany and Petering, 1972). 

Zinc Requirment During Parturition: 

Another area that has recieved much attention is zinc’s role in 

parturition. Apgar first reported the observation of prolonged and difficult 

labor along with excessive bleeding in zinc deficient female rats 

(Apgar,1968). Failure to consume afterbirths or to care for and nurse their 

young were also noted (Apgar, 1968, Bunce, 1994). O’Dell and coworkers 

noted, in addition, that the zinc-deficient dams had significant decreases in 

body temperature, hypotension at or immediately following parturition, and



delayed onset of parturition, as well as increased perinatal mortality in both 

dams and fetuses (O’Dell et al, 1977). Some of these symptoms may be 

partially explained by a reduction in steroid responses during times of zinc 

deficiency. 

The transition from gestation to labor requires the relief of the 

progesterone block and establishment of estrogen dominance over the 

uterus (Bunce et al, 1994). During gestation, progesterone suppresses the 

contractile activity of the uterus. Upon onset of labor, progesterone is 

removed by the ovarian enzyme 20a-hydroxysteroid dehydrogenase (Bunce 

et al, 1994). This enzyme converts progesterone into the biologically 

inactive C-20 hydrogenated metabolite (Mertz, 1988). The induction of this 

enzyme is stimulated by estrogen and mediated by prostaglandin F2a 

(Bunce et al, 1994). Bunce and coworkers showed that the preparturient 

decline in plasma progesterone in zinc deficient rats began at the same time 

as in control groups, but progesterone did not decline to the same exent as 

in control groups (Bunce et al, 1983). They also noted that plasma estrogen 

increased and peaked regardless of zinc status. However, induction of the 

estrogen regulated enzyme, 20a-hydroxysteroid dehydrogenase, was



delayed and its tardiness correlated with incomplete removal and delayed 

onset of parturition in zinc-deficient rats (Bunce et al, 1994). Furthermore, 

analysis of two other proteins sensitive to estrogen directed expression, gap 

junction proteins (Dylewski et al, 1986) and vitellogenin (Bunce et al, 

1994), showed decreases of approximately 35% for both proteins. From 

these studies, it was concluded that establishment of zinc deficiency 

insufficient to limit growth or produce any outward sign of deficiency can 

still significantly curtail estrogen-directed gene expression (Bunce et al, 

1994). 

Distribution of Zinc within Tissues: 

Athough it has been known for more than a century that metals 

participate in biological processes, details of the manner in which they 

function remained a mystery until recently. Advances in metal chemistry 

and biochemistry over the past three decades have allowed for a better 

understanding of the role of trace metals. Although these elements occur in 

biological matter in very low concentrations, their presence is critical for 

normal growth and development. Of all the metals, zinc is the most widely 

utilized in biological systems.



Zinc is present in all organs, tissues, fluids and secretions of the 

body. The average concentrations found in normal tissues of humans are 

shown in table 1-1, together with the proportion of total body zinc. Because 

of the large bulk of skeletal muscle, this tissue contains the greatest portion 

of the body's zinc, although the actual zinc concentration is not high. 

Together, bone and muscle account for more than 80% of the total body 

zinc (Prasad, 1993). Well over 95% of the total body zinc is intracellular. It 

can therefore be assumed that at least some of the important sites of zinc 

function are intracellular and in studies of the possible roles of zinc in 

human pathology, an assessment of intracellular zinc content is likely to be 

extremely important. 

The nature of the binding of zinc within cells is much less clearly 

understood. The major portion of the zinc within cells is protein-bound; 

however, dialysis experiments and experiments with isolated proteins 

indicate that different proteins exhibit different affinities for zinc. It appears 

that the ion may have a regulatory role in certain enzymes, such as fructose- 

1,6-diphosphatase (Pefrosa et al, 1977), rather than as a firmly bound 

structural moiety. If zine can play a regulatory role within cells, this 

10



Table 1-1 Distribution of Zinc within the Body 

  

Tissue Approximate zinc Proportion of 

concentration total body zinc 

(ug/g wet weight) (%) 

Skeletal muscle 51 57 

Bone 100 29 

Skin 32 6 

Liver 58 5 

Brain 1] 1.5 

Kidneys 55 0.7 

Heart 23 0.4 

Hair 150 0.1 

Blood plasma l 0.1 

The approximate zinc content of major organs and tissues in the normal adult man (70 

kg) is shown (Prasad. 1993). Note that skeletal muscle accounts for the greatest 

proportion of zinc in the body. This is due to the large amount of this tissue and not a 

high concentration of zinc. 

1]



implies that there is a "pool" from which the zinc is readily available for the 

activation of certain enzymes. This pool may not be free, studies on 

methallothionien show that it may act as a zinc reservior, constantly 

exchanging zinc with enzymes (Karin et al, 1979, 1981; Kim and Wyckoff, 

1989; Kimball et al, 1995, King et al, 1995, Luisi et al, 1991; Webb, 1972) 

In every animal species so far studied, growth failure is one of the 

earliest signs of experimental zinc deficiency. Present evidence suggests 

that zinc is required in a highly available form for changes in the genetic 

expression of cells. Prime examples are the induction of the enzymes for 

DNA synthesis prior to entry into the S phase of the cell cycle (Prasad, 

1993) and the induction of new proteins during tissue differentiation (Bunce 

et al, 1994). However, the mechanism of its involvement in these processes 

is still unknown and remains a fascinating field for further research. 

Role of Zinc in Enzymes and Proteins: 

The physical and chemical properties of zinc, including its generally 

stable association with macromolecules and its coordination flexibility, 

make it highly adaptable to meeting the needs of proteins and enzymes that 

carry out diverse biological functions (Vallee, 1993). In 1971 Prasad 

12



suggested that the level of zinc in cells controls physiological processes 

through the formation and/or regulation of activity of zinc-dependent 

enzymes (Prasad, 1971). Over 300 zinc-requiring enzymes, representing 

more than 50 different types have been reported in microorganisms, plants, 

and animal (Vallee et al, 1993). Among the zinc enzymes are 

representatives from all six enzyme classes; oxidoreductases, transferases, 

hydrolases, lyases, isomerases, and ligases. Table 1-2 lists some of these 

enzymes along with the source where they were detected. Zinc is the only 

metal found in all classes of enzymes (Vallee et al, 1983, 1993). The level 

of zinc in cells can control many metabolic processes by the formation or 

regulation of activity of carbohydrate, fat, and protein metabolisms, as well 

as nucleic acid synthesis or degradation (Bunce, 1994; Schmid et al, 1995; 

Vallee et al, 1983, 1993). 

Zinc has three functions in enzymes: catalytic, coactive (or 

cocatalytic) and structural (Figure 1-1) (Vallee et al, 1991, Vallee and 

Falchuk, 1983, 1993). A catalytic role specifies that the metal participates 

directly in enzyme catalysis. If the metal is removed by chelation or 

dialysis, the enzyme becomes inactive. This abolishment of activity is 

13
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CATALYTIC 

  

COACTIVE 

STRUCTUAL   
Figure 1-1 Zinc Binding Sites in Enzymes 

Three amino acids (1 letter codes) and one water molecule coodinate the zinc ligand in 

the catalytic site. Enzymes with a coactive site contain both a catalytic site (Zn-1), and a 

separate coactive site (Zn-2). In such multizinc enzymes, both sites act as a single unit for 

catalytic activity. Zn-2 acts as a modulator and is not essential for catalysis. These Zn-2 

atoms can bind to an amino acid (usually aspartic acid) sharing it as a bridge. 

Furthermore, one of the ligand of the Zn-2 site can also form a bridge to a third metal, in 

this case magnesium. In the structural zinc site shown, the metal is coordinated 

tetrahedrally to 4 cysteine residues.



attributed primarily to the fact that zinc itself participates directly in the 

catalytic process; this does not exclude the possibility that there may also be 

a concomitant structural change (e.g. in local conformation and/or that of 

the ligands). One catalytic atom per subunit is the rule. Typically, it is 

bound to four ligands, three of which are amino acids, a water molecule ts 

the fourth ligand. Mechanistically, the water molecule can be ionized, 

polarized, or displaced. Ionization or polarization provides hydroxide ions 

at neutral pH, while the displacement of the water leads to Lewis acid 

catalysis. A coactive (or cocatalytic) zinc ion enhances or diminishes 

catalytic function in conjunction with another active site zinc ion in the 

same enzyme, but is not required for either enzyme activity or stability. In 

this case, an amino acid forms a ligand bridge between two zinc atoms or 

one zinc atom plus an atom of another metal. There are two such bridged 

metal atoms, zinc and magnesium, in alkaline phosphatase (King et al, 

1995), and two zinc atoms in phospholipase C.(Hough et al, 1989) 

Structural zinc atoms are required solely for stability of the protein and can 

help stabilize the quaternary structure of oligomeric holoenzymes. 

Structural zinc atoms have been found in alcohol dehydrogenase, aspartate 
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transcarbamylase and protein kinase C (Hubbard et al, 1991; Webb, 1972). 

In addition to enzymes, two other classes of zinc proteins, the 

metallothioneins and the gene regulatory proteins, contain structural zinc 

10ns. 

Metallothionein is composed of 62 amino acids, including 20 

cysteines, with a molecular weight of 6,700 (Vallee and Falchuk, 1993). It 

contains 7 gram.atoms of zinc per mole of protein. Metallothionein-like 

proteins and peptides have been found in numerous unicellular and 

multicellular organisms. They are grouped together as a family composed 

of three classes. Class I metallothioneins typically occur in mammalian 

organisms and their primary structure is highly conserved. Class II 

metallothioneins are found in unicellular eukaryotes, such as yeast, and their 

primary structures exhibit little resemblance to those of class I. Class III is 

present only in plants. Metallothionein is, in the absence of zinc, a random 

coil, and only with binding of metal ions does it form a series of turns so as 

to hold the ions in two types of clusters (Piotrowski, 1974). The zinc atoms 

in Zn7-metallothionein are organized into two distinct metal clusters, 

Zn4Cys,,; and Zn3;CySo, with five and three cysteine residues acting as 
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bridging ligands between two metal ions in each cluster (Figure 1-2) (Vallee 

and Falchuk, 1993). Méetallothionein is thought to play a role in Zn 

metabolism. A large number of physiological and pathological agents 

induce thionein (the metal-free protein) or metallothionein synthesis in vivo 

(Vallee and Falchuk, 1993). These include metal atoms (zinc, cadmium, 

and copper), hormones (dexamethasone, glucogon, epinephrine, and 

norepinephrine), cytokines (interleukin-1 and -6), interferon, as well as 

physical and chemical stresses (Anderson and Weser, 1978; Evans-Storms 

and Cidlowski, 1995; Prasad et al, 1961, Vallee and Falchuk, 1983, 1993). 

This induction is mediated through an increase in transcription of 

metallothionein mRNA (Failla and Cousins, 1978; Vallee and Falchuk, 

1993). Metallothionein has been shown to be a source of metals for newly 

synthesized apoenzymes and postulated to serve as a regulator molecule in 

gene expression (Vallee and Falchuk, 1993). The capability of 

metallothioneins to exchange metals not only among themselves, but with 

other proteins shows that it is a store of zinc ions for proteins. It may also 

regulate the activity of certain proteins by removing the metal ions. 
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Figure 1-2 Metallothionein Zinc Clusters 

Zinc clusters of metallothionein are shown. This molecule is composed of two clusters, 

containing 3 (Zn3) and 4 (Zn4) zinc atoms. Each metal 1s tetrahedrally coordinated to 4 

thiolate bonds from cysteine residues. Some cysteines are shared between two zinc ions. 
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�Z�i�n�c� �i�n� �G�e�n�e� �R�e�g�u�l�a�t�i�o�n�:� 

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

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

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

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

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

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

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

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

�h�o�r�m�o�n�e� �r�e�c�e�p�t�o�r�s�,� �a�n�d� �o�t�h�e�r�s� �h�a�v�e� �b�e�e�n� �i�n�f�e�r�r�e�d� �t�o� �b�e� �z�i�n�c� �p�r�o�t�e�i�n�s� �b�a�s�e�d� 

�s�o�l�e�l�y� �o�n� �t�h�e�i�r� �p�r�i�m�a�r�y� �s�t�r�u�c�t�u�r�e�s� �(�V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� 

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

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

�m�o�d�e�l� �k�n�o�w�n� �a�s� �a�  ��z�i�n�c� �f�i�n�g�e�r ��.� �Z�i�n�c� �f�i�n�g�e�r�s�,� �a�l�o�n�g� �w�i�t�h� �h�e�l�i�x�-�t�u�r�n�-�h�e�l�i�x� 

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

�b�y� �e�u�k�a�r�y�o�t�i�c� �r�e�g�u�l�a�t�o�r�y� �p�r�o�t�e�i�n�s� �t�o� �b�i�n�d� �D�N�A� �s�e�q�u�e�n�c�e�s�.� �Z�i�n�c� �f�i�n�g�e�r� �h�a�s� 

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

�s�e�q�u�e�n�c�e� �t�h�a�t� �c�o�n�t�a�i�n�s� �f�o�u�r� �o�r� �m�o�r�e� �c�y�s�t�e�i�n�e� �a�n�d�/�o�r� �h�i�s�t�i�d�i�n�e� �r�e�s�i�d�u�e�s� �a�n�d� �i�s� 
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�b�e�l�i�e�v�e�d� �t�o� �f�u�n�c�t�i�o�n� �a�s� �a� �n�u�c�l�e�i�c� �a�c�i�d�-�b�i�n�d�i�n�g� �d�o�m�a�i�n�.� �V�a�l�l�e�e� �s�u�g�g�e�s�t�e�d� 

�t�h�a�t� �b�a�s�e�d� �o�n� �r�e�c�e�n�t� �t�h�r�e�e� �d�i�m�e�n�s�i�o�n�a�l� �s�t�r�u�c�t�u�r�a�l� �a�n�a�l�y�s�i�s�,� �D�N�A� �b�i�n�d�i�n�g� 

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

�c�o�n�s�t�i�t�u�t�e�d� �b�y� �z�i�n�c� �f�i�n�g�e�r�s�,� �z�i�n�c� �t�w�i�s�t�s� �a�n�d� �z�i�n�c� �c�l�u�s�t�e�r�s� �(�F�i�g�u�r�e� �1�-�3�)� �(�V�a�l�l�e�e� 

�e�t� �a�l�,� �1�9�9�1�,� �1�9�9�3�)�.� �E�a�c�h� �g�r�o�u�p� �l�i�k�e�l�y� �c�o�n�s�i�s�t�s� �o�f� �a� �f�a�m�i�l�y� �o�f� �r�e�l�a�t�e�d� 

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

�m�a�y� �b�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �e�a�c�h� �o�f� �t�h�e� �t�h�r�e�e� �g�r�o�u�p�s�:� �2�7�A� �f�o�r� �z�i�n�c� �f�i�n�g�e�r�s�,� �1�2�-� 

�1�3�A� �f�o�r� �z�i�n�c� �t�w�i�s�t�s�,� �a�n�d� �3�A� �f�o�r� �z�i�n�c� �c�l�u�s�t�e�r�s� �(�V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� 

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

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

�o�t�h�e�r� �t�w�o� �r�e�q�u�i�r�e� �a�t� �l�e�a�s�t� �t�w�o�.� �I�n� �t�w�i�s�t�s� �a�n�d� �c�l�u�s�t�e�r�s�,� �t�h�e� �D�N�A� �b�i�n�d�i�n�g� �s�i�t�e� 

�i�s� �l�o�c�a�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �z�i�n�c� �i�o�n�s�,� �w�h�e�r�e�a�s� �i�n� �t�h�e� �f�i�n�g�e�r�,� �t�h�e� �b�i�n�d�i�n�g� �s�i�t�e� 

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

�3�)� �(�V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� �T�h�e� �f�u�n�c�t�i�o�n�a�l� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�h�i�s� �i�s� 

�u�n�k�n�o�w�n� �a�t� �t�h�e� �p�r�e�s�e�n�t� �t�i�m�e�.� 

�T�F�I�N�I�A� �w�a�s� �t�h�e� �f�i�r�s�t� �t�r�a�n�s�c�r�i�p�t�i�o�n� �f�a�c�t�o�r� �t�o� �b�e� �i�d�e�n�t�i�f�i�e�d� �a�s� �a� �z�i�n�c� 

�p�r�o�t�e�i�n�.� �I�t� �i�n�t�e�r�a�c�t�s� �w�i�t�h� �t�h�e� �5�0�-�b�p� �i�n�t�e�r�n�a�l� �c�o�n�t�r�o�l� �r�e�g�i�o�n� �o�f� �t�h�e� �5�S� �R�N�A� 

�g�e�n�e�,� �t�h�e�r�e�b�y� �a�c�t�i�v�a�t�i�n�g� �t�r�a�n�s�c�r�i�p�t�i�o�n� �b�y� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �I�I�I� �(�V�a�l�l�e�e� �a�n�d� 
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�D�o�m�a�i�n� �S�t�r�u�c�t�u�r�e� �P�r�o�t�e�i�n� 
� � 

�G�R� 
�E�R� 

�G�A�L�4� 

� � 

�F�i�g�u�r�e� �1�-�3� �Z�i�n�c� �B�i�n�d�i�n�g� �S�i�t�e�s� �i�n� �R�e�g�u�l�a�t�o�r�y� �P�r�o�t�e�i�n�s� 

�T�h�r�e�e� �d�i�s�t�i�n�c�t� �z�i�n�c� �s�i�t�e�s� �a�r�e� �p�r�e�s�e�n�t�l�y� �k�n�o�w�n�.� �I�n� �t�h�e� �z�i�n�c� �f�i�n�g�e�r� �t�y�p�e�,� �m�e�t�a�l� �i�s� 

�c�o�o�r�d�i�n�a�t�e�d� �b�y� �2� �c�y�s�t�e�i�n�e� �a�n�d� �2� �h�i�s�t�i�d�i�n�e� �r�e�s�i�d�u�e�s�.� �T�h�i�s� �s�t�r�u�c�t�u�r�e� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� 

�c�r�y�s�t�a�l�l�o�g�r�a�p�h�i�c�a�l�l�y� �f�o�r� �Z�i�f�2�6�8� �(�P�a�v�l�e�t�i�c�h� �1�9�9�1�)�.� �I�n� �b�o�t�h� �t�h�e� �z�i�n�c� �t�w�i�s�t�,� �f�o�u�n�d� �i�n� �t�h�e� 

�g�l�u�c�o�c�o�r�t�i�c�o�i�d� �r�e�c�e�p�t�o�r� �(�G�R�)� �a�n�d� �e�s�t�r�o�g�e�n� �r�e�c�e�p�t�o�r� �(�E�R�)�,� �a�n�d� �t�h�e� �z�i�n�c� �c�l�u�s�t�e�r� �t�y�p�e� �f�o�u�n�d� 

�i�n� �G�A�L�4� �p�r�o�t�e�i�n�,� �t�h�e� �i�o�n� �1�s� �c�o�o�r�d�i�n�a�t�e�d� �t�o� �f�o�u�r� �c�y�s�t�e�i�n�e� �r�e�s�i�d�u�e�s�.� 
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�F�a�l�c�h�u�k�,� �1�9�9�3�)�.� �I�n� �t�h�i�s� �p�r�o�t�e�i�n� �t�h�e� �z�i�n�c� �i�s� �t�e�t�r�a�h�e�d�r�a�l�l�y� �c�o�o�r�d�i�n�a�t�e�d� �b�y� �t�w�o� 

�c�y�s�t�e�i�n�e� �a�n�d� �t�w�o� �h�i�s�t�i�d�i�n�e� �r�e�s�i�d�u�e�s�.� �T�h�e� �i�n�t�e�r�v�e�n�i�n�g� �s�e�q�u�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�p�a�i�r�s� �o�f� �C�y�s� �a�n�d� �H�i�s� �r�e�s�i�d�u�e�s� �g�e�n�e�r�a�t�e�s� �a� �l�o�o�p� �s�t�r�u�c�t�u�r�e� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �D�N�A� 

�b�i�n�d�i�n�g� �d�o�m�a�i�n�,� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �"�z�i�n�c� �f�i�n�g�e�r�"� �D�N�A� �b�i�n�d�i�n�g� �m�o�t�i�f�.� 

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

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

�t�h�e� �g�l�u�c�o�c�o�r�t�i�c�o�i�d� �r�e�c�e�p�t�o�r� �c�o�n�t�a�i�n�s� �o�n�e� �H�i�s� �a�n�d� �9� �C�y�s� �r�e�s�i�d�u�e�s�.� �T�h�e�s�e� 

�c�y�s�t�e�i�n�e�-�r�i�c�h� �r�e�g�i�o�n�s� �o�f� �t�h�e� �r�e�c�e�p�t�o�r� �(�a�m�i�n�o� �a�c�i�d�s� �4�4�0�-�5�2�5�)� �s�e�r�v�e� �a�s� �l�i�g�a�n�d�s� 

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

�c�y�s�t�e�i�n�e� �r�e�s�i�d�u�e�s�.� �T�h�e� �i�n�t�e�r�v�e�n�i�n�g� �D�N�A� �b�i�n�d�i�n�g� �s�e�q�u�e�n�c�e� �i�s� �l�o�c�a�t�e�d� 

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

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

�s�t�r�u�c�t�u�r�e� �s�e�e�n� �i�n� �T�F�I�I�I�A�.� 

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

�f�r�o�m� �t�h�o�s�e� �o�f� �t�h�e� �T�F�I�I�A� �a�n�d� �G�l�u�c�o�c�o�r�t�i�c�o�i�d� �r�e�c�e�p�t�o�r� �p�r�o�t�e�i�n�s�.� �G�a�l�-�4� �i�s� �a�n� 

�e�x�a�m�p�l�e� �o�f� �a� �p�r�o�t�e�i�n� �c�o�n�t�a�i�n�i�n�g� �a� �z�i�n�c� �c�l�u�s�t�e�r�.� �B�a�s�e�d� �o�n� �x�-�r�a�y� 

�c�r�y�s�t�a�l�l�o�g�r�a�p�h�i�c� �a�n�d� �N�M�R� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �s�t�r�u�c�t�u�r�e� �a�n�a�l�y�s�e�s�,� �t�h�e� �t�w�o� 
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�m�e�t�a�l� �i�o�n�s� �a�r�e� �c�o�o�r�d�i�n�a�t�e�d� �t�o� �a� �s�e�q�u�e�n�c�e� �t�h�a�t� �c�o�n�t�a�i�n�s� �s�i�x� �c�y�s�t�e�i�n�e�s�,� �t�w�o� �o�f� 

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

�Z�i�n�c� �a�n�d� �G�e�n�e� �R�e�g�u�l�a�t�o�r�y� �P�r�o�t�e�i�n�s�:� 

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

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

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

�o�b�s�e�r�v�a�t�i�o�n�s� �1�)� �z�i�n�c� �i�n�d�u�c�e�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �n�u�m�b�e�r� �o�f� �p�r�o�t�e�i�n�s�.� �2�)� �z�i�n�c�-� 

�d�e�f�i�c�i�e�n�t� �a�n�d� �-�s�u�f�f�i�c�i�e�n�t� �c�e�l�l�s� �p�r�o�d�u�c�e� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �t�r�a�n�s�c�r�i�p�t�s�,� �a�n�d� �3�)� 

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

�d�e�p�e�n�d�e�n�t� �(�V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� 

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

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

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

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

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

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

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

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

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

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

�m�o�s�t� �i�m�p�o�r�t�a�n�t� �a�s�p�e�c�t� �o�f� �d�e�v�e�l�o�p�m�e�n�t�a�l� �b�i�o�l�o�g�y�.� 
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�R�e�f�e�r�e�n�c�e�s�:� 

�A�n�d�e�r�s�o�n�,� �R�.� �D�.�,� �a�n�d� �U�.� �W�e�s�e�r�.� �(�1�9�7�8�)�.�  ��P�a�r�t�i�a�l� �p�u�r�i�f�i�c�a�t�i�o�n�,� 

�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�,� �a�n�d� �t�r�a�n�s�l�a�t�i�o�n� �i�n� �v�i�t�r�o� �o�f� �r�a�t� �l�i�v�e�r� �m�e�t�a�l�l�o�t�h�i�o�n�e�i�n� 

�m�e�s�s�e�n�g�e�r� �r�i�b�o�n�u�c�l�e�i�c� �a�c�i�d�. �� �B�i�o�c�h�e�m�i�s�t�r�y� �J�o�u�r�n�a�l�.� �1�7�5�:� �8�4�1�-�8�5�2�.� 

�A�p�g�a�r�,� �J�.� �(�1�9�6�8�)�.�  ��E�f�f�e�c�t�s� �o�f� �z�i�n�c� �d�e�f�i�c�i�e�n�c�y� �o�n� �p�a�r�t�u�r�i�t�i�o�n� �i�n� �t�h�e� �r�a�t�. �� 

�A�m�e�r�i�c�a�n� �J�o�u�r�n�a�l� �o�f� �P�h�y�s�i�o�l�o�g�y�.� �2�1�5�:� �1�6�0�-�1�6�3�.� 

�A�p�g�a�r�,� �J�.� �(�1�9�7�2�)�.�  ��E�f�f�e�c�t� �o�f� �z�i�n�c� �d�e�p�r�i�v�a�t�i�o�n� �f�r�o�m� �d�a�y�s� �1�2�,� �1�5�,� �o�r� �1�8� �o�f� 

�g�e�s�t�a�t�i�o�n� �o�n� �p�a�r�t�u�r�i�t�i�o�n� �i�n� �t�h�e� �r�a�t�. �� �J�o�u�r�n�a�l� �o�f� �N�u�t�r�i�t�i�o�n�.� �1�0�2�:� �3�4�3�-�3�4�8�.� 

�A�p�g�a�r�,� �J�.�,� �a�n�d� �J�.� �A�.� �F�i�t�z�g�e�r�a�l�d�.� �(�1�9�8�5�)�.�  ��E�f�f�e�c�t� �o�n� �t�h�e� �e�w�e� �a�n�d� �l�a�m�b� �o�f� 

�l�o�w� �z�i�n�c� �i�n�t�a�k�e� �t�h�r�o�u�g�h�o�u�t� �p�r�e�g�n�a�n�c�y�. �� �J�o�u�r�n�a�l� �o�f� �A�n�i�m�a�l� �S�c�i�e�n�c�e�.� �6�0�:� 

�1�5�3�0�-�1�5�3�8�.� 

�A�r�c�h�e�r�,� �T�r�e�v�o�r� �K�.�,� �G�o�r�d�o�n� �L�.� �H�a�g�e�r� �a�n�d� �J�a�m�e�s� �G�.� �O�m�i�c�h�i�n�s�k�i�.� 

�(�1�9�9�0�)� �"�S�e�q�u�e�n�c�e�-�s�p�e�c�i�f�i�c� �D�N�A� �b�i�n�d�i�n�g� �b�y� �g�l�u�c�o�c�o�r�t�i�c�o�i�d� 

�r�e�c�e�p�t�o�r� �'�z�i�n�c� �f�i�n�g�e�r� �p�e�p�t�i�d�e�s�'�.�"� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d� �S�c�i�.� �U�S�A�.� 

�8�7�:�7�5�6�0�-�7�5�6�4�.� 

�B�e�t�t�g�e�r�,� �W�.� �J�.� �A�n�d� �B�.� �L�.� �O ��D�e�l�l�.� �(�1�9�8�1�)�.�  ��A� �c�r�i�t�i�c�a�l� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�o�l�e� 

�o�f� �z�i�n�c� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �f�u�n�c�t�i�o�n� �o�f� �b�i�o�m�e�m�b�r�a�n�e�s�.� �L�i�f�e� �S�c�i�e�n�c�e�.� 

�2�8�:�1�4�2�5�-�1�4�3�8�.



�B�e�t�t�g�e�r�,� �W�.� �J�.� �A�n�d� �C�.� �G�.� �T�a�y�l�o�r�.� �(�1�9�8�6�)�.�  ��E�f�f�e�c�t�s� �o�f� �c�o�p�p�e�r� �a�n�d� �z�i�n�c� 

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

�m�e�m�b�r�a�n�e�.� �N�u�t�r�i�t�i�o�n�a�l� �R�e�v�i�e�w�s�.� �6�:� �4�5�1�-�4�5�7�.� 

�B�r�a�n�d�a�o�-�N�e�t�o�,� �J�.� �e�t� �a�l�.� �(�1�9�9�5�)�.� �N�u�t�r�i�t�i�o�n�a�l� �R�e�s�e�a�r�c�h�.� �1�5�:�3�5�9�-�3�6�8�.� 

�B�u�n�c�e�,� �G�.�E�.� �(�1�9�9�4�)�.� �"�I�n�t�e�r�a�c�t�i�o�n�s� �B�e�t�w�e�e�n� �Z�i�n�c�,� �V�i�t�a�m�i�n�s� �A� �a�n�d� �D� 

�a�n�d� �H�o�r�m�o�n�e�s� �i�n� �t�h�e� �R�e�g�u�l�a�t�i�o�n� �o�f� �G�r�o�w�t�h�.�"� �N�u�t�r�i�e�n�t� �R�e�g�u�l�a�t�i�o�n� 

�D�u�r�i�n�g� �P�r�e�g�n�a�c�y�,� �L�a�c�t�a�t�i�o�n� �a�n�d� �I�n�f�a�n�t� �G�r�o�w�t�h�.� �e�d�.� �L�i�n�d�s�e�y� �A�l�l�e�n�,� 

�J�a�n�e�t� �K�i�n�g�,� �a�n�d� �B�o� �L�o�n�n�e�r�d�a�l�.� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�Y�.� 

�B�u�n�c�e�,� �G�.� �E�.�,� �F�.� �L�y�t�t�o�n�,� �B�.� �G�u�n�e�s�e�k�e�r�a�,� �M�.� �V�e�s�s�a�l�,� �a�n�d� �C�.� �K�i�m�.� �(�1�9�9�4�)�.� 

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

�N�u�t�r�i�e�n�t� �R�e�g�u�l�a�t�i�o�n� �D�u�r�i�n�g� �P�r�e�g�n�a�c�y�,� �L�a�c�t�a�t�i�o�n� �a�n�d� �I�n�f�a�n�t� �G�r�o�w�t�h�.� �e�d�.� 

�L�i�n�d�s�e�y� �A�l�l�e�n�,� �J�a�n�e�t� �K�i�n�g�,� �a�n�d� �B�o� �L�o�n�n�e�r�d�a�l�.� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�Y�.� 

�B�u�r�n�s�t�e�i�n�,� �K�e�r�r�y� �L�.� �a�n�d� �J�o�h�n� �A�.� �C�i�d�l�o�w�s�k�i�.� �(�1�9�9�3�)�.� �"�M�u�l�t�i�p�l�e� 

�M�e�c�h�a�n�i�s�m�s� �f�o�r� �R�e�g�u�l�a�t�i�o�n� �o�f� �S�t�e�r�o�i�d� �H�o�r�m�o�n�e� �A�c�t�i�o�n�.�"� �J�.� �o�f� 

�C�e�l�l�u�l�a�r� �B�i�o�c�h�e�m�i�s�t�r�y�.� �5�1�:�1�3�0�-�1�3�4�.� 

�C�h�e�s�t�e�r�s�,� �J�o�h�n� �K�.�,� �L�i�n�d�a� �P�e�t�r�i�e�,� �a�n�d� �H�a�z�e�l� �V�i�n�t�.� �(�1�9�8�9�)�.� �"�S�p�e�c�i�f�i�c�i�t�y� 

�a�n�d� �T�i�m�i�n�g� �o�f� �t�h�e� �Z�n� �2�+� �R�e�q�u�i�r�e�m�e�n�t� �f�o�r� �D�N�A� �S�y�n�t�h�e�s�i�s� �b�y� �3�T�3� �C�e�l�l�s�.�"� 

�E�x�p�e�r�i�m�e�n�t�a�l� �C�e�l�l� �R�e�s�e�a�r�c�h�.� �1�8�4�:�4�9�9�-�5�0�8�.



�C�h�e�s�t�e�r�,� �J�o�h�n� �K�.� �(�1�9�7�2�)�.�  ��B�i�o�c�h�e�m�i�c�a�l� �f�u�c�t�i�o�n�s� �o�f� �z�i�n�c� �i�n� �a�n�i�m�a�l�s�. �� 

�W�o�r�l�d� �R�e�v�i�e�w�s� �o�f� �N�u�t�r�i�t�i�o�n�a�l� �D�i�e�t�.� �3�2�:� �1�3�5�-�1�6�4�.� 

�C�o�x�,� �R�.� �P�.� �(�1�9�6�9�)�.�  ��H�o�r�m�o�n�a�l� �i�n�d�u�c�t�i�o�n� �o�f� �i�n�c�r�e�a�s�e�d� �z�i�n�c� �u�p�t�a�k�e� �i�n� 

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

�S�c�i�e�n�c�e�.� �1�6�5�:� �1�9�6�-�1�9�9�.� 

�C�u�n�n�i�n�g�h�a�m�,� �B�.� �C�.� �e�t� �a�l� �(�1�9�9�0�)�.� �"�Z�i�n�c� �m�e�d�i�a�t�i�o�n� �o�f� �t�h�e� �b�i�n�d�i�n�g� �o�f� 

�h�u�m�a�n� �g�r�o�w�t�h� �h�o�r�m�o�n�e� �t�o� �t�h�e� �h�u�m�a�n� �p�r�o�l�a�c�t�i�n� �r�e�c�e�p�t�o�r�.�"� �S�c�i�e�n�c�e�.� 

�2�5�0�:�1�7�0�9�-�1�7�1�2�.� 

�D�a�v�i�s�,� �N�.� �T�.�,� �J�.� �B�r�e�m�n�e�r�,� �a�n�d� �C�.� �F�.� �M�i�l�l�s�.� �(�1�9�7�3�)�.�  ��S�t�u�d�i�e�s� �o�n� �t�h�e� 

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

�B�i�o�c�h�e�m�.� �S�o�c�.� �T�r�a�n�s�.� �1�:� �9�8�5�-�9�8�8�.� 

�D�r�e�o�s�t�i�,� �I�.� �E�.� �(�1�9�8�3�)�.�  ��Z�i�n�e� �a�n�d� �t�h�e� �c�e�n�t�r�a�l� �n�e�r�v�o�u�s� �s�y�s�t�e�m�. �� �I�n�:� 

�N�e�u�r�o�b�i�o�l�o�g�y� �o�f� �t�h�e� �T�r�a�c�e� �E�l�e�m�e�n�t�s�,� �e�d�i�t�e�d� �b�y� �I�.� �E�.� �D�r�e�o�s�t�i� �a�n�d� �R�.� �M�.� 

�S�m�i�t�h�.� �C�l�i�f�t�o�n�,� �N�J�.� �H�u�m�a�n�a�.� �v�o�l� �1�,� �p�p�.� �1�3�5�-�1�6�2�.� 

�D�r�e�o�s�t�i�,� �I�.� �E�.�,� �R�.� �A�.� �B�u�c�k�l�e�y�,� �a�n�d� �I�.� �R�.� �R�e�c�o�r�d�.� �(�1�9�8�6�)�.�  ��T�h�e� �t�e�r�a�t�o�g�e�n�i�c� 

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

�N�u�t�r�i�t�i�o�n�a�l� �R�e�s�e�a�r�c�h�.� �6�:� �1�5�9�-�1�6�6�.� 
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�D�u�r�n�a�n�,� �D�.� �M�.�,� �a�n�d� �R�.� �D�.� �P�a�l�m�i�t�e�r�.� �(�1�9�8�1�)�.�  ��T�r�a�n�s�c�r�i�p�t�i�o�n�a�l� �r�e�g�u�l�a�t�i�o�n� 

�o�f� �t�h�e� �m�o�u�s�e� �m�e�t�a�l�l�o�t�h�i�o�n�e�i�n� �I� �g�e�n�e� �b�y� �h�e�a�v�y� �m�e�t�a�l�s�. �� �J�o�u�r�n�a�l� �o�f� 

�B�i�o�l�o�g�i�c�a�l� �C�h�e�m�i�s�t�r�y�.� �2�5�6�:� �5�7�1�2�-�5�7�1�6�.� 

�D�y�l�e�w�s�k�i�,� �D�a�n�i�e�l� �P�.�,� �F�i�o�n�a� �D�.� �C�.� �L�y�t�t�o�n�,� �a�n�d� �G�.� �E�.� �B�u�n�c�e�.� �(�1�9�8�6�)�.� 

 ��D�i�e�t�a�r�y� �Z�i�n�c� �a�n�d� �P�a�r�t�u�r�i�t�i�o�n� �i�n� �t�h�e� �R�a�t�.� �I�]�.� �M�y�o�m�e�t�r�i�a�l� �G�a�p� �J�u�n�c�t�i�o�n�s�. �� 

�B�i�o�l�o�g�i�c�a�l� �T�r�a�c�e� �E�l�e�m�e�n�t� �R�e�s�e�a�r�c�h�.� �9�:� �1�6�5�-�1�7�5�.� 

�E�v�a�n�s�-�S�t�o�r�m�s�,� �R�o�s�e�m�a�r�y�,� �a�n�d� �J�o�h�n� �A�.� �C�i�d�l�o�w�s�k�i�.� �(�1�9�9�5�)�.� 

�"�R�e�g�u�l�a�t�i�o�n� �o�f� �A�p�o�p�t�o�s�i�s� �b�y� �S�t�e�r�o�i�d� �H�o�r�m�o�n�e�s�.�"� �J�.� �o�f� �S�t�e�r�o�i�d� 

�B�i�o�c�h�e�m�.� �M�o�l�e�.� �B�i�o�l�.� �5�3�:�1�-�8�.� 

�F�a�i�l�l�a�,� �M�.� �L�.�,� �a�n�d� �R�.� �J�.� �C�o�u�s�i�n�s�.� �(�1�9�7�8�)�  ��Z�i�n�c� �u�p�t�a�k�e� �b�y� �i�s�o�l�a�t�e�d� �r�a�t� 

�l�i�v�e�r� �p�a�r�e�n�c�h�y�m�a�l� �c�e�l�l�s�. �� �B�i�o�c�h�i�m�.� �B�i�o�p�h�y�s� �A�c�t�a�.� �5�3�8�:� �4�3�5�-�4�4�4�.� 

�F�a�i�l�l�a�,� �M�.� �L�.�,� �a�n�d� �R�.� �J�.� �C�o�u�s�i�n�s�.� �(�1�9�7�8�)�  ��Z�i�n�c� �a�c�c�u�m�u�l�a�t�i�o�n� �a�n�d� 

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

�g�l�u�c�o�c�o�r�t�i�c�o�i�d�s�. �� �B�i�o�c�h�i�m�,� �B�i�o�p�h�y�s� �A�c�t�a�.� �5�4�3�:� �2�9�3�-�3�0�4�.� 

�F�a�n�g�e�r�,� �B�r�a�d�f�o�r�d� �O�.�,� �A�l�e�x�a�n�d�e�r� �C�u�r�r�i�e�,� �a�n�d� �J�o�h�n� �A�.� �C�i�d�l�o�w�s�k�i�.� 

�(�1�9�8�6�)�.� �"�R�e�g�u�l�a�t�i�o�n� �o�f� �E�p�i�d�e�r�m�a�l� �G�r�o�w�t�h� �F�a�c�t�o�r� �R�e�c�e�p�t�o�r�s� �b�y� 

�G�l�u�c�o�c�o�r�t�i�c�o�i�d�s� �d�u�r�i�n�g� �t�h�e� �C�e�l�l� �C�y�c�l�e� �i�n� �H�e�L�a� �S�3� �C�e�l�l�s�.�"� �A�r�c�h�i�v�e�s� 

�o�f� �B�i�o�c�h�e�m�i�s�t�r�y� �a�n�d� �B�i�o�p�h�y�s�i�c�s�.� �2�4�9�:�1�1�6�-�1�2�5�.



�F�l�y�n�n�,� �A�.�,� �W�.� �J�.� �P�o�r�i�s�,� �W�.� �H�.� �S�t�r�a�i�n�,� �a�n�s� �O�.� �A�.� �H�i�l�l�.� �(�1�9�7�3�)�.�  ��Z�i�n�c� 

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

�h�e�a�l�i�n�g�. �� �L�a�n�c�e�t�.� �I�:� �7�8�9�-�7�9�0�.� 

�F�o�n�s�,� �C�o�l�e�t�t�e�;� �J�e�a�n�-�F�r�e�d�e�r�i�c� �B�r�u�n�,� �C�h�r�i�s�t�i�n�e� �F�e�d�o�u�,� �M�i�c�h�e�l�l�e� 

�F�u�s�s�e�l�l�i�e�r�,� �L�u�c�e�t�t�e� �B�a�r�d�e�t� �a�n�d� �A�n�d�r�e� �O�r�s�e�t�t�i�.� �(�1�9�9�5�)� �"�E�f�f�e�c�t�s� �o�f� 

�Z�a�m�i�c� �a�s� �a� �M�e�a�n�s� �f�o�r� �Z�i�n�c� �S�u�p�p�l�e�m�e�n�t�a�t�i�o�n� �i�n� �G�r�o�w�i�n�g� �C�h�i�l�d�r�e�n�.�"� 

�B�i�o�l�o�g�i�c�a�l� �T�r�a�c�e� �E�l�e�m�e�n�t� �R�e�s�e�a�r�c�h�.� �4�8�:�3�1�-�3�6�.� 

�F�o�r�b�e�s�,� �I�.�J�.�,� �P�.�D�.� �Z�a�l�e�w�s�k�i�,� �N�.�P�.� �H�u�r�s�t�,� �C�.� �G�i�a�n�n�a�k�i�s�,� �a�n�d� �M�.�W�.� 

�W�h�i�t�e�h�o�u�s�e�.� �(�1�9�8�9�)�.� �"�Z�i�n�c� �i�n�c�r�e�a�s�e�s� �p�h�o�r�b�o�l� �e�s�t�e�r� �r�e�c�e�p�t�o�r�s� �i�n� 

�i�n�t�a�c�t� �B�-�c�e�l�l�s�,� �n�e�u�t�r�o�p�h�i�l� �p�h�o�l�y�m�o�r�p�h�s� �a�n�d� �p�l�a�t�e�l�e�t�s�.�"� �F�E�B�S�.� 

�2�4�7�:�4�4�5�-�4�4�7�.� 

�F�r�a�n�k�e�r�,� �P�a�m�e�l�a� �J�.�,� �F�a�r�z�a�n�e�h� �O�s�t�a�t�i�-�A�s�h�t�i�a�n�i�,� �M�a�r�g�a�r�e�t� �A�.� �W�a�g�n�e�r�,� 

�a�n�d� �L�o�u�i�s� �E�.� �K�i�n�g�.� �(�1�9�9�5�)�.� �"�P�o�s�s�i�b�l�e� �R�o�l�e�s� �f�o�r� �G�l�u�c�o�c�o�r�t�i�c�o�i�d�s� 

�a�n�d� �A�p�o�p�t�o�s�i�s� �I�n� �t�h�e� �S�u�p�p�r�e�s�s�i�o�n� �o�f� �L�y�m�p�h�o�p�o�i�e�s�i�s� �D�u�r�i�n�g� �Z�i�n�c� 

�D�e�f�i�c�i�e�n�c�y�:� �A� �R�e�v�i�e�w�.�"� �J�o�u�r�n�a�l� �o�f� �t�h�e� �A�m�e�r�i�c�a�n� �C�o�l�l�e�g�e� �o�f� 

�N�u�t�r�i�t�i�o�n�.� �1�4�:�1�1�-�1�7�.� 

�G�a�n�j�i�,� �V�i�j�a�y�,� �N�.� �B�e�t�t�s� �a�n�d� �D�.� �W�h�i�t�e�h�e�a�d�.� �(�1�9�9�5�)�.� �"�N�u�t�r�i�e�n�t� �I�n�t�a�k�e�s� 
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�o�f� �1�-�3�,� �4�-�6�,� �a�n�d� �7�-�1�0� �Y�e�a�r� �A�g�e� �G�r�o�u�p� �C�h�i�l�d�r�e�n�:� �A�n�a�l�y�s�i�s� �o�f� �D�i�e�t�s� 

�R�e�p�o�r�t�e�d� �i�n� �1�9�8�7�-�8�8� �N�a�t�i�o�n�w�i�d�e� �F�o�o�d� �C�o�n�s�u�m�p�t�i�o�n� �S�u�r�v�e�y�.�"� �N�u�t�r�i�t�i�o�n� 

�R�e�s�e�a�r�c�h�.� �1�5�:�6�2�3�-�6�3�1�.� 

�G�a�l�l�a�h�e�r�,� �D�.�,� �a�n�d� �L�.�S�.� �H�u�r�l�e�y�.� �(�1�9�8�0�)�.�  ��L�o�w� �z�i�n�c� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�-�r�a�t� 

�u�t�e�r�i�n�e� �f�l�u�i�d� �a�f�t�e�r� �4� �d�a�y�s� �o�f� �d�i�e�t�a�r�y� �d�e�f�i�c�i�e�n�c�y�. �� �J�o�u�r�n�a�l� �o�f� �N�u�t�r�i�t�i�o�n�.� 

�1�1�0�:� �5�9�1�-�5�9�3�.� 

�H�a�m�b�i�d�g�e�,� �K�.� �M�.� �(� �1�9�8�5�)�.� �i�n� �"�T�r�a�c�e� �E�l�e�m�e�n�t�s� �i�n� �N�u�t�r�i�t�i�o�n� �o�f� �C�h�i�l�d�r�e�n�.�"� 

�(�R�.� �K�.� �C�h�a�n�d�r�a�,� �e�d�.�)� �N�e�s�t�l�e� �N�u�t�r�.� �W�o�r�k�s�h�o�p�,� �V�o�l� �8�,� �p�.�|�.� �R�a�v�e�n� �P�r�e�s�s�,� 

�N�e�w� �Y�o�r�k�.� 

�H�a�m�b�i�d�g�e�,� �K�.� �M�.�,� �K�.� �H�.� �N�e�l�d�e�r�,� �a�n�d� �P�.� �A�.� �W�a�l�r�a�v�e�n�s�.� �(�1�9�7�5�)�.�  ��Z�i�n�c�,� 

�a�c�r�o�d�e�r�m�a�t�i�t�i�s� �e�n�t�e�r�o�p�a�t�h�i�c�a� �a�n�d� �c�o�n�g�e�n�i�t�a�l� �m�a�l�f�o�r�m�a�t�i�o�n�s�. �� �L�a�n�c�e�t�.� �1�:� 

�5�7�7�-�5�7�8�.� 

�H�e�n�k�i�n�,� �R�.� �I�.�,� �D�.� �M�.� �F�o�s�t�e�r�,� �R�.� �L�.� �A�a�m�o�d�t�,� �a�n�d� �M�.� �B�e�r�m�a�n�.� �(�1�9�8�4�)�.� 

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

�c�a�r�b�o�h�y�d�r�a�t�e� �a�c�t�i�v�e� �s�t�e�r�o�i�d�s�. �� �M�e�t�a�b�o�l�i�s�m�.� �3�3�:� �4�9�1�-�5�0�1�.� 

�H�o�u�g�h�,� �E�.�,� �L�.� �K�.� �H�a�n�s�e�n�,� �B�.� �B�i�r�k�n�e�s�,� �K�.� �J�y�n�g�e�,� �S�.� �H�a�n�s�e�n�,� �A�.� �H�o�r�v�i�k�,� �C�.� 

�L�i�t�t�l�e�,� �E�.� �D�o�d�s�o�n�,� �a�n�d� �Z�.� �D�e�r�e�w�e�n�d�a�.� �(�1�9�8�9�)�.�  ��H�i�g�h� �r�e�s�o�l�u�t�i�o�n� �(�1�.�5� �A�)



�c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �p�h�o�s�p�h�o�l�i�p�a�s�e� �C� �f�r�o�m� �B�a�c�i�l�l�u�s� �c�e�r�e�u�s�. �� �N�a�t�u�r�e� 

�L�o�n�d�.� �3�3�8�:� �3�5�7�-�3�6�0�.� 

�H�o�u�g�h�,� �R�.� �B�.�,� �J�.� �L�.� �C�r�a�w�f�o�r�d�,� �H�.� �L�.� �M�o�n�a�c�o�,� �J�.� �E�.� �L�a�d�n�e�r�,� �B�.� �F�.� �P�.� 

�E�d�w�a�r�d�s�,� �D�.� �R�.� �E�v�a�n�s�,� �S�.� �G�.� �W�a�r�r�e�n�,� �D�.� �C�.� �W�i�l�e�y�,� �R�.� �C�.� �L�a�d�n�e�r�,� �a�n�d� �W�.� 

�N�.� �L�i�p�s�c�o�m�b�.� �(�1�9�8�7�)�.�  ��C�r�y�s�t�a�l� �a�n�d� �m�o�l�e�c�u�l�a�r� �s�t�r�u�c�t�u�r�e�s� �o�f� �n�a�t�i�v�e� �a�n�d� 

�C�T�P�-�l�i�g�a�n�d�e�d� �a�s�p�a�r�t�a�t�e� �c�a�r�b�a�m�o�y�l�t�r�a�n�s�f�e�r�a�s�e� �f�r�o�m� �E�s�c�h�e�r�i�c�h�i�a� �c�o�l�l�i�.� 

�J�o�u�r�n�a�l� �o�f� �M�o�l�e�c�u�l�a�r� �B�i�o�l�o�g�y�.� �1�6�0�:� �2�1�9�-�2�6�3�.� 

�H�u�b�b�a�r�d�,� �E�.� �R�.�,� �W�.� �R�.� �B�i�s�h�o�p�,� �P�.� �K�i�r�s�c�h�m�e�i�e�r�,� �J�.� �G�e�o�r�g�e�,� �S�.� �P�.� �C�r�a�m�e�r�,� 

�W�.� �A�.� �H�e�n�d�r�i�c�k�s�o�n�.� �(�1�9�9�1�)�.�  ��I�n�d�e�n�t�i�f�i�c�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� 

�Z�i�n�c� �B�i�n�d�i�n�g� �S�t�r�u�c�t�u�r�e�s� �i�n� �P�r�o�t�e�i�n� �K�i�n�a�s�e� �C�. �� �S�c�i�e�n�c�e�.� �2�5�4�:� �1�7�7�6�-� 

�1�7�7�9�.� 

�H�u�r�l�e�y�,� �L�.� �S�.� �(�1�9�8�1�)�.�  ��T�h�e� �r�o�l�e�s� �o�f� �t�r�a�c�e� �e�l�e�m�e�n�t�s� �i�n� �f�o�e�t�a�l� �a�n�d� �n�e�o�n�a�t�a�l� 

�d�e�v�e�l�o�p�m�e�n�t�. �� �P�h�i�l�.� �T�r�a�n�s�.� �R�.� �S�o�c�.� �L�o�n�d�.� �B� �B�i�o�l�.� �S�c�i�.� �2�9�4�:� �1�4�6�-�1�5�2�.� 

�H�u�r�l�e�y�,� �L�.� �S�.�,� �a�n�d� �R�.� �E�.� �S�h�r�a�d�e�r�.� �(�1�9�8�1�)�.�  ��A�b�n�o�r�m�a�l� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

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

�d�e�f�i�c�i�e�n�c�y�. �� �N�a�t�u�r�e� �L�o�n�d�o�n�.� �2�5�4�:� �4�2�7�-�4�2�9�.� 

�G
�2

� 
�I
�N



�H�u�r�l�e�y�,� �L�.�S�.�,� �a�n�d� �H�.� �S�w�e�n�e�r�t�o�n�.� �(�1�9�6�6�)�.�  ��C�o�n�g�e�n�i�t�a�l� �m�a�l�f�o�r�m�a�t�i�o�n�s� 

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

�E�x�p�e�r�i�m�e�n�t�a�l� �B�i�o�l�o�g�i�c�a�l� �M�e�d�i�c�i�n�e�.� �1�2�3�:� �6�9�2�-�6�9�7�.� 

�I�n�i�g�u�e�z�,� �C�.�,� �J�.� �C�a�s�a�s�,� �a�n�d� �J�.� �C�a�r�r�e�r�e�s�.� �(�1�9�6�8�)�.�  ��E�f�f�e�c�t�s� �o�f�.� �z�i�n�c� 

�d�e�f�i�c�i�e�n�c�y� �o�n� �c�h�i�c�k� �e�m�b�r�y�o� �b�l�a�s�t�o�d�e�r�m�. �� �A�c�t�a� �A�n�a�t�a�m�y�.� �1�0�1�:� �1�2�0�-� 

�1�2�9�.� 

�K�a�r�i�n�,� �M�i�c�h�a�e�l�,� �R�o�b�e�r�t� �D�.� �A�n�d�e�r�s�o�n�,� �a�n�d� �H�a�r�v�e�y� �R�.� �H�e�r�s�c�h�m�a�n�.� 

�(�1�9�8�1�)�.� �"�R�e�d�u�c�t�i�o�n� �o�f� �M�e�t�a�l�l�o�t�h�i�o�n�e�i�n� �m�R�N�A� �i�n� �H�e�L�a� �c�e�l�l�s� �b�y� 

�D�e�x�a�m�e�t�h�a�s�o�n�e�.�"� �B�i�o�c�h�e�m�.� �1�1�8�:�5�2�7�-�5�3�1�.� 

�K�a�r�i�n�,� �M�i�c�h�a�e�l�,� �R�o�b�e�r�t� �D�.� �A�n�d�e�r�s�o�n�,� �E�m�i�l�y� �S�l�a�t�e�r�,� �K�a�r�e�n� �S�m�i�t�h�,� 

�a�n�d� �H�a�r�v�e�y� �R�.� �H�e�r�s�c�h�m�a�n�.� �(�1�9�8�0�)�.� �"�M�e�t�a�l�l�o�t�h�i�o�n�e�i�n� �m�R�N�A� 

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

�p�r�i�m�a�r�y� �i�n�d�u�c�t�i�o�n� �r�e�s�p�o�n�s�e�.�"� �N�a�t�u�r�e�.� �2�8�6�:�2�9�5�-�2�9�7�.� 

�K�a�r�i�n�,� �M�i�c�h�a�e�l�,� �a�n�d� �H�a�r�v�e�y� �R�.� �H�e�r�s�c�h�m�a�n�.� �(�1�9�7�9�)�.� �"�D�e�x�a�m�e�t�h�-� 

�a�s�o�n�e� �S�t�i�m�u�l�a�t�i�o�n� �o�f� �M�e�t�a�l�l�o�t�h�i�o�n�e�i�n� �S�y�n�t�h�e�s�i�s� �i�n� �H�e�L�a� �c�e�l�l� 

�C�u�l�t�u�r�e�.�"� �S�c�i�e�n�c�e�.� �2�0�4�:�1�7�6�-�1�7�7�.� 

�K�a�r�i�n�,� �M�i�c�h�a�e�l�,� �E�m�i�l�y� �P�.� �S�l�a�t�e�r� �a�n�d� �H�a�r�v�e�y� �R�.� �H�e�r�s�c�h�m�a�n�.� �(�1�9�8�1�)�.� 

�"�R�e�g�u�l�a�t�i�o�n� �o�f� �M�e�t�a�l�l�o�t�h�i�o�n�e�i�n� �S�y�n�t�h�e�s�i�s� �i�n� �H�e�L�a� �c�e�l�l�s� �b�y� �H�e�a�v�y



�M�e�t�a�l�s� �a�n�d� �G�l�u�c�o�c�o�r�t�i�c�o�i�d�s�.�"� �J�.� �o�f� �C�e�l�l�u�l�a�r� �P�h�y�s�i�o�l�o�g�y�.� �1�0�6�:�6�3�-�7�4�.� 

�K�e�e�n�,� �C�.� �L�.�,� �a�n�d� �L�.�S�.� �H�u�r�l�e�y�.� �(�1�9�8�9�)�.�  ��Z�i�n�c� �a�n�d� �r�e�p�r�o�d�u�c�t�i�o�n�:� �e�f�f�e�c�t�s� 

�o�f� �d�e�f�i�c�i�e�n�c�y� �o�n� �f�o�e�t�a�l� �a�n�d� �p�o�s�t�n�a�t�a�l� �d�e�v�e�l�o�p�m�e�n�t�, �� �I�n�:� �Z�i�n�c� �i�n� �H�u�m�a�n� 

�B�i�o�l�o�g�y�,� �e�d�i�t�e�d� �b�y� �C�.� �F�.� �M�i�l�l�s�.� �L�o�n�d�o�n�:� �S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�.� �p�p�.� �1�8�3�-�2�2�0�.� 

�K�i�m�,� �E�.� �E�.�,� �a�n�d� �H�.� �W�.� �W�y�c�k�o�f�f�.� �(�1�9�8�9�)�.�  ��S�t�r�u�c�t�u�r�e� �a�n�d� �f�u�n�c�t�i�o�n� �o�f� 

�a�l�k�a�l�i�n�e� �p�h�o�s�p�h�a�t�a�s�e�.� �C�l�i�n�i�c�a�l� �C�h�e�m�.� �A�c�t�a�.� �1�8�6�:� �1�7�6�-�1�8�8�.� 

�K�i�m�b�a�l�l�,� �S�c�o�t� �R�.�,� �S�e�i�-�J�e�i� �C�h�e�n�,� �R�o�b�e�r�t� �R�i�s�i�c�a�,� �L�e�o�n�a�r�d� �S�.� 

�J�e�f�f�e�r�s�o�n�,� �a�n�d� �A�l�p�h�o�n�s�e� �E�.� �L�e�u�r�e�-�d�u�P�r�e�e�.� �(�1�9�9�5�)�.� �"�E�f�f�e�c�t� �o�f� �z�i�n�c� 

�D�e�f�i�c�i�e�n�c�y� �o�n� �P�r�o�t�e�i�n� �S�y�n�t�h�e�s�i�s� �a�n�d� �E�x�p�r�e�s�s�i�o�n� �o�f� �S�p�e�c�i�f�i�c� 

�m�R�N�A�s� �i�n� �R�a�t� �L�i�v�e�r�.�"� �M�e�t�a�b�o�l�i�s�m�.� �4�4�:�1�2�6�-�1�3�3�.� 

�K�i�n�g�,� �L�.�E�.�,� �F�.� �O�s�a�t�i�-�A�s�h�t�i�a�n�i�,� �a�n�d� �P�.�J�.� �F�r�a�k�e�r�.� �(�1�9�9�5�)�.� �"�D�e�p�l�e�t�i�o�n� 

�o�f� �c�e�l�l�s� �o�f� �t�h�e� �B� �l�i�n�e�a�g�e� �i�n� �t�h�e� �b�o�n�e� �m�a�r�r�o�w� �o�f� �z�i�n�c�-�d�e�f�i�c�i�e�n�t� �m�i�c�e�.�"� 

�I�m�m�u�n�o�l�o�g�y�.� �8�5�:�6�9�-�7�3�.� 

�L�u�i�s�i�,� �B�.�F�.�,� �W�.� �X�.� �X�u�,� �Z�.� �O�t�w�i�n�o�w�s�k�i�,� �L�.�P�.� �F�r�e�e�d�m�a�n�,� �K�.�R�.� 

�Y�a�m�a�m�o�t�o�,� �a�n�d� �P�.�B�.� �S�i�g�l�e�r�.� �(�1�9�9�1�)�.� �"�C�r�y�s�t�a�l�l�o�g�r�a�p�h�i�c� �a�n�a�l�y�s�i�s� �o�f� 

�t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �g�l�u�c�o�c�o�r�t�i�c�o�i�d� �r�e�c�e�p�t�o�r� �w�i�t�h� �D�N�A�.�"� �N�a�t�u�r�e�.� 

�3�5�2�:�4�9�7�-�5�0�5�.



�M�a�s�t�e�r�s�,� �D�.� �C�.�,� �C�.� �L�.� �K�e�e�n�,� �B�.� �L�o�n�n�e�r�d�a�l�,� �a�n�d� �L�.� �S�.� �H�u�r�l�e�y�.� �(�1�9�8�3�)�.� 

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

�c�a�t�a�b�o�l�i�s�m�. �� �J�o�u�r�n�a�l� �o�f� �N�u�t�r�i�t�i�o�n�.� �1�1�3�:� �9�0�5�-�9�1�2�.� 

�M�c�C�a�b�e�,� �M�i�c�h�a�e�l� �J�.�,� �S�h�u�n� �A�t� �J�i�a�n�g� �a�n�d� �S�t�e�n� �O�r�r�e�n�i�u�s�.� �(�1�9�9�3�)�.� 

�"�C�h�e�l�a�t�i�o�n� �o�f� �I�n�t�r�a�c�e�l�l�u�l�a�r� �Z�i�n�c� �T�r�i�g�g�e�r�s� �A�p�o�p�t�o�s�i�s� �i�n� �M�a�t�u�r�e� 

�T�h�y�m�o�c�y�t�e�s�.�"� �L�a�b�o�r�a�t�o�r�y� �I�n�v�e�s�t�i�g�a�t�i�o�n�s�.� �6�9�:�1�0�1�-�1�1�0�.� 

�M�e�r�t�z�,� �W�a�l�t�e�r�.� �T�r�a�c�e� �E�l�e�m�e�n�t�s� �i�n� �H�u�m�a�n� �a�n�d� �A�n�i�m�a�l� �N�u�t�r�i�t�i�o�n�.� 

�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �O�r�l�a�n�d�o�,� �F�L�.� �1�9�8�6�.� �p�p�.�1�-�1�0�9�.� 

�M�i�l�l�e�r�,� �J�.�.�.� �D�.� �M�c�L�a�c�h�l�a�n�,� �a�n�d� �A�.� �K�l�u�g�.� �(�1�9�8�5�)�.�  ��R�e�p�e�t�i�t�i�v�e� �z�i�n�c� 

�b�i�n�d�i�n�g� �d�o�m�a�i�n�s� �i�n� �t�h�e� �p�r�o�t�e�i�n� �t�r�a�n�s�c�r�i�p�t�i�o�n� �f�a�c�t�o�r� �I�I�I�A� �f�r�o�m� �X�e�n�o�p�u�s� 

�o�o�c�y�t�e�s�. �� �E�M�B�O� �J�o�u�r�n�a�l�.� �4�:� �1�6�0�9�-�1�6�1�4�.� 

�M�i�l�l�s�,� �C�.�F�.� �Z�i�n�c� �i�n� �H�u�m�a�n� �B�i�o�l�o�g�y�.� �S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �N�Y�.� �1�9�8�8�.� 

�O�'�D�e�l�l�,� �B�.� �L�.� �(�1�9�6�8�)�.�  ��T�r�a�c�e� �e�l�e�m�e�n�t�s� �i�n� �e�m�b�r�y�o�n�i�c� �d�e�v�e�l�o�p�m�e�n�t�. �� 

�F�e�d�e�r�a�t�i�o�n� �P�r�o�c�.� �2�7�:� �1�9�9�-�2�0�4� 

�O ��D�e�l�l�,� �B�.� �L�.�,� �J�.� �D�.� �B�r�o�w�n�i�n�g�,� �a�n�d� �P�.� �G�.� �R�e�e�v�e�s�.� �(�1�9�8�7�)�.�  ��Z�i�n�c� 

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

�o�f� �N�u�t�r�i�t�i�o�n�.� �1�1�7�:� �1�8�8�3�-�1�8�8�9�.



�O�z�o�h�,� �P�.� �T�.�,� �a�n�d� �C�.� �O�.� �J�a�c�o�b�s�o�n�.� �(�1�9�7�9�)�.�  ��E�m�b�r�y�o�t�o�x�i�c�i�t�y� �a�n�d� 

�h�a�t�c�h�a�b�i�l�i�t�y� �i�n� �C�i�c�h�l�a�s�o�m�a� �n�i�g�r�o�f�a�s�c�i�a�t�u�m� �(�G�u�e�n�t�h�e�r�)� �e�g�g�s� �a�n�d� �l�a�r�v�a�e� 

�b�r�i�e�f�l�y� �e�x�p�o�s�e�d� �t�o� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �z�i�n�c� �a�n�d� �c�o�p�p�e�r� �t�o�n�s�. �� �B�u�l�l�e�t�i�n� 

�o�f� �E�n�v�i�r�n�m�e�r�i�t�a�l� �C�o�n�t�a�m�i�n�a�t�i�o�n� �a�n�d� �T�o�x�i�c�o�l�o�g�y�.� �6�:�.�7�8�2�-�7�8�6�.� 

�P�i�o�t�r�o�w�s�k�i�,� �J�.� �K�.�,� �B�.� �T�r�o�j�a�n�n�o�w�s�k�a�,� �J�.� �M�.� �W�i�s�n�i�e�w�s�k�a�-�K�n�y�p�e�,� �a�n�d� �W�.� 

�B�o�l�a�n�o�w�s�k�a�.� �(�1�9�7�4�)�.�  ��M�e�r�c�u�r�y� �b�i�n�d�i�n�g� �i�n� �t�h�e� �k�i�d�n�e�y� �a�n�d� �l�i�v�e�r� �o�f� �r�a�t�s� 

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

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

�P�h�a�r�m�a�c�o�l�o�g�y�.� �2�7�:� �1�1�-�1�9�.� 

�P�r�a�s�a�d�,� �A�n�a�n�d�a� �S�.� �(�1�9�9�3�)�.� �B�i�o�c�h�e�m�i�s�t�r�y� �o�f� �Z�i�n�c�.� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�Y�.� 

�P�r�a�s�a�d�,� �A�.� �S�.� �(�1�9�6�6�)� �i�n� �"�Z�i�n�c� �M�e�t�a�b�o�l�i�s�m�"� �(�A�.� �S�.� �P�r�a�s�a�d�,� �e�d�.�)� 

�p�.�2�5�0�.� �T�h�o�s�m�a�s�,� �S�p�r�i�n�g�f�i�e�l�d�,� �I�l�l�i�n�o�i�s�.� 

�P�r�a�s�a�d�,� �A�.� �S�.�,� �H�a�l�s�t�e�d�,� �J�.� �A�.� �a�n�d� �N�a�d�i�m�i�,� �M�.� �(�1�9�6�1�)�.� �A�m�.� �J�.� �M�e�d�,� 

�3�1�:�5�3�2�.� 

�P�r�a�s�a�d�,� �A�.�S�.�,� �D�o�n�a�l�d� �O�b�e�r�l�e�a�s�,� �E�.�R�.� �M�i�l�l�e�r� �a�n�d� �R�.�W�.� �L�u�e�c�k�e�.� 

�(�1�9�7�1�)�.� �"�B�i�o�c�h�e�m�i�c�a�l� �e�f�f�e�c�t�s� �o�f� �z�i�n�c� �d�e�f�i�c�i�e�n�c�y�:� �C�h�a�n�g�e�s� �i�n� 

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

�d�e�o�x�y�r�i�b�o�n�u�c�l�e�i�c� �a�c�i�d� �c�o�n�t�e�n�t� �o�f� �t�i�s�s�u�e�s�.�"� �J�.� �L�a�b�.� �C�l�i�n�.� �M�e�d�.� 
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�7�7�:�1�4�4�-�1�5�2�.� 

�R�o�g�e�r�s�,� �J�.� �M�.�,� �C�.� �L�.� �K�e�e�n�,� �a�n�d� �L�.� �S�.� �H�u�r�l�e�y�.� �(�1�9�8�5�)�.�  ��Z�i�n�c�,� �c�o�p�p�e�r�,� �a�n�d� 

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

�s�p�e�c�i�a�l� �r�e�f�e�r�e�n�c�e� �t�o� �t�h�e� �c�e�n�t�r�a�l� �n�e�r�v�o�u�s� �s�y�s�t�e�m�. �� �I�n�:� �M�e�t�a�l� �I�o�n�s�-� �i�n� 

�N�e�u�r�o�l�o�g�y� �a�n�d� �P�h�y�c�h�i�a�t�r�y�.� �E�d�i�t�e�d� �b�y� �S�.� �G�a�b�a�y�,� �J�.� �H�a�r�r�i�s�,� �a�n�d� �B�.� �T�.� �H�o�.� 

�N�e�w� �Y�o�r�k�:� �L�i�s�s�,� �p�p�.� �3�-�3�4�.� 

�R�o�t�h�,� �H�.�P�.�,� �a�n�d� �M�.� �K�i�r�c�h�g�e�s�s�n�e�r�.� �(�1�9�8�0�)�.� �"�Z�n� �M�e�t�a�l�l�o�e�n�z�y�m�e� 

�A�c�t�i�v�i�t�i�e�s�.�"� �W�o�r�l�d� �R�e�v�i�e�w� �o�f� �N�u�t�r�i�t�i�o�n� �a�n�d� �D�i�e�t�e�t�i�c�s�.� �3�4�:�1�4�4�-�1�6�0�.� 

�S�a�t�o�,� �F�.�,� �T�.� �W�a�t�a�n�a�b�e�,� �E�.� �H�o�s�h�i�,� �a�n�d� �A�.� �E�n�d�o�.� �(�1�9�8�5�)�.�  ��T�e�r�a�t�o�g�e�n�i�c� 

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

�c�a�d�m�i�u�m�. �� �T�e�r�a�t�o�l�o�g�y�.� �3�1�:� �1�3�-�1�8�.� 

�S�c�h�e�i�n�m�a�n�,� �R�o�b�e�r�t�,� �A�n�t�o�n�i�o� �G�u�a�l�b�e�r�t�o�,� �C�h�r�i�s�t�i�n�e� �J�e�w�e�l�l�,� �J�o�h�n� �A�.� 

�C�i�d�l�o�w�s�k�i�,� �a�n�d� �A�l�b�e�r�t� �B�a�l�d�w�i�n� �J�r�.� �(�1�9�9�5�)�.� �"�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� 

�M�e�c�h�a�n�i�s�m�s� �i�n�v�o�l�v�e�d� �i�n� �T�r�a�n�s�r�e�p�r�e�s�s�i�o�n� �o�f� �N�F�-�k�B� �b�y� �A�c�t�i�v�a�t�e�d� 

�G�l�u�c�o�c�o�r�t�i�c�o�i�d� �R�e�c�e�p�t�o�r�s�.�"� �M�o�l�e�c�u�l�a�r� �a�n�d� �C�e�l�l�u�l�a�r� �B�i�o�l�o�g�y�.� 

�1�5�:�9�4�3�-�9�5�3�.� 

�S�c�h�m�i�d�,� �W�.�,� �T�.�J�.� �C�o�l�e�,� �J�.�A�.� �B�l�e�n�d�y�,� �a�n�d� �G�.� �S�c�h�u�t�z�.� �(�1�9�9�5�)�.� 

�"�M�o�l�e�c�u�l�a�r� �G�e�n�e�t�i�c� �A�n�a�l�y�s�i�s� �o�f� �G�l�u�c�o�c�o�r�t�i�c�o�i�d� �S�i�g�n�a�l�l�i�n�g� �i�n



�D�e�v�e�l�o�p�m�e�n�t�.�"� �J�.� �o�f� �S�t�e�r�o�i�d� �B�o�i�c�h�e�m�.� �M�o�l�e�c�.� �B�i�o�l�.� �5�3�:�3�3�-�3�5�.� 

�S�e�v�e�r�,� �L�.� �E�.�,� �a�n�d� �I�.� �E�m�a�n�u�e�l�.� �(�1�9�7�3�)�.�  ��I�s� �t�h�e�r�e� �a� �c�o�n�n�e�c�t�i�o�n� �b�e�t�w�e�e�n� 

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

�s�y�s�t�e�m� �i�n� �m�a�n�? �� �T�e�r�a�t�o�l�o�g�y�.� �7�:� �1�1�7�.� 

�V�a�l�l�e�e�,� �B�e�r�t�,� �J�.� �E�.� �C�o�l�e�m�a�n�,� �a�n�d� �D�.� �S�.� �A�u�l�d�.� �(�1�9�9�1�)�.�  �� �Z�i�n�e� �f�i�n�g�e�r�s�,� �z�i�n�c� 

�c�l�u�s�t�e�r�s�,� �a�n�d� �z�i�n�c� �t�w�i�s�t�s� �i�n� �D�N�A�-�b�i�n�d�i�n�g� �p�r�o�t�e�i�n� �d�o�m�a�i�n�s�. �� �P�r�o�d�.� �N�a�t�l�.� 

�A�c�a�d�.� �S�c�i�.� �U�S�A�.� �8�8�:� �9�9�9�-�1�0�0�3�.� 

�V�a�l�l�e�e�,� �B�e�r�t�,� �a�n�d� �K�e�n�n�e�t�h� �H� �F�a�l�c�h�u�k�.� �(�1�9�8�3�)�.� �"�G�e�n�e� �E�x�p�r�e�s�s�i�o�n� 

�a�n�d� �Z�i�n�c�.�"� �B�i�o�l�o�g�i�c�a�l� �A�s�p�e�c�t�s� �o�f� �M�e�t�a�l�s� �a�n�d� �M�e�t�a�l�-�r�e�l�a�t�e�d� 

�D�i�s�e�a�s�e�s�.� �1�-�1�5�.� 

�V�a�l�l�e�e�,� �B�e�r�t�,� �a�n�d� �K�e�n�n�e�t�h� �H� �F�a�l�c�h�u�k�.� �(�1�9�9�3�)�.� �"�T�h�e� �B�i�o�c�h�e�m�i�c�a�l� 

�B�a�s�i�s� �o�f� �Z�i�n�c� �P�h�y�s�i�o�l�o�g�y�.�"� �P�h�y�s�i�o�l�o�g�i�c�a�l� �R�e�v�i�e�w�s�.� �7�3�:�7�9�-�1�1�8�.� 

�W�a�r�k�a�n�y�,� �J�.�,� �a�n�d� �H�.� �G�.� �P�e�t�e�r�i�n�g�.� �(�1�9�7�2�)�.�  ��C�o�n�g�e�n�i�t�a�l� �m�a�l�f�o�r�m�a�t�i�o�n�s� �o�f� 

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

�T�e�r�a�t�o�l�o�g�y�.� �5�:� �3�1�9�-�3�3�4�.� 

�W�e�b�b�,� �M�.� �(�1�9�7�2�)�.�  ��B�i�n�d�i�n�g� �o�f� �c�a�d�m�i�u�m� �i�o�n�s� �b�y� �r�a�t� �l�i�v�e�r� �a�n�d� �k�i�d�n�e�y�. �� 

�B�i�o�c�h�e�m�i�c�a�l� �P�h�a�r�m�a�c�o�l�o�g�y�.� �2�1�:� �2�7�5�1�-�2�7�6�5�.



�E�f�f�e�c�t� �o�f� �a� �Z�i�n�c� �S�p�e�c�i�f�i�c� �M�e�m�b�r�a�n�e�-�I�m�p�e�r�m�e�a�b�l�e� �C�h�e�l�a�t�o�r� 

�o�n� �C�e�l�l�u�l�a�r� �Z�i�n�c� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� 
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�A�B�S�T�R�A�C�T� 

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

�t�r�i�a�m�i�n�e�p�e�n�t�a�a�c�e�t�i�c� �a�c�i�d� �(�D�T�P�A�)�,� �a� �r�e�v�e�r�s�i�b�l�e�,� �n�o�n�-�t�o�x�i�c�,� �z�i�n�c� �d�e�f�i�c�i�e�n�t� 

�s�t�a�t�e� �i�n� �H�e�L�a� �c�e�l�l�s� �w�a�s� �a�c�h�i�e�v�e�d�.� �Z�i�n�c� �l�e�v�e�l�s� �w�h�e�r�e� �m�e�a�s�u�r�e�d� �b�y� �a� �z�i�n�c� 

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

�f�l�u�o�r�e�s�c�e�n�c�e� �d�e�c�r�e�a�s�e�s� �6�5�%� �c�o�m�p�a�r�e�d� �w�i�t�h� �c�o�n�t�r�o�l�s�,� �a�s� �a�s�s�a�y�e�d� �w�i�t�h� �t�h�e� 

�z�i�n�c� �s�p�e�c�i�f�i�c� �f�l�u�o�r�e�s�c�e�n�t� �m�o�l�e�c�u�l�a�r� �p�r�o�b�e�,� �N�-�(�6�-�m�e�t�h�o�x�y�-�8�-�q�u�i�n�o�l�y�l�)�-�p�-� 

�t�o�l�u�n�e�s�u�l�f�o�n�a�m�i�d�e� �(�T�S�Q�)�.� �T�h�i�s� �c�o�o�r�e�l�a�t�e�s� �w�i�t�h� �a� �8�3�%� �d�e�c�r�e�a�s�e� �i�n� �t�o�t�a�l� 

�c�e�l�l�u�l�a�r� �z�i�n�c� �m�e�a�s�u�r�e�d� �b�y� �i�n�d�u�c�e�d� �c�o�u�p�l�e�d� �p�l�a�s�m�a� �a�n�a�l�y�s�i�s� �I�C�P�)�.� �R�e�m�o�v�a�l� 

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

�v�i�a�b�i�l�i�t�y� �o�v�e�r� �7�2� �h�o�u�r�s� �a�s� �t�e�s�t�e�d� �b�y� �d�y�e� �p�e�r�m�e�a�b�i�l�i�t�y�,� �a�n�d� �r�e�a�d�i�l�y� �r�e�v�e�r�s�i�b�l�e� 

�b�y� �a�d�d�i�t�i�o�n� �o�f� �Z�n ��.� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�Z�i�n�c� �d�e�f�i�c�i�e�n�c�y� �i�s� �a�_� �s�i�g�n�i�f�i�c�a�n�t� �p�a�t�h�o�l�o�g�i�c�a�l� �s�t�a�t�e� �i�n�v�o�l�v�i�n�g� 

�a�b�n�o�r�m�a�l�i�t�i�e�s� �i�n� �t�h�e� �m�e�t�a�l�'�s� �m�e�t�a�b�o�l�i�s�m�.� �T�h�i�s� �c�a�n� �b�e� �d�u�e� �t�o� �i�n�a�d�e�q�u�a�t�e� 

�d�i�e�t�a�r�y� �i�n�t�a�k�e�,� �i�n�c�r�e�a�s�e�d� �r�e�q�u�i�r�e�m�e�n�t�s� �o�r� �e�x�c�r�e�t�i�o�n�,� �o�r� �g�e�n�e�t�i�c� �c�a�u�s�e�s� 

�(�V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �z�i�n�c� �d�e�f�i�c�i�e�n�c�y� �o�n� �t�h�e� 

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

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

�s�e�n�s�i�t�i�v�e� �t�o� �z�i�n�c� �d�e�p�r�i�v�a�t�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �p�a�t�h�o�l�o�g�i�c�a�l� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �z�i�n�c� 

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

�I�n� �m�o�s�t� �t�i�s�s�u�e�s� �t�h�e� �z�i�n�c� �c�o�n�t�e�n�t� �i�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �1�0�-�2�0�0� �p�g�/�g� �w�e�t� 

�w�e�i�g�h�t� �(�M�i�l�l�s�,� �1�9�8�8�;� �V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� �A�b�o�u�t� �3�0�-�4�0�%� �o�f� �t�h�e� �t�o�t�a�l� 

�c�e�l�l�u�l�a�r� �z�i�n�c� �i�s� �i�n� �t�h�e� �n�u�c�l�e�u�s�,� �~�5�0�%� �i�s� �i�n� �t�h�e� �c�y�t�o�p�l�a�s�m� �a�n�d� �i�t�s� �o�r�g�a�n�e�l�l�e�s�,� 

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

�(�V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� �V�i�r�t�u�a�l�l�y� �a�l�l� �z�i�n�c� �i�n� �t�h�e�s�e� �c�o�m�p�a�r�t�m�e�n�t�s� �i�s� 

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

�n�u�c�l�e�o�t�i�d�e�s� �(�A�b�b�a�s�i� �e�t� �a�l�,� �1�9�8�0�;� �A�r�c�h�e�r� �e�t� �a�l�,� �1�9�9�0�)�.� �I�n� �b�i�o�l�o�g�i�c�a�l� �s�y�s�t�e�m�s�,� 

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

�o�r� �e�x�c�h�a�n�g�e�a�b�l�e� �z�i�n�c� �i�n� �b�i�o�l�o�g�i�c�a�l� �s�y�s�t�e�m�s� �i�s� �t�h�o�u�g�h�t� �t�o� �b�e� �1� �n�M� �i�n� �m�o�s�t� 

�c�e�l�l�s� �a�n�d� �t�h�i�s� �c�o�n�s�t�i�t�u�t�e�s� �a�b�o�u�t� �3�-�8�%� �o�f� �t�h�e� �t�o�t�a�l� �z�i�n�c� �f�o�r� �t�h�e� �a�v�e�r�a�g�e� �c�e�l�l� 

�(�M�i�l�l�s�,� �1�9�8�8�)�.� �O�h�n�o� �s�t�a�t�e�s� �"�f�r�e�e�"� �z�i�n�c� �i�n� �e�r�y�t�h�r�o�c�y�t�e�s� �t�o� �b�e� �7�-�8�%� �o�f� �t�h�e� �t�o�t�a�l� 

�e�r�y�t�h�r�o�c�y�t�e� �z�i�n�c� �(�C�l�a�i�r� �e�t� �a�l�,� �1�9�9�5�)�.� �I�n� �c�o�n�t�r�a�s�t�,� �t�h�e� �i�n�t�r�a�c�e�l�l�u�l�a�r� 

�e�x�c�h�a�n�g�e�a�b�l�e� �e�r�y�t�h�r�o�c�y�t�e� �z�i�n�c� �p�o�o�l� �a�s� �e�x�a�m�i�n�e�d� �b�y� �°�7�n� �u�p�t�a�k�e� �a�n�d� 

�e�x�c�h�a�n�g�e� �s�t�u�d�i�e�s�,� �a�m�o�u�n�t�s� �t�o� �o�n�l�y� �2�.�6�%� �o�f� �t�h�e� �t�o�t�a�l� �z�i�n�c� �f�o�u�n�d� �i�n� �t�h�e�s�e� �c�e�l�l�s� 
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�(�V�a�n� �W�o�u�v�e�,� �1�9�9�0�)�.� �I�n� �m�o�s�t� �z�i�n�c� �d�e�f�i�c�i�e�n�t� �s�t�a�t�e�s�,� �m�o�r�e� �t�h�a�n� �t�h�e� �f�r�e�e� �p�o�o�l� 

�i�s� �d�e�p�l�e�t�e�d�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �t�h�e� �p�l�a�s�m�a� �z�i�n�c� �l�e�v�e�l�s� �i�n� �Z�n� �d�e�p�r�i�v�e�d� �p�i�g�s� �a�n�d� 

�r�a�t�s� �w�e�r�e� �r�e�d�u�c�e�d� �7�5�%� �a�n�d� �6�3�%�,� �r�e�s�p�e�c�t�i�v�e�l�y� �(�C�l�a�i�r� �e�t� �a�l�,� �1�9�9�5�)�.� �I�n� �s�e�v�e�r�e� 

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

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

�e�f�f�e�c�t�s� �o�f� �z�i�n�c� �d�e�f�i�c�i�e�n�c�y�.� �I�n� �r�a�t�s�,� �a� �r�e�d�u�c�t�i�o�n� �i�n� �f�o�o�d� �i�n�t�a�k�e� �s�e�e�n� �i�n� �t�i�m�e�s� 

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

�c�a�t�a�b�o�l�i�s�m�,� �i�n�c�r�e�a�s�e�d� �t�h�e�i�r� �c�e�l�l�u�l�a�r� �z�i�n�c� �s�u�p�p�l�y� �(�M�i�l�l�s�,� �1�9�8�8�)�.� 

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

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

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

�F�r�e�e� �z�i�n�c� �p�o�o�l�s� �i�n� �l�i�v�i�n�g� �H�e�L�a� �S�3� �c�e�l�l�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �u�s�i�n�g� �t�h�e� �z�i�n�c� 

�s�p�e�c�i�f�i�c� �f�l�u�o�r�o�p�h�o�r�e�,� �T�S�Q�,� �w�h�i�l�e� �t�o�t�a�l� �z�i�n�c� �p�o�o�l�s� �w�e�r�e� �q�u�a�n�t�i�t�a�t�e�d� �b�y� 

�i�n�d�u�c�e�d� �c�o�u�p�l�e�d� �p�l�a�s�m�a� �(�I�C�P�)� �r�e�a�c�t�i�o�n�.� �A� �c�e�l�l� �i�m�p�e�r�m�e�a�b�l�e� �z�i�n�c� �s�p�e�c�i�f�i�c� 

�c�h�e�l�a�t�o�r�,� �D�T�P�A�,� �i�n�d�u�c�e�d� �a� �z�i�n�c� �d�e�f�i�c�i�e�n�t� �s�t�a�t�e� �i�n� �H�e�L�a� �S�3� �c�e�l�l�s� �w�h�e�r�e� 

�r�e�d�u�c�t�i�o�n�s� �o�f� �6�5�%� �a�n�d� �8�3�%� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �T�S�Q� �d�e�t�e�c�t�a�b�l�e� �a�n�d� �t�o�t�a�l� 

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

�i�n� �s�t�u�d�y�i�n�g� �t�h�e� �r�o�l�e� �o�f� �z�i�n�c� �i�n� �c�e�l�l�u�l�a�r� �m�e�t�a�b�o�l�i�s�m�.� 
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�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�R�e�a�g�e�n�t�s�:� 

�Z�i�n�c� �S�p�e�c�i�f�i�c� �F�l�u�o�r�e�s�c�e�n�c�e� �A�s�s�a�y�:� 

�N�-�(�6�-�m�e�t�h�o�x�y�-�8�-�q�u�i�n�o�l�y�l�)�-�p�-�t�o�l�u�e�n�e�s�u�l�f�o�n�a�m�i�d�e� �(�T�S�Q�,� �M�o�l�e�c�u�l�a�r� 

�P�r�o�b�e�s� �E�u�g�e�n�e�,� �O�R�)� �w�a�s� �p�r�e�p�a�r�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �F�l�i�s�s� �e�t� �a�l�.� �(�F�l�i�s�s� �e�t� �a�l�,� 

�1�9�9�0�)�.� �B�r�i�e�f�l�y�,� �T�S�Q� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �e�t�h�a�n�o�l� �b�y� �h�e�a�t�i�n�g� �i�n� �a� �8�0�°�C� �w�a�t�e�r� 

�b�a�t�h� �a�n�d� �s�t�o�r�e�d� �a�t� �a� �s�t�o�c�k� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �4�5�.�7� �m�M� �(�1�.�5�%� �w�/�v�)� �a�t� �4�°�C�.� 

�I�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �u�s�e�,� �T�S�Q� �w�o�r�k�i�n�g� �s�o�l�u�t�i�o�n� �(�1�0�0� �u�M�)� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� 

�t�r�a�n�s�f�e�r�r�i�n�g� �3�3� �u�L� �o�f� �d�i�s�s�o�l�v�e�d� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �t�o� �1�5� �m�L� �o�f� �r�a�p�i�d�l�y� �s�t�i�r�r�i�n�g� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �s�a�l�i�n�e� �b�u�f�f�e�r�e�d� �w�i�t�h� �4�0� �m�M� �h�e�p�e�s� �t�o� �p�H� �7�.�3� �(�F�l�i�s�s� �e�t� �a�l�,� 

�1�9�9�0�)�.� �W�o�r�k�i�n�g� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �p�r�o�t�e�c�t�e�d� �f�r�o�m� �l�i�g�h�t� �a�n�d� �u�s�e�d� �w�i�t�h�i�n� �3�0� 

�m�i�n�u�t�e�s� �o�f� �p�r�e�p�a�r�a�t�i�o�n� �(�F�l�i�s�s� �e�t� �a�l�,� �1�9�9�0�;� �F�r�e�d�r�i�c�k�s�o�n� �e�t� �a�l�,� �1�9�8�7�,� �S�a�v�a�g�e� �e�t� 

�a�l�,� �1�9�8�9�)�.� 

�C�h�e�l�a�t�o�r�s�:� 

�D�i�e�t�h�y�l�e�n�e�t�r�i�a�m�i�n�e�p�e�n�t�a�a�c�e�t�i�c� �a�c�i�d�,� �D�T�P�A� �(�M�o�l�e�c�u�l�a�r� �P�r�o�b�e�s�)� �w�a�s� 

�d�i�s�s�o�l�v�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �H�,�O� �(�1�0�m�M�)� �(�C�h�e�s�t�e�r�s� �e�t� �a�l�,� �1�9�8�9�;� �M�c�C�a�b�e� �e�t� �a�l�,� 

�1�9�9�3�)�.� �N�N�N�,�N�,�-�t�e�t�r�a�k�i�s�-�(�2�-�p�y�r�i�d�y�l�m�e�t�h�y�l� �e�t�h�y�l�e�n�e�d�i�a�m�i�n�e� �(�T�P�E�N�)� 
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�(�M�c�C�a�b�e� �e�t� �a�l�,� �1�9�9�3�)�,� �a�n�d� �1�,�1�0�-�o�r�t�h�o�p�h�e�n�a�n�t�h�r�o�l�i�n�e� �(�C�l�a�i�r� �e�t� �a�l�,� �1�9�9�5�)� �w�e�r�e� 

�d�i�s�s�o�l�v�e�d� �i�n� �9�5�%� �e�t�h�a�n�o�l� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1�0� �m�M�.� 

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

�B�a�x�t�e�r�,� �o�r� �S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�.� 

�C�e�l�l� �C�u�l�t�u�r�e�:� 

�H�e�L�a� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n� �i�n� �D�u�b�e�c�c�o ��s� �m�o�d�i�f�i�e�d� �e�s�s�e�n�t�i�a�l� �m�e�m�d�i�u�m� 

�(�D�M�E�M�)� �h�i�g�h� �g�l�u�c�o�s�e� �s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �1�0�%� �s�u�p�p�l�e�m�e�n�t�e�d� �b�o�v�i�n�e� 

�s�e�r�u�m� �(�S�B�S�)� �(�H�y�c�l�o�n�e�)�.� �C�e�l�l� �c�u�l�t�u�r�e�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�7�°�C� �i�n� �a� 

�h�u�m�i�d�i�f�i�e�d� �5�%� �C�O�,� �a�t�m�o�s�p�h�e�r�e�.� �C�e�l�l�s� �w�e�r�e� �g�r�o�w�n�,� �u�n�t�i�l� �7�0�-�9�0� �%� 

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

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

�1�0� �m�i�n�u�t�e� �e�x�p�o�s�u�r�e� �t�o� �t�r�y�p�s�i�n�-�E�D�T�A� �a�t� �3�7�°�C�.� 

�S�p�e�c�t�r�o�f�l�u�o�r�o�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �o�f� �T�.� �S�Q�-�Z�n ��*� �f�l�u�o�r�e�s�c�e�n�c�e�:� 

�T�S�Q� �w�a�s� �a�d�d�e�d� �t�o� �c�u�v�e�t�t�e�s� �c�o�n�t�a�i�n�i�n�g� �k�n�o�w�n� �a�m�o�u�n�t�s� �o�f� �Z�n�*�*� �o�r� 

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

�P�e�r�k�i�n�-�E�l�m�e�r� �6�5�0�-�1�0�S� �f�l�u�o�r�e�s�c�e�n�c�e� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �w�i�t�h� �a�n� �e�x�c�i�t�a�t�i�o�n� 

�a�n�d� �e�m�i�s�s�i�o�n� �w�a�v�e�l�e�n�g�t�h�s� �o�f� �3�8�0� �n�m� �a�n�d� �4�9�5� �n�m�,� �r�e�s�p�e�c�t�i�v�e�l�y� �(�C�h�e�s�t�e�r�s� �e�t� 
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�a�l�,� �1�9�8�9�;� �F�l�i�s�s� �e�t� �a�l�,� �1�9�9�0�;� �H�e�n�n�i�g� �e�t� �a�l�,� �1�9�9�2�;� �S�a�v�a�g�e� �e�t� �a�l�,� �1�9�8�9�;� �Z�a�l�e�w�s�k�i� 

�e�t� �a�l�,� �1�9�9�3�)�.� 

�A�n�a�l�y�s�i�s� �o�f� �T�S�O�-�Z�n ��*� �f�l�u�o�r�e�s�c�e�n�c�e� �i�n� �c�e�l�l�s�:� 

�T�w�e�n�t�y�-�f�o�u�r� �h�o�u�r� �o�l�d� �c�e�l�l� �c�u�l�t�u�r�e�s� �w�e�r�e� �r�i�n�s�e�d� �w�i�t�h� �H�E�P�E�S�-�b�u�f�f�e�r�e�d� �s�a�l�i�n�e� 

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

�m�e�d�i�a�,� �c�o�n�s�i�s�t�i�n�g� �o�f� �e�i�t�h�e�r� �D�M�E�M� �a�n�d� �1�0�%� �S�B�S� �(�c�o�n�t�r�o�l�)� �o�r� �D�M�E�M�,� �1�0�%� 

�S�B�S�,� �a�n�d� �c�h�e�l�a�t�o�r� �(�0�.�1�-�6�0�0� �1�M�)� �(�C�h�e�s�t�e�r�s� �e�t� �a�l�,� �1�9�8�9�;� �H�e�n�n�i�g� �e�t� �a�l�,� �1�9�9�2�)�.� 

�T�h�e� �c�e�l�l�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �f�r�o�m� �1� �t�o� �7�2� �h�o�u�r�s� �i�n� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �m�e�d�i�u�m�.� 

�C�e�l�l�s� �w�e�r�e� �w�a�s�h�e�d� �t�w�i�c�e� �i�n� �1�0� �m�L� �o�f� �H�E�P�E�S�-�b�u�f�f�e�r�e�d� �s�a�l�i�n�e� �(�p�H� �7�.�3�)� 

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

�s�i�d�e� �d�o�w�n� �i�n� �2�0�0� �u�L� �o�f� �1�0�0� �u�M� �T�S�Q� �s�o�l�u�t�i�o�n� �f�o�r� �9�0� �s�e�c�o�n�d�s� �t�o� �a�l�l�o�w� �t�h�e� 

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

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

�f�l�u�o�r�e�s�c�e�n�c�e� �w�a�s� �v�i�s�u�a�l�i�z�e�d� �w�i�t�h� �a� �Z�e�i�s�s� �I�M� �3�5� �i�n�v�e�r�t�e�d� �m�i�c�r�o�s�c�o�p�e� 

�e�q�u�i�p�p�e�d� �w�i�t�h� �a� �G�-�3�6�5� �e�x�c�i�t�a�t�i�o�n� �f�i�l�t�e�r�,� �3�9�5� �d�i�c�h�t�o�i�c� �m�i�r�r�o�r�,� �a�n�d� �a� �L�P�-�4�2�0� 

�e�m�i�s�s�i�o�n� �f�i�l�t�e�r�.� �I�m�a�g�e�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �a� �D�a�g�e�-�M�T�1� �S�I�T� �6�6� �v�i�d�e�o� �c�a�m�e�r�a� 

�w�e�r�e� �d�i�g�i�t�i�z�e�d� �w�i�t�h� �a� �L�G�-�3� �s�c�i�o�n� �f�r�a�m�e�g�r�a�b�b�e�r�.� �A�n�a�l�y�s�i�s� �w�a�s� �w�i�t�h� �t�h�e� �N�I�H� 

�I�m�a�g�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �f�o�r� �M�a�c�i�n�t�o�s�h�.� �C�o�n�t�r�o�l� �c�e�l�l�s� �(�n�o� �T�S�Q�)� �w�e�r�e� �a�l�s�o� 
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�e�x�a�m�i�n�e�d�.� �A�n�y� �f�l�u�o�r�e�s�c�e�n�c�e� �d�u�e� �t�o� �t�h�e� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �o�r� �n�a�t�u�r�a�l� 

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

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

�f�o�r� �c�e�l�l�s� �g�r�o�w�n� �i�n� �D�M�E�M� �p�l�u�s� �1�0� �%� �S�B�S� �s�e�t� �t�o� �1�0�0�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�o�t�a�l� �z�i�n�c�:� 

�F�o�r� �i�n�d�u�c�e�d� �c�o�u�p�l�e�d� �p�l�a�s�m�a� �r�e�a�c�t�i�o�n� �(�I�C�P�)� �a�n�a�l�y�s�i�s�,� �H�e�L�a� �c�e�l�l�s� �w�e�r�e� 

�a�s�h�e�d� �b�y� �h�e�a�t�i�n�g� �t�o� �d�r�y�n�e�s�s� �a�t� �2�0�0�°�C� �i�n� �a� �s�a�n�d� �b�a�t�h� �w�i�t�h� �a�l�t�e�r�n�a�t�i�n�g� �d�o�s�e�s� 

�(�3� �t�i�m�e�s� �e�a�c�h�)� �o�f� �c�o�n�c�e�n�t�r�a�t�e�d� �n�i�t�r�i�c� �a�c�i�d� �a�n�d� �1�0�0�%� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� 

�R�e�s�i�d�u�e� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �i�o�n�-�f�r�e�e� �w�a�t�e�r� �a�n�d� �I�C�P� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �a�t� 

�t�h�e� �S�o�i�l� �T�e�s�t�i�n�g� �L�a�b�o�r�a�t�o�r�y�,� �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� �a�n�d� �S�t�a�t�e� 

�U�n�i�v�e�r�s�i�t�y�.� 

�R�E�S�U�L�T�S� 

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

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

�p�h�y�s�i�o�l�o�g�i�c�a�l� �p�H� �b�u�t� �i�n�c�r�e�a�s�e�s� �i�n� �a�l�k�a�l�i�n�e� �s�o�l�u�t�i�o�n�s� �(�F�l�i�s�s� �e�t� �a�l�,� �1�9�9�0�)�.� 

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

�1�0�.�2� �(�F�r�e�d�r�i�c�k�s�o�n� �e�t� �a�l�,� �1�9�8�7�;� �S�a�v�a�g�e� �e�t� �a�l�,� �1�9�8�9�)�.� �T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 
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�r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �p�r�o�b�e� �a�t� �p�h�y�s�i�o�l�o�g�i�c�a�l� �p�H�,� �t�h�e� �f�l�u�o�r�e�s�c�e�n�t� �p�r�o�p�e�r�t�i�e�s� �o�f� 

�T�S�Q� �w�e�r�e� �e�x�a�m�i�n�e�d� �a�t� �p�H� �7�.�3�.� 

�T�o� �c�o�m�p�a�r�e� �t�h�e� �f�l�u�o�r�e�s�c�e�n�t� �p�r�o�p�e�r�t�i�e�s� �o�f� �T�S�Q� �a�t� �p�H� �7�.�3� �a�n�d� �1�0�.�2�,� �t�h�e� 

�f�l�u�o�r�e�s�c�e�n�c�e� �r�e�s�p�o�n�s�e� �o�f� �T�S�Q� �(�1�0�0� �u�M�)� �s�u�s�p�e�n�s�i�o�n� �a�t� �p�H� �7�.�3� �t�o� �i�n�c�r�e�a�s�i�n�g� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �z�i�n�c� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �d�i�s�s�o�l�v�e�d� �p�r�o�b�e� �a�t� �p�H� �1�0�.�2� �w�e�r�e� 

�e�x�a�m�i�n�e�d� �(�f�i�g� �2�-�1�)�.� �A�t� �p�H� �7�.�3�,� �f�l�u�o�r�e�s�c�e�n�c�e� �i�n�c�r�e�a�s�e�d� �i�n� �a� �c�u�r�v�i�l�i�n�e�a�r� 

�f�a�s�h�i�o�n� �a�n�d� �s�a�t�u�r�a�t�e�d� �a�t� �a� �z�i�n�c� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1�0� �u�M�.� �I�n� �c�o�n�t�r�a�s�t�,� 

�d�i�s�s�o�l�v�e�d� �T�S�Q� �f�l�u�o�r�e�s�c�e�n�c�e� �a�t� �p�H� �1�0�.�2� �i�n�c�r�e�a�s�e�d� �l�i�n�e�a�r�l�y� �t�h�r�o�u�g�h� �2�5� �u�M� 

�z�i�n�c�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �(�F�l�i�s�s� �e�t� �a�l�,� �1�9�9�0�;� 

�F�r�e�d�r�i�c�k�s�o�n� �e�t� �a�l�,� �1�9�8�7�;� �S�a�v�a�g�e� �e�t� �a�l�,� �1�9�8�9�)�.� �T�h�e� �r�a�t�e� �o�f� �f�l�u�o�r�e�s�c�e�n�c�e� 

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

�r�a�n�g�e� �o�f� �0�-�1�0� �u�M� �Z�n ��.� �T�h�u�s� �s�h�o�w�i�n�g� �t�h�a�t� �T�S�Q� �a�t� �p�h�y�s�i�o�l�o�g�i�c�a�l� �p�H� �c�a�n� 

�r�e�s�p�o�n�d� �i�n� �a� �q�u�a�n�t�i�t�a�t�i�v�e� �m�a�n�n�e�r� �i�n� �r�e�s�p�o�n�s�e� �t�o� �i�n�c�r�e�a�s�e�s� �i�n� �Z�n �� 

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

�c�a�t�i�o�n�s� �w�a�s� �e�x�a�m�i�n�e�d�.� �T�S�Q� �d�i�d� �n�o�t� �f�l�u�o�r�e�s�c�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �5� �m�M� 

�C�a ��,� �C�u ��,� �F�e!" ��,� �M�g�"�,� �o�r� �M�n�*�"�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �v�a�s�t�l�y� �h�i�g�h�e�r� �t�h�a�n� 

�p�h�y�s�i�o�l�o�g�i�c� �(�t�a�b�l�e� �2�-�1�)�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �c�a�t�i�o�n�s� �d�i�d� �s�h�o�w� �a�p�p�a�r�e�n�t� �w�e�a�k� 

�a�f�f�i�n�i�t�y� �f�o�r� �T�S�Q� �b�y� �q�u�e�n�c�h�i�n�g� �t�h�e� �f�l�u�o�r�e�s�c�e�n�c�e� �o�f� �T�S�Q�-�Z�n�*�*� �(�T�a�b�l�e� �2�-�1�)�.� 
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�0� �5� �1�0� �1�5� �2�0� �2�5� 
�C�o�n�c�e�n�t�r�a�t�i�o�n� �Z�n� �(�u�M�)� 

�F�i�g�u�r�e� �2�-�1� �T�S�Q�-�Z�n�*�*� �S�t�a�n�d�a�r�d� �C�u�r�v�e� 

�T�S�Q� �(�1�0�0� �u�M�)� �w�a�s� �e�x�p�o�s�e�d� �t�o� �i�n�c�r�e�a�s�i�n�g� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �z�i�n�c� �a�t� �p�H� �7�.�3� �a�n�d� �1�0�.�2�.� �T�h�e� 

�f�l�u�o�r�e�s�c�e�n�c�e� �i�n�t�e�n�s�i�t�i�e�s� �a�r�e� �e�x�p�r�e�s�s�e�d� �a�s� �r�e�l�a�t�i�v�e� �f�l�u�o�r�e�s�c�e�n�c�e� �w�h�e�r�e� �T�S�Q� �+� �2�5� �u�M� �z�i�n�c� 

�(�p�H� �1�0�.�2�)� �i�s� �1�0�0�.� 
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�T�a�b�l�e� �2�-�1� �T�S�Q� �F�l�u�o�r�e�s�c�e�n�c�e� �w�i�t�h� �D�i�v�a�i�l�e�n�t� �C�a�t�i�o�n�s� 

� � 

� � 

�C�a�t�i�o�n� �R�e�l�a�t�i�v�e� 

�F�l�u�o�r�e�s�c�e�n�c�e� 

�Z�n�~� �(�1�0� �u�M�)� �1�0�0� �+�0�.�5� 
�Z�n �� �(�1�0� �u�M�)�+� �C�u �� �(�2�0� �p�M�)� �7�5�.�2� �+� �0�.�3�5� 
�Z�n ��~� �(�1�0� �u�M�)� �+� �F�e �� �(�5�0� �1�M�)� �8�2�.�7�+� �0�.�4�2� 
�Z�n �� �(�1�0� �p�M�)� �+� �M�n�~� �(�2�5�0� �u�M�)� �7�7� �+�0�.�6�4� 
�C�a �� �(�5� �m�M�)� �<�]� 
�C�u �� �(�5� �m�M�)� �<�]� 
�F�e �� �(�5� �m�M�)� �<�1� 
�M�n �� �(�5� �m�M�)� �<�]� 
�M�e �� �(�5� �m�M�)� �<�]� 

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

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

�f�l�u�o�r�e�s�c�e�n�c�e� �o�c�c�u�r�.� �H�o�w�e�v�e�r�.� �t�h�e� �a�b�i�l�i�t�y� �o�f� �c�e�r�t�a�i�n� �c�a�t�i�o�n�s� �t�o� �q�u�e�n�c�h� �T�S�Q�-�z�i�n�c� 

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

�w�a�s� �1�0�0� �u�M�.� �T�h�e� �d�a�t�a� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�v�e�r�a�g�e� �a�n�d� �t�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� �o�f� �5� 

�i�n�d�e�p�e�n�d�e�n�t� �e�x�p�e�r�i�m�e�n�t�s�.� 
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�A�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�v�e�r� �1�,�0�0�0�-�f�o�l�d� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�o�t�a�l� �c�e�l�l�u�l�a�r� �l�e�v�e�l�s� �o�f� 

�c�o�p�p�e�r�,� �i�r�o�n�,� �a�n�d� �m�a�n�g�a�n�e�s�e� �i�n� �h�u�m�a�n� �t�i�s�s�u�e�s� �(�K�u�t�s�k�y�,� �1�9�8�1�;� �M�e�r�t�z�,� �1�9�8�6�,� 

�W�i�l�l�i�a�m�s�,� �1�9�8�4�)�,� �a�n� �~�2�0�%� �d�e�c�r�e�a�s�e� �i�n� �T�S�Q�-�Z�n�7!"�*� �f�l�u�o�r�e�s�c�e�n�c�e� �w�a�s� �s�e�e�n�.� 

�T�h�u�s�,� �t�h�e� �f�l�u�o�r�e�s�c�e�n�c�e� �o�f� �T�S�Q� �i�s� �s�p�e�c�i�f�i�c� �f�o�r� �z�i�n�c� �a�n�d� �o�t�h�e�r� �d�i�v�a�l�e�n�t� �c�a�t�i�o�n�s� 

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

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

�F�l�i�s�s� �(�F�l�i�s�s� �e�t� �a�l�,� �1�9�9�0�)�.� �T�h�e� �T�S�Q� �p�r�o�b�e� �a�t� �t�h�e� �f�r�e�e� �d�i�v�a�l�e�n�t� �c�a�t�i�o�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �c�e�l�l� �(�1�0�°�-� �1�0�°�'�°� �M�)�,� �s�h�o�u�l�d� �g�i�v�e� �a� �z�i�n�c� �s�p�e�c�i�f�i�c� �l�i�n�e�a�r� 

�f�l�u�o�r�e�s�c�e�n�c�e� �r�e�s�p�o�n�s�e�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �v�a�r�i�o�u�s� �z�i�n�c� �s�p�e�c�i�f�i�c� �c�h�e�l�a�t�o�r�s� �o�n� �T�S�Q�-�Z�n�7�*� 

�f�l�u�o�r�e�s�c�e�n�c�e� �w�a�s� �e�x�a�m�i�n�e�d�.� �T�h�r�e�e� �c�h�e�l�a�t�o�r�s�,� �t�w�o� �c�e�l�l� �p�e�r�m�e�a�b�l�e� �(�N�N�N�,�N�,�-� 

�t�e�t�r�a�k�i�s�-�(�2�-�p�y�r�i�d�y�l�m�e�t�h�y�l�)�e�t�h�y�l�e�n�e�d�i�a�m�i�n�e� �(�T�P�E�N�,� �(�M�c�C�a�b�e� �e�t� �a�l�,� �1�9�9�3�)�,� 

�a�n�d� �1�,�1�0�-�o�r�t�h�o�p�h�e�n�a�n�t�h�r�o�l�i�n�e� �(�C�l�a�i�r� �e�t� �a�l�,� �1�9�9�5�)�)� �a�n�d� �o�n�e� �i�m�p�e�r�m�e�a�b�l�e� 

�(�D�T�P�A�,� �(�C�h�e�s�t�e�r�s� �e�t� �a�l�,� �1�9�8�9�;� �C�l�a�i�r� �e�t� �a�l�,� �1�9�9�5�,� �F�l�i�s�s� �e�t� �a�l�,� �1�9�9�0�;� 

�F�r�e�d�r�i�c�k�s�o�n� �e�t� �a�l�,� �1�9�8�7�;� �H�e�n�n�i�g� �e�t� �a�l�,� �1�9�9�2�;� �S�a�v�a�g�e� �e�t� �a�l�,� �1�9�8�9�,� �Z�a�l�e�w�s�k�i� �e�t� 

�a�l�,� �1�9�9�3�)� �w�e�r�e� �e�x�a�m�i�n�e�d� �a�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�0� �u�M�.� �A�l�l� �t�h�r�e�e� �c�h�e�l�a�t�o�r�s� 

�e�q�u�a�l�l�y� �r�e�d�u�c�e�d� �T�S�Q�-�Z�n�7�"� �f�l�u�o�r�e�s�c�e�n�c�e� �(�f�i�g�u�r�e� �2�-�2�)�.� �A�f�t�e�r� �1�0� �m�i�n�u�t�e�s� 

�e�x�p�o�s�u�r�e� �t�i�m�e�,� �a�l�l� �c�h�e�l�a�t�o�r�s� �h�a�d� �d�i�m�i�n�i�s�h�e�d� �f�l�u�o�r�e�s�c�e�n�c�e� �b�y� �5�0�%�.� �T�h�i�s� 
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�-�S�-� �D�T�P�A� 

 ��=�- �� �T�P�E�N� 

�-�-�%�-�-� �4�,�1�0� �p�h�e�n� 

�F�i�g�u�r�e� �2�-�2� �E�f�f�e�c�t� �o�f� �C�h�e�l�a�t�o�r�s� �o�n� �T�S�Q�-�Z�n �� �F�l�u�o�r�e�s�c�e�n�c�e� 

�T�S�Q� �(�1�0�0�M�)� �a�d�d�e�d� �t�o� �1�0� �u�M� �z�i�n�c�.� �A�f�t�e�r� �1� �m�i�n�u�t�e� �1�0� �u�M� �o�f� �c�h�e�l�a�t�o�r� �w�a�s� �a�d�d�e�d� �a�n�d� 

�f�l�u�o�r�e�s�c�e�n�c�e� �w�a�s� �m�o�n�i�t�o�r�e�d� �f�o�r� �3�0� �m�i�n�u�t�e�s�.� �A�l�l� �t�h�r�e�e� �c�h�e�l�a�t�o�r�s� �t�e�s�t�e�d� �w�e�r�e� �a�b�l�e� �t�o� 

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

�f�l�u�r�o�e�s�c�e�n�c�e� �o�f� �T�S�Q�-�Z�n�* �� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �c�h�e�l�a�t�o�r�.� 
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�r�e�d�u�c�t�i�o�n� �w�a�s� �p�r�o�g�r�e�s�s�i�v�e� �a�n�d� �a�f�t�e�r� �a� �3�0� �m�i�n�u�t�e� �i�n�c�u�b�a�t�i�o�n� �f�l�u�o�r�e�s�c�e�n�c�e� 

�w�a�s� �3�5�%� �o�f� �t�h�e� �T�S�Q�-�Z�n!"�*� �a�l�o�n�e�.� 

�E�f�f�e�c�t� �o�f� �C�h�e�l�a�t�o�r�s� �o�n� �E�x�c�h�a�n�g�e�a�b�l�e� �a�n�d� �T�o�t�a�l� �Z�n ��*� �p�o�o�l�s� �i�n� �H�e�L�a� �c�e�l�l�s� 

�T�h�e� �e�f�f�e�c�t� �o�f� �c�a�n�a�d�i�t�e� �Z�n ��*� �c�h�e�l�a�t�o�r�s� �a�n�d� �T�S�Q� �o�n� �H�e�L�a� �c�e�l�l� �v�i�a�b�i�l�i�t�y� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d�.� �T�h�r�e�e� �z�i�n�c� �c�h�e�l�a�t�o�r�s� �a�n�d� �T�S�Q� �w�e�r�e� �a�d�d�e�d� �t�o� �H�e�L�a� �c�e�l�l�s� �a�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1�0�-�6�0�0� �u�M� �a�n�d� �v�i�a�b�i�l�i�t�y� �(�d�y�e� �e�x�c�l�u�s�i�o�n�)� �w�a�s� �m�o�n�i�t�o�r�e�d� 

�o�v�e�r� �7�2� �h�o�u�r�s�.� �T�S�Q� �i�t�s�e�l�f� �a�t� �1�0�0� �u�M� �w�a�s� �f�o�u�n�d� �n�o�t� �t�o� �e�f�f�e�c�t� �v�i�a�b�i�l�i�t�y� 

�(�p�e�r�c�e�n�t� �v�i�a�b�l�e�:� �9�8�%�)�.� �D�T�P�A� �a�t� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�6�0�0� �i�M�)� �d�i�d� �h�a�v�e� �a� 

�s�l�i�g�h�t� �e�f�f�e�c�t�,� �r�e�d�u�c�i�n�g� �v�i�a�b�i�l�i�t�y� �b�y� �2�5�%� �a�f�t�e�r� �1�2� �h�o�u�r�s� �e�x�p�o�s�u�r�e�.� �A�t� �1�0� �u�M� 

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

�c�h�e�l�a�t�o�r�s� �d�r�a�s�t�i�c�a�l�l�y� �e�f�f�e�c�t�e�d� �v�i�a�b�i�l�i�t�y� �a�t� �1�0� �u�M� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�4�9�%� �v�i�a�b�l�e�)� 

�a�f�t�e�r� �o�n�l�y� �4� �h�o�u�r�s� �i�n�c�u�b�a�t�i�o�n�.� �B�y� �1�2� �h�o�u�r�s� �a�l�l� �c�e�l�l�s� �w�e�r�e� �d�e�a�d�.� �D�T�P�A� �w�a�s� 

�u�s�e�d� �a�s� �t�h�e� �z�i�n�c� �c�h�e�l�a�t�o�r� �i�n� �a�l�l� �s�u�b�s�e�q�u�e�n�t� �e�x�p�e�r�i�m�e�n�t�s�.� 

�T�o� �t�e�s�t� �i�f� �e�x�c�h�a�n�g�e�a�b�l�e� �z�i�n�c� �c�o�u�l�d� �b�e� �r�e�a�d�i�l�y� �r�e�m�o�v�e�d� �f�r�o�m� �H�e�L�a� 

�c�e�l�l�s�,� �c�u�l�t�u�r�e�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �D�T�P�A�.� �A�f�t�e�r� �2� �h�o�u�r�s� �i�n�c�u�b�a�t�i�o�n� �w�i�t�h� �1�0� �u�M� 

�D�T�P�A�,� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �c�e�l�l�s� �e�x�h�i�b�i�t�e�d� �d�e�c�r�e�a�s�e�d� �T�S�Q�-�Z�n � �� �f�l�u�o�r�e�s�c�e�n�c�e�.� 

�A�f�t�e�r� �2�4� �h�o�u�r� �i�n�c�u�b�a�t�i�o�n� �c�e�l�l�s� �w�e�r�e� �u�n�i�f�o�r�m�l�y� �l�o�w� �i�n� �T�S�Q�-�Z�n!"� 

�f�l�u�o�r�e�s�c�e�n�c�e� �(�F�i�g�u�r�e� �2�-�3�,� �2�-�4�)�.� �Q�u�a�n�t�i�t�a�t�i�v�e�l�y�,� �T�S�Q� �f�l�u�o�r�e�s�c�e�n�c�e� �d�r�o�p�p�e�d� 
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�F�i�g�u�r�e� �2�-�3� �T�S�Q�-�Z�n!"�*� �F�l�u�o�r�e�s�c�e�n�c�e� �i�n� �H�e�L�a� �C�e�l�l�s� 

�H�e�L�a� �c�e�l�l�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �T�S�Q� �(�1�0�0� �1�M�)� �a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �i�n� �t�h�e� �a�b�s�e�n�c�e� �(�A�,� �B�)� �o�r� 

�p�r�e�s�e�n�c�e� �(�C�,� �D�)� �o�f� �D�T�P�A� �(�1�0�M�)�.� �T�h�e� �b�a�c�k�g�o�u�n�d� �f�l�u�o�r�e�s�c�e�n�c�e� �o�f� �t�h�e� �c�e�l�l�s� �(�n�o� �T�S�Q�)� �i�s� 

�s�h�o�w�n� �(�A�)�.� �T�S�Q� �f�l�u�o�r�e�s�c�e�n�c�e� �i�s� �t�h�e� �a�b�s�e�n�c�e� �o�f� �c�h�e�l�a�t�o�r� �i�s� �d�e�p�i�c�t�e�d� �(�B�)�.� �A�f�t�e�r� �4� �h�o�u�r�s� 

�(�C�)� �i�n�c�u�b�a�t�i�o�n� �w�i�t�h� �D�T�P�A�,� �c�e�l�l�s� �b�e�g�i�n� �t�o� �e�x�h�i�b�i�t� �d�e�c�r�e�a�s�e�d� �f�l�o�u�r�e�s�c�e�n�c�e�.� �A�f�t�e�r� �2�4� �h�o�u�r�s� 

�(�D�)�,� �t�h�e� �c�e�l�l�s� �a�r�e� �u�n�i�f�o�r�m�l�y� �l�o�w� �i�n� �f�l�u�o�r�e�c�e�n�c�e�.� 
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�F�i�g�u�r�e� �2�-�4� �E�f�f�e�c�t� �o�f� �D�I�P�A� �o�n� �T�S�Q�-�Z�n �� 

�I�n�c�u�b�a�t�i�o�n� �T�i�m�e�s� 

�O� �h�o�u�r�s� 
�2� �h�o�u�r�s� 

�2�4� �h�o�u�r�s� 

�F�l�u�o�r�e�s�c�e�n�c�e� �a�t� �V�a�r�i�o�u�s� 

�H�e�L�a� �c�e�l�l�s� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �1�0� �1�M� �D�T�P�A� �f�o�r� �v�a�r�i�o�u�s� �t�i�m�e�s�.� �H�i�s�t�o�g�r�a�p�h� �d�e�p�i�c�t�s� �t�h�e� 

�T�S�Q� �(�1�0�0�u�M�)� �f�l�u�o�r�e�s�c�e�n�c�e� �i�n�t�e�n�s�i�t�i�e�s� �a�t� �0�,� �2�,� �a�n�d� �2�4� �h�o�u�r�s� �a�f�t�e�r� �a�d�d�i�t�i�o�n� �o�f� �D�T�P�A�.� 

�F�l�u�o�r�e�s�c�e�n�c�e� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �g�r�e�y�l�e�v�e�l� �(�r�a�n�g�e� �0�-�2�5�5�)�.� �T�h�e� �m�e�a�n�s� �a�n�d� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� 

�s�h�o�w�n�,� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�v�e�r�a�g�e�s� �f�o�r� �e�a�c�h� �g�r�o�u�p� �o�f� �6�0� �c�e�l�l�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �e�a�c�h� �s�e�c�t�i�o�n� �o�f� �t�h�e� 

�h�i�s�t�o�g�r�a�p�h�.� 
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�b�y� �a�p�p�r�o�x�i�m�a�t�l�y� �4�0�%� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �2� �h�o�u�r�s� �i�n�c�u�b�a�t�i�o�n� �w�i�t�h� �D�T�P�A� �a�n�d� 

�f�e�l�l� �f�u�r�t�h�e�r� �o�v�e�r� �t�i�m�e� �u�n�t�i�l� �a�f�t�e�r� �2�4� �h�o�u�r�s�,� �f�l�u�o�r�e�s�c�e�n�c�e� �h�a�d� �d�r�o�p�p�e�d� �b�y� �6�0�%� 

�(�F�i�g�u�r�e� �2�-�5�)�.� �I�n� �o�r�d�e�r� �t�o� �q�u�a�n�t�i�f�y� �t�h�e� �c�h�a�n�g�e� �i�n� �z�i�n�c�,� �t�o�t�a�l� �z�i�n�c� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �t�h�r�o�u�g�h� �I�C�P� �a�n�a�l�y�s�i�s� �f�o�r� �c�u�l�t�u�r�e�s� �g�r�o�w�n� �f�o�r� �4� �a�n�d� �2�4� �h�o�u�r�s� �i�n� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �v�a�r�i�o�u�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �D�T�P�A� �(�F�i�g�u�r�e� �2�-�6�)�.� �T�h�e� �n�o�r�m�a�l� 

�z�i�n�c� �l�e�v�e�l�s� �f�o�r� �H�e�L�a� �c�e�l�l�s� �w�a�s� �3�2�.�0�2� �p�m�o�l� �+�1�3�.�3�.�.� �A�t� �1�0� �u�M� �D�T�P�A�,� �t�o�t�a�l� 

�z�i�n�c� �l�e�v�e�l�s� �w�e�r�e� �1�4�.�2�6� �p�m�o�l� �+� �2�.�3�7�5� �(�4�h�r�s�)� �a�n�d� �4�.�2�6�5� �p�m�o�l� �+� �0�.�9� �(�2�4� �h�r�s�)�.� 

�B�a�s�e�d� �u�p�o�n� �t�h�e� �D�P�T�A� �d�o�s�e�-�r�e�s�p�o�n�s�e� �c�u�r�v�e�s� �l�i�t�t�l�e� �f�u�r�t�h�e�r� �r�e�d�u�c�t�i�o�n� �i�n� �z�i�n�c� 

�l�e�v�e�l�s� �i�s� �e�x�p�e�c�t�e�d� �w�i�t�h� �h�i�g�h�e�r� �D�T�P�A� �l�e�v�e�l�s�.� �C�h�a�n�g�e�s� �i�n� �e�x�c�h�a�n�g�e�a�b�l�e� �a�n�d� 

�t�o�t�a�l� �z�i�b�c� �i�n� �H�e�L�a� �c�e�l�l�s� �s�h�o�w�e�d� �a� �s�i�m�i�l�a�r� �d�o�s�e�-�r�e�s�p�o�n�s�e� �t�o� �D�T�P�A� �(�f�i�g�u�r�e� �2�-� 

�8�)�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �b�o�t�h� �t�o�t�a�l� �a�n�d� �e�x�c�h�a�n�g�a�b�l�e� �(�T�S�Q�-�Z�n�*�*� �f�l�u�o�r�e�s�c�e�n�c�e�)� 

�z�i�n�c� �l�e�v�e�l�s� �i�s� �~�6�0�%� �e�v�e�n� �a�f�t�e�r� �a� �f�e�w� �h�o�u�r�s� �i�n�c�u�b�a�t�i�o�n� �w�i�t�h� �D�T�P�A�.� 

�C�O�N�C�L�U�S�I�O�N�S� 

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

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

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

�p�o�s�s�i�b�l�e� �t�o� �r�e�d�u�c�e� �t�h�e� �a�b�s�o�l�u�t�e� �a�m�o�u�n�t� �o�f� �z�i�n�c� �(�I�C�P�)� �i�n� �H�e�L�a� �c�e�l�l�s� �b�y� �8�3�%�,� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �T�S�Q�-�Z�n�*�"� �f�l�u�o�r�e�s�c�e�n�c�e� �r�e�d�u�c�t�i�o�n� �o�f� �6�5�%�.� 
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�F�i�g�u�r�e� �2�-�5� �A�v�e�r�a�g�e� �T�S�Q�-�Z�n�*�*� �F�l�u�o�r�e�s�c�e�n�c�e� �i�n� �H�e�L�a� �C�e�l�l�s� �A�f�t�e�r� 

�E�x�p�o�s�u�r�e� �t�o� �D�I�P�A� 

�H�e�L�a� �c�e�l�l�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �D�T�P�A� �(�1�0� �u�M�)� �u�p� �t�o� �2�4� �h�o�u�r�s�.� �A�f�t�e�r� �d�e�s�i�r�e�d� �i�n�c�u�b�a�t�i�o�n�,� 

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

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

�a�v�e�r�a�g�e� �o�f� �6�0� �i�n�d�i�v�i�d�u�a�l� �c�e�l�l�s�.� 
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�C�o�n�c�e�n�t�r�a�t�i�o�n� �D�T�P�A� �(�u�M�)� 

�F�i�g�u�r�e� �2�-�6� �T�o�t�a�l� �Z�i�n�c� �A�f�t�e�r� �D�I�P�A� �I�n�c�u�b�a�t�i�o�n� 

�T�o�t�a�l� �z�i�n�c� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �I�C�P�.� �C�e�l�l�s� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �D�T�P�A� �f�o�r� �4� �(�A�)� �o�r� �2�4� �(�B�)� 

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

�d�e�v�i�a�t�i�o�n�s�.� �E�a�c�h� �p�o�i�n�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�e�a�n� �o�f� �5� �i�n�d�e�p�e�n�d�e�n�t� �e�x�p�e�r�i�m�e�n�t�s�.� 
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�C�o�n�c�e�n�t�r�a�t�i�o�n� �D�T�P�A� �(�u�M�)� 

�F�i�g�u�r�e� �2�-�7� �C�e�l�l�u�l�a�r� �T�S�Q�-�Z�n ��*� �F�l�u�o�r�e�s�c�e�n�c�e� 

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

�C�e�l�l�s� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �v�a�r�i�o�u�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �D�T�P�A� �f�o�r� �4� �(�A�)� �o�r� �2�4� �(�B�)� �h�o�u�r�s� �p�r�i�o�r� �t�o� 

�T�S�Q� �e�x�p�o�s�u�r�e�.� �E�a�c�h� �p�o�i�n�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�e�a�n� �o�f� �6�0� �i�n�d�i�v�i�d�u�a�l� �c�e�l�l�s� �a�l�o�n�g� �w�i�t�h� �t�h�e� 

�s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s�.� 
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�R�e�l�a�t�i�v�e� �F�l�u�o�r�e�s�c�e�n�c�e� 

�F�i�g�u�r�e� �2�-�8� �T�S�Q�-�Z�n ��*� �F�l�u�o�r�e�s�c�e�n�c�e� �v�s� �I�C�P� 

�A� �f�a�v�o�r�a�b�l�e� �c�o�o�r�o�l�a�t�i�o�n� �b�e�t�w�e�e�n� �T�S�Q� �f�l�u�o�r�e�s�c�e�n�c�e� �a�n�d� �I�C�P� �s�h�o�w�s� �t�h�a�t� �b�o�t�h� �a�r�e� �c�a�p�a�b�l�e� 

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

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

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

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

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

�f�l�u�x� �c�r�e�a�t�e�d� �b�y� �t�h�e� �c�h�e�l�a�t�o�r�.� 

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

�c�u�l�t�u�r�e�s� �a�l�l�o�w�s� �f�o�r� �a�n� �a�v�e�n�u�e� �t�o� �e�x�p�l�o�r�e� �z�i�n�c� �d�e�p�e�n�d�e�n�t� �p�r�o�c�e�s�s�e�s�.� �Z�i�n�c� 

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

�s�p�i�t�e� �o�f� �t�h�e� �l�a�r�g�e� �m�a�j�o�r�i�t�y� �o�f� �z�i�n�c� �m�e�t�a�l�l�o�e�n�z�y�m�e�s� �w�h�i�c�h� �h�a�v�e� �a� �v�e�r�y� �s�m�a�l�l� 

�d�i�s�s�o�c�i�a�t�i�o�n� �c�o�n�s�t�a�n�t� �(�K�y�<�1�0�-�1�°� �M�)�,� �t�h�e�r�e� �i�s� �n�o� �c�l�e�a�r� �e�v�i�d�e�n�c�e� �t�h�a�t� �t�h�e� 

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

�f�u�n�c�t�i�o�n� �d�u�r�i�n�g� �n�u�t�r�i�t�i�o�n�a�l� �d�e�p�r�i�v�a�t�i�o�n� �o�f� �z�i�n�c� �(�K�a�r�i�n� �e�t� �a�l�,� �1�9�7�9�,� �1�9�8�1�;� �K�i�m� 

�a�n�d� �W�y�c�k�o�f�f�,� �1�9�8�9�,� �K�i�m�b�a�l�l� �e�t� �a�l�,� �1�9�9�5�)�.� �T�w�o� �h�y�p�o�t�h�e�s�e�s� �f�o�r� �t�h�e� 

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

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

�p�l�a�s�m�a� �m�e�m�b�r�a�n�e� �(�O ��D�e�l�l� �e�t� �a�l� �1�9�8�7�)�.� �Z�i�n�c� �i�s� �a�n� �e�s�s�e�n�t�i�a�l� �c�o�m�p�o�n�e�n�t� �o�f� 

�b�i�o�m�e�m�b�r�a�n�e�s� �a�n�d� �i�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �m�e�m�b�r�a�n�e� �s�t�r�u�c�t�u�r�e� �a�n�d� 
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�f�u�n�c�t�i�o�n� �(�B�e�t�t�g�e�r� �a�n�d� �T�a�y�l�o�r�,� �1�9�8�6�)�.� �D�a�t�a� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �h�i�g�h� �e�x�t�r�a�c�e�l�l�u�l�a�r� 

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

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

�c�h�a�n�g�e�s� �i�n� �t�h�e� �i�n�t�e�g�r�i�t�y� �o�f� �t�h�e� �c�e�l�l� �p�l�a�s�m�a� �m�e�m�b�r�a�n�e� �(�B�e�t�t�g�e�r� �a�n�d� �O ��D�e�l�l�,� 

�1�9�8�1�)�.� �T�h�i�s� �h�y�p�o�t�h�e�s�i�s� �i�s� �d�r�a�w�n� �f�r�o�m� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �i�n�c�r�e�a�s�e�d� �o�s�m�o�t�i�c� 

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

�r�a�t�s�,� �(�B�e�t�t�g�e�r� �a�n�d� �O ��D�e�l�l�,� �1�9�8�1�;� �B�e�t�t�g�e�r� �a�n�d� �T�a�y�l�o�r�,� �1�9�8�6�;� �O ��D�e�l�l� �e�t� �a�l�,� 

�1�9�8�7�)�.� 

�A�n�o�t�h�e�r� �h�y�p�o�t�h�e�s�i�s� �i�s� �t�h�a�t� �z�i�n�c ��s� �c�r�i�t�i�c�a�l� �r�o�l�e� �i�s� �i�n�v�o�l�v�e�d� �i�n� �g�e�n�e� 

�e�x�p�r�e�s�s�i�o�n�.� �T�h�e� �d�i�s�c�o�v�e�r�y� �o�f� �t�h�e� �z�i�n�c� �f�i�n�g�e�r� �b�y� �K�l�u�g� �i�n� �1�9�8�5� �a�s� �a� �D�N�A� 

�b�i�n�d�i�n�g� �m�o�t�i�f� �i�n� �a� �t�r�a�n�s�c�r�i�p�t�i�o�n� �f�a�c�t�o�r� �p�r�o�t�e�i�n� �(�T�F�I�I�I�A�)� �p�r�o�v�i�d�e�d� �a� 

�m�o�l�e�c�u�l�a�r� �r�o�l�e� �f�o�r� �z�i�n�c� �i�n� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �(�M�i�l�l�e�r� �e�t� �a�l�,� �1�9�8�5�)�.� �S�i�n�c�e� �1�9�8�5�,� 

�m�o�r�e� �t�h�a�n� �5�0�0� �p�r�o�t�e�i�n�s� �f�u�n�c�t�i�o�n�i�n�g� �i�n� �r�e�p�l�i�c�a�t�i�o�n� �a�n�d�/�o�r� �t�r�a�n�s�c�r�i�p�t�i�o�n� 

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

�s�u�s�p�e�c�t�e�d� �t�o� �c�o�n�t�a�i�n� �m�e�t�a�l� �b�i�n�d�i�n�g� �s�i�t�e�s� �i�n� �D�N�A� �b�i�n�d�i�n�g� �d�o�m�a�i�n�s� �b�a�s�e�d� �o�n� 

�p�r�i�m�a�r�y� �s�t�r�u�c�t�u�r�e�s� �(�V�a�l�l�e�e� �a�n�d� �F�a�l�c�h�u�k�,� �1�9�9�3�)�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �z�i�n�c� 

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

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

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

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

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

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

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

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

�s�y�n�t�h�e�s�i�z�e� �f�r�e�s�h� �g�r�o�u�p�s� �o�f� �e�n�z�y�m�e�s� �(�C�h�e�s�t�e�r�s� �e�t� �a�l�,� �1�9�8�9�)�.� 

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

�f�r�o�m� �H�e�L�a� �c�e�l�l� �c�u�l�t�u�r�e�s�.� �T�h�i�s� �Z�n�-�d�e�f�i�c�i�e�n�t� �s�t�a�t�e� �m�a�y� �b�e� �u�s�e�f�u�l� �i�n� �s�t�u�d�y�i�n�g� 

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

�z�i�n�c� �a�v�a�i�l�a�b�l�e� �t�o� �b�i�n�d� �w�i�t�h� �c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �c�e�l�l�,� �i�t� �m�a�y� �b�e� �p�o�s�s�i�b�l�e� �t�o� 

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

�f�o�r� �s�t�r�u�c�t�u�r�e� �o�r� �f�u�n�c�t�i�o�n� �(�A�b�b�a�s�i� �e�t� �a�l�,� �1�9�8�0�;� �A�r�c�h�e�r� �e�t� �a�l�,� �1�9�9�0�;� �F�r�e�e�d�m�a�n�,� 

�1�9�9�2�)�,� 
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�R�E�F�E�R�E�N�C�E�S� 

�A�b�b�a�s�i�,� �A�l�i� �A�.�,� �A�n�a�n�d�a� �P�r�a�s�a�d�,� �P�a�r�v�i�z� �R�a�b�b�a�n�i� �a�n�d� �E�l�i�z�a�b�e�t�h� 

�D�u�M�o�u�c�h�e�l�l�e�.� �(�1�9�8�0�)�.�  ��E�x�p�e�r�i�m�e�n�t�a�l� �Z�i�n�c� �D�e�f�i�c�i�e�n�c�y� �i�n� �M�a�n�. �� �J�.� �L�a�b�.� 

�C�l�i�n�.� �M�e�d�.� �9�6�:�5�4�4�-�5�4�9�.� �.� 

�A�r�c�h�e�r�,� �T�r�e�v�o�r� �K�,� �G�o�r�d�o�n� �L�.� �H�a�g�e�r�,� �a�n�d� �J�a�m�e�s� �G�.� �O�m�i�c�h�i�n�s�k�i�.� �(�1�9�9�0�)�.� 

 ��S�e�q�u�e�n�c�e�-�s�p�e�c�i�f�i�c� �D�N�A� �b�i�n�d�i�n�g� �b�y� �G�l�u�c�o�c�o�r�t�i�c�o�i�d� �R�e�c�e�p�t�o�r� �Z�i�n�c� �F�i�n�g�e�r� 

�P�e�p�t�i�d�e�s�"�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A�.� �8�7�:�7�5�6�0�-�7�6�6�4�.� 

�C�h�e�s�t�e�r�s�,� �J�o�h�n� �K�.�,� �L�i�n�d�a� �P�e�t�e�r�s�,� �a�n�d� �H�a�z�e�l� �V�i�n�t�.� �(�1�9�8�9�)�.�  ��S�p�e�c�i�f�i�c�i�t�y� �a�n�d� 

�T�i�m�i�n�g� �o�f� �t�h�e� �Z�n� �R�e�q�u�i�r�e�m�e�n�t� �f�o�r� �D�N�A� �S�y�n�t�h�e�s�i�s� �b�y� �3�T�3� �C�e�l�l�s�. �� �E�x�p� 

�C�e�l�l� �R�e�s� �1�8�4�:�4�9�9�-�5�0�8�.� 

�C�l�a�i�r�,� �J�e�n�n�i�f�e�r�,� �R�a�m�e�s�h� �T�a�l�w�a�l�k�a�r�,� �C�r�a�i�g� �J�.� �M�c�C�l�a�i�n�,� �a�n�d� �B�e�r�n�h�a�r�d� �H�e�n�n�i�g�.� 

�(�1�9�9�5�)�.�  ��S�e�l�e�c�t�i�v�e� �R�e�m�o�v�a�l� �o�f� �Z�i�n�c� �f�r�o�m� �C�e�l�l� �C�u�l�t�u�r�e� �M�e�d�i�a�. �� �J�o�u�r�n�a�l� �o�f� 

�T�r�a�c�e� �E�l�e�m�e�n�t�s� �i�n� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�d�i�c�i�n�e�.� �7�:� �1�4�3�-�1�5�1�.� 

�F�l�i�s�s�,� �H�e�n�r�y�,� �M�i�c�h�e�l� �M�e�n�a�r�d� �a�n�d� �M�a�n�i�s�h� �D�e�s�a�i�.� �(�1�9�9�0�)�.�  ��H�y�p�o�c�h�l�o�r�o�u�s� 

�a�c�i�d� �M�o�b�i�l�i�z�e�s� �C�e�l�l�u�l�a�r� �Z�i�n�c�.� �C�a�n� �J� �P�h�y�s�i�o�l� �P�h�a�r�m�a�c�o�l� �6�9�:�1�6�8�6�-�1�6�9�1�.� 

�F�r�e�e�d�m�a�n�,� �L�e�o�n�a�r�d� �P�.� �(�1�9�9�2�)�.�  ��A�n�a�t�o�m�y� �o�f� �t�h�e� �S�t�e�r�o�i�d� �R�e�c�e�p�t�o�r� �Z�i�n�c� 

�F�i�n�g�e�r� �R�e�g�i�o�n�. �� �E�n�d�o�c�r�i�n�e� �R�e�v�i�e�w�s�.� �1�3�:�1�2�9�-�1�4�5�.� 

�F�r�e�d�r�i�c�k�s�o�n�,� �C�.� �J�.�,� �E�.� �J�.� �K�a�s�a�r�s�k�i�s�,� �D�.� �R�i�n�g�o�,� �a�n�d� �R�.� �E�.� �F�r�e�d�r�i�c�k�s�o�n�.� 

�(�1�9�8�7�)�.�  ��A� �q�u�i�n�o�l�i�n�e� �f�l�u�o�r�e�s�c�e�n�c�e� �m�e�t�h�o�d� �f�o�r� �v�i�s�u�a�l�i�z�i�n�g� �a�n�d� �a�s�s�a�y�i�n�g� �t�h�e� 
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�h�i�s�t�o�c�h�e�m�i�c�a�l�l�y� �r�e�a�c�t�i�v�e� �z�i�n�c� �(�b�o�u�t�o�n� �z�i�n�c�)� �i�n� �t�h�e� �b�r�a�i�n�. �� �J�o�u�r�n�a�l� �o�f� 

�N�e�u�r�o�s�c�i�e�n�c�e� �M�e�t�h�o�d�s�.� �2�0�:� �9�1�-�1�0�3�.� 

�H�e�n�n�i�g�,� �B�e�r�n�h�a�r�d�,� �Y�i�n� �W�a�n�g�,� �S�a�n�t�h�i�n�i� �R�a�m�a�s�a�m�y� �a�n�d� �C�r�a�i�g� �J�.� �M�c�C�l�a�i�n�.� 

�(�1�9�9�2�)�.�  ��Z�i�n�c� �D�e�f�i�c�i�e�n�c�y� �A�l�t�e�r�s� �B�a�r�r�i�e�r� �F�u�n�c�t�i�o�n� �o�f� �C�u�l�t�u�r�e�d� �P�o�r�c�i�n�e� 

�E�n�d�o�t�h�e�l�i�a�l� �C�e�l�l�s�. �� �J� �N�u�t�r�.� �1�2�2�:�1�2�4�2�-�1�2�4�7�.� 

�K�u�t�s�k�y�,� �R�o�m�a�n� �J�.�,� �P�h�D�.� �H�a�n�d�b�o�o�k� �o�f� �V�i�t�a�m�i�n�s�,� �M�i�n�e�r�a�l�s� �a�n�d� �H�o�r�m�o�n�e�s�.� 

�L�i�t�t�o�n� �E�d�u�c�a�t�i�o�n�a�l� �P�u�b�l�i�s�h�i�n�g�,� �I�n�c�.� �N�e�w� �Y�o�r�k�,� �N�Y�,� �1�9�8�1�.� 

�L�u�c�a�s�,� �P�e�t�e�r� �C�.� �a�n�d� �D�a�r�y�l� �K�.� �G�r�a�n�n�e�r�.� �(�1�9�9�2�)�.�  ��H�o�r�m�o�n�e� �R�e�s�p�o�n�s�e� 

�D�o�m�a�i�n�s� �i�n� �G�e�n�e� �T�r�a�n�s�c�r�i�p�t�i�o�n�. �� �A�n�n�u�.� �R�e�v�.� �B�i�o�c�h�e�m� �6�1�:�1�1�3�1�-�1�1�7�3�.� 

�M�a�r�t�i�n�,� �P�i�e�r�r�e� �M�.� �a�n�d� �P�e�t�e�r� �J�.� �S�h�e�r�i�d�a�n�.� �(�1�9�8�2�)�.�  ��T�o�w�a�r�d�s� �a� �N�e�w� �M�o�d�e�l� �f�o�r� 

�t�h�e� �M�e�c�h�a�n�i�s�m� �o�f� �A�c�t�i�o�n� �o�f� �S�t�e�r�o�i�d�s�. �� �J� �o�f� �S�t�e�r�o�i�d� �B�i�o�c�h�e�m� �1�6�:�2�1�5�-�2�2�9�.� 

�M�c�C�a�b�e�,� �M�i�c�h�a�e�l� �J�.�,� �J�r�,� �S�h�u�n� �A�i� �J�i�a�n�g� �a�n�d� �S�t�e�n� �O�r�r�e�n�i�u�s�.� �(�1�9�9�3�)�.� 

 ��C�h�e�l�a�t�i�o�n� �o�f� �I�n�t�r�a�c�e�l�l�u�l�a�r� �Z�i�n�c� �T�r�i�g�g�e�r�s� �A�p�o�p�t�o�s�i�s� �i�n� �M�a�t�u�r�e� �T�h�y�m�o�c�y�t�e�s�. �� 

�L�a�b�o�r�a�t�o�r�y� �I�n�v�e�s�t�i�g�a�t�i�o�n� �6�9�:�1�0�1�-�1�1�0�.� 

�M�e�r�t�z�,� �W�a�l�t�e�r�.� �T�r�a�c�e� �E�l�e�m�e�n�t�s� �i�n� �H�u�m�a�n� �a�n�d� �A�n�i�m�a�l� �N�u�t�r�i�t�i�o�n�.� �F�i�f�t�h� �e�d�.� 

�v�o�l� �2�.� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�Y�.� �1�9�8�6�.� 

�M�i�l�l�s�,� �C�.� �F�.� �Z�i�n�c� �i�n� �H�u�m�a�n� �B�i�o�l�o�g�y�.� �S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �N�Y�.� �1�9�8�8�.� 
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�P�r�a�s�a�d�,� �A�.�S�.�,� �D�o�n�a�l�d� �O�b�e�r�l�e�a�s�,� �E�.�R�.� �M�i�l�l�e�r� �a�n�d� �R�.�W�.� �L�u�e�c�k�e�.� �(�1�9�7�1�)�.� 

�"�B�i�o�c�h�e�m�i�c�a�l� �e�f�f�e�c�t�s� �o�f� �z�i�n�c� �d�e�f�i�c�i�e�n�c�y�:� �C�h�a�n�g�e�s� �i�n� �a�c�t�i�v�i�t�i�e�s� �o�f� �z�i�n�c�-� 

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

�o�f� �t�i�s�s�u�e�s�.�"� �J�.� �L�a�b�.� �C�l�i�n�.� �M�e�d�.� �7�7�:�1�4�4�-�1�5�2�.� 

�R�h�o�d�e�s�,� �D�a�n�i�e�l�a� �a�n�d� �A�a�r�o�n� �K�l�u�g�.� �(�1�9�9�3�)�.�  ��Z�i�n�c� �F�i�n�g�e�r�s�. �� �S�c�i�e�n�t�i�f�i�c� 

�A�m�e�r�i�c�a�n� �F�e�b� �p�p� �5�6�-�6�5�.� 

�R�o�t�h�,� �H�.�P�.�,� �a�n�d� �M�.� �K�i�r�c�h�g�e�s�s�n�e�r�.� �(�1�9�8�0�)�.� �"�Z�n� �M�e�t�a�l�l�o�e�n�z�y�m�e� �A�c�t�i�v�i�t�i�e�s�.�"� 

�W�o�r�l�d� �R�e�v�i�e�w� �o�f� �N�u�t�r�i�t�i�o�n� �a�n�d� �D�i�e�t�e�t�i�c�s�.� �3�4�:�1�4�4�-�1�6�0�.� 

�S�a�v�a�g�e�,� �D�a�n�i�e�l� �D�.�,� �C�h�r�i�s�t�i�n�e� �Y�.� �M�o�n�t�a�n�o� �a�n�d� �E�d�w�a�r�d� �J�.� �K�a�s�a�r�s�k�i�s�.� �(�1�9�8�9�)�.� 

 ��Q�u�a�n�t�i�t�a�t�i�v�e� �H�i�s�t�o�f�l�u�o�r�e�s�c�e�n�c�e� �o�f� �H�i�p�p�o�c�a�m�p�a�l� �M�o�s�s�y� �F�i�b�e�r� �Z�i�n�c�. �� �B�r�a�i�n� 

�R�e�s� �4�9�6�:�2�5�7�-�2�6�7�.� 

�V�a�l�l�e�e�,� �B�e�r�t�,� �a�n�d� �K�e�n�n�e�t�h� �H� �F�a�l�c�h�u�k�.� �(�1�9�8�3�)�.� �"�G�e�n�e� �E�x�p�r�e�s�s�i�o�n� �a�n�d� �Z�i�n�c�.�"� 

�B�i�o�l�o�g�i�c�a�l� �A�s�p�e�c�t�s� �o�f� �M�e�t�a�l�s� �a�n�d� �M�e�t�a�l�-�r�e�l�a�t�e�d� �D�i�s�e�a�s�e�s�.� �1�-�1�5�.� 

�V�a�l�l�e�e�,� �B�e�r�t�,� �a�n�d� �K�e�n�n�e�t�h� �H� �F�a�l�c�h�u�k�.� �(�1�9�9�3�)�.� �"�T�h�e� �B�i�o�c�h�e�m�i�c�a�l� �B�a�s�i�s� �o�f� 

�Z�i�n�c� �P�h�y�s�i�o�l�o�g�y�.�"� �P�h�y�s�i�o�l�o�g�i�c�a�l� �R�e�v�i�e�w�s�.� �7�3�:�7�9�-�1�1�8�.� 

�W�i�l�l�i�a�m�s�,� �R�o�b�e�r�t� �J�.� �P�.� �(�1�9�8�4�)�.�  ��Z�i�n�c�:� �W�h�a�t� �i�s� �i�t�s� �R�o�l�e� �i�n� �B�i�o�l�o�g�y�? �� 

�E�n�d�e�a�v�o�u�r� �N�S� �8�:�6�5�-�7�0�.� 
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�Z�a�l�e�w�s�k�i�,� �P�e�t�e�r� �D�.�,� �I�a�n� �J�.� �F�o�r�b�e�s� �a�n�d� �W�.� �H�e�n�r�y� �B�e�t�t�s�.� �(�1�9�9�3�)�.�  ��C�o�r�r�e�l�a�t�i�o�n� 

�o�f� �A�p�o�p�t�o�s�i�s� �w�i�t�h� �c�h�a�n�g�e� �i�n� �I�n�t�r�a�c�e�l�l�u�l�a�r� �l�i�a�b�l�e� �Z�n�(�I�I�)� �u�s�i�n�g� �Z�i�n�q�u�i�n� �[�(�2�-� 

�m�e�t�h�y�l�-�8�-�p�-�t�o�l�u�e�n�e�s�u�l�p�h�o�n�a�m�i�d�e�-�6�-�q�u�i�n�o�l�y�l�o�x�y�)� �a�c�e�t�i�c� �a�c�i�d�]�,� �a� �n�e�w� 

�S�p�e�c�i�f�i�c� �F�l�u�o�r�e�s�c�e�n�t� �P�r�o�b�e� �f�o�r� �Z�n� �(�I�I�)�. �� �B�i�o�c�h�e�m� �J�.� �2�9�6�:�4�0�3�-�4�0�8�.� 
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�E�f�f�e�c�t� �o�f� �Z�i�n�c� �i�n� �G�l�u�c�o�c�o�r�t�i�c�o�i�d� �R�e�c�e�p�t�o�r� �M�e�d�i�a�t�e�d� �I�n�d�u�c�t�i�o�n� 

�6�8



�A�b�s�t�r�a�c�t�:� 

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

�g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �w�a�s� �e�x�a�m�i�n�e�d�.� �I�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �z�i�n�c� �s�p�e�c�i�f�i�c� 

�i�m�p�e�r�m�e�a�b�l�e� �c�h�e�l�a�t�o�r�,� �d�i�e�t�h�y�l�e�n�e�t�r�i�a�m�i�n�e�p�e�n�t�a�a�c�e�t�i�c� �a�c�i�d� �(�D�T�P�A�)�,� �r�e�m�o�v�e�d� 

�8�3�%� �o�f� �c�e�l�l�u�l�a�r� �z�i�n�c�.� �B�y� �e�x�a�m�i�n�i�n�g� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� �a� �c�h�l�o�r�a�m�p�h�e�n�i�c�o�l� 

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

�r�e�s�p�o�n�s�e� �e�l�e�m�e�n�t� �(�G�R�E�)�,� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �e�x�p�r�e�s�s�i�o�n� �w�a�s� �r�e�d�u�c�e�d� 

�8�8�%� �d�u�r�i�n�g� �t�i�m�e�s� �o�f� �l�o�w� �z�i�n�c�.� �C�o�n�s�t�i�t�u�t�i�v�e� �e�x�p�r�e�s�s�i�o�n� �w�a�s� �o�n�l�y� �r�e�d�u�c�e�d� �b�y� 

�1�5�%� �u�n�d�e�r� �s�i�m�i�l�a�r� �z�i�n�c� �d�e�p�l�e�t�i�o�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �n�e�i�t�h�e�r� �t�h�e� �b�i�n�d�i�n�g� 

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

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

�w�a�s� �d�e�c�r�e�a�s�e�d� �b�y� �5�0�%� �a�n�d� �r�e�d�u�c�t�i�o�n� �i�n� �r�e�c�e�p�t�o�r� �a�g�g�r�e�g�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� 

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

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

�o�b�s�e�r�v�e�d�.� 
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�I�n�t�r�o�d�u�c�t�i�o�n�:� 

�M�a�n�y� �o�f� �t�h�e� �c�l�i�n�i�c�a�l� �m�a�n�i�f�e�s�t�a�t�i�o�n�s� �o�f� �z�i�n�c� �d�e�f�i�c�i�e�n�c�y� �m�a�y� �b�e� 

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

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

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

�a�c�t�i�v�i�t�y� �o�f� �g�e�n�e�s� �i�n� �t�a�r�g�e�t� �t�i�s�s�u�e�s� �(�B�e�a�t�o�,� �1�9�8�9�)�.� �Z�i�n�c� �h�a�s� �a�l�s�o� �b�e�e�n� �s�h�o�w�n� 

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

�r�e�s�p�o�n�s�e�s� �(�V�a�l�l�e�e�,� �1�9�9�3�)�.� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �h�o�w� �z�i�n�c� �d�e�f�i�c�i�e�n�c�y� �e�f�f�e�c�t�s� 

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

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

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

�f�a�c�t�o�r�s� �(�D�a�n�i�e�l�s�o�n� �e�t� �a�l�,� �1�9�8�9�;� �K�r�u�s�t� �e�t� �a�l�,� �1�9�8�6�)�.� �I�n�c�l�u�d�e�d� �i�n� �t�h�i�s� �g�r�o�u�p� �a�r�e� 

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

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

�o�t�h�e�r�s� �y�e�t� �t�o� �b�e� �i�d�e�n�t�i�f�i�e�d� �(�F�r�e�e�d�m�a�n�,� �1�9�9�2�)�.� �T�h�e�y� �c�a�n� �e�x�h�i�b�i�t� �e�i�t�h�e�r� 

�p�o�s�i�t�i�v�e� �o�r� �n�e�g�a�t�i�v�e� �c�o�n�t�r�o�l� �o�v�e�r� �t�h�e�i�r� �t�a�r�g�e�t� �g�e�n�e�s�.� 

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

�p�r�e�s�e�n�c�e� �o�f� �s�p�e�c�i�f�i�c� �r�e�c�e�p�t�o�r�s� �w�h�i�c�h� �m�e�d�i�a�t�e� �h�o�r�m�o�n�e� �a�c�t�i�o�n� �w�i�t�h�i�n� �c�e�l�l�s� 
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�(�K�o�t�h�e�k�a�r�,� �1�9�9�2�;� �R�a�y� �e�t� �a�l�,� �1�9�9�1�)�.� �I�n� �t�h�e� �i�n�a�c�t�i�v�e� �s�t�a�t�e�,� �t�h�e�s�e� �r�e�c�e�p�t�o�r�s� �e�x�i�s�t� 

�w�i�t�h�i�n� �t�h�e� �c�e�l�l� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �o�t�h�e�r� �p�r�o�t�e�i�n�s�,� �e�.�g�.� �H�s�p� �9�0� �(�A�l�e�x�i�s� �e�t� �a�l�,� 

�1�9�9�2�;� �B�o�d�i�n�e� �a�n�d� �L�i�t�w�a�c�k�,� �1�9�9�0�,� �D�i�e�h�e�l� �a�n�d� �S�c�h�m�i�d�t�,� �1�9�9�3�;� �R�e�n�o�i�r� �e�t� �a�l�,� 

�1�9�9�0�)�.� �U�p�o�n� �h�o�r�m�o�n�e� �b�i�n�d�i�n�g�,� �t�h�e� �h�o�r�m�o�n�e�-�r�e�c�e�p�t�o�r� �c�o�m�p�l�e�x� �d�i�s�a�s�s�o�c�i�a�t�e�s� 

�f�r�o�m� �h�s�p� �9�0� �(�H�a�r�d� �e�t� �a�l�,� �1�9�9�0�;� �B�a�u�m�a�n�n� �e�t� �a�l�,� �1�9�9�3�)�.� �T�h�e� �a�c�t�i�v�a�t�e�d� 

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

�t�o� �s�p�e�c�i�f�i�c� �D�N�A� �s�e�q�u�e�n�c�e�s�,� �t�e�r�m�e�d� �g�l�u�c�o�c�o�r�t�i�c�o�i�d� �r�e�s�p�o�n�s�e� �e�l�e�m�e�n�t�s� �(�G�R�E�)� 

�(�K�o�t�h�e�k�a�r�,� �1�9�9�2�;� �R�a�y� �e�t� �a�l�,� �1�9�9�1�)�.� 

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

�d�e�c�r�e�a�s�e�d� �(�B�u�n�c�e� �e�t� �a�l�,� �1�9�9�4�)�.� �P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �h�a�v�e� 

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

�3�0�-�3�5�%� �d�u�r�i�n�g� �t�i�m�e�s� �o�f� �l�o�w� �z�i�n�c� �(�B�u�n�c�e� �e�t� �a�l�,� �1�9�9�4�;� �D�y�l�e�w�s�k�i� �e�t� �a�l�,� �1�9�8�6�)�.� 

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

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

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

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

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

�r�e�s�p�o�n�s�e�s� �(�B�u�n�c�e�,� �1�9�9�4�)�.� 

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

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

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

�z�i�n�c� �d�e�f�i�c�i�e�n�c�y�.� �A� �z�i�n�c� �d�e�f�i�c�i�e�n�t� �s�t�a�t�e� �w�a�s� �c�r�e�a�t�e�d� �i�n� �H�e�L�a� �S�3� �c�e�l�l�s� �t�h�r�o�u�g�h� 

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

�d�i�e�t�h�y�l�e�n�e�t�r�i�a�m�i�n�e�p�e�n�t�a�a�c�e�t�i�c� �a�c�i�d� �(�D�T�P�A�)� �w�h�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8�0�%� �o�f� 

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

�s�e�n�s�i�t�i�v�e� �C�A�T� �r�e�p�o�r�t�e�r� �p�l�a�s�m�i�d� �(�p�G�M�C�S�)� �w�a�s� �r�e�d�u�c�e�d� �8�8�%� �i�n� �z�i�n�c� 

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

�i�n�s�e�n�s�i�t�i�v�e� �p�l�a�s�m�i�d� �(�p�B�L�C�A�T�2�)� �w�a�s� �o�n�l�y� �r�e�d�u�c�e�d� �1�5�%�.� �A�n�a�l�y�s�i�s� �o�f� 

�r�e�c�e�p�t�o�r� �p�o�o�l�s�,� �s�h�o�w�e�d� �t�h�a�t� �r�e�c�e�p�t�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �r�e�d�u�c�e�d� �5�0�%�,� �b�u�t� 

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

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

�b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �f�o�r� �z�i�n�c ��s� �r�o�l�e� �i�n� �s�t�e�r�o�i�d� �i�n�d�u�c�e�d� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n�.� 
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�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s�:� 

�C�e�l�l� �C�u�l�t�u�r�e�:� 

�H�e�L�a� �S�3� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n� �a�s� �m�o�n�o�l�a�y�e�r� �c�u�l�t�u�r�e�s� �i�n� �a� �5�%� �C�O�,� 

�h�u�m�i�d�i�f�i�e�d� �a�t�m�o�s�p�h�e�r�e� �i�n� �J�o�k�l�i�k�s� �m�i�n�i�m�a�l� �e�s�s�e�n�t�i�a�l� �m�e�d�i�u�m� �(�J�M�E�M�)� 

�s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �2� �m�M� �g�l�u�t�a�m�i�n�e� �a�n�d� �1�0�%� �s�u�p�p�l�e�m�e�n�t�e�d� �b�o�v�i�n�e� �s�e�r�u�m� 

�(�S�B�S�)�.� �H�a�r�v�e�s�t�i�n�g� �o�f� �c�e�l�l�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �r�e�m�o�v�i�n�g� �t�h�e� �m�e�d�i�u�m� �a�n�d� 

�i�n�c�u�b�a�t�i�n�g� �w�i�t�h� �v�e�r�s�e�n�e� �(�2�.�7� �m�M� �K�C�l�,� �1�.�5� �m�M� �K�H�,�P�Q�O�,�,� �1�3�7� �m�M� �N�a�C�l�,� �0�.�5� 

�m�M� �E�D�T�A�,� �8� �m�M� �N�a�.�H�P�O�,�)� �f�o�r� �1�0� �m�i�n�u�t�e�s�.� �T�h�e� �c�e�l�l�s� �w�e�r�e� �t�h�e�n� �r�e�p�l�a�t�e�d� 

�a�t� �a� �1�:�1�0� �d�i�l�u�t�i�o�n�.� �W�h�e�r�e� �i�n�d�i�c�a�t�e�d�,� �c�e�l�l�s� �w�e�r�e� �p�r�o�p�a�g�a�t�e�d� �i�n� �J�M�E�M� 

�c�o�n�t�a�i�n�i�n�g� �d�i�e�t�h�y�l�e�n�e�t�r�i�a�m�i�n�e�p�e�n�t�a�a�c�e�t�i�c� �a�c�i�d� �(�D�T�P�A�)� �t�o� �c�r�e�a�t�e� �a� �z�i�n�c� 

�d�e�f�i�c�i�e�n�t� �s�t�a�t�e�,� �a�n�d� �d�e�x�a�m�e�t�h�a�s�o�n�e� �(�D�E�X�)� �(�S�i�m�o�n�)�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�w�e�r�e� �1�0� �u�M� �a�n�d� �1� �u�M�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �u�n�l�e�s�s� �o�t�h�e�r�w�i�s�e� �n�o�t�e�d�.� 

�R�e�c�o�m�b�i�n�a�n�t� �P�l�a�s�m�i�d�s�:� 

�P�l�a�s�m�i�d� �p�G�M�C�S�,� �w�h�i�c�h� �c�o�n�t�a�i�n�s� �t�h�e� �c�h�l�o�r�a�m�p�h�e�n�i�c�o�l� 

�a�c�e�t�y�l�t�r�a�n�s�f�e�r�a�s�e� �(�C�A�T�)� �r�e�p�o�r�t�e�r� �g�e�n�e� �f�u�s�e�d� �d�o�w�n�s�t�r�e�a�m� �o�f� �t�h�e� �m�o�u�s�e� 

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

�(�G�R�E�)� �a�n�d� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� �m�u�r�i�n�e� �s�a�r�c�o�m�a� �v�i�r�u�s� �G�R�E�,� �w�a�s� �t�h�e� �g�e�n�e�r�o�u�s� 

�7�3



�g�i�f�t� �o�f� �D�r�.� �J�o�h�n� �C�i�d�l�o�w�s�k�i� �(�N�I�E�H�S�,� �R�e�s�e�a�r�c�h� �T�r�i�a�n�g�l�e� �P�a�r�k�,� �N�C�)� �(�A�l�l�g�o�o�d� 

�e�t� �a�l�,� �1�9�9�1�,� �1�9�9�3�)�.� �P�l�a�s�m�i�d� �p�B�L�C�A�T�?�2�,� �o�b�t�a�i�n�e�d� �f�r�o�m� �D�r�.� �J�o�h�n� �C�i�d�l�o�w�s�k�i�,� 

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

�C�A�T� �r�e�p�o�r�t�e�r� �g�e�n�e� �(�A�l�l�g�o�o�d� �e�t� �a�l�,� �1�9�9�1�,� �1�9�9�3�)�.� 

�C�e�l�l� �T�r�a�n�s�f�e�c�t�i�o�n�s�:� 

�T�w�e�n�t�y�-�f�o�u�r� �h�o�u�r�s� �p�r�i�o�r� �t�o� �t�r�a�n�s�f�e�c�t�i�o�n�,� �c�e�l�l�s� �w�e�r�e� �r�e�p�l�a�t�e�d� �a�t� �|� �x� �1�0�°� 

�c�e�l�l�s�/�1�0�0� �m�m� �t�i�s�s�u�e� �c�u�l�t�u�r�e� �d�i�s�h� �i�n� �D�u�l�b�e�c�c�o ��s� �m�o�d�i�f�i�e�d� �E�a�g�l�e ��s� �m�e�d�i�u�m� 

�(�D�M�E�M�)� �s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �1�0�%� �s�u�p�p�l�e�m�e�n�t�e�d� �b�o�v�i�n�e� �s�e�r�u�m� �(�S�B�S�)�.� 

�T�r�a�n�s�f�e�c�t�i�o�n�s� �w�e�r�e� �a�c�c�o�m�p�l�i�s�h�e�d� �u�s�i�n�g� �T�r�a�n�s�f�e�c�t�a�m!"� �r�e�a�g�e�n�t� �(�P�r�o�m�e�g�a�,� 

�C�o�r�p�.�)�.� �F�o�r� �t�r�a�n�s�f�e�c�t�i�o�n�s�,� �c�e�l�l�s� �w�e�r�e� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �D�M�E�M� 

�w�i�t�h�o�u�t� �S�B�S� �a�n�d� �c�o�v�e�r�e�d� �w�i�t�h� �2� �m�L� �o�f� �m�e�d�i�a� �o�n�l�y�.� �T�r�a�n�s�f�e�c�t�a�m� �r�e�a�g�e�n�t� 

�(�1�0�u�L�)� �a�n�d� �p�l�a�s�m�i�d� �D�N�A� �(�5� �u�g�)� �w�e�r�e� �e�a�c�h� �a�d�d�e�d� �t�o� �1� �m�L� �s�e�r�u�m� �f�r�e�e� 

�D�M�E�M� �a�n�d� �t�h�i�s� �m�i�x�t�u�r�e� �a�d�d�e�d� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� �c�e�l�l�s�.� �A�f�t�e�r� �4� �h�o�u�r�s� �t�h�e� 

�m�e�d�i�u�m� �w�a�s� �r�e�m�o�v�e�d� �a�n�d� �r�e�p�l�a�c�e�d� �w�i�t�h� �D�M�E�M� �c�o�n�t�a�i�n�i�n�g� �1�0�%� �S�B�S� �a�n�d� 

�i�n�c�u�b�a�t�e�d� �2�4� �h�o�u�r�s�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �t�h�e� �m�e�d�i�u�m� �w�a�s� �r�e�m�o�v�e�d� �a�n�d� �r�e�p�l�a�c�e�d� 

�w�i�t�h� �J�M�E�M� �m�e�d�i�u�m� �e�i�t�h�e�r� �c�o�n�t�a�i�n�i�n�g� �o�r� �l�a�c�k�i�n�g� �s�t�e�r�o�i�d� �a�n�d�/�o�r� �c�h�e�l�a�t�o�r� �a�s� 

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

�7�4



�A�n�a�l�y�s�i�s� �o�f� �C�A�T� �a�c�t�i�v�i�t�y�:� 

�H�e�L�a� �S�3� �c�e�l�l�s� �a�r�e� �w�a�s�h�e�d� �i�n� �s�t�e�r�i�l�e� �P�B�S� �a�n�d� �r�e�s�p�e�n�d�e�d� �i�n� �1� �m�L� �o�f� 

�P�B�S�.� �T�h�e� �c�e�l�l�s� �a�r�e� �p�e�l�l�e�t�e�d� �a�n�d� �l�y�s�e�d� �b�y� �r�e�p�e�t�i�t�i�v�e� �f�r�e�e�z�i�n�g� �a�n�d� �t�h�a�w�i�n�g�.� 

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

�e�x�t�r�a�c�t� �w�a�s� �p�l�a�c�e�d� �w�i�t�h� �3�u�L�  ��"�C�-�c�h�l�o�r�a�m�p�h�e�n�i�c�o�l� �(�0�.�1�5� �w�C�i�)� �a�n�d� �5� �u�L� �n�-� 

�b�u�t�y�r�l� �C�o�A�,� �a�n�d� �1�7� �u�L� �o�f� �0�.�2�5�M� �T�r�i�s�-�H�C�l�,� �p�H� �8�.�0�.� �T�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� 

�w�a�s� �i�n�c�u�b�a�t�e�d� �a�t� �3�7�°�C� �f�o�r� �6� �h�o�u�r�s�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �t�e�r�m�i�n�a�t�e�d� �b�y� �a�d�d�i�t�i�o�n� 

�o�f� �m�i�x�e�d� �x�y�l�e�n�e�s�.� �B�a�c�k� �e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �t�o� �i�n�c�r�e�a�s�e� �s�e�n�s�i�t�i�v�i�t�y�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �b�u�t�y�r�y�l�a�t�e�d� �'�*�C�-�c�h�l�o�r�a�m�p�h�e�n�i�c�o�l� �(�C�A�M�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� 

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

�Q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �R�e�c�e�p�t�o�r� �P�o�o�l�:� 

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

�a�n�a�l�y�s�i�s�.� �H�e�L�a� �S�3� �c�e�l�l�s� �w�e�r�e� �h�a�r�v�e�s�t�e�d� �i�n� �1� �m�M� �E�D�T�A�,� �1�0� �m�M� �T�r�i�s�,� �0�°�C�.� 

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

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

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

�g� �f�o�r� �1� �h�o�u�r� �a�t� �0�°�C�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �m�i�c�r�o�c�o�n�c�e�n�t�r�a�t�e�d� �3�-�5� �f�o�l�d� �i�n� �a� 

�M�i�c�r�o�c�o�n� �3�0� �m�i�c�r�o�c�o�n�c�e�n�t�r�a�t�o�r�.� �E�q�u�a�l� �a�m�o�u�n�t�s� �o�f� �p�r�o�t�e�i�n�,� �a�s� �d�e�t�e�r�m�i�n�e�d� 
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�b�y� �L�o�w�r�y� �m�e�t�h�o�d�,� �w�e�r�e� �a�d�d�e�d� �t�o� �2�x� �l�o�a�d�i�n�g� �b�u�f�f�e�r� �(�2�0�%� �g�l�y�c�e�r�o�l�,� �4�.�6�%� 

�S�D�S�,� �0�.�1�2�5� �M� �T�r�i�s�,� �p�H� �6�.�8�)�,� �h�e�a�t�e�d� �a�t� �1�0�0� �°�C� �f�o�r� �2�.�5� �m�i�n�u�t�e�s�,� �a�n�d� �k�e�p�t� �a�t� �-� 

�7�0� �°�C� �u�n�t�i�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�.�.� �T�h�e� �s�a�m�p�l�e�s� �a�r�e� �e�l�e�c�t�r�o�p�h�o�r�e�s�e�d� �o�n� �a� �1�.�5� �m�m� 

�S�D�S� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l� �(�8�%�)� �w�i�t�h� �a� �3�.�5�%� �s�t�a�c�k�i�n�g� �g�e�l�.� �T�h�e� �p�r�o�t�e�i�n�s� �w�e�r�e� 

�e�l�e�c�t�r�o�p�h�o�r�e�t�i�c�a�l�l�y� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �I�m�m�o�b�i�l�o�n!"� �(�M�i�l�l�i�p�o�r�e�)� �m�e�m�b�r�a�n�e� �u�s�i�n�g� 

�a� �s�e�m�i�-�d�r�y� �a�p�p�a�r�a�t�u�s�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �b�l�o�t�s� �w�e�r�e� �b�l�o�c�k�e�d� �i�n� �5�%� �c�a�s�e�i�n� �f�o�r� �2� 

�h�o�u�r�s�,� �w�a�s�h�e�d� �i�n� �T�B�S� �c�o�n�t�a�i�n�i�n�g� �0�.�1� �%� �T�w�e�e�n� �a�n�d� �5�%� �d�r�y� �m�i�l�k�,� �a�n�d� 

�i�n�c�u�b�a�t�e�d� �o�v�e�r�n�i�g�h�t� �a�t� �4�°�C� �w�i�t�h� �a� �1�:�1�0�0� �d�i�l�u�t�i�o�n� �o�f� �r�a�b�b�i�t� �a�n�t�i� �h�u�m�a�n� 

�g�l�u�c�o�c�o�r�t�i�c�o�i�d� �r�e�c�e�p�t�o�r� �a�n�t�i�b�o�d�y� �(�A�f�f�i�n�i�t�y� �B�i�o� �R�e�a�g�e�n�t�s�)� �i�n� �n�o�n�f�a�t� �d�r�y� �m�i�l�k� 

�b�u�f�f�e�r�.� �T�h�e� �m�e�m�b�r�a�n�e�s� �w�e�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �w�a�s�h�e�d� �i�n� �T�B�S�-�T�w�e�e�n� 

�c�o�n�t�a�i�n�i�n�g� �5� �%� �n�o�n�-�f�a�t� �d�r�y� �m�i�l�k� �3� �t�i�m�e�s� �f�o�r� �1�0� �m�i�n�u�t�e�s� �e�a�c�h�.� �A�f�t�e�r� �w�a�s�h�i�n�g� 

�b�l�o�t�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �f�o�r� �2� �h�o�u�r�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �w�i�t�h� �a� �1�:�5�0�0�0� �d�i�l�u�t�i�o�n� 

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

�T�h�r�e�e� �s�u�b�s�e�q�u�e�n�t� �w�a�s�h�e�s� �i�n� �t�h�e� �T�B�S�-�T�w�e�e�n�,� �d�r�y� �m�i�l�k� �b�u�f�f�e�r� �f�o�r� �1�5� �m�i�n�u�t�e�s� 

�w�e�r�e� �e�m�p�l�o�y�e�d� �(�C�i�d�l�o�w�s�k�i� �e�t� �a�l�,� �1�9�9�0�)�.� �T�h�e� �p�h�o�s�p�h�a�t�a�s�e� �c�o�l�o�r� �r�e�a�c�t�i�o�n� 

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

�b�r�o�m�o�-�4� �c�h�l�o�r�o�-�3� �i�n�d�o�y�l� �p�h�o�s�p�h�a�t�e� �(�B�C�I�P�)�.� �T�h�e� �c�o�l�o�r�i�m�e�t�r�i�c� �r�e�a�c�t�i�o�n� �w�a�s� 

�s�t�o�p�p�e�d� �b�y� �i�m�m�e�r�s�i�o�n� �o�f� �t�h�e� �b�l�o�t� �i�n� �H�,�O�.� 
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�S�t�e�r�o�i�d� �B�i�n�d�i�n�g� �A�f�f�i�n�i�t�i�e�s�:� 

�H�e�L�a� �S�3� �c�e�l�l�s� �w�e�r�e� �h�a�r�v�e�s�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �u�n�d�e�r� �c�e�l�l� �c�u�l�t�u�r�e�.� �T�h�e� 

�c�e�l�l�s� �w�e�r�e� �t�h�e�n� �p�e�l�l�e�t�e�d� �a�n�d� �r�e�s�u�s�p�e�n�d�e�d� �i�n� �1� �m�L� �1�0� �m�M� �T�r�i�s�,� �1� �m�M� 

�E�D�T�A�,� �1�2� �m�M� �a�-�t�h�i�o�g�l�y�c�e�r�o�l�,� �2�0� �m�M� �s�o�d�i�u�m� �m�o�l�y�b�d�a�t�e� �a�t� �4�°�C�.� �T�h�e� �c�e�l�l�s� 

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

�g� �f�o�r� �1� �h�o�u�r� �a�t� �0�°�C�.� �A�l�i�q�u�o�t�s� �(�5�0�-�1�0�0� �u�L�)� �c�o�n�t�a�i�n�i�n�g� �e�q�u�a�l� �p�r�o�t�e�i�n�,� �a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�e� �L�o�w�r�y�,� �w�e�r�e� �r�e�m�o�v�e�d� �t�o� �p�r�e�c�o�o�l�e�d� �t�u�b�e�s� �c�o�n�t�a�i�n�i�n�g� �P�H�I�-� 

�d�e�x�a�m�e�t�h�a�s�o�n�e� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�-�4�0�0� �n�M�.� �T�h�e� �s�a�m�p�l�e�s� 

�w�e�r�e� �i�n�c�u�b�a�t�e�d� �2� �h�o�u�r�s� �a�t� �4�°�C�.� �A�n� �a�l�i�q�u�o�t� �w�a�s� �r�e�m�o�v�e�d� �f�o�r� �q�u�a�n�t�i�t�a�t�i�o�n� �o�f� 

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

�v�o�l�u�m�e� �o�f� �d�e�x�t�r�a�n�-�c�o�a�t�e�d� �c�h�a�r�c�o�a�l� �f�o�r� �5� �m�i�n�u�t�e�s� �a�t� �4�°�C�.� �T�h�e� �c�h�a�r�c�o�a�l� �w�a�s� 

�p�e�l�l�e�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�t� �1�1�,�0�0�0� �r�p�m� �a�t� �4�°�C�.� �T�h�e� �a�m�o�u�n�t� �o�f� �r�a�d�i�o�a�c�t�i�v�e� 

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

�a�n�a�l�y�z�e�d� �b�y� �a� �S�c�a�t�c�h�a�r�d� �p�l�o�t� �t�o� �d�e�t�e�r�m�i�n�e� �b�i�n�d�i�n�g� �a�f�f�i�n�i�t�y� �(�S�c�a�t�c�h�a�r�d�,� 

�1�9�4�9�)�.� 

�7�7


