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(ABSTRACT) 

A polymerase chain reaction (PCR) technique was used to detect transgene 

presence after pronuclear microinjection of mouse zygotes cultured to various stages of 

development. The transgene was detected in 88% of 1-cell, 88% of 2-cell, 44% of 4- 

cell, 40% of morula, and 29% of blastocysts. By comparison, the integration 

frequency for transgenic mice made using the same DNA construct was 22%. After 5 

days of in vitro culture, the injected construct was detected in 83% of arrested 1-cell, 

85% of arrested 2-cell, and 85% of fragmented embryos. Only 28% of zygotes 

cultured after microinjection of DNA developed to the blastocyst stage compared to 

74% of noninjected zygotes. When DNA buffer alone was injected, 63% of zygotes 

developed to the blastocyst stage. These data suggest that pronuclear microinjection of 

DNA is highly detrimental to subsequent embryonic development. Also, most injected 

DNA that is either unintegrated or that will not be integrated into the genome has been 

degraded by the blastocyst stage such that it can no longer be detected by PCR.



The production of transgenic mice by cytoplasmic injection of DNA mixed 

with poly-L-lysine is also described. The effects of DNA concentration and 

stoichiometric ratio of positive charges provided by the polycation to negative charges 

provided by DNA on transgenic frequency and embryonic viability were studied. The 

highest transgenic frequency (13% of pups born were transgenic) was obtained when a 

polylysine/DNA complex having a stoichiometric charge ratio of one to one (equal 

positive charges as negative charges) at a DNA concentration of 50 ug/ml was used. 

The transgenic frequency by pronuclear injection of the same DNA construct was 

22%. The percentage of zygotes, cultured in vitro, reaching the blastocyst stage which 

were injected cytoplasmicly was not different (p>0.05) than that of control zygotes that 

were not microinjected (65% versus 74%, respectively). The percentage of zygotes 

reaching the blastocyst stage after pronuclear microinjection with DNA at a 

concentration of 1.5 ug/ml was significantly lower (p<0.05) than control embryos 

(28% versus 74%, respectively). The overall transgenic pup production efficiency 

(percent of transgenic pups per embryos transferred) by cytoplasmic injection was 

2.4% compared to 3.5% by pronuclear microinjection.
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CHAPTER I. 

LITERATURE REVIEW 

INTRODUCTION 

Transgenic animals are rapidly becoming an integral part of biotechnology 

useful for the study of disease and developmental biology, and possibly the 

development of more efficient and novel production animals. These genetically 

engineered animals will undoubtedly impact our society in a broad manner. For 

example, animal lines are being created with specially modified physiology for the 

study of particular disease states such as sickle cell anemia and various forms of 

cancer (1-3). In addition, new biochemistry can be introduced into milk production 

animals such as goats and cows (4). This technology enables the synthesis and 

secretion of recombinant (genetically engineered) proteins into the milk of transgenic 

animals (4-6). Because the mammary gland has a high capacity for the production of 

milk proteins, this approach has great promise as a more economical method for the 

large-scale biosynthesis of therapeutic proteins than is currently achieved by 

recombinant tissue culture methods. In addition, production livestock such as pigs and 

cattle can be genetically engineered to yield a higher protein content (7,8). Transgenic 

livestock and poultry with increased resistance to disease could also be produced by 

genetic engineering (8-10).



In all of the above applications, it is the biosynthesis of a foreign protein such 

as a growth hormone or enzyme made under the direction of a manipulated gene 

which is the salient characteristic of the transgenic animal. The manipulated gene or 

transgene consists of sequences of deoxyribonucleic acid (DNA) which specify 

regulation and synthesis of the protein of interest. The origin of either the regulatory 

or protein encoding DNA sequences may or may not be from the same animal species. 

Furthermore, gene function does not require either of these sequences to be native to 

the host animal that will possess the transgene. 

DEFINITION OF TRANSGENIC ANIMALS 

A transgenic animal is a result of the incorporation of a foreign gene such that 

it becomes an integral part of the natural chromosomal makeup of the animal. The 

gene is introduced into the fertilized egg in vitro, during early embryonic development 

and the embryo undergoes gestation in a surrogate mother. If the foreign gene is 

incorporated at the one-cell embryonic stage, the resultant animal will be hemizygous 

for the transgene because every cell contains the foreign gene. Since the germ cells 

also contain the gene, it will be transmitted in a Mendelian fashion to the progeny. 

However, the animal may contain the foreign gene at several different loci and in 

multiple copies. The integration site is thought to be random, with many copies 

inserting in tandem arrays after concatenation (11).



Frequently, the foreign gene does not integrate until after the first cell division, 

and the resultant animal will not contain the gene uniformly throughout its tissues. A 

founder animal of this type is termed "mosaic". This animal may only contain the 

foreign gene in a fraction of its germ cells. Thus, a non-Mendelian transmission of the 

gene to the progeny can result. However, any progeny from that founder that contain 

the gene are true hemizygotes and henceforth will transmit the gene in a Mendelian 

fashion to their progeny. As with hemizygous transgenic animals, the same 

phenomena with respect to randomness of the integration site and gene concatenation 

apply to mosaic founder animals. 

Yet another type of transgenic animal can result when embryonic stem cells 

from one animal are fused into the developing embryo of another animal (12,28, 

reviewed in 9). For example, viral mutagenesis can be used to affect changes in the 

embryonic cells of one mouse, and these genetically altered cells are fused with a 

normal mouse embryo (typically at the blastocyst stage). The result is a chimeric 

mouse whose genetic makeup is partly represented by the mutated embryonic stem 

cell(s). Chimeric animals have also been created from the fusion of embryonic cells 

from a sheep and a goat resulting in an animal with the phenotypic characteristics of 

both species (12). In chimeric animals, only a fraction of the cells of the animal, 

including the germ cells contain exogenous genetic information. Thus, very few 

chimeras are able to transmit the traits derived from the embryonic stem



cell to their progeny (9). 

In summary, there are three types of transgenic animals: hemizygous, mosaic, 

and chimeric. In most cases, a hemizygous transgenic animal presents a more 

desirable genotype usually due to a much higher production level of the protein 

encoded by the transgene. However, mosaics and chimeras may be suitable for some 

aspects of the fundamental study of disease and/or developmental biology. 

METHODS OF MAKING TRANSGENIC ANIMALS 

The most commonly used methods to make transgenic animals are 

microinjection and retroviral transfection (13,14). In addition, either of these 

techniques can be used to introduce transgenes into embryonic stem cells. 

Subsequently, these undifferentiated cells can be fused with early embryos to form a 

chimeric embryo (reviewed in 9). Currently, the most widely used technique for 

introducing new genetic constructs into animals is microinjection of single cell 

embryos (zygotes) followed by implantation into surrogate mothers. Typically, this 

procedure involves harvesting one-cell embryos from donor animals, then 

microinjecting the desired DNA construct into one of the two pronuclei (maternal or 

paternal) using a finely drawn glass capillary. The paternal pronucleus is usually 

much larger and therefore easier to microinject. Approximately 1-2 picoliters of 

buffered solution containing 200-500 copies of the genetic construct are typically



introduced into the pronucleus by microinjection. Embryos surviving the injection 

procedure are then surgically transferred into the oviduct of an oestrus-synchronized 

recipient animal. Typically, 70% of microinjected murine embryos survive through at 

least one cell division, and about 40 microinjected embryos are transferred to surrogate 

mothers. The litter sizes in mice average about 4-6 pups but can vary widely from 1 

to greater than 10. On average, about 10-30 % of these pups will be transgenic 

animals. 

The embryos of large animals such as pigs and cows require centrifugation 

prior to microinjection (15-16). This concentrates the cytoplasmic lipid away from the 

pronuclei such that they are easily visualized and microinjected. The zygotes from 

pigs and cows seem to be more robust with respect to the trauma caused by 

microinjection. However, the expense of experiments using large animals can be 

prohibitive. This is especially true in cattle since only one healthy offspring can be 

produced per recipient mother. Consequently, 

relatively few transgenic animal studies have been attempted in cattle. Because pigs 

can naturally sustain litter sizes of 10 or more piglets, they are more easily used for 

transgenic animal studies. In experiments performed with pigs, 25-40 microinjected 

embryos are implanted into surrogate mothers (15,16). Superovulated pigs generally 

produce 10-20 embryos and therefore a ratio of 3 donors per recipient animal is 

usually employed. The pregnancy rates obtained using this procedure vary from



25-50% with litter sizes averaging about 4-7 piglets. The frequency of transgenic 

piglets varies widely, but is similar to that of mice with an average of less than 30% 

being transgenic (16). Transgenic sheep have also been produced using essentially the 

same procedure, but with the restriction of less than 4 progeny born per litter. The 

frequency of transgenic lambs is similar to that for other species (17). 

Figure 1 schematically shows how microinjection is typically applied to large 

animals. Several modifications of this procedure are currently being developed in an 

effort to increase the efficiency of producing transgenic animals. These modifications 

integrate techniques such as polymerase chain reaction (PCR), which permits the 

detection of the transgene from a few cells which have been biopsied from an early 

embryo (18). The remaining embryo is further cultured and if shown to possess the 

transgene is transferred into a surrogate mother (See Figure 1, pathway B). 

Theoretically, only transgenic animals would result from implantation although some 

false positives have been observed in mice produced by this method (19). Embryo 

cloning which has been demonstrated in mice (31) and cattle (32) could also enable 

the cloning of positive embryos prior to implantation. Another improvement for 

efficient production of transgenic livestock involves in vitro maturation, fertilization, 

and subsequent microinjection of immature ova recovered from slaughterhouse ovaries 

(See Figure 1, pathway C). The development of this technology would allow large 

numbers of embryos to be obtained very inexpensively. If combined with the



detection methods afforded by PCR, the use of slaughterhouse embryos will 

undoubtedly facilitate transgenic research in large production livestock. 

Another method of introducing DNA into the germ line of an organism is by 

retroviral transfection. The "life cycle" of the retrovirus requires integration into a 

host genome in order for subsequent replication of retroviral ribonucleic acid "genes" 

(RNA) to occur (22). 

The infectious segment of the retroviral life cycle is encoded by RNA and thus the 

host genome is employed as a DNA intermediate through which this RNA is 

generated. By subverting the infectious element of the retroviral life cycle, the 

RNA-encoded stage can be used to transmit the genetic element of interest to the host 

genome. Here, the pathogenic elements of the retrovirus have been deleted and 

replaced with sequence information encoding the transgene. The main advantage of 

this technique is that the mechanism of host integration provides greater site-specificity 

and single copy insertion. In contrast to microinjection, this method almost 

exclusively generates mosaic animals because of the temporal restrictions imposed by 

the process of viral infection. An additional drawback is that the size of the transgene 

is limited when using the retroviral RNA as a vehicle for gene transfer. However, 

because of the difficulty encountered in trying to microinject chick embryos, retroviral 

transfection may be the best method for producing transgenic poultry (20,21).



Embryonic stem cells can also be used to produce transgenic animals. 

Typically, a biopsy of a morula or blastocyst stage embryo is allowed to grow into a 

monolayer by cell culture methods. DNA is then introduced into these cells by either 

conventional or retroviral transfection techniques. The cells containing the transgene 

are then selected by resistance to a specific antibiotic which has been placed in the 

culture medium. This resistance can be imparted by a "piggyback" transgene or free 

plasmid which is co-transfected into the stem cell. 

The antibiotic resistance gene encodes an enzyme which specifically breaks 

down the antibiotic placed in the media. In this way, it is likely that only cells which 

contain both the primary transgene and resistance gene will survive in the culture 

medium. Once a pure culture of "transformed" stem cells has been obtained, several 

of these cells can be injected into a host blastocyst consisting of many cells. The 

fusion of the transformed stem and host cell masses results in a chimeric animal. 

METHODS FOR DETECTION OF TRANSGENIC ANIMALS 

Transgenic animals can be easily detected by the isolation and characterization 

of DNA from tissue samples taken from tail biopsy, etc. The isolation procedure 

involves a tissue digestion and solubilization step using proteinases (enzymes which 

degrade protein) and surfactants, followed by phenol extraction and ethanol 

precipitation of the DNA. The purified DNA is then specifically digested by



restriction endonucleases (enzymes), which result in cleavage sites that release all or 

parts of the foreign gene from the host genome. The gene or gene fragments can then 

be recognized with highly specific, labeled polynucleotides (short, single-stranded 

DNA sequences labeled with a radioisotope or an enzyme) which act as probes for the 

transgene. These synthetic probes are complementary to and specifically hybridize 

with selected segments of the transgene. The polynucleotide hybridization is 

performed upon an electrophoresed sample of DNA which has been transferred and 

immobilized onto a solid membrane (a technique termed a Southern transfer). Once 

the labeled probe has been hybridized to the immobilized DNA (procedure termed 

Southern blotting), the transgene is detected upon development of an X-ray film 

exposed to the membrane. 

Polymerase chain reaction (PCR) has gained popularity as a facile and sensitive 

method for the detection of relatively few copies of the transgene (18,19). This 

method utilizes a DNA polymerase (enzymatic) amplification of all or parts of the 

transgene as identified by oligonucleotides which hybridize to specific segments of the 

foreign gene. When provided with free nucleotide triphosphate bases (the building 

blocks of DNA), the enzyme then synthesizes complementary copies of both strands of 

the sequences within the transgene delineated by the flanking oligonucleotide primers. 

By going through a series of denaturation (DNA strand separation), hybridization, and 

polymerization steps, each polymerase product provides a new template for subsequent



synthesis (23). Thus, amplification of the original gene copy(s) occurs in a geometric 

progression (i.e. two-strand makes four, four makes eight, eight makes sixteen, etc.). 

Each cycle takes approximately 6 minutes, such that more than one million copies can 

result after several hours, when starting with only a single gene copy. The amplified 

gene or gene fragment is easily detected by agarose gel electrophoresis of the PCR 

product followed by ethidium bromide staining. Since only a few cells provide 

sufficient DNA to be processed by PCR, the tissue (e.g. a tail snip from a mouse) or 

cells biopsied from an early stage embryo can be subjected to aa appropriate DNA 

isolation procedure. This solution can then be used directly in the DNA amplification 

procedure. Thus, the transgene can be detected in only 4 or 5 hours, versus the 5 day 

procedure required for detection by Southern blot analysis. 

MOLECULAR BIOLOGY OF GENE INTEGRATION 

The highest frequency of transgenic pups are obtained when the male 

pronucleus is injected with linearized DNA in Tris-HCl, EDTA buffer (11). However, 

the actual physical and chemical mechanisms of transgene integration have yet to be 

elucidated. Depending on the species of animal, one can expect from 10-30% of the 

progeny born from microinjected embryos to be transgenic (8,16). Mosaicism can still 

occur even in embryos which have been injected at the one-cell stage because the 

integration event may not occur until after cell division. Integration seems to be a 

random event which is mediated by enzymes responsible for the repair and 

10



maintenance of the host chromosomal DNA. Because the integration is random, 

insertion of a desired number of copies of DNA at a specific chromosomal site will 

probably not occur. However, it appears that retroviruses contain elements which may 

be naturally capable of directing the site of integration as well as the number of copies 

inserted into the host genome (reviewed in 9). 

Although the chromosomal integration site cannot be controlled, it is still 

possible to direct expression of the transgene to a specific tissue. This is done by 

fusing the recombinant DNA sequence encoding the protein of interest (reporter 

sequence) to a DNA promoter (regulatory) sequence derived from a gene which is 

activated in a tissue specific manner. For example, the regulatory elements of DNA 

associated with milk proteins are responsive to hormonal induction such that milk 

proteins are made only during lactation and primarily in the mammary tissue. Thus, 

the DNA promoter from the Whey Acidic Protein (WAP) of mice has been fused to a 

cDNA (reporter) sequence of human tissue Plasminogen Activator (tPA) to make a 

mammary tissue specific genetic construct (5). Transgenic mice containing the 

WAP-tPA gene have made human-tPA protein in their milk in a mammary tissue 

specific fashion similar to that of the native WAP protein. The analysis of 23 

different tissues from these mice has shown that the human tPA is not made to a 

significant extent in any tissue other than the mammary gland. 

11



About 5-10% of the animals carrying the transgene will express a detectable 

level of the desired gene product (24). Although the mechanisms of transgene 

expression are not well understood, two factors believed to be important are the site of 

integration and the structure of the regulatory elements fused to the reporter DNA 

sequence. For example, the site of integration may be such that expression is 

attenuated by the flanking host DNA. In addition, the regulatory elements from a 

given gene may be located far away from the DNA sequence encoding for the protein. 

Thus, it is sometimes difficult to identify and include the sequences necessary for 

significant expression of the fusion gene. These regulatory sequences may be far 

upstream, downstream, or located in the introns of eukaryotic DNA. Introns are 

intervening sequences of DNA which do not encode for protein and hence are 

untranslated. The expression levels of the foreign proteins made by transgenic animals 

have been compared for a given construct with and without introns (24). The animals 

containing introns possessed a higher frequency of detectable expression than those 

without introns. However, the exact regulatory function of introns is still not well 

understood. 

TRANSGENIC ANIMALS IN BIOTECHNOLOGY AND THE STUDY OF 

DISEASE 

Prior to the advent of transgenic manipulations, animal models which possessed 

mutations that facilitated the study of some diseases were the result of laborious 

12



inbreeding and serendipity (1,2). Because transgenic manipulations change the 

biochemistry in a directed fashion by the addition of specific genetic information, the 

study of disease is facilitated. The study of disease resistance is of particular interest 

to the agriculture industry. However, because of the long generation times of 

production animals such as cattle or pigs, most studies have been performed using 

mice. There have been several studies using mice in which biochemical intermediates 

known to regulate the immune response were affected by transgenic manipulation. For 

example, transgenes which encode for antigens associated with the major 

histocompatability complex (MHC) have been used to test the immune competence of 

mice which overproduce an antibody against a particular protein (25). The 

understanding of the effects of these modifications will likely lead to the genetic 

engineering of disease resistance by improved immune system responsiveness (2). 

Due to the short generation time of poultry, there have been disease resistance 

studies performed in transgenic chickens. For example, the development of resistance 

to avian leukosis virus (ALV) has been studied using retroviral infection. In these 

studies, a retroviral strain which is noninfectious but produces a viral envelope capable 

of stimulating the production of antibodies against infectious versions of ALV was 

used to make transgenic chickens (20,21). These transgenic chickens possessed 

significant resistance to ALV which was transmitted to offspring. 

13



Animal improvement with respect to desired phenotypes such as faster growth 

rates for commodity livestock is also a potential benefit of transgenic animal research. 

For example, pigs are marketed based upon reaching a given weight and not 

reproductive maturity (7,8,10). Expediting the time to reach slaughter weight and 

improving the yield of meat per pound of feed would be of great economic 

significance since feed costs can represent 50% of the overall cost to reach market size 

(7). Increases in growth rates for broiler poultry would also greatly impact production 

costs. However, the difficulties in making transgenic poultry except by retroviral 

infection may put these achievements further into the future (9). 

Growth studies in rats and swine that were injected daily with pituitary extracts 

containing growth hormone resulted in significant increases in weight gain with a 

concomitant decrease in body fat (reviewed in reference 7). Analogous growth studies 

have also been performed using transgenic mice (26) and swine (8,16). The mouse 

studies employed a modified rat growth hormone gene such that it produced up to 100 

times the normal amount of growth hormone than is naturally made by the pituitary 

gland. At the same age, these transgenic mice were twice the size of control mice 

who did not possess the transgene. Similar experiments in pigs produced swine with 

dramatically reduced backfat content (8). Both of these experiments employed a gene 

regulation system (metallothionein-I promoter) that is activated by zinc naturally 

occurring in tissue and plasma. The control of the growth hormone expression by zinc 

14



was not optimal in transgenic pigs as several undesirable physiological changes such as 

stomach ulcers tended to occur in these animals. Therefore, much more research is 

needed in the area of gene regulation so that such adverse physiological changes can 

be minimized. 

The need for improvements in meat quality in cattle are equally important. 

The minimization of trim fat while maintaining the degree of marbled fat content is 

desirable. Because cattle are marketed at sexual maturity due to the marbling 

phenomena associated with post-pubertal development, more rapid prepubertal weight 

gain is of less significance than in swine (7,8,10). Thus, the complex relationship 

between weight gain and fat deposition upon maturity presents a significant challenge 

to the current understanding of gene regulation. 

The dairy industry currently seeks greater milk productivity per animal such 

that it can decrease herd size and thus production costs (reviewed in 7). Experiments 

with dairy cattle injected daily with growth hormone have shown that as much as 30% 

greater milk yield per animal can be obtained (29,30). Transgenic dairy cattle may 

provide an alternative to the administration of exogenous growth hormone. Again, 

gene regulation becomes the pivotal aspect of the biology needed to produce a cow 

that will have well-regulated expression of augmented growth hormone upon 

parturition. 
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�p�u�r�p�o�s�e�f�u�l�l�y� �a� �l�a�r�g�e�l�y� �s�e�l�f�-�c�o�n�t�a�i�n�e�d�,� �s�e�c�r�e�t�o�r�y� �o�r�g�a�n�.� �C�u�r�r�e�n�t�l�y�,� �r�e�c�o�m�b�i�n�a�n�t� �t�i�s�s�u�e� 

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

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

�c�o�n�s�e�q�u�e�n�c�e� �c�r�i�t�i�c�a�l� �s�h�o�r�t�a�g�e�s� �c�a�n� �r�e�s�u�l�t�.� �F�o�r� �e�x�a�m�p�l�e�,� �a�n�t�i�h�e�m�o�p�h�i�l�i�a�c� �f�a�c�t�o�r� �A� �i�s� 

�c�u�r�r�e�n�t�l�y� �i�n� �s�h�o�r�t� �s�u�p�p�l�y� �a�n�d� �t�h�e� �c�o�s�t� �o�f� �a�n�n�u�a�l� �t�h�e�r�a�p�y� �e�x�c�e�e�d�s� �$�2�5�,�0�0�0� �p�e�r� �p�a�t�i�e�n�t� 

�(�2�7�)�.� �B�e�c�a�u�s�e� �o�f� �t�h�e�s�e� �c�o�n�s�t�r�a�i�n�t�s�,� �h�e�m�o�p�h�i�l�i�a�c�s� �a�r�e� �u�n�a�b�l�e� �t�o� �b�e� �t�r�e�a�t�e�d� �i�n� �a� 

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

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

�a�v�a�i�l�a�b�i�l�i�t�y� �a�t� �d�e�c�r�e�a�s�e�d� �c�o�s�t�.� 

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

�r�e�q�u�i�r�e� �a� �d�e�t�a�i�l�e�d� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �g�e�n�e� �r�e�g�u�l�a�t�i�o�n�.� �M�i�l�k� �p�r�o�t�e�i�n�s� �a�r�e� �r�e�g�u�l�a�t�e�d� �b�y� 

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

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

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

�p�a�r�t�i�a�l�l�y� �c�o�n�s�e�r�v�e�d� �i�n� �m�i�c�e�,� �p�i�g�,� �a�n�d� �s�h�e�e�p�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e� �c�o�n�t�a�i�n�i�n�g� �a� 
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�g�e�n�e� �e�n�c�o�d�i�n�g� �o�v�i�n�e� �-�l�a�c�t�o�g�l�o�b�u�l�i�n� �(�B�L�G�)� �i�n�c�l�u�d�i�n�g� �t�h�e� �f�l�a�n�k�i�n�g� �r�e�g�u�l�a�t�o�r�y� �e�l�e�m�e�n�t�s�,� 

�e�x�p�r�e�s�s�e�d� �n�a�t�i�v�e� �B�L�G� �p�r�o�t�e�i�n� �a�t� �l�e�v�e�l�s� �c�o�m�p�a�r�a�b�l�e� �t�o� �t�h�o�s�e� �f�o�u�n�d� �i�n� �s�h�e�e�p� �(�r�e�v�i�e�w�e�d� 

�i�n� �4�)�.� �T�r�a�n�s�g�e�n�i�c� �m�i�c�e� �c�o�n�t�a�i�n�i�n�g� �f�u�s�i�o�n� �g�e�n�e�s� �u�s�i�n�g� �t�h�e� �r�e�g�u�l�a�t�o�r�y� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� 

�W�h�e�y� �A�c�i�d�i�c� �P�r�o�t�e�i�n� �(�W�A�P�)� �g�e�n�e� �h�a�v�e� �a�l�s�o� �b�e�e�n� �p�r�o�d�u�c�e�d� �(�5�,�2�7�)�.� �I�n� �o�n�e� �o�f� �t�h�e�s�e� 

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

�(�t�P�A�)� �a�n�d� �m�i�c�r�o�i�n�j�e�c�t�e�d� �i�n�t�o� �m�o�u�s�e� �e�m�b�r�y�o�s� �(�5�)�.� �T�h�e� �r�e�s�u�l�t�a�n�t� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e� 

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

�F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �r�e�g�u�l�a�t�o�r�y� �e�l�e�m�e�n�t�s� �o�f� �o�v�i�n�e� �B�L�G� �g�e�n�e� �h�a�v�e� �b�e�e�n� �f�u�s�e�d� �t�o� �t�h�e� �c�D�N�A� 

�e�n�c�o�d�i�n�g� �h�u�m�a�n� �F�a�c�t�o�r� �I�X� �(�F�I�X�)� �p�r�o�t�e�i�n� �(�6�,�1�7�)�.� �F�a�c�t�o�r� �I�X� �i�s� �c�u�r�r�e�n�t�l�y� �i�s�o�l�a�t�e�d� �f�r�o�m� 

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

�c�o�n�t�a�i�n�i�n�g� �t�h�e� �B�L�G�-�F�I�X� �f�u�s�i�o�n� �g�e�n�e� �w�e�r�e� �f�o�u�n�d� �t�o� �m�a�k�e� �h�u�m�a�n� �F�I�X� �p�r�o�t�e�i�n� �i�n� �t�h�e�i�r� 

�m�i�l�k�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�i�l�k� �F�I�X� �p�r�o�t�e�i�n� �a�p�p�e�a�r�e�d� �t�o� �b�e� �a� �n�o�n�n�a�t�i�v�e� �f�o�r�m� �o�f� �h�u�m�a�n� �F�I�X� 

�a�n�d� �w�a�s� �e�x�p�r�e�s�s�e�d� �a�t� �o�n�l�y� �2�5� �n�a�n�o�g�r�a�m� �p�e�r� �m�i�l�l�i�t�e�r� �l�e�v�e�l�s�.� 

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

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

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

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

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

�s�i�m�i�l�a�r� �m�a�m�m�a�r�y� �t�i�s�s�u�e�-�s�p�e�c�i�f�i�c� �e�x�p�r�e�s�s�i�o�n�.� �F�u�t�u�r�e� �w�o�r�k� �w�i�l�l� �b�e� �u�n�d�e�r�t�a�k�e�n� �i�n� �c�o�w�s� 

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

�1�7



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

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

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

�R�E�F�E�R�E�N�C�E�S� 

�1�.� �C�a�m�p�e�r�,� �S�.�A�.� �(�1�9�8�7�)� �R�e�s�e�a�r�c�h� �a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e�.� �B�i�o�T�e�c�h�n�i�q�u�e�s� 
�5�,� �6�3�8�-�6�5�0�.� 

�2�.� �H�a�n�a�h�a�n�,� �D�.� �(�1�9�8�9�)� �T�r�a�n�s�g�e�n�i�c� �m�i�c�e� �a�s� �p�r�o�b�e�s� �i�n�t�o� �c�o�m�p�l�e�x� �s�y�s�t�e�m�s�.� �S�c�i�e�n�c�e� 
�2�4�6�,� �1�2�6�5�-�1�2�7�5�.� 

�3�.� �C�o�n�n�e�l�l�y�,� �C�.�S�.�,� �F�a�h�l�,� �W�.�E�.�,� �a�n�d� �I�a�n�n�a�c�c�o�n�e�,� �P�.�M�.� �(�1�9�8�9�)� �T�h�e� �r�o�l�e� �o�f� 
�t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�s� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�o�u�s� �b�i�o�l�o�g�i�c�a�l� �a�s�p�e�c�t�s� �o�f� �n�o�r�m�a�l� �a�n�d� 
�p�a�t�h�o�l�o�g�i�c� �s�t�a�t�e�s�.� �E�x�p�.� �C�e�l�l� �R�e�s�.� �1�8�3�,� �2�5�7�-�2�7�6�.� 

�4�.� �C�l�a�r�k�,� �A�.�J�.�,� �S�i�m�o�n�s�,� �P�.�,� �W�i�l�m�u�t�,� �I�.� �a�n�d� �L�a�t�h�e�,� �R�.� �(�1�9�8�7�)� �P�h�a�r�m�a�c�e�u�t�i�c�a�l�s� �f�r�o�m� 
�t�r�a�n�s�g�e�n�i�c� �l�i�v�e�s�t�o�c�k�.� �T�r�e�n�d�s� �i�n� �B�i�o�t�e�c�h�n�o�l�o�g�y� �5�,� �2�0�-�2�4�.� 

�5�.� �P�i�t�t�i�u�s�,� �C�.�W�.�,� �H�e�n�n�i�g�h�a�u�s�e�n�,� �L�.�,� �L�e�e�,� �E�.�,� �W�e�s�t�p�h�a�l�,� �H�.�,� �N�i�c�o�l�s�,� �E�.�,� �V�i�t�a�l�e�,� �J�.�,� 
�a�n�d� �G�o�r�d�o�n�,� �K�.� �(�1�9�8�8�)� �A� �m�i�l�k� �p�r�o�t�e�i�n� �g�e�n�e� �p�r�o�m�o�t�e�r� �d�i�r�e�c�t�s� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� 
�h�u�m�a�n� �t�i�s�s�u�e� �p�l�a�s�m�i�n�o�g�e�n� �a�c�t�i�v�a�t�o�r� �c�D�N�A� �t�o� �t�h�e� �m�a�m�m�a�r�y� �g�l�a�n�d� �i�n� �t�r�a�n�s�g�e�n�i�c� 
�m�i�c�e�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �8�5�,� �5�8�7�4�-�5�8�7�8�.� 

�6�.� �C�l�a�r�k�,� �A�.�J�.�,� �B�e�s�s�o�s�,� �H�.�,� �B�i�s�h�o�p�,� �J�.�O�.�,� �B�r�o�w�n�,� �P�.�,� �H�a�r�r�i�s�,� �S�.�,� �L�a�t�h�e�,� �R�.�,� 
�M�c�C�l�e�n�a�g�h�a�n�,� �M�.�,� �P�r�o�w�s�e�,� �C�.�,� �S�i�m�o�n�s�,� �J�.�P�.�,� �W�h�i�t�e�l�a�w�,� �C�.�B�.�A�,� �a�n�d� �W�i�l�m�u�t�,� �I�.� 
�(�1�9�8�8�)� �E�x�p�r�e�s�s�i�o�n� �o�f� �h�u�m�a�n� �a�n�t�i�-�h�e�m�o�p�h�i�l�i�c� �f�a�c�t�o�r� �I�X� �i�n� �t�h�e� �m�i�l�k� �o�f� �t�r�a�n�s�g�e�n�i�c� 
�s�h�e�e�p�.� �B�i�o�/�t�e�c�h�n�o�l�o�g�y� �7�,� �4�8�7�-�4�9�2�.� 

�7�.� �W�a�g�n�e�r�,� �T�.�E�.� �(�1�9�8�5�)� �T�h�e� �r�o�l�e� �o�f� �g�e�n�e� �t�r�a�n�s�f�e�r� �i�n� �a�n�i�m�a�l� �a�g�r�i�c�u�l�t�u�r�e� �a�n�d� 
�b�i�o�t�e�c�h�n�o�l�o�g�y�.� �C�a�n�.� �J�.� �A�n�i�m�.� �S�c�i�.� �6�5�,� �5�3�9�-�5�5�2�.� 

�8�.� �P�u�r�s�e�l�,� �V�.�G�.�,� �P�i�n�k�e�r�t�,� �C�.�A�.�,� �M�i�l�l�e�r�,� �K�.�F�.�,� �B�o�l�t�,� �D�.�J�.�,� �C�a�m�p�b�e�l�l�,� �R�.�G�.�,� �P�a�l�m�i�t�t�e�r�,� 
�R�.�D�.�,� �B�r�i�n�s�t�e�r�,� �R�.�L�.�,� �H�a�m�m�e�r�,� �R�.�E�.� �(�1�9�8�9�)� �G�e�n�e�t�i�c� �e�n�g�i�n�e�e�r�i�n�g� �o�f� �l�i�v�e�s�t�o�c�k�.� 
�S�c�i�e�n�c�e� �2�4�4�,� �1�2�8�1�-�1�2�8�8�.� 

�9�.� �J�a�e�n�i�s�c�h�,� �R�.� �(�1�9�8�8�)� �T�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�s�.� �S�c�i�e�n�c�e� �2�4�0�,� �1�4�6�8�-�1�4�7�4�.� 
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�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�S�i�m�o�n�s�,� �J�.�P�.� �a�n�d� �L�a�n�d�,� �R�.�B�.� �(�1�9�8�7�)� �T�r�a�n�s�g�e�n�i�c� �l�i�v�e�s�t�o�c�k�.� �J�.� �R�e�p�r�o�d�.� �F�e�r�t�.� 
�S�u�p�p�l�.� �3�4�,� �2�3�7�-�2�5�0�.� 

�B�r�i�n�s�t�e�r�,� �R�.�L�.�,� �C�h�e�n�,� �H�.�Y�.�,� �T�r�u�m�b�a�u�e�r�,� �M�.�E�.�,� �Y�a�g�l�e�,� �M�.�K�.� �a�n�d� �P�a�l�m�i�t�e�r�,� �R�.�D�.� 
�(�1�9�8�5�)� �F�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �i�n�t�r�o�d�u�c�i�n�g� �f�o�r�e�i�g�n� �D�N�A� �i�n�t�o� �m�i�c�e� 
�b�y� �m�i�c�r�o�i�n�j�e�c�t�i�n�g� �e�g�g�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �8�2�,� �4�4�3�8�-�4�4�4�2�.� 

�F�r�e�h�i�l�l�y�,� �C�.�B�.�,� �W�i�l�l�a�d�s�e�n�,� �S�.�M�.�,� �a�n�d� �T�u�c�k�e�r�,� �E�.�M�.� �(�1�9�8�4�)� �I�n�t�e�r�s�p�e�c�i�f�i�c� 
�c�h�i�m�e�r�i�s�m� �b�e�t�w�e�e�n� �s�h�e�e�p� �a�n�d� �g�o�a�t�.� �N�a�t�u�r�e� �3�0�7�,� �6�3�4�-�6�3�6�.� 

�P�a�l�m�i�t�t�e�r�,� �R�.�D�.�,� �B�r�i�n�s�t�e�r�,� �R�.�L�.� �(�1�9�8�6�)� �G�e�r�m�-�l�i�n�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �m�i�c�e�.� �A�n�n�.� 
�R�e�v�.� �G�e�n�e�t�.� �2�0�,� �4�6�5�-�4�9�9�.� 

�G�o�r�d�o�n�,� �J�.�W�.�,� �S�c�a�n�g�o�s�,� �G�.�A�.�,� �P�l�o�t�k�i�n�,� �D�.�J�.�,� �B�a�r�b�o�s�a�,� �J�.�A�.�,� �a�n�d� �R�u�d�d�l�e�,� �F�.�H�.� 
�(�1�9�8�0�)� �G�e�n�e�t�i�c� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �m�o�u�s�e� �e�m�b�r�y�o�s� �b�y� �m�i�c�r�o�i�n�j�e�c�t�i�o�n� �o�f� �p�u�r�i�f�i�e�d� 
�D�N�A�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �7�7�,�7�3�8�0�-�7�3�8�4�.� 

�W�a�l�l�,� �R�.�J�.�,� �P�u�r�s�e�l�,� �V�.�G�.�,� �H�a�m�m�e�r�,� �R�.�E�,� �B�r�i�n�s�t�e�r�,� �R�.�L�.� �(�1�9�8�5�)� �D�e�v�e�l�o�p�m�e�n�t� �o�f� 
�p�o�r�c�i�n�e� �o�v�a� �t�h�a�t� �w�e�r�e� �c�e�n�t�r�i�f�u�g�e�d� �t�o� �p�e�r�m�i�t� �v�i�s�u�a�l�i�z�a�t�i�o�n� �o�f� �p�r�o�n�u�c�l�e�i� �a�n�d� 
�n�u�c�l�e�i�.� �B�i�o�l�.� �R�e�p�r�o�d�.� �3�2�,� �6�4�5�-�6�5�1�.� 

�H�a�m�m�e�r�,� �R�.�E�.�,� �P�u�r�s�e�l�,� �V�.�G�.�,� �R�e�x�r�o�a�d�,� �C�.�E�.�,� �J�r�.�,� �W�a�l�l�,� �R�.�J�.�,� �B�o�l�t�,� �D�.�J�.�,� �e�b�e�r�t�,� 
�K�.�M�.�,� �P�a�l�m�i�t�e�r�,� �R�.�D�.� �a�n�d� �B�r�i�n�s�t�e�r�,� �R�.�L�.� �(�1�9�8�5�)� �P�r�o�d�u�c�t�i�o�n� �o�f� �t�r�a�n�s�g�e�n�i�c� 
�r�a�b�b�i�t�s�,� �s�h�e�e�p� �a�n�d� �p�i�g�s� �b�y� �m�i�c�r�o�i�n�j�e�c�t�i�o�n�.� �N�a�t�u�r�e� �3�1�5�,� �6�8�0�-�6�8�3�.� 

�S�i�m�o�n�s�,� �J�.�P�.�,� �W�i�l�m�u�t�,� �A�.�,� �C�l�a�r�k�,� �A�.�J�.�,� �A�r�c�h�i�b�a�l�d�,� �A�.�L�.�,� �B�i�s�h�o�p�,� �J�.�O�.�,� �a�n�d� �L�a�t�h�e�,� 
�R�.� �(�1�9�8�8�)� �G�e�n�e� �t�r�a�n�s�f�e�r� �i�n�t�o� �s�h�e�e�p�.� �B�i�o�/�t�e�c�h�n�o�l�o�g�y� �6�,� �1�7�9�-�1�4�0�.� 

�K�i�n�g�,� �D�.�,� �a�n�d� �W�a�l�l�,� �R�.�J�.� �(�1�9�8�8�)� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �s�p�e�c�i�f�i�c� �g�e�n�e� �s�e�q�u�e�n�c�e�s� �i�n� 
�p�r�e�i�m�p�l�a�n�t�a�t�i�o�n� �e�m�b�r�y�o�s� �b�y� �g�e�n�o�m�i�c� �a�m�p�l�i�f�i�c�a�t�i�o�n�:� �d�e�t�e�c�t�i�o�n� �o�f� �a� �t�r�a�n�s�g�e�n�e�.� 
�M�o�l�.� �R�e�p�r�o�d�.� �D�e�v�.� �1�,� �5�7�-�6�2�.� 

�N�i�n�o�m�i�y�a�,� �T�.�,� �H�o�s�h�i�,� �M�.�,� �M�i�z�u�n�o�,� �A�.�,� �N�a�g�a�o�,� �M�.�,� �a�n�d� �Y�u�k�i�,� �A�.� �(�1�9�8�9�)� 
�S�e�l�e�c�t�i�o�n� �o�f� �m�o�u�s�e� �p�r�e�i�m�p�l�a�n�t�a�t�i�o�n� �e�m�b�r�y�o�s� �c�a�r�r�y�i�n�g� �e�x�o�g�e�n�o�u�s� �D�N�A� �b�y� 
�p�o�l�y�m�e�r�a�s�e� �c�h�a�i�n� �r�e�a�c�t�i�o�n�.� �M�o�l�.� �R�e�p�r�o�d�.� �D�e�v�.� �1�,� �2�4�2�-�2�4�8�.� 

�S�a�l�t�e�r�,� �D�.�W�.�,� �S�m�i�t�h�,� �E�.�J�.�,� �H�u�g�h�e�s�,� �S�.�H�.�,� �W�r�i�g�h�t�,� �S�.�E�.�,� �F�a�d�l�y�,� �A�.�M�.�,� �W�i�t�t�e�r�,� 
�R�.�L�.�,� �a�n�d� �C�r�i�t�t�e�n�d�e�n�,� �L�.�B�.� �(�1�9�8�6�)� �G�e�n�e� �i�n�s�e�r�t�i�o�n� �i�n�t�o� �t�h�e� �c�h�i�c�k�e�n� �g�e�r�m� �l�i�n�e� �b�y� 
�r�e�t�r�o�v�i�r�u�s�e�s�.� �P�o�u�l�t�r�y� �S�c�i�e�n�c�e� �6�5�,� �1�4�5�5�-�1�4�5�8�.� 

�S�a�l�t�e�r�,� �D�.�W�.�,� �S�m�i�t�h�,� �E�.�J�.�,� �H�u�g�h�e�s�,� �S�.�H�.�,� �W�r�i�g�h�t�,� �S�.�E�.�,� �a�n�d� �C�r�i�t�t�e�n�d�e�n�,� �L�.�B�.� 
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�2�2�.� 

�2�3�.� 

�2�4�.� 

�2�5�.� 

�2�6�.� 

�2�7�.� 

�2�8�.� 

�2�9�.� 

�3�0�.� 

�3�1�.� 

�(�1�9�8�7�)� �T�r�a�n�s�g�e�n�i�c� �c�h�i�c�k�e�n�s�:� �i�n�s�e�r�t�i�o�n� �o�f� �r�e�t�r�o�v�i�r�a�l� �g�e�n�e�s� �i�n�t�o� �t�h�e� �c�h�i�c�k�e�n� �g�e�r�m� 
�l�i�n�e�.� �V�i�r�o�l�o�g�y� �1�5�7�,� �2�3�6�-�2�4�0�.� 

�T�e�m�i�n�,� �H�.� �(�1�9�7�6�)� �T�h�e� �D�N�A� �p�r�o�v�i�r�u�s� �h�y�p�o�t�h�e�s�i�s�:� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �a�n�d� 
�i�m�p�l�i�c�a�t�i�o�n�s� �o�f� �R�N�A�-�d�i�r�e�c�t�e�d� �D�N�A� �s�y�n�t�h�e�s�i�s�.� �S�c�i�e�n�c�e� �1�9�2�,� �1�0�7�5�-�1�0�8�0�.� 

�S�a�i�k�i�,� �R�.�T�,� �S�c�a�r�f�,� �S�.�,� �F�a�l�o�o�n�a�,� �F�.�,� �M�u�l�l�i�s�,� �K�.�B�.�,� �H�o�r�n�,� �G�.�T�.�,� �E�r�l�i�c�h�,� �H�.�A�.�,� �a�n�d� 
�A�r�n�h�e�i�m�,� �N�.� �(�1�9�8�5�)� �E�n�z�y�m�a�t�i�c� �a�m�p�l�i�f�i�c�a�t�i�o�n� �o�f� �8�-�g�l�o�b�i�n� �g�e�m�o�n�i�c� �s�e�q�u�e�n�c�e�s� 
�a�n�d� �r�e�s�t�r�i�c�t�i�o�n� �s�i�t�e� �a�n�a�l�y�s�i�s� �f�o�r� �d�i�a�g�n�o�s�i�s� �o�f� �s�i�c�k�l�e� �c�e�l�l� �a�n�e�m�i�a�.� �S�c�i�e�n�c�e� �2�3�0�,� 
�1�3�5�0�-�1�3�5�4�.� 

�B�r�i�n�s�t�e�r�,� �R�.�L�.�,� �A�l�l�e�n�,� �J�.�M�.�,� �B�e�h�e�r�i�n�g�e�r�,� �R�.�R�.�,� �G�e�l�i�n�a�s�,� �R�.�E�.� �a�n�d� �P�a�l�m�i�t�e�r�,� �R�.�D�.� 
�(�1�9�8�8�)� �I�n�t�r�o�n�s� �i�n�c�r�e�a�s�e� �t�r�a�n�s�c�r�i�p�t�i�o�n�a�l� �e�f�f�i�c�i�e�n�c�y� �i�n� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e�.� �P�r�o�c�.� 
�N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �8�5�,� �8�3�6�-�8�4�0�.� 

�N�e�m�a�z�e�e�,� �D�.�A�.�,� �a�n�d� �B�u�r�k�i�,� �K�.� �(�1�9�8�9�)� �C�l�o�n�a�l� �d�e�l�e�t�i�o�n� �o�f� �B� �l�y�m�p�h�o�c�y�t�e�s� �i�n� �a� 
�t�r�a�n�s�g�e�n�i�c� �m�o�u�s�e� �b�e�a�r�i�n�g� �a�n�t�i�-�M�H�C� �c�l�a�s�s� �I� �a�n�t�i�b�o�d�y�.� �N�a�t�u�r�e� �3�3�7�,� �5�6�2�.� 

�H�a�m�m�e�r�,� �R�.�E�.�,� �P�a�l�m�i�t�t�e�r�,� �R�.�D�.�,� �a�n�d� �B�r�i�n�s�t�e�r�,� �R�.�L�.� �P�a�r�t�i�a�l� �c�o�r�r�e�c�t�i�o�n� �o�f� �m�u�r�i�n�e� 
�h�e�r�e�d�i�t�a�r�y� �g�r�o�w�t�h� �d�i�s�o�r�d�e�r� �b�y� �g�e�r�m�-�l�i�n�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a� �n�e�w� �g�e�n�e�.� �(�1�9�8�4�)� 
�N�a�t�u�r�e� �3�1�1�:�6�5�-�6�7�.� 

�P�a�l�e�y�a�n�d�a�,� �R�.�,� �Y�o�u�n�g�,� �J�.�,� �V�e�l�a�n�d�e�r�,� �W�.�,� �a�n�d� �D�r�o�h�a�n�,� �W�.� �(�1�9�9�0�)� �"�T�h�e� 
�E�x�p�r�e�s�s�i�o�n� �o�f� �T�h�e�r�a�p�e�u�t�i�c� �P�r�o�t�e�i�n�s� �i�n� �T�r�a�n�s�g�e�n�i�c� �A�n�i�m�a�l�s�"�,� �I�n�:� �P�r�o�c�e�e�d�i�n�g� �o�f� 
�T�h�e� �2�1�s�t� �A�n�n�u�a�l� �A�m�e�r�i�c�a�n� �R�e�d� �C�r�o�s�s� �S�y�m�p�o�s�i�u�m� �o�n� �R�e�c�o�m�b�i�n�a�n�t� �T�e�c�h�n�o�l�o�g�y� 
�i�n� �H�e�m�o�s�t�a�s�i�s� �a�n�d� �T�h�r�o�m�b�o�s�i�s�.� �H�o�y�e�r�,� �L�.�,� �e�d�.� �S�u�b�m�i�t�t�e�d� �J�u�n�e� �8�,� �1�9�9�0�.� 

�E�v�a�n�s�,� �M�.�J�.� �a�n�d� �K�a�u�f�m�a�n�,� �M�.�H�.� �(�1�9�8�1�)� �E�s�t�a�b�l�i�s�h�m�e�n�t� �i�n� �c�u�l�t�u�r�e� �o�f� 
�p�l�u�r�i�p�o�t�e�n�t�i�a�l� �c�e�l�l�s� �f�r�o�m� �m�o�u�s�e� �e�m�b�r�y�o�s�.� �N�a�t�u�r�e� �2�9�2�,� �1�5�4�-�1�5�6�.� 

�M�a�c�h�l�i�n�,� �L�.�J�.� �(�1�9�7�3�)� �E�f�f�e�c�t� �o�f� �g�r�o�w�t�h� �h�o�r�m�o�n�e� �o�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �f�e�e�d� 
�u�t�i�l�i�z�a�t�i�o�n� �i�n� �d�a�i�r�y� �c�o�w�s�.� �J�.� �D�a�i�r�y� �S�c�i�.� �5�6�,� �5�7�5�-�5�8�0�.� 

�P�e�e�l�,� �C�.�J�.�,� �B�a�u�m�a�n�,� �D�.�E�.�,� �G�o�r�e�w�i�t�,� �R�.�C�.�,� �a�n�d� �S�n�i�f�f�e�n�,� �C�.�J�.� �(�1�9�8�1�)� �E�f�f�e�c�t� �o�f� 
�e�x�o�g�e�n�o�u�s� �g�r�o�w�t�h� �h�o�r�m�o�n�e� �o�n� �l�a�c�t�a�t�i�o�n�a�l� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �h�i�g�h� �y�i�e�l�d�i�n�g� �d�a�i�r�y� 
�c�o�w�s�.� �J�.� �N�u�t�r�i�.� �1�1�,� �1�1�6�2�-�1�1�7�1�.� 

�I�l�l�m�e�n�s�e�e�,� �K�.�,� �a�n�d� �H�o�p�p�e�,� �P�.�C�.� �(�1�9�8�1�)� �N�u�c�l�e�a�r� �t�r�a�n�s�p�l�a�n�t�a�t�i�o�n� �i�n� �M�u�s� 
�m�u�s�c�u�l�u�s�:� �d�e�v�e�l�o�p�m�e�n�t�a�l� �p�o�t�e�n�t�i�a�l� �o�f� �n�u�c�l�e�i� �f�r�o�m� �p�r�e�i�m�p�l�a�n�t�a�t�i�o�n� �e�m�b�r�y�o�s�.� 
�C�e�l�l� �2�3�,� �9�-�1�8�.� 

�2�0



�3�2�.� �B�o�n�d�i�o�l�i�,� �K�.�R�.�,� �W�e�s�t�h�u�s�i�n�,� �M�.�E�.�,� �a�n�d� �L�o�o�n�e�y�,� �C�.�R�.� �(�1�9�9�0�)� �P�r�o�d�u�c�t�i�o�n� �o�f� 
�i�d�e�n�t�i�c�a�l� �b�o�v�i�n�e� �o�f�f�s�p�r�i�n�g� �b�y� �n�u�c�l�e�a�r� �t�r�a�n�s�f�e�r�.� �T�h�e�r�i�o�g�e�n�o�l�o�g�y� �3�3�,� �1�6�5�-�1�7�4�.� 

�2�1



�F�E�M�A�L�E� �D�O�N�O�R� �F�E�M�A�L�E� �R�E�C�I�P�I�E�N�T� 

�C�c� 
�S�U�P�E�R�O�V�U�L�A�T�I�O�N� �S�Y�N�C�H�R�O�N�I�Z�A�T�I�O�N� 

�M�A�T�I�N�G� �I�N� �V�I�T�R�O� 
�|� �F�E�R�T�I�L�I�Z�A�T�I�O�N� 

�E�M�B�R�Y�O� �C�O�L�L�E�C�T�I�O�N� 
�(�Z�Y�G� �a� �S�T�A�G�E�)� �m�a� 

�A� 
�M�I�C�R�O�I�N�J�E�C�T�I�O�N�  ��_ ��_ ��_�_�_�_ ��_�>� �E�M�B�R�Y�O� �T�R�A�N�S�F�E�R� 

�1� �/� 

� � 

�E�M�B�R�Y�O� �C�U�L�T�U�R�E� �G�E�S�T�A�T�I�O�N� 

�y� �8� �1� 
�S�P�L�I�T�T�I�N�G� �O�R� �C�L�O�N�I�N�G� �P�A�R�T�U�R�I�T�I�O�N� 

�P�C�R� �D�E�T�E�C�T�I�O�N� �T�I�S�S�U�E� �B�I�O�P�S�Y� 

�1� 
�S�O�U�T�H�E�R�N� �O�R� �P�C�R� �A�N�A�L�Y�S�I�S� 

�T�R�A�N�S�G�E�N�I�C� �F�O�U�N�D�E�R� �N�O�T� �T�R�A�N�S�G�E�N�I�C� 

�v� 
�A�S�S�A�Y� �F�O�R� �G�E�N�E� �P�R�O�D�U�C�T� 

�)� 
�E�S�T�A�B�L�I�S�H� �T�R�A�N�S�G�E�N�I�C� �L�I�N�E� 

�F�i�g�u�r�e� �1�.� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �m�e�t�h�o�d�s� �o�f� �m�a�k�i�n�g� �t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�s� �b�y� �p�r�o�n�u�c�l�e�a�r� 
�m�i�c�r�o�i�n�j�e�c�t�i�o�n�.� �A�)� �G�e�n�e�r�a�l� �p�r�o�c�e�d�u�r�e� �f�o�r� �m�a�k�i�n�g� �a� �t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�.� �B�)� 
�M�o�d�i�f�i�c�a�t�i�o�n� �e�m�p�l�o�y�i�n�g� �t�h�e� �e�a�r�l�y� �d�e�t�e�c�t�i�o�n� �m�e�t�h�o�d� �u�s�i�n�g� �t�h�e� �P�o�l�y�m�e�r�a�s�e� �C�h�a�i�n� 
�R�e�a�c�t�i�o�n� �(�P�C�R�)� �t�o� �a�m�p�l�i�f�y� �t�h�e� �D�N�A� �c�o�n�s�t�r�u�c�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �a�n� �e�a�r�l�y� �e�m�b�r�y�o� �b�i�o�p�s�y�.� 
�C�)� �A�l�t�e�r�n�a�t�i�v�e� �m�e�t�h�o�d� �f�o�r� �m�a�k�i�n�g� �l�a�r�g�e� �t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�s� �u�s�i�n�g� �i�n� �v�i�t�r�o� �f�e�r�t�i�l�i�z�a�t�i�o�n� 
�o�f� �i�m�m�a�t�u�r�e� �o�v�a� �o�b�t�a�i�n�e�d� �f�r�o�m� �s�l�a�u�g�h�t�e�r�h�o�u�s�e� �o�v�a�r�i�e�s�.� 
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�C�H�A�P�T�E�R� �I�I�.� 

�P�R�O�D�U�C�T�I�O�N� �O�F� �B�I�O�L�O�G�I�C�A�L�L�Y� �A�C�T�I�V�E� �H�U�M�A�N� 

�P�R�O�T�E�I�N� �C� �I�N� �T�H�E� �M�I�L�K� �O�F� �T�R�A�N�S�G�E�N�I�C� �M�I�C�E� 

�W�i�l�l�i�a�m� �H�.� �V�e�l�a�n�d�e�r � ��,� �R�a�y�m�o�n�d� �L�.� �P�a�g�e ��,� �T�i�i�l�i�n� �M�o�r�c�é�l�'�,� 

�C�h�r�i�s�t�o�p�h�e�r� �G�.� �R�u�s�s�e�l�l ��,� �R�o�d�o�l�f�o� �C�a�n�s�e�c�o ��,� �J�a�n�e�t� �M�.� �Y�o�u�n�g ��,� �W�i�l�l�i�a�m� �N�.� �D�r�o�h�a�n ��,� 

�F�r�a�n�c�i�s� �C�.� �G�w�a�z�d�a�u�s�k�a�s ��,� �T�r�a�c�y� �D�.� �W�i�l�k�i�n�s ��,� �a�n�d� �J�o�h�n� �L�.� �J�o�h�n�s�o�n �� 

�'�D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� 

�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� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� �2�4�0�6�1� 

�*�D�e�p�a�r�t�m�e�n�t� �o�f� �D�a�i�r�y� �S�c�i�e�n�c�e� 

�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� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� �2�4�0�6�1� 

�*�P�l�a�s�m�a� �D�e�r�i�v�a�t�i�v�e�s� �L�a�b�o�r�a�t�o�r�y� 

�T�h�e� �J�e�r�o�m�e� �H�o�l�l�a�n�d� �L�a�b�o�r�a�t�o�r�y� �f�o�r� �t�h�e� �B�i�o�m�e�d�i�c�a�l� �S�c�i�e�n�c�e�s� 

�T�h�e� �A�m�e�r�i�c�a�n� �R�e�d� �C�r�o�s�s� 

�R�o�c�k�v�i�l�l�e�,� �M�D� �2�0�8�5�5� 

 ��D�e�p�a�r�t�m�e�n�t� �o�f� �A�n�a�e�r�o�b�i�c� �M�i�c�r�o�b�i�o�l�o�g�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� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� �2�4�0�6�1� 

�*�T�o� �w�h�o�m� �c�o�r�r�e�s�p�o�n�d�e�n�c�e� �s�h�o�u�l�d� �b�e� �a�d�d�r�e�s�s�e�d�.� 
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�I�N�T�R�O�D�U�C�T�I�O�N� 

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

�a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �l�i�m�i�t�e�d� �s�u�p�p�l�y� �o�f� �p�l�a�s�m�a� �(�1�)�.� �A�s� �a� �r�e�s�u�l�t�,� �e�x�t�e�n�s�i�v�e� 

�e�f�f�o�r�t�s� �a�r�e� �b�e�i�n�g� �m�a�d�e� �t�o� �p�r�o�d�u�c�e� �r�e�c�o�m�b�i�n�a�n�t� �v�e�r�s�i�o�n�s� �o�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �(�2�-�7�)�.� 

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

�p�r�o�d�u�c�t�i�o�n� �o�f� �r�e�l�a�t�i�v�e�l�y� �s�i�m�p�l�e� �p�r�o�t�e�i�n�s� �i�n� �b�o�t�h� �c�e�l�l� �c�u�l�t�u�r�e� �(�8�,�9�)� �a�s� �w�e�l�l� �a�s� �t�h�e� 

�m�a�m�m�a�r�y� �g�l�a�n�d� �o�f� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e� �(�1�0�-�1�2�)� �a�n�d� �l�i�v�e�s�t�o�c�k� �(�1�3�-�1�6�)�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� 

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

�p�r�o�t�e�i�n� �p�r�o�c�e�s�s�i�n�g� �n�e�e�d�e�d� �t�o� �s�y�n�t�h�e�s�i�z�e� �h�i�g�h�l�y� �c�o�m�p�l�e�x� �e�n�z�y�m�e�s� �(�1�0�-�1�7�)�.� �F�o�r� 

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

�a�r�e� �f�r�e�q�u�e�n�t�l�y� �e�s�s�e�n�t�i�a�l� �f�o�r� �e�f�f�i�c�i�e�n�t� �s�e�c�r�e�t�i�o�n� �o�r� �b�i�o�l�o�g�i�c�a�l� �a�c�t�i�v�i�t�y� �(�2�,�6�)�.� �T�h�e� �p�r�e�s�e�n�t� 

�s�t�u�d�y� �h�a�s� �f�o�c�u�s�e�d� �u�p�o�n� �t�h�e� �v�i�t�a�m�i�n� �K�-�d�e�p�e�n�d�e�n�t� �(�V�K�D�)� �c�a�r�b�o�x�y�l�a�t�i�o�n� �o�f� �g�l�u�t�a�m�i�c� 

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

�s�i�g�n�i�f�i�c�a�n�t� �l�e�v�e�l� �(�6�,�1�7�)�.� 

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

�m�e�m�b�r�a�n�e� �m�e�d�i�a�t�e�d� �p�r�o�-� �a�n�d� �a�n�t�i�-�c�l�o�t�t�i�n�g� �a�c�t�i�v�i�t�i�e�s� �o�f� �t�h�e� �V�K�D�-�p�r�o�t�e�i�n�s� �(�1�8�-�2�1�)�.� �T�h�e� 

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

�t�o� �b�e� �l�i�m�i�t�e�d� �i�n� �m�o�s�t� �t�i�s�s�u�e�s� �(�2�2�,�2�3�)� �a�n�d� �m�a�n�i�p�u�l�a�t�e�d� �c�e�l�l� �l�i�n�e�s� �(�2�,�4�)�.� �A�s� �a� �r�e�s�u�l�t�,� 

�b�i�o�l�o�g�i�c�a�l�l�y� �a�c�t�i�v�e� �V�K�D� �p�r�o�t�e�i�n�s� �h�a�v�e� �b�e�e�n� �p�r�o�d�u�c�e�d� �i�n� �g�e�n�e�t�i�c�a�l�l�y� �e�n�g�i�n�e�e�r�e�d� 

�s�y�s�t�e�m�s� �a�t� �l�e�v�e�l�s� �l�e�s�s� �t�h�a�n� �0�.�4� �u�g�/�m�l�/�h�o�u�r� �(�2�-�6�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �m�o�s�t� 

�2�4



�V�K�D� �p�r�o�t�e�i�n�s� �f�r�o�m� �h�u�m�a�n� �p�l�a�s�m�a� �i�s� �d�i�f�f�i�c�u�l�t� �b�e�c�a�u�s�e� �t�h�e�y� �o�c�c�u�r� �a�t� �l�e�s�s� �t�h�a�n� �1�0� 

�u�g�/�m�l�,� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �p�r�o�t�h�r�o�m�b�i�n� �w�h�i�c�h� �i�s� �f�o�u�n�d� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�2�0� �u�g�/�m�l� 

�(�2�4�)�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �i�f� �h�i�g�h�e�r� �l�e�v�e�l�s� �a�r�e� �t�o� �b�e� �p�r�o�d�u�c�e�d� �i�n� �c�e�l�l� �c�u�l�t�u�r�e�,� �g�r�e�a�t�e�r� �l�e�v�e�l�s� 

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

�V�K�D� �p�r�o�t�e�i�n�s� �(�2�-�4�)�.� 

�H�u�m�a�n� �P�r�o�t�e�i�n� �C� �(�h�P�C�)� �i�s� �a� �m�e�m�b�e�r� �o�f� �t�h�e� �V�K�D�-�p�r�o�t�e�i�n� �f�a�m�i�l�y� �a�n�d� �s�e�r�v�e�s� �a�s� 

�t�h�e� �c�e�n�t�r�a�l� �r�e�g�u�l�a�t�o�r� �o�f� �h�e�m�o�s�t�a�s�i�s� �(�2�1�)�.� �T�h�e�r�e�f�o�r�e�,� �h�P�C� �h�a�s� �p�o�t�e�n�t�i�a�l� �a�s� �a� �t�h�e�r�a�p�y� �f�o�r� 

�m�a�n�y� �d�i�s�e�a�s�e� �s�t�a�t�e�s�.� �E�x�a�m�p�l�e�s� �i�n�c�l�u�d�e�:� �f�i�b�r�i�n�o�l�y�t�i�c� �t�h�e�r�a�p�y� �(�2�1�)�,� �v�a�s�c�u�l�a�r� �t�r�a�u�m�a� �(�2�1�,� 

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

�d�e�f�i�c�i�e�n�c�y� �o�f� �h�P�C� �(�2�5�)�,� �a�n�d� �b�l�o�o�d� �p�o�i�s�o�n�i�n�g� �(�2�6�)�.� �P�r�o�t�e�i�n� �C� �e�x�i�s�t�s� �a�s� �t�h�e� �z�y�m�o�g�e�n� �o�f� 

�a� �s�e�r�i�n�e� �p�r�o�t�e�a�s�e� �t�h�a�t� �u�n�d�e�r�g�o�e�s� �a� �s�p�e�c�i�e�s�-�s�p�e�c�i�f�i�c� �a�c�t�i�v�a�t�i�o�n� �b�y� �t�h�r�o�m�b�i�n� �(�2�7�)�.� 

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

�o�f� �F�a�c�t�o�r� �V�I�I�I�a� �a�n�d� �F�a�c�t�o�r� �V�a� �(�2�8�)�.� �W�h�i�l�e� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �f�o�r�m�s� �o�c�c�u�r� �i�n� �h�u�m�a�n� 

�p�l�a�s�m�a�,� �t�h�e� �m�o�s�t� �p�r�e�v�a�l�e�n�t� �h�P�C� �f�o�r�m� �c�o�n�s�i�s�t�s� �o�f� �a� �6�2�,�0�0�0� �M�,� �g�l�y�c�o�p�r�o�t�e�i�n� �w�i�t�h� �f�o�u�r� 

�N�-�l�i�n�k�e�d� �g�l�y�c�o�s�y�l�a�t�i�o�n� �s�i�t�e�s�,� �1�2� �i�n�t�r�a�c�h�a�i�n� �d�i�s�u�l�f�i�d�e� �b�r�i�d�g�e�s�,� �a�n�d� �o�n�e� �b�e�t�a�-�h�y�d�r�o�x�y�l�a�t�e�d� 

�a�s�p�a�r�t�i�c� �a�c�i�d� �r�e�s�i�d�u�e� �(�2�9�)�.� �T�h�e� �m�a�t�u�r�e� �z�y�m�o�g�e�n� �s�t�r�u�c�t�u�r�e� �r�e�s�u�l�t�s� �f�r�o�m� �p�r�o�t�e�o�l�y�t�i�c� 

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

�p�r�e�d�i�c�t�e�d� �t�o� �b�e� �3�3� �a�n�d� �9� �a�m�i�n�o� �a�c�i�d�s� �i�n� �l�e�n�g�t�h�,� �r�e�s�p�e�c�t�i�v�e�l�y� �(�2�9�)�.� �I�n� �7�0�-�9�5�%� �o�f� 

�p�l�a�s�m�a�-�d�e�r�i�v�e�d� �h�P�C�,� �a� �d�i�p�e�p�t�i�d�e� �a�t� �a�m�i�n�o� �a�c�i�d�s� �1�5�6�-�1�5�7� �h�a�s� �a�l�s�o� �b�e�e�n� �r�e�m�o�v�e�d� �t�o� 

�y�i�e�l�d� �a� �h�e�t�e�r�o�d�i�m�e�r�i�c� �f�o�r�m� �o�f� �h�P�C� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� �4�1�,�0�0�0� �M�,� �h�e�a�v�y� �c�h�a�i�n� �a�n�d� �a� �2�1�,�0�0�0� 
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�M�,� �l�i�g�h�t� �c�h�a�i�n� �(�2�7�)� �l�i�n�k�e�d� �b�y� �a� �s�i�n�g�l�e� �d�i�s�u�l�f�i�d�e� �b�r�i�d�g�e� �(�3�0�,�3�1�)�.� �W�i�t�h�i�n� �t�h�e� �f�i�r�s�t� �2�9� 

�a�m�i�n�o� �a�c�i�d� �r�e�s�i�d�u�e�s� �o�f� �t�h�e� �l�i�g�h�t� �c�h�a�i�n�,� �t�h�e�r�e� �a�r�e� �9� �g�l�a� �r�e�s�i�d�u�e�s� �w�h�i�c�h� �a�r�e� �e�s�s�e�n�t�i�a�l� �f�o�r� 

�t�h�e� �a�n�t�i�-�c�l�o�t�t�i�n�g� �f�u�n�c�t�i�o�n� �o�f� �h�P�C� �(�2�0�,�2�7�,�2�9�)�.� 

�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� �h�P�C� �m�a�k�e� �i�t� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �c�o�m�p�l�e�x� �m�e�m�b�e�r�s� 

�o�f� �t�h�e� �V�K�D� �p�r�o�t�e�i�n� �f�a�m�i�l�y� �a�n�d� �e�f�f�o�r�t�s� �t�o� �e�x�p�r�e�s�s� �P�r�o�t�e�i�n� �C� �i�n� �r�e�c�o�m�b�i�n�a�n�t� �c�e�l�l� �l�i�n�e�s� 

�h�a�v�e� �h�a�d� �l�i�m�i�t�e�d� �s�u�c�c�e�s�s� �(�2�,�5�-�7�)�.� �O�f� �t�h�e� �m�a�n�y� �c�e�l�l� �l�i�n�e�s�,� �i�n�c�l�u�d�i�n�g� �t�h�o�s�e� �d�e�r�i�v�e�d� �f�r�o�m� 

�h�u�m�a�n� �l�i�v�e�r �� �a�n�d� �m�o�u�s�e� �m�a�m�m�a�r�y� �t�i�s�s�u�e� �(�6�)�,� �o�n�l�y� �h�u�m�a�n� �k�i�d�n�e�y� �2�9�3� �c�e�l�l� �l�i�n�e� �(�2�,�3�2�)� 

�h�a�s� �p�r�o�d�u�c�e�d� �f�u�l�l�y� �f�u�n�c�t�i�o�n�a�l� �r�e�c�o�m�b�i�n�a�n�t� �P�r�o�t�e�i�n� �C� �(�r�h�P�C�)� �a�t� �1�-�2�5� �u�g� �(�1�0�°� �c�e�l�l�s�)�!� �(�2�4� 

�h�o�u�r�s�)�'�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�h�P�C� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �2�9�3� �c�e�l�l�s� �h�a�d� �b�o�t�h� �s�t�r�u�c�t�u�r�a�l� �a�n�d� 

�f�u�n�c�t�i�o�n�a�l� �p�r�o�p�e�r�t�i�e�s� �w�h�i�c�h� �d�i�f�f�e�r�e�d� �f�r�o�m� �t�h�o�s�e� �o�f� �p�l�a�s�m�a�-�d�e�r�i�v�e�d� �h�P�C� �(�2�,�3�2�)�.� �W�e� 

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

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

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�D�N�A� �c�o�n�s�t�r�u�c�t�.� �P�l�a�s�m�i�d� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �m�u�r�i�n�e� �W�h�e�y� �A�c�i�d�i�c� �P�r�o�t�e�i�n�-�h�u�m�a�n� �P�r�o�t�e�i�n� 

�C� �(�W�A�P�P�C�-�1�)� �h�y�b�r�i�d� �g�e�n�e� �w�a�s� �r�e�c�e�i�v�e�d� �a�s� �a� �g�i�f�t� �f�r�o�m� �C�h�r�i�s�t�o�p�h� �P�i�t�t�i�u�s� �a�n�d� �L�o�t�h�a�r� 

�H�e�n�n�i�g�h�a�u�s�e�n� �(�M�o�l�e�c�u�l�a�r� �G�e�n�e�t�i�c�s� �L�a�b�o�r�a�t�o�r�y�,� �N�I�H�,� �B�e�t�h�e�s�d�a�,� �M�D�)�.� �T�h�e� �W�A�P�P�C�-�1� 

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

�e�n�d�o�n�u�c�l�e�a�s�e� �E�c�o�R�I�.� �T�h�e� �W�A�P�P�C�-�1� �c�o�n�s�t�r�u�c�t� �w�a�s� �p�u�r�i�f�i�e�d� �f�r�o�m� �t�h�e� �p�l�a�s�m�i�d� �D�N�A� 

�u�s�i�n�g� �a� �G�E�N� �P�A�C� �F�A�X� �(�M�i�l�l�i�p�o�r�e� �C�o�r�p�.�,� �M�i�l�f�o�r�d�,� �M�A�)� �h�i�g�h� �p�e�r�f�o�r�m�a�n�c�e� �l�i�q�u�i�d� 
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�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�H�P�L�C�)� �c�o�l�u�m�n�.� �T�h�e� �e�l�u�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �W�A�P�P�C�-�1� �p�r�o�d�u�c�t� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �g�r�a�d�i�e�n�t� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �o�v�e�r� �t�h�e� �r�a�n�g�e� �0�.�5�-�1�.�0� �M� �N�a�C�l�.� �A�n� 

�i�s�o�c�r�a�t�i�c� �e�l�u�t�i�o�n� �c�o�n�d�i�t�i�o�n� �w�a�s� �c�h�o�s�e�n� �(�2�5� �m�M� �T�r�i�s�-�H�C�l�,� �1�.�0� �m�M� �E�D�T�A�,� �a�n�d� �0�.�6�3� �M� 

�N�a�C�l�,� �p�H� �7�.�5�)�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�-�2�0� �p�g� �o�f� �d�i�g�e�s�t�e�d� �D�N�A� �w�a�s� �i�n�j�e�c�t�e�d� �p�e�r� �r�u�n�,� �a�n�d� 

�e�l�u�e�n�t�s� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �W�A�P�P�C�-�1� �f�r�a�g�m�e�n�t� �f�r�o�m� �e�a�c�h� �i�n�j�e�c�t�i�o�n� �w�e�r�e� �p�o�o�l�e�d�,� 

�p�r�e�c�i�p�i�t�a�t�e�d�,� �a�n�d� �p�r�o�c�e�s�s�e�d� �b�y� �H�P�L�C� �a� �s�e�c�o�n�d� �t�i�m�e�.� �T�h�e� �p�u�r�i�t�y� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�W�A�P�P�C�-�1� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �o�n� �a� �1�%� �a�g�a�r�o�s�e� �g�e�l� �s�t�a�i�n�e�d� �w�i�t�h� �e�t�h�i�d�i�u�m� �b�r�o�m�i�d�e�.� 

�T�r�a�n�s�g�e�n�i�c� �M�i�c�e�.� �F�e�m�a�l�e� �C�D�-�1� �m�i�c�e� �(�C�h�a�r�l�e�s� �R�i�v�e�r� �L�a�b�o�r�a�t�o�r�i�e�s�,� �W�i�l�l�m�i�n�g�t�o�n�,� �M�A�)� 

�3�-�4� �w�e�e�k�s� �o�f� �a�g�e� �w�e�r�e� �s�u�p�e�r�o�v�u�l�a�t�e�d� �w�i�t�h� �i�n�t�e�r�p�e�r�i�t�o�n�e�a�l� �i�n�j�e�c�t�i�o�n�s� �o�f� �1�0� �I�.�U�.� 

�P�r�e�g�n�a�n�t� �M�a�r�e ��s� �S�e�r�u�m� �G�o�n�a�d�o�t�r�o�p�i�n� �(�D�i�o�s�y�n�t�h� �I�n�c�.�,� �C�h�i�c�a�g�o�,� �I�L�)� �f�o�l�l�o�w�e�d� �b�y� �5� �I�.�U�.� 

�h�u�m�a�n� �C�h�o�r�i�o�n�i�c� �G�o�n�a�d�o�t�r�o�p�i�n� �(�h�C�G�;� �S�i�g�m�a� �C�h�e�m�i�c�a�l�s�,� �S�t�.� �L�o�u�i�s�,� �M�O�)� �4�8� �h�o�u�r�s� 

�l�a�t�e�r� �a�n�d� �t�h�e�n� �p�l�a�c�e�d� �w�i�t�h� �s�t�u�d� �m�a�l�e�s�.� �E�m�b�r�y�o�s� �w�e�r�e� �t�h�e�n� �c�o�l�l�e�c�t�e�d� �2�1�-�2�3� �h� �a�f�t�e�r� 

�h�C�G�.� �O�n�e�-�c�e�l�l� �e�m�b�r�y�o�s� �w�e�r�e� �m�i�c�r�o�i�n�j�e�c�t�e�d� �w�i�t�h� �1�-�3� �p�l� �o�f� �D�N�A� �s�o�l�u�t�i�o�n� �(�3�.�3� �u�g�/�m�l� 

�D�N�A�,� �1�0� �m�M� �T�r�i�s�-�H�C�l�,� �0�.�2�5� �m�M� �E�D�T�A�,� �p�H� �7�.�4�)� �a�c�c�o�r�d�i�n�g� �t�o� �B�r�i�n�s�t�e�r� �e�t� �a�l�.� �(�3�3�)�.� 

�S�u�r�v�i�v�i�n�g� �e�m�b�r�y�o�s� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �p�s�e�u�d�o�p�r�e�g�n�a�n�t� �f�e�m�a�l�e�s� �(�2�0�-�3�0� �e�m�b�r�y�o�s� �p�e�r� 

�r�e�c�i�p�i�e�n�t�)�.� 

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

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

�d�e�v�e�l�o�p�e�d� �b�y� �M�a�r�m�u�r� �(�3�4�)�.� �B�r�i�e�f�l�y�,� �8�4�0� �u�l� �o�f� �l�y�s�i�n�g� �s�o�l�u�t�i�o�n� �(�5�0� �m�M� �T�r�i�s�-�H�C�l�,� �0�.�1�5� 
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�M� �N�a�C�l�,� �1� �M� �N�a�,�C�l�O�,�,� �1�0� �m�M� �E�D�T�A�,� �1�%� �s�o�d�i�u�m� �d�o�d�e�c�y�l�s�u�l�f�a�t�e�,� �1�%� �2�-� 

�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l�,� �1�0�0� �g�/�m�l� �P�r�o�t�e�i�n�a�s�e� �K�,� �p�H� �8�.�0� �)� �w�a�s� �a�d�d�e�d� �t�o� �e�a�c�h� �t�u�b�e� �c�o�n�t�a�i�n�i�n�g� 

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

�i�n�c�u�b�a�t�e�d� �o�v�e�r�n�i�g�h�t� �a�t� �5�0� �°�C� �a�n�d� �t�h�e�n� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �2�5�0� �w�l� �o�f� �c�h�l�o�r�o�f�o�r�m�:� �i�s�o�a�m�y�l� 

�a�l�c�o�h�o�l� �(�2�5�:�1�)� �b�y� �m�i�x�i�n�g� �f�o�r� �1�0�-�1�5� �s�e�c�o�n�d�s� �o�n� �a� �"�M�i�n�i� �B�e�a�d�-�B�e�a�t�e�r�"� �(�B�i�o�s�p�e�c� 

�P�r�o�d�u�c�t�s�,� �B�a�r�t�l�e�s�v�i�l�l�e�,� �O�K�)�,� �f�o�l�l�o�w�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �f�o�r� �1�0� �m�i�n�u�t�e�s� �a�t� �1�5�,�0�0�0� �x� �g�.� 

�D�N�A� �w�a�s� �p�r�e�c�i�p�i�t�a�t�e�d� �b�y� �a�d�d�i�n�g� �5�0� �u�l� �o�f� �i�s�o�p�r�o�p�y�l� �a�l�c�o�h�o�l� �t�o� �8�3� �u�l� �o�f� �t�h�e� �a�q�u�e�o�u�s� 

�s�u�p�e�r�n�a�t�a�n�t�,� �t�h�e�n� �c�e�n�t�r�i�f�u�g�e�d� �a�n�d� �w�a�s�h�e�d� �w�i�t�h� �8�0�%� �e�t�h�a�n�o�l�.� �T�h�e� �p�e�l�l�e�t�s� �w�e�r�e� �d�r�i�e�d� �a�t� 

�3�7� �°�C� �a�n�d� �s�u�s�p�e�n�d�e�d� �i�n� �5�0� �p�l� �T�E� �(�1�0� �m�M� �T�r�i�s�-�H�C�l�,� �1�.�0� �m�M� �E�D�T�A�,� �p�H� �8�.�0�)� �a�n�d� 

�s�t�o�r�e�d� �a�t� �-�2�0� �°�C� �u�n�t�i�l� �a�s�s�a�y�e�d� �b�y� �P�o�l�y�m�e�r�a�s�e� �C�h�a�i�n� �R�e�a�c�t�i�o�n� �(�P�C�R�)�.� 

�P�C�R� �A�n�a�l�y�s�i�s�.� �A�n�a�l�y�s�i�s� �w�a�s� �d�o�n�e� �b�y� �t�h�e� �g�e�n�e�r�a�l� �m�e�t�h�o�d� �o�f� �S�a�i�k�i� �e�t� �a�l�.� �(�3�5�)�.� �O�n�e� �u�l� 

�o�f� �D�N�A� �s�o�l�u�t�i�o�n� �w�a�s� �u�s�e�d� �a�s� �t�e�m�p�l�a�t�e� �i�n� �2�5� �u�l� �r�e�a�c�t�i�o�n� �v�o�l�u�m�e�s� �[�1�X� �T�a�q� �b�u�f�f�e�r�,� �2�.�5� 

�u�M� �d�N�T�P ��s�,� �0�.�5� �u�M� �o�l�i�g�o�n�u�c�l�e�o�t�i�d�e� �p�r�i�m�e�r�s�,� �0�.�6�2�5� �u�n�i�t�s� �T�a�q� �p�o�l�y�m�e�r�a�s�e� �(�P�r�o�m�e�g�a� 

�C�o�r�p�.�,� �M�a�d�i�s�o�n�,� �W�I�)�]�.� �P�r�i�m�e�r�s� �u�s�e�d� �t�o� �a�m�p�l�i�f�y� �a� �4�0�2� �b�p� �t�a�r�g�e�t� �s�e�q�u�e�n�c�e� �i�n� �t�h�e� 

�t�r�a�n�s�g�e�n�e� �w�e�r�e�:� �W�A�P�-�s�p�e�c�i�f�i�c� �s�e�n�s�e� �5 ��-�G�T�G� �G�C�C� �A�A�G� �A�A�G� �G�A�A� �G�T�G� �T�T�G�,� �a�n�d� 

�h�P�C�-�s�p�e�c�i�f�i�c� �a�n�t�i�s�e�n�s�e� �5 ��°�-�G�T�G� �C�T�T� �G�G�A� �C�C�A� �G�A�A� �G�G�C� �C�A�G�.� �T�h�e� �W�A�P�-�s�p�e�c�i�f�i�c� 

�a�n�t�i�s�e�n�s�e� �p�r�i�m�e�r� �5 ��°�-�G�A�C� �T�T�G� �T�T�C� �C�T�C� �T�A�G� �G�T�T� �C�T�G� �w�a�s� �a�l�s�o� �a�d�d�e�d� �t�o� �a�m�p�l�i�f�y� �a� 

�2�2�2� �b�p� �f�r�a�g�m�e�n�t� �c�o�n�t�a�i�n�e�d� �w�i�t�h�i�n� �t�h�e� �e�n�d�o�g�e�n�o�u�s� �W�A�P� �g�e�n�e�.� �I�n�i�t�i�a�l� �d�e�n�a�t�u�r�a�t�i�o�n� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �a�t� �9�6� �°�C� �f�o�r� �1� �m�i�n�u�t�e�,� �f�o�l�l�o�w�e�d� �b�y� �4�0� �c�y�c�l�e�s� �o�f�:� �5�5� �°�C� �a�n�n�e�a�l�i�n�g� �f�o�r� �2� 

�m�i�n�u�t�e�s�,� �7�7� �°�C� �e�l�o�n�g�a�t�i�o�n� �f�o�r� �7�5� �s�e�c�o�n�d�s�,� �a�n�d� �9�6� �°�C� �d�e�n�a�t�u�r�a�t�i�o�n� �f�o�r� �1�5� �s�e�c�o�n�d�s�.� 
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�A�m�p�l�i�f�i�c�a�t�i�o�n� �p�r�o�d�u�c�t�s� �f�r�o�m� �m�o�u�s�e� �t�a�i�l� �D�N�A� �w�e�r�e� �r�u�n� �c�o�n�c�u�r�r�e�n�t�l�y� �w�i�t�h� �t�h�o�s�e� �f�r�o�m� 

�p�l�a�s�m�i�d� �D�N�A� �o�n� �1�%� �a�g�a�r�o�s�e� �g�e�l�s� �s�t�a�i�n�e�d� �w�i�t�h� �0�.�5� �u�g�/�m�l� �e�t�h�i�d�i�u�m� �b�r�o�m�i�d�e�.� 

�M�o�u�s�e� �M�i�l�k� �C�o�l�l�e�c�t�i�o�n� �a�n�d� �P�r�e�p�a�r�a�t�i�o�n�.� �F�e�m�a�l�e�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e�i�r� �p�u�p�s� �f�o�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �h�o�u�r� �p�r�i�o�r� �t�o� �m�i�l�k�i�n�g� �t�o� �a�l�l�o�w� �f�o�r� �m�i�l�k� �a�c�c�u�m�u�l�a�t�i�o�n�.� �T�h�e�s�e� �f�e�m�a�l�e�s� 

�w�e�r�e� �t�h�e�n� �a�n�e�s�t�h�e�t�i�z�e�d� �w�i�t�h� �M�e�t�o�f�a�n�e� �(�m�e�t�h�o�x�y�f�l�u�o�r�o�t�h�a�n�e�;� �P�i�t�m�a�n�-�M�o�o�r�e�,� 

�W�a�s�h�i�n�g�t�o�n� �C�r�o�s�s�i�n�g�,� �N�J�)� �a�n�d� �i�n�d�u�c�e�d� �t�o� �l�e�t� �d�o�w�n� �m�i�l�k� �b�y� �i�n�t�r�a�m�u�s�c�u�l�a�r� 

�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �5�.�0� �I�.�U�.� �o�x�y�t�o�c�i�n� �(�V�e�d�c�o� �I�n�c�,� �S�t�.� �J�o�s�e�p�h�,� �M�O�)�.� �M�i�l�k� �w�a�s� �c�o�l�l�e�c�t�e�d� 

�i�n�t�o� �1�.�8� �m�l� �s�c�r�e�w� �c�a�p� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �u�s�i�n�g� �c�a�p�i�l�l�a�r�y� �t�u�b�e�s� �(�K�i�m�a�x� �b�r�a�n�d�,� �2�.�0� 

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

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

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

�m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e� �w�h�i�l�e� �o�p�e�r�a�t�i�n�g� �t�h�e� �r�e�c�e�i�v�i�n�g� �c�h�a�m�b�e�r� �a�t� �1�2� �c�m� �H�,�O� �v�a�c�u�u�m�.� 

�U�p�o�n� �c�o�l�l�e�c�t�i�o�n� �o�f� �1�5�0� �t�o� �5�0�0� �u�l� �o�f� �m�i�l�k�,� �t�h�e� �t�u�b�e�s� �w�e�r�e� �s�t�o�r�e�d� �a�t� �-�9�0� �°�C� �u�n�t�i�l� �t�h�e� 

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

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

�w�h�o�l�e� �m�i�l�k� �w�a�s� �d�i�l�u�t�e�d� �w�i�t�h� �3� �v�o�l�u�m�e�s� �o�f� �T�B�S� �(�5�0� �m�M� �T�r�i�s�-�H�C�l�,� �1�5�0� �m�M� �N�a�C�l�,� �p�H� 

�7�.�2�)�.� �I�n�d�i�v�i�d�u�a�l� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �u�l�t�r�a�c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�1�5�,�0�0�0� �x� �g� �f�o�r� �3�0� �m�i�n�u�t�e�s� �a�t� �4� 

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

�a�n�d� �l�i�g�h�t�e�r� �l�i�p�i�d� �l�a�y�e�r�,� �p�l�a�c�e�d� �i�n� �a� �c�l�e�a�n� �t�u�b�e� �a�n�d� �i�m�m�e�d�i�a�t�e�l�y� �f�r�o�z�e�n� �t�o� �-�9�0� �°�C�.� 
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�D�i�l�u�t�e�d� �c�o�n�t�r�o�l� �m�o�u�s�e� �w�h�e�y� �w�a�s� �i�d�e�n�t�i�c�a�l�l�y� �p�r�e�p�a�r�e�d�.� 

�A�n�t�i�g�e�n� �A�s�s�a�y� �U�s�i�n�g� �M�e�t�a�l�-�D�e�p�e�n�d�e�n�t� �7�D�7�B�1�0� �M�o�n�o�c�l�o�n�a�l� �A�n�t�i�b�o�d�y�.� �E�a�c�h� �w�h�e�y� 

�s�a�m�p�l�e� �w�a�s� �d�i�l�u�t�e�d� �t�o� �0�.�5� �O�D�.�.�.�)� �u�s�i�n�g� �T�B�S�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

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

�d�e�r�i�v�e�d� �h�P�C� �w�e�r�e� �m�a�d�e� �(�o�v�e�r� �t�h�e� �r�a�n�g�e� �0�.�0�0�3�-�2�.�0� �u�g� �h�P�C�/�m�l� �w�h�e�y�)� �u�s�i�n�g� �c�o�n�t�r�o�l� 

�m�o�u�s�e� �w�h�e�y� �p�r�e�p�a�r�e�d� �i�n� �T�B�S�.� �M�i�c�r�o�t�i�t�e�r� �p�l�a�t�e� �w�e�l�l�s� �(�9�6� �w�e�l�l�;� �D�y�n�a�t�e�c�h�,� �A�l�e�x�a�n�d�r�i�a�,� 

�V�A�)� �w�e�r�e� �c�o�a�t�e�d� �w�i�t�h� �7�D�7�B�1�0� �M�o�n�o�c�l�o�n�a�l� �a�n�t�i�b�o�d�y� �b�y� �o�v�e�r�n�i�g�h�t� �i�n�c�u�b�a�t�i�o�n� �a�t� �4�°�C� 

�w�i�t�h� �1�0�0� �p�l� �p�e�r� �w�e�l�l� �o�f� �2� �m�g� �M�a�b� �/�m�l� �(�0�.�1� �M� �N�a�H�C�O�,�,� �2�5� �m�M� �E�D�T�A�,� �p�H� �9�.�3�)�.� �T�h�e� 

�w�e�l�l�s� �w�e�r�e� �t�h�e�n� �w�a�s�h�e�d� �4� �t�i�m�e�s� �w�i�t�h� �T�B�S�-�T�W�E�E�N�-�E�D�T�A� �(�T�B�S�,� �0�.�0�5�%� �T�w�e�e�n�-�8�0�,� �2�5� 

�m�M� �E�D�T�A�,� �p�H� �7�.�2�)�.� �W�h�e�y� �s�a�m�p�l�e�s� �c�o�n�s�i�s�t�i�n�g� �o�f� �5�0� �p�l� �o�f� �e�i�t�h�e�r� �h�P�C� �s�t�a�n�d�a�r�d� �o�r� 

�u�n�k�n�o�w�n� �w�e�r�e� �a�p�p�l�i�e�d� �i�n� �t�r�i�p�l�i�c�a�t�e� �t�o� �w�e�l�l�s� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� �5�0� �u�l� �o�f� �T�B�S�-�P�E�G�-�E�D�T�A� 

�b�u�f�f�e�r� �(�T�B�S�,� �1� �m�g�/�m�l� �2�5�K� �p�o�l�y�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�,� �2�5� �m�M� �E�D�T�A�,� �p�H� �7�.�2� �)�,� �a�n�d� �t�h�e�n� 

�i�n�c�u�b�a�t�e�d� �f�o�r� �3� �h�o�u�r�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �t�h�e�n� �w�a�s�h�e�d� �4� �t�i�m�e�s� �w�i�t�h� �T�B�S�-�P�E�G�-� 

�E�D�T�A�.� �T�h�e� �b�o�u�n�d� �h�P�C� �o�r� �r�h�P�C� �w�a�s� �t�h�e�n� �d�e�t�e�c�t�e�d� �b�y� �s�a�n�d�w�i�c�h� �e�n�z�y�m�e� �l�i�n�k�e�d� 

�i�m�m�u�n�o�s�o�r�b�e�n�t� �a�s�s�a�y� �(�E�L�I�S�A�)�.� �A� �1�0�0� �u�l� �a�l�i�q�u�o�t� �o�f� �a� �1�:�1�0�0�0� �d�i�l�u�t�i�o�n� �o�f� �a�n�t�i�-�h�P�C� 

�p�o�l�y�c�l�o�n�a�l� �a�n�t�i�b�o�d�y� �(�A�m�e�r�i�c�a�n� �B�i�o�p�r�o�d�u�c�t�s� �C�o�.�,� �P�a�r�s�i�p�p�a�n�y�,� �N�J�)� �p�r�e�p�a�r�e�d� �i�n� �T�B�S�-� 

�P�E�G�-�E�D�T�A� �w�a�s� �i�n�c�u�b�a�t�e�d� �i�n� �e�a�c�h� �w�e�l�l� �f�o�r� �3� �h� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �m�i�c�r�o�t�i�t�e�r� 

�p�l�a�t�e�s� �w�e�r�e� �t�h�e�n� �w�a�s�h�e�d� �4� �t�i�m�e�s� �w�i�t�h� �T�B�S�-�P�E�G�-�E�D�T�A� �a�n�d� �s�i�m�i�l�a�r�l�y� �i�n�c�u�b�a�t�e�d� �w�i�t�h� 

�1�0�0� �p�l� �o�f� �a� �1�:�1�0�0�0� �d�i�l�u�t�i�o�n� �o�f� �r�a�b�b�i�t� �a�n�t�i�-�m�o�u�s�e� �I�g�G�-�h�o�r�s�e�r�a�d�i�s�h� �p�e�r�o�x�i�d�a�s�e� �c�o�n�j�u�g�a�t�e� 

�(�S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�,� �S�t�.� �L�o�u�i�s�,� �M�O�)�.� �T�h�e� �m�i�c�r�o�t�i�t�e�r� �p�l�a�t�e�s� �w�e�r�e� �a�g�a�i�n� �w�a�s�h�e�d� �4� 

�3�0



�t�i�m�e�s� �w�i�t�h� �T�B�S�-�P�E�G�-�E�D�T�A� �a�n�d� �d�e�v�e�l�o�p�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �1�0�0� �u�l� �o�f� �o�r�t�h�o�-�p�h�e�n�y�l�e�n�e� 

�d�i�a�m�i�n�e� �(�2�.�5�6� �m�g�/�m�l�)� �i�n� �O�P�D� �b�u�f�f�e�r� �(�0�.�1� �M� �C�i�t�r�a�t�e�-�p�h�o�s�p�h�a�t�e�,� �p�H� �5�.�0�,� �A�b�b�o�t�t� �I�n�c�.�,� 

�C�h�i�c�a�g�o�,� �I�L�)�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �s�t�o�p�p�e�d� �a�f�t�e�r� �4� �m�i�n�u�t�e�s� �w�i�t�h� �1�0�0� �p�l� �o�f� �3� �N� �H�,�S�O�,� �p�e�r� 

�w�e�l�l� �(�3�6�)�.� �T�h�e� �a�b�s�o�r�b�a�n�c�e� �(�O�D�,� �,� �n�m�)� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t� �w�a�s� �r�e�a�d� �w�i�t�h�i�n� �3�0� 

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

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

�C�o�h�n� �I�V�-�1� �p�a�s�t�e� �w�e�r�e� �d�o�n�e� �u�s�i�n�g� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n�-�s�p�e�c�i�f�i�c�,� �m�e�t�a�l�-�d�e�p�e�n�d�e�n�t� 

�m�o�n�o�c�l�o�n�a�l� �a�n�t�i�b�o�d�y� �(�M�a�b�)� �7�D�7�B�1�0� �(�1�,�2�4�,�3�7�)� �w�h�i�c�h� �w�a�s� �i�m�m�o�b�i�l�i�z�e�d� �o�n� �A�f�f�i�p�r�e�p�-�1�0� 

�(�B�i�o�-�R�a�d� �L�a�b�o�r�a�t�o�r�i�e�s�,� �R�i�c�h�m�o�n�d� �C�A�)� �a�t� �1�-�2� �m�g� �M�a�b�/�m�l� �g�e�l� �(�2�4�)�.� �E�x�p�a�n�d�e�d� �m�o�u�s�e� 

�w�h�e�y�,� �p�r�e�p�a�r�e�d� �i�n� �t�h�e� �m�a�n�n�e�r� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�,� �w�a�s� �t�h�a�w�e�d� �a�t� �4� �°�C� �a�n�d� �f�i�l�t�e�r�e�d� �o�n� �i�c�e� 

�t�h�r�o�u�g�h� �s�e�m�i�-�c�r�i�m�p�e�d� �r�a�p�i�d� �f�i�l�t�e�r� �p�a�p�e�r� �(�p�r�o�d�u�c�t� �9�-�7�9�5�,� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�,� �P�i�t�t�s�b�u�r�g�h�,� 

�P�A�)�.� �T�h�e� �t�o�t�a�l� �p�r�o�t�e�i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�d�j�u�s�t�e�d� �t�o� �l�e�s�s� �t�h�a�n� �1�0� �m�g�/�m�l� �w�i�t�h� �T�B�S�-� 

�E�D�T�A� �(�T�B�S� �a�d�j�u�s�t�e�d� �t�o� �a� �f�i�n�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2�5� �m�M� �E�D�T�A�)�.� �T�h�e� �d�i�l�u�t�e�d� �w�h�e�y� 

�w�a�s� �l�o�a�d�e�d� �b�a�t�c�h�w�i�s�e� �o�n�t�o� �t�h�e� �7�D�7�B�1�0�/�A�f�f�i�p�r�e�p�-�1�0� �i�m�m�u�n�o�s�o�r�b�e�n�t� �f�o�r� �3�-�4� �h�o�u�r�s� �a�t� �4� 

�°�C�.� �T�h�e� �g�e�l� �w�a�s� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �3�0�0�0� �x� �g� �f�o�r� �5� �m�i�n�u�t�e�s� �a�n�d� �l�o�a�d�e�d� �o�n�t�o� �a� �1� �c�m� �x� �1�0� 

�c�m� �c�o�l�u�m�n� �(�P�h�a�r�m�a�c�i�a�,� �P�i�s�c�a�t�a�w�a�y�,� �N�J�)�.� �T�h�e� �c�o�l�u�m�n� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �T�B�S�-�E�D�T�A� �a�t� 

�a� �f�l�o�w� �r�a�t�e� �o�f� �3�0� �m�l�/�h�o�u�r�.� �T�h�e� �i�m�m�u�n�o�s�o�r�b�e�d� �r�h�P�C� �w�a�s� �e�l�u�t�e�d� �w�i�t�h� �T�B�S� �p�l�u�s� �2�5� �m�M� 

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

�s�t�e�p� �c�h�a�n�g�e� �t�o� �2�M� �N�a�S�C�N� �s�o�l�u�t�i�o�n� �a�n�d� �t�h�e�n� �e�q�u�i�l�i�b�r�a�t�e�d� �w�i�t�h� �T�B�S�-�E�D�T�A�.� �T�h�e� �2�5� 

�m�M� �C�a�C�l�,�,� �C�a�S�C�N�,� �a�n�d� �N�a�C�l� �e�l�u�a�t�e�s� �w�e�r�e� �d�i�a�l�y�z�e�d� �a�g�a�i�n�s�t� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �a�t� �4� �°�C� 

�3�1



�f�o�r� �1�2� �h� �a�n�d� �t�h�e�n� �l�y�o�p�h�i�l�i�z�e�d� �a�t� �0�.�1� �t�o�r�r�.� 

�S�D�S�-�P�A�G�E�.� �S�a�m�p�l�e�s� �o�f� �i�m�m�u�n�o�p�u�r�i�f�i�e�d� �r�h�P�C� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �s�o�d�i�u�m� 

�d�o�d�e�c�y�l�s�u�l�f�a�t�e�-�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �(�S�D�S�-�P�A�G�E�;� �0�.�1�%� �S�D�S�,� �1�0�%� 

�a�c�r�y�l�a�m�i�d�e�)� �u�n�d�e�r� �e�i�t�h�e�r� �r�e�d�u�c�e�d� �o�r� �n�o�n�-�r�e�d�u�c�e�d� �c�o�n�d�i�t�i�o�n�s� �a�c�c�o�r�d�i�n�g� �t�o� �L�a�e�m�m�l�i� �(�3�8�)� 

�a�n�d� �s�t�a�i�n�e�d� �(�0�.�1�2�5�%� �C�o�o�m�a�s�s�i�e� �B�l�u�e� �G�-�2�5�0�,� �5�0�%� �m�e�t�h�a�n�o�l�,� �1�0�%� �a�c�e�t�i�c� �a�c�i�d�)�.� 

�I�d�e�n�t�i�c�a�l� �S�D�S�-�P�A�G�E� �g�e�l�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �a�n�d� �a� �W�e�s�t�e�r�n� �i�m�m�u�n�o�b�l�o�t� �w�a�s� �p�e�r�f�o�r�m�e�d� 

�a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �m�e�t�h�o�d� �o�f� �T�o�w�b�i�n� �(�3�9�)�.� 

�A�c�t�i�v�a�t�e�d� �P�a�r�t�i�a�l� �T�h�r�o�m�b�o�p�l�a�s�t�i�n� �T�i�m�e� �(�A�P�T�T�)� �A�s�s�a�y�.� �T�h�e� �b�i�o�l�o�g�i�c�a�l� �a�c�t�i�v�i�t�y� �w�a�s� 

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

�h�P�C�-�d�e�f�i�c�i�e�n�t� �p�l�a�s�m�a� �(�A�m�e�r�i�c�a�n� �B�i�o�p�r�o�d�u�c�t�s� �I�n�c�.�,� �P�a�r�s�i�p�p�a�n�y�,� �N�J�)�.� �A�P�T�T� �r�e�a�g�e�n�t� 

�(�O�r�g�a�n�o�n� �T�e�k�n�i�k�a� �C�o�r�p�.�,� �D�u�r�h�a�m�,� �N�C�)� �i�n�c�l�u�d�e�d� �P�r�o�t�a�c� �(�A�g�k�i�s�t�r�o�d�o�n� �C�o�n�t�o�r�t�r�i�x� 

�v�e�n�o�m�,� �A�m�e�r�i�c�a�n� �D�i�a�g�n�o�s�t�i�c�a� �I�n�c�.�,� �G�r�e�e�n�w�i�c�h�,� �C�T�)� �t�o� �s�p�e�c�i�f�i�c�a�l�l�y� �a�c�t�i�v�a�t�e� �h�P�C� �o�r� 

�r�h�P�C� �p�r�i�o�r� �t�o� �i�n�i�t�i�a�t�i�n�g� �c�o�a�g�u�l�a�t�i�o�n� �b�y� �a�d�d�i�n�g� �C�a�C�l�,� �(�4�0�)�.� �C�l�o�t�t�i�n�g� �t�i�m�e�s� �w�e�r�e� 

�r�e�c�o�r�d�e�d� �w�i�t�h� �a�n� �E�l�e�c�t�r�a� �7�5�0�A� �C�o�a�g�u�l�a�t�i�o�n� �T�i�m�e�r�.� �A� �r�e�f�e�r�e�n�c�e� �a�n�t�i�c�o�a�g�u�l�a�t�i�o�n� �c�u�r�v�e� 

�w�a�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �n�o�r�m�a�l� �p�l�a�s�m�a� �r�e�f�e�r�e�n�c�e� �p�o�o�l� �(�N�P�R�P�)� �w�h�e�r�e�u�p�o�n� �t�h�e� �s�p�e�c�i�f�i�c� 

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

�1� �u�n�i�t� �p�e�r� �m�l� �o�f� �N�P�R�P� �a�n�d� �4� �p�g�/�m�l� �h�P�C� �a�n�t�i�g�e�n� �i�n� �N�P�R�P�.� 
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�R�E�S�U�L�T�S� 

�A� �t�o�t�a�l� �o�f� �1�0�5� �m�i�c�e� �w�e�r�e� �b�o�r�n� �f�r�o�m� �r�e�c�i�p�i�e�n�t�s� �w�h�i�c�h� �h�a�d� �r�e�c�e�i�v�e�d� �e�m�b�r�y�o�s� 

�m�i�c�r�o�i�n�j�e�c�t�e�d� �w�i�t�h� �t�h�e� �W�A�P�P�C�-�1� �c�o�n�s�t�r�u�c�t�.� �P�o�l�y�m�e�r�a�s�e� �c�h�a�i�n� �r�e�a�c�t�i�o�n� �a�n�a�l�y�s�i�s� �o�f� �t�a�i�l� 

�D�N�A� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �3�0� �m�i�c�e� �c�o�n�t�a�i�n�e�d� �t�h�e� �t�r�a�n�s�g�e�n�e� �(�T�a�b�l�e� �1�)�.� �F�i�g�u�r�e� �2� �d�e�m�o�n�s�t�r�a�t�e�s� 

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

�P�C�R� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �A�m�p�l�i�f�i�c�a�t�i�o�n�s� �u�s�i�n�g� �t�r�a�n�s�g�e�n�i�c� �m�o�u�s�e� �D�N�A� �a�s� 

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

�a�p�p�e�a�r�s� �a�t� �4�0�2� �b�p� �w�h�i�l�e� �a� �m�i�n�o�r� �b�a�n�d� �o�c�c�u�r�s� �a�t� �2�2�2� �b�p�.� �T�h�e�s�e� �a�r�e� �t�h�e� �e�x�p�e�c�t�e�d� 

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

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

�e�n�d�o�g�e�n�o�u�s� �W�A�P� �g�e�n�e� �p�r�o�d�u�c�e� �a� �s�i�n�g�l�e� �P�C�R� �p�r�o�d�u�c�t� �a�t� �2�2�2� �b�p�.� �O�f� �1�6� �t�r�a�n�s�g�e�n�i�c� 

�f�e�m�a�l�e�s� �g�e�n�e�r�a�t�e�d�,� �6� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �e�x�p�r�e�s�s�i�o�n� �a�n�d� �a�l�l� �6� �e�x�p�r�e�s�s�e�d� �h�P�C� �a�n�t�i�g�e�n� �i�n� 

�t�h�e�i�r� �m�i�l�k� �a�t� �l�e�v�e�l�s� �o�f� �1�.�0�-�3�.�0� �u�g�/�m�l� �(�T�a�b�l�e� �2�)�.� �T�h�e�s�e� �a�n�i�m�a�l�s� �a�p�p�e�a�r�e�d� �t�o� �e�x�h�i�b�i�t� �a� 

�n�o�r�m�a�l� �p�h�y�s�i�o�l�o�g�y�.� �T�h�e� �h�P�C� �a�n�t�i�g�e�n� �l�e�v�e�l�s� �w�e�r�e� �r�e�l�a�t�i�v�e�l�y� �s�t�a�b�l�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

�d�a�y� �o�f� �l�a�c�t�a�t�i�o�n�,� �b�u�t� �t�h�e� �h�i�g�h�e�s�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �f�o�r� �d�a�y�s� �8�-�1�2�.� 

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

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

�o�f�f�s�p�r�i�n�g� �w�e�r�e� �p�o�o�l�e�d� �a�n�d� �s�u�b�j�e�c�t�e�d� �t�o� �i�m�m�u�n�o�p�u�r�i�f�i�c�a�t�i�o�n� �u�s�i�n�g� �t�h�e� �7�D�7�B�1�0� �m�e�t�a�l�-� 

�d�e�p�e�n�d�e�n�t�,� �c�o�n�f�o�r�m�a�t�i�o�n�-�s�p�e�c�i�f�i�c� �m�o�n�o�c�l�o�n�a�l� �a�n�t�i�b�o�d�y�.� �N�o� �h�P�C� �a�n�t�i�g�e�n� �w�a�s� �f�o�u�n�d� �t�o� 

�b�e� �s�p�e�c�i�f�i�c�a�l�l�y� �e�l�u�t�e�d� �b�y� �C�a ��*�,� �N�a�C�l� �o�r� �C�a�S�C�N� �f�r�o�m� �p�u�r�i�f�i�c�a�t�i�o�n�s� �u�s�i�n�g� �c�o�n�t�r�o�l� �m�o�u�s�e� 
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�w�h�e�y� �p�o�o�l� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �T�h�u�s�,� �n�o� �e�v�i�d�e�n�c�e� �o�f� �c�r�o�s�s�-�r�e�a�c�t�i�v�i�t�y� �b�e�t�w�e�e�n� 

�e�n�d�o�g�e�n�o�u�s� �m�o�u�s�e� �m�i�l�k� �p�r�o�t�e�i�n�s� �a�n�d� �t�h�e� �a�n�t�i�-�h�P�C� �7�D�7�B�1�0� �M�a�b� �w�a�s� �s�e�e�n� �d�u�r�i�n�g� 

�i�m�m�u�n�o�p�u�r�i�f�i�c�a�t�i�o�n�.� �A�n� �o�v�e�r�a�l�l� �h�P�C� �a�n�t�i�g�e�n� �y�i�e�l�d� �o�f� �4�6�%� �w�a�s� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �C�a ��*�-� 

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

�T�h�e� �i�m�m�u�n�o�p�u�r�i�f�i�e�d� �m�a�t�e�r�i�a�l� �w�a�s� �e�v�a�l�u�a�t�e�d� �b�y� �S�D�S�-�P�A�G�E� �(�F�i�g�u�r�e� �3�)� �a�n�d� 

�c�o�m�p�a�r�e�d� �t�o� �i�d�e�n�t�i�c�a�l� �W�e�s�t�e�r�n� �a�n�a�l�y�s�i�s� �(�F�i�g�u�r�e� �4� �a�,�b�)�.� �B�o�t�h� �t�h�e� �n�o�n�r�e�d�u�c�e�d� 

�C�o�o�m�a�s�s�i�e� �b�l�u�e� �s�t�a�i�n�e�d� �S�D�S�-�P�A�G�E� �a�n�d� �t�h�e� �W�e�s�t�e�r�n� �i�m�m�u�n�o�b�l�o�t� �o�f� �r�h�P�C� �a�n�d� �h�P�C� 

�s�h�o�w�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �m�u�l�t�i�m�e�r�i�c� �b�a�n�d�s� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�8�,�0�0�0� �M�,�.� �P�r�o�t�e�i�n� �C� 

�a�n�t�i�g�e�n� �a�s�s�i�g�n�m�e�n�t� �w�a�s� �m�a�d�e� �f�o�r� �t�h�e� �b�a�n�d�s� �a�p�p�e�a�r�i�n�g� �o�n� �r�e�d�u�c�e�d� �S�D�S�-�P�A�G�E� �s�t�a�i�n�e�d� 

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

�i�m�m�u�n�o�p�u�r�i�f�i�e�d� �h�P�C� �a�n�d� �r�h�P�C� �p�r�o�d�u�c�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� �9�5�%� �p�u�r�e� 

�b�y� �d�e�n�s�i�t�o�m�e�t�r�y� �o�f� �t�h�e� �s�t�a�i�n�e�d� �S�D�S�-�P�A�G�E�.� �T�h�e� �a�p�p�a�r�e�n�t� �h�e�a�v�y� �c�h�a�i�n� �f�o�r�m�s� �o�f� �r�h�P�C� 

�o�c�c�u�r�r�i�n�g� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�0�,�0�0�0� �M�,� �o�n� �r�e�d�u�c�e�d� �W�e�s�t�e�r�n� �b�l�o�t� �w�e�r�e� �s�l�i�g�h�t�l�y� �f�a�s�t�e�r� 

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

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

�S�D�S�-�P�A�G�E� �(�d�e�n�s�i�t�o�m�e�t�r�y� �d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �T�h�e� �s�l�i�g�h�t�l�y� �f�a�s�t�e�r� �m�o�b�i�l�i�t�i�e�s� �f�o�r� �r�h�P�C� 

�h�e�a�v�y� �c�h�a�i�n�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �l�e�s�s� �t�h�a�n� �1�-�2� �k�d� �M�,� �t�h�a�n� �f�o�r� �t�h�e� �h�e�a�v�y� �c�h�a�i�n�s� �o�f� 

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

�w�a�s� �v�i�s�i�b�l�e� �i�n� �W�e�s�t�e�r�n� �a�n�a�l�y�s�i�s� �o�f� �r�h�P�C� �a�n�d� �h�P�C�.� �T�h�i�s� �i�n�t�e�r�m�e�d�i�a�t�e� �b�a�n�d� �w�a�s� �m�o�r�e� 

�p�r�o�n�o�u�n�c�e�d� �a�n�d� �w�e�l�l�-�r�e�s�o�l�v�e�d� �f�r�o�m� �t�h�e� �a�p�p�a�r�e�n�t� �b�e�t�a� �h�e�a�v�y� �c�h�a�i�n� �o�f� �r�h�P�C� �t�h�a�n� �f�o�r� �t�h�e� 
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�b�e�t�a� �h�e�a�v�y� �c�h�a�i�n� �o�f� �h�P�C�.� �A� �r�a�t�i�o� �o�f� �7�0�%� �a�l�p�h�a� �t�o� �3�0�%� �b�e�t�a�-�p�l�u�s� �(�i�n�t�e�r�m�e�d�i�a�t�e� �p�l�u�s� 

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

�o�b�s�e�r�v�e�d� �f�o�r� �b�o�t�h� �r�h�P�C� �a�n�d� �h�P�C� �o�n� �s�t�a�i�n�e�d� �S�D�S�-�P�A�G�E� �(�d�e�n�s�i�t�o�m�e�t�r�y� �d�a�t�a� �n�o�t� 

�s�h�o�w�n�)�.� �T�h�e� �s�i�n�g�l�e� �c�h�a�i�n� �f�o�r�m� �w�a�s� �p�r�e�s�e�n�t� �a�t� �l�e�s�s� �t�h�a�n� �1�7�%� �o�f� �t�o�t�a�l� �s�t�a�i�n�e�d� �p�r�o�t�e�i�n� 

�f�o�r� �b�o�t�h� �i�m�m�u�n�o�p�u�r�i�f�i�e�d� �r�h�P�C� �a�n�d� �h�P�C� �(�d�e�n�s�i�t�o�m�e�t�r�y� �d�a�t�a� �n�o�t� �s�h�o�w�n�)� �a�l�t�h�o�u�g�h� �s�i�n�g�l�e� 

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

�W�e�s�t�e�r�n� �b�l�o�t� �(�F�i�g�u�r�e� �4�b�)�.� �T�h�e� �l�i�g�h�t� �c�h�a�i�n� �o�f� �r�h�P�C�,� �a�p�p�e�a�r�i�n�g� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�1�,�0�0�0� 

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

�t�h�a�n� �1�-�2� �k�d�.� �T�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �s�p�e�c�i�f�i�c� �a�n�t�i�c�o�a�g�u�l�a�n�t� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �r�h�P�C� 

�(�7�4�%� �+� �2�%�)� �w�a�s� �e�s�s�e�n�t�i�a�l�l�y� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�a�t� �o�f� �t�h�e� �h�P�C� �(�8�4�%� �+� �1�4�%�)� �r�e�f�e�r�e�n�c�e� 

�m�a�t�e�r�i�a�l� �(�T�a�b�l�e� �3�)� �a�s� �m�e�a�s�u�r�e�d� �b�y� �A�P�T�T� �a�s�s�a�y�.� 

�D�I�S�C�U�S�S�I�O�N� 

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

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

�H�e�r�e�,� �a� �W�A�P� �g�e�n�o�m�i�c� �c�l�o�n�e� �w�a�s� �u�s�e�d� �t�o� �d�r�i�v�e� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� �t�h�e� �c�D�N�A� �f�o�r� �h�u�m�a�n� 

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

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

�a�c�t�i�v�e� �V�K�D�-�p�r�o�t�e�i�n� �t�h�r�o�u�g�h�o�u�t� �l�a�c�t�a�t�i�o�n�.� �T�h�e� �b�i�o�l�o�g�i�c�a�l�l�y� �a�c�t�i�v�e� �r�h�P�C� �w�a�s� �p�r�o�d�u�c�e�d� 

�b�y� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e� �a�t� �l�e�v�e�l�s� �o�f� �0�.�5�-�3� �u�g�/�m�l� �m�i�l�k� �w�i�t�h� �m�i�l�k� �l�e�t�d�o�w�n�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

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

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

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

�(�2�0�)�.� �O�u�r� �r�e�s�u�l�t�s� �s�t�r�o�n�g�l�y� �c�o�n�t�r�a�s�t� �t�h�e� �v�e�r�y� �l�o�w� �s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �r�e�p�o�r�t�e�d� �f�o�r� �t�h�e� 

�V�K�D�-�F�a�c�t�o�r� �[�I�X� �e�x�p�r�e�s�s�e�d� �i�n� �t�h�e� �m�i�l�k� �o�f� �t�r�a�n�s�g�e�n�i�c� �s�h�e�e�p� �a�t� �o�n�l�y� �2�5� �n�g�/�m�l� �(�1�7�)�.� 

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

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

�w�i�t�h�i�n� �t�h�e� �p�u�b�l�i�s�h�e�d� �r�a�n�g�e� �o�f� �5�-�3�0�%� �f�o�r� �h�P�C� �(�3�0�,�3�1�)�.� �T�h�e� �m�u�l�t�i�p�l�e� �f�o�r�m�s� �o�f� �h�e�a�v�y� 

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

�(�2�,�3�1�)�.� �T�h�e� �r�a�t�i�o� �o�f� �a�p�p�a�r�e�n�t� �t�r�i�-�g�l�y�c�o�s�y�l�a�t�e�d� �(�a�l�p�h�a�-�f�o�r�m� �h�e�a�v�y� �c�h�a�i�n�)� �t�o� �d�i�-� 

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

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

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

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

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

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

�o�c�c�u�r�s� �a�t� �A�S�N�9�7� �(�2�9�,�3�1�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�x�t�e�n�t� �o�f� �p�r�o�p�e�p�t�i�d�e� �c�l�e�a�v�a�g�e� �h�a�s� �n�o�t� �y�e�t� 

�b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �r�h�P�C�.� �D�i�r�e�c�t� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�e�s� �o�f� �t�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� �c�o�n�t�e�n�t� �a�n�d� 

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

�T�h�i�s� �s�t�u�d�y� �o�f� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� �r�h�P�C� �i�n� �t�h�e� �m�i�l�k� �o�f� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e� 
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�d�e�m�o�n�s�t�r�a�t�e�s� �t�h�a�t� �t�h�e� �m�u�r�i�n�e� �m�a�m�m�a�r�y� �t�i�s�s�u�e� �c�a�n� �p�e�r�f�o�r�m� �a� �v�a�r�i�e�t�y� �o�f� �c�o�m�p�l�e�x� �p�o�s�t�-� 

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

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

�1� �c�o�n�s�t�r�u�c�t�.� �B�o�t�h� �t�h�e� �t�r�a�n�s�g�e�n�e� �a�n�d� �i�t�s� �a�b�i�l�i�t�y� �t�o� �e�x�p�r�e�s�s� �r�h�P�C� �a�p�p�e�a�r� �t�o� �h�a�v�e� �b�e�e�n� 

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

�s�t�u�d�y�i�n�g� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �W�A�P�P�C�-�1� �g�e�n�e� �s�t�r�u�c�t�u�r�e� �b�e�t�w�e�e�n� �g�e�n�e�r�a�t�i�o�n�s� �o�f� �m�i�c�e�.� �I�n� 

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

�W�A�P�P�C�-�1� �t�r�a�n�s�g�e�n�e�.� �U�p�o�n� �c�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� �l�a�t�t�e�r� �s�t�u�d�i�e�s�,� �m�o�r�e� �w�i�l�l� �b�e� �k�n�o�w�n� 

�a�b�o�u�t� �t�h�e� �a�p�p�a�r�e�n�t� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �W�A�P� �r�e�g�u�l�a�t�i�o�n� �t�h�a�t� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �m�i�c�e� �(�1�0�)� �a�n�d� 

�p�i�g�s� �(�1�3�)�.� �M�o�s�t� �i�m�p�o�r�t�a�n�t�l�y�,� �k�n�o�w�l�e�d�g�e� �w�i�l�l� �b�e� �g�a�i�n�e�d� �a�b�o�u�t� �t�h�e� �f�e�a�s�i�b�i�l�i�t�y� �o�f� �u�s�i�n�g� 

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

�p�r�o�t�e�i�n�s�.� 

�R�E�F�E�R�E�N�C�E�S� 

�1�.� �V�e�l�a�n�d�e�r�,� �W�.� �H�.�,� �M�o�r�c�o�l�,� �T�.�,� �C�l�a�r�k�,� �D�.�B�.�,� �G�e�e�,� �D�.�,� �a�n�d� �D�r�o�h�a�n�,� �W�.�N�.� �(�1�9�9�0�)� 
�T�e�c�h�n�o�l�o�g�i�c�a�l� �c�h�a�l�l�e�n�g�e�s� �f�o�r� �l�a�r�g�e�-�s�c�a�l�e� �p�u�r�i�f�i�c�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n� �C�.� �J�n� �P�r�o�t�e�i�n� �C� 
�a�n�d� �R�e�l�a�t�e�d� �A�n�t�i�c�o�a�g�u�l�a�n�t�s�.� �D�.� �F�.� �B�r�u�l�e�y� �a�n�d� �W�.� �N�.� �D�r�o�h�a�n�,� �E�d�s�.� �p�p� �1�1�-�2�7�.� 
�T�h�e� �P�o�r�t�f�o�l�i�o� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �T�h�e� �W�o�o�d�l�a�n�d�s�,� �T�X�.� 

�2�.� �G�r�i�n�n�e�l�l�,� �B�.�W�.�,� �J�.� �D�.� �W�a�l�l�s�,� �B�.� �G�e�r�l�i�t�z�,� �D�.� �T�.� �B�e�r�g�,� �D�.� �B�.� �M�c�C�l�u�r�e�,� �H�.� �E�h�r�l�i�c�h�,� 
�N�.� �U�.� �B�a�n�g�,� �a�n�d� �S�.� �B�.� �Y�a�n�.� �N�a�t�i�v�e� �a�n�d� �m�o�d�i�f�i�e�d� �r�e�c�o�m�b�i�n�a�n�t� �h�u�m�a�n� �p�r�o�t�e�i�n� �C�:� 
�f�u�n�c�t�i�o�n�,� �s�e�c�r�e�t�i�o�n�,� �a�n�d� �p�o�s�t�t�r�a�n�s�l�a�t�i�o�n�a�l� �m�o�d�i�f�i�c�a�t�i�o�n�s�.� �p�p� �2�9�-�6�3�.� �i�b�i�d�.� 

�3�.� �B�u�s�b�y� �S�.�,� �A�.� �K�u�m�a�r�,� �M�.� �J�o�s�e�p�h�,� �L�.� �H�a�l�f�p�a�p�,� �M�.� �I�n�s�l�e�y�,� �K�.� �B�e�r�k�n�e�r�,� �K�.� �K�u�r�a�c�h�i� 
�a�n�d� �R�.� �W�o�o�d�b�u�r�y�.� �1�9�8�5�.� �E�x�p�r�e�s�s�i�o�n� �o�f� �a�c�t�i�v�e� �h�u�m�a�n� �f�a�c�t�o�r� �I�X� �i�n� �t�r�a�n�s�f�e�c�t�e�d� 
�c�e�l�l�s�.� �N�a�t�u�r�e� �(�L�o�n�d�o�n�)� �3�1�6�:� �2�7�1�-�2�7�3�.� 

�3�7



�1�0�.� 

�l�l�.� 

�1�2�.� 

�1�3�.� 

�K�a�u�f�m�a�n�,� �R�.� �J�.�,� �L�.� �C�.� �W�a�s�l�e�y�,� �B�.� �C�.� �F�u�r�i�e�,� �B�.� �F�u�r�i�e�,� �a�n�d� �C�.� �B�.� �S�h�o�e�m�a�k�e�r�.� 
�1�9�8�6�.� �E�x�p�r�e�s�s�i�o�n�,� �p�u�r�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� �r�e�c�o�m�b�i�n�a�n�t� �y�-� 
�c�a�r�b�o�x�y�l�a�t�e�d� �f�a�c�t�o�r� �I�X� �s�y�n�t�h�e�s�i�z�e�d� �i�n� �c�h�i�n�e�s�e� �h�a�m�s�t�e�r� �o�v�a�r�y� �c�e�l�l�s�.� �J�.� �B�i�o�l�.� 
�C�h�e�m�.� �2�6�1�:� �9�6�2�2�-�9�6�2�8�.� 

�F�a�i�r�.� �D�.� �S�.� �a�n�d� �R�.� �A�.� �M�a�r�l�a�r�.� �1�9�8�6�.� �B�i�o�s�y�n�t�h�e�s�i�s� �a�n�d� �s�e�c�r�e�t�i�o�n� �o�f� �f�a�c�t�o�r� �V�I�I�,� 
�p�r�o�t�e�i�n� �C�,� �p�r�o�t�e�i�n� �S�,� �a�n�d� �t�h�e� �p�r�o�t�e�i�n� �C� �i�n�h�i�b�i�t�o�r� �f�r�o�m� �a� �h�u�m�a�n� �h�e�p�a�t�o�m�a� �c�e�l�l� 
�l�i�n�e�.� �B�l�o�o�d� �6�7�(�1�)�:� �6�4�-�7�0�.� 

�S�u�t�t�i�e�,� �J�.� �W�.� �1�9�8�6�.� �R�e�p�o�r�t� �o�f� �w�o�r�k�s�h�o�p� �o�n� �e�x�p�r�e�s�s�i�o�n� �o�f� �v�i�t�a�m�i�n� �K�-�d�e�p�e�n�d�e�n�t� 
�p�r�o�t�e�i�n�s� �i�n� �b�a�c�t�e�r�i�a�l� �a�n�d� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� �T�h�r�o�m�b�o�s�i�s� �R�e�s�.� �4�4�:� �1�2�9�-�1�3�4�.� 

�G�r�i�n�n�e�l�l�,� �B�.� �W�.�,� �D�.� �T�.� �B�e�r�g�,� �J�.� �W�a�l�l�s�,� �a�n�d� �S�.� �B�.� �Y�a�n�.� �1�9�8�7�.� �T�r�a�n�s�-�a�c�t�i�v�a�t�e�d� 
�e�x�p�r�e�s�s�i�o�n� �o�f� �f�u�l�l�y� �g�a�m�m�a�-�c�a�r�b�o�x�y�l�a�t�e�d� �r�e�c�o�m�b�i�n�a�n�t� �h�u�m�a�n� �p�r�o�t�e�i�n� �C�,� �a�n� 
�a�n�t�i�t�h�r�o�m�b�o�t�i�c� �f�a�c�t�o�r�.� �B�i�o�/�T�e�c�h�n�o�l�o�g�y� �5�:� �1�1�8�9�-�1�1�9�2�.� 

�K�a�u�f�m�a�n�,� �R�.� �J�.�,� �L�.� �C�.� �W�a�s�l�e�y�,� �A�.� �J�.� �S�p�i�l�i�o�t�e�s�,� �S�.� �D�.� �G�o�s�s�e�l�s�,� �S�.� �A�.� �L�a�t�t�,� �G�.� �R�.� 
�L�a�r�s�e�n�,� �a�n�d� �R�.� �M�.� �K�a�y�.� �1�9�8�5�.� �C�o�a�m�p�l�i�f�i�c�a�t�i�o�n� �a�n�d� �c�o�e�x�p�r�e�s�s�i�o�n� �o�f� �h�u�m�a�n� 
�t�i�s�s�u�e�-�t�y�p�e� �p�l�a�s�m�i�n�o�g�e�n� �a�c�t�i�v�a�t�o�r� �a�n�d� �m�u�r�i�n�e� �d�i�h�y�d�r�o�f�o�l�a�t�e� �r�e�d�u�c�t�a�s�e� �s�e�q�u�e�n�c�e�s� 
�i�n� �c�h�i�n�e�s�e� �h�a�m�s�t�e�r� �o�v�a�r�y� �c�e�l�l�s�.� �M�o�l�.� �C�e�l�l�.� �B�i�o�l�.� �5�:� �1�7�5�0�-�1�7�5�9�.� 

�G�r�i�n�n�e�l�l�,� �B�.� �W�.�,� �D�.� �T�.� �B�e�r�g�,� �a�n�d� �J�.� �W�a�l�l�s�.� �1�9�8�6�.� �A�c�t�i�v�a�t�i�o�n� �o�f� �t�h�e� �a�d�e�n�o�v�i�r�u�s� 
�a�n�d� �B�K� �v�i�r�u�s� �l�a�t�e� �p�r�o�m�o�t�e�r�s�:� �e�f�f�e�c�t�s� �o�f� �t�h�e� �B�K� �v�i�r�u�s� �e�n�h�a�n�c�e�r� �a�n�d� �t�r�a�n�s�-�a�c�t�i�n�g� 
�v�i�r�a�l� �e�a�r�l�y� �p�r�o�t�e�i�n�s�.� �M�o�l�.� �C�e�l�l�.� �B�i�o�l�.� �6�:� �3�5�9�6�-�3�6�0�5�.� 

�P�i�t�t�i�u�s�,� �C�.� �W�.�,� �L�.� �H�e�n�n�i�g�h�a�u�s�e�n�,� �E�.� �L�e�e�,� �H�.� �W�e�s�t�p�h�a�l�,� �E�.� �N�i�c�o�l�s�,� �J�.� �V�i�t�a�l�e� �a�n�d� 
�K�.� �G�o�r�d�o�n�.� �1�9�8�8�.� �A� �m�i�l�k� �p�r�o�t�e�i�n� �g�e�n�e� �p�r�o�m�o�t�e�r� �d�i�r�e�c�t�s� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� 
�h�u�m�a�n� �t�i�s�s�u�e� �p�l�a�s�m�i�n�o�g�e�n� �a�c�t�i�v�a�t�o�r� �c�D�N�A� �t�o� �t�h�e� �m�a�m�m�a�r�y� �g�l�a�n�d� �i�n� �t�r�a�n�s�g�e�n�i�c� 
�m�i�c�e�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�5�:� �5�8�7�4�-�5�8�7�8�.� 

�M�e�a�d�e�,� �H�.�,� �L�.� �G�a�t�e�s�,� �E�.� �L�a�c�y�,� �a�n�d� �N�.� �L�o�n�b�e�r�g�.� �1�9�9�0�.� �B�o�v�i�n�e� �a�l�p�h�a�,�,�-�c�a�s�e�i�n� 
�g�e�n�e� �s�e�q�u�e�n�c�e�s� �d�i�r�e�c�t� �h�i�g�h� �l�e�v�e�l� �e�x�p�r�e�s�s�i�o�n� �o�f� �a�c�t�i�v�e� �h�u�m�a�n� �u�r�o�k�i�n�a�s�e� �i�n� 
�m�o�u�s�e� �m�i�l�k�.� �B�i�o�/�T�e�c�h�n�o�l�o�g�y� �8�:� �4�4�3�-�4�4�6�.� 

�A�r�c�h�i�b�a�l�d�,� �A�.� �L�.�,� �M�.� �M�c�C�l�e�n�a�g�h�a�n�,� �V�.� �H�o�r�n�s�e�y�,� �J�.� �P�.� �S�i�m�o�n�s�,� �a�n�d� �A�.� �J�.� �C�l�a�r�k�.� 
�1�9�9�0�.� �H�i�g�h�-�l�e�v�e�l� �e�x�p�r�e�s�s�i�o�n� �o�f� �b�i�o�l�o�g�i�c�a�l�l�y� �a�c�t�i�v�e� �h�u�m�a�n� �a�,�-�a�n�t�i�t�r�y�p�s�i�n� �i�n� �t�h�e� 
�m�i�l�k� �o�f� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�7�:� �5�1�7�8�-�5�1�8�2�.� 

�W�a�l�l�,� �R�.� �J�.�,� �V�.� �G�.� �P�u�r�s�e�l�,� �A�.� �S�h�a�m�a�y�,� �R�.� �A�.� �M�c�K�n�i�g�h�t�,� �C�.� �W�.� �P�i�t�t�i�u�s�,� �a�n�d� �L�.� 
�H�e�n�n�i�n�g�h�a�u�s�e�n�.� �1�9�9�1�.� �H�i�g�h�-�l�e�v�e�l� �s�y�n�t�h�e�s�i�s� �o�f� �a� �h�e�t�e�r�o�l�o�g�o�u�s� �m�i�l�k� �p�r�o�t�e�i�n� �i�n� 
�t�h�e� �m�a�m�m�a�r�y� �g�l�a�n�d�s� �o�f� �t�r�a�n�s�g�e�n�i�c� �s�w�i�n�e�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�8�:� 

�3�8



�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�1�.� 

�2�2�.� 

�1�6�9�6�-�1�7�0�0�.� 

�W�r�i�g�h�t�,� �G�.�,� �A�.� �C�a�r�v�e�r�,� �D�.� �C�o�t�t�o�m�,� �D�.� �R�e�e�v�e�s�,� �A�.� �S�c�o�t�t�,� �P�.� �S�i�m�o�n�s�,� �I�.� �W�i�l�m�u�t�,� 
�I�.� �G�a�r�n�e�r� �a�n�d� �A�.� �C�o�l�m�a�n�.� �1�9�9�1�.� �H�i�g�h� �l�e�v�e�l� �e�x�p�r�e�s�s�i�o�n� �o�f� �a�c�t�i�v�e� �h�u�m�a�n� �a�l�p�h�a�-�1�-� 
�a�n�t�i�t�r�y�p�s�i�n� �i�n� �t�h�e� �m�i�l�k� �o�f� �t�r�a�n�s�g�e�n�i�c� �s�h�e�e�p�.� �B�i�o�/�T�e�c�h�n�o�l�o�g�y� �9�:� �8�3�0�-�8�3�4�.� 

�E�b�e�r�t�,� �K�.� �M�.�,� �J�.� �P�.� �S�e�l�g�r�a�t�h�,� �P�.� �D�i�T�u�l�l�i�o�,� �J�.� �D�e�n�m�a�n�,� �T�.� �E�.� �S�m�i�t�h�,� �M�.� �A�.� 
�M�e�m�o�n�,� �J�.� �E�.� �S�c�h�i�n�d�l�e�r�,� �G�.� �M�.� �M�o�n�a�s�t�e�r�s�k�y�,� �J�.� �A�.� �V�i�t�a�l�e�,� �a�n�d� �K�.� �G�o�r�d�o�n�.� 
�1�9�9�1�.� �T�r�a�n�s�g�e�n�i�c� �p�r�o�d�u�c�t�i�o�n� �o�f� �a� �v�a�r�i�a�n�t� �o�f� �h�u�m�a�n� �t�i�s�s�u�e�-�t�y�p�e� �p�l�a�s�m�i�n�o�g�e�n� 
�a�c�t�i�v�a�t�o�r� �i�n� �g�o�a�t� �m�i�l�k�:� �g�e�n�e�r�a�t�i�o�n� �o�f� �t�r�a�n�s�g�e�n�i�c� �g�o�a�t�s� �a�n�d� �a�n�a�l�y�s�i�s� �o�f� 
�e�x�p�r�e�s�s�i�o�n�.� �B�i�o�/�T�e�c�h�n�o�l�o�g�y� �9�:� �8�3�5�-�8�3�8�.� 

�D�e�n�m�a�n�,� �J�.�,� �M�.� �H�a�y�e�s�,� �C�.� �O ��D�a�y�,� �T�.� �E�d�m�u�n�d�s�,� �C�.� �B�a�r�t�l�e�t�t�,� �S�.� �H�i�r�a�n�i�,� �K�.� �M�.� 
�E�b�e�r�t�,� �K�.� �G�o�r�d�o�n� �a�n�d� �J�.� �M�.� �M�c�P�h�e�r�s�o�n�.� �1�9�9�1�.� �T�r�a�n�s�g�e�n�i�c� �e�x�p�r�e�s�s�i�o�n� �o�f� �a� 
�v�a�r�i�a�n�t� �o�f� �h�u�m�a�n� �t�i�s�s�u�e�-�t�y�p�e� �p�l�a�s�m�i�n�o�g�e�n� �a�c�t�i�v�a�t�o�r� �i�n� �g�o�a�t� �m�i�l�k�:� �p�u�r�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� �t�h�e� �r�e�c�o�m�b�i�n�a�n�t� �e�n�z�y�m�e�.� �B�i�o�/�T�e�c�h�n�o�l�o�g�y� �9�:� �8�3�9�-�8�4�3�.� 

�C�l�a�r�k�,� �A�.� �J�.�,� �H�.� �B�e�s�s�o�s�,� �J�.� �O�.� �B�i�s�h�o�p�,� �P�.� �B�r�o�w�n�,� �S�.� �H�a�r�r�i�s�,� �R�.� �L�a�t�h�e�,� �M�.� 
�M�c�C�l�e�n�a�g�h�a�n�,� �C�.� �P�r�o�w�s�e�,� �J�.� �P�.� �S�i�m�o�n�s�,� �C�.� �B�.� �A�.� �W�h�i�t�e�l�a�w� �a�n�d� �I�.� �W�i�l�m�u�t�.� 
�1�9�8�9�.� �E�x�p�r�e�s�s�i�o�n� �o�f� �h�u�m�a�n� �a�n�t�i�-�h�e�m�o�p�h�i�l�i�c� �f�a�c�t�o�r� �[�X� �i�n� �t�h�e� �m�i�l�k� �o�f� �t�r�a�n�s�g�e�n�i�c� 
�s�h�e�e�p�.� �B�i�o�/�T�e�c�h�n�o�l�o�g�y� �7�:� �4�8�7�-�4�9�2�.� 

�S�t�e�n�f�l�o�,� �J�.� �1�9�7�6�.� �A� �n�e�w� �v�i�t�a�m�i�n� �K�-�d�e�p�e�n�d�e�n�t� �p�r�o�t�e�i�n�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�5�1�:� �3�5�5�-� 
�3�6�3�.� 

�N�e�l�s�e�s�t�u�e�n�,� �G�.� �L�.�,� �W�.� �K�i�s�i�e�l�,� �a�n�d� �R�.� �G�.� �D�i� �S�c�i�p�i�o�.� �1�9�7�8�.� �I�n�t�e�r�a�c�t�i�o�n� �o�f� �v�i�t�a�m�i�n� 
�K� �d�e�p�e�n�d�e�n�t� �p�r�o�t�e�i�n�s� �w�i�t�h� �m�e�m�b�r�a�n�e�s�.� �B�i�o�c�h�e�m�i�s�t�r�y� �1�7�:� �2�1�3�4�-�2�1�3�8�.� 

�Z�h�a�n�g�,� �L�.� �a�n�d� �F�.� �J�.� �C�a�s�t�e�l�l�i�n�o�.� �1�9�9�0�.� �A� �y�-�c�a�r�b�o�x�y�g�l�u�t�a�m�i�c� �a�c�i�d� �(�y�)� �v�a�r�i�a�n�t� 
�(�y�°�D�,� �y ��D�)� �o�f� �h�u�m�a�n� �a�c�t�i�v�a�t�e�d� �p�r�o�t�e�i�n� �C� �d�i�s�p�l�a�y�s� �g�r�e�a�t�l�y� �r�e�d�u�c�e�d� �a�c�t�i�v�i�t�y� �a�s� �a�n� 
�a�n�t�i�c�o�a�g�u�l�a�n�t�.� �B�i�o�c�h�e�m�i�s�t�r�y� �2�9�:� �1�0�8�2�8�-�1�0�8�3�4�.� 

�E�s�m�o�n�,� �C�.� �T�.� �1�9�8�7�.� �T�h�e� �r�e�g�u�l�a�t�i�o�n� �o�f� �n�a�t�u�r�a�l� �a�n�t�i�c�o�a�g�u�l�a�n�t� �p�a�t�h�w�a�y�s�.� �S�c�i�e�n�c�e� 
�2�3�5�:� �1�3�4�8�-�1�3�5�2�.� 

�V�e�r�m�e�e�r�,� �C�.�,� �H�.� �H�e�n�d�r�i�x�,� �a�n�d� �M�.� �D�a�e�m�e�n�.� �1�9�8�2�.� �V�i�t�a�m�i�n� �K�-�d�e�p�e�n�d�e�n�t� 
�c�a�r�b�o�x�y�l�a�s�e�s� �f�r�o�m� �n�o�n�-�h�e�p�a�t�i�c� �t�i�s�s�u�e�s�.� �F�E�B�S� �L�e�t�t�e�r�s� �1�4�8�:� �3�1�7�-�3�2�0�.� 

�B�u�c�h�t�h�a�l�,� �S�.� �D�.� �a�n�d� �R�.� �G�.� �B�e�l�l�.� �1�9�8�3�.� �V�i�t�a�m�i�n� �K� �d�e�p�e�n�d�e�n�t� �c�a�r�b�o�x�y�l�a�t�i�o�n� �o�f� 
�g�l�u�t�a�m�a�t�e� �r�e�s�i�d�u�e�s� �t�o� �y�-�c�a�r�b�o�x�y�g�l�u�t�a�m�a�t�e� �i�n� �m�i�c�r�o�s�o�m�e�s� �f�r�o�m� �s�p�l�e�e�n� �a�n�d� 
�t�e�s�t�e�s�:� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �l�i�v�e�r�,� �l�u�n�g�,� �a�n�d� �k�i�d�n�e�y�.� �B�i�o�c�h�e�m�i�s�t�r�y� �2�2�:� �1�0�7�7�-�1�0�8�2�.� 
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�V�e�l�a�n�d�e�r�,� �W�.� �H�.�,� �R�.� �D�.� �M�a�d�u�r�a�w�e�,� �C�.� �L�.� �O�r�t�h�n�e�r�,� �J�.� �P�.� �T�h�a�r�a�k�a�n�,� �A�.� �H�.� 
�R�a�l�s�t�o�n�,� �D�.� �K�.� �S�t�r�i�c�k�l�a�n�d�,� �a�n�d� �W�.� �N�.� �D�r�o�h�a�n�.� �1�9�8�9�.� �P�r�o�c�e�s�s� �i�m�p�l�i�c�a�t�i�o�n�s� �f�o�r� 
�m�e�t�a�l�-�d�e�p�e�n�d�e�n�t� �i�m�m�u�n�o�a�f�f�i�n�i�t�y� �i�n�t�e�r�a�c�t�i�o�n�s�.� �B�i�o�t�e�c�h�n�o�l�o�g�y� �P�r�o�g�r�e�s�s� �5�:� �1�1�9�-� 
�1�2�5�.� 

�M�a�r�l�a�r�,� �R�.� �A�.� �a�n�d� �D�.� �M�.� �A�d�c�o�c�k�.� �1�9�9�0�.� �P�r�o�t�e�i�n� �C� �r�e�p�l�a�c�e�m�e�n�t� �t�h�e�r�a�p�y� �a�s� �a� 
�t�r�e�a�t�m�e�n�t� �m�o�d�a�l�i�t�y� �f�o�r� �h�o�m�o�z�y�g�o�u�s� �P�r�o�t�e�i�n� �C� �d�e�f�i�c�i�e�n�c�y�.� �J�n� �P�r�o�t�e�i�n� �C� �a�n�d� 
�r�e�l�a�t�e�d� �a�n�t�i�c�o�a�g�u�l�a�n�t�s�.� �D�.� �F�.� �B�r�u�l�e�y� �a�n�d� �W�.� �N�.� �D�r�o�h�a�n�,� �E�d�s�.� �p�p�.� �2�9�-�6�3�.� �T�h�e� 
�P�o�r�t�f�o�l�i�o� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �T�h�e� �W�o�o�d�l�a�n�d�s�,� �T�X�.� 

�T�a�y�l�o�r�,� �F�.� �D�.�,� �A�.� �C�h�a�n�g�,� �C�.� �T�.� �E�s�m�o�n�,� �A�.� �D �� �A�n�g�e�l�o�,� �S�.� �V�i�g�a�n�o�-�D �� �A�n�g�e�l�o�,� �a�n�d� 
�K�.� �E�.� �B�l�i�c�k�.� �1�9�8�7�.� �P�r�o�t�e�i�n� �C� �p�r�e�v�e�n�t�s� �t�h�e� �c�o�a�g�u�l�o�p�a�t�h�i�c� �a�n�d� �l�e�t�h�a�l� �e�f�f�e�c�t�s� �o�f� 
�e�s�c�h�e�r�i�c�h�i�a� �c�o�l�i� �i�n�f�u�s�i�o�n� �i�n� �t�h�e� �b�a�b�o�o�n�.� �J�.� �C�l�i�n�.� �I�n�v�e�s�t�.� �7�9�:� �9�1�8�-�9�2�5�.� 

�K�i�s�i�e�l�,� �W�.� �1�9�7�9�.� �H�u�m�a�n� �p�l�a�s�m�a� �p�r�o�t�e�i�n� �C�:� �i�s�o�l�a�t�i�o�n�,� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�,� �a�n�d� 
�m�e�c�h�a�n�i�s�m� �o�f� �a�c�t�i�v�a�t�i�o�n� �b�y� �a�-�t�h�r�o�m�b�i�n�.� �J�.� �C�l�i�n�.� �I�n�v�e�s�t�.� �6�4�:� �7�6�1�-�7�6�9�.� 

�M�a�r�l�a�r�,� �R�.� �A�.�,� �A�.� �J�.� �K�l�e�i�s�s�,� �a�n�d� �J�.� �H�.� �G�r�i�f�f�i�n�.� �1�9�8�2�.� �M�e�c�h�a�n�i�s�m� �o�f� �a�c�t�i�o�n� �o�f� 
�h�u�m�a�n� �a�c�t�i�v�a�t�e�d� �p�r�o�t�e�i�n� �C�,� �a� �t�h�r�o�m�b�i�n�-�d�e�p�e�n�d�e�n�t� �a�n�t�i�c�o�a�g�u�l�a�n�t� �e�n�z�y�m�e�.� �B�l�o�o�d� 
�5�9�:� �1�0�6�7�-�1�0�7�2�.� 

�F�o�s�t�e�r�,� �D�.� �C�.�,� �S�.� �Y�o�s�h�i�t�a�k�e�,� �a�n�d� �E�.� �W�.� �D�a�v�i�e�.� �1�9�8�5�.� �T�h�e� �n�u�c�l�e�o�t�i�d�e� �s�e�q�u�e�n�c�e� 
�o�f� �t�h�e� �g�e�n�e� �f�o�r� �h�u�m�a�n� �p�r�o�t�e�i�n� �C�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�2�:� �4�6�7�3�-�4�6�7�7�.� 

�H�e�e�b�,� �M�.� �J�.�,� �H�.� �P�.� �S�c�h�w�a�r�z�,� �T�.� �W�h�i�t�e�,� �B�.� �L�a�m�m�l�e�,� �M�.� �B�e�r�r�e�t�t�i�n�i�,� �a�n�d� �J�.� �H�.� 
�G�r�i�f�f�i�n�.� �1�9�8�8�.� �I�m�m�u�n�o�b�l�o�t�t�i�n�g� �s�t�u�d�i�e�s� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �f�o�r�m�s� �o�f� �p�r�o�t�e�i�n� �C� �i�n� 
�p�l�a�s�m�a�.� �T�h�r�o�m�b�o�s�i�s� �R�e�s�.� �5�2�:� �3�3�-�4�3�.� 

�M�i�l�e�t�i�c�h� �J�.� �P�.� �a�n�d� �G�.� �J�.� �B�r�o�z�e�,� �J�r�.� �1�9�9�0�.� �B� �p�r�o�t�e�i�n� �C� �i�s� �n�o�t� �g�l�y�c�o�s�y�l�a�t�e�d� �a�t� 
�a�s�p�a�r�a�g�i�n�e� �3�2�9�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�5�:� �1�1�3�9�7�-�1�1�4�0�4�.� 

�W�a�l�l�s�,� �J�.� �D�.�,� �D�.� �T�.� �B�e�r�g�,� �S�.� �B�.� �Y�a�n�,� �a�n�d� �B�.� �W�.� �G�r�i�n�n�e�l�l�.� �1�9�8�9�.� �A�m�p�l�i�f�i�c�a�t�i�o�n� 
�o�f� �m�u�l�t�i�c�i�s�t�r�o�n�i�c� �p�l�a�s�m�i�d�s� �i�n� �t�h�e� �h�u�m�a�n� �2�9�3� �c�e�l�l� �l�i�n�e� �a�n�d� �s�e�c�r�e�t�i�o�n� �o�f� �c�o�r�r�e�c�t�l�y� 
�p�r�o�c�e�s�s�e�d� �r�e�c�o�m�b�i�n�a�n�t� �h�u�m�a�n� �p�r�o�t�e�i�n� �C�.� �G�e�n�e� �8�1�:� �1�3�9�-�1�4�9�.� 

�B�r�i�n�s�t�e�r�,� �R�.� �L�.�,� �H�.� �Y�.� �C�h�e�n�,� �N�.� �E�.� �D�r�u�m�b�e�a�t�e�r�,� �M�.� �K�.� �Y�a�g�l�e�,� �a�n�d� �R�.� �D�.� 
�P�a�l�m�i�t�e�r�.� �1�9�8�5�.� �F�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �i�n�t�r�o�d�u�c�i�n�g� �f�o�r�e�i�g�n� �D�N�A� 
�i�n�t�o� �m�i�c�e� �b�y� �m�i�c�r�o�i�n�j�e�c�t�i�n�g� �e�g�g�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�2�:� �4�4�3�8�-�4�4�4�2�.� 

�M�a�r�m�u�r�,� �J�.� �1�9�6�1�.� �A� �p�r�o�c�e�d�u�r�e� �f�o�r� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �D�N�A� �f�r�o�m� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� 
�J�.� �M�o�l�.� �B�i�o�l�.� �3�:� �2�0�8�-�2�1�8�.� 
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�S�a�i�k�i�,� �R�.� �K�.�,� �P�.� �S�.� �W�a�l�s�h�,� �C�.� �H�.� �L�e�v�e�n�s�o�n� �a�n�d� �H�.� �A�.� �E�r�l�i�c�h�.� �1�9�8�9�.� �G�e�n�e�t�i�c� 
�a�n�a�l�y�s�i�s� �o�f� �a�m�p�l�i�f�i�e�d� �D�N�A� �w�i�t�h� �i�m�m�o�b�i�l�i�z�e�d� �s�e�q�u�e�n�c�e�-�s�p�e�c�i�f�i�c� �o�l�i�g�o�n�u�c�l�e�o�t�i�d�e� 
�p�r�o�b�e�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�6�:� �6�2�3�0�-�6�2�3�4�.� 

�A�m�i�r�a�l�,� �J�.�,� �C�.� �B�o�y�e�r�,� �C�.� �R�o�t�h�s�c�h�i�l�d�,� �a�n�d� �M�.� �W�o�l�f�.� �1�9�8�5�.� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� 
�p�r�o�t�e�i�n� �C� �b�y� �a�n� �i�m�m�u�n�o�e�n�z�y�m�a�t�i�c� �a�s�s�a�y�.� �J�n� �P�r�o�t�e�i�n� �C�:� �B�i�o�c�h�e�m�i�c�a�l� �a�n�d� 
�M�e�d�i�c�a�l� �A�s�p�e�c�t�s�.� �I�.� �W�i�t�t�,� �E�d�.� �p�p�.� �6�7�-�7�9�.� �W�a�l�t�e�r� �d�e� �G�r�u�y�t�e�r� �&� �C�o�.�,� �B�e�r�l�i�n�,� �W�e�s�t� 
�G�e�r�m�a�n�y�.� 

�O�r�t�h�n�e�r�,� �C�.� �L�.�,� �R�.� �D�.� �M�a�d�u�r�a�w�e�,� �W�.� �H�.� �V�e�l�a�n�d�e�r�,� �W�.� �N�.� �D�r�o�h�a�n�,� �F�.� �D�.� �B�a�t�t�e�y�,� 
�a�n�d� �D�.� �K�.� �S�t�r�i�c�k�l�a�n�d�.� �1�9�8�9�.� �C�o�n�f�o�r�m�a�t�i�o�n�a�l� �c�h�a�n�g�e�s� �i�n� �a�n� �e�p�i�t�o�p�e� �l�o�c�a�l�i�z�e�d� �t�o� 
�t�h�e� �N�H�,�-�t�e�r�m�i�n�a�l� �r�e�g�i�o�n� �o�f� �p�r�o�t�e�i�n� �C�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�4�:� �1�8�7�8�1�-�1�8�7�8�8�.� 

�L�a�e�m�m�l�i�,� �U�.� �K�.� �1�9�7�0�.� �C�l�e�a�v�a�g�e� �o�f� �s�t�r�u�c�t�u�r�a�l� �p�r�o�t�e�i�n�s� �d�u�r�i�n�g� �t�h�e� �a�s�s�e�m�b�l�y� �o�f� 
�t�h�e� �h�e�a�d� �o�f� �b�a�c�t�e�r�i�o�p�h�a�g�e� �T�3�.� �N�a�t�u�r�e� �(�L�o�n�d�o�n�)� �2�2�7�:� �6�8�0�-�6�8�5�.� 

�T�o�w�b�i�n�,� �H�.�,� �T�.� �S�t�a�e�h�e�l�i�n�,� �a�n�d� �J�.� �G�o�r�d�o�n�.� �1�9�7�9�.� �E�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �t�r�a�n�s�f�e�r� �o�f� 
�p�r�o�t�e�i�n�s� �f�r�o�m� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �t�o� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �s�h�e�e�t�s�:� �p�r�o�c�e�d�u�r�e� �a�n�d� �s�o�m�e� 
�a�p�p�l�i�c�a�t�i�o�n�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �7�6�:� �4�3�5�0�-�4�3�5�4�.� 

�O�r�t�h�n�e�r�,� �C�.� �L�.�,� �P�.� �B�h�a�t�t�a�c�h�a�r�y�a�,� �a�n�d� �D�.� �K�.� �S�t�r�i�c�k�l�a�n�d�.� �1�9�8�8�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� 
�a� �p�r�o�t�e�i�n� �C� �a�c�t�i�v�a�t�o�r� �f�r�o�m� �t�h�e� �v�e�n�o�m� �o�f� �a�g�k�i�s�t�r�o�d�o�n� �c�o�n�t�o�r�t�r�i�x� �c�o�n�t�o�r�t�r�i�x�.� 
�B�i�o�c�h�e�m�i�s�t�r�y� �2�7�:� �2�5�5�8�-�2�5�6�4�.� 
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�T�a�b�l�e� �1�.� �M�o�u�s�e� �e�m�b�r�y�o� �m�i�c�r�o�i�n�j�e�c�t�i�o�n�,� �t�r�a�n�s�f�e�r�,� �a�n�d� �f�o�u�n�d�e�r� �a�n�i�m�a�l� �g�e�n�e�r�a�t�i�o�n� �d�a�t�a�.� 
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�P�r�o�d�u�c�t�i�o�n� �S�t�a�g�e� �N�u�m�b�e�r� 

�E�m�b�r�y�o�s� �i�n�j�e�c�t�e�d� �2�3�3�6� 
�E�m�b�r�y�o�s� �t�r�a�n�s�f�e�r�r�e�d� �1�8�0�8� 
�N�u�m�b�e�r� �r�e�c�i�p�i�e�n�t�s� �5�8� 
�E�m�b�r�y�o�s� �p�e�r� �r�e�c�i�p�i�e�n�t� �3�1� 
�N�u�m�b�e�r� �p�r�e�g�n�a�n�t� �2�4� 
�N�u�m�b�e�r� �p�u�p�s� �a�l�i�v�e� �1�0�5� 
�N�u�m�b�e�r� �p�u�p�s� �t�r�a�n�s�g�e�n�i�c� �3�0� 
�P�e�r�c�e�n�t� �l�i�v�e� �p�u�p�s� �t�r�a�n�s�g�e�n�i�c� �2�9� 
�N�u�m�b�e�r� �t�r�a�n�s�g�e�n�i�c� �p�u�p�s� �f�e�m�a�l�e� �1�6� 
�N�u�m�b�e�r� �a�s�s�a�y�e�d� �f�o�r� �e�x�p�r�e�s�s�i�o�n� �6� 
�N�u�m�b�e�r� �e�x�p�r�e�s�s�i�n�g� �6� 
� � 

�4�2



�T�a�b�l�e� �2�.� �E�x�p�r�e�s�s�i�o�n� �l�e�v�e�l�s� �o�f� �s�i�x� �t�r�a�n�s�g�e�n�i�c� �f�o�u�n�d�e�r� �f�e�m�a�l�e� �m�i�c�e� �a�s� �d�e�t�e�c�t�e�d� �b�y� 
�s�a�n�d�w�i�c�h� �E�L�I�S�A� �u�s�i�n�g� �7�D�7�B�1�0� �m�o�n�o�c�l�o�n�a�l� �a�n�t�i�b�o�d�y� �m�a�s�s� �c�a�p�t�u�r�e�.� 
�-� �N�o�t� �a�n�a�l�y�z�e�d�.� 

� � 
�E�x�p�r�e�s�s�i�o�n� �o�f� �r�h�P�C� �A�n�t�i�g�e�n� �(�u�g�/�m�l�)� 

� � 

�M�O�U�S�E� �I�D� �D�a�y� �o�f� �L�a�c�t�a�t�i�o�n� 

�5�-�6� �8�-�9� �1�1�-�1�2� �1�3�-�1�5� 

�R�3� �1�.�9�0� �2�.�8�8� �3�.�0�1� �-� 
�R�1�2� �-� �2�.�9�8� �2�.�4�8� �2�.�4�0� 
�Y�5�1� �-� �2�.�8�0� �1�.�3�0� �1�.�7�9� 
�Y�5�2� �-� �1�.�5�2� �-� �0�.�9�5� 
�Y�5�7� �1�.�4�7� �-� �0�.�9�8� �-� 
�Y�6�8� �-� �1�.�0�5� �-� 
� � 
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�T�a�b�l�e� �3�.� �I�m�m�u�n�o�p�u�r�i�f�i�e�d� �r�e�c�o�m�b�i�n�a�n�t� �p�r�o�t�e�i�n� �C� �f�r�o�m� �t�h�e� �t�r�a�n�s�g�e�n�i�c� �m�o�u�s�e� �w�h�e�y� 
�p�o�o�l�,� �r�e�c�o�v�e�r�y� �d�a�t�a� �f�r�o�m� �i�m�m�u�n�o�a�f�f�i�n�i�t�y� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �a�n�t�i�c�o�a�g�u�l�a�n�t� �a�c�t�i�v�i�t�y�,� �a�n�d� 
�c�o�m�p�a�r�i�s�o�n� �t�o� �a�n�t�i�c�o�a�g�u�l�a�n�t� �a�c�t�i�v�i�t�y� �o�f� �h�u�m�a�n� �p�l�a�s�m�a�-�d�e�r�i�v�e�d� �p�r�o�t�e�i�n� �C�.� �A� �t�o�t�a�l� �o�f� �4�0� 
�m�i�c�e� �(�f�o�u�n�d�e�r� �m�i�c�e� �a�n�d� �t�h�e�i�r� �o�f�f�s�p�r�i�n�g� �)� �w�e�r�e� �m�i�l�k�e�d� �a�n�d� �3�0� �m�l� �o�f� �m�i�l�k� �w�a�s� �p�o�o�l�e�d� 
�a�n�d� �u�s�e�d� �f�o�r� �i�m�m�u�n�o�p�u�r�i�f�i�c�a�t�i�o�n� �o�f� �r�h�P�C�.� 

 ��T�h�e�o�r�e�t�i�c�a�l� �A�P�T�T� �s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �b�a�s�e�d� �u�p�o�n� �1� �u�n�i�t�/�m�l� �f�o�r� �n�o�r�m�a�l� �h�u�m�a�n� �p�l�a�s�m�a� 
�p�o�o�l� �a�t� �4� �u�g� �h�P�C� �a�n�t�i�g�e�n�/�m�l� �p�l�a�s�m�a�.� �A�I�l� �s�a�m�p�l�e�s� �w�e�r�e� �p�r�e�a�c�t�i�v�a�t�e�d� �w�i�t�h� �v�e�n�o�m� �o�f� 
�A�g�k�i�s�t�r�o�d�o�n� �c�o�n�t�o�r�t�r�i�x� �(�4�0�)�.� 
�P�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �c�a�l�c�u�l�a�t�e�d� �o�n� �a� �p�e�r� �m�g� �b�a�s�i�s� �o�f� �h�P�C� 
�a�n�t�i�g�e�n� �a�s� �d�e�t�e�c�t�e�d� �b�y� �E�L�I�S�A�.� 
�"�T�h�e� �m�i�l�k� �o�f� �t�r�a�n�s�g�e�n�i�c� �f�o�u�n�d�e�r� �a�n�i�m�a�l�s� �a�n�d� �t�h�e�i�r� �o�f�f�s�p�r�i�n�g� �w�e�r�e� �c�o�m�b�i�n�e�d� �t�o� �f�o�r�m� �a� 
�s�i�n�g�l�e� �p�o�o�l�.� 

�%� �T�h�e�o�r�e�t�i�c�a�l� 

� � 

�h�P�C� �A�n�t�i�g�e�n� �h�P�C� �A�n�t�i�g�e�n� �A�n�t�i�c�o�a�g�u�l�a�n�t� 
�M�a�t�e�r�i�a�l� �A�s�s�a�y�e�d� �T�o�t�a�l� �(�u�g�)� �%� �Y�i�e�l�d� �A�c�t�i�v�i�t�y �� 

�W�h�o�l�e� �M�i�l�k� �P�o�o�l�*� �3�0� �-� �-� 
�W�h�e�y� �F�r�a�c�t�i�o�n� �3�0� �1�0�0�%� �5�7� �+� �1�0� 
�I�m�m�u�n�o�p�u�r�i�f�i�e�d� 
�P�r�o�d�u�c�t� �1�4� �4�7�%� �7�4� �+�2� 
�P�l�a�s�m�a� �R�e�f�e�r�e�n�c�e �� �.� �-� �8�4�+� �1�4� 
� � 
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�E�c�o� �R�i� �K�p�a�!� �K�o�r�!� �E�c�e� �R�l� 

� � � � 

�1� 

�|� 

�'� �o�r� �t�  �� �{� �i� �'� �.� �m�e�w� 

�:� �S�S�S� �R�y� �S�N� �R�S�S� 
�3� �i� 

�w�a�t�.� �e�e�t� 

�f � �� �2�.�5� �k�b� �=�~� �+� �1�.�4� �k�h� �m�H� �a�e� �a� �k�t�h� �r�e� 
�W�A�P� �m�r�P�C� �C�O�N�A� �W�A�?� 

�P�R�O�M�O�T�E�R� 

�F�i�g�u�r�e� �1�.� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �t�h�e� �W�h�e�y� �A�c�i�d�i�c� �P�r�o�t�e�i�t�i�-�H�u�m�a�n� �P�r�o�t�e�i�n� �C� �f�u�s�i�o�n� 
�g�e�n�e�.� �T�h�e� �c�D�N�A� �f�o�r� �h�P�C� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �t�h�e� �K�p�n�l� �r�e�s�t�r�i�c�t�i�o�n� �s�i�t�e� �p�r�e�s�e�n�t� �j�u�s�t� 
�b�e�f�o�r�e� �e�x�o�n� �|� �o�f� �W�A�P�.� �T�h�e� �b�o�x�e�s� �m�a�r�k�e�d� �|�,� �2�,� �a�n�d� �3� �s�c�h�e�m�a�t�i�c�a�l�l�y� �r�e�p�r�e�s�e�n�t� �t�h�e� 
�r�e�l�a�t�i�v�e� �s�e�q�u�e�n�c�e� �p�o�s�i�t�i�o�n�s� �o�f� �o�l�i�g�o�n�u�c�l�e�o�t�i�d�e� �p�r�i�m�e�r�s� �S�o�l�i�d� �l�i�n�e�s� �r�e�p�r�e�s�e�n�t� �n�o�n�-� 
�c�o�d�i�n�g� �W�A�P� �D�N�A� �a�n�d�/�o�r� �W�A�P� �i�n�t�r�o�n�s�,� �t�h�e� �s�o�l�i�d� �b�o�x� �r�e�p�r�e�s�e�n�t�s� �c�D�N�A� �e�n�c�o�d�i�n�g� �h�P�C�,� 
�a�n�d� �h�a�t�c�h�e�d� �b�o�x�e�s� �i�n�d�i�c�a�t�e� �W�A�P� �e�x�o�n�s�.� �P�r�i�m�i�n�g� �o�f� �D�N�A� �s�y�n�t�h�e�s�i�s� �w�i�t�h� �t�h�r�e�e� 
�o�l�i�g�o�n�u�c�l�e�o�t�i�d�e�s� �a�s� �i�n�d�i�c�a�t�e�d� �p�e�r�m�i�t�s� �s�i�r�m�u�i�t�a�n�e�o�u�s� �d�e�t�e�c�t�i�o�n� �o�f� �b�o�t�h� �t�h�e� �t�r�a�n�s�g�e�n�e� �a�n�d� 
�t�h�e� �e�n�d�o�g�e�n�o�u�s� �W�A�P� �g�e�n�e� �i�n� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e�.� �O�n�l�y� �t�h�e� �s�m�a�l�l�e�r� �t�a�r�g�e�t� �s�e�q�u�e�n�c�e� 
�(�p�r�i�m�e�d� �b�y� �o�l�i�g�o�n�u�c�l�e�o�t�i�d�e�s� �1� �a�n�d� �3�)� �i�s� �d�e�t�e�c�t�e�d� �i�n� �n�o�n�-�t�r�a�n�s�g�e�n�i�c� �m�i�c�e�.



� � � 

� � 

�e�e� �< � ��4�0�2� �b�p� 

�B�=� �2�2�2� 

�F�i�g�u�r�e� �2�.� �E�x�a�m�p�l�e� �o�f� �d�e�t�e�c�t�i�o�n� �o�f� �t�h�e� �W�A�P�P�C�-�1� �t�r�a�n�s�g�e�n�e� �i�n� �m�o�u�s�e� �t�a�i�l� �D�N�A� �b�y� 
�P�o�l�y�m�e�r�a�s�e� �C�h�a�i�n� �R�e�a�c�t�i�o�n�.� �L�a�n�e�s� �1�,� �5�,� �a�n�d� �9� �a�r�e� �4�0�2� �b�p� �a�m�p�l�i�f�i�c�a�t�i�o�n� �p�r�o�d�u�c�t�s� �o�f� 
�p�l�a�s�m�i�d� �D�N�A� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �W�A�P�P�C�-�1� �c�o�n�s�t�r�u�c�t�.� �L�a�n�e�s� �2�-�4� �s�h�o�w� �t�h�e� �4�0�2� �b�p� �t�a�r�g�e�t� 
�f�r�a�g�m�e�n�t� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �W�A�P�P�C�-�1� �t�r�a�n�s�g�e�n�e� �i�n� �m�o�u�s�e� �t�a�i�l� �D�N�A�.� 
�L�a�n�e�s� �6�-�8� �a�r�e� �a�m�p�l�i�f�i�c�a�t�i�o�n�s� �o�f� �c�o�n�t�r�o�l� �m�o�u�s�e� �t�a�i�l� �D�N�A ��s� �s�h�o�w�i�n�g� �o�n�l�y� �a� �2�2�2� �b�p� 
�f�r�a�g�m�e�n�t� �w�i�t�h�i�n� �t�h�e� �e�n�d�o�g�e�n�o�u�s� �W�A�P� �g�e�n�e�.� �D�N�A� �t�e�m�p�l�a�t�e�s� �c�o�n�s�i�s�t�e�d� �o�f� �e�i�t�h�e�r� 
�1�0�,�0�0�0� �p�l�a�s�m�i�d� �c�o�p�i�e�s� �f�o�r� �t�h�e� �s�t�a�n�d�a�r�d�s� �(�L�a�n�e�s� �1�,� �5� �a�n�d� �9�)�,� �o�r� �1�0�,�0�0�0� �g�e�n�o�m�e�s� �f�o�r� �t�h�e� 
�t�r�a�n�s�g�e�n�i�c� �m�i�c�e� �(�L�a�n�e�s� �2�-�4�)� �a�n�d� �c�o�n�t�r�o�l� �m�i�c�e� �(�L�a�n�e�s� �6�-�8�)�.� 
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�5�8�k�d � ��>� �#� 

�4�8� �k�d � �� 

�3�6� �k�K�d � ��»�>� 

�2�6� �K�d�= ��>� 

� � 

�F�i�g�u�r�e� �3�.� �S�o�d�i�u�m� �d�o�d�e�c�y�l�s�u�l�f�a�t�e� �(�0�.�1�%�)� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l� �(�1�0�%�)� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �o�f� 
�r�h�P�C� �w�h�i�c�h� �w�a�s� �i�m�m�u�n�o�p�u�r�i�f�i�e�d� �f�r�o�m� �t�r�a�n�s�g�e�n�i�c� �m�o�u�s�e� �w�h�e�y� �p�o�o�l�.� �L�a�n�e�s� �|� �a�n�d� �4� 
�c�o�n�t�a�i�n� �5� �w�g� �o�f� �r�h�P�C� �r�e�f�e�r�e�n�c�e�,� �r�e�d�u�c�e�d� �a�n�d� �n�o�n�r�e�d�u�c�e�d�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �L�a�n�e� �2� �a�n�d� �3� 
�c�o�n�t�a�i�n� �5� �u�g� �o�f� �h�P�C� �r�e�f�e�r�e�n�c�e�,� �r�e�d�u�c�e�d� �a�n�d� �n�o�n�r�e�d�u�c�e�d�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�$�8� �f�x�¢�t� �a�w�a�y� 

�4�3� �K�d� �=�m�.� 

� � 

�F�i�g�u�r�e� �4�A�.� �W�e�s�t�e�r�n� �i�m�m�u�n�o�b�l�o�t� �o�f� �n�o�n�r�e�d�u�c�e�d� �r�h�P�C� �w�h�i�c�h� �w�a�s� �i�m�m�u�n�o�p�u�r�i�f�i�e�d� 
�f�r�o�m� �t�r�a�n�s�g�e�n�i�c� �m�o�u�s�e� �w�h�e�y� �p�o�o�l�.� �L�a�n�e�s� �A� �a�n�d� �B� �c�o�n�t�a�i�n� �2�5�0� �n�g� �o�f� �r�e�f�e�r�e�n�c�e� �h�P�C� 
�a�n�d� �r�h�P�C�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�5�8� �k�d�- ��~�»� 

�4�8� �k�d � ��>� 

�3�7� �K�d� �e�p� 

�2�7� �K�e�a� 

� � 

�F�i�g�u�r�e� �4�B�.� �W�e�s�t�e�r�n� �i�m�m�u�n�o�b�l�o�t� �o�f� �r�e�d�u�c�e�d� �r�h�P�C� �w�h�i�c�h� �w�a�s� �i�m�m�u�n�o�p�u�r�i�f�i�e�d� �f�r�o�m� 
�t�r�a�n�s�g�e�n�i�c� �m�o�u�s�e� �w�h�e�y� �p�o�o�l�.� �L�a�n�e�s� �A� �a�n�d� �C� �c�o�n�t�a�i�n� �2�5�0� �n�g� �o�f� �r�e�f�e�r�e�n�c�e� �h�P�C�.� �L�a�n�e� 
�B� �c�o�n�t�a�i�n�s� �2�5�0� �n�g� �o�f� �r�h�P�C�.� �T�h�e� �r�e�l�a�t�i�v�e� �l�o�c�a�t�i�o�n�s� �o�f� �s�i�n�g�l�e� �c�h�a�i�n� �(�S�C�)�,� �a�-� �a�n�d� �B�-� 
�h�e�a�v�y� �c�h�a�i�n� �(�H�C�)�,� �a�n�d� �l�i�g�h�t� �c�h�a�i�n� �(�L�C�)�,� �a�r�e� �i�n�d�i�c�a�t�e�d� �o�n� �t�h�e� �r�i�g�h�t� �s�i�d�e�.� 
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�C�H�A�P�T�E�R� �I�I�L�.� 

�A�N�A�L�Y�S�I�S� �O�F� �T�R�A�N�S�G�E�N�E� �D�E�T�E�C�T�I�O�N� �D�U�R�I�N�G� �E�A�R�L�Y� �E�M�B�R�Y�O�N�I�C� 

�D�E�V�E�L�O�P�M�E�N�T� �A�F�T�E�R� �P�R�O�N�U�C�L�E�A�R� �M�I�C�R�O�I�N�J�E�C�T�I�O�N� �O�F� �D�N�A� 

�R�a�y�m�o�n�d� �L�.� �P�a�g�e ��,� �R�o�d�o�l�f�o� �S�.� �C�a�n�s�e�c�o�"�,� �C�h�r�i�s�t�o�p�h�e�r� �G�.� �R�u�s�s�e�l�l ��,� �F�r�a�n�c�i�s� �C�.� 

�G�w�a�z�d�a�u�s�k�a�s�'�?�,� �J�o�h�n� �L�.� �J�o�h�n�s�o�n�*�,� �a�n�d� �W�i�l�l�i�a�m� �H�.� �V�e�l�a�n�d�e�r!"� 

 ��D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� 

�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� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� �2�4�0�6�1� 

�"�D�e�p�a�r�t�m�e�n�t� �o�f� �D�a�i�r�y� �S�c�i�e�n�c�e� 

�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� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� �2�4�0�6�1� 

 ��D�e�p�a�r�t�m�e�n�t� �o�f� �A�n�a�e�r�o�b�i�c� �M�i�c�r�o�b�i�o�l�o�g�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� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� �2�4�0�6�1� 

 ��C�o�r�r�e�s�p�o�n�d�i�n�g� �A�u�t�h�o�r� 
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�A�B�S�T�R�A�C�T� 

�A� �p�o�l�y�m�e�r�a�s�e� �c�h�a�i�n� �r�e�a�c�t�i�o�n� �(�P�C�R�)� �t�e�c�h�n�i�q�u�e� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�c�t� �t�r�a�n�s�g�e�n�e� 

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

�d�e�v�e�l�o�p�m�e�n�t�.� �T�h�e� �t�r�a�n�s�g�e�n�e� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� �8�8�%� �o�f� �I�-�c�e�l�l�,� �8�8�%� �o�f� �2�-�c�e�l�l�,� �4�4�%� �o�f� �4�-� 

�c�e�l�l�,� �4�0�%� �o�f� �m�o�r�u�l�a�,� �a�n�d� �2�9�%� �o�f� �b�l�a�s�t�o�c�y�s�t�s�.� �B�y� �c�o�m�p�a�r�i�s�o�n�,� �t�h�e� �i�n�t�e�g�r�a�t�i�o�n� 

�f�r�e�q�u�e�n�c�y� �f�o�r� �t�r�a�n�s�g�e�n�i�c� �m�i�c�e� �m�a�d�e� �u�s�i�n�g� �t�h�e� �s�a�m�e� �D�N�A� �c�o�n�s�t�r�u�c�t� �w�a�s� �2�2�%�.� �A�f�t�e�r� �5� 

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

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

�w�a�s� �d�e�t�e�c�t�e�d� �i�n� �8�3�%� �o�f� �a�r�r�e�s�t�e�d� �1�-�c�e�l�l�,� �8�5�%� �o�f� �a�r�r�e�s�t�e�d� �2�-�c�e�l�l�,� �a�n�d� �8�5�%� �o�f� �f�r�a�g�m�e�n�t�e�d� 

�e�m�b�r�y�o�s�.� �O�n�l�y� �2�8�%� �o�f� �z�y�g�o�t�e�s� �c�u�l�t�u�r�e�d� �a�f�t�e�r� �m�i�c�r�o�i�n�j�e�c�t�i�o�n� �o�f� �D�N�A� �d�e�v�e�l�o�p�e�d� �t�o� �t�h�e� 

�b�l�a�s�t�o�c�y�s�t� �s�t�a�g�e� �c�o�m�p�a�r�e�d� �t�o� �7�4�%� �o�f� �n�o�n�i�n�j�e�c�t�e�d� �z�y�g�o�t�e�s�.� �W�h�e�n� �D�N�A� �b�u�f�f�e�r� �a�l�o�n�e� 

�w�a�s� �i�n�j�e�c�t�e�d�,� �6�3�%� �o�f� �z�y�g�o�t�e�s� �d�e�v�e�l�o�p�e�d� �t�o� �t�h�e� �b�l�a�s�t�o�c�y�s�t� �s�t�a�g�e�.� �T�h�e�s�e� �d�a�t�a� �s�u�g�g�e�s�t� 

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

�d�e�v�e�l�o�p�m�e�n�t�.� �A�l�s�o�,� �m�o�s�t� �i�n�j�e�c�t�e�d� �D�N�A� �t�h�a�t� �i�s� �e�i�t�h�e�r� �u�n�i�n�t�e�g�r�a�t�e�d� �o�r� �t�h�a�t� �w�i�l�l� �n�o�t� �b�e� 

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

�n�o� �l�o�n�g�e�r� �b�e� �d�e�t�e�c�t�e�d� �b�y� �P�C�R�.� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

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

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

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

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

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

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

�t�e�c�h�n�i�q�u�e� �t�o� �p�r�o�d�u�c�e� �t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�s� �(�G�o�r�d�o�n� �e�t� �a�l�.�,� �1�9�8�0�)�.� �S�e�v�e�r�a�l� �f�a�c�t�o�r�s� �t�h�o�u�g�h�t� 

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

�e�f�f�e�c�t�s� �o�f� �i�n�j�e�c�t�i�o�n� �b�u�f�f�e�r� �c�o�m�p�o�s�i�t�i�o�n�,� �D�N�A� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �m�o�l�e�c�u�l�a�r� �f�o�r�m� �o�f� �t�h�e� 

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

�b�l�u�n�t�)�,� �a�n�d� �i�n�j�e�c�t�i�o�n� �s�i�t�e� �(�m�a�l�e� �o�r� �f�e�m�a�l�e� �p�r�o�n�u�c�l�e�u�s�,� �a�n�d� �c�y�t�o�p�l�a�s�m�)� �u�p�o�n� �i�n�t�e�g�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y� �h�a�v�e� �b�e�e�n� �a�s�s�e�s�s�e�d� �(�B�r�i�n�s�t�e�r� �e�t� �a�l�.�,� �1�9�8�5�)�.� �T�h�e� �i�n�t�e�g�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �w�e�r�e� 

�o�p�t�i�m�a�l� �w�h�e�n� �a�b�o�u�t� �7�5�0� �c�o�p�i�e�s� �o�f� �l�i�n�e�a�r� �D�N�A� �f�r�a�g�m�e�n�t�s� �i�n� �1�0� �m�M� �T�r�i�s�-�H�C�l� �a�n�d� �0�.�1� 

�m�M� �E�D�T�A� �a�t� �p�H� �7�.�5� �w�e�r�e� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �m�a�l�e� �(�l�a�r�g�e�r�)� �p�r�o�n�u�c�l�e�u�s� �o�f� �m�o�u�s�e� 

�z�y�g�o�t�e�s�.� �W�h�i�l�e� �t�h�e� �E�D�T�A� �w�a�s� �n�o�t� �a�b�s�o�l�u�t�e�l�y� �e�s�s�e�n�t�i�a�l� �f�o�r� �t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l� 

�p�r�o�d�u�c�t�i�o�n�,� �e�m�b�r�y�o�n�i�c� �v�i�a�b�i�l�i�t�y� �w�a�s� �b�e�s�t� �w�h�e�n� �0�.�1� �t�o� �0�.�3� �m�M� �E�D�T�A� �w�a�s� �u�s�e�d�.� �T�h�i�s� 

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

�w�h�e�n� �u�s�e�d� �a�b�o�v�e� �1�.�0� �m�M� �a�n�d� �i�t� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� �a�f�f�e�c�t� �i�n�t�e�g�r�a�t�i�o�n� �f�r�e�q�u�e�n�c�y� �o�f� 

�f�o�r�e�i�g�n� �D�N�A� �a�t� �1�.�0� �m�M�.� 

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

�p�r�o�n�u�c�l�e�a�r� �m�i�c�r�o�i�n�j�e�c�t�i�o�n� �p�r�o�d�u�c�e�s� �t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�s� �i�n� �o�n�l�y� �a�b�o�u�t� �1�0�-�3�0�%� �o�f� �l�i�v�e� 
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�b�i�r�t�h�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �m�a�n�y� �f�o�u�n�d�e�r� �t�r�a�n�s�g�e�n�i�c� �a�n�i�m�a�l�s� �c�o�n�t�a�i�n� �a� �m�o�s�a�i�c� �p�a�t�t�e�r�n� �o�f� 

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

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

�i�n�t�e�g�r�a�t�e�d� �i�n�t�o� �a�n� �a�n�i�m�a�l ��s� �g�e�n�o�m�e� �(�B�i�s�h�o�p� �e�t� �a�l�.�,� �1�9�8�9�;� �N�i�n�o�m�i�y�a�,� �e�t� �a�l�.�,� �1�9�8�9�;� �L�i�n� �e�t� 

�a�l�.�,� �1�9�8�7�;� �a�n�d� �B�r�i�n�s�t�e�r� �e�t� �a�l�.�,� �1�9�8�5�)�.� �M�o�s�t� �s�t�u�d�i�e�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �m�o�d�e�l� �t�h�a�t� 

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

�i�n�s�e�r�t�i�o�n� �o�f� �t�h�e� �f�o�r�e�i�g�n� �D�N�A�.� 

�B�u�r�d�o�n� �a�n�d� �W�a�l�l� �(�1�9�9�2�)� �e�m�p�l�o�y�e�d� �t�h�e� �p�o�l�y�m�e�r�a�s�e� �c�h�a�i�n� �r�e�a�c�t�i�o�n� �(�P�C�R�)� �D�N�A� 

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

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

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

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

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

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

�P�C�R�,� �t�h�e� �f�o�r�e�i�g�n� �D�N�A� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� �1�0�0�%� �o�f� �1�-�c�e�l�l�,� �2�-�c�e�l�l�,� �a�n�d� �4�-�c�e�l�l� �e�m�b�r�y�o�s�.� 

�W�h�e�n� �b�l�a�s�t�o�c�y�s�t�s� �w�e�r�e� �a�s�s�a�y�e�d� �a�f�t�e�r� �5� �d�a�y�s� �o�f� �i�n� �v�i�t�r�o� �c�u�l�t�u�r�e�,� �t�h�e� �d�e�t�e�c�t�i�o�n� �f�r�e�q�u�e�n�c�y� 

�o�f� �t�h�e� �t�r�a�n�s�g�e�n�e� �(�2�6�%�)� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �f�o�r� �l�i�v�e� �b�o�r�n� �m�i�c�e� �(�1�7�%�)� �t�r�a�n�s�g�e�n�i�c� �f�o�r� 

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

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

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

�A� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �a�s�s�a�y� �w�a�s� �e�m�p�l�o�y�e�d� �b�y� �T�a�k�e�d�a� �a�n�d� �T�o�y�o�d�a� �(�1�9�9�1�)� �i�n� �o�r�d�e�r� 

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

�c�o�d�i�n�g� �s�e�q�u�e�n�c�e� �d�r�i�v�e�n� �b�y� �t�h�e� �S�V�4�0� �c�o�n�s�t�i�t�u�t�i�v�e� �p�r�o�m�o�t�e�r�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�t�u�d�y� 

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

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

�a�f�t�e�r� �p�r�o�n�u�c�l�e�a�r� �m�i�c�r�o�i�n�j�e�c�t�i�o�n�.� �S�i�n�c�e� �t�r�a�n�s�i�e�n�t� �e�x�p�r�e�s�s�i�o�n� �o�f� �f�o�r�e�i�g�n� �D�N�A� �i�s� �p�o�s�s�i�b�l�e� 

�i�n� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s� �(�W�u� �a�n�d� �W�u�,� �1�9�8�7�)�,� �i�t� �w�a�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �o�r� 

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

�2�-�c�e�l�l� �e�m�b�r�y�o�s�,� �w�h�i�l�e� �7�.�4�%� �o�f� �4�-�c�e�l�l� �e�m�b�r�y�o�s� �e�x�p�r�e�s�s�e�d� �t�h�e� �/�J�a�c�Z� �g�e�n�e�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�e�x�p�r�e�s�s�i�o�n� �w�a�s� �s�e�e�n� �i�n� �3�8�.�1�%� �o�f� �t�h�e� �8�-�1�6� �c�e�l�l� �(�m�o�r�u�l�a�-�s�t�a�g�e�)� �e�m�b�r�y�o�s�.� �B�l�a�s�t�o�c�y�s�t�-� 

�s�t�a�g�e� �e�m�b�r�y�o�s� �h�a�d� �a� �l�o�w�e�r� �e�x�p�r�e�s�s�i�o�n� �f�r�e�q�u�e�n�c�y� �o�f� �2�0�.�9�%�.� �W�h�i�l�e� �t�h�e� �a�b�o�v�e� �d�a�t�a� 

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

�a�r�r�e�s�t�e�d� �e�m�b�r�y�o�s� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �w�i�t�h� �6�9�.�2�%� �a�n�d� �4�6�%� �e�x�p�r�e�s�s�i�o�n� �i�n� �a�r�r�e�s�t�e�d� 

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

�S�V�4�0�-�/�a�c�Z� �t�r�a�n�s�g�e�n�e� �i�n�t�o� �t�h�e� �p�r�o�n�u�c�l�e�u�s� �m�a�y� �b�e� �d�e�t�r�i�m�e�n�t�a�l� �t�o� �f�u�r�t�h�e�r� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

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

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

�p�a�t�t�e�r�n� �o�f� �t�r�a�n�s�g�e�n�e� �e�x�p�r�e�s�s�i�o�n�.� �I�n� �s�u�m�m�a�r�y�,� �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� �t�h�e� 

�m�o�s�a�i�c�i�s�m� �f�o�u�n�d� �b�y� �B�u�r�d�o�n� �a�n�d� �W�a�l�l� �(�1�9�9�2�)� �w�h�o� �a�s�s�a�y�e�d� �i�n�d�i�v�i�d�u�a�l� �b�l�a�s�t�o�m�e�r�e�s� �f�o�r� 
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�p�r�e�s�e�n�c�e� �o�f� �t�h�e� �t�r�a�n�s�g�e�n�e�.� 

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

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

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

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

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

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

�(�A�e�s�e�n� �e�t� �a�l�.�,� �1�9�9�0�;� �B�r�a�d�b�u�r�y� �e�t� �a�l�.�,� �1�9�9�0�;� �K�u�n�i�e�d�a� �e�t� �a�l�.�,� �1�9�9�2�;� �S�t�r�o�m� �e�t� �a�l�.�,� �1�9�9�1�)�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �s�u�c�c�e�s�s�f�u�l� �s�e�x� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �m�o�u�s�e� �e�m�b�r�y�o�s� �u�s�i�n�g� �P�C�R� �a�m�p�l�i�f�i�c�a�t�i�o�n� 

�o�f� �t�h�e� �S�r�y� �a�n�d� �Z�f�y� �Y� �c�h�r�o�m�o�s�o�m�e�-�s�p�e�c�i�f�i�c� �D�N�A� �s�e�q�u�e�n�c�e�s� �f�r�o�m� �b�l�a�s�t�o�m�e�r�e�s� �i�s�o�l�a�t�e�d� 

�a�s� �e�a�r�l�y� �a�s� �t�h�e� �2�-�c�e�l�l� �s�t�a�g�e� �h�a�s� �b�e�e�n� �s�h�o�w�n� �(�K�u�n�i�e�d�a� �e�t� �a�l�.�,� �1�9�9�2�)�.� 

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

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

�g�e�n�o�t�y�p�e�s� �i�d�e�n�t�i�f�i�e�d� �w�i�t�h� �r�i�s�k� �o�f� �m�a�t�e�r�n�a�l� �a�l�p�h�a�-�1�-�a�n�t�i�t�r�y�p�s�i�n� �d�e�f�i�c�i�e�n�c�y� �h�a�s� �b�e�e�n� 

�s�h�o�w�n� �b�y� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�i�r�s�t� �p�o�l�a�r� �b�o�d�y� �o�f� �o�o�c�y�t�e�s� �(�V�e�r�l�i�n�s�k�y� �e�t� �a�l�.�,� �1�9�9�0�)�.� �T�h�e� �f�i�r�s�t� 

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

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

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

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

�g�e�n�o�t�y�p�e�.� 

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

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

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

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

�P�C�R� �i�s� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �e�m�b�r�y�o� �o�r� �b�l�a�s�t�o�m�e�r�e� �p�r�i�o�r� �t�o� �a�m�p�l�i�f�i�c�a�t�i�o�n� �o�f� �D�N�A�.� �F�o�r� 

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

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

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

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

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

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

�1�9�9�2�;� �M�e�r�c�i�e�r� �e�t� �a�l�.�,� �1�9�9�0�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �t�a�r�g�e�t� �s�e�q�u�e�n�c�e�s� �w�e�r�e� �o�n�l�y� �e�f�f�i�c�i�e�n�t�l�y� 

�a�m�p�l�i�f�i�e�d� �u�s�i�n�g� �t�w�o�-�s�t�e�p� �P�C�R� �w�h�i�c�h� �r�e�q�u�i�r�e�s� �a�d�d�i�t�i�o�n�a�l� �s�t�e�p�s� �a�n�d� �t�a�k�e�s� �l�o�n�g�e�r� �t�o� 

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

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

�e�m�b�r�y�o�,� �b�l�a�s�t�o�m�e�r�e�,� �o�r� �b�i�o�p�s�y� �(�A�a�s�e�n� �e�t� �a�l�.�,� �1�9�9�0�;� �B�r�a�d�b�u�r�y� �e�t� �a�l�.�,� �1�9�9�0�;� �H�o�l�d�i�n�g� �e�t� 

�a�l�.�,� �1�9�8�9�;� �K�i�n�g� �e�t� �a�l�.�,� �1�9�9�0�;� �K�u�n�i�e�d�a� �e�t� �a�l�.�,� �1�9�9�2�;� �V�e�r�l�i�n�s�k�y� �e�t� �a�l�.�,� �1�9�9�0�)� �i�n�t�o� �a� �t�u�b�e� �o�f� 

�s�t�e�r�i�l�e� �H�,�O� �a�n�d� �r�e�l�i�e�d� �o�n� �o�s�m�o�t�i�c� �s�h�o�c�k� �t�o� �l�y�s�e� �t�h�e� �c�e�l�l�s�.� �V�i�s�u�a�l� �i�n�s�p�e�c�t�i�o�n� �o�f� �t�h�e� �o�n�e�-� 
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�c�e�l�l� �m�o�u�s�e� �e�m�b�r�y�o� �l�y�s�i�s� �d�u�e� �t�o� �o�s�m�o�t�i�c� �s�h�o�c�k� �c�o�n�d�u�c�t�e�d� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �s�h�o�w�e�d� �t�h�a�t� 

�t�h�i�s� �p�r�o�c�e�d�u�r�e� �w�a�s� �s�l�o�w� �(�r�e�q�u�i�r�i�n�g� �a�t� �l�e�a�s�t� �1�0� �m�i�n�)� �a�n�d� �w�a�s� �v�a�r�i�a�b�l�e� �f�r�o�m� �e�m�b�r�y�o� �t�o� 

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

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

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

�i�n�e�f�f�i�c�i�e�n�t� �a�n�d� �u�n�r�e�l�i�a�b�l�e� �(�A�a�s�e�n� �e�t� �a�l�.�,� �1�9�9�0�;� �B�r�a�d�b�u�r�y� �e�t� �a�l�.�,� �1�9�9�0�;� �K�i�n�g� �e�t� �a�l�.�,� �1�9�9�0�;� 

�V�e�r�l�i�n�s�k�y� �e�t� �a�l�.�,� �1�9�9�0�)�.� 

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

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

�m�i�l�d� �n�o�n�i�o�n�i�c� �d�e�t�e�r�g�e�n�t�s� �(�G�r�a�n�a�d�a�,� �I�n�c�.� �S�e�x�i�n�g� �P�r�o�t�o�c�o�l�,� �c�o�u�r�t�e�s�y� �o�f� �R�e�b�e�c�c�a� �K�r�i�s�h�e�r�)�.� 

�T�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �t�h�i�s� �p�r�o�t�o�c�o�l� �w�a�s� �t�h�a�t� �l�a�r�g�e� �a�m�p�l�i�f�i�c�a�t�i�o�n� �v�o�l�u�m�e�s� �w�e�r�e� �u�s�e�d� �(�1�0�0� 

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

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

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

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

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

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

�a� �f�e�w� �c�e�l�l�s�.� 

�W�e� �h�a�v�e� �c�o�m�p�a�r�e�d� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �e�m�b�r�y�o� �p�r�e�p�a�r�a�t�i�o�n� �p�r�o�t�o�c�o�l�s� �t�o� �d�e�t�e�r�m�i�n�e� 
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�t�h�e� �m�e�t�h�o�d� �w�h�i�c�h� �g�i�v�e�s� �t�h�e� �m�o�s�t� �e�f�f�i�c�i�e�n�t� �P�C�R� �a�m�p�l�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �s�i�n�g�l�e� �c�o�p�y� �W�h�e�y� 

�A�c�i�d�i�c� �P�r�o�t�e�i�n� �(�W�A�P�)� �g�e�n�e� �i�n� �m�o�u�s�e� �b�l�a�s�t�o�c�y�s�t�s�.� �F�i�r�s�t�,� �e�m�b�r�y�o�s� �w�e�r�e� �s�i�m�p�l�y� �b�e� 

�p�l�u�n�g�e�d� �i�n�t�o� �H�,�O� �a�n�d� �f�r�o�z�e�n�.� �S�e�c�o�n�d�,� �t�h�e� �e�m�b�r�y�o�s� �w�e�r�e� �d�e�h�y�d�r�a�t�e�d� �u�s�i�n�g� �1�0�0�%� 

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

�s�u�b�j�e�c�t�e�d� �t�o� �p�r�o�t�e�i�n� �d�i�g�e�s�t�i�o�n� �w�i�t�h� �p�r�o�t�e�i�n�a�s�e� �K� �i�n� �a� �n�o�n�i�o�n�i�c� �d�e�t�e�r�g�e�n�t� �m�i�x�t�u�r�e� �a�n�d� 

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

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

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

�W�e� �a�l�s�o� �h�a�v�e� �a�p�p�l�i�e�d� �t�h�e� �o�p�t�i�m�i�z�e�d� �P�C�R� �D�N�A� �a�m�p�l�i�f�i�c�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �t�o� 

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

�z�y�g�o�t�e�s�.� �M�i�c�r�o�i�n�j�e�c�t�e�d� �z�y�g�o�t�e�s� �w�e�r�e� �c�u�l�t�u�r�e�d� �i�n� �v�i�t�r�o� �t�o� �s�p�e�c�i�f�i�c� �p�o�i�n�t�s� �i�n� 

�d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �t�h�e�n� �s�u�b�j�e�c�t�e�d� �t�o� �P�C�R� �a�n�a�l�y�s�i�s� �f�o�r� �t�r�a�n�s�g�e�n�e� �d�e�t�e�c�t�i�o�n�.� �T�h�e� 

�t�r�a�n�s�g�e�n�e� �d�e�t�e�c�t�i�o�n� �f�r�e�q�u�e�n�c�i�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �1�-�c�e�l�l�,� �2�-�c�e�l�l�,� �4�-�c�e�l�l�,� �m�o�r�u�l�a�,� �a�n�d� 

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

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

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

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

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

�c�u�l�t�u�r�e� �(�8�1�%� �v�e�r�s�u�s� �1�0�0�%�,� �B�r�i�n�s�t�e�r� �e�t� �a�l�.� �1�9�8�5�)�.� 
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�T�h�e� �d�e�t�e�c�t�i�o�n� �f�r�e�q�u�e�n�c�y� �d�e�t�e�r�m�i�n�e�d� �i�n� �m�o�r�u�l�a� �a�n�d� �b�l�a�s�t�o�c�y�s�t� �s�t�a�g�e� �e�m�b�r�y�o�s� 

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

�s�h�o�u�l�d� �p�r�o�v�i�d�e� �i�n�s�i�g�h�t� �i�n�t�o� �t�h�e� �c�o�n�f�i�d�e�n�c�e� �o�f� �e�m�p�l�o�y�i�n�g� �t�h�e� �P�C�R� �t�e�c�h�n�i�q�u�e� �t�o� �s�c�r�e�e�n� 

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

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

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

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

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�M�i�c�e�.� �T�h�e� �m�i�c�e� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �C�D�-�1� �w�h�i�t�e� �S�w�i�s�s� �m�i�c�e� �(�C�h�a�r�l�e�s� �R�i�v�e�r� 

�L�a�b�o�r�a�t�o�r�i�e�s�,� �M�a�d�i�s�o�n�,� �W�I�)�.� �I�m�m�a�t�u�r�e� �f�e�m�a�l�e� �m�i�c�e� �2�4� �t�o� �3�0� �d�a�y�s� �o�l�d� �w�e�r�e� 

�s�u�p�e�r�o�v�u�l�a�t�e�d� �b�y� �i�n�t�r�a�p�e�r�i�t�o�n�e�a�l� �i�n�j�e�c�t�i�o�n� �o�f� �1�0� �I�.�U�.� �P�r�e�g�n�a�n�t� �M�a�r�e ��s� �S�e�r�u�m� 

�G�o�n�a�d�o�t�r�o�p�i�n� �(�P�M�S�G�,� �D�y�o�s�y�n�t�h�,� �C�h�i�c�a�g�o�,� �I�L�)�,� �f�o�l�l�o�w�e�d� �b�y� �5� �I�.�U�.� �o�f� �h�u�m�a�n� 

�C�h�o�r�i�o�n�i�c� �G�o�n�a�d�o�t�r�o�p�i�n� �(�h�C�G�,� �H�e�n�r�y� �S�c�h�e�i�n�,� �I�n�c�.�,� �P�o�r�t� �W�a�h�i�b�g�t�o�n�,� �N�Y�)� �4�6� �t�o� �4�8� 

�h�o�u�r�s� �l�a�t�e�r�.� �M�i�c�e� �w�e�r�e� �m�a�t�e�d� �t�o� �m�a�l�e�s� �b�e�t�w�e�e�n� �3� �a�n�d� �6� �m�o�n�t�h�s� �o�f� �a�g�e� �b�y� �p�l�a�c�i�n�g� �t�h�e� 

�f�e�m�a�l�e�s� �w�i�t�h� �m�a�l�e�s� �(�o�n�e� �f�e�m�a�l�e� �p�e�r� �m�a�l�e�)� �a�t� �t�h�e� �t�i�m�e� �o�f� �t�h�e� �h�C�G� �i�n�j�e�c�t�i�o�n�.� �Z�y�g�o�t�e�s� 

�f�o�r� �p�r�o�n�u�c�l�e�a�r� �m�i�c�r�o�i�n�j�e�c�t�i�o�n� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �2�1� �t�o� �2�4� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� �h�C�G� �i�n�j�e�c�t�i�o�n� 

�a�c�c�o�r�d�i�n�g� �t�o� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d�s� �(�H�o�g�a�n� �e�t� �a�l�.�,� �1�9�8�6�)�.� 

�D�N�A� �P�r�e�p�a�r�a�t�i�o�n�.� �T�h�e� �D�N�A� �c�o�n�s�t�r�u�c�t� �(�d�e�s�i�g�n�a�t�e�d� �W�A�P�P�C�-�3�)� �w�a�s� �a� �h�y�b�r�i�d� 

�c�o�n�s�t�r�u�c�t� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�h�e� �1�.�6� �k�b�p� �c�D�N�A� �c�l�o�n�e� �e�n�c�o�d�i�n�g� �h�u�m�a�n� �P�r�o�t�e�i�n� �C� �(�h�P�C�)� 
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�i�n�s�e�r�t�e�d� �i�n�t�o� �t�h�e� �s�t�a�r�t� �c�o�d�o�n� �(�A�T�G�)� �o�f� �t�h�e� �m�o�u�s�e� �W�h�e�y� �A�c�i�d�i�c� �P�r�o�t�e�i�n� �(�W�A�P�)� �g�e�n�e�.� 

�T�h�e� �W�A�P� �c�l�o�n�e� �w�a�s� �t�h�e� �7�.�2� �k�b� �f�r�a�g�m�e�n�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �L�o�t�h�a�r� �H�e�n�n�i�g�h�a�u�s�e�n� 

�(�L�a�b�o�r�a�t�o�r�y� �o�f� �B�i�o�c�h�e�m�i�s�t�r�y� �a�n�d� �M�e�t�a�b�o�l�i�s�m�,� �T�h�e� �N�a�t�i�o�n�a�l� �I�n�s�t�i�t�u�t�e�s� �o�f� �H�e�a�l�t�h�)�.� �T�h�e� 

�c�o�n�s�t�r�u�c�t� �w�a�s� �c�l�o�n�e�d� �u�s�i�n�g� �J�M�1�0�9� �E�.� �C�o�l�i� �i�n� �t�h�e� �p�l�a�s�m�i�d� �p�U�C�-�1�9�.� �T�h�e� �p�l�a�s�m�i�d�s� �w�e�r�e� 

�i�s�o�l�a�t�e�d� �b�y� �a�l�k�a�l�i�n�e� �l�y�s�i�s� �(�S�a�m�b�r�o�o�k� �e�t� �a�l�.�,� �1�9�8�9�)� �a�n�d� �t�h�e� �c�o�n�s�t�r�u�c�t� �w�a�s� �d�i�g�e�s�t�e�d� �a�w�a�y� 

�f�r�o�m� �t�h�e� �c�l�o�n�i�n�g� �v�e�c�t�o�r� �w�i�t�h� �t�h�e� �r�e�s�t�r�i�c�t�i�o�n� �e�n�d�o�n�u�c�l�e�a�s�e� �E�c�o�R�I�.� �T�h�e� �W�A�P�P�C�-�3� 

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

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

�(�1�0� �m�M� �T�r�i�s�-�H�C�l�,� �0�.�2�5� �m�M� �E�D�T�A�,� �p�H� �7�.�5�)� �a�c�c�o�r�d�i�n�g� �t�o� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d�s� �(�B�r�i�n�s�t�e�r� 

�e�t� �a�l�.�,� �1�9�8�5�)�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �W�A�P�P�C�-�3� �f�o�r� �m�i�c�r�o�i�n�j�e�c�t�i�o�n� �w�a�s� �1�.�5� �u�g�/�m�l� �w�h�i�c�h� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �a�b�o�u�t� �2�0�0�-�5�0�0� �t�r�a�n�s�g�e�n�e� �c�o�p�i�e�s� �p�e�r� �m�i�c�r�o�i�n�j�e�c�t�i�o�n�.� �P�r�o�n�u�c�l�e�i� �w�e�r�e� 

�m�i�c�r�o�i�n�j�e�c�t�e�d� �w�i�t�h� �1�-�2� �p�l� �o�f� �t�h�e� �D�N�A� �s�o�l�u�t�i�o�n� �a�c�c�o�r�d�i�n�g� �t�o� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d�s� �(�H�o�g�a�n� 

�e�t� �a�l�.�,� �1�9�8�6�)�.� 

�E�m�b�r�y�o� �c�u�l�t�u�r�e�.� �T�h�e� �e�m�b�r�y�o�s� �w�e�r�e� �w�a�s�h�e�d� �i�n� �t�h�r�e�e� �s�u�c�c�e�s�s�i�v�e� �3�5� �m�m� �d�i�s�h�e�s� �o�f� �g�a�s�-� 

�e�q�u�i�l�i�b�r�a�t�e�d� �m�e�d�i�u�m� �(�a�t� �l�e�a�s�t� �f�o�r� �4� �h�o�u�r�s�)� �a�n�d� �t�h�e�n� �p�l�a�c�e�d� �i�n�t�o� �1�0� �u�l� �d�r�o�p�s� �o�f� �C�Z�B� 

�m�e�d�i�u�m� �(�C�h�a�t�o�t� �e�t� �a�l�.�,� �1�9�8�9�)� �i�n� �g�r�o�u�p�s� �o�f� �1�0� �t�o� �2�0� �e�m�b�r�y�o�s� �p�e�r� �m�i�c�r�o�d�r�o�p�.� �T�h�e� �d�r�o�p�s� 

�w�e�r�e� �p�l�a�c�e�d� �i�n� �3�5� �m�m� �p�e�t�r�i� �d�i�s�h�e�s� �a�n�d� �c�o�v�e�r�e�d� �w�i�t�h� �p�a�r�a�f�f�i�n� �o�i�l� �(�S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�,� 

�S�t�.� �L�o�u�i�s�,� �M�O�)� �t�o� �p�r�e�v�e�n�t� �m�e�d�i�u�m� �e�v�a�p�o�r�a�t�i�o�n�.� �T�h�e� �e�m�b�r�y�o�s� �w�e�r�e� �c�u�l�t�u�r�e�d� �a�t� �3�7� �°�C� 

�i�n� �a� �h�u�m�i�d�i�f�i�e�d� �(�9�5�%�)� �i�n�c�u�b�a�t�o�r� �(�H�a�r�a�e�u�s� �I�n�s�t�r�u�m�e�n�t�s�,� �I�n�c�.�,� �S�o�u�t�h� �P�l�a�i�n�f�i�e�l�d�,� �N�J�)� 

�m�a�i�n�t�a�i�n�e�d� �i�n� �a�n� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �5�%� �C�O�,� �i�n� �a�i�r�.� �C�u�l�t�u�r�e� �t�i�m�e�s� �o�f� �1� �h�o�u�r�,� �2�,� �3�,� �4�,� �a�n�d� 
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�5� �d�a�y�s� �w�e�r�e� �u�s�e�d� �f�o�r� �e�m�b�r�y�o� �d�e�v�e�l�o�p�m�e�n�t�a�l� �s�t�a�g�e�s� �o�f� �1�-�c�e�l�l�,� �2�-�c�e�l�l�,� �4�-�c�e�l�l�,� �m�o�r�u�l�a�,� �a�n�d� 

�b�l�a�s�t�o�c�y�s�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

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

�l�o�w� �c�o�p�y� �n�u�m�b�e�r�.� �(�1�)� �B�l�a�s�t�o�c�y�s�t�s� �w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �5� �p�l� �o�f� �s�t�e�r�i�l�e� �H�,�O� �i�n� �a� �0�.�5� �m�l� 

�m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�,� �o�v�e�r�l�a�i�d� �w�i�t�h� �2�5� �w�l� �o�f� �p�a�r�a�f�f�i�n� �o�i�l�,� �a�n�d� �t�h�e� �t�u�b�e�s� �f�r�o�z�e�n� �t�o� �-�8�5� 

�°�C� �u�n�t�i�l� �t�h�e� �P�C�R� �a�n�a�l�y�s�i�s� �w�a�s� �d�o�n�e�.� �(�2�)� �B�l�a�s�t�o�c�y�s�t�s� �w�e�r�e� �d�e�h�y�d�r�a�t�e�d� �a�f�t�e�r� �w�a�s�h�i�n�g� �i�n� 

�h�o�l�d�i�n�g� �m�e�d�i�u�m� �b�y� �p�l�u�n�g�i�n�g� �t�h�e�m� �i�n�t�o� �1�0�0�%� �e�t�h�a�n�o�l�.� �T�h�e�y� �w�e�r�e� �t�h�e�n� �p�i�p�e�t�t�e�d� �i�n�t�o� �5� 

�u�l� �o�f� �s�t�e�r�i�l�e� �H�,�O� �i�n� �a� �0�.�5� �m�l� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�,� �o�v�e�r�l�a�i�d� �w�i�t�h� �2�5� �u�l� �o�f� �p�a�r�a�f�f�i�n� �o�i�l�,� 

�a�n�d� �t�h�e� �t�u�b�e�s� �f�r�o�z�e�n� �t�o� �-�8�5� �°�C� �u�n�t�i�l� �t�h�e� �P�C�R� �a�n�a�l�y�s�i�s� �w�a�s� �d�o�n�e�.� �(�3�)� �B�l�a�s�t�o�c�y�s�t�s� �w�e�r�e� 

�p�l�a�c�e�d� �i�n�t�o� �s�t�e�r�i�l�e� �0�.�5� �m�l� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �c�o�n�t�a�i�n�i�n�g� �5�.�0� �p�l� �o�f� �E�m�b�r�y�o� �L�y�s�i�n�g� 

�B�u�f�f�e�r� �(�E�L�B�:� �2�0� �m�M� �T�r�i�s�-�H�C�l�,� �p�H� �8�.�3�;� �0�.�9�%� �T�w�e�e�n�-�2�0�;� �0�.�9�%� �n�o�n�i�d�e�t� �P�4�0�;� �4�0�0� 

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

�2�5� �u�l� �o�f� �p�a�r�a�f�f�i�n� �o�i�l�.� �T�h�e� �t�u�b�e�s� �w�e�r�e� �f�r�o�z�e�n� �t�o� �-�8�5� �°�C� �u�n�t�i�l� �t�h�e� �P�C�R� �a�n�a�l�y�s�i�s� �w�a�s� 

�d�o�n�e�.� 

�D�e�t�e�c�t�i�o�n� �o�f� �m�i�c�r�o�i�n�j�e�c�t�e�d� �D�N�A� �w�a�s� �d�o�n�e� �b�y� �P�C�R� �a�t� �v�a�r�i�o�u�s� �t�i�m�e�s� �d�u�r�i�n�g� �i�n� 

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

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