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(ABSTRACT) 

In plants, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR, EC 

1.1.1.34) is a key enzyme regulating biosynthesis of phytosterols, plant growth 

regulators, carotenoids, antimicrobial defense compounds, and numerous other 

isoprenoids. To initiate molecular studies of HMGR in relation to defense 

responses in plants, we utilized yeast HMGR cDNA sequences to isolate tomato 

genomic sequences encoding HMGR. The nucleic acid sequence and gene struc- 

ture was determined. The tomato HMGR gene (HMG2) contains four exons sep- 

erated by three introns and encodes a polypeptide of 602 amino acid residues 

(about 64,714 Da). Two membrane-spanning regions are contained in the 

NH,-terminus of the HMGR polypeptide. The COOH-terminus shares signifi- 

cant homology with HMGR sequences from different species. Genomic 

Southern hybridization analyses reveals that tomato contains 3 to 4 HMGR genes. 

The HMGz2 gene cross-hybridizes to mRNA of about 2.7 kb which is highly 

induced in tomato cells treated with fungal elicitors and in stems, leaves, or roots 

stressed by wounding suggesting that the HMGz2 is a defense-related gene in 

tomato. Hybridization with a gene specific probe indicates that the HMG2 gene



is induced specifically during defense responses and is distinct from the gene(s) 

expressed during fruit development and ripening.
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Literature Review 

CHAPTER 1 

Literature Review 

1, 3-Hydroxy-3-methylglutaryl coenzyme A Reductase (HMGR) 

1.1, What Is HMGR? 

3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase [HMGR; 

EC 1.1.1.34 - mevalonate:-NADP?* oxidoreductase (CoA acylating)] catalyzes the 

irreversible reaction (Durr and Rudney, 1960): 

HMG-CoA + 2NADPH + 2H? = mevalonate + CoASH + 2NADP?*. 

HMGBR is a key regulatory enzyme of the isoprenoid biosynthetic pathway 

that catalyzes the rate-limiting step diverting acetyl CoA derivatives from general 

cell metabolism into mevalonic acid, the major precursor of the isoprene unit. In 

higher plants, isopentenyl pyrophosphate (IPP) functions as the active isoprene 

unit and is used as an essential five-carbon skeleton of all isoprenoid compounds 

as illustrated in Fig. 1. The isoprenoid compounds play indispensable roles in 

metabolism, cell growth, differentiation and development, and disease resistance. 

Thus, the mode of regulation by HMGR in the synthesis of isoprenoid com-
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FPP (C-15)_ ------- > Sesquiterpenes + Phytoalexins / Abscisic Acid 
Squalene + + Phytosterols / Saponins / Triterpenoids 
Side Chains of Ubiquinone, Plastoquinone 

y 

GGPP (C-20) ------ > Side Chains of Chlorophylls 
Tocopherols / Phylloquinone 
Phytoene + + + Carotenoids 

Fig. 1. Synthesis of mevalonate and its flow into isoprenoid compounds. IPP, iso- 
penteny! pyrophosphate (PP); GPP, geranyl-PP; FPP, farnesyl-PP; GGPP, gera- 
nylgeranyl-PP.
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pounds is believed to impose considerable effect on plant growth and survi- 

val (Bach, 1986; 1987; Bach and Lichtenthaler, 1983). 

1.2. Isoprenoid Pathway 

In mammalian cells, HMGR catalyzes a reaction which is common to the 

synthetic pathway of the three major isoprenoid compounds; cholesterol, dolichol, 

and the side chain of ubiquinone. Each of these compounds contains a polyiso- 

prene structure derived from repeated polymerization of isopentenyl pyrophos- 

phate (IPP). Initially, IPP is coupled with its isomer, 3,3-dimethylallyl pyrophos- 

phate (DMAPP), in a head-to-tail condensation to form geranyl pyrophosphate 

(C-10). This compounds then reacts with another DMAPP to form farnesylpy- 

rophosphate (C-15). This compound, as the major branch-point in polyisoprene 

biosynthesis, can participate in three different enzymatic reactions to form (i) 

squalene (C-30) that is the first committed intermediate in the sterol synthetic 

pathway, (ii) long-chain polyprenols, of which, for example, C-50 polyprenyl 

group is transferred to an aromatic ring derived from tyrosine to initiate the syn- 

thesis of ubiquinone, and (iii) the long-chain polyisoprenyl] alcohol, dolichol, 

through repeated additions of up to 16 additional isopentenyl residues (Brown 

and Goldstein, 1980; Gray, 1987). 

Compared to mammalian systems, the isoprenoid pathway in plants is much 

more complex in its branch pathways (see Fig. 1). Isoprenoid biosynthesis in 

plants is subdivided into a main pathway from acetyl-CoA through mevalonate 

and IPP to long-chain prenyl diphosphates, with a large number of branch points 

leading to individual isoprenoid compounds (Bach, 1986; 1987). As many as 

10,000 different isoprenoid compounds have been estimated in plants and are
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associated not only with key functions in growth and differentiation but also many 

of the pigments, flavor, and aroma components important in many crops. Phytos- 

terols (campesterol, sitosterol, and stigmasterol) are components of cell mem- 

branes and are important in cell division and plant growth and development 

(Geuns, 1973; Grunwald, 1975). Gibberellic acids and abscisic acid function as 

plant growth regulators. Diterpene and sesquiterpenoid phytoalexins are used 

during defense responses against pathogenic attack (Kuc and Rush, 1985; Stermer 

and Bostock, 1987). Carotenoids have roles as accessary pigments in photosyn- 

thesis, coloring pigments in fruit and flowers, and protectants against photooxida- 

tive damage (Spurgeon and Porter, 1980). Quinones (plastoquinone and ubiqui- 

none) containing the prenyl moiety are required for electron transport during 

photosynthesis and respiration (Threlfall, 1980). 

1.3. Properties and Regulation of HMGR 

Due to the importance of regulation of cholesterol levels in mammalian 

systems, biochemical and molecular studies have been focused on the properties 

and regulation of HMGR, the major rate-limiting step in cholesterol biosynthesis. 

In mammalian cells, HMGR is a trans-membrane glycoprotein with its COOH- 

terminal site facing the cytosol and a carbohydrate-containing NH>-terminal site 

oriented toward the lumen of the endoplasmic reticulum (ER) (Brown and 

Simoni, 1984; Chin et al., 1984; Liscum et al., 1985). The molecular weight of 

hamster HMGR, deduced from the amino acid sequence is 97,092 daltons. 

HMGBR is a protein of 887 amino acids (888 in human; Luskey and Stevens, 1985) 

containing three potential sites for asparagine-linked glycosylation (Chin et al., 

1984). The NH,-terminal half of the polypeptide is anchored to the membrane
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and contains seven hydrophobic regions, each of which encompasses 20 amino 

acids. The COOH-terminal half of HMGR is hydrophilic and contains the cata- 

lytic site of the enzyme (Gil et al., 1985). HMGR lacks a prepeptide or signa] 

peptide sequence (Brown and Simoni, 1984; Chin et al., 1984). 

Studies suggest multiple control mechanisms for HMGR activity and meval- 

onate formation: (i) transcriptional regulation, (11) post-transcriptional modifica- 

tions (Clarke et al., 1983; Liscum et al., 1983), (iii) enzyme degradation (Skalnik 

et al., 1988), (iv) changes in the membrane composition and membrane fluidity 

(Sipat and Sabine, 1981), and (v) phosphorylation and dephosphorylation of 

HMGR. The phosphorylation/dephosphorylation may be controlled by different 

kinases including reductase kinase, phospholipid-dependent protein kinase (pro- 

tein kinase C), and a Ca2*, calmodulin-dependent protein kinase (Beg et al., 

1980; 1985; 1987; Kennelly and Rodwell, 1985). 

In higher plants, the properties of HMGR have been determined mostly 

from microsomal preparation of different sources of plants (Bach et al., 1986; 

Bach and Lichtenthaler, 1983; Brooker and Russell, 1975b; Narita and Gruissem, 

1989; Sipat, 1982; Suzuki et al., 1974). The major location of the reductase acti- 

vity appears to be the endoplasmic reticulum (ER), but enzyme activity has also 

been reported to be associated with mitochondria and plastids (Bach and Lichten- 

thaler, 1983; Brooker and Russell, 1975b; Wong et al., 1982). The HMGR 

enzyme from microsomal preparations of pea seedlings uses NADPH as the 

source of reducing power. The enzyme activity appears to require the presence of 

free thiol groups. HMGR exhibits optimal activity near neutral pH. The micro- 

somal HMGR from pea seedlings has an optimum activity at pH 6.8 (Brooker and 

Russell, 1975b). The molecular properties of HMGR enzyme were determined
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using a microsomal fraction isolated from radish seedlings (Bach et al., 1986). 

HMGBR was purified and an apparent molecular mass of 180 kDa with a subunit 

of 45 kDa was determined by electrophoresis. However, molecular study of 

HMGER from Arabidopsis thaliana revealed a polypeptide of 592 residues with a 

molecular mass of 63,605 Da deduced from the HMGR cDNA (Caelles et al., 

1989). A sequence of 407 amino acids lying within the COOH-terminal site 

shows a high level of amino-acid sequence homology to the catalytic site of 

enzymes from different organisms. The NH9-terminal domain contains one 

(Learned and Fink, 1989) to two (Caelles et al., 1989) putative membrane- 

spanning regions, in contrast to the enzymes from Saccharomyces cerevisiae and 

mammalian systems (Basson et al., 1988) which have seven trans-membrane 

regions. 

Plant HMGR appears to be closely regulated by phytochrome, phytohor- 

mones, and feedback mechanisms. In pea seedlings, mevalonic acid did not 

appear to inhibit HMGR activity at concentrations up to 1 mM. In contrast, the 

presence of free CoA was inhibitory (Brooker and Russell, 1975a). Cholesterol 

and abscisic acid (ABA) applied to etiolated seedlings reduced activity of HMGR 

but had no effect in vitro (Brooker and Russell, 1979). Gibberellic acid enhanced 

HMGER activity and this stimulation was blocked by ABA (Russell and Davidson, 

1982). It seems likely that these responses are due to the hormonal role of these 

compounds rather than to feedback inhibition as end products. Light plays a 

crucial role in the growth and development of plants, and light-induced changes in 

the levels of plant isoprenoids have been reported (Brooker and Russell, 1975b; 

1979). Studies with etiolated seedlings have indicated that brief red light irradia- 

tion (5 min) of etiolated pea seedlings caused up to 50% decline of the specific
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activity of the microsomal enzyme. When the red-light pulse is followed immedi- 

ately with a far-red pulse there is a partial reversal of the red-light inhibition. 

This indicates that the light effect is phytochrome-mediated (Brooker and Rus- 

sell, 1979). 

2.0. Host Defense And HMGR 

Plants have evolved a number of inducible defense responses following 

pathogenic attack, or wounding. These responses include (i) synthesis of phytoal- 

exins, which have been defined as antimicrobial compounds of low-molecular 

weight that are synthesized by and accumulate in plants after the exposure of the 

plant to microorganisms; (ii) fortification of cell walls by deposition of callose, 

lignin and related wall-bound phenolics, and accumulation of hydroxyproline-rich 

glycoproteins (HRGPs); (iii) production of proteinase inhibitors and lytic 

enzymes such as chitinase and glucanase; and (iv) accumulation of pathogenesis- 

related (PR) proteins, some of which have recently been identified as proteinase 

inhibitors, chitinases, and glucanases (Collinge and Slusarenko, 1987; Cramer and 

Radin, 1990; Ebel, 1986). These host defense responses can also be triggered in 

intact plant tissues or in cultured plant cells by a variety of compounds termed 

"elicitors". Elicitors are defined as substances which can elicit phytoalexin pro- 

duction in the absence of a live organism. Generally, induction of defense 

responses involves transcriptional activation of the corresponding defense genes 

as part of massive switch in the pattern of host gene expression (Cramer et al., 

1985). For example, in suspension-cultured bean cells treated with fungal elicitor,
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defense genes encoding chitinase (Hedrick et al., 1988) and enzymes of phenyl- 

propanoid biosynthesis involved in isoflavonoid phytoalexin and lignin induction 

(phenylalanine-ammonia lyase, chalcone synthase, chalcone isomerase, and cinna- 

myl-alcohol dehydrogenase) are known to be activated within 2 to 3 min of elici- 

tor treatment (Bell et al., 1984; Bolwell et al., 1985; Lawton and Lamb, 1987; 

Mehdy and Lamb, 1987; Walter et al., 1988). This response implies few steps 

between elicitor binding to a probable receptor and specific transcriptional acti- 

vation of these genes (Lamb et al., 1989). In contrast, transcriptional activation of 

cell wall HRGP gene by elicitor is observed only after 1 hr, showing slow kinetics 

for transcript accumulation (Corbin et al., 1987). These notably different induc- 

tion kinetics for the activation of defense-related genes suggest the possibility of 

complex signalling and gene activation events in response to these stresses. 

Mechanical damage or pathogenic infection often alters the pattern of phy- 

toalexin biosynthesis in the plant. Phytoalexins constitute a variety of compounds 

belonging to several classes including isoflavonoids, sesquiterpenes, diterpenes, 

polyacetylenes, dihydrophenanthrenes, stilbenes, and others (Ebel, 1986; Kuc and 

Rush, 1985). They are not present as constitutive metabolites in the healthy 

plant, but their production can be monitored in living cells of the plant in contact 

with a fungal pathogen. It is commonly observed that phytoalexins are built up 

from non-detectable levels to substantial levels within 12 to 48 hr after fungal 

inoculation (West, 1981). For examples, glyceollin can increase to greater than 

10% of the dry weight of soy bean tissues within 24 to 48 hr after infection with 

Phytophthora meganosperma vat. sojae, which implies a set of regulatory controls 

for phytoalexin accumulation (Keen and Horsch, 1972). Cladosporium fulvum 

excretes potent inducers (high-molecular-weight glycoproteins) of the accumula-
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tion of rishitin, a sesquiterpenoid phytoalexin, in tomato fruits. These inducers 

appeared to be neither race- nor cultivar-specific with respect to the accumulation 

of phytoalexins in tomato leaves and fruits (De Wit and Kodde, 1981). In con- 

trast, intercellular fluids of compatible race-cultivar interactions of Cladosporium 

fulvum and tomato were shown to contain specific elicitors of necrosis (De Wit 

and Spikman, 1982). These fungal elicitors induced chlorosis and necrosis in 

resistant but not in susceptible plants. Specificity of the elicitors was not deter- 

mined by the gene(s) for resistance present in the cultivar but by the virulence 

gene(s) present in the specific fungal race (De Wit et al., 1985). Model systems 

using plant tissue and cell cultures treated with elicitors have been widely used for 

providing insight into defense-related mechanism associated with phytoalexin 

synthesis in plants, although these systems often fail to demonstrate the host culti- 

var:pathogen race specificity seen in intact plant:pathogen interactions (Temple- 

ton and Lamb, 1988). Phytoalexins have been detected in suspension cell cultures 

derived from members of the Leguminosae and the Solanaceae. The phytoalex- 

ins studied include pisatin from Pisum sativum (Bailey, 1970), glyceollin from 

Glycine max (Ebel et al., 1976), phaseollin from Phaseolus vulgaris (Dixon and 

Fuller, 1978), medicarpin from Canavalia ensiformis (Gustine et al., 1978), and 

capsidiol from Nicotiana tabacum (Helgeson et al., 1978). These data cannot be 

translated directly to the intact plant systems because elicitors prepared from a 

particular race of a pathogen are generally active on plant cultivars regardless of 

whether that race is virulent or avirulent on that cultivar (Templeton and Lamb, 

1988). 

Three basic pathways are responsible for the biosynthesis of phytoalexins 

-- the acetate-malonate, acetate-mevalonate, and shikimate/phenylpropanoids
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pathway. Sesquiterpenoid phytoalexins are produced from the acetate- 

mevalonate or isoprenoid pathway and, as one of the major classes of phytoalex- 

ins, participate in disease resistance in higher plants (Kuc and Rush, 1985). 

Increases in HMGR activity leading to the induction of sesquiterpenoid phytoal- 

exin synthesis have been reported in different plant species. Sweet potato, inocu- 

lated with Ceratocystis fimbriata, the fungal pathogen causing black rot in roots 

and stems, showed induction of HMGR activity preceding the increased synthesis 

of the furanoterpenoid phytoalexin ipomeamarone (Suzuki et al., 1974). Large 

amounts of the sesquiterpenoid phytoalexin capsidiol accumulated in tobacco cell 

suspension culture medium upon addition of fungal elicitor. The accumulation of 

capsidiol was preceded by a transient increase in HMGR activity, which paral- 

leled the changes in 14C-acetate incorporation into capsidiol (Chappell and 

Nable, 1987). Wounding of potato tubers produced a large temporary increase in 

HMGkR activity of the microsomal and organellar fraction. Treatment of 

wounded tuber tissue with the elicitor, arachidonic acid, further increased and 

prolonged the HMGR activity in the microsomal but not the organelle fraction 

(Stermer and Bostock, 1987). Intact tubers of potato contain a very low activity of 

HMGR. The activity increased first in response to slicing, and again in response 

to additional treatments such as inoculation with an incompatible race of Phy- 

tophthora infestans (Stermer and Bostock, 1987). With respect to phytoalexin 

accumulation in the Solanaceae, potato has been thoroughly investigated, and a 

number of sesquiterpenoid phytoalexins such as rishitin, rubimin, phytuberin, 

phytuberol, hydroxyrubimin, rishitinol, anhydro £-rotunol, and solavetivone have 

been isolated following challenge with fungi or bacteria (Coxon et al., 1974; Kat- 

sui et al., 1971; Tomiyama et al., 1968; Varns et al., 1971). Tomato has a number 

10
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of advantages for analyses of host-pathogen interactions due to the excellent 

development as a genetic system, identification of specific genes associated with 

resistance to a variety of pathogens, and the availability of isogenic line differing 

only in these resistant alleles. In tomato, only rishitin has been isolated as the 

major sesquiterpenoid phytoalexin. Tomato plants resistant to Verticillium albo- 

atrum (Tjamos and Smith, 1974) were reported to accumulate as much of four- 

fold higher rishitin levels as susceptible tomato varieties (McCance and Drysdale, 

1975). Unidentified antifungal compounds were also detected as phytoalexins. 

Recently several polyacetylene phytoalexins have been identified in tomato and 

associated with resistance to the leaf spot pathogen, Cladosporium fulvum (De 

Wit et al., 1985). 

3.0. Molecular Studies of HMGR 

In animals, cholesterol can be obtained from one of two sources — the 

receptor-mediated uptake of plasma lipoproteins or de novo synthesis. The rate- 

limiting enzyme of cholestrol synthesis is HMGR and its activity is regulated by a 

negative feedback mechanism in which cholesterol and other end products of the 

metabolic pathway suppress the enzyme in a multivalent fashion (Gil et al., 1985; 

Nakanishi et al., 1988). Since HMGR cDNA sequences were initially isolated 

from a hamster cell line (UT-1) resistant to compactin, a competitive inhibitor of 

HMGER (Endo et al., 1976), molecular studies have been accelerated toward 

understanding mechanisms of HMGR regulation (Chin et al., 1982; Gertler et al., 

1988; Hardeman et al., 1983; Luskey et al., 1983). These studies (Luskey, 1987; 
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Luskey and Stevens, 1985; Reynolds et al., 1984 and 1985; Skalnik et al., 1988) 

have determined that (i) the mammalian genome contains a single HMGR gene, 

(ii) the 25-kb hamster HMGR gene contains 20 exons, up to eight ATG codons 

upstream of translation initiation codon, multiple transcription initiation sites, 

and multiple (hamster) or single (human) donor sites for an intron in the 5’ 

untranslated region, (iii) the HMGR promoter lacks a classic TATA box or 

CCAAT box, but contains repeats of the sequence 5’-GGGCGG-3’ or its comple- 

ment within 300 nucleotides of the transcription initiation sites --part of the 

recognition sequence for SP1, a cellular transcriptional factor, (iv) human and 

hamster show a highly conserved region from 42 to 220 nucleotides upstream of 

the transcription sites -- the interspecies conservation of the regulatory element, 

(v) human HMGR (888 amino acids) and hamster HMGR (887 amino acids) 

share a high degree of homology in NH,-terminal membrane-bound domain 

(seven substitutions out of 339 amino acids) and COOH-terminal catalytic 

domain (22 substitutions out of 439 amino acids). Cholesterol balance in mam- 

malian cells is maintained in part by sterol-mediated repression of gene transcrip- 

tion for the low-density lipoprotein (LDL) receptor and enzymes in the choles- 

terol biosynthetic pathway. A sequence essential for sterol-mediated repression 

of transcription has been defined through HMGR and LDL receptor gene pro- 

moters (Dawson et al., 1988; Rajavashisth et al., 1989; Sudhof et al., 1987). The 

sensitivity to end product repression depends upon an element in the 5’-flanking 

region, designated the sterol regulatory element (SRE). This sequence contains 

two 16-bp direct repeats that exhibit positive and negative transcriptional regula- 

tion activities. Recently, a zinc finger repressor protein that binds to the con- 

served SRE octanucleotide in both a sequence specific and single-strand-specific 
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manner has been identified (Rajavashisth et al., 1989). 

HMGBR genes have been also studied in other organisms including S. cerevi- 

siae and Drosophila melanogaster. Although D. melanogaster does not contain 

sterol-repressed HMGR, the HMGR enzyme, a polypeptide of 916 amino acids 

(M,, 98,165), shares sequence homology with hamster HMGR (56% identical 

residues in the COOH-terminal region) and contains seven potential trans- 

membrane domains within the NH,-terminus as in hamster. Two HMGR mRNA 

transcripts of 3.2- and 4-kb from the single HMGR gene are differentially 

expressed throughout D. melanogaster development (Gertler et al., 1988). In 

contrast to mammals and D. melanogaster, S. cerevisiae contains two HMGR 

genes, HMG1 and HMG2? (Basson et al., 1986 and 1988). Cells containing a 

mutant allele of HMG1 or HMG72 have only subtle growth defects. However, 

cells containing mutant alleles of both HMG1 and HMG?2 are inviable (Basson et 

al., 1988). HMG1 is responsible for most of the enzyme activity. Based on 

deduced amino acid sequences, HMG1 and HMGz2 contain 1054 and 1045 amino 

acids, respectively. The COOH-terminal regions of the two isozymes are highly 

conserved with respect to both mammalian HMGR and each other. Amino acids 

667 to 1025 of the HMGI1 protein are 65% identical and 25% conserved with 

amino acids 512 to 871 of human HMGR (Basson et al., 1988). No primary 

sequence similarity is observed in the NH-terminal region among the S. cerevi- 

siae proteins and the human protein. However, the predicted membrane- 

spanning domains of the yeast and human proteins are similar in that (i) they 

contain seven membrane-spanning domains, amino acids of which are usually 

charged and (ii) the spacer regions between the membrane-spanning domains are 

predicted to contain amphipathic helices which can associate with the lipid bilayer 
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so that the hydrophobic face would be embedded in the interior of the bilayer and 

the hydrophilic face would interact with the charged phospholipid head groups of 

the bilayer (Barnes et al., 1984; Basson et al., 1986; 1988). When I initiated studies 

of tomato HMGR in 1986, no analogous information on plant HMGR was 

known. 

4.0. Objectives of Tomato HMGR Gene Study 

Despite the important properties of the HMGR enzyme in higher plants, its 

regulation at the molecular level has been little studied compared to mammalian 

systems. This is due primarily to two major reasons; difficulty in purifying the 

membrane-integrated HMGR enzyme and its occurrence in organelles including 

mitochondria and chloroplasts as well as endoplasmic reticulum (ER). Because 

of the problems associated with studying this enzyme at protein level, I focused on 

developing alternative molecular tools for analyzing the regulation of this enzyme 

in plants. My overall strategy was to utilize heterologous probes from yeast 

HMGER to identify and clone HMGR sequences from tomato for analysis of 

HMGER at the gene and mRNA levels especially as it relates to host defense and 

disease resistance. Ultimately, our goal in studying tomato HMGR study lies in 

providing a fundamental understanding of the molecular events between plant 

pathogens and their hosts as well as determining the potential for engineering 

enhanced resistance in crops. 

I am addressing several major questions about HMGR and its regulation at 

the gene and protein level. Does HMGR function as a major regulatory enzyme 
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in plants as in animal systems? Are there multiple forms of HMGR enzyme? Are 

there multiple HMGR isogenes, directing synthesis of distinct HMGR isozymes? 

Is HMGR activated at the gene level in response to pathogens as are other 

enzymes involved in defense? Therefore, I studied HMGR gene number, 

HMGER gene structure, and defense-related HMGR regulation, using molecular 

techniques. My objectives were: 

(A) Isolation and characterization of HMGR genes from tomato: (1) 

develop a plant cell culture system for studying the induction of HMGR by elici- 

tors, (ii) isolate tomato genomic clones, and (iii) identify gene number and char- 

acterize the gene structure. 

(B) Regulation of HMGR gene expression: (i) analyze defense-related 

expression of HMGR genes in response to elicitors or mechanical wounding, (ii) 

determine the gene-specific expression of one HMGR gene during development 

versus defense responses. 
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�A� �r�e�d�u�c�t�a�s�e� �f�r�o�m� �A�r�a�b�i�d�o�p�s�i�s� �t�h�a�l�i�a�n�a� �i�s� �s�t�r�u�c�t�u�r�a�l�l�y� �d�i�s�t�i�n�c�t� �f�r�o�m� �t�h�e� 
�y�e�a�s�t� �a�n�d� �a�n�i�m�a�l� �e�n�z�y�m�e�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�6�,� �2�7�7�9�-�2�7�8�3�.� 

�L�i�s�c�u�m�,� �L�.�,� �F�i�n�e�r�-�M�o�o�r�e�,� �J�.�,� �S�t�r�o�u�d�,� �R�.� �M�.�,� �L�u�s�k�e�y�,� �K�.� �L�.�,� �a�n�d� �S�t�e�v�e�n�s�,� �B�.� 
�(�1�9�8�5�)�.� �H�u�m�a�n� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �J�.� 
�B�i�o�l�.� �C�h�e�m�.� �2�6�0�,� �1�0�2�7�1�-�1�0�2�7�7�.� 

�L�i�s�c�u�m�,� �L�.�,� �L�u�s�k�e�y�,� �K�.� �L�.�,� �C�h�i�n�,� �D�.� �J�.�,� �H�o�,� �Y�.� �K�.�,� �G�o�l�d�s�t�e�i�n�,� �J�.� �L�.�,� �a�n�d� �B�r�o�w�n�,� 
�M�.� �S�.� �(�1�9�8�3�)�.� �R�e�g�u�l�a�t�i�o�n� �o�f� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� 
�r�e�d�u�c�t�a�s�e� �a�n�d� �i�t�s� �m�R�N�A� �i�n� �r�a�t� �l�i�v�e�r� �a�s� �s�t�u�d�i�e�d� �w�i�t�h� �a� �m�o�n�o�c�l�o�n�a�l� 
�a�n�t�i�b�o�d�y� �a�n�d� �a� �c�D�N�A� �p�r�o�b�e�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�5�8�,� �8�4�5�0�-�8�4�5�5�.� 

�L�u�s�k�e�y�,� �K�.� �L�.� �(�1�9�8�7�)�.� �C�o�n�s�e�r�v�a�t�i�o�n� �o�f� �p�r�o�m�o�t�e�r� �s�e�q�u�e�n�c�e� �b�u�t� �n�o�t� �c�o�m�p�l�e�x� 
�i�n�t�r�o�n� �s�p�l�i�c�i�n�g� �p�a�t�t�e�r�n� �i�n� �h�u�m�a�n� �a�n�d� �h�a�m�s�t�e�r� �g�e�n�e�s� �f�o�r� �3�-�h�y�d�r�o�x�-� 
�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �M�o�l�.� �C�e�l�l�.� �B�i�o�l�.� �7�,� 
�1�8�8�1�-�1�8�9�3�.� 

�2�0



�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

�L�u�s�k�e�y�,� �K�.� �L�.� �a�n�d� �S�t�e�v�e�n�s�,� �B�.� �(�1�9�8�5�)�.� �H�u�m�a�n� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�-� 
�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�0�,� �1�0�2�7�1�-�1�0�2�7�7�.� 

�L�u�s�k�e�y�,� �K�.� �L�.�,� �F�a�u�s�t�,� �J�.� �R�.�,� �C�h�i�n�,� �D�.� �J�.�,� �B�r�o�w�n�,� �M�.� �S�.�,� �a�n�d� �G�o�l�d�s�t�e�i�n�,� �J�.� �L�.� 
�(�1�9�8�3�)�.� �A�m�p�l�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �g�e�n�e� �f�o�r� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� 
�c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�,� �b�u�t� �n�o�t� �f�o�r� �t�h�e� �5�3�-�k�D�a� �p�r�o�t�e�i�n�,� �i�n� �U�T�-�1� �c�e�l�l�s�.� 
�J�.� �B�i�o�l�.� �C�h�e�m�.� �2�5�8�,� �8�4�6�2�-�8�4�6�9�.� 

�M�c�C�a�n�c�e�,� �D�.� �a�n�d� �D�r�y�s�d�a�l�e�,� �R�.� �(�1�9�7�5�)�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �t�o�m�a�t�i�n�e� �a�n�d� �r�i�s�h�i�t�i�n� �i�n� 
�t�o�m�a�t�o� �p�l�a�n�t�s� �i�n�o�c�u�l�a�t�e�d� �w�i�t�h� �F�u�s�a�r�i�u�m� �o�x�y�s�p�o�r�u�m� �f�.� �s�p�.� �l�y�c�o�p�e�r�s�i�c�i�.� 
�P�h�y�s�i�o�l�.� �P�l�a�n�t� �P�a�t�h�o�l�.� �7�,� �2�2�1�-�2�3�0�.� 

�M�e�h�d�y�,� �M�.� �C�.� �a�n�d� �L�a�m�b�,� �C�.� �J�.� �(�1�9�8�7�)�.� �C�h�a�l�c�o�n�e� �i�s�o�m�e�r�a�s�e� �c�D�N�A� �c�l�o�n�i�n�g� �a�n�d� 
�m�R�N�A� �i�n�d�u�c�t�i�o�n� �b�y� �f�u�n�g�a�l� �e�l�i�c�i�t�o�r�,� �w�o�u�n�d�i�n�g� �a�n�d� �i�n�f�e�c�t�i�o�n�.� �E�M�B�O� �J�.� 
�6�,� �1�5�2�7�-�1�5�3�3�.� 

�N�a�k�a�n�i�s�h�i�,� �M�.�,� �G�o�l�d�s�t�e�i�n�,� �J�.� �L�.�,� �a�n�d� �B�r�o�w�n�,� �M�.� �S�.� �(�1�9�8�8�)�.� �M�u�l�t�i�v�a�l�e�n�t� �c�o�n�t�r�o�l� 
�o�f� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� 
�2�6�3�,� �8�9�2�9�-�8�9�3�7�.� 

�N�a�r�i�t�a�,� �J�.� �O�.� �a�n�d� �G�r�u�i�s�s�e�m�,� �W�.� �(�1�9�8�9�)�.� �T�o�m�a�t�o� �h�y�d�r�o�x�y�m�e�t�h�y�l�g�l�u�t�a�r�y�l�-�C�o�A� 
�r�e�d�u�c�t�a�s�e� �i�s� �r�e�q�u�i�r�e�d� �e�a�r�l�y� �i�n� �f�r�u�i�t� �d�e�v�e�l�o�p�m�e�n�t� �b�u�t� �n�o�t� �d�u�r�i�n�g� �r�i�p�e�n�-� 
�i�n�g�.� �P�l�a�n�t� �C�e�l�l� �1�,� �1�8�1�-�1�9�0�.� 

�R�a�j�a�v�a�s�h�i�s�t�h�,� �T�.� �B�.�,� �T�a�y�l�o�r�,� �A�.� �K�.�,� �A�n�d�a�l�i�b�i�,� �A�.�,� �S�v�e�n�s�o�n�,� �K�.� �L�.�,� �a�n�d� �L�u�s�i�s� �A�.� �J�.� 
�(�1�9�8�9�)�.� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �a� �z�i�n�c� �f�i�n�g�e�r� �p�r�o�t�e�i�n� �t�h�a�t� �b�i�n�d�s� �t�o� �t�h�e� �s�t�e�r�o�l� 
�r�e�g�u�l�a�t�o�r�y� �e�l�e�m�e�n�t�.� �S�c�i�e�n�c�e� �2�4�5�,� �6�4�0�-�6�4�3�.� 

�R�e�y�n�o�l�d�s�,� �S�.� �K�.�,� �B�a�s�u�,� �S� �K�.�,� �O�s�b�o�r�n�e�,� �T�.� �F�.�,� �C�h�i�n�,� �D�.� �J�.�,� �G�i�l�,� �G�.�,� �B�r�o�w�n�,� �M�.� �S�.�,� 
�G�o�l�d�s�t�e�i�n�,� �J�.� �L�.�,� �a�n�d� �L�u�s�k�e�y�,� �K�.� �L�.� �(�1�9�8�4�)�.� �H�M�G� �C�o�A� �r�e�d�u�c�t�a�s�e�:� �a� 
�n�e�g�a�t�i�v�e�l�y� �r�e�g�u�l�a�t�e�d� �g�e�n�e� �w�i�t�h� �u�n�u�s�u�a�l� �p�r�o�m�o�t�e�r� �a�n�d� �5 �� �u�n�t�r�a�n�s�l�a�t�e�d� 
�r�e�g�i�o�n�s�.� �C�e�l�l� �3�8�,� �2�7�5�-�2�8�5�.� 

�R�e�y�n�o�l�d�s�,� �G�.� �A�.�,� �G�o�l�d�s�t�e�i�n�,� �J�.� �L�.�,� �a�n�d� �B�r�o�w�n�,� �M�.� �S�.� �(�1�9�8�5�)�.� �M�u�l�t�i�p�l�e� �m�R�N�A�s� 
�f�o�r� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �d�e�t�e�r�m�i�n�e�d� �b�y� 
�m�u�l�t�i�p�l�e� �t�r�a�n�s�c�r�i�p�t�i�o�n� �i�n�i�t�i�a�t�i�o�n� �s�i�t�e�s� �a�n�d� �i�n�t�r�o�n� �s�p�l�i�c�i�n�g� �s�i�t�e�s� �i�n� �t�h�e� �5 �� 
�u�n�t�r�a�n�s�l�a�t�e�d� �r�e�g�i�o�n�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�0�,� �1�0�3�6�9�-�1�0�3�7�7�.� 

�R�u�s�s�e�l�l�,� �D�.� �W�.� �a�n�d� �D�a�v�i�d�s�o�n�,� �H�.� �(�1�9�8�2�)�.� �R�e�g�u�l�a�t�i�o�n� �o�f� �c�y�t�o�s�o�l�i�c� �H�M�G�-�C�o�A� 
�r�e�d�u�c�t�a�s�e� �a�c�t�i�v�i�t�y� �i�n� �p�e�a� �s�e�e�d�l�i�n�g�s�:� �C�o�n�t�r�a�s�t�i�n�g� �r�e�s�p�o�n�s�e�s� �t�o� �d�i�f�f�e�r�e�n�t� 
�h�o�r�m�o�n�e�s�,� �a�n�d� �h�o�r�m�o�n�e�-�p�r�o�d�u�c�t� �i�n�t�e�r�a�c�t�i�o�n�,� �s�u�g�g�e�s�t� �h�o�r�m�o�n�a�l� �m�o�d�u�-� 
�l�a�t�i�o�n� �o�f� �a�c�t�i�v�i�t�y�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �R�e�s�.� �C�o�m�m�.� �1�0�4�,� �1�5�3�7�-�1�5�4�3�.� 

�S�i�p�a�t�,� �A�.� �B�.� �(�1�9�8�2�)�.� �H�y�d�r�o�x�y�m�e�t�h�y�l� �g�l�u�t�a�r�y�l� �C�o�A� �r�e�d�u�c�t�a�s�e� �(�N�A�D�P�H�)� �i�n� �t�h�e� 
�l�a�t�e�x� �o�f� �H�e�v�e�a� �b�r�a�s�i�l�i�e�n�s�i�s�.� �P�h�y�t�o�c�h�e�m�i�s�t�r�y� �2�1�,� �2�6�1�3�-�2�6�1�8�.� 

�S�i�p�a�t�,� �A�.� �B�.� �a�n�d� �S�a�b�i�n�e�,� �J�.� �R�.� �(�1�9�8�1�)�.� �M�e�m�b�r�a�n�e�-�m�e�d�i�a�t�e�d� �c�o�n�t�r�o�l� �o�f� �h�e�p�a�t�i�c� 
�£�-�h�y�d�r�o�x�y�-�s�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �B�i�o�c�h�e�m�.� �J�.� �1�9�4�,� 
�8�8�9�-�8�9�3�.� 

�2�1



�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

�S�k�a�l�n�i�k�,� �D�.� �G�.�,� �N�a�r�i�t�a�,� �H�.�,� �K�e�n�t�,� �C�.�,� �a�n�d� �S�i�m�o�n�i�,� �R�.� �D�.� �(�1�9�8�8�)�.� �T�h�e� �m�e�m�b�r�a�n�e� 
�d�o�m�a�i�n� �o�f� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �c�o�n�f�e�r�s� 
�e�n�d�o�p�l�a�s�m�i�c� �r�e�t�i�c�u�l�u�m� �l�o�c�a�l�i�z�a�t�i�o�n� �a�n�d� �s�t�e�r�o�l�-�m�e�d�i�a�t�e�d� �d�e�g�r�a�d�a�t�i�o�n� 
�o�n�t�o� �#�-�g�a�l�a�c�t�o�s�i�d�a�s�e�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�3�,� �6�8�3�6�-�6�8�4�1�.� 

�S�p�u�r�g�e�o�n�,� �S�.� �L�.� �a�n�d� �P�o�r�t�e�r�,� �J�.� �W�.� �(�1�9�8�0�)�.� �C�a�r�o�t�e�n�o�i�d�s�,� �i�n� �T�h�e� �B�i�o�c�h�e�m�i�s�t�r�y� �o�f� 
�P�l�a�n�t�s�:� �A� �C�o�m�p�r�e�h�e�n�s�i�v�e� �T�r�e�a�t�i�s�e�,� �S�t�u�m�p�f�,� �P�.� �K�.� �a�n�d� �C�o�n�n�,� �E�.� �E�.�,� �e�d�s�,� 
�v�o�l�.� �4�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �p�p�.�4�1�9�-�4�8�4�.� 

�S�t�e�r�m�e�r�,� �B�.� �A�.� �a�n�d� �B�o�s�t�o�c�k�,� �R�.� �M�.� �(�1�9�8�7�)�.� �I�n�v�o�l�v�e�m�e�n�t� �o�f� �3�-�h�y�d�r�o�x�y�-�3�-� 
�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �i�n� �t�h�e� �r�e�g�u�l�a�t�i�o�n� �o�f� �s�e�s�q�u�i�t�e�r�p�e�-� 
�n�o�i�d� �p�h�y�t�o�a�l�e�x�i�n� �s�y�n�t�h�e�s�i�s� �i�n� �p�o�t�a�t�o�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �8�4�,� �4�0�4�-�4�0�8�.� 

�S�u�d�h�o�f�,� �T�.� �C�.�,� �R�u�s�s�e�l�l�,� �D�.� �W�.�,� �B�r�o�w�n�,� �M�.� �S�.�,� �a�n�d� �G�o�l�d�s�t�e�i�n�,� �J�.� �L�.� �(�1�9�8�7�)�.� �4�2� �b�p� 
�e�l�e�m�e�n�t� �f�r�o�m� �L�D�L� �r�e�c�e�p�t�o�r� �g�e�n�e� �c�o�n�f�e�r�s� �e�n�d�-�p�r�o�d�u�c�t� �r�e�p�r�e�s�s�i�o�n� �b�y� 
�s�t�e�r�o�l�s� �w�h�e�n� �i�n�s�e�r�t�e�d� �i�n�t�o� �v�i�r�a�l� �T�K� �p�r�o�m�o�t�e�r�.� �C�e�l�l� �4�8�,� �1�0�6�1�-�1�0�6�9�.� 

�S�u�z�u�k�i�,� �H�.�,� �O�b�a�,� �K�.�,� �a�n�d� �U�r�i�t�a�n�i�,� �I�.� �(�1�9�7�4�)�.� �O�c�c�u�r�r�e�n�c�e� �o�f� �3�-�h�y�d�r�o�x�y�-�3�-� 
�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �i�n� �s�w�e�e�t� �p�o�t�a�t�o�.� �A�g�r�.� �B�i�o�l�.� 
�C�h�e�m�.� �3�8�,� �2�0�5�3�-�2�0�5�5�.� 

�T�e�m�p�l�e�t�o�n�,� �M�.� �D�.� �a�n�d� �L�a�m�b�,� �C�.� �J�.� �(�1�9�8�8�)�.� �E�l�i�c�i�t�o�r�s� �a�n�d� �d�e�f�e�n�s�e� �g�e�n�e� �a�c�t�i�v�a�-� 
�t�i�o�n�.� �P�l�a�n�t� �C�e�l�l� �E�n�v�i�r�o�n�.� �1�1�,� �3�9�5�-�4�0�1�.� 

�T�h�r�e�l�f�a�l�l�,� �D�.� �R�.� �(�1�9�8�0�)�.� �P�o�l�y�p�h�e�n�o�l�s� �a�n�d� �t�e�r�p�e�n�o�i�d� �q�u�i�n�o�n�e�s� �a�n�d� �c�h�r�o�m�a�n�o�l�s�,� 
�i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�l�a�n�t� �P�h�y�s�i�o�l�o�g�y�,� �P�r�i�s�o�n�,� �A� �a�n�d� �Z�i�m�m�e�r�m�a�n�n�,� �M�.� 
�H�.�,� �e�d�s�.�,� �v�o�l�.� �8�,� �S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �B�e�r�l�i�n�,� �p�p�.�2�8�8�-�3�0�6�.� 

�T�j�a�m�o�s�,� �E�.� �C�.� �a�n�d� �S�m�i�t�h�,� �I�.� �M�.� �(�1�9�7�4�)�.� �T�h�e� �r�o�l�e� �o�f� �p�h�y�t�o�a�l�e�x�i�n�s� �i�n� �r�e�s�i�s�t�a�n�c�e� 
�o�f� �t�o�m�a�t�o� �t�o� �V�e�r�t�i�c�i�l�l�i�u�m� �w�i�l�t�.� �P�h�y�s�i�o�l�.� �P�l�a�n�t� �P�a�t�h�o�l�.� �4�,� �2�4�9�-�2�5�9�.� 

�T�o�m�i�y�a�m�a�,� �K�.�,� �S�a�k�u�m�a�,� �T�.�,� �I�s�h�i�z�a�k�a�,� �N�.�,� �S�a�t�o�,� �N�.�,� �K�a�t�s�u�i�,� �N�.�,� �T�a�k�a�s�u�g�i�,� �M�.�,� �a�n�d� 
�M�a�s�a�m�u�n�e�,� �T�.� �(�1�9�6�8�)�.� �A� �n�e�w� �a�n�t�i�f�u�n�g�a�l� �s�u�b�s�t�a�n�c�e� �i�s�o�l�a�t�e�d� �f�r�o�m� 
�p�o�t�a�t�o� �t�u�b�e�r� �t�i�s�s�u�e� �i�n�f�e�c�t�e�d� �b�y� �p�a�t�h�o�g�e�n�s�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� �5�8�,� 
�1�1�5�-�1�1�6�.� 

�V�a�r�n�s�,� �J�.�,� �K�u�c�,� �J�.�,� �a�n�d� �W�i�l�l�i�a�m�s�,� �E�.� �(�1�9�7�1�)�.� �T�e�r�p�e�n�o�i�d� �a�c�c�u�m�u�l�a�t�i�o�n� �a�s� �a� �b�i�o�-� 
�c�h�e�m�i�c�a�l� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �p�o�t�a�t�o� �t�u�b�e�r� �t�o� �P�h�y�t�o�p�h�t�h�o�r�a� �i�n�f�e�s�t�a�n�s�.� 
�P�h�y�t�o�p�a�t�h�o�l�o�g�y� �6�1�,� �1�7�4�-�1�7�7�.� 

�W�a�l�t�e�r�,� �M�.� �H�.�,� �G�r�i�m�a�-�P�e�t�t�e�n�a�t�i�c�,� �J�.�,� �G�r�a�n�d�,� �C�.�,� �B�o�u�d�e�t�,� �A�.� �M�.�,� �a�n�d� �L�a�m�b�,� �C�.� �J�.� 
�(�1�9�8�8�)�.� �C�i�n�n�a�m�y�l� �a�l�c�o�h�o�l� �d�e�h�y�d�r�o�g�e�n�a�s�e�,� �a� �m�o�l�e�c�u�l�a�r� �m�a�r�k�e�r� �s�p�e�c�i�f�i�c� 
�f�o�r� �l�i�g�n�i�n� �b�i�o�s�y�n�t�h�e�s�i�s�:� �c�D�N�A� �c�l�o�n�i�n�g� �a�n�d� �m�R�N�A� �i�n�d�u�c�t�i�o�n� �b�y� �f�u�n�g�a�l� 
�e�l�i�c�i�t�o�r�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�5�,� �5�5�4�6�-�5�5�5�0�.� 

�W�e�s�t�,� �C�.� �A�.� �(�1�9�8�1�)�.� �F�u�n�g�a�l� �e�l�i�c�i�t�o�r�s� �o�f� �t�h�e� �p�h�y�t�o�a�l�e�x�i�n� �r�e�s�p�o�n�s�e� �i�n� �h�i�g�h�e�r� 
�p�l�a�n�t�s�.� �N�a�t�u�r�w�i�s�s�e�n�s�c�h�a�f�t�e�n� �6�8�,� �4�4�7�-�4�5�7�.� 

�W�o�n�g�,� �R�.� �J�.�,� �M�c�C�o�r�m�a�c�k�,� �D�.� �K�.�,� �a�n�d� �R�u�s�s�e�l�l�,� �D�.� �W�.� �(�1�9�8�2�)�.� �P�l�a�s�t�i�d� �3�-�h�y�d�r�o�x�-� 
�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �h�a�s� �d�i�s�t�i�n�c�t�i�v�e� �k�i�n�e�t�i�c� �a�n�d� 
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�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

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

�1�6�,� �6�3�1�-�6�3�8�.� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�C�H�A�P�T�E�R� �2� 

�D�e�f�e�n�s�e�-� �R�e�l�a�t�e�d� �E�x�p�r�e�s�s�i�o�n� �o�f� �A� �T�o�m�a�t�o� 

�3�-�H�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �R�e�d�u�c�t�a�s�e� 

�I�s�o�g�e�n�e�*� 

�(�*� �T�o� �b�e� �s�u�b�m�i�t�t�e�d� �t�o� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �N�a�t�i�o�n�a�l� �A�c�a�d�e�m�y� �S�c�i�e�n�c�e� �U�S�A� �w�i�t�h� �P�a�r�k�,� 

�H�.�,� �D�e�n�b�o�w�,� �C�.� �J�.�,� �Y�a�n�g�,� �Z�.�,� �a�n�d� �C�r�a�m�e�r�,� �C�.� �L�.� �a�s� �a�u�t�h�o�r�s�.�)� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�A�B�S�T�R�A�C�T� 

�I�n� �p�l�a�n�t�s�,� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �[�H�M�G�R�;� 

�h�y�d�r�o�x�y�m�e�t�h�y�l�g�l�u�t�a�r�y�l�-�c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �(�N�A�D�P�H�)�;� �E�C� �1�.�1�.�1�.�3�4�]� �r�e�g�u�l�a�t�e�s� 

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

�d�e�f�e�n�s�e� �c�o�m�p�o�u�n�d�s�,� �a�n�d� �n�u�m�e�r�o�u�s� �o�t�h�e�r� �i�s�o�p�r�e�n�o�i�d�s�.� �W�e� �u�t�i�l�i�z�e�d� �S�a�c�c�h�a�r�o�-� 

�m�y�c�e�s� �c�e�r�e�v�i�s�i�a�e� �H�M�G�R� �c�D�N�A� �s�e�q�u�e�n�c�e�s� �t�o� �i�s�o�l�a�t�e� �t�o�m�a�t�o� �(�L�y�c�o�p�e�r�s�i�c�o�n� 

�e�s�c�u�l�e�n�t�u�m�)� �g�e�n�o�m�i�c� �D�N�A� �s�e�q�u�e�n�c�e�s� �e�n�c�o�d�i�n�g� �H�M�G�R�.� �P�a�r�t�i�a�l� �d�e�r�i�v�e�d� �a�m�i�n�o� 

�a�c�i�d� �s�e�q�u�e�n�c�e�s� �o�f� �a� �r�e�g�i�o�n� �i�n� �t�h�e� �t�o�m�a�t�o� �g�e�n�e� �s�h�o�w� �g�r�e�a�t�e�r� �t�h�a�n� �9�0�%�,� �8�2�%�,� �a�n�d� 

�8�0�%� �s�e�q�u�e�n�c�e� �s�i�m�i�l�a�r�i�t�y� �w�i�t�h� �A�r�a�b�i�d�o�p�s�i�s� �t�h�a�l�i�a�n�a�,� �S�.� �c�e�r�e�v�i�s�i�a�e�,� �a�n�d� �h�u�m�a�n� 

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

�t�o�m�a�t�o� �c�o�n�t�a�i�n�s� �3� �t�o� �4� �H�M�G�R� �g�e�n�e�s� �i�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �s�i�n�g�l�e� �c�o�p�y� �f�o�u�n�d� �i�n� 

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

�t�i�o�n� �o�f� �s�e�s�q�u�i�t�e�r�p�e�n�o�i�d� �p�h�y�t�o�a�l�e�x�i�n�s�.� �H�M�G�R� �D�N�A� �s�e�q�u�e�n�c�e�s� �c�r�o�s�s�-�h�y�b�r�i�d�i�z�e� �t�o� 

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

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

�H�M�G�E�R� �g�e�n�e� �i�s� �a� �"�d�e�f�e�n�s�e�-�r�e�l�a�t�e�d� �g�e�n�e�"� �i�n� �t�o�m�a�t�o�.� �E�l�i�c�i�t�o�r� �i�n�d�u�c�t�i�o�n� �o�f� �H�M�G�R� 

�m�R�N�A� �l�e�v�e�l�s� �i�s� �t�r�a�n�s�i�e�n�t� �w�i�t�h� �m�a�x�i�m�u�m� �l�e�v�e�l�s� �9� �t�o� �1�2� �h�r� �a�f�t�e�r� �t�r�e�a�t�m�e�n�t�.� 

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

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

�d�u�r�i�n�g� �f�r�u�i�t� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �r�i�p�e�n�i�n�g�.� �O�u�r� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �H�M�G�R� �i�s� 

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

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

�H�M�G�E�R� �a�c�t�i�v�i�t�y� �w�h�i�c�h� �s�u�g�g�e�s�t� �m�u�l�t�i�p�l�e� �e�n�z�y�m�a�t�i�c� �f�o�r�m�s� �s�h�o�w�i�n�g� �d�i�s�t�i�n�c�t� �k�i�n�e�t�i�c� 

�p�r�o�p�e�r�t�i�e�s�,� �r�e�g�u�l�a�t�i�o�n�,� �a�n�d� �s�u�b�c�e�l�l�u�l�a�r� �l�o�c�a�l�i�z�a�t�i�o�n�.� 
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�H�M�G�E�R� �E�x�p�r�e�s�s�i�o�n� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �(�H�M�G�-�C�o�A�)� �r�e�d�u�c�t�a�s�e� �[�H�M�G�R�;� 

�h�y�d�r�o�x�y�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �(�N�A�D�P�H�)�;� �E�C� �1�.�1�.�1�.�3�4�]� �c�a�t�a�l�y�z�e�s� 

�t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �H�M�G�-�C�o�A� �t�o� �m�e�v�a�l�o�n�i�c� �a�c�i�d�,� �a� �k�e�y� �s�t�e�p� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� 

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

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

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

�i�s�h�i� �e�t� �a�l�.�,� �1�9�8�8�,� �S�a�b�i�n�e�,� �1�9�8�3�)�.� �I�n� �a�n�i�m�a�l�s�,� �H�M�G�R� �m�e�d�i�a�t�e�s� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �a� 

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

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

�n�u�m�b�e�r� �o�f� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�s� �(�F�a�r�n�s�w�o�r�t�h� �e�t� �a�l�.�,� �1�9�9�0�;� �R�i�l�l�i�n�g� �e�t� �a�l�.�,� �1�9�9�0�;� �S�c�h�a�f�e�r� 

�e�t� �a�l�.�,� �1�9�8�9�)�.� �I�n� �c�o�n�t�r�a�s�t�,� �p�l�a�n�t�s� �s�y�n�t�h�e�s�i�z�e� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �a�r�r�a�y� �o�f� �u�n�i�q�u�e� 

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

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

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

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

�f�r�a�g�r�a�n�c�e�,� �f�l�a�v�o�r�,� �f�e�e�d�i�n�g� �d�e�t�e�r�r�e�n�t�s�,� �a�n�d� �a�l�l�e�l�o�p�a�t�h�y�.� �H�M�G�R� �i�s� �a�l�s�o� �c�o�n�s�i�d�e�r�e�d� 

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

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

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

�o�f� �H�M�G�R� �a�p�p�e�a�r� �t�o� �d�i�f�f�e�r� �i�n� �b�o�t�h� �k�i�n�e�t�i�c� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �r�e�g�u�l�a�t�i�o�n� �b�y� �l�i�g�h�t�,� 

�g�r�o�w�t�h� �r�e�g�u�l�a�t�o�r�s�,� �o�r� �p�a�t�h�w�a�y� �e�n�d�-�p�r�o�d�u�c�t�s� �(�B�r�o�o�k�e�r� �a�n�d� �R�u�s�s�e�l�l�,� �1�9�7�9�,� �W�o�n�g� �e�t� 

�a�l�.�,� �1�9�8�2�)�.� �H�M�G�R� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �h�a�s� �b�e�e�n� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �m�e�m�b�r�a�n�e�s� �o�f� 

�s�u�b�c�e�l�l�u�l�a�r� �c�o�m�p�a�r�t�m�e�n�t�s� �i�n�c�l�u�d�i�n�g� �e�n�d�o�p�l�a�s�m�i�c� �r�e�t�i�c�u�l�u�m� �(�s�i�t�e� �o�f� �H�M�G�R� �i�n� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�a�n�i�m�a�l�s� �a�n�d� �S�a�c�c�h�a�r�o�m�y�c�e�s� �c�e�r�e�v�i�s�i�a�e�)�,� �p�l�a�s�t�i�d�s�,� �a�n�d� �m�i�t�o�c�h�o�n�d�r�i�a� �(�r�e�v�i�e�w�e�d� �i�n� 

�B�a�c�h�,� �1�9�8�7�;� �R�u�s�s�e�l�l�,� �1�9�8�5�)� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �c�o�m�p�a�r�t�m�e�n�t�a�l�i�z�a�t�i�o�n� �o�f� �H�M�G�R� 

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

�p�r�o�d�u�c�t�i�o�n� �o�f� �s�p�e�c�i�f�i�c� �p�r�o�d�u�c�t�s�.� �D�e�f�i�n�i�t�i�v�e� �l�o�c�a�l�i�z�a�t�i�o�n� �a�n�d� �e�v�i�d�e�n�c�e� �t�h�a�t� �H�M�G�R� 

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

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

�I�n� �s�e�v�e�r�a�l� �o�f� �p�l�a�n�t� �s�p�e�c�i�e�s�,� �i�n�c�r�e�a�s�e�s� �i�n� �H�M�G�R� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �i�n� �r�e�s�p�o�n�s�e� 

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

�p�e�n�e� �(�D�u�e�b�e�r� �e�t� �a�l�.�,� �1�9�7�8�)� �o�r� �s�e�s�q�u�i�t�e�r�p�e�n�e� �p�h�y�t�o�a�l�e�x�i�n�s� �(�S�h�i�h� �a�n�d� �K�u�c�,� �1�9�7�3�;� 

�S�t�e�r�m�e�r� �a�n�d� �B�o�s�t�o�c�k�,� �1�9�8�7�;� �r�e�v�i�e�w�e�d� �i�n� �K�u�c� �a�n�d� �R�u�s�h�,� �1�9�8�5�;� �S�t�o�e�s�s�l� �e�t� �a�l�.�,� �1�9�7�6�;� 

�S�u�z�u�k�i� �e�t� �a�l�.�,� �1�9�7�4�)� �a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �s�u�g�g�e�s�t� �i�n�v�o�l�v�e�m�e�n�t� �i�n� �h�o�s�t� �d�e�f�e�n�s�e� �r�e�s�p�o�n�s�e�s�.� 

�R�i�s�h�i�t�i�n�,� �t�h�e� �m�a�j�o�r� �s�e�s�q�u�i�t�e�r�p�e�n�e� �p�h�y�t�o�a�l�e�x�i�n� �i�n� �t�o�m�a�t�o�,� �i�s� �e�l�e�v�a�t�e�d� �i�n� �r�e�s�p�o�n�s�e� 

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

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

�1�9�7�9�;� �M�c�C�a�n�c�e� �a�n�d� �D�r�y�s�d�a�l�e�,� �1�9�7�5�;� �T�j�a�m�o�s� �a�n�d� �S�m�i�t�h�,� �1�9�7�4�)�.� �T�o� �i�n�i�t�i�a�t�e� �s�t�u�d�i�e�s� 

�o�f� �H�M�G�R� �g�e�n�e� �r�e�g�u�l�a�t�i�o�n�,� �p�r�o�t�e�i�n� �l�o�c�a�l�i�z�a�t�i�o�n�,� �a�n�d� �r�e�g�u�l�a�t�i�o�n� �d�u�r�i�n�g� �d�e�f�e�n�s�e� 

�r�e�s�p�o�n�s�e�s� �i�n� �t�o�m�a�t�o�,� �w�e� �c�l�o�n�e�d� �a� �g�e�n�e� �e�n�c�o�d�i�n�g� �t�o�m�a�t�o� �H�M�G�R� �a�n�d� �s�t�u�d�i�e�d� �i�t�s� 

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

�d�e�f�e�n�s�e� �r�e�s�p�o�n�s�e�s�.� 

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

�P�l�a�n�t� �a�n�d� �F�u�n�g�a�l� �M�a�t�e�r�i�a�l�.� �T�o�m�a�t�o� �(�L�y�c�o�p�e�r�s�i�c�o�n� �e�s�c�u�l�e�n�t�u�m� �c�v�.� �E�P�7�)� �p�l�a�n�t�s� 

�w�e�r�e� �g�r�o�w�n� �u�n�d�e�r� �g�r�e�e�n�h�o�u�s�e� �c�o�n�d�i�t�i�o�n�s�.� �S�u�s�p�e�n�s�i�o�n� �c�u�l�t�u�r�e�s� �o�f� �E�P�7�,� �p�r�o�v�i�d�e�d� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�b�y� �D�r�.� �D�a�v�i�d� �N�.� �R�a�d�i�n� �(�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�)�,� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �i�n� �t�h�e� �d�a�r�k� �i�n� �a� �m�o�d�i�f�i�e�d� �M�S� �m�e�d�i�u�m� �(�F�o�s�k�e�t� 

�a�n�d� �R�a�d�i�n�,� �1�9�8�3�)�.� �V�e�r�t�i�c�i�l�l�i�u�m� �a�l�b�o�-�a�t�r�u�m� �(�r�a�c�e� �1�)� �a�n�d� �F�u�s�a�r�i�u�m� �o�x�y�s�p�o�r�u�m� �(�r�a�c�e� 

�1�)�,� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �M�a�r�t�h�a� �M�u�t�s�c�h�l�e�r� �(�C�o�r�n�e�l�l� �U�n�i�v�e�r�s�i�t�y�,� �I�t�h�a�c�a�,� �N�Y�)�,� �w�e�r�e� 

�m�a�i�n�t�a�i�n�e�d� �o�n� �2�.�4�%� �p�o�t�a�t�o� �d�e�x�t�r�o�s�e� �a�g�a�r� �a�n�d� �g�r�o�w�n� �i�n� �2�.�4�%� �l�i�q�u�i�d� �m�e�d�i�u�m� �f�o�r� 

�c�e�l�l� �w�a�l�l� �i�s�o�l�a�t�i�o�n�.� �F�u�n�g�a�l� �e�l�i�c�i�t�o�r�,� �t�h�e� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �m�a�t�e�r�i�a�l� �h�e�a�t�-� 

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

�(�A�y�e�r�s� �e�t� �a�l�.�,� �1�9�7�6�)�.� 

�L�i�b�r�a�r�y� �S�c�r�e�e�n�i�n�g�.� �R�e�c�o�m�b�i�n�a�n�t� �c�l�o�n�e�s� �(�5�0�0�,�0�0�0�)� �o�f� �a� �t�o�m�a�t�o� �g�e�n�o�m�i�c� �D�N�A� 

�l�i�b�r�a�r�y� �(�L�.� �e�s�c�u�l�e�n�t�u�m� �c�v�.� �V�F�N�T� �C�h�e�r�r�y�)� �c�o�n�s�t�r�u�c�t�e�d� �i�n� �l�a�m�b�d�a� �C�h�a�r�o�n� �3�5� 

�[�p�r�o�v�i�d�e�d� �b�y� �D�r�.� �R�o�b�e�r�t� �F�i�s�c�h�e�r� �(�U�n�i�v�e�r�s�i�t�y� �o�f� �C�a�l�i�f�o�r�n�i�a�,� �B�e�r�k�e�l�e�y�,� �C�A�)�]� �w�e�r�e� 

�s�c�r�e�e�n�e�d� �b�y� �p�l�a�q�u�e� �h�y�b�r�i�d�i�z�a�t�i�o�n� �(�M�a�n�i�a�t�i�s� �e�t� �a�l�.�,� �1�9�8�2�)�.� �H�y�b�r�i�d�i�z�a�t�i�o�n� �p�r�o�b�e� �w�a�s� 

�t�h�e� �1�.�7�5� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� �p�J�R�3�2�6�,� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �J�a�s�p�e�r� �R�i�n�e� �(�U�n�i�v�e�r�s�i�t�y� 

�o�f� �C�a�l�i�f�o�r�n�i�a�,� �B�e�r�k�e�l�e�y�,� �C�A�)�,� �w�h�i�c�h� �c�o�n�t�a�i�n�s� �t�h�e� �r�e�g�i�o�n� �o�f� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1� 

�m�o�s�t� �h�i�g�h�l�y� �c�o�n�s�e�r�v�e�d� �w�i�t�h� �h�a�m�s�t�e�r� �H�M�G�R� �(�B�a�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�)�.� �I�n�i�t�i�a�l� �s�c�r�e�e�n�-� 

�i�n�g� �w�a�s� �a�t� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �s�t�r�i�n�g�e�n�c�y� �c�o�n�d�i�t�i�o�n�s� �(�3�0�%� �f�o�r�m�a�m�i�d�e�,� �6�X� �S�S�C�,� �5�X� 

�D�e�n�h�a�r�d�t� �s�o�l�u�t�i�o�n�,� �0�.�1�%� �S�D�S�,� �a�n�d� �1�0�0� �u�g�/�m�l� �s�a�l�m�o�n� �s�p�e�r�m� �D�N�A� �(�S�i�g�m�a�)�]�.� 

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

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

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

�w�i�t�h� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1� �s�e�q�u�e�n�c�e�s� �o�n� �S�o�u�t�h�e�r�n� �b�l�o�t�s� �o�f� �p�l�a�q�u�e�-�p�u�r�i�f�i�e�d� �D�N�A�.� 

�O�n�e� �o�f� �t�h�e�s�e� �c�l�o�n�e�s� �w�a�s� �a� �f�a�l�s�e� �p�o�s�i�t�i�v�e�.� �A� �7� �k�b� �H�i�n�d�I�I�I� �f�r�a�g�m�e�n�t� �o�f� �t�h�e� �s�e�c�o�n�d� 

�c�l�o�n�e� �(�d�e�s�i�g�n�a�t�e�d� �T�H�2�9�)� �w�a�s� �s�u�b�c�l�o�n�e�d� �i�n�t�o� �t�h�e� �H�i�n�d�I�I�I� �s�i�t�e� �o�f� �t�r�a�n�s�c�r�i�p�t�i�o�n� 

�v�e�c�t�o�r� �p�S�P�6�/�T�7� �[�M�e�l�t�o�n� �e�t� �a�l�.�,� �1�9�8�4�;� �f�r�o�m� �B�e�t�h�e�s�d�a� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�i�e�s� 
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�(�B�R�L�)�,� �G�a�i�t�h�e�r�s�b�u�r�g�,� �M�D�]� �a�n�d� �d�e�s�i�g�n�a�t�e�d� �p�T�H�2�9�S�.� 

�S�e�q�u�e�n�c�e� �A�n�a�l�y�s�e�s�.� �D�i�d�e�o�x�y� �c�h�a�i�n�-�t�e�r�m�i�n�a�t�i�o�n� �s�e�q�u�e�n�c�i�n�g� �(�S�a�n�g�e�r� �e�t� �a�l�.�,� �1�9�7�7�)� 

�w�a�s� �u�t�i�l�i�z�e�d� �w�i�t�h� �p�T�H�2�9�5� �a�n�d� �i�t�s� �s�u�b�c�l�o�n�e�s� �g�e�n�e�r�a�t�e�d� �b�y� �r�e�s�t�r�i�c�t�i�o�n� �e�n�d�o�n�u�-� 

�c�l�e�a�s�e�s�,� �e�x�o�n�u�c�l�e�a�s�e� �I�I�I� �d�i�g�e�s�t�i�o�n� �i�n� �B�l�u�e�s�c�r�i�p�t� �(�S�K�~�)� �v�e�c�t�o�r�s� �(�S�t�r�a�t�a�g�e�n�e�,� �S�a�n� 

�D�i�e�g�o�,� �C�A�)�,� �o�r� �T�4� �p�o�l�y�m�e�r�a�s�e� �i�n� �M�1�3� �m�p�1�9� �[�I�n�t�e�r�n�a�t�i�o�n�a�l� �B�i�o�t�e�c�h�n�o�l�o�g�i�e�s�,� �I�n�c�.� 

�(�I�B�I�)�,� �N�e�w� �H�a�v�e�n�,� �C�T�]�.� �S�e�q�u�e�n�c�e� �a�n�a�l�y�s�e�s� �u�s�e�d� �t�h�e� �U�n�i�v�e�r�s�i�t�y� �o�f� �W�i�s�c�o�n�s�i�n� 

�G�e�n�e�t�i�c�s� �C�o�m�p�u�t�e�r� �G�r�o�u�p� �S�e�q�u�e�n�c�e� �A�n�a�l�y�s�i�s� �P�a�c�k�a�g�e� �(�D�e�v�e�r�e�u�x� �e�t� �a�l�.�,� �1�9�8�4�)�.� 

�G�e�n�e�r�a�t�i�o�n� �o�f� �c�D�N�A� �S�e�q�u�e�n�c�e�s�.� �R�N�A� �(�1�5� �y�g�)� �f�r�o�m� �t�o�m�a�t�o� �c�e�l�l�s� �h�a�r�v�e�s�t�e�d� �9� �h�r� 

�a�f�t�e�r� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �V�.� �a�l�b�o�-�a�t�r�u�m� �e�l�i�c�i�t�o�r� �(�5�0� �u�g� �g�l�u�c�o�s�e� �e�q�u�i�v�a�l�e�n�t�s�/�m�l�)� �w�a�s� 

�u�s�e�d� �f�o�r� �f�i�r�s�t� �s�t�r�a�n�d� �c�D�N�A� �s�y�n�t�h�e�s�i�s� �u�t�i�l�i�z�i�n�g� �o�l�i�g�o�(�d�T�)�-�1�8�m�e�r� �(�P�h�a�r�m�a�c�i�a�,� 

�P�i�s�c�a�t�a�w�a�y�,� �N�J�)� �a�n�d� �M�o�l�o�n�e�y� �M�u�r�i�n�e� �L�e�u�k�e�m�i�a� �V�i�r�u�s� �r�e�v�e�r�s�e� �t�r�a�n�s�c�r�i�p�t�a�s�e� 

�(�B�R�L�)� �f�o�l�l�o�w�i�n�g� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r�s� �p�r�o�t�o�c�o�l�s�.� �O�l�i�g�o�n�u�c�l�e�o�t�i�d�e� �p�r�i�m�e�r�s�,� �b�a�s�e�d� �o�n� 

�s�e�q�u�e�n�c�e�s� �o�f� �p�T�H�2�9�5� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �D�r�.� �T�o�m� �R�e�y�n�o�l�d�s� �(�I�n�s�t�i�t�u�t�e� �o�f� 

�B�i�o�t�e�c�h�n�o�l�o�g�y�,� �M�e�d�i�c�a�l� �C�o�l�l�e�g�e� �o�f� �V�i�r�g�i�n�i�a�,� �R�i�c�h�m�o�n�d�,� �V�A�)�.� �P�r�i�m�e�r� �#�1� 

�(�5 ��-�C�G�C�A�A�G�C�T�-�T�G�G�T�G�A�T�G�C�A�A�T�G�G�G�A�A�T�G�A�A�C�A�T�G�G�T�)� �c�o�n�t�a�i�n�e�d� �2�6� 

�b�a�s�e�s� �o�f� �c�o�d�i�n�g� �s�t�r�a�n�d� �p�l�u�s� �a� �5 �� �H�i�n�d�I�I�I� �s�i�t�e�.� �P�r�i�m�e�r� �#�2� �(�5 ��-�T�G�A�G�A�T�G�-� 

�C�A�A�G�C�T�G�A�G�T�T�C�C�A�C�C�T�C�C�)� �i�s� �c�o�m�p�l�e�m�e�n�t�a�r�y� �s�t�r�a�n�d� �s�e�q�u�e�n�c�e� �b�e�g�i�n�n�i�n�g� 

�2�0�2� �b�a�s�e�s� �u�p�s�t�r�e�a�m� �f�r�o�m� �t�h�e� �p�r�e�s�u�m�p�t�i�v�e� �s�t�o�p� �c�o�d�o�n�.� �P�o�l�y�m�e�r�a�s�e� �c�h�a�i�n� �r�e�a�c�-� 

�t�i�o�n�s� �(�P�C�R�)� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �w�i�t�h� �0�.�5� �u�M� �o�f� �e�a�c�h� �p�r�i�m�e�r� �a�n�d� �T�a�g� �p�o�l�y�m�e�r�a�s�e� 

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

�(�1�9�8�8�)�.� �P�C�R� �r�e�a�c�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �1�0�0� �1� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�s� �f�o�r� �3�5� �c�y�c�l�e�s� 

�(�9�5�°�C�,� �1� �m�i�n�;� �6�5�°�C�,� �2� �m�i�n�;� �7�2�°�C�,� �3� �m�i�n�)� �w�i�t�h� �f�i�n�a�l� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �s�t�e�p� �f�o�r� �1�5� �m�i�n� 

�u�s�i�n�g� �a�n� �a�u�t�o�m�a�t�e�d� �t�h�e�r�m�o�c�y�c�l�e�r� �(�m�o�d�e�l� �T�C�X�1�5�A�,� �E�r�i�c�o�m�p�,� �I�n�c�.�,� �S�a�n� �D�i�e�g�o�,� 
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�C�A�)�.� �P�C�R� �p�r�o�d�u�c�t� �w�a�s� �p�r�o�c�e�s�s�e�d� �b�y� �p�h�e�n�o�l� �e�x�t�r�a�c�t�i�o�n�s�,� �e�t�h�a�n�o�l� �p�r�e�c�i�p�i�t�a�t�i�o�n�,� 

�H�i�n�d�i�l�l� �d�i�g�e�s�t�i�o�n�,� �a�n�d� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �i�n� �a� �2�%� �N�u�S�i�e�v�e� �G�T�G� �(�F�M�B�,� �R�o�c�k�l�a�n�d�,� 

�M�E�)� �g�e�l�.� �D�N�A� �f�r�o�m� �t�h�e� �e�x�c�i�s�e�d� �b�a�n�d� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �B�l�u�e�s�c�r�i�p�t� �S�K�~� �(�S�t�r�a�t�a�-� 

�g�e�n�e�)� �d�i�g�e�s�t�e�d� �w�i�t�h� �H�i�n�d�I�I�I�.� 

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

�t�h�e� �m�e�t�h�o�d� �o�f� �D�r�a�p�e�r� �a�n�d� �S�c�o�t�t� �(�1�9�8�8�)�.� �F�o�r� �R�N�A� �i�s�o�l�a�t�i�o�n�,� �s�u�s�p�e�n�s�i�o�n� �c�u�l�t�u�r�e�d� 

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

�w�o�u�n�d�i�n�g� �(�c�u�t� �i�n�t�o� �1� �m�m� �s�l�i�c�e�s� �w�i�t�h� �a� �r�a�z�o�r� �b�l�a�d�e� �a�n�d� �c�o�m�p�r�e�s�s�e�d� �w�i�t�h� �a� �p�e�s�t�l�e�)�,� 

�o�r� �i�n�t�a�c�t� �f�r�u�i�t� �a�t� �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� �w�e�r�e� �s�t�o�r�e�d� �a�t� �-�7�0�°�C�.� �T�o�t�a�l� �R�N�A� 

�w�a�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �1� �t�o� �3� �g� �f�r�e�s�h� �w�e�i�g�h�t� �o�f� �t�i�s�s�u�e� �g�r�o�u�n�d� �i�n� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �a�n�d� 

�h�o�m�o�g�e�n�i�z�e�d� �d�i�r�e�c�t�l�y� �i�n� �a� �p�h�e�n�o�l�:�0�.�1� �M� �T�r�i�s� �(�p�H� �9�.�0�)� �e�m�u�l�s�i�o�n� �a�s� �d�e�s�c�r�i�b�e�d� 

�p�r�e�v�i�o�u�s�l�y� �(�H�a�f�f�n�e�r� �e�t� �a�l�.�,� �1�9�7�8�)�.� 

�H�y�b�r�i�d�i�z�a�t�i�o�n� �A�n�a�l�y�s�e�s�.� �F�o�r� �g�e�n�o�m�i�c� �S�o�u�t�h�e�r�n� �a�n�a�l�y�s�e�s�,� �1�0� �w�g�/�l�a�n�e� �t�o�t�a�l� �D�N�A� 

�w�a�s� �d�i�g�e�s�t�e�d� �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�s�,� �s�e�p�a�r�a�t�e�d� �o�n� �0�.�8�%� �a�g�a�r�o�s�e� �g�e�l�s�,� �a�n�d� 

�t�r�a�n�s�f�e�r�r�e�d� �t�o� �N�y�t�r�a�n� �m�e�m�b�r�a�n�e�s� �(�S�c�h�l�e�i�c�h�e�r� �a�n�d� �S�c�h�u�e�l�l�,� �K�e�e�n�e�,� �N�H�)� �a�s� 

�d�e�s�c�r�i�b�e�d� �(�M�a�n�i�a�t�i�s� �e�t� �a�l�.�,� �1�9�8�2�)�.� �F�o�r� �N�o�r�t�h�e�r�n� �a�n�a�l�y�s�e�s�,� �t�o�t�a�l� �R�N�A� �(�5� �t�o� �2�0� 

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

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

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

�H�M�G�B�R� �g�e�n�e� �f�a�m�i�l�y�,� �e�i�t�h�e�r� �t�h�e� �1�.�5� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�5� �(�s�e�e� �F�i�g�.� �1�)� �o�r� 

�t�h�e� �4�8�6� �b�p� �p�C�D�1� �i�n�s�e�r�t� �[�p�r�o�b�e�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �3 �� �e�n�d� �o�f� �t�h�e� �g�e�n�e� �w�h�i�c�h� �i�s� �m�o�s�t� 

�h�i�g�h�l�y� �c�o�n�s�e�r�v�e�d� �b�e�t�w�e�e�n� �s�p�e�c�i�e�s� �(�B�a�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�8�;� �L�e�a�r�n�e�d� �a�n�d� �F�i�n�k�,� �1�9�8�9�)�]� 

�w�e�r�e� �2�2�P�-�l�a�b�e�l�e�d� �b�y� �r�a�n�d�o�m�-�p�r�i�m�e�r� �m�e�t�h�o�d�s� �(�M�u�l�t�i�-�p�r�i�m�e� �L�a�b�e�l�i�n�g� �S�y�s�t�e�m�,� 
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�A�.� �p�T�H�2�9�5� �I�n�s�e�r�t� 

�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

� � 

�H�  ¬� �A�c� �A�v� �e� �x� �&� �?� �K� �A� �E� 

�L�l� �i� �a�l�i�a� �B�r�v�i�c�a�d�i�n�s�a�n�i�l�l�i�i�l� �6�.� 
�a�m� �o�e� �.� 

�A� �E� �E� �E� 
�B� �H�y�b�r�i�d�i�z�a�t�i�o�n� �P�r�o�b�e�s� �r�o� 

�0�.�7� �k�b� �1�.�5� �k�b� �\� �I� 

�\� �i� 
�E� �!� 

�C�.� �p�C�O�l� �I�n�s�e�r�t� 

�F�I�G�.� �1�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�o�m�a�t�o� �g�e�n�o�m�i�c� �c�l�o�n�e� �p�T�H�2�9�5�.� �(�A�)� �P�a�r�t�i�a�l� �r�e�s�t�r�i�c�-� 
�t�i�o�n� �m�a�p� �o�f� �t�h�e� �7� �k�b� �H�i�n�d�I�I�I� �f�r�a�g�m�e�n�t� �o�f� �V�N�F�T� �C�h�e�r�r�y� �t�o�m�a�t�o� �D�N�A� �i�n� �p�T�H�2�9�5� 
�(�p�S�P�6�/�1�7� �p�l�a�s�m�i�d� �v�e�c�t�o�r� �i�s� �m�a�r�k�e�d� �a�t� �t�h�e� �r�i�g�h�t� �e�n�d�.�)�.� �(�B�)� �L�o�c�a�t�i�o�n� �o�f� �H�M�G�R� 
�s�e�q�u�e�n�c�e�s� �u�t�i�l�i�z�e�d� �a�s� �h�y�b�r�i�d�i�z�a�t�i�o�n� �p�r�o�b�e�s� �c�o�n�t�a�i�n�i�n�g� �d�i�v�e�r�g�e�n�t� �(�0�.�7� �k�b� 
�A�v�a�l�-�E�c�o�R�I� �o�r� �d�e�l�e�t�e�d� �0�.�3� �k�b� �p�r�o�b�e�)� �o�r� �c�o�n�s�e�r�v�e�d� �(�1�.�5� �k�b� �E�c�o�R�I�)� �r�e�g�i�o�n�s� �o�f� �t�h�e� 
�g�e�n�e�.� �T�h�e� �d�o�w�n�s�t�r�e�a�m� �E�c�o�R�I� �s�i�t�e� �o�f� �t�h�e� �1�.�5� �k�b� �f�r�a�g�m�e�n�t� �i�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� 
�m�u�l�t�i�p�l�e� �c�l�o�n�i�n�g� �r�e�g�i�o�n� �o�f� �t�h�e� �v�e�c�t�o�r�.� �(�C�)� �I�n�s�e�r�t� �o�f� �P�C�R�-�g�e�n�e�r�a�t�e�d� �c�D�N�A� �p�r�o�b�e� 
�i�n� �p�C�D�1�.� �A�r�r�o�w�s� �r�e�p�r�e�s�e�n�t� �l�o�c�a�t�i�o�n� �o�f� �s�e�q�u�e�n�c�e� �u�s�e�d� �f�o�r� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �o�l�i�g�o�-� 
�n�u�c�l�e�o�t�i�d�e�s� �f�o�r� �P�C�R�.� �S�t�i�p�p�l�e�d� �b�o�x� �i�n�d�i�c�a�t�e�s� �r�e�g�i�o�n� �o�f� �p�T�H�2�9�5� �c�r�o�s�s�-�h�y�b�r�i�d�i�z�i�n�g� 
�t�o� �y�e�a�s�t� �H�M�G�1� �s�e�q�u�e�n�c�e�s�.� �W�a�v�y� �a�r�r�o�w�s� �i�n�d�i�c�a�t�e� �r�e�g�i�o�n�s� �s�e�q�u�e�n�c�e�d�.� �R�e�s�t�r�i�c�t�i�o�n� 
�e�n�d�o�n�u�c�l�e�a�s�e�s� �a�r�e� �A�c� �=� �A�c�c�I�,� �A�v� �=� �A�v�a�l�,� �E� �=� �E�c�o�R�I�,� �H� �=� �H�i�n�d�I�l�l�,� �K� �=� �K�p�a�l�,� 
�P� �=� �P�s�t�I�,� �a�n�d� �X� �=� �X�b�a�l�.� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�A�m�e�r�s�h�a�m�,� �U�K�)�.� �M�e�m�b�r�a�n�e�s� �w�e�r�e� �p�r�e�h�y�b�r�i�d�i�z�e�d� �o�v�e�r�n�i�g�h�t� �w�i�t�h�o�u�t� �l�a�b�e�l�e�d� 

�p�r�o�b�e� �a�n�d� �h�y�b�r�i�d�i�z�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �3�2�P�-�l�a�b�e�l�e�d� �p�r�o�b�e� �f�o�r� �2�4� �t�o� �4�8� �h�r� �a�t� �4�2�°�C� 

�i�n� �s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�i�n�g� �4�0�%� �f�o�r�m�a�m�i�d�e�,� �6�X� �S�S�C�,� �5�X� �D�e�n�h�a�r�d�t� �s�o�l�u�t�i�o�n�,� �5� �m�M� 

�E�D�T�A�,� �0�.�1�%� �S�D�S�,� �1�0�0� �u�g�/�m�l� �s�a�l�m�o�n� �s�p�e�r�m� �D�N�A� �(�S�i�g�m�a�)�.� �F�o�r� �a�n�a�l�y�s�e�s� �a�i�m�e�d� �a�t� 

�m�o�n�i�t�o�r�i�n�g� �h�y�b�r�i�d�i�z�a�t�i�o�n� �o�f� �s�e�q�u�e�n�c�e�s� �s�p�e�c�i�f�i�c� �o�n�l�y� �f�o�r� �t�h�e� �H�M�G�R� �g�e�n�e� �e�n�c�o�d�e�d� 

�b�y� �p�T�H�2�9�5�,� �t�h�e� �0�.�7� �k�b� �A�v�a�l�-�E�c�o�R�I� �f�r�a�g�m�e�n�t� �e�n�c�o�d�i�n�g� �5�-�u�n�t�r�a�n�s�l�a�t�e�d� �r�e�g�i�o�n�s� �a�n�d� 

�t�h�e� �5 �� �e�n�d� �o�f� �t�h�e� �g�e�n�e� �o�r� �a� �s�m�a�l�l�e�r� �3�4�0� �b�p� �s�u�b�c�l�o�n�e� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�i�s� �f�r�a�g�m�e�n�t� 

�a�n�d� �l�a�c�k�i�n�g� �t�h�e� �u�p�s�t�r�e�a�m� �r�e�g�i�o�n� �(�F�i�g�.� �1�)� �w�a�s� �u�t�i�l�i�z�e�d�.� �H�y�b�r�i�d�i�z�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� 

�w�e�r�e� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �e�x�c�e�p�t� �t�h�a�t� �5�0�%� �f�o�r�m�a�m�i�d�e� �a�n�d� �5�X� �S�S�C� �w�e�r�e� �u�s�e�d�.� 

�F�o�l�l�o�w�i�n�g� �h�y�b�r�i�d�i�z�a�t�i�o�n�,� �m�e�m�b�r�a�n�e�s� �w�e�r�e� �w�a�s�h�e�d� �(�f�i�n�a�l� �w�a�s�h� �w�a�s� �0�.�1�X� �S�S�C� �a�t� 

�5�0�°�C� �f�o�r� �1� �h�r�)� �t�o� �r�e�m�o�v�e� �u�n�b�o�u�n�d� �l�a�b�e�l� �p�r�i�o�r� �t�o� �X�-�r�a�y� �f�i�l�m� �e�x�p�o�s�u�r�e�.� 

�R�E�S�U�L�T�S� 

�I�s�o�l�a�t�i�o�n� �a�n�d� �S�e�q�u�e�n�c�e� �C�o�n�f�i�r�m�a�t�i�o�n� �o�f� �A� �T�o�m�a�t�o� �H�M�G�R� �G�e�n�e�.� �O�u�r� �s�t�r�a�t�e�g�y� �f�o�r� 

�i�s�o�l�a�t�i�n�g� �t�o�m�a�t�o� �H�M�G�R� �g�e�n�e� �s�e�q�u�e�n�c�e�s� �w�a�s� �b�a�s�e�d� �o�n� �c�r�o�s�s�-�h�y�b�r�i�d�i�z�a�t�i�o�n� �w�i�t�h� �S�.� 

�c�e�r�e�v�i�s�i�a�e� �H�M�G�1� �s�e�q�u�e�n�c�e�s� �s�h�o�w�n� �t�o� �c�o�n�t�a�i�n� �r�e�g�i�o�n�s� �h�i�g�h�l�y� �c�o�n�s�e�r�v�e�d� �w�i�t�h� 

�h�a�m�s�t�e�r� �H�M�G�R� �c�D�N�A� �s�e�q�u�e�n�c�e�s� �(�B�a�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�)�.� �A� �V�F�N�T� �c�h�e�r�r�y� �t�o�m�a�t�o� 

�g�e�n�o�m�i�c� �l�i�b�r�a�r�y� �w�a�s� �s�c�r�e�e�n�e�d� �b�y� �p�l�a�q�u�e� �h�y�b�r�i�d�i�z�a�t�i�o�n� �u�s�i�n�g� �1�.�7�5� �k�b� �E�c�o�R�I� 

�f�r�a�g�m�e�n�t� �o�f� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1� �a�s� �p�r�o�b�e�.� �T�h�i�s� �f�r�a�g�m�e�n�t� �e�n�c�o�d�e�s� �t�h�e� �C�O�O�H�-� 

�t�e�r�m�i�n�a�l� �h�a�l�f� �o�f� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�R�,� �t�h�e� �r�e�g�i�o�n� �s�h�o�w�i�n�g� �g�r�e�a�t�e�s�t� �s�e�q�u�e�n�c�e� 

�i�d�e�n�t�i�t�y� �w�i�t�h� �h�u�m�a�n� �a�n�d� �h�a�m�s�t�e�r� �H�M�G�R� �(�B�a�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�;� �1�9�8�8�)�.� �A�p�p�r�o�x�i�-� 

�m�a�t�e�l�y� �5�0�0�,�0�0�0� �r�e�c�o�m�b�i�n�a�n�t� �p�l�a�q�u�e�s� �w�e�r�e� �s�c�r�e�e�n�e�d� �b�y� �l�o�w�-�s�t�r�i�n�g�e�n�c�y� �h�y�b�r�i�d�i�z�a�-� 

�t�i�o�n�.� �D�N�A� �f�r�o�m� �p�l�a�q�u�e�-�p�u�r�i�f�i�e�d� �c�r�o�s�s�-�h�y�b�r�i�d�i�z�i�n�g� �p�h�a�g�e� �w�a�s� �a�n�a�l�y�z�e�d� �b�y� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�r�e�s�t�r�i�c�t�i�o�n� �d�i�g�e�s�t�i�o�n� �a�n�d� �S�o�u�t�h�e�r�n� �h�y�b�r�i�d�i�z�a�t�i�o�n�s� �u�s�i�n�g� �t�h�e� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1� 

�s�e�q�u�e�n�c�e�s� �a�s� �p�r�o�b�e�.� �A� �7� �k�b� �H�i�n�d�I�I�I� �i�n�s�e�r�t� �o�f� �t�h�e� �l�a�m�b�d�a� �T�H�2�9� �c�l�o�n�e�,� �w�h�i�c�h� 

�s�h�o�w�e�d� �s�t�r�o�n�g� �h�y�b�r�i�d�i�z�a�t�i�o�n� �t�o� �t�h�e� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1� �s�e�q�u�e�n�c�e�s� �a�t� �h�i�g�h�e�r� 

�s�t�r�i�n�g�e�n�c�i�e�s�,� �w�a�s� �s�u�b�c�l�o�n�e�d� �i�n�t�o� �p�l�a�s�m�i�d� �v�e�c�t�o�r� �p�S�P�6�/�T�7�,� �a�n�d� �t�h�e� �r�e�c�o�m�b�i�n�a�n�t� 

�p�l�a�s�m�i�d� �d�e�s�i�g�n�a�t�e�d� �p�T�H�2�9�5�.� �F�u�r�t�h�e�r� �a�n�a�l�y�s�i�s� �o�f� �t�h�i�s� �p�l�a�s�m�i�d� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �S�.� 

�c�e�r�e�v�i�s�i�a�e� �H�M�G�1� �s�e�q�u�e�n�c�e�s� �c�r�o�s�s�-�h�y�b�r�i�d�i�z�e�d� �t�o� �a� �1�.�5� �k�b� �E�c�o�R�I�-�H�i�n�d�i�I�l�l� �f�r�a�g�m�e�n�t� 

�o�f� �p�T�H�2�9�5� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�.� �1�A�.� �S�e�q�u�e�n�c�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�i�s� �f�r�a�g�m�e�n�t� �r�e�v�e�a�l�e�d� 

�r�e�g�i�o�n�s� �e�x�c�e�e�d�i�n�g� �6�5�%� �s�e�q�u�e�n�c�e� �i�d�e�n�t�i�t�y� �w�i�t�h� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1�.� �B�a�s�e�d� �o�n� �t�h�i�s� 

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

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

�(�F�i�g�.� �1�)�.� �S�e�q�u�e�n�c�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �r�e�s�u�l�t�i�n�g� �c�l�o�n�e�,� �p�C�D�1�,� �r�e�v�e�a�l�e�d� �t�h�e� �e�x�p�e�c�t�e�d� 

�4�8�6� �b�p� �i�n�s�e�r�t� �i�d�e�n�t�i�c�a�l� �t�o� �3 ��-�e�n�d� �c�o�d�i�n�g� �r�e�g�i�o�n�s� �o�f� �p�T�H�2�9�5�.� 

�T�h�e� �d�e�r�i�v�e�d� �a�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�e� �o�f� �C�D�1� �w�a�s� �c�o�m�p�a�r�e�d� �t�o� �s�e�q�u�e�n�c�e�s� 

�p�r�e�d�i�c�t�e�d� �f�r�o�m� �A�.� �t�h�a�l�i�a�n�a�,� �S�.� �c�e�r�e�v�i�s�i�a�e�,� �a�n�d� �h�a�m�a�n� �H�M�G�R� �g�e�n�e�s� �(�F�i�g�.� �2�)� �a�n�d� 

�s�h�o�w�s� �8�8�%�,� �7�2�%�,� �a�n�d� �6�4�%� �s�e�q�u�e�n�c�e� �i�d�e�n�t�i�t�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�i�t�h�i�n� �t�h�i�s� �r�e�g�i�o�n�.� 

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

�o�f� �S�m�i�t�h� �a�n�d� �W�a�t�e�r�m�a�n� �(�D�e�v�e�r�e�u�x� �e�t� �a�l�.�,� �1�9�8�4�)� �w�a�s� �9�0�%� �w�i�t�h� �A�.� �t�h�a�l�i�a�n�a�,� �8�2�%� 

�w�i�t�h� �S�.� �c�e�r�e�v�i�s�i�a�e�,� �a�n�d� �8�0�%� �w�i�t�h� �h�u�m�a�n�.� �T�h�e� �s�e�q�u�e�n�c�e� �o�f� �C�D�1� �(�d�e�s�i�g�n�a�t�e�d� 

�H�M�G�2�,� �F�i�g�.� �2�)� �i�s� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �b�u�t� �d�i�s�t�i�n�c�t� �f�r�o�m� �a�n� �i�n�d�e�p�e�n�d�e�n�t�l�y� �i�s�o�l�a�t�e�d� 

�t�o�m�a�t�o� �H�M�G�R� �c�D�N�A� �(�d�e�s�i�g�n�a�t�e�d� �H�M�G�1�)� �d�e�r�i�v�e�d� �f�r�o�m� �m�R�N�A� �o�f� �i�m�m�a�t�u�r�e� 

�V�E�N�T� �c�h�e�r�r�y� �t�o�m�a�t�o� �f�r�u�i�t� �(�N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m�,� �1�9�8�9�)�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �p�C�D�1� 

�s�e�q�u�e�n�c�e�s� �w�i�t�h� �g�e�n�o�m�i�c� �s�e�q�u�e�n�c�e�s� �o�f� �p�T�H�2�9�5� �r�e�v�e�a�l�e�d� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�w�o� 

�i�n�t�r�o�n�s� �(�a�r�r�o�w�s�,� �F�i�g�.� �2�)� �w�i�t�h�i�n� �t�h�i�s� �r�e�g�i�o�n�.� 

�T�o�m�a�t�o� �H�M�G�R� �I�s� �E�n�c�o�d�e�d� �b�y� �A� �M�u�l�t�i�g�e�n�e� �F�a�m�i�l�y�.� �T�o�t�a�l� �g�e�n�o�m�i�c� �D�N�A�,� �i�s�o�l�a�t�e�d� 
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�H�M�G�E�R� �E�x�p�r�e�s�s�i�o�n� 

�k�K�k�k�k�K�R�K�R�K�R�K�K� �T�f� 

�T�o�m�2� �N�M�V�S�K�G�V�Q�N�V�L�D�Y�L�O�N�E�Y�P�.� �.� �D�M�D�V�I�G�I�S�G�N�F�C�S�D�K�K�P�A�A� 
�T�o�m� �s�e�s�s� �s�s�s� �s�s�s� �s�s�s� �s�s�s� �s�s� �t�e�s�s� �t�k�e� �e�s�e�t� �s�s� �e�s�t� �8�8�s� 
�A�r�a� �s�s�3�s�3�S�s�s�3�3�s�s�E�:�s�T�D�D�F�:�.�.�2� �3�2�s� �2�3�s� �s�s�c� �s� �s�s�f� �s�s�e�:� 
�Y�s�t� �s�:�:�I�3�:�:�3�:�:�:�E�Y�S�:�K�Q�M�V�E�:� �:�G�W�E�:� �s�:�E�:�V�S�V�:�:�:�Y�:�T�s�:�3�:�3�2�:�3� 
�H�u�m� �s�3�:�I�:�:�:�T�E�K�A�:�S�K�:�H�E�Y�F�:�.�.�E�:�K�I�L�A�V�:�:�:�Y�:�T�:�:�3�:�:�3�:�:� 

�T�o�m�2� �V�N�W�I�E�G�R�G�K�S�V�V�C�E�A�T�I�T�E�E�V�V�K�K�V�L�K�T�E�V�A�A�L�V�E�L�N�M�L�K� 
�T�o�m�l�1� �s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�3�s�3�s�K�:�D�e�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�s�e�:� 

�A�r�a� �s�s�s�s�s�s�s�s�e�s�s�s�s�s�I�T�s�V�e�R�G�:�I�T�i�N�s�s�s�3�3�s�S�s�s�s�s�s�s�s�s�s�3�e�:� 
�Y�s�t� �I�s�s�s�s�s�s�s�s�s�3�s�s�A�s�s�T�s�P�G�D�:�:�R�2�:�:�:�:�S�D�:�S�i�2�2�:�3�3�:�:�I�A�:� 
�H�u�m� �T�e�s�s�s�s�s�s�s�s�3�3�3�3�3�s�V�3�s� �P�A�K�:� �<�R�E�:�:�:�:�T�T�E�:�M�I�:�V�:� �I�N�:� 

�T�o�m�2� �N�L�T�G�S�A�M�A�G�A�L�G�G�F�N�A�H�A�S�N�I�V�S�A�V�F�I�A�T�G�Q�D�P�A�Q�N�V�E�S�S� 
�T�o�m�l� �s�e�c�s� �s�s�s� �s� �e�s�s� �c�e�s�s�e�s� �e�s�s�e�s� �s�s�s� �s�s�s� �T�h�s� �s�e� �s�e�t� �s�s� �s�s� �8�8�s� 
�A�r�a� �s�s�A�s�s�s�V�i�s�S�s� �s�s�s� �s�e�s�s� �e�s�t� �t�s� �s�s� �F�I�A�s�S� �s�s�s� �s�t�s� �s�s�s� �8�:� 

�Y�s�t� �s�3�s�V�e�s�s�s�3�3�s�S�V�e�s�s�s�s�s�s�3�s�L�e�T�s�s�:�L�:�L�i�s�s�s�i�s�s�s�i�2�3� 
�H�u�m� �s�s�V�e�r�s�s�3�3�S�r�T�s�s�Y�s�s�3�s�3�s�A�s�s�s�T�s�l�Y�:�3�:�C�r�3�:�A�s�3�3�3�:�G�e�3�:� 

�U� �K�e�E�K�K� 

�T�o�m�2� �H�C�I�T�M�M�E�A�V�N�.�D�G�K�D�L�H�I�S�V�T�M�P�S�I�E�V�G�T�V�G�G�G�T�O�L�A�S�Q�S� 
�T�o�m� �s�e�s�s� �s�s�s� �s�s�s� �e�s�s�e�s� �s�s�s� �s�s�s� �s�s� �s�s�s� �s�s� �s�s�s�s�s�s�s�s�s�s�e�s� 
�A�r�a� �e�s�s� �s�s�s� �e�s� �s�e�s�s� �L�e�t�s� �t�s�e�t�s�e� �e�s�t�s� �s�t�s� �s�s�f� �s�s�s� �s�t�s� 
�Y�s�t� �N�:�:�:�L�:�K�E�:�D�.�G�.�.�:�:�R�e�s�:�S�i�s�s�s�s�:�s�:�I�s�3�s�3�:�3�:�V�:�E�P�:�G� 
�H�u�m� �N�:�:�:�L�:�:�:�S�G�P�T�N�E�:� �:�Y�:�:�C�s�i�:�3�s�:�T�s�i�:�i�:�2�:�3�s�3�s�:�N�:�L�P�:�Q� 

�k�*�E�K� 

�T�o�m�2� �A�C�L� 
�T�o�m�l�1� �2�3�3�8� 
�A�r�a� �2�3�3� 
�Y�s�t� �2�M�:� 

�H�u�m� �2�3�3� 

�F�i�g�.� �2�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �d�e�r�i�v�e�d� �a�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�e�s� �o�f� �p�a�r�t�i�a�l� �t�o�m�a�t�o� �c�D�N�A� 
�C�D�1� �(�T�o�m�2�)� �w�i�t�h� �t�h�a�t� �o�f� �t�o�m�a�t�o� �H�M�G�1� �(�T�o�m�!�1�,� �N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m�,� �1�9�8�9�)�,� �A�.� 
�t�h�a�l�i�a�n�a� �H�M�G�1� �(�A�r�a�;� �L�e�a�r�n�e�d� �a�n�d� �F�i�n�k�;� �1�9�8�9�)�,� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1� �(�Y�s�t�;� �B�a�s�s�o�n� 
�e�t� �a�l�.�,� �1�9�8�8�)� �a�n�d� �h�u�m�a�n� �H�M�G�R� �(�H�u�m�;� �L�u�s�k�e�y� �a�n�d� �S�t�e�v�e�n�s�,� �1�9�8�5�)�.� �S�e�q�u�e�n�c�e� 
�i�d�e�n�t�i�t�y� �t�o� �t�o�m�a�t�o� �c�l�o�n�e� �p�T�H�2�9�5� �(�T�o�m�2�)� �i�s� �i�n�d�i�c�a�t�e�d� �b�y� �a� �c�o�l�o�n�;� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� 
�a�s� �m�a�r�k�e�d�.� �G�a�p�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �a�s� �a� �s�i�n�g�l�e� �d�o�t�.� �A�s�t�e�r�i�s�k�s� �i�n�d�i�c�a�t�e� �r�e�g�i�o�n� �u�s�e�d� 
�f�o�r� �s�y�n�t�h�e�s�i�s� �o�f� �P�C�R� �p�r�i�m�e�r�s� �t�o� �g�e�n�e�r�a�t�e� �p�C�D�1�.� �A�r�r�o�w�s� �r�e�p�r�e�s�e�n�t� �l�o�c�a�t�i�o�n� �o�f� 
�i�n�t�r�o�n�s� �w�i�t�h�i�n� �t�h�i�s� �r�e�g�i�o�n� �o�f� �t�o�m�a�t�o� �H�M�G�R�.� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�f�r�o�m� �l�e�a�v�e�s� �o�f� �i�n�b�r�e�d� �t�o�m�a�t�o� �l�i�n�e�,� �E�P�7�,� �w�a�s� �d�i�g�e�s�t�e�d� �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�s� �a�n�d� �u�s�e�d� �f�o�r� �S�o�u�t�h�e�r�n� �h�y�b�r�i�d�i�z�a�t�i�o�n� �a�n�a�l�y�s�e�s� �(�F�i�g�.� �3�)�.� �T�o�m�a�t�o� �D�N�A�,� 

�h�y�b�r�i�d�i�z�e�d� �w�i�t�h� �t�h�e� �c�o�n�s�e�r�v�e�d�-�r�e�g�i�o�n� �c�D�N�A� �p�r�o�b�e� �C�D�1� �(�F�i�g�.� �3�A�)� �o�r� �t�h�e� �1�.�5� �k�b� 

�E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�5� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�,� �s�h�o�w�e�d� �a�t� �l�e�a�s�t� �f�o�u�r� �c�r�o�s�s�-� 

�h�y�b�r�i�d�i�z�i�n�g� �b�a�n�d�s� �i�n� �a�l�l� �d�i�g�e�s�t�i�o�n�s� �t�e�s�t�e�d�.� �T�h�e� �1�.�5� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�5� 

�h�y�b�r�i�d�i�z�e�d� �t�o� �a�l�l� �f�r�a�g�m�e�n�t�s� �i�n�d�i�c�a�t�e�d� �b�y� �C�D�1� �b�u�t� �h�y�b�r�i�d�i�z�e�d� �m�o�s�t� �s�t�r�o�n�g�l�y� �t�o� �t�h�e� 

�l�a�r�g�e�s�t� �H�i�n�d�I�I�I� �f�r�a�g�m�e�n�t� �(�~�9�.�0� �k�b�)� �a�n�d� �t�h�e� �1�.�6� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t� �a�n�d� �g�a�v�e� 

�i�d�e�n�t�i�c�a�l� �h�y�b�r�i�d�i�z�a�t�i�o�n� �p�a�t�t�e�r�n� �o�n� �E�c�o�R�I� �o�r� �H�i�n�d�I�I�I�-�d�i�g�e�s�t�e�d� �D�N�A� �f�r�o�m� �c�u�l�t�i�v�a�r�s� 

�E�P�7� �a�n�d� �V�F�N�T� �c�h�e�r�r�y� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �T�h�e� �a�d�d�i�t�i�o�n�a�l� �b�a�n�d�s� �m�a�y� �r�e�p�r�e�s�e�n�t� 

�d�i�s�t�i�n�c�t� �H�M�G�R� �g�e�n�e�s� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �H�M�G�R� �i�s� �e�n�c�o�d�e�d� �b�y� �a�t� �l�e�a�s�t� �t�h�r�e�e� �a�n�d� 

�p�o�s�s�i�b�l�y� �m�o�r�e� �H�M�G�R� �g�e�n�e�s�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e�s�e� �r�e�s�u�l�t�s� �w�i�t�h� �S�o�u�t�h�e�r�n� �h�y�b�r�i�d�i�-� 

�z�a�t�i�o�n�s� �p�u�b�l�i�s�h�e�d� �b�y� �N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m� �(�1�9�8�9�)� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e�i�r� �c�D�N�A� �p�r�o�b�e� 

�h�y�b�r�i�d�i�z�e�s� �a�l�m�o�s�t� �e�x�c�l�u�s�i�v�e�l�y� �t�o� �t�h�e� �4�.�2� �k�b� �H�i�n�d�I�I�I� �f�r�a�g�m�e�n�t� �a�n�d� �t�h�e� �E�c�o�R�I� 

�f�r�a�g�m�e�n�t� �>� �2�3� �k�b� �(�a�r�r�o�w�s�,� �F�i�g�.� �3�A�)�.� 

�C�o�m�p�a�r�i�s�o�n�s� �o�f� �c�l�o�n�e�d� �H�M�G�R� �s�e�q�u�e�n�c�e�s� �f�r�o�m� �a� �n�u�m�b�e�r� �o�f� �s�p�e�c�i�e�s� 

�i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �r�e�g�i�o�n� �e�n�c�o�d�i�n�g� �t�h�e� �N�H�,�-�t�e�r�m�i�n�u�s� �i�s� �m�u�c�h� �l�e�s�s� �c�o�n�s�e�r�v�e�d� 

�b�e�t�w�e�e�n� �s�p�e�c�i�e�s� �t�h�a�n� �t�h�a�t� �e�n�c�o�d�i�n�g� �t�h�e� �C�O�O�H�-�h�a�l�f� �o�f� �t�h�e� �e�n�z�y�m�e� �w�h�i�c�h� �c�o�n�t�a�i�n�s� 

�t�h�e� �c�a�t�a�l�y�t�i�c� �s�i�t�e� �(�B�a�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�8�;� �L�e�a�r�n�e�d� �a�n�d� �F�i�n�k�,� �1�9�8�9�)�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� 

�w�e� �u�n�d�e�r�t�o�o�k� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �5 ��-�r�e�g�i�o�n� �o�f� �t�h�e� �H�M�G�R� �g�e�n�e� �e�n�c�o�d�e�d� �b�y� 

�p�T�H�2�9�5�.� �S�e�q�u�e�n�c�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �e�n�d�s� �o�f� �t�h�e� �3�.�0� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�5� 

�(�F�i�g�.� �1�A�)� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �3 ��-�E�c�o�R�I� �s�i�t�e� �e�n�c�o�d�e�d� �a� �r�e�g�i�o�n� �s�h�o�w�i�n�g� �e�x�t�e�n�s�i�v�e� 

�s�e�q�u�e�n�c�e� �i�d�e�n�t�i�t�y� �t�o� �t�h�e� �A�.� �t�h�a�l�i�a�n�a� �H�M�G�1� �(�L�e�a�r�n�e�d� �a�n�d� �F�i�n�k�,� �1�9�8�9�)� �f�r�o�m� 

�n�u�c�l�e�o�t�i�d�e� �2�3�9� �i�n� �t�h�e� �o�p�e�n� �r�e�a�d�i�n�g� �f�r�a�m�e� �t�o�w�a�r�d� �t�h�e� �A�T�G� �s�t�a�r�t� �c�o�d�o�n�.� �W�e� �u�s�e�d� 

�t�h�e� �0�.�3� �k�b� �f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�5� �(�F�i�g�.� �1�B�)� �c�o�n�t�a�i�n�i�n�g� �t�h�i�s� �r�e�g�i�o�n� �a�n�d�,� �p�r�e�s�u�m�a�b�l�y�,� 

�a�b�o�u�t� �1�0�0� �b�p� �o�f� �5 ��-�u�n�t�r�a�n�s�l�a�t�e�d� �s�e�q�u�e�n�c�e� �t�o� �p�r�o�b�e� �t�h�e� �t�o�m�a�t�o� �g�e�n�o�m�i�c� �D�N�A�.� �A�s� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�F�i�g�.� �3�.� �D�N�A� �g�e�l� �b�l�o�t�s� �o�f� �t�o�m�a�t�o� �H�M�G�R� �g�e�n�e� �s�e�q�u�e�n�c�e�s� �t�o� �t�o�m�a�t�o� �c�u�l�t�i�v�a�r� 
�E�P�7� �g�e�n�o�m�i�c� �D�N�A�.� �T�o�t�a�l� �g�e�n�o�m�i�c� �D�N�A� �(�1�0�  ��g�/�l�a�n�e�)� �w�a�s� �d�i�g�e�s�t�e�d� �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�s�,� �f�r�a�c�t�i�o�n�a�t�e�d� �b�y� �a�g�a�r�o�s�e� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�,� �d�e�n�a�-� 
�t�u�r�e�d�,� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �N�y�t�r�a�n� �m�e�m�b�r�a�n�e�s�,� �a�n�d� �h�y�b�r�i�d�i�z�e�d� �t�o� �3�2�P�-�l�a�b�e�l�e�d� 
�p�r�o�b�e�s�.� �H�y�b�r�i�d�i�z�a�t�i�o�n� �p�r�o�b�e�s� �w�e�r�e� �(�A�)� �C�D�1�,� �a� �4�8�6� �b�p� �c�D�N�A� �c�o�n�t�a�i�n�i�n�g� �t�h�e� 
�r�e�g�i�o�n� �o�f� �H�M�G�R� �m�o�s�t� �h�i�g�h�l�y� �c�o�n�s�e�r�v�e�d� �b�e�t�w�e�e�n� �s�p�e�c�i�e�s�,� �a�n�d� �(�B�)� �a� �3�0�0� �b�p� 
�g�e�n�o�m�i�c� �s�e�q�u�e�n�c�e� �d�e�r�i�v�e�d� �f�r�o�m� �p�T�H�2�9�5� �a�n�d� �c�o�n�t�a�i�n�i�n�g� �1�2�7� �b�p� �o�f� �E�x�o�n�l� 
�a�n�d� �a�b�o�u�t� �1�8�0� �b�p� �o�f� �5 ��-�u�p�s�t�r�e�a�m� �s�e�q�u�e�n�c�e�s� �(�F�i�g�.� �1�)�.� �N�u�c�l�e�o�t�i�d�e� �l�e�n�g�t�h� �o�f� 
�D�N�A�s�,� �i�n�d�i�c�a�t�e�d� �t�o� �t�h�e� �l�e�f�t� �o�f� �a�u�t�o�g�r�a�d�i�o�g�r�a�m�,� �w�a�s� �b�a�s�e�d� �o�n� 
�H�i�n�d�I�l�-�d�i�g�e�s�t�e�d� �l�a�m�b�d�a� �m�o�l�e�c�u�l�a�r� �s�i�z�e� �m�a�r�k�e�r�s� �(�B�R�L�)�.� �T�r�i�a�n�g�l�e�s� �i�n� �(�A�)� 
�i�n�d�i�c�a�t�e� �b�a�n�d�s� �h�y�b�r�i�d�i�z�i�n�g� �m�o�s�t� �s�t�r�o�n�g�l�y� �t�o� �p�T�H�2�9�5� �s�e�q�u�e�n�c�e�s�.� �A�r�r�o�w�s� 
�r�e�p�r�e�s�e�n�t� �m�a�j�o�r� �b�a�n�d�s� �h�y�b�r�i�d�i�z�i�n�g� �t�o� �t�h�e� �i�n�d�e�p�e�n�d�e�n�t�l�y� �c�l�o�n�e�d� �t�o�m�a�t�o� 
�H�M�G�R� �c�D�N�A� �s�e�q�u�e�n�c�e�s� �b�a�s�e�d� �o�n� �S�o�u�t�h�e�r�n� �a�n�a�l�y�s�e�s� �p�u�b�l�i�s�h�e�d� �b�y� �N�a�r�i�t�a� �a�n�d� 
�G�r�u�i�s�s�e�m� �(�1�9�8�9�)�.� 
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�H�M�G�E�R� �E�x�p�r�e�s�s�i�o�n� 

�s�h�o�w�n� �i�n� �F�i�g�.� �3�B�,� �t�h�i�s� �"�d�i�v�e�r�g�e�n�t� �r�e�g�i�o�n�"� �p�r�o�b�e� �h�y�b�r�i�d�i�z�e�d� �t�o� �a� �s�i�n�g�l�e� �f�r�a�g�m�e�n�t� 

�(�e�.�g�.�,� �v�9�.�0� �k�b� �H�i�n�d�I�I�I� �f�r�a�g�m�e�n�t�,� �3�.�4� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t�)� �i�n� �e�a�c�h� �d�i�g�e�s�t�.� �T�h�e� �m�o�r�e� 

�f�a�i�n�t�l�y� �h�y�b�r�i�d�i�z�i�n�g� �b�a�n�d� �a�t� �a�r�o�u�n�d� �6�.�8� �k�b� �i�n� �t�h�e� �E�c�o�R�I� �a�n�d� �H�i�n�d�I�l�l� �d�i�g�e�s�t�s� �w�a�s� �n�o�t� 

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

�t�i�o�n�.� �T�h�u�s� �i�t� �p�r�o�b�a�b�l�y� �d�o�e�s� �n�o�t� �r�e�p�r�e�s�e�n�t� �H�M�G�R� �s�e�q�u�e�n�c�e�s� �b�u�t� �i�s� �d�u�e� �t�o� �p�r�o�b�e� 

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

�g�e�n�o�m�e�.� �T�h�i�s� �0�.�3� �k�b� �o�r� �0�.�7� �k�b� �A�v�a�l�-�E�c�o�R�I� �f�r�a�g�m�e�n�t� �(�F�i�g�.� �1�B�)� �i�s� �u�s�e�d� �a�s� �a� 

�g�e�n�e�-�s�p�e�c�i�f�i�c� �p�r�o�b�e� �i�n� �s�u�b�s�e�q�u�e�n�t� �a�n�a�l�y�s�e�s� �o�f� �t�o�m�a�t�o� �M�R�N�A�.� 

�F�u�n�g�a�l� �E�l�i�c�i�t�o�r�s� �a�n�d� �W�o�u�n�d�i�n�g� �I�n�d�u�c�e� �H�M�G�-�C�o�A� �R�e�d�u�c�t�a�s�e� �m�R�N�A� �L�e�v�e�l�s�.� 

�S�u�s�p�e�n�s�i�o�n�-�c�u�l�t�u�r�e�d� �c�e�l�l�s� �o�f� �t�o�m�a�t�o� �c�u�l�t�i�v�a�r� �E�P�7� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �e�l�i�c�i�t�o�r�s� 

�i�s�o�l�a�t�e�d� �f�r�o�m� �c�e�l�l� �w�a�l�l� �f�r�a�c�t�i�o�n�s� �o�f� �V�.� �a�l�b�o�-�a�t�r�u�m� �o�r� �F�.� �o�x�y�s�p�o�r�u�m�.� �T�o�t�a�l� �R�N�A�,� 

�i�s�o�l�a�t�e�d� �9� �h�r� �a�f�t�e�r� �e�l�i�c�i�t�o�r� �t�r�e�a�t�m�e�n�t�,� �w�a�s� �u�s�e�d� �f�o�r� �R�N�A� �b�l�o�t� �h�y�b�r�i�d�i�z�a�t�i�o�n� 

�a�n�a�l�y�s�e�s� �u�s�i�n�g� �t�h�e� �1�.�5� �k�b� �E�c�o�R�I� �p�T�H�2�9�5� �f�r�a�g�m�e�n�t� �(�c�o�n�s�e�r�v�e�d� �r�e�g�i�o�n�)� �a�s� �p�r�o�b�e�.� 

�A� �t�r�a�n�s�c�r�i�p�t� �o�f� �a�b�o�u�t� �2�.�7� �k�b� �w�a�s� �i�n�d�u�c�e�d� �b�y� �b�o�t�h� �e�l�i�c�i�t�o�r�s� �i�n� �a� �d�o�s�e�-�d�e�p�e�n�d�e�n�t� 

�m�a�n�n�e�r� �(�F�i�g�.� �4�A�)�.� �E�l�i�c�i�t�o�r� �f�r�o�m� �V�.� �a�l�b�o�-�a�t�r�u�m� �w�a�s� �a� �m�o�r�e� �a�c�t�i�v�e� �i�n�d�u�c�e�r� �o�f� 

�H�M�G�R� �m�R�N�A� �l�e�v�e�l�s� �t�h�a�n� �F�.� �o�x�y�s�p�o�r�u�m� �e�l�i�c�i�t�o�r�.� �T�h�e� �c�o�m�p�e�t�e�n�c�y� �o�f� �t�o�m�a�t�o� 

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

�i�n�d�u�c�t�i�o�n� �w�a�s� �m�o�s�t� �e�f�f�e�c�t�i�v�e� �i�n� �e�a�r�l�y�-�l�o�g� �c�e�l�l�s� �(�F�i�g�.� �4�B�.�a�)�.� �A� �m�o�r�e� �d�e�t�a�i�l�e�d� �t�i�m�e� 

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

�t�r�a�n�s�i�e�n�t� �w�i�t�h� �m�a�x�i�m�a�l� �m�R�N�A� �l�e�v�e�l�s� �a�t� �9� �t�o� �1�2� �h�r� �(�F�i�g�.� �4�B�.�b�)�.� �T�h�e� �k�i�n�e�t�i�c�s� �o�f� 

�H�M�G�R� �m�R�N�A� �i�n�d�u�c�t�i�o�n� �i�s� �s�i�m�i�l�a�r� �f�o�r� �b�o�t�h� �F�.� �o�x�y�s�p�o�r�u�m� �a�n�d� �V�.� �a�l�b�o�-�a�t�r�u�m� 

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

�a�m�m�o�n�i�a�-�l�y�a�s�e� �(�P�A�L�)� �w�h�i�c�h� �s�h�o�w�s� �m�a�x�i�m�a�l� �m�R�N�A� �l�e�v�e�l�s� �a�t� �3� �t�o� �4� �h�r� �(�D�e�n�b�o�w� 

�a�n�d� �C�r�a�m�e�r�,� �u�n�p�u�b�l�i�s�h�e�d� �r�e�s�u�l�t�s�)�.� 
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�F�i�g�.� �4�.� �I�n�d�u�c�t�i�o�n� �o�f� �H�M�G�R� �m�R�N�A� �l�e�v�e�l�s� �i�n� �f�u�n�g�a�l� �e�l�i�c�i�t�o�r�-�t�r�e�a�t�e�d� �t�o�m�a�t�o� 
�c�e�l�l�s�.� �N�o�r�t�h�e�r�n� �h�y�b�r�i�d�i�z�a�t�i�o�n� �a�n�a�l�y�s�i�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�o�t�a�l� �R�N�A� �i�s�o�-� 
�l�a�t�e�d� �f�r�o�m� �s�u�s�p�e�n�s�i�o�n�-�c�u�l�t�u�r�e�d� �c�e�l�l�s� �o�f� �t�o�m�a�t�o� �c�u�l�t�i�v�a�r� �E�P�7� �f�o�l�l�o�w�i�n�g� �t�r�e�a�t�-� 
�m�e�n�t� �w�i�t�h� �w�a�t�e�r� �(�c�o�n�t�r�o�l�)� �o�r� �e�l�i�c�i�t�o�r�s� �h�e�a�t�-�r�e�l�e�a�s�e�d� �f�r�o�m� �f�u�n�g�a�l� �c�e�l�l� �w�a�l�l� 
�p�r�e�p�a�r�a�t�i�o�n� �o�f� �V�.� �a�l�b�o�-�a�t�r�u�m� �o�r� �F�.� �o�x�y�s�p�o�r�u�m�.� �T�h�e� �1�.�5� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t� 
�o�f� �p�T� �H�2�9�5� �(�F�i�g�.� �1�)� �c�o�n�t�a�i�n�i�n�g� �r�e�g�i�o�n�s� �h�i�g�h�l�y� �c�o�n�s�e�r�v�e�d� �a�m�o�n�g� �s�p�e�c�i�e�s�,� �w�a�s� 
�u�s�e�d� �a�s� �p�r�o�b�e� �u�n�d�e�r� �c�o�n�d�i�t�i�o�n� �o�f� �m�o�d�e�r�a�t�e� �s�t�r�i�n�g�e�n�c�y� �[�s�e�e� �M�a�t�e�r�i�a�l�s� �a�n�d� 
�M�e�t�h�o�d�s�]�.� �(�A�)� �E�l�i�c�i�t�o�r� �d�o�s�e� �r�e�s�p�o�n�s�e�.� �R�N�A� �s�a�m�p�l�e�s� �(�2�0� �u�g�/�m�l�)� �w�e�r�e� �f�r�o�m� 
�O� �h�r� �c�o�n�t�r�o�l� �c�e�l�l�s� �(�l�a�n�e� �1�)�;� �9� �h�r� �m�o�c�k� �(�H�7�O�-�t�r�e�a�t�e�d�)� �c�o�n�t�r�o�l� �c�e�l�l�s� �(�l�a�n�e� �2�)�;� 
�e�l�i�c�i�t�o�r�-�t�r�e�a�t�e�d� �c�e�l�l�s� �9� �h�r� �a�f�t�e�r� �a�d�d�i�t�i�o�n� �o�f� �2�0� �(�l�a�n�e� �3�)�,� �5�0� �(�l�a�n�e� �4�)�,� �o�r� �1�0�0� 
�(�l�a�n�e� �5�)� �u�g� �g�l�u�c�o�s�e� �e�q�u�i�v�a�l�e�n�t�s�/�m�l� �e�l�i�c�i�t�o�r� �i�s�o�l�a�t�e�d� �f�r�o�m� �V�.� �a�l�b�o�-�a�t�r�u�m�;� 
�e�l�i�c�i�t�o�r�-�t�r�e�a�t�e�d� �c�e�l�l�s� �9� �h�r� �a�f�t�e�r� �a�d�d�i�t�i�o�n� �o�f� �2�0� �(�l�a�n�e� �6�)�,� �5�0� �(�l�a�n�e� �7�)�,� �o�r� �1�0�0� 
�(�l�a�n�e� �8�)� �u�g� �g�l�u�c�o�s�e� �e�q�u�i�v�a�l�e�n�t�s�/�m�l� �e�l�i�c�i�t�o�r� �i�s�o�l�a�t�e�d� �f�r�o�m� �F�.� �o�x�y�s�p�o�r�u�m�.� 
�(�B�.�a�)� �G�r�o�w�t�h� �p�h�a�s�e�-�d�e�p�e�n�d�e�n�c�e� �o�f� �e�l�i�c�i�t�o�r� �i�n�d�u�c�t�i�o�n�.� �C�e�l�l�s� �a�t� �v�a�r�i�o�u�s� 
�s�t�a�g�e�s� �o�f� �g�r�o�w�t�h� �f�o�l�l�o�w�i�n�g� �t�r�a�n�s�f�e�r� �(�E�:� �e�a�r�l�y�-�,� �M�:� �m�i�d�d�l�e�-�,� �L�:� �l�a�t�e�-� 
�e�x�p�o�n�e�n�t�i�a�l�;� �S�:� �s�t�a�t�i�o�n�a�r�y�;� �1�5� �u�g� �R�N�A�/�l�a�n�e�)� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �V�.� �a�l�b�o�-�a�t�r�u�m� 
�e�l�i�c�i�t�o�r� �(�5�0� �u�g� �g�l�u�c�o�s�e� �e�q�u�i�v�a�l�e�n�t�s�/�m�l�)� �f�o�r� �9� �h�r�.� �G�r�o�w�t�h�,� �a�s� �g�r�a�m�s� �f�r�e�s�h� 
�w�e�i�g�h�t�,� �a�n�d� �t�i�m�e�s� �o�f� �h�a�r�v�e�s�t� �(�s�o�l�i�d� �c�i�r�c�l�e�s�)� �a�r�e� �s�h�o�w�n�.� �(�B�.�b�)� �T�i�m�e� �c�o�u�r�s�e� �o�f� 
�e�l�i�c�i�t�o�r� �i�n�d�u�c�t�i�o�n�.� �R�N�A� �(�1�5� �y�g�/�l�a�n�e�)� �w�a�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �e�a�r�l�y� �e�x�p�o�n�e�n�t�i�a�l�l�y� 
�g�r�o�w�i�n�g� �t�o�m�a�t�o� �c�e�l�l� �t�r�e�a�t�e�d� �w�i�t�h� �V�.� �a�l�b�o�-�a�t�r�u�m� �e�l�i�c�i�t�o�r� �(�5�0� �u�g� �g�l�u�c�o�s�e� �e�q�u�i�-� 
�v�a�l�e�n�t�s�/�m�l�)� �a�t� �0� �h�r� �a�n�d� �h�a�r�v�e�s�t�e�d� �a�t� �t�h�e� �t�i�m�e�s� �i�n�d�i�c�a�t�e�d�.� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�H�M�G�E�R� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �i�s� �e�l�e�v�a�t�e�d� �i�n� �p�o�t�a�t�o� �t�u�b�e�r�s� �o�r� �s�w�e�e�t� �p�o�t�a�t�o� �f�o�l�l�o�w�-� 

�i�n�g� �w�o�u�n�d�i�n�g� �(�S�t�e�r�m�e�r� �a�n�d� �B�o�s�t�o�c�k�,� �1�9�8�7�;� �O�b�a� �e�t� �a�l�.�,� �1�9�8�5�;� �Y�a�n�g� �e�t� �a�l�.�,� �1�9�9�0�)�.� �T�o� 

�t�e�s�t� �i�f� �w�o�u�n�d�i�n�g� �t�r�i�g�g�e�r�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �H�M�G�R� �m�R�N�A� �l�e�v�e�l�s� �i�n� �t�o�m�a�t�o�,� �R�N�A� 

�w�a�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �r�o�o�t�s�,� �s�t�e�m�s�,� �a�n�d� �l�e�a�v�e�s� �o�f� �t�o�m�a�t�o� �f�o�l�l�o�w�i�n�g� �w�o�u�n�d�i�n�g�.� �H�M�G�R� 

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

�i�n� �l�e�a�v�e�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.� �I�n� �a�l�l� �t�i�s�s�u�e�s�,� �t�h�e� �i�n�d�u�c�t�i�o�n� �o�f� �H�A�G�R� �m�R�N�A� �w�a�s� 

�t�r�a�n�s�i�e�n�t�,� �w�i�t�h� �m�a�x�i�m�a�l� �l�e�v�e�l�s� �a�t� �a�r�o�u�n�d� �1�2� �h�r�.� �W�o�u�n�d�-�i�n�d�u�c�e�d� �H�M�G�R� �m�R�N�A� 

�c�r�o�s�s�-�h�y�b�r�i�d�i�z�e�d� �t�o� �t�h�e� �7�0�0� �b�p� �A�v�a�l�-�E�c�o�R�I� �f�r�a�g�m�e�n�t� �i�d�e�n�t�i�f�i�e�d� �a�s� �a� �g�e�n�e�-�s�p�e�c�i�f�i�c� 

�p�r�o�b�e� �a�s� �w�e�l�l� �a�s� �t�o� �t�h�e� �C�D�1� �c�o�n�s�e�r�v�e�d� �p�r�o�b�e� �f�o�r� �t�h�e� �H�M�G�R� �g�e�n�e� �e�n�c�o�d�e�d� �b�y� 

�p�T�H�2�9�5� �(�F�i�g�.� �S�A� �a�n�d� �5�B�)�.� 

�H�y�b�r�i�d�i�z�a�t�i�o�n� �o�f� �p�T�H�2�9�5� �S�e�q�u�e�n�c�e�s� �w�i�t�h� �F�r�u�i�t� �H�M�G�R� �m�R�N�A�.� �N�a�r�i�t�a� �a�n�d� 

�G�r�u�i�s�s�e�m� �(�1�9�8�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �H�M�G�R� �m�R�N�A� �a�n�d� �e�n�z�y�m�e� �l�e�v�e�l�s� �w�e�r�e� �e�l�e�v�a�t�e�d� 

�i�n� �y�o�u�n�g� �p�o�s�t�-�a�n�t�h�e�s�i�s� �t�o�m�a�t�o� �f�r�u�i�t� �b�u�t� �n�o�t� �i�n� �m�a�t�u�r�e� �f�r�u�i�t�.� �T�o� �t�e�s�t� �i�f� �t�h�e� �H�M�G�R� 

�g�e�n�e� �e�n�c�o�d�e�d� �b�y� �p�T�H�2�9�5� �i�s� �e�x�p�r�e�s�s�e�d� �d�u�r�i�n�g� �f�r�u�i�t� �d�e�v�e�l�o�p�m�e�n�t�,� �w�e� �i�s�o�l�a�t�e�d� 

�m�R�N�A� �f�r�o�m� �f�r�u�i�t� �o�f� �c�u�l�t�i�v�a�r� �E�P�7� �a�t� �v�a�r�i�o�u�s� �s�t�a�g�e�s� �i�n� �t�h�e� �m�a�t�u�r�a�t�i�o�n� �a�n�d� �r�i�p�e�n�i�n�g� 

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

�r�e�g�i�o�n� �p�r�o�b�e�s� �a�n�d� �p�T�H�2�9�5�-�g�e�n�e�-�s�p�e�c�i�f�i�c� �p�r�o�b�e�s�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �S�A�,� �H�M�G�R� 

�m�R�N�A� �i�s� �p�r�e�s�e�n�t� �i�n� �y�o�u�n�g� �f�r�u�i�t� �(�2� �t�o� �3� �m�m�)� �b�u�t� �n�o�t� �i�n� �l�a�r�g�e�r� �g�r�e�e�n� �f�r�u�i�t�.� �M�a�t�u�r�e� 

�r�e�d� �f�r�u�i�t� �o�f� �b�o�t�h� �E�P�7� �a�n�d� �V�F�N�T� �c�h�e�r�r�y� �a�l�s�o� �c�o�n�t�a�i�n�e�d� �d�e�t�e�c�t�a�b�l�e� �l�e�v�e�l�s� �o�f� 

�H�M�G�R� �m�R�N�A�.� �T�h�e� �m�R�N�A� �o�n� �t�h�e� �s�a�m�e� �b�l�o�t�,� �s�t�r�i�p�p�e�d� �a�n�d� �r�e�p�r�o�b�e�d� �w�i�t�h� �t�h�e� 

�"�g�e�n�e�-�s�p�e�c�i�f�i�c�"� �0�.�7� �k�b� �A�v�a�l�-�E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�5�,� �s�h�o�w�e�d� �v�i�r�t�u�a�l�l�y� �n�o� �c�r�o�s�s� 

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

�w�o�u�n�d�e�d� �l�e�a�v�e�s� �(�F�i�g�.� �5�B�)�.� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�F�i�g�.� �5�.� �H�M�G�R� �m�R�N�A� �l�e�v�e�l�s� �i�n� �w�o�u�n�d�e�d� �l�e�a�f� �t�i�s�s�u�e� �a�n�d� �d�e�v�e�l�o�p�i�n�g� �f�r�u�i�t�.� 
�T�o�t�a�l� �R�N�A� �(�9� �u�g�/�s�a�m�p�l�e�)� �w�a�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �y�o�u�n�g� �l�e�a�v�e�s� �1�2� �h�r� �a�f�t�e�r� 
�w�o�u�n�d�i�n�g� �(�W� �1�2�)�,� �a�n�d� �u�n�t�r�e�a�t�e�d� �l�e�a�v�e�s� �(�W� �0�)�,� �a�n�d� �t�o�m�a�t�o� �f�r�u�i�t� �a�t� �e�a�c�h� 
�s�t�a�g�e�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �(�G�i�,� �2� �t�o� �3� �m�m�;� �G�i�i�,� �1�0� �t�o� �2�0� �m�m�;� �G�i�i�i�,� �4�0� �t�o� �5�0� �m�m�;� 
�G�i�v�,� �m�a�t�u�r�e� �g�r�e�e�n�;� �R�t� �a�n�d� �R�c�t�,� �m�a�t�u�r�e� �r�e�d� �t�o�m�a�t�o� �a�n�d� �c�h�e�r�r�y� �t�o�m�a�t�o�,� 
�r�e�s�p�e�c�t�i�v�e�l�y�)� �a�n�d� �u�t�i�l�i�z�e�d� �f�o�r� �s�l�o�t� �b�l�o�t� �a�n�a�l�y�s�e�s�.� �(�A�)� �C�o�n�s�e�r�v�e�d� �r�e�g�i�o�n� 
�p�r�o�b�e�:� �I�m�m�o�b�i�l�i�z�e�d� �R�N�A� �i�s� �h�y�b�r�i�d�i�z�e�d� �w�i�t�h� �t�h�e� �1�.�5� �k�b� �E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� 
�p�l�H�2�9�5�.� �(�B�)� �G�e�n�e�-�s�p�e�c�i�f�i�c� �p�r�o�b�e�:� �T�h�e� �s�a�m�e� �b�l�o�t� �i�s� �s�t�r�i�p�p�e�d� �a�n�d� �r�e�p�r�o�b�e�d� 
�w�i�t�h� �t�h�e� �7�0�0� �b�p� �A�v�a�l�-�E�c�o�R�I� �f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�5�.� �F�r�u�i�t� �a�n�d� �l�e�a�f� �R�N�A�s� �a�r�e� 
�f�r�o�m� �d�i�f�f�e�r�e�n�t� �r�e�g�i�o�n�s� �o�f� �t�h�e� �s�a�m�e� �f�i�l�t�e�r�.� �A�l�l� �s�a�m�p�l�e�s� �a�r�e� �f�r�o�m� �t�o�m�a�t�o� �c�u�l�t�i�-� 
�v�a�r� �E�P�7� �e�x�c�e�p�t� �R�e�t� �w�h�i�c�h� �i�s� �f�r�o�m� �t�o�m�a�t�o� �c�u�l�t�i�v�a�r� �V�N�F�T� �c�h�e�r�r�y� �t�o�m�a�t�o�.� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�D�I�S�C�U�S�S�I�O�N� 

�W�e� �h�a�v�e� �i�s�o�l�a�t�e�d� �a� �t�o�m�a�t�o� �g�e�n�o�m�i�c� �c�l�o�n�e�,� �p�T�H�2�9�5�,� �e�n�c�o�d�i�n�g� �H�M�G�R� 

�u�t�i�l�i�z�i�n�g� �a� �S�a�c�c�h�a�r�o�m�y�c�e�s� �c�e�r�e�v�i�s�i�a�e� �H�M�G�I�1� �p�r�o�b�e�.� �I�n�i�t�i�a�l� �s�e�q�u�e�n�c�e� �a�n�a�l�y�s�e�s� �h�a�s� 

�i�d�e�n�t�i�f�i�e�d� �r�e�g�i�o�n�s� �s�h�o�w�i�n�g� �e�x�t�e�n�s�i�v�e� �i�d�e�n�t�i�t�y� �w�i�t�h� �S�.� �c�e�r�e�v�i�s�i�a�e�,� �A�.� �t�h�a�l�i�a�n�a�,� �a�n�d� 

�h�u�m�a�n� �H�M�G�R� �p�r�o�t�e�i�n�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �s�e�q�u�e�n�c�e� �p�r�e�s�e�n�t�e�d� �h�e�r�e� �i�s� �l�i�m�i�t�e�d�,� �i�t� 

�c�l�e�a�r�l�y� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �g�e�n�e� �e�n�c�o�d�e�d� �b�y� �p�T�H�2�9�5� �i�s� �d�i�s�t�i�n�c�t� �f�r�o�m� �t�h�e� �H�M�G�R� 

�c�D�N�A� �i�n�d�e�p�e�n�d�e�n�t�l�y� �i�s�o�l�a�t�e�d� �b�y� �N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m� �(�1�9�8�9�)�;� �t�h�e� �d�e�r�i�v�e�d� �a�m�i�n�o� 

�a�c�i�d� �s�e�q�u�e�n�c�e� �d�i�f�f�e�r�e�d� �b�y� �5� �r�e�s�i�d�u�e�s� �i�n� �1�6�1� �(�F�i�g�.� �2�)�.� �B�e�s�i�d�e�s� �t�h�e�s�e� �t�w�o� �t�o�m�a�t�o� 

�H�M�G�B�R� �i�s�o�g�e�n�e�s�,� �S�o�u�t�h�e�r�n� �a�n�a�l�y�s�e�s� �o�f� �t�o�m�a�t�o� �i�n�b�r�e�d� �l�i�n�e� �E�P�7�,� �p�r�o�b�e�d� �a�t� 

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

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

�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�s� �t�e�s�t�e�d�.� �T�h�u�s�,� �t�h�e� �H�M�G�R� �g�e�n�e� �f�a�m�i�l�y� �c�o�n�t�a�i�n�s� 

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

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

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �m�u�l�t�i�p�l�e� �c�o�p�i�e�s� �o�f� �H�M�G�R� �i�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �b�a�s�e�d� �o�n� 

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

�l�o�c�a�l�i�z�a�t�i�o�n�s� �(�B�a�c�h� �a�n�d� �L�i�c�h�t�e�n�t�h�a�l�e�r�,� �1�9�8�3�;� �O�b�a� �e�t� �a�l�.�,� �1�9�8�5�;� �R�u�s�s�e�l�l�,� �1�9�8�5�;� 

�S�t�e�r�m�e�r� �a�n�d� �B�o�s�t�o�c�k�,� �1�9�8�7�)�.� �H�o�w�e�v�e�r�,� �i�n�i�t�i�a�l� �r�e�p�o�r�t�s� �o�n� �c�l�o�n�e�d� �p�l�a�n�t� �H�M�G�R� 

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

�a�b�l�y� �e�n�c�o�d�e�d� �b�y� �a� �s�i�n�g�l�e� �g�e�n�e� �(�L�e�a�r�n�e�d� �a�n�d� �F�i�n�k�,� �1�9�8�9�;� �N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m�,� 

�1�9�8�9�)�.� �C�a�e�l�l�e�s� �e�t� �a�l�.� �(�1�9�8�9�)� �i�n�d�e�p�e�n�d�e�n�t�l�y� �c�l�o�n�e�d� �a�n� �A�.� �t�h�a�l�i�a�n�a� �H�M�G�R� �c�D�N�A� 

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

�g�e�n�e�s�,� �H�M�G�1� �a�n�d� �H�M�G�z�2�,� �i�n� �A�.� �t�h�a�l�i�a�n�a�.� �T�h�e�s�e� �t�w�o� �g�e�n�e�s�,� �h�o�w�e�v�e�r�,� �d�i�d� �n�o�t� 

�c�r�o�s�s�-�h�y�b�r�i�d�i�z�e� �w�i�t�h� �e�a�c�h� �o�t�h�e�r� �o�n� �g�e�n�o�m�i�c� �S�o�u�t�h�e�r�n�s� �o�f� �A�.� �t�h�a�l�i�a�n�a� �D�N�A� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�(�C�a�e�l�l�e�s� �e�t� �a�l�.�,� �1�9�8�9�)�.� �I�n� �o�u�r� �h�a�n�d�s�,� �e�v�e�n� �c�D�N�A� �p�r�o�b�e�s� �e�n�c�o�d�i�n�g� �t�h�e� �r�e�g�i�o�n� �m�o�s�t� 

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

�s�t�r�i�n�g�e�n�c�i�e�s�.� �T�h�u�s� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �d�i�s�t�i�n�c�t� �H�M�G�R� �i�s�o�g�e�n�e�s� �h�a�v�e� �d�i�v�e�r�g�e�d� �s�i�g�n�i�f�i�-� 

�c�a�n�t�l�y�.� �B�y� �c�o�m�p�a�r�i�s�o�n�,� �m�a�m�m�a�l�i�a�n� �s�y�s�t�e�m�s� �a�n�d� �D�.� �m�e�l�a�n�o�g�a�s�t�e�r� �c�o�n�t�a�i�n� �o�n�l�y� �a� 

�s�i�n�g�l�e� �H�M�G�R� �g�e�n�e� �(�G�e�r�t�l�e�r� �e�t� �a�l�.�,� �1�9�8�8�;� �L�u�s�k�y� �a�n�d� �S�t�e�v�e�n�s�,� �1�9�8�5�)� �a�n�d� �S�.� �c�e�r�e�v�i�-� 

�s�i�a�e� �c�o�n�t�a�i�n� �t�w�o� �g�e�n�e�s� �(�B�a�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�;� �1�9�8�8�)�.� �I�t� �w�i�l�l� �b�e� �o�f� �i�n�t�e�r�e�s�t� �t�o� �d�e�t�e�r�-� 

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

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

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

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

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

�L�a�m�b�,� �1�9�8�8�)� �.� �I�n�c�r�e�a�s�e�s� �i�n� �H�M�G�R� �a�c�t�i�v�i�t�y� �l�e�a�d�i�n�g� �t�o� �t�e�r�p�e�n�o�i�d� �p�h�y�t�o�a�l�e�x�i�n� 

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

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

�1�9�8�5�;� �S�t�e�r�m�e�r� �a�n�d� �B�o�s�t�o�c�k�,� �1�9�8�7�;� �T�j�a�m�o�s� �a�n�d� �S�m�i�t�h�,� �1�9�7�4�)�.� �F�u�n�g�a�l� �e�l�i�c�i�t�o�r�s� �h�a�v�e� 

�b�e�e�n� �s�h�o�w�n� �t�o� �i�n�d�u�c�e� �H�M�G�R� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �a�n�d� �s�e�s�q�u�i�t�e�r�p�e�n�e� �p�h�y�t�o�a�l�e�x�i�n� 

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

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

�e�n�s� �i�n�d�u�c�e� �H�M�G�R� �m�R�N�A� �l�e�v�e�l�s�.� �E�l�i�c�i�t�o�r�-�t�r�e�a�t�e�d� �t�o�m�a�t�o� �c�e�l�l�s� �g�a�v�e� �t�h�e� �m�o�s�t� 

�d�r�a�m�a�t�i�c� �i�n�c�r�e�a�s�e� �i�n� �m�R�N�A� �l�e�v�e�l�s�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �w�a�s� �t�r�a�n�s�i�e�n�t� �w�i�t�h� �m�a�x�i�m�a�l� 

�l�e�v�e�l� �o�c�c�u�r�r�i�n�g� �a�b�o�u�t� �9� �h�r� �a�f�t�e�r� �e�l�i�c�i�t�o�r� �t�r�e�a�t�m�e�n�t�.� �T�h�e� �k�i�n�e�t�i�c�s� �o�f� �i�n�d�u�c�t�i�o�n� �a�r�e� 

�s�i�m�i�l�a�r� �t�o� �o�t�h�e�r� �d�e�f�e�n�s�e�-�r�e�l�a�t�e�d� �g�e�n�e�s� �(�r�e�v�i�e�w�e�d� �i�n� �C�o�l�l�i�n�g�e� �a�n�d� �S�l�u�s�a�r�e�n�k�o�,� 

�1�9�8�7�;� �C�o�r�b�i�n� �e�t� �a�l�.�,� �1�9�8�7�;� �C�r�a�m�e�r� �a�n�d� �R�a�d�i�n�,� �1�9�9�0�;� �D�i�x�o�n� �e�t� �a�l�.�,� �1�9�8�6�;� �L�a�m�b� �e�t� �a�l�.�,� 

�1�9�8�9�)� �b�u�t� �w�e�r�e� �s�l�o�w�e�r� �t�h�a�n� �t�h�e� �i�n�d�u�c�t�i�o�n� �p�a�t�t�e�r�n� �f�o�r� �P�A�L� �m�R�N�A�,� �a�n�o�t�h�e�r� 

�d�e�f�e�n�s�e�-�r�e�l�a�t�e�d� �g�e�n�e� �p�r�o�d�u�c�t�,� �(�m�R�N�A� �m�a�x�i�m�u�m� �a�t� �4� �h�r�,� �d�a�t�a� �n�o�t� �s�h�o�w�n�)�,� �i�n� �t�h�e� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

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

�i�n�c�r�e�a�s�i�n�g� �t�h�e� �l�e�v�e�l� �o�f� �H�M�G�R� �m�R�N�A�,� �f�u�r�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �i�s� �r�e�q�u�i�r�e�d� �t�o� 

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

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

�H�M�G�R� �m�R�N�A� �l�e�v�e�l�s� �w�e�r�e� �a�l�s�o� �e�l�e�v�a�t�e�d� �i�n� �r�e�s�p�o�n�s�e� �t�o� �w�o�u�n�d�i�n�g� �i�n� �l�e�a�v�e�s�,� 

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

�h�y�b�r�i�d�i�z�e�d� �s�t�r�o�n�g�l�y� �t�o� �t�h�e� �g�e�n�e�-�s�p�e�c�i�f�i�c� �r�e�g�i�o�n� �o�f� �p�T�H�2�9�5� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�i�s� 

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

�t�i�s�s�u�e�s� �d�i�d� �n�o�t� �d�i�s�p�l�a�y� �t�h�e� �v�e�r�y� �r�a�p�i�d� �w�o�u�n�d� �r�e�s�p�o�n�s�e� �(�n�R�N�A� �m�a�x�i�m�u�m� �a�t� �3�0� �m�i�n� 

�a�f�t�e�r� �w�o�u�n�d�i�n�g�)� �s�e�e�n� �i�n� �p�o�t�a�t�o� �t�u�b�e�r�s� �(�Y�a�n�g� �e�t� �a�l�.�,� �1�9�9�0�)�.� �T�h�e� �0�.�7� �k�b� �A�v�a�l�-�E�c�o�R�I� 

�f�r�a�g�m�e�n�t� �o�f� �p�T�H�2�9�S� �a�l�s�o� �s�e�r�v�e�s� �a�s� �a� �g�e�n�e�-�s�p�e�c�i�f�i�c� �p�r�o�b�e� �i�n� �p�o�t�a�t�o� �a�n�d� �t�h�e�s�e� 

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

�f�r�o�m� �t�h�e� �p�o�t�a�t�o� �g�e�n�e� �a�n�a�l�o�g�o�u�s� �t�o� �p�T�H�2�9�5� �i�n� �t�o�m�a�t�o�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�p�T�H�2�9�5�-�l�i�k�e� �g�e�n�e� �i�s� �i�n�d�u�c�e�d� �i�n� �p�o�t�a�t�o� �t�u�b�e�r�s� �i�n�o�c�u�l�a�t�e�d� �b�y� �t�h�e� �s�o�f�t� �r�o�t� �b�a�c�t�e�-� 

�r�i�u�m�,� �E�r�w�i�n�i�a� �c�a�r�o�t�o�v�o�r�a� �s�u�b�s�p�.� �c�a�r�o�t�o�v�o�r�a� �(�Y�a�n�g� �e�t� �a�l�.�,� �1�9�9�0�)�.� �F�u�r�t�h�e�r� �s�t�u�d�i�e�s� 

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

�t�u�b�e�r�-�s�p�e�c�i�f�i�c� �r�e�s�p�o�n�s�e�.� 

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

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

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

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

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

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

�c�h�a�r�a�c�t�e�r�i�z�e�d� �(�r�e�v�i�e�w�e�d� �i�n� �C�o�l�l�i�n�g�e� �a�n�d� �S�l�u�s�a�r�e�n�k�o�,� �1�9�8�7�;� �C�r�a�m�e�r� �a�n�d� �R�a�d�i�n�,� 

�1�9�9�0�;� �D�i�x�o�n� �e�t� �a�l�.�,� �1�9�8�6�;� �L�a�m�b� �e�t� �a�l�.�,� �1�9�8�9�)�.� �I�n�c�r�e�a�s�e�s� �i�n� �t�h�e�s�e� �s�t�r�e�s�s�-�r�e�l�a�t�e�d� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

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

�f�r�o�m� �a�c�t�i�v�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �d�e�f�e�n�s�e�-�r�e�l�a�t�e�d� �g�e�n�e�s� �(�L�a�w�t�o�n� �a�n�d� �L�a�m�b�,� �1�9�8�7�;� 

�L�a�m�b� �e�t� �a�l�.�,� �1�9�8�9�)�.� �S�i�g�n�i�f�i�c�a�n�t� �e�f�f�o�r�t� �i�s� �n�o�w� �b�e�i�n�g� �f�o�c�u�s�e�d� �o�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �b�o�t�h� 

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

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

�t�h�a�t� �e�l�i�c�i�t�o�r�-�a�n�d� �w�o�u�n�d�-�i�n�d�u�c�e�d� �i�n�c�r�e�a�s�e�s� �i�n� �H�M�G�R� �m�R�N�A� �a�r�e� �d�u�e� �t�o� �a�c�t�i�v�a�t�i�o�n� 

�a�t� �t�h�e� �g�e�n�e� �l�e�v�e�l�.� �W�e� �a�r�e� �i�n�t�e�r�e�s�t�e�d� �i�n� �a�n�a�l�y�z�i�n�g� �t�h�e� �p�r�o�m�o�t�e�r� �r�e�g�i�o�n� �o�f� �p�T�H�2�9�5� 

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

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

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

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

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

�r�e�s�p�o�n�s�e� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �a�n�d� �d�e�v�e�l�o�p�m�e�n�t�a�l� �s�i�g�n�a�l�s� �(�C�o�r�b�i�n� �e�t� �a�l�.�,� �1�9�8�7�;� �L�i�a�n�g� 

�e�t� �a�l�.�,� �1�9�8�9�;� �W�i�n�g�e�n�d�e�r� �e�t� �a�l�.�,� �1�9�8�9�)�.� �F�o�r� �e�x�a�m�p�l�e�,� �P�A�L� �f�r�o�m� �b�e�a�n� �i�s� �e�n�c�o�d�e�d� �b�y� 

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

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

�e�x�i�n� �p�r�o�d�u�c�t�i�o�n� �(�L�i�a�n�g� �e�t� �a�l�.�,� �1�9�8�9�)�.� �O�u�r� �d�a�t�a� �s�u�g�g�e�s�t� �t�h�a�t� �a�n� �a�n�a�l�o�g�o�u�s� �s�i�t�u�a�t�i�o�n� 

�e�x�i�s�t�s� �i�n� �t�h�e� �H�M�G�R� �g�e�n�e� �f�a�m�i�l�y�.� �U�t�i�l�i�z�i�n�g� �D�N�A� �p�r�o�b�e�s� �s�p�e�c�i�f�i�c� �f�o�r� �s�e�q�u�e�n�c�e�s� �o�f� 

�t�h�e� �H�M�G�R� �g�e�n�e� �e�n�c�o�d�e�d� �b�y� �p�T�H�2�9�5�,� �w�e� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �w�o�u�n�d�-� �a�n�d� �e�l�i�c�i�t�o�r�-� 

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

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

�c�l�o�n�e�d� �b�y� �N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m� �(�1�9�8�9�)�.� �T�h�e�i�r� �H�M�G�R� �c�D�N�A� �w�a�s� �d�e�r�i�v�e�d� �f�r�o�m� 

�y�o�u�n�g� �f�r�u�i�t� �a�n�d� �i�s�o�l�a�t�e�d� �u�s�i�n�g� �c�r�o�s�s�-�h�y�b�r�i�d�i�z�a�t�i�o�n� �w�i�t�h� �a� �H�M�G�R�-�s�p�e�c�i�f�i�c� �s�y�n�t�h�e�t�i�c� 

�o�l�i�g�o�n�u�c�l�e�o�t�i�d�e�.� �U�s�i�n�g� �t�h�i�s� �c�D�N�A� �p�r�o�b�e�,� �t�h�e�y� �d�e�t�e�c�t�e�d� �e�l�e�v�a�t�e�d� �H�M�G�R� �m�R�N�A� 

�l�e�v�e�l�s� �i�n� �y�o�u�n�g� �f�r�u�i�t� �s�i�m�i�l�a�r� �t�o� �r�e�s�u�l�t�s� �s�h�o�w�n� �w�i�t�h� �o�u�r� �"�c�o�n�s�e�r�v�e�d�-�r�e�g�i�o�n�"� �p�r�o�b�e�s�.� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

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

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

�(�N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m�,� �1�9�8�9�)�.� �U�n�l�i�k�e� �t�h�e�i�r� �r�e�s�u�l�t�s�,� �w�e� �d�e�t�e�c�t�e�d� �H�M�G�R� �m�R�N�A� �i�n� 

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

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

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

�H�M�G�E�R� �t�r�a�n�s�c�r�i�p�t�s� �e�x�p�r�e�s�s�e�d� �i�n� �t�h�e� �l�a�t�e�r� �s�t�a�g�e�s� �o�f� �r�i�p�e�n�i�n�g� �a�r�e� �e�n�c�o�d�e�d� �b�y� �a� �g�e�n�e� 

�d�i�s�t�i�n�c�t� �f�r�o�m� �e�i�t�h�e�r� �"�H�M�G�1�"� �o�r� �"�H�M�G�2�"� �p�o�s�s�i�b�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �c�a�r�o�t�e�n�o�g�e�n�e�-� 

�s�i�s�.� �M�e�v�i�n�o�l�i�n�,� �a� �s�p�e�c�i�f�i�c� �H�M�G�R� �i�n�h�i�b�i�t�o�r�,� �b�l�o�c�k�e�d� �g�r�o�w�t�h� �a�n�d� �r�i�p�e�n�i�n�g� �w�h�e�n� 

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

�m�a�t�u�r�e� �g�r�e�e�n� �f�r�u�i�t� �(�N�a�r�i�t�a� �a�n�d� �G�r�u�i�s�s�e�m�,� �1�9�8�9�)� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �H�M�G�R� �e�n�z�y�m�e� 

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

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

�l�o�c�a�l�i�z�e�d� �i�n� �v�a�r�i�o�u�s� �o�r�g�a�n�e�l�l�e�s� �(�S�c�h�i�n�d�l�e�r� �e�t� �a�l�.�,� �1�9�8�4�)� �a�n�d� �t�h�u�s� �l�a�c�k� �o�f� �m�e�v�i�n�o�l�i�n� 

�i�n�h�i�b�i�t�i�o�n� �m�a�y� �n�o�t� �b�e� �d�e�f�i�n�i�t�i�v�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �r�o�l�e� �o�f� �H�M�G�R� �i�n� �p�l�a�s�t�i�d�-� 

�l�o�c�a�l�i�z�e�d� �i�s�o�p�r�e�n�o�i�d� �b�i�o�s�y�n�t�h�e�s�i�s�.� �C�l�a�r�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �r�o�l�e� �o�f� �H�M�G�R� �i�n� �r�i�p�e�n�i�n�g�-� 

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

�p�r�e�s�u�m�p�t�i�v�e� �p�l�a�s�t�i�d�-�l�o�c�a�l�i�z�e�d� �H�M�G�R� �i�s�o�z�y�m�e�(�s�)� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �i�t�s� 

�e�x�p�r�e�s�s�i�o�n� �d�u�r�i�n�g� �f�r�u�i�t� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �r�i�p�e�n�i�n�g�.� 
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�H�M�G�E�R� �E�x�p�r�e�s�s�i�o�n� 

�A�C�K�N�O�W�L�E�D�G�E�M�E�N�T� 

�W�e� �g�r�a�t�e�f�u�l�l�y� �a�c�k�n�o�w�l�e�d�g�e� �t�h�e� �g�e�n�e�r�o�s�i�t�y� �o�f� �D�r�.� �J�a�s�p�e�r� �R�i�n�e� �f�o�r� �p�r�o�v�i�d�i�n�g� 

�u�s� �w�i�t�h� �S�.� �c�e�r�e�v�i�s�i�a�e� �H�M�G�1� �a�n�d� �H�M�G�2� �c�l�o�n�e�s� �a�n�d� �D�r�.� �R�o�b�e�r�t� �F�i�s�c�h�e�r� �f�o�r� 

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

�h�e�l�p�f�u�l� �d�i�s�c�u�s�s�i�o�n�s� �a�n�d� �f�o�r� �p�r�o�v�i�d�i�n�g� �A�.� �t�h�a�l�i�a�n�a� �H�M�G�1� �s�e�q�u�e�n�c�e� �i�n�f�o�r�m�a�t�i�o�n� 

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

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

�a� �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� �F�I�R�S�T� �A�w�a�r�d� �(�G�M�3�9�5�4�9�)� �t�o� �C�.�L�.�C�.� 
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�H�M�G�E�R� �E�x�p�r�e�s�s�i�o�n� 

�R�E�F�E�R�E�N�C�E�S� 

�A�y�e�r�s�,� �A�.�R�.�,� �E�b�e�l� �J�.�,� �V�a�l�e�n�t�,� �B�.�,� �a�n�d� �A�l�b�e�r�s�h�e�i�m�,� �P�.� �(�1�9�7�6�)�.� �H�o�s�t�-�p�a�t�h�o�g�e�n� �i�n�t�e�r�-� 
�a�c�t�i�o�n�s� �X�.� �F�r�a�c�t�i�o�n�a�t�i�o�n� �a�n�d� �b�i�o�l�o�g�i�c�a�l� �a�c�t�i�v�i�t�y� �o�f� �a�n� �e�l�i�c�i�t�o�r� �i�s�o�l�a�t�e�d� �f�r�o�m� 
�t�h�e� �m�y�c�e�l�i�a�l� �w�a�l�l�s� �o�f� �p�h�y�t�o�p�h�t�h�o�r�a� �m�e�g�a�s�p�e�r�m�a� �v�a�r�.� �s�o�j�a�e�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �5�7�,� 
�7�6�0�-�7�6�5�.� 

�B�a�c�h�,� �T�.�J�.� �a�n�d� �L�i�c�h�t�e�n�t�h�a�l�e�r�,� �H�.�K�.� �(�1�9�8�3�)�.� �I�n�h�i�b�i�t�i�o�n� �o�f� �m�e�v�i�n�o�l�i�n� �o�f� �p�l�a�n�t� 
�g�r�o�w�t�h�,� �s�t�e�r�o�l� �f�o�r�m�a�t�i�o�n� �a�n�d� �p�i�g�m�e�n�t� �a�c�c�u�m�u�l�a�t�i�o�n�.� �P�h�y�s�i�o�l�.� �P�l�a�n�t� �5�9�,� �5�0�-�6�0�.� 

�B�a�c�h�,� �T�.�J�.� �(�1�9�8�7�)�.� �S�y�n�t�h�e�s�i�s� �a�n�d� �m�e�t�a�b�o�l�i�s�m� �o�f� �m�e�v�a�l�o�n�i�c� �a�c�i�d� �i�n� �p�l�a�n�t�s�.� �P�l�a�n�t� 
�P�h�y�s�i�o�l�.� �B�i�o�c�h�e�m�.� �2�5�,� �2�6�3�-�2�7�8�.� 

�B�a�s�s�o�n�,� �M�.�A�.�,� �T�h�o�r�s�n�e�s�s�,� �M�.�,� �F�i�n�e�r�-�M�o�o�r�e�,� �J�.�,� �S�t�r�o�u�d�,� �R�.�M�.�,� �a�n�d� �R�i�n�e�,� �J�.� �(�1�9�8�8�)�.� 
�S�t�r�u�c�t�u�r�a�l� �a�n�d� �f�u�n�c�t�i�o�n�a�l� �c�o�n�s�e�r�v�a�t�i�o�n� �b�e�t�w�e�e�n� �y�e�a�s�t� �a�n�d� �h�u�m�a�n� �3�-�h�y�d�r�o�x�-� 
�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�s�,� �t�h�e� �r�a�t�e�-�l�i�m�i�t�i�n�g� �e�n�z�y�m�e� �o�f� 
�s�t�e�r�o�l� �b�i�o�s�y�n�t�h�e�s�i�s�.� �M�o�l�.� �C�e�l�l�.� �B�i�o�l�.� �8�,� �3�7�9�7�-�3�8�0�8�.� 

�B�a�s�s�o�n�,� �M�.�A�.�,� �T�h�o�r�s�n�e�s�s�,� �M�.�,� �a�n�d� �R�i�n�e�,� �J�.� �(�1�9�8�6�)�.� �S�a�c�c�h�a�r�o�m�y�c�e�s� �c�e�r�e�v�i�s�i�a�e� �c�o�n�-� 
�t�a�i�n�s� �t�w�o� �f�u�n�c�t�i�o�n�a�l� �g�e�n�e�s� �e�n�c�o�d�i�n�g� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� 
�r�e�d�u�c�t�a�s�e�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.�,� �U�S�A�.� �8�3�,� �5�5�6�3�-�5�5�6�7�.� 

�B�r�o�o�k�e�r�,� �J�.�D�.� �a�n�d� �R�u�s�s�e�l�l�,� �D�.�W�.� �(�1�9�7�9�)�.� �R�e�g�u�l�a�t�i�o�n� �o�f� �m�i�c�r�o�s�o�m�a�l� �3�-�h�y�d�r�o�x�y�-�3�-� 
�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �f�r�o�m� �p�e�a� �s�e�e�d�l�i�n�g�s�:� �R�a�p�i�d� �p�o�s�t�t�r�a�n�s�-� 
�l�a�t�i�o�n�a�l� �p�h�y�t�o�c�h�r�o�m�e�-�m�e�d�i�a�t�e�d� �d�e�c�r�e�a�s�e� �i�n� �a�c�t�i�v�i�t�y� �a�n�d� �i�n� �v�i�v�o� �r�e�g�u�l�a�t�i�o�n� �b�y� 
�i�s�o�p�r�e�n�o�i�d� �p�r�o�d�u�c�t�s�.� �A�r�c�h�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �1�9�8�,� �3�2�3�-�3�3�4�.� 

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

�C�h�a�p�p�e�l�l�,� �J�.� �a�n�d� �N�a�b�l�e�,� �R�.� �(�1�9�8�7�)�.� �I�n�d�u�c�t�i�o�n� �o�f� �s�e�s�q�u�i�t�e�r�p�e�n�o�i�d� �b�i�o�s�y�n�t�h�e�s�i�s� �i�n� 
�t�o�b�a�c�c�o� �c�e�l�l� �s�u�s�p�e�n�s�i�o�n� �c�u�l�t�u�r�e�s� �b�y� �f�u�n�g�a�l� �e�l�i�c�i�t�o�r�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �8�5�,� 
�4�6�9�-�4�7�3�.� 

�C�o�l�l�i�n�g�e�,� �D�.�B�.� �a�n�d� �S�l�u�s�a�r�e�n�k�o�,� �A�.�J�.� �(�1�9�8�7�)�.� �P�l�a�n�t� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �i�n� �r�e�s�p�o�n�s�e� �t�o� 
�p�a�t�h�o�g�e�n�s�.� �P�l�a�n�t� �M�o�l�.� �B�i�o�l�.� �9�,� �3�8�9�-�4�1�0�.� 

�C�o�r�b�i�n�,� �D�.�R�.�,� �S�a�u�e�r�,� �N�.�,� �a�n�d� �L�a�m�b�,� �C�.�J�.� �(�1�9�8�7�)�.� �D�i�f�f�e�r�e�n�t�i�a�l� �r�e�g�u�l�a�t�i�o�n� �o�f� �a� 
�h�y�d�r�o�x�y�p�r�o�l�i�n�e�-�r�i�c�h� �g�l�y�c�o�p�r�o�t�e�i�n� �g�e�n�e� �f�a�m�i�l�y� �i�n� �w�o�u�n�d�e�d� �a�n�d� �i�n�f�e�c�t�e�d� 
�p�l�a�n�t�s�.� �M�o�l�.� �C�e�l�l�.� �B�i�o�l�.� �7�,� �4�3�3�7�-�4�3�4�4�.� 

�C�r�a�m�e�r�,� �C�.�L�.� �a�n�d� �R�a�d�i�n�,� �D�.�N�.� �(�1�9�9�0�)�.� �M�o�l�e�c�u�l�a�r� �b�i�o�l�o�g�y� �o�f� �p�l�a�n�t�s� �i�n� �B�i�o�t�e�c�h�n�o�l�-� 
�o�g�y� �o�f� �P�l�a�n�t�-�M�i�c�r�o�b�e� �I�n�t�e�r�a�c�t�i�o�n�s�,� �e�d�s�.� �N�a�k�a�s�,� �J�.� �P�.� �a�n�d� �H�a�g�e�d�o�r�n�,� �C�.� 
�(�M�c�G�a�w�-�H�i�l�l�,� �N�e�w� �Y�o�r�k�)�,� �p�p�.� �1�-�4�9�.� 

�D�e�v�e�r�e�u�x�,� �J�.� �H�a�e�v�e�r�l�i�,� �P�.�,� �a�n�d� �S�m�i�t�h�i�e�s�,� �O�.� �(�1�9�8�4�)�.� �A� �c�o�m�p�r�e�h�e�n�s�i�v�e� �s�e�t� �o�f� 
�s�e�q�u�e�n�c�e�s� �a�n�a�l�y�s�i�s� �p�r�o�g�r�a�m�s� �f�o�r� �t�h�e� �V�A�X�.� �N�u�c�l�.� �A�c�i�d� �R�e�s�.� �1�2�,� �3�8�7�-�3�9�5�.� 
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�D�e� �W�i�t�,� �P�.�J�.�G�.�M�.� �a�n�d� �F�l�a�c�h�,� �W�.� �(�1�9�7�9�)�.� �D�i�f�f�e�r�e�n�t�i�a�l� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �p�h�y�t�o�a�l�e�x�i�n�s� 
�i�n� �t�o�m�a�t�o� �l�e�a�v�e�s� �b�u�t� �n�o�t� �i�n� �f�r�u�i�t�s� �a�f�t�e�r� �i�n�o�c�u�l�a�t�i�o�n� �w�i�t�h� �v�i�r�u�l�e�n�t� �a�n�d� �a�v�i�r�u�-� 
�l�e�n�t� �r�a�c�e�s� �o�f� �C�l�a�d�o�s�p�o�r�i�u�m� �f�u�l�v�u�m�.� �P�h�y�s�i�o�l�.� �P�l�a�n�t� �P�a�t�h�.� �1�5�,� �2�5�7�-�2�6�7�.� 

�D�i�x�o�n�,� �R�.�A�.�,� �B�a�i�l�e�y�,� �J�.�A�.�,� �B�e�l�l�,� �J�.�N�.�,� �B�o�l�w�e�l�l�,� �G�.�P�.�,� �C�r�a�m�e�r�,� �C�.�L�.�,� �E�d�w�a�r�d�s�,� �K�.�,� 
�H�a�m�d�a�n�,� �M�.�A�.�M�.�S�.�,� �L�a�m�b�,� �C�.�J�.�,� �R�o�b�b�i�n�s�,� �M�.�P�.�,� �R�y�d�e�r�,� �T�.�B�.�,� �a�n�d� �S�c�h�u�c�h�,� 
�W�.� �(�1�9�8�6�)�.� �R�a�p�i�d� �c�h�a�n�g�e�s� �i�n� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �i�n� �r�e�s�p�o�n�s�e� �t�o� �m�i�c�r�o�b�i�a�l� �e�l�i�c�i�-� 
�t�a�t�i�o�n�.� �P�h�i�l�.� �T�r�a�n�s�.� �R�.� �S�o�c�.� �L�o�n�d�.� �B� �3�1�4�,� �4�1�1�-�4�2�6�.� 

�D�r�a�p�e�r�,� �J�.� �a�n�d� �S�c�o�t�t�,� �R�.� �(�1�9�8�8�)�.� �T�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �p�l�a�n�t� �n�u�c�l�e�i�c� �a�c�i�d�s�,� �i�n� �P�l�a�n�t� 
�G�e�n�e�t�i�c� �T�r�a�n�s�f�o�r�m�a�t�i�o�n� �a�n�d� �G�e�n�e� �E�x�p�r�e�s�s�i�o�n�:� �A� �L�a�b�o�r�a�t�o�r�y� �M�a�n�u�a�l�.� �E�d�s�.� 
�D�r�a�p�e�r�,� �J�.�,� �S�c�o�t�t�,� �R�.�,� �A�r�m�i�t�a�g�e�,� �P�.�,� �W�a�l�d�e�n�,� �R�.� �(�B�l�a�c�k�w�e�l�l� �S�c�i�e�n�t�i�f�i�c�,� �P�a�l�o� 
�A�l�t�o�,� �C�A�)�,� �p�p�.� �2�1�1�-�2�1�4�.� 

�D�u�e�b�e�r�,� �M�.�T�.�,� �A�d�o�l�f�,� �W�.�,� �a�n�d� �W�e�s�t�,� �C�.�A�.� �(�1�9�7�8�)�.� �B�i�o�s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �d�i�t�e�r�p�e�n�e� 
�p�h�y�t�o�a�l�e�x�i�n� �c�a�s�b�e�n�e�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �6�2�,� �5�9�8�-�6�0�3�.� 

�F�a�r�n�s�w�o�r�t�h�,� �C�.� �C�.�,� �G�e�l�b�,� �M�.� �H�.� �a�n�d� �G�l�o�m�s�e�t�,� �J�.� �A�.� �(�1�9�9�0�)�.� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �g�e�r�a�-� 
�n�y�l�g�e�r�a�n�y�l�-�m�o�d�i�f�i�e�d� �p�r�o�t�e�i�n� �i�n� �H�e�L�a� �c�e�l�l�s�.� �S�c�i�e�n�c�e� �2�4�7�,� �3�2�0�-�3�2�2�.� 

�F�o�s�k�e�t�,� �D�.�E�.� �a�n�d� �R�a�d�i�n�,� �D�.�N�.� �(�1�9�8�3�)�.� �I�n�d�u�c�t�i�o�n� �o�f� �c�a�r�o�t�e�n�o�g�e�n�e�s�i�s� �i�n� �c�u�l�t�u�r�e�d� 
�c�e�l�l�s� �o�f� �L�y�c�o�p�e�r�s�i�c�o�n� �e�s�c�u�l�e�n�t�u�m�.� �P�l�a�n�t� �S�c�i�.� �L�e�t�t�.� �3�0�,� �1�6�5�-�1�7�5�.� 

�F�r�o�h�m�a�n�.� �M�.� �A�.�,� �D�u�s�k�,� �M�.� �K�.�,� �a�n�d� �M�a�r�t�i�n�,� �G�.� �R�.� �(�1�9�8�8�)�.� �R�a�p�i�d� �p�r�o�d�u�c�t�i�o�n� �f�u�l�l�-� 
�l�e�n�g�t�h� �c�D�N�A�s� �f�r�o�m� �r�a�r�e� �t�r�a�n�s�c�r�i�p�t�s�:� �A�m�p�l�i�f�i�c�a�t�i�o�n� �u�s�i�n�g� �a� �s�i�n�g�l�e� �g�e�n�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�i�m�e�r�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�5�,� �8�9�9�8�-�9�0�0�2�.� 

�G�e�r�t�l�e�r�,� �F�.�B�.�,� �C�h�i�u�,� �C�.�Y�.� �R�i�c�h�t�e�r�-�M�a�n�n�,� �L�.�,� �a�n�d� �C�h�i�n�,� �D�.�J�.� �(�1�9�8�8�)�.� �D�e�v�e�l�o�p�m�e�n�-� 
�t�a�l� �a�n�d� �m�e�t�a�b�o�l�i�c� �r�e�g�u�l�a�t�i�o�n� �o�f� �D�r�o�s�o�p�h�i�l�a� �m�e�l�a�n�o�g�a�s�t�e�r� �3�-�h�y�d�r�o�x�-� 
�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �M�o�l�.� �C�e�l�l�.� �B�i�o�l�.� �8�,� �7�1�3�-�2�7�2�1�.� 

�H�a�f�f�n�e�r�,� �M�.�H�.�,� �C�h�i�n�,� �M�.�B�.�,� �a�n�d� �L�a�n�e�,� �B�.�G�.� �(�1�9�7�8�)�.� �W�h�e�a�t� �e�m�b�r�y�o� �r�i�b�o�n�u�c�l�e�a�t�e�s�.� 
�X�I�I�.� �F�o�r�m�a�l� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�e�r�m�i�n�a�l� �a�n�d� �p�e�n�u�l�t�i�m�a�t�e� �n�u�c�l�e�o�s�i�d�e� �r�e�s�i�-� 
�d�u�e�s� �a�t� �t�h�e� �5 ��-�e�n�d�s� �o�f� �c�a�p�p�e�d� �R�N�A� �f�r�o�m� �i�m�b�i�b�i�n�g� �w�h�e�a�t� �e�m�b�r�y�o�s�.� �C�a�n�.� �J�.� 
�B�i�o�c�h�e�m�.� �5�6�,� �7�2�2�9�-�7�2�3�3�.� 

�K�u�c�,� �J�.� �a�n�d� �R�u�s�h�,� �R�.� �J�.� �(�1�9�8�5�)�.� �P�h�y�t�o�a�l�e�x�i�n�s�.� �A�r�c�h�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �2�3�6�,� 
�4�5�5�-�4�7�2�.� 

�L�a�m�b�,� �C�.�J�.�,� �L�a�w�t�o�n�,� �M�.�A�.�,� �D�r�o�n�,� �M�.�,� �a�n�d� �D�i�x�o�n�,� �R�.�A�.� �(�1�9�8�9�)�.� �S�i�g�n�a�l�s� �a�n�d� �t�r�a�n�s�-� 
�d�u�c�t�i�o�n� �m�e�c�h�a�n�i�s�m�s� �f�o�r� �a�c�t�i�v�a�t�i�o�n� �o�f� �p�l�a�n�t� �d�e�f�e�n�s�e�s� �a�g�a�i�n�s�t� �m�i�c�r�o�b�i�a�l� 
�a�t�t�a�c�k�.� �C�e�l�l� �5�6�,� �2�1�5�-�2�2�4�.� 

�L�a�w�t�o�n�,� �M�.�A�.� �a�n�d� �L�a�m�b�,� �C�.�J�.� �(�1�9�8�7�)�.� �T�r�a�n�s�c�r�i�p�t�i�o�n�a�l� �a�c�t�i�v�a�t�i�o�n� �o�f� �p�l�a�n�t� �d�e�f�e�n�s�e� 
�g�e�n�e�s� �b�y� �f�u�n�g�a�l� �e�l�i�c�i�t�o�r�,� �w�o�u�n�d�i�n�g� �a�n�d� �i�n�f�e�c�t�i�o�n�.� �M�o�l�.� �C�e�l�l�.� �B�i�o�l�.� �7�,� �3�3�5�-�3�4�1�.� 

�L�e�a�r�n�e�d�,� �R�.�M�.�,� �a�n�d� �F�i�n�k�,� �G�.�R�.� �(�1�9�8�9�)�.� �3�-�H�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� 
�r�e�d�u�c�t�a�s�e� �f�r�o�m� �A�r�a�b�i�d�o�p�s�i�s� �t�h�a�l�i�a�n�a� �i�s� �s�t�r�u�c�t�u�r�a�l�l�y� �d�i�s�t�i�n�c�t� �f�r�o�m� �t�h�e� �y�e�a�s�t� 
�a�n�d� �a�n�i�m�a�l� �e�n�z�y�m�e�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �8�6�,� �2�7�7�9�-�2�7�8�3�.� 
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�L�i�a�n�g�,� �X�.�,� �D�r�o�n�,� �M�.�,� �C�r�a�m�e�r�,� �C�.�L�.�,� �D�i�x�o�n�,� �R�.�A�.�,� �a�n�d� �L�a�m�b�,� �C�.�J�.� �(�1�9�8�9�)�.� �D�i�f�f�e�r�e�n�-� 
�t�i�a�l� �r�e�g�u�l�a�t�i�o�n� �o�f� �p�h�e�n�y�l�a�l�a�n�i�n�e� �a�m�m�o�n�i�a�-�l�y�a�s�e� �g�e�n�e�s� �d�u�r�i�n�g� �p�l�a�n�t� �d�e�v�e�l�o�p�-� 
�m�e�n�t� �a�n�d� �b�y� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�u�e�s�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�4�,� �1�4�4�8�6�-�1�4�4�9�2�.� 

�L�u�s�k�e�y�,� �K�.�L�.� �a�n�d� �S�t�e�v�e�n�s�,� �B�.� �(�1�9�8�5�)�.� �H�u�m�a�n� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�-� 
�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�0�,� �1�0�2�7�1�-�1�0�2�7�7�.� 

�M�a�n�i�a�t�i�s�,� �T�.�,� �F�r�i�t�s�c�h�,� �E�.�F�.�,� �a�n�d� �S�a�m�b�r�o�o�k�,� �J�.� �(�1�9�8�2�)�.� �M�o�l�e�c�u�l�a�r� �C�l�o�n�i�n�g�:� �A� �L�a�b�o�-� 
�r�a�t�o�r�y� �M�a�n�u�a�l�.� �(�C�o�l�d� �S�p�r�i�n�g� �H�a�r�b�o�r�,� �N�Y�)�.� 

�M�c�C�a�n�c�e�,� �D�.�J�.� �a�n�d� �D�r�y�s�d�a�l�e�,� �R�.�B�.� �(�1�9�7�5�)�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �t�o�m�a�t�i�n�e� �a�n�d� �r�i�s�h�i�t�i�n� �i�n� 
�t�o�m�a�t�o� �p�l�a�n�t�s� �i�n�o�c�u�l�a�t�e�d� �w�i�t�h� �F�u�s�a�r�i�u�m� �o�x�y�s�p�o�r�u�m� �f�.� �s�p�.� �l�y�c�o�p�e�r�s�i�c�t�.� �P�h�y�-� 
�s�i�o�l�.� �P�l�a�n�t� �P�a�t�h�o�l�.� �7�,� �2�2�1�-�2�3�0�.� 

�M�e�l�t�o�n�,� �D�.� �A�.�,� �K�r�i�e�g�,� �P�.� �A�.�,� �R�e�b�a�g�l�i�a�t�i�,� �M�.� �R�.� �M�a�n�i�a�t�i�s�,� �T�.�,� �Z�i�n�n�,� �K�.�,� �a�n�d� �G�r�e�e�n�,� 
�M�.� �R�.� �(�1�9�8�4�)�.� �E�f�f�i�c�i�e�n�t� �i�n� �v�i�t�r�o� �s�y�n�t�h�e�s�i�s� �o�f� �b�i�o�l�o�g�i�c�a�l�l�y� �a�c�t�i�v�e� �R�N�A� �a�n�d� 
�R�N�A� �h�y�b�r�i�d�i�z�a�t�i�o�n� �p�r�o�b�e�s� �f�r�o�m� �p�l�a�s�m�i�d�s� �c�o�n�t�a�i�n�i�n�g� �a� �b�a�c�t�e�r�i�o�p�h�a�g�e� �S�P�6� 
�p�r�o�m�o�t�e�r�.� �N�u�c�l�.� �A�c�i�d�s� �R�e�s�.� �1�2�,� �7�0�3�5�-�7�0�5�6�.� 

�N�a�k�a�n�i�s�h�i�,� �M�.�,� �G�o�l�d�s�t�e�i�n�,� �J�.�L�.�,� �a�n�d� �B�r�o�w�n�,� �M�L�S�.� �(�1�9�8�8�)�.� �M�u�l�t�i�v�a�l�e�n�t� �c�o�n�t�r�o�l� �o�f� 
�3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�3�,� 
�8�9�2�9�-�8�9�3�7�.� 

�N�a�r�i�t�a�,� �J�.� �a�n�d� �G�r�u�i�s�s�e�m�,� �W�.� �(�1�9�8�9�)�.� �T�o�m�a�t�o� �h�y�d�r�o�x�y�m�e�t�h�y�l�g�l�u�t�a�r�y�l�-�C�o�A� �r�e�d�u�c�-� 
�t�a�s�e� �i�s� �r�e�q�u�i�r�e�d� �e�a�r�l�y� �i�n� �f�r�u�i�t� �d�e�v�e�l�o�p�m�e�n�t� �b�u�t� �n�o�t� �d�u�r�i�n�g� �r�i�p�e�n�i�n�g�.� �P�l�a�n�t� 
�C�e�l�l� �1�,� �1�8�1�-�1�9�0�.� 

�O�b�a�,� �K�.�,� �K�o�n�d�o�,� �K�.�,� �D�o�k�e�,� �N�.�,� �a�n�d� �U�r�i�t�a�n�i�,� �I�.� �(�1�9�8�5�)�.� �I�n�d�u�c�t�i�o�n� �o�f� �3�-�h�y�d�r�o�x�y�-� 
�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �C�o�A� �r�e�d�u�c�t�a�s�e� �i�n� �p�o�t�a�t�o� �t�u�b�e�r�s� �a�f�t�e�r� �s�l�i�c�i�n�g�,� �f�u�n�g�a�l� �i�n�f�e�c�-� 
�t�i�o�n� �o�r� �c�h�e�m�i�c�a�l� �t�r�e�a�t�m�e�n�t�,� �a�n�d� �s�o�m�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �e�n�z�y�m�e�.� �P�l�a�n�t� �C�e�l�l� 
�P�h�y�s�i�o�l�.� �2�6�,� �8�7�3�-�8�8�0�.� 

�R�i�l�l�i�n�g�,� �H�.� �C�.�,� �B�r�e�u�n�g�e�r�,� �E�.�,� �E�p�s�t�e�i�n�,� �W�.� �W�.�,� �a�n�d� �C�r�a�i�n�,� �P�.� �F�.� �(�1�9�9�0�)�.� �P�r�e�n�y�l�a�t�e�d� 
�p�r�o�t�e�i�n�s�:� �T�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �i�s�o�p�r�e�n�o�i�d� �g�r�o�u�p�.� �S�c�i�e�n�c�e� �2�4�7�,� �3�1�8�-�3�2�0�.� 

�R�u�s�s�e�l�l�,� �D�.� �W�.� �(�1�9�8�5�)�.� �3�-�H�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l�-�C�o�A� �r�e�d�u�c�t�a�s�e�s� �f�r�o�m� �p�e�a� 
�s�e�e�d�l�i�n�g�s�.� �M�e�t�h�.� �E�n�z�y�m�o�l�.� �1�1�0�,� �2�6�-�4�0�.� 

�S�a�b�i�n�e�,� �J�.�R�.� �(�1�9�8�3�)�.� �3�-�H�y�d�r�o�x�y�-�3�-�M�e�t�h�y�l�g�l�u�t�a�r�y�l� �C�o�e�n�z�y�m�e� �A� �R�e�d�u�c�t�a�s�e� �(�C�R�C� 
�P�r�e�s�s�,� �I�n�c�.�,� �B�o�c�a� �R�a�t�o�n�,� �F�L�)�.� 

�S�a�n�g�e�r�,� �F�.�,� �N�i�c�k�l�e�n�,� �S�.�,� �a�n�d� �C�o�u�l�s�o�n�,� �A�.�R�.� �(�1�9�7�7�)�.� �D�N�A� �s�e�q�u�e�n�c�i�n�g� �w�i�t�h� �c�h�a�i�n�-� 
�t�e�r�m�i�n�a�t�i�n�g� �i�n�h�i�b�i�t�o�r�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A�,� �7�4�,� �5�4�6�3�-�5�4�6�7�.� 

�S�c�h�a�f�e�r�,� �W�.� �R�.�,� �K�i�m�,� �R�.�,� �S�t�e�r�n�f�,� �R�.�,� �T�h�o�r�n�e�r�,� �J�.�,� �K�i�m�,� �S�.�-�H�.� �a�n�d� �R�i�n�e�,� �J�.� �(�1�9�8�9�)�.� 
�G�e�n�e�t�i�c� �a�n�d� �p�h�a�r�m�a�c�o�l�o�g�i�c�a�l� �s�u�p�p�r�e�s�s�i�o�n� �o�f� �o�n�c�o�g�e�n�i�c� �m�u�t�a�t�i�o�n� �i�n� �r�a�s� 
�g�e�n�e�s� �o�f� �y�e�a�s�t� �a�n�d� �h�u�m�a�n�s�.� �S�c�i�e�n�c�e� �2�4�5�,� �3�7�9�-�3�8�5�.� 

�S�h�i�h�,� �M�.�,� �a�n�d� �K�u�c�,� �J�.� �(�1�9�7�3�)�.� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �1�4�C� �f�r�o�m� �a�c�e�t�a�t�e� �a�n�d� �m�e�v�a�l�o�n�a�t�e� 
�i�n�t�o� �r�i�s�h�i�t�i�n� �a�n�d� �s�t�e�r�o�i�d� �g�l�y�c�o�a�l�k�a�l�o�i�d�s� �b�y� �p�o�t�a�t�o� �t�u�b�e�r� �s�l�i�c�e�s� �i�n�o�c�u�l�a�t�e�d� �w�i�t�h� 
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�H�M�G�R� �E�x�p�r�e�s�s�i�o�n� 

�P�h�y�t�o�p�h�t�h�o�r�a� �i�n�f�e�s�t�a�n�s�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� �6�3�,� �8�2�6�-�8�2�9�.� 

�S�c�h�i�n�d�l�e�r�,� �S�.�,� �B�a�c�h�,� �T�.�J�.�,� �a�n�d� �L�i�c�h�t�e�n�t�h�a�l�e�r�,� �H�.�K�.� �(�1�9�8�4�)�.� �D�i�f�f�e�r�e�n�t�i�a�l� �i�n�h�i�b�i�t�i�o�n� 
�b�y� �m�e�v�i�n�o�l�i�n� �o�f� �p�r�e�n�y�l�i�p�i�d� �a�c�c�u�m�u�l�a�t�i�o�n� �i�n� �r�a�d�i�s�h� �s�e�e�d�l�i�n�g�s�.� �Z�.� �N�a�t�u�r�f�o�r�s�c�h�.� 
�4�0�,� �2�0�8�-�2�1�4�.� 

�S�t�e�r�m�e�r�,� �B�.�A�.�,� �a�n�d� �B�o�s�t�o�c�k�,� �R�.�M�.� �(�1�9�8�7�)�.� �I�n�v�o�l�v�e�m�e�n�t� �o�f� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�-� 
�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �i�n� �t�h�e� �r�e�g�u�l�a�t�i�o�n� �o�f� �s�e�s�q�u�i�t�e�r�p�e�n�o�i�d� �p�h�y�t�o�a�l�-� 
�e�x�i�n� �s�y�n�t�h�e�s�i�s� �i�n� �p�o�t�a�t�o�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �8�4�,� �4�0�4�-�4�0�8�.� 

�S�t�o�e�s�s�l�,� �A�.�,� �S�t�o�t�h�e�r�s�,� �J�.�B�.�,� �a�n�d� �W�a�r�d�,� �E�.�W�.�B�.� �(�1�9�7�6�)�.� �R�e�v�i�e�w�:� �S�e�s�q�u�i�t�e�r�p�e�n�o�i�d� 
�s�t�r�e�s�s� �c�o�m�p�o�u�n�d�s� �o�f� �t�h�e� �S�o�l�a�n�a�c�e�a�e�.� �P�h�y�t�o�c�h�e�m�i�s�t�r�y� �1�5�,� �8�5�5�-�8�7�2�.� 

�S�u�z�u�k�i�,� �H�.�,� �O�b�a�,� �K�.� �a�n�d� �U�r�i�t�a�n�i�,� �I� �(�1�9�7�4�)�.� �O�c�c�u�r�e�n�c�e� �o�f� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�-� 
�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �i�n� �s�w�e�e�t� �p�o�t�a�t�o�.� �A�g�r�.� �B�i�o�l�.� �C�h�e�m�.� �3�8�,� 
�2�0�5�3�-�2�0�5�5�.� 

�T�e�m�p�l�e�t�o�n�,� �M�.� �D�.� �a�n�d� �L�a�m�b�,� �C�.� �J�.� �(�1�9�8�8�)�.� �E�l�i�c�i�t�o�r�s� �a�n�d� �d�e�f�e�n�c�e� �g�e�n�e� �a�c�t�i�v�a�t�i�o�n�.� 
�P�l�a�n�t� �C�e�l�l� �E�n�v�i�r�o�n�.� �1�1�,� �3�9�5�-�4�0�1�.� 

�T�j�a�m�o�s�,� �E�.� �C�.� �a�n�d� �I�.� �M�.� �S�m�i�t�h�.� �(�1�9�7�4�)�.� �T�h�e� �r�o�l�e� �o�f� �p�h�y�t�o�a�l�e�x�i�n�s� �i�n� �t�h�e� �r�e�s�i�s�t�a�n�c�e� 
�o�f� �t�o�m�a�t�o� �t�o� �V�e�r�t�i�c�i�l�l�i�u�m� �w�i�l�t�.� �P�h�y�s�i�o�l�.� �P�l�a�n�t� �P�a�t�h�.� �4�,� �2�4�-�2�5�.� 

�W�i�n�g�e�n�d�e�r�,� �R�.�,� �R�o�h�r�i�g�,� �H�.�,� �H�o�r�i�c�k�e�,� �C�,� �W�i�n�g�,� �D�.�,� �a�n�d� �S�c�h�e�l�l�,� �J�.� �(�1�9�8�9�)�.� �D�i�f�f�e�r�e�n�-� 
�t�i�a�l� �r�e�g�u�l�a�t�i�o�n� �o�f� �s�o�y�b�e�a�n� �c�h�a�l�c�o�n�e� �s�y�n�t�h�a�s�e� �g�e�n�e�s� �i�n� �p�l�a�n�t� �d�e�f�e�n�c�e�,� �s�y�m�-� 
�b�i�o�s�i�s� �a�n�d� �u�p�o�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �s�t�i�m�u�l�i�.� �M�o�l�.� �G�e�n�.� �G�e�n�e�t�.� �2�1�8�,� �3�1�5�-�3�2�2�.� 

�W�o�n�g�,� �R�.�J�.�,� �M�c�C�o�r�m�a�c�k�,� �D�.� �K�.�,� �a�n�d� �R�u�s�s�e�l�l�,� �D�.�W�.� �(�1�9�8�2�)�.� �P�l�a�s�t�i�d� �3�-�H�y�d�r�o�x�y�-�3�-� 
�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �h�a�s� �d�i�s�t�i�n�c�t�i�v�e� �k�i�n�e�t�i�c� �a�n�d� �r�e�g�u�l�a�t�o�r�y� 
�f�e�a�t�u�r�e�s�:� �P�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �e�n�z�y�m�e� �a�n�d� �p�o�s�i�t�i�v�e� �p�h�y�t�o�c�h�r�o�m�e� �c�o�n�t�r�o�l� �o�f� 
�a�c�t�i�v�i�t�y� �i�n� �p�e�a� �s�e�e�d�l�i�n�g�s�.� �A�r�c�h�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �2�1�6�,� �6�3�1�-�6�3�8�.� 

�Y�a�n�g�,� �Z�.�,� �P�a�r�k�,� �H�.�,� �L�a�c�y�,� �G�.�H�.�,� �a�n�d� �C�r�a�m�e�r�,� �C�.�L�.�,� �(�1�9�9�0�)�.� �D�i�f�f�e�r�e�n�t�i�a�l� �a�c�t�i�v�a�t�i�o�n� 
�o�f� �p�o�t�a�t�o� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �g�e�n�e�s� �b�y� 
�w�o�u�n�d�i�n�g� �a�n�d� �p�a�t�h�o�g�e�n� �c�h�a�l�l�e�n�g�e�.� �S�u�b�m�i�t�t�e�d� �t�o� �P�l�a�n�t� �C�e�l�l�.� 
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�H�M�G�R� �G�e�n�e� �S�t�r�u�c�t�u�r�e� 

�C�H�A�P�T�E�R� �3� 

�T�o�m�a�t�o� �3�-�H�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� 

�R�e�d�u�c�t�a�s�e� �G�e�n�e�:� �S�e�q�u�e�n�c�e� �a�n�d� �S�t�r�u�c�t�u�r�e�*� 

�*�T�o� �b�e� �s�u�b�m�i�t�t�e�d� �t�o� �P�l�a�n�t� �M�o�l�e�c�u�l�a�r� �B�i�o�l�o�g�y� �w�i�t�h� �P�a�r�k�,� �H�.�,� �D�e�n�b�o�w�,� �C�.� �J�.�,� �a�n�d� 

�C�r�a�m�e�r�,� �C�.� �L�.� �a�s� �a�u�t�h�o�r�s�.� 
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�H�M�G�R� �G�e�n�e� �S�t�r�u�c�t�u�r�e� 

�A�B�S�T�R�A�C�T� 

�3�-�H�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �(�H�M�G�-�C�o�A�)� �r�e�d�u�c�t�a�s�e� �[�(�C�(�H�M�G�R�)� 

�E�C� �1�.�1�.�1�.�3�4�]�,� �c�a�t�a�l�y�z�i�n�g� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �m�e�v�a�l�o�n�a�t�e�,� �c�o�n�t�r�o�l�s� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� 

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

�t�o�m�a�t�o� �H�M�G�R� �g�e�n�e� �(�H�M�G�7�2�)� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d�.� �I�n�t�r�o�n� �s�p�l�i�c�i�n�g� �s�i�t�e�s� �w�e�r�e� 

�i�d�e�n�t�i�f�i�e�d� �b�y� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� �c�D�N�A� �s�e�q�u�e�n�c�e�s� �g�e�n�e�r�a�t�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�)�-�a�s�s�i�s�t�e�d� �a�m�p�l�i�f�i�c�a�t�i�o�n�.� �T�h�e� �H�M�G�z�2� �g�e�n�e� �c�o�n�t�a�i�n�s� �f�o�u�r� �e�x�o�n�s� 

�s�e�p�e�r�a�t�e�d� �b�y� �t�h�r�e�e� �i�n�t�r�o�n�s�.� �T�h�e� �c�o�m�b�i�n�e�d� �H�M�G�2� �e�x�o�n�s� �e�n�c�o�d�e� �a� �p�o�l�y�p�e�p�t�i�d�e� �o�f� 

�6�0�2� �a�m�i�n�o� �a�c�i�d� �r�e�s�i�d�u�e�s� �w�i�t�h� �a� �m�o�l�e�c�u�l�a�r� �m�a�s�s� �o�f� �6�4�,�7�1�4� �D�a�.� �T�h�e� �o�v�e�r�a�l�l� �p�r�o�p�e�r�-� 

�t�i�e�s� �o�f� �t�o�m�a�t�o� �H�M�G�z�2� �c�l�o�s�e�l�y� �r�e�s�e�m�b�l�e� �A�r�a�b�i�d�o�p�s�i�s� �t�h�a�l�i�a�n�a� �H�M�G�1�.� �I�n� �t�h�e� 

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

�r�e�s�i�d�u�e�s� �1�8�8� �t�o� �6�0�2� �o�f� �t�h�e� �t�o�m�a�t�o� �H�M�G�2� �s�h�a�r�e� �a�s� �h�i�g�h� �a�s� �9�1�%� �s�i�m�i�l�a�r�i�t�y� �a�n�d� �8�1�%� 

�i�d�e�n�t�i�t�y� �w�i�t�h� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �r�e�g�i�o�n� �o�f� �A�.� �t�h�a�l�i�a�n�a� �H�M�G�1� �(�1�7�2� �t�o� �5�8�6�)�.� 

�N�u�c�l�e�i�c� �a�c�i�d� �s�e�q�u�e�n�c�e� �i�d�e�n�t�i�t�y� �i�s� �7�2�%� �w�i�t�h�i�n� �t�h�i�s� �r�e�g�i�o�n� �a�n�d� �i�n�t�r�o�n�s� �a�r�e� �p�l�a�c�e�d� 

�i�d�e�n�t�i�c�a�l�l�y�.� �T�o�m�a�t�o� �H�M�G�R� �i�s� �s�i�m�i�l�a�r� �t�o� �A�.� �t�h�a�l�i�a�n�a� �i�n� �t�h�a�t� �i�t� �i�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� �t�r�u�n�-� 

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

�m�a�m�m�a�l�i�a�n� �H�M�G�R� �a�n�d� �c�o�n�t�a�i�n�s� �t�w�o� �p�u�t�a�t�i�v�e� �m�e�m�b�r�a�n�e�-�s�p�a�n�n�i�n�g� �r�e�g�i�o�n�s� �a�s� 

�o�p�p�o�s�e�d� �t�o� �s�e�v�e�n� �r�e�g�i�o�n�s� �i�n� �t�h�e�s�e� �o�t�h�e�r� �s�p�e�c�i�e�s�.� 
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�H�M�G�R� �G�e�n�e� �S�t�r�u�c�t�u�r�e� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

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

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

�e�x�i�n�s�)�,� �m�e�m�b�r�a�n�e� �b�i�o�g�e�n�e�s�i�s� �(�s�t�e�r�o�l�s�)�,� �g�r�o�w�t�h� �a�n�d� �d�e�v�e�l�o�p�m�e�n�t� �(�g�i�b�b�e�r�e�l�l�i�c� �a�c�i�d� 

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

�p�l�a�s�t�o�q�u�i�n�o�n�e�)�,� �a�n�d� �r�e�s�p�i�r�a�t�i�o�n� �(�u�b�i�q�u�i�n�o�n�e�)�.� �A� �n�u�m�b�e�r� �o�f� �i�n�d�u�s�t�r�i�a�l�l�y� �i�m�p�o�r�-� 

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

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �f�l�a�v�o�r� �a�n�d� �a�r�o�m�a� �c�o�m�p�o�u�n�d�s� �(�B�a�c�h�,� �1�9�8�6�;� �1�9�8�7�)�.� �M�e�v�a�l�o�n�i�c� 

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

�3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l� �c�o�e�n�z�y�m�e� �A� �r�e�d�u�c�t�a�s�e� �(�H�M�G�R�;� �E�C� �1�.�1�.�1�.�3�4�)�.� 

�H�M�G�B�R� �i�s� �c�o�n�s�i�d�e�r�e�d� �a� �k�e�y� �r�e�g�u�l�a�t�o�r�y� �e�n�z�y�m�e� �i�n� �i�s�o�p�r�e�n�o�i�d� �b�i�o�s�y�n�t�h�e�s�i�s�,� �a�n�d� �i�t�s� 

�a�c�t�i�v�i�t�y� �h�a�s� �b�e�e�n� �o�b�s�e�r�v�e�d� �t�o� �c�h�a�n�g�e� �i�n� �r�e�s�p�o�n�s�e� �t�o� �l�i�g�h�t� �(�B�r�o�o�k�e�r� �a�n�d� �R�u�s�s�e�l�l�,� 

�1�9�7�9�)�,� �s�t�r�e�s�s�e�s� �i�n�c�l�u�d�i�n�g� �f�u�n�g�a�l� �i�n�f�e�c�t�i�o�n�,� �e�l�i�c�i�t�o�r�s�,� �o�r� �w�o�u�n�d�i�n�g� �(�C�h�a�p�p�e�l�l� �a�n�d� 

�N�a�b�l�e�,� �1�9�8�7�;� �O�b�a� �e�t� �a�l�.�,� �1�9�8�5�;� �S�t�e�r�m�e�r� �a�n�d� �B�o�s�t�o�c�k�,� �1�9�8�7�;� �S�u�z�u�k�i� �e�t� �a�l�.�,� �1�9�7�4�)�,� 

�p�a�t�h�w�a�y� �e�n�d� �p�r�o�d�u�c�t�s�,� �a�n�d� �g�r�o�w�t�h� �r�e�g�u�l�a�t�o�r�s� �(�B�r�o�o�k�e�r� �a�n�d� �R�u�s�s�e�l�l�,� �1�9�7�5�)�.� �C�u�r�-� 

�r�e�n�t�l�y�,� �l�i�t�t�l�e� �i�s� �k�n�o�w�n� �a�b�o�u�t� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m� �c�o�n�t�r�o�l�l�i�n�g� �p�l�a�n�t� �H�M�G�R� 

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

�T�h�e� �m�a�m�m�a�l�i�a�n� �H�M�G�R� �g�e�n�e�/�e�n�z�y�m�e� �s�y�s�t�e�m� �a�n�d� �m�u�l�t�i�p�l�e� �c�o�n�t�r�o�l� �m�e�c�h�a�-� 

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

�(�B�e�g� �e�t� �a�l�.�,� �1�9�8�7�;� �B�r�o�w�n� �a�n�d� �G�o�l�d�s�t�e�i�n�,� �1�9�8�0�;� �N�a�k�a�n�i�s�h�i� �e�t� �a�l�.�,� �1�9�8�8�)�.� �M�o�l�e�c�u�l�a�r� 

�s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �a�l�s�o� �c�a�r�r�i�e�d� �o�u�t� �o�n� �H�M�G�R� �f�r�o�m� �o�t�h�e�r� �o�r�g�a�n�i�s�m�s� �i�n�c�l�u�d�i�n�g� 

�S�a�c�c�h�a�r�o�m�y�c�e�s� �c�e�r�e�v�i�s�i�a�e� �(�B�a�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�;� �1�9�8�8�)�,� �D�r�o�s�o�p�h�i�l�a� �m�e�l�a�n�o�g�a�t�e�r� 

�(�G�e�r�t�l�e�r� �e�t� �a�l�.�,� �1�9�8�8�)�,� �a�n�d� �A�r�a�b�i�d�o�p�s�i�s� �t�h�a�l�i�a�n�a� �(�C�a�e�l�l�e�s� �e�t� �a�l�.�,� �1�9�8�9�;� �L�e�a�r�n�e�d� �a�n�d� 

�F�i�n�k�,� �1�9�8�9�)�.� �O�n�e� �o�f� �t�h�e� �s�t�r�i�k�i�n�g� �f�e�a�t�u�r�e�s� �s�h�a�r�e�d� �b�e�t�w�e�e�n� �d�i�f�f�e�r�e�n�t� �o�r�g�a�n�i�s�m�s� �i�s� 
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