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Chloroplast and cytoplasmic ribosomes have been isolated from a 

number of species of the angiosperm genus Nicotiana. Ribosomal subunit 

and monosome proteins were separated by two-dimensional polyacrylamide 

gel electrophoresis (2D-PAGE). Resultant two-dimensional 

electrophoretic patterns of chloroplast and cytoplasmic ribosomal 

proteins were processed by a complter algorithm, developed to formally 

compare different electrophoretic patterns by the construction of two

dimensional, cooformal average electrophoretic mobility maps. 

The chloroplast ribosomal subunit of .N... tabacum contains 22-24 

distinct basic polypeptides (pI > 5) and 2-3 acidic proteins (pI < 5). 

The 50S chloroplast ribosomal subunit possesses at least 1 acidic and 

33-35 basic proteins. 40S and 60S cytoplasmic ribosomal subunits of the 

same species have 26-30 and 47-50 basic polypeptides, respectively. 

Molecular weights of chloroplast ribosomal proteins (ChRP) and 

cytoplasmic ribosomal proteins (CyRP) were estimated. There was little 

similarity between the 2D electrophoretic patterns of ChRP and CyRP of 

.&. taMcum. However, 2D-PAGE patterns of B... tabacum ChRP and CyRP were 

qualitatively isomorphous with homologous patterns of Chlamydomonas 

reinhardi, pea and spinach. In terms of molecular weight and 

electrophoretic pattern .N.. tabacum ChRP were found to be more closely 

affiliated with prokaryotic ribosomal proteins than with CyRP from the 

same species. 

xiv 
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ChRP were isolated from B... gossei (an Australian species) and 

its reciprocol interspecies hybrids with B... tabacum (denoted by: T X G 

and G X T). Interspecies polymorphisms between homologous B... tabacum 

and &. gossei ChRP were delineated by comp.1terized mobility mapping and 

co-electrophoresis of radiolabeled &. tabacum ChRP with a large molar 

excess of B... gossei ChRP. The inheritance mode (Mendelian vs. maternal) 

of a number of well-defined inter species ChRP polymorphisms was 

determined by co-electrophoresis of radioiodinated ~ tabacum ChRP with 

T X G and G X T hybrid ChRP. Results indicate that at least 4 30S ChRP 

and 3 50S ChRP are encoded by nuclear genes. 

30S ChRP from an .&. tabacum l~e carrying a maternally-inherited 

streptomycin-resistance mutation (SR-l) were compared to ~ tabacum 30S 

ChRP by mobility mapping. Two differences were established between the 

SR-l and wild-type 30S ChRP average mobility maps. These findings 

correlate with the reduced affinity of ~l 30S chloroplast ribosomal 

subunits for 3H-dihydrostreptomycin, and show that at least one 30S ChRP 

is encoded by chloroplast DNA. 

Preparative 2D-PAGE and reverse phase high performance liquid 

chromatography (RPHPLC) separation techniques for complex ribosomal 

protein mixtures were developed. The isolation of all ChRP in 

preparative quantities now enables analysis of primary structure 

differences between homologous ChRP to directly determine their 

inheritance mode and the genomic locus of their structural genes. Also 

developed were rapid and sensitive RPHPLC protocols for the analysis of 

nano-molar quantities of fluorophore-derivatized proteolytiC peptides of 

ribosomal proteins. 



Historical Overview 

Early electron microscopic surveys of algal and higher plant 

chloroplasts revealed the presence of ribosome-like particles in the 

stromal matrix, and bound to internal membraneous structures (Sager, 

Palade, 1957). Chloroplast ribosomes were first isolated from spinach 

and clover chloroplast extracts by Lytleton (Lytleton, 1962), who found 

them to be distinguished 'from their cytoplasmic counterparts by their 

lower sedimentation constant (70S vs. 80S), am subunit sizes. 

De novo protein syntheSis in isolated chloroplasts, driven by 

exogenously supplied ATE, was demonstrated in 1964 (Spencer & Wildman, 

1964). Later, a light driven system not dependent on exogenous ATE, was 

described (Ramirez, del Campo & Arnon, 1968). These developments 

foreshadowed the finding that, contained within the interior phase of 

the chloroplast, was a complete and distinctive translation system, 

including initiation, and elongation factors (Tiboni, DiPasquale & 

Ciferri, 1978~ Ciferri & Tiboni, 1982), an entire set of unique tRNA 

isoacceptor species (Burkard, Guillamaut & Weil, 1970~ Weil, ~~, 

1976~ Meeker & Tewari, 1982~ Parthier, Mueller-Uri & Krouspe, 1978), and 

at least a partial complement of chloroplast specif ic 

aminoacylsynthetases (Burkard, Guillamaut & Weil, 1970~ Weil, ~.sl" 

1976) • 

In many ways, elements of the chloroplast translation system 

appeared to be functionally and structurally affiliated with analogous 

1 
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components of bacterial translation systems. Both bacterial and 

chloroplast ribosomes utilized formyl-methionyl tRNA in translation 

initiation (SChwartz, ~ 91, 1967; Highfield & Ellis, 1976), while 

cytoplasmic ribosomes used methionyl tRNA (Leis & Keller, 1970). 

Susceptibilities of chloroplast ribosomes to various translation 

inhibiting antibiotics correlated with those of prokaryotic ribosomes 

(Ellis, 1970; Boulter, Ellis & Yarwood, 1972; Harris, ~gi, 1977). 

With a few exceptions, antibiotics that preferentially inhibited 

eucaryotic cytoplasmic ribosomes exerted little or no effect on plastid 

ribosomes (Ellis, 1970; Chua & Gillham, 1977). 

Chloroplast ribosomes from algae and higher plants dissociated 

into two unequal subunits with approximately the same size and density 

as ~ ~ ribosomal subunits (Bourque, Boynton & Gillham, 1971; 

Freyssinet, 1977). The major ribosomal rRNA's associated with both 

chloroplast ribosomal subunits were similar in size and nucleotide 

composition to those associated with the large and small subunits of the 

~ ~ ribosome (Bourque & Naylor, 1970; Ellis & Hartley, 1974; 

Boynton, Gillham & Lambowitz, 1980). 

Concurrent with these developments, was the unequivocal demon

stration of the existence of chloroplast DNA (ct-DNA) (Chun, Vaughn & 

Rich, 1963; Kirk, 1963; Tewari, 1971) and associated ct-DNA-specific 

replication and transcription systems (Tewari & Wildman, 1967; Bottornly, 

Smith and Bogorad, 1971; Kidd & Bogorad, 1979; Gillha~, pp. 81-122, 

1978). Most higher plant ct-DNA molecules are covalently closed duplex 

circles, ranging in mass from 85-96 megadaltons, with contour lengths 

around 40 or 50 urn, comprised of 140-155 ki10base pairs (Ko1odner & 
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Tewari, 1975; Kung, 1977; Herrmann, .e.t..sl, 1980). Measurements of the 

total DNA content of chloroplasts and renaturation kinetics of ct-DNA 

indicated that it was comprised of a single molecular species, present 

in a 20-50 fold multiplicity, per chloroplast (stutz, 1970; Kung, 1977; 

Meek.~r & Tewari, 1981). 

Soon after the turn of the century, Correns observed that the 

inheritance mode of leaf variegation (a chloroplast pigment deficiency) 

through sexual crosses of the Four O'clock (Mirabilis jalapa), was 

inconsistent with the dogma of Mendelian genetics (Correns, 1909). The 

appearence of the variegated trait in F 1 progeny was solely dependent 

upon the maternal phenotype and entirely independent of the paternal 

phenotype. '!he maternal inheritance mode of leaf variegation presaged a 

body of genetic and physiological data that led many to believe that the 

chloroplast manifested some degree of genetic autonomy from the nucleus. 

That to some severely constrained extent, the chloroplast harbored 

episomic genetic factors responsible for the transmission of chloroplast 

phenotypes. 

In 1972, maternal inheritance of the large subunit of the 

stromal enzyme Ribulose-bisPhosphate Carboxylase/Oxygenase was 

unambiguously demonstrated in inter species crosses from the genus 

Nicotiana (Kawashima & Wildman, 1972; Chan & Wildman, 1972; Sakano, Kung 

& Wildman, 1974). Light-dependent protein synthesis and antibiotic 

inhibition studies with isolated chloroplasts indicated that between 20 

and 100 chloroplast polypeptides were the translation products of 

messenger RNA's transcribed from ct-DNA (Blair & Ellis, 1973; Bottomley 

r.: Whitfeld, 1978). 



Soon after eff.icient ct-DNA extraction and purification 

techniques became available, it was found that all chloroplast ribosomal 

RNA's and chloroplast specific tRNA's hybridized to ct-DNA, with no 

significant hybridization to pure nuclear DNA, providing the first 

direct, physical evidence of ct-DNA structural genes (Thomas & Tewari, 

1974: Haff & Bogorad, 1976: McCrea & Hershberger, 1976) • However, given 

the upward bound on the information capacity of ct-DNA provided by the 

known mass of the molecule, it was apparent that only a fraction of 

chloroplast proteins could be encoded by ct-DNA. 

A myriad of questions were generated by the discovery of 

organellar genomes and the redundency in the translation capacity of 

plant (am other eucaryotic) cells. Why is there not a single, unitary 

translation system for the entire cell? What is the teleology behind 

organellar genomes. Why are they physically segregated from the bulk 

of the genetiC information, residing in the nucleus, am what are their 

gene products? How are the transcriptional acitivities of nuclear am 
organellargenomes cross regulated during chloroplast biogenesis. Most 

of these questions, first raised twenty or thirty years ago, remain 

awreciably unanswered. 

struqtural Conparison of ChlorQplast and 
Cytoplasmic RiboSOmeS 

In alga and green tissues of higher plants, chloroplast 

ribosomes comprise between 20 arx1 60% of the total cellular ribosomal, 

mass depending on age am physiologic state (Bourque, ~ton & Gillham, 

1971: Stutz & Boschetti, 1976). Less than 5% of the ribosomes are 
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mitochondrial ribosomes, and the remainder are 80S cytoplasmic 

ribosomes. 

Plant cytoplasmic ribosomes sediment at approximately 80S, and 

are composed of unequal subunits of 40S and 60S (Boulter, Ellis & 

Yarwood, 1972; Freyssinet. 1977). Chloroplast ribosomes have 

sedimentation constants of 70s and subunits of 30S and 50S (Freyssinet, 

1977, Gillham, 1978, Boynton, Gillham & Lambowitz, 1980). cytoplasmic 

ribosomes are stable to subunit dissociation under conditions where 

chloroplast monosomes are completely disaggregated, a fact that is 

exploited in the separation of the two ribosome types and their 

subunits. Chloroplast ribosomes will dissociate into their 30S and 50S 

subunits at 2 - 10 mM Mg ++ and low ionic strength (millimolar 

electrolyte) (Bourque & Wildman, 1973; Bourque & capel, 1982). '!be 50S 

chloroplast ribosomal subunit is stable for days under these conditions, 

while the 30S undergoes gradual disintegration.' cytoplasmic monosomes 

are stable indefinitely under conditions promoting chloroplast ribosome 

dissociation, but will disaggregate in the presence of 0.3 - 0.5 M KCl, 

++ 5-30 roM Mg (capel & Bourque, 1982). 

Both 30S and 50S chloroplast ribosomal subunits have been imaged 

wi th electron microscopy to high resolution. The morphologies of both 

subunits from Alaskan pea are virtually indistinguishable from the small 

and large subunits of the 1ia. gW. ribosome (Trempe & Glitz, 1981). The 

30S chloroplast ribosomal subunit appears as a two-lobed, squashed 

prolate ellipsoid (approximately 3:2 ~etry), with a long axis of 235 

± 14 i '!be 50S subunit is a flattened spheroid of maximum dimension 

of 280 + 10 H, and displays the same characteristic protuberances as 
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the J1L £QJJ.. 50S subunits, including the L7/Ll2 arm (Lake, 19S0) and the 

antipodal ag;>endage. 

Cytoplasmic 40S ribosomal subunits of higher plants have a 

single species of rRNA of 1.3 megadaltons mass (ISS), while the 60S 

subunits contains one large rRNA, of 1.29 x 106 daltons (25S), and two 

smaller rRNA's, a 5S and a 5.5-5.SS species (Bourque, Boynton & Gillham, 

1971; Ellis & Hartley, 1974; Gillham, 1975). The 30S chloroplast 

ribosomal subunit of angiosperms contains a 0.55 megadalton (16S) rRNA, 

and the 50S subunit an rRNA of 1.06 megadaltons (23S). The 50S subunit 

also contains two small rRNA's one of 3.9 x 104 daltons (5S) and one of 

2.5-3.3 x 104 daltons (4.5S) (Bourque, Boynton & Gillham, 1971; Bolmert, 

Driesel & Herrmann, 1976). With the exception of the 5S rRNA all 

chloroplast rRNA's derive from a single precursor transcript (Herrmann, 

19S0). 

The l6S rRNA of maize (In ~ has r'ecently been sequenced 

(Schwarz & Kossel, 19S0), and compared to the l6S rRNA of Escherichia 

coli. 1,144 residues of maize l6S rRNA nucleotide sequence are 

identical to the 1l!... gUi sequence (1,541 nucleotides long), yielding 74% 

hanology. 

The first, and still the best characterized set of chloroplast 

ribosomal proteins are those of the alga Chlamydomonas (Mets & Bogorad, 

1972; Davidson, Hanson & Bogorad, 1974; Hanson, ~.al, 1974; Davidson, 

Hanson & Bogorad, 1975). Hansen, et. al., using two-dimensional 

polyacrylamide gel electrophoresis (Mets & Bogorad, 1973), reported that 

the large chloroplast ribosomal subunit possessed 26 proteins and the 

small subunit 22, with isoelectric points greater than 5 (Hanson, ~.slr 
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1974). Two polypeptides of pI < 5 were observed in electrophoretic 

separations of 30S subunit ChRP. Other groups, using different 

electrophoretic protocols, have reported different numbers of large (35) 

and small (26) subunit chloroplast ribosomal proteins (ChRP) (Brugger & 

Boschetti, 1975). Four irreproducible, faintly staining polypeptides 

were observed by Hansen but not included in their 50S ChRP counts, due 

to irreproducibility (Hanson, ~ 91, 1974). At present their is still 

no strong consensus on the exact number of acidic and basic 

Chlamydomonas ChRP associated with the small and large chloroplast 

ribosomal subunits. 

Like the proteins of the L.~ ribosome, Chlamydomonas ChRP 

tend to be small (number average molecular weight from both subunits 

20,000) and very basic (Wittmann, Littlechilde & Wittmann-Liebol, 1980). 

Ribosomal proteins of ~ ~ (EcRP) and Chlamydomonas ChRP (and 

ribosomal proteins from other sources) demonstrated an almost perverse 

insolubility in chaotropb-free aqueous solution. 

1.be chloroplast ribosomal proteins of Euglena gracilis have been 

studied by Freyssinet, and others (Freyssinet & Schiff, 1974; 

Freyssinet, 1977; Freyssinet, 1977). Again, there is no agreement on 

the exact numbers of 30S and 50S ChRP, but the numbers provided by 

Freyssinet are similar to those of Chlamydomonas (22 for the small 

subunit and 30-34 for the large subunit). 

Hansen ~ ~ also resolved Chlamydomonas cytoplasmic ribosomal 

proteins (CyRP) from monosomes and purified subunits (Hanson, n.sl" 

1974). 26 reproducible basic (pI > 5) polypeptides were found 

associated with the 40S cytoplasmic ribosomal subunit and 39 with the 
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60S subunit. The two-dimensional electrophoretic patterns of CyRP am 
ChRP from homologous ribosomal subunits exhibited very little 

similarity. The number average molecular weights were quite similar for 

cytoplasmic and chloroplast ribosomal subunits. 

until recently, the was a paucity of literature concerning ChRP 

and CyRP from higher plants. The difficulty of obtaining sufficient 

quantities of ChRP and CyRP free from cross contamination appears to be 

the main cause. Bourque reported numbers of ChRP from the 305 and 50S 

chloroplast ribosomal subunits of two species of the genus Nicotiana. 

separated by one-dimensional electrophoresis (Bourque & Wildman, 1973), 

and later by two dimensional techniques (Bourque, 1977). These 

preliminary studies provided numbers in rough agreement with those for 

ChRP from algal sources (20-24 30S ChRP, 34-38505 ChRP). Jones found 

the number of total RP from wheat cytoplasmic ribosomes to be 85, in 

agreement with results from Nicotiana cytoplasmic mooosomes reported by 

Bourque (> 85) (Jones, ny, 1972). 

More recently, detailed studies of higher plant ChRP have 

appeared. Capel and Bourque presented the results of inter species 

comparisons of 50S ChRP from Australian and American Nicotiana species 

and 30S ChRP from Nicotiana tabacum am a streptomycin-resistant mutant 

of the same plant (Capel, Redman & Bourque, 19797 Capel & Bourque, 

1982). Eneas-Filho, Hartely & Mache found 24 and 32 ChRP in pea 30S and 

50S chloroplast ribosomal subunits, respectively (Eneas-Filho, Hartely & 

Mache, 1981). Mache, n y observed essentially the same numbers of 

ChRP in spinach (Mache, Dome & Batlle, 1980). Both groups used the same 

electrophoretic procedures and the 30S and 50S ChaP patterns were quite 
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similar. Homologies between the two species could be inferred from 

~tion of the patterns. 

Freyssinet measured the level of crossreactivi~ between antisera 

raised against Euglena and spinach total C'hRP am. CyRP, am found about 

30% immunologic homology (total crossreactivi~) between ChRP am CyRP 

(Freyssinet, 1977). Gua1erzi ~ li found negligible crossreactivity 

between antisera raised against total EcRP am total ChRP from spinach 

and bean (Gua1erzi, .§t li, 1974). 

The Similarity of chloroplast and eubacteria1 ribosomes was 

highlighted by ribosomal subunit hybridization experiments. The 30S 

sub\D'lit of Euglena was seen to associate with tlle 50S ribosomal subunit 

of ~ QQli, to form a stable monosome, capable of po1y-U-directed 

phenylalanine polymerization. However, the reciproco1 subunit hybrid 

demonstrated no ability to incorporate phenylalanine (Lee & Evans, 

1971). Analogous experiments using spinach 30S ribosomal subunits 

resulted in active hybrid ribosomes in both combinations (Grive1 & Walg, 

1972) • 

Functional Characteristics of Higher Plant Ribosomes 

Chloroplast of higher plants possess a more or less complete set 

of tRNA's, entirely unique with respect to those found in the cytoplasm 

(Meeker & Tewari, 1982). In the case of spinach, saturation 

hybridization between ct-DNA and labelled total chloroplast tRNA 

indicate that 1.1% of ct-DNA codes for chloroplast tRNA, enough to 

encode 40 tRNA's of average length (90 base pairs) (Meeker & Tewari, 

1980). H¥bridization of radioactive amino acid-charged tRNA's with ct-
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DNA has identified roughly 40 different ct-DNA tRNA genes (Meeker & 

Tewari, 1982). studies with com have identified 28 chloroplast-encoded 

tRNA species (Meeker & Tewari, 1980, 1982). 

Chloroplast elongation factors EF-Tu and ET-Ts have been 

isolated from spinach and Euglena, and found to be distinct from 

analogous cytoplasmic factors from the same species (Ciferri, .f:..t. RJ.., 

1977). Extensive sequence homology was detected between Chlamydomonas 

ct-DNA coding for EF-Tu and the ~ £2li EF-Tu gene in heterologous 

hybridization studies (Watson & Surzycki, 1982). Euglena chloroplast 

EF-Ts catalyzes exchange between guanine nucleotides and Ii.. .£Qli. EF-TU

GDP complexes (Spremulli, 1982). The same report demonstrates that 

Euglena EF-G substitutes for the ~ gW. factor with .E.. .£Qli ribosomes, 

with no detectable activity on Euglena cytoplasmic ribosomes. 

Antibiotic inhibition studies with isolated chloroplasts indicated that 

chloroplast elongation factors EF-G and EF-TU of spinach are synthesized 

within the chloroplast (Ciferri, Di Pasquale & Tiboni, 1979). Later, 

the same workers demonstrated that a specific endonuclease restriction 

fragment of spinach ct-DNA, restored kirromycin (a specific inhibitor of 

EF-TU) sensitivi~ when cloned into a kirromycin-resistance mutant of 

~ ~ (personal communication to D. Bourque). 

Chloroplast ribosomes from algae and higher plants are 

insensitive to inhibition by antibiotics that block protein synthesis of 

cytoplasmic ribosomes, like cycloheximide and anisomycin (Ellis, 19701 

Harris, ~ sl,1977). They are however, sensitive to prokaryotic 

translation inhibitors such as streptomycin, lincomycin, and 

chloramphenicol (Ellis, 19701 Chua & Gillham, 1977). '!be differential 
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sensitivities of chloroplast and cytoplasmic ribosomes has afforded 

great impetus to studies attempting to determine the type of ribosomes 

responsible for the translation of specific chloroplast polypeptides. 

Coding CApacity and Known Genes of Chlorqplast DNA 

ct-DNA rRNA Genes 

The coding capacity of a DNA molecule is roughly proportional to 

the length of its non-reiterated sequences. Higher plant ct-DNA 

consists of about 140,000 base pairs (bp) in length (Kung, 1977). Two 

large inverted repeats are found in most higher plants (Bedbrook, 

Kolodner & Bogorad, 1977). Each repeated segment constitutes 15% of the 

total contour length of ct-DNA, leaving 70% of the genome (98,000 bp) as 

non reiterated sequences. 

Thomas and Tewari found that between 4 and 4.5% of ct-DNA 

hybridized with 32p-labeled chloroplast rRNA, in spinach, lettuce am 
bean (Thomas & Tewari, 1977). Comparison of the known masses of ct-DNA 

am chloroplast rRNA showed that the level of rRNA-ct-DNA hybridization 

indicated that there were two equivalents of 23S, 16S arx1 5S rRNA, per 

ct-DNA molecule. 

Southern blot hybridization of labeled maize chloroplast rRNA 

with electrophoretically reso~ved endonuclease restriction fragments of 

maize ct-DNA allowed mawing the 238, 168 arx1 58 chloroplast rRNA's to 

the inverted repeat regions of ct-DNA (Bedbrook & Bogorad, 1976; 

Bedbrook Kolodner & Bogorad, 1977). Heteroduplex and ~looping mapping 

of chloroplast rRNA and ct-DNA confirmed these results (Bedbrook, 

Kolodner & Bogorad, 1977). The rRNA genes of most plants studied 'map 
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into the inverted repeat region (Meeker & Tewari, 1982). An exception 

is pea which does not appear to posses a repeated invert (Meeker & 

Tewari, 1982). 

As discussed above, approximately 40 different chloroplast tRNA 

species saturably hybridize to spinach and pea ct-DNA (Meeker, Tewari, 

1982). At least 25 chloroplast tRNA's have been mapped to specific 

endonuclease fragments of maize ct-~ 

SUmming all the equivalent base pair lengths of chloroplast rRNA 

(accounting for two-fold multiplicity) and forty chloroplast tRNA 

(assuming an average sequence length of 90 nucleotides) only about 

63,000-65,000 of the 140,000 bp of higher plant ct-DNA are expended in 

encoding chloroplast rRNA. Thermal renaturation' kinetics of ct-DNA, as 

well as endonuclease restr iction mapping studies indicate that, aside 

from the inverted repeat, there is negligible redundency in remaining 

ct-DNA sequences (Meeker & Tewari, 1982). 

After subtraction of the coding capacity of known chloroplast 

rRNA's and presuming perfect redundency in the inverted repeat, around 

60,000 base-pairs of unique ct-DNA coding capacity remains unaccounted 

for. Clearly, this represents a sizeable coding capacity, sufficient to 

encode around 200 10o-residue long polypeptides. 

Known ct-DNA Encoded Polypeptides 

Ribulose-bisphospbate carboxylaselO&Ygenase Large SUbunit

Matemal Inheritance as an indicator of ct-DNA Genes. '!be large subunit 

of ribulose-bisphosphate carboxylase/oxygenase (E.c. 4.1.1.39, RuBPCase) 

was the first chloroplast protein whose structural gene was 

unambiguously identified as a ct-DNA gene product, by indirect 
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(nonphysical) means (Chan & Wildman, 1972; Sakano, Kung & Wildman, 1974; 

Kawashima & Wildman, 1972). RuBPCase is comprised of large (M = 5.6 x 
r 

105) and small (M = 1.2 x 104) subunits, each present in 8-fold 
r 

multiplicity in the holoenzyme (Kung, 1977). 

The inheritance pattern of ~ies-~ific characteristics of 

the large subunit of RuBPCase was followed through Fl interspecific 

crosses between American and Australian Nicotiana ~ies by Wildman's 

group (Chan& Wildman, 1972; Sakano, Kung & Wildman, 1974). TryptiC 

digests of the large subunit from &. tabacum (American) and &. gossei 

(Australian) were separated by two-dimensional paper chromatography. .N... 

gossei exhibited one additional tryptic peptide, otherwise the 

chromatographic separations of the two tryptic digests were identical. 

Separations of tryptic peptides of the RuBPCase large subunit from both 

inter~ies hybrids were identical to those of the maternal parent, and 

independent of the paternal parent. 

The awarent Km for ribulose bis-phosphate of .N... gossei RuB.PCase 

was significantly lower than that of the &. tabacum enzyme (Singh & 

Wildman, 1973). The K values of the &. gossei - &. tabacum hybrid 
m 

enzymes correlated with those of the maternal parent, in agreement with 

the peptide mapping studies. 

Nicotiaoa pollen contributes neither mature plastids nor plastid 

precursors to the zygote (Gillham, 1978). Therefore, any ct-DNA gene 

product in the progeny of an inter species cross always displays the 

maternal phenotype (uniparental or maternal inheritance). Products of 

nuclear genes, in interspecies hybrids, always manifest a combination of 
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maternal and paternal phenotypes or one parental phenotype or the other, 

due to dominance (biparental or Mendelian inheritance). The major 

limitation of inheritance mode as a general method to localize ( to the 

level of genome) structural genes of chloroplast proteins is that 

significant pheno~ic differentials must exist between the two species 

or lines used in the sexual cross. other problems arise in some plant 

genera in which pollen contributes mature plastids or plastid 

progenitors to the zygote (e.g. Oenothera, Gillham, 1978). 

The ct-DNA gene for maize RuBPCase large SubWlit was eventually 

localized to a Bam HI restriction fragment of ct-DNA and cloned into EL 

mJ.i, and used to program an in vitro heterologous linked transcription

translation system (Coen.et ~ 1977). This ct-DNA fragment programmed 

the production of a polypeptide of 52,000 daltons that was precipitable 

by antibody to large subunit of RuBPCase. The polypeptide also 

demonstrated a limited proteolytic fragment electrophoretic pattern 

identical to that of the large subWlit of RuBPCase. 

Cell-Free TranslationlTranscr:i.ption· of Chloroplast DNAIChloro

plast RNA. Bottomly and Whitfeld have developed a cell-free 

heterologous transcription-translation system for ct-D~ utilizing EL 

.£2l.i RNA polymerase, ribosomes and associated factors, programmed by 

spinach Ct-DNA (Bottomly & Whitfeld, 1979). They observed the synthesis 

of 20 distinct molecular weight classes of polypeptide by one

dimensional SDS gel electrophoresis. The aggregate mass.of the de novo 

synthesized protein was 1.3 x 106 daltons, about one-half of the maximum 

nonredundant, unassigned coding capacity of spinach ct-DNA. Qle major 

polypeptide possessed the same apparent molecular weight and tryptic 
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fragment pattern as the large subunit of ribulose bisphosphate 

carboxylase. 

Hermann, ~ sl have used the in vitro rabbit reticulocyte 

translation system to translate purified total ~inach chloroplast RNA 

(Hermann, ~ Al, 1980). More than 60 different polypeptides were 

resolved on gradient, one dimensional SDS gels, ranging from 10 to 80 

ki1odaltons. Polypeptides resulting from translation of Ct-RNA were 

identified by one-dimensional SDS gel electrophoresis, double 

immunodiffusion, two dimensional immunoelectrophoresis and 

electrophoretic patterns of limited proteolytic digests. Positive 

identification was possible for a number of chloroplast proteins, 

including the large subunit of RuBl?Case, the alpha, beta and DCCD-bind

ing proteolipid subunits of the thy1akoid ATP synthetase (coupling 

factor) , cytochrome f, am a 32 kdalton thy1akoid polypeptide known as 

"photogene 32". 

Genomic Location am Site of S¥nthesis of 
QUorop1ast Ribosomal Proteins 

The site of synthesis (chloroplast vs. cytoplasmic ribosomes) of 

known stromal and thy1akoid proteins correlates well with the genomic 

location of their structural genes (Boynton, Gillham & Lambowitz, 1980). 

Initial attempts to determine the genomic partitioning of the structural 

genes for chloroplast ribosomal proteins capitalized on the differences 

in sensitivity to prokaryotic and eukaryotic translation inhibitors. 

Freyssinet exposed Euglena to lincomycin (a chloroplast translation 

ini tiation inhibitor) and cycloheximide (a specific cytoplasmic 
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translation inhibitor), and measured the incorporation of 35S04 into 

ChRP, separated by two-dimensional electrophoresis (Freyssinet, 1978). 

Freyssinet concluded that at least 9 ChRP are chlorqplast synthesized, 

while at least are 12 cytoplasmically translated. Incorporation in 

another set of 12 proteins was blocked by both antibiotics. Conclusions 

drawn from this methodology are subject to severe caveates. Failure to 

observe labeling may be due to the blockage of the synthesis of other 

ChRP that are necessary for the incorporation of the ChRP of interest 

into ~ JlQ.V.Q-synthesized chlorqplast ribosomes. Standing pool sizes of 

previously synthesized ChRP complicate interpretation of these studies. 

Chloroplast translation inhibitors may indirectly interfere with the 

transport of cytoplasmically syntheSized ChRP. 

Genetic methods have been employed to test for chloroplast

encoded ChRP. Bourque observed inter species differences in one

dimensional electrqphoretic separations of 50S ChRP from &. tabacum and 

lh. glauca (another American species) (Bourque & Wildman, 1973). One 

band in the ~ glauca gel had no counterpart in the ~ tabacum gel. 

Another protein in the ~ tabacum gel had a higher electrophoretic 

mobility than the corresponding protein in the.H.. glauca separation. 

Both inter species hybrids had the protein missing in the ~ tabacum 

pattern and both had the higher mobility &. tabacum band. '!be authors 

interpreted their results as indicating two nuclear coded 50S ChRP. 

Maliga and co-workers have isolated a number of chloroplast 

antibiotic-resistant mutants from various Nicotiana species (Maliga, 

Sz.-Breznovitz & Marton, 1973, Maliga, Sz.-Breznovits & Marton, 1975, 

Maliga, n Al, 1979). The first of these mutant lines is streptomycin 
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resistant, designated as SR-l (Maliga, Sz.-Breznovits & Marton, 1973). 

Bourque, Horn and Capel have shown that streptomycin-resistance 

correlates with a measurable decrease in the affinity of the SR-l 30S 

chloroplast ribosomal subunit for 3H-dihydrostreptomycin, relative to 

that of the wild-type (Bourque, Horn & Capel, 1977). The SR-l 

resistance phenotype is transmitted uniparentally (maternally) in 

backcrosses between SR-l and the parental species (Maliga, Sz-Breznovits 

& Marton, 1975), implying the existence of at least one ct-DNA 30S ChRP 

gen.~. ., 
Finally, recent results of Eneas-Film ~.sl. smw that, in pea, 

a number of 30S and 50S ChRP are synthesized on chloroplast ribosomes. 

Using the light-driven system for protein synthesis in isolated pea 

chloroplasts (Ellis & Hartley, 1981) is was demonstrated the at least 6 

30S and 5 50S ChRP are synthesized on chloroplast ribosomes (Eneas

Film, .e.t.sl.r 1981). Since there is no evidence that nuclear mRNA's can 

be transported across the chloroplast membranes this implies that the 

corresponding genes are located in the plastid genome. 

Statement of Purpose 

The intent of this study was to develope techniques for the 

determination of the genomic location of ChRP genes in higher plants, by 

their mode of inheritance. Australian and American species of the 

Nicotiana have been reproductively isolated since the fragmentation of 

the Pangean supercontinent, in excess of 100 million years ago (Chen, 

Jobal & Wildman, 1976). In spite of the duration of this separation and 

the considerable inter species divergence that has developed, Some 
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combinations of American and Australian representative of the genus can 

be successfully ~ridized (reciprocally) to form viable, but sterile Fl 

progeny (Goodspeed, 1954). Cile successful combination is Ii&. gossei am 
~ tabacum. It is likely that even highly conserved genes should 

manifest some detectable degree of pheno~ic divergence, including ChRP 

genes. 

The experimental program, of which this dissertation is but a 

part, consists of following: 1) The characterization of both Ii&. tabacum 

ChRP and CyRP by two dimensional electrophoresis7 2) followed by 

comparison of &. tabacum and &. gossei 30S and 50S ChRP to correlate the 

identities of ChRP from both species7 3) the delineation of differences 

between specific pairs of homologous ChRP7 4) preparative isolation of 

all 30S and 50S ChRP from !ia. tabacum, Ba. gossei and both inter species 

hybrids 7 5) finally, determination of the mode of inheritance of 

inter species ChRP by comparison of their tryptic peptides with those of 

homologous ChRP from parental speCies. The results of the first four. 

phases of the program are presented in the sequel. 

The program outlined above demanded the development of a number 

of new techniques and refinement of existing methods including: 1) 

high resolution, large scale zonal sucrose gradient separations of 

chloroplast ribosomal subunits7 2) semi-micro and preparative scale 

high resolution two-dimensional electrophoresis of ChRP7 3) analytical 

methods for comparison of electrophoretic mobility maps7 4) and high 

performance reverse phase liquid chromatography of peptides and complex 

protein mixtures. 



MATERIALS AND METH<DS 

Leaf Tissue 

Nicotiana tabacum (variety TUrkish Bamsun), Niootiana gossei and 

Nicotiana excelsior (field-collected varieties) seeds were the gift of 

Dr. Sam Wildman. Seeds of the streptomycin resistant mutant of 

Nicotiana tabacum (var ottawa) were provided by Dr. Pal Maliga. Seeds 

were germinated in wet peat-cubes (Rys-Rubes, Brighton By-products, New 

Brighton. Pa.), 5-10 seeds per cube. After seedlings reached 

approximately 1 em in height the smaller seedlings were culled and the 

peat cubes were placed in sand flats containing feed lines from an 

automated central h¥droponic media dispensing apparatus. Illumination 

and periodic irrigation of the sand flats were automatically controlled. 

Leaves 3-10 cm in length were harvested from 1-2 month old 

plants or regrowth from previously harvested plants. Leaf tissue was 

rinsed in cold distilled water and stored overnight in the dark at 4 0 C 

to depleat starch granules. Midribs were dissected out from the larger 

leaves and the remaining tissue held at 4 0 C until processed. 

Construction of Interspecific 
JM>rid Plant Lines 

Reciprocal interspecial hybrids between &. tabacum and &. gossei 

were ganerated by pollinating emasculated flowers of one species with 

pollen from opposite species. The inter special hybrid deSignated 

symbolically T x G, results from the cross using .&. tabacum as the 

19 
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maternal parent and liL gossei as the pollen donator. The reciprocal 

hybrid generated from &. gossei ova and &. tabacum pollen is designated 

G x T. Seeds from dried mature seed pods from both inter special hybrids 

showed very high rates of germination, but very poor rates of seedling 

survival past embryonic shoot emergence. In order to overcome this 

developmental block, saggital sections from week-old hybrid cotyledons 

were sterilized by immersion in 1% qypochlorous acid and 10% ethanol and 

cultured on agar plates (modified Hoglan's medium) to promote callus 

development. samples of mature hybrid callus were transferred to agar 

plates with 2 mg/l indole acetic acid and kinetin to stimUlate apical 

meristem development. Shoots were cut-away from callus and dipped in 

solution containing 1 mg indole acetic acid/l and transferred to agar 

plates to encourage root development. Hybrid plants resulting from this 

procedure were transferred to pots containing a wet sand-vermiculite 

substrate and grown hydroponically to maturity (1-2 months). Apical 

meristem cuttings from mature hybrid plants were treated with a mix of 

Naphthylacetamide, 2 Methyl-l-naphthylacetic Acid, 2-Methyl-l

naphthylacetamide and Indole-3-Butyric Acid (Rootone, Amchem) to 

stimUlate root development and grown to maturi~ ~droponically. The 

hybrid character of both plant lines was confirmed by flower, leaf and 

leaf trichome morphology (Goodspeed, 1954). 

The G x T hybrid line resulting from the above procedure was 

quite vigorous and was successfully propagated by regenerati!ll'l of apical 

shoot cuttings for 3 years. The T x G line was less successful and 

eventually lost except for a single unhealthy individual. The T x G 

hybrid line was re-established by the simple, but wasteful expedient of 
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germinating 104 qybrid seeds on a sterile sand, perlite and vermiculite 

substrate, wetted by the normal hydroponic medium, maintained at 20oC, 

with a high CO2 partial pressure in an environment chamber. After 2 

weeks the flats containing the surviving seedlings (5 plants) were 

transferred to sand-vermiculite filled pots and grown hydroponically. 

After 1 month these plants were propagated vegetatively from apical 

meristem cuttings. Flower and leaf morphologies of these plants 

confirmed their qybrid nature. 

Ribosome Isolation 

Two methods were used to extract chloroplast and cytoplasmic 

ribosomes from Nicotiana leaf tissue. The first, used for preliminary 

studies, involved the isolation of ribosomes from partially purified 

chloroplast derived from leaf tissue homogenates, isotonic with respect 

to the stroma of the chloroplast. These preparations gave a relatively 

low yield of chloroplast monosomes and ribosomal subunits, contaminated 

by a small quantity of 80S cytoplasmic malosomes (ribosome yield defined 

as the ratio of total absorbance units (260 nm) of ribosome after 

p,lrification, to the mass of leaf tissue (g) extracted). In the second 

ribosome extraction technique, chloroplast and cytoplasmic ribosomes 

were isolated from hypotonic (with respect to chloroplast stroma) total 

leaf tissue homogenates. The second method in most subsequent work. 

This method obviated preliminary chloroplast isolation and provided a 

high yield of chloroplast ribosomal subunits and also a very large 

amount of cytoplasmic 80S monosomes in comparison to the first 

extraction technique (Bourque, Capel, 1982). Ribosomal subunits 
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(chloroplast and cytoplasmic) from the crude ribosomal fraction obtained 

from either method were resolved by zonal sucrose gradient 

centrifugation to give pure chloroplast ribosomal subunits and 

cytoplasmic ribosomes. 

Method I: Ribosome Extraction From Chloroplast-Enriched Fractions of 
Leaf Homogenates 

Solutions; 

Solution A: 0.25 M MgCI2' 0.25 M KCl, 0.25 M Tris-HCl (Trizma Base), 

pH 7.5. 

Solution B: 0.25 M KCl, 0.25 M Tris-HCl (Trizma Base), pH 7.5 (@ 4oC). 

Chopping Buffer I: 0.01 vol. stock A, 0.09 vol stock A, 1M SUcrose 

(Food grade), 0.25 M Tris-HCl (Sigma 7-9), 55 roM 2-Mercaptoethanol, 

pH 8.0. 

Resuspens~on Buffer: 0.01 vol. Stock A, 0.09 vol. Stock B, 4.5 mM 2-

Mercaptoethanol. 

SUcrose Cushion: 0.75 M SUcrose (reagent grade), 0.01 vol. stock A, 

0.09 vol. stock B, 4.5 roM 2-Mercaptoethanol. 

R,x.ocedure. All buffers were cooled to 40 C prior to use. 2 Kg 

of deribbed leaf tissue (at 4
o

C) were rinsed in distilled water and 

divided into 200 9 lots. Groups of 3 lots were separately homogenized 

in 300 ml Chopping Buffer I (each) for 1 min in a modified Blender 

(normal chopping blades replaced by stack of 30 two-edged razor blades, 

separated by stainless steel washers). '!be tissue brei from each lot was 

filtered through 4 layers of 50 ~sh cheese cloth (previously washed 
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in distilled water) and 2 layers of Miracloth paper (caIbiochem). The 

filtrate from 3 lots were combined and sedimented in 250 ml bottles in 

the GSl\ rotor (SOrvall Instruments), in an RC-2B preparative centrifuge 

(Sorvall Instruments) for 5 minutes at 5,000 RPM (1,500 x g). The 

resultant pellets consisting mainly of nuclei, chloroplasts and starch 

granules were resuspended in 25 ml (each) Resuspension Buffer and 

combined. All bottles were rinsed with an additional 25 ml Resuspension 

Buffer and rinses combined with the resuspended pellets and stored on 

wet ice at - 4°C. The time between chopping and filtering the brei from 

successive lots of tissue and the duration of homogenization at high 

blender velocity were minimized, in order to maximize the yield of 

class I chloroplasts in the crude chloroplast and nuclei pellet. Class 

I chloroplasts possess intact inner and outer chloroplast envelopes and 

demonstrate strong refringence when viewed via light-field phase 

contrast microscopy (yellow-green oblates, surro.unded by a brilliant 

yellow halo). This property distinguishes them from class II (ruptured 

outer envelope) and III (both inner and outer envelopes broken), 

respectively), neither of which exhibit birefringence, and appear as 

spherical (class II) or amorphous (class III) bodies, containing green 

granules. The proportion of class II and III chloroplasts in the crude 

chloroplast pellet controls the yield of chloroplast ribosomes, since a 

large fraction of the chloroplast stroma (and chloroplast ribosomes) is 

lost when the integrity of the outer chloroplast envelope is 

carpromised. 

Resuspended pellets from the entire 2 Kg tissue were combined 

and dialysed against 4 1 Resuspension Buffer (24 hr, 4oC, 3 changes of 
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buffer) in 1" diameter dialysis membrane, in order to promote lysis of 

chloroplasts and release of membrane bound ribosomes. Dialysates were 

consolidated and solid MgC12 added to bring final concentration to 25 roM 

(4.56 g/l dialysate), in order to aggregate thylakoid membrane 

fragments. Dialysates were then clarified in the SS-34 rotor (Sorvall 

Instruments) in the RC-2B centrifuge at 15,000 RPM/30 min (30,000 x g). 

The supernatants were decanted so as to avoid contamination of the 

supernatant by the thylakoid pellet, and 90 m1 aliquots transferred to 

cawed Type-35 rotor polyallomer bottles (Beckman Instruments) using a 

50 m1 syringe fitted with a 10 em 116 cannula. 5 m1 SUcrose cushion was 

slowly layered under each 90 m1 aliquot, using a 116 cannula-equiR?ed 

syringe. The bottles were plugged and inserted into a precooled (40C) 

'JYpe-35 rotor (Beckman), and sedimented at 30,000 RPM (102,000 x g), 12-

o 16 hr, 4 C. 

'!he crude ribosome pellets were dissolved in a minimal volume of 

resuspension buffer (2 m1 per bottle) and transferred to 1 em diameter 

spectrapore dialysis membrane (Spectrum Medical Co., IDs Angelos) and 

dialysed against 1000 ml resuspension buffer (minimum 20 hr), 4
0

C, in 

order to dissociated chloroplast ribosomes. Cytoplasmic ribosomes 

remain completely associated as 80S monosomes under conditions of 

dialysis (Bourque, capel, 1982; capel, Bourque, 1982). 

Method II: Ribosome Extraction From Total Leaf Homogenates 

Solutions; 

stock A, stock B same as method I. 

Chopping Buffer II: 0.01 vol. Stock A, 0.09 vol. Stock B, 0.025 M 

Tris-Hel, 0.055 M 2-Mercaptoethanol, pH 8.0. 



Resuspension Buffer: as in method I. 

SUcrose CUshion: as in method I. 
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Procedure. Approximately 300 g young deribbed leaves were 

homogenized in 500 ml Chopping buffer II (4°C), in a prechilled 

conventional Warring blender, at maximum velocity for 2 min. Tissue 

homogenates were filtered as in method I and clarified at 15,000 RPM, 30 

min (30,000 x g) in the 8S-34 rotor. Ribosomes in the clarified 

homogenate were sedimented through 5 ml SUcrose CUshion in the '!ype-35 

rotor, resuspended in and dialysed against Resuspension Buffer for 24 hr, 

to dissociate chloroplast ribosomes, as in Method I. 

Special Ribosome Preparations 

In some preparations, phenylmethylsulfonyl flour ide (1 roM) am 
aminocaproic acid (5 roM) were incorporated in the homogenization buffer 

as protease inhibitors. In other cases (native chloroplast monosome 

preparations), leaf homogenization and ribosome extraction were 

carried out at 30 mM MgC12 to minimize chloroplast ribosome 

dissociation. 

other studies required ribosomes stripped of all possible 

ribosome-bound non ribosomal proteins (e. g. initiation, elongation 

factors, cytochromes, etc.). 'Ibis condition was satisfied by exposing 

crude ribosome preparations to 0.5 or 1 M NH
4
Cl (ribosomes undergoing 

such treatment are referred to as ·salt-washed"). Salt-washed ribosomes 

were prepared by resuspending the crude ribosomal pellet (prior to 

dialysis against Resuspension Buffer) in Resuspension Buffer containing 

25 mM MgC12 followed by gradual addition, of solid NH4Cl to 0.5 or 1.0 
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M, with continuous stirring. Ribosomes were immediately repelleted in a 

Beckman type 65 rotor at 60,000 RPM/5 h (360,000 x g), dissolved in 25 

roM MgC12 Resuspension Buffer, am resolved via sucrose gradient zonal 

centrifugation (no dialysis to promote ribosome dissociation). 

Escherichia,gQli. Ribosomes 

,g. ,gQli. 70S ribosomes were prepared from late log phase cultures 

of the strain MRE 600. Cells were harvested by sedimentation and 

disrupted by grinding with alumina in 5 roM MgC12' 25 roM KC1, 25 roM Tris

Hel, pH 8, 4°C. 'Ibe homogenate was diluted 10 fold with the same buffer 

and clarified (30,000 x 91 15 min). Ribosomes in the supernatant were 

pelleted through 1 M sucrose cushions (360,000 x 915 hr), resuspended in 

5.0 mM MgC1
2

, 25 mM KC1, 25 mM Tris-HCI, pH 7.5 and repelleted through 

1.0 M sucrose cushions. 'Ibe final pellets were resuspended in the same 

buffer, clarified (30,000 x g/15 min) and used without further 

purification. 
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Preparative SUcrose Gxadient Zonal Centrifugation 

Theoretical Considerations 

Chloroplast and cytoplasmic mono somes am ribosomal subunits 

were resolved by zonal centrifugation through equivolumetric sucrose 

gradients (Eikenberry, g .al, 1970; Pollack & Price, 1971; Bourque & 

Capel, 1982). These gradients posses very high capacities and produce 

separations in which the various components of a complex sample mixture 

elute from the zonal rotor (after separation) at volumes that are a 

linear function of the sedimentation coefficients of the components. 

Following the development of Price, the generating constraint of the 

equivolumetric gradient is embodied in the following condition: given 

a cylindrically symmetric sample particle zone (consisting of particles 

of k~lOwn density, occuring at an initial radial displacement of r ), the 
o 

sucrose concentration gradient varies with the displacemnt from the 

center of rotation, such that the sample zone sweeps through an equal 

volume of gradient solution with equal increments of time (Pollack & 

Price, 1971). In the cylindrical geometry of a zonal rotor (ignoring 

fine details of core geometry and edge conditions) the volume of the 

initial (unresolved)· particle zone is given by 

V=2'1r'r6h 

where r is the distance between the center of the particle zone and the 

axis of rotation, and 6 is the thickness of the zone. The 

instantaneous sedimentation equation is 

dr S rw2 .Pp~Prn (r) 
- = 20,w l'lw -dt n (r) P . - p. 

m p w 
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Where r is the axial displacement of the particle zone center, s20,w the 

sedimentation coefficient of the particle, w the angular velocity of the 

rotor (in radians/sec), n and p the viscosity and density of water, w w 
p particle density and n (r) and p (r) the viscosity and density of p m m 

the sucrose gradient at radial displacement r. 

The generating constraint of the equivolumetric gradient is 

satisfied if 

~ = 2 'IT rh .!k = constant 
dt dt 

After replaclllg dr/dt with the instantaneous sedimentation equation one 

obtains 

Pp'~ .Pm(r) 

Pp - pw 

= constant 

Upon rearrangement, an equation is obtained wherein the 

viscosity and density of the gradient (and therefore the sucrose 

concentration) is defined as a function of the radial displacement of 

the sample zone: 

r = . . :'\n (;r) 
Pp -:- Pm (r) 

= constant 

A BASIC program was written that computes C(r), the w/v % 

concentration of sucrose versus radial displacement, given the 

temperature, particle density, initial sample zone displacement (r ), 
o 

sucrose concentration at the top of the gradient (C(r », and the radius 
o 

vs. volume function of the rotor (in Zonal Rotors for Preparative 

Ultracentrifuges, Beckman). All ribosomal subunits and monosomes 
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initially present in the unresolved sample zone were assumed to have a 

density of 1.414 glml at 40C (McCarty, stafford & Brown, 1968~ Pollack & 

Pricer 1971) Separations were accomplished with the Beckman Ti-14 and 

Ti-15 zonal rotors, depending on sample load and degree of resolution 

desired. 

SOlutions and Apparatus 

stock A: 0.25 M MgC12~ 0.25 M KC1~ 0.25 M Tris-Hel (Trizma Baseh 

pH 7.5. 

Stock B: 0.25 M KC1~ 0.25 M Tr is-HCl (Tr izma Base) ~ pH 7.5. 

SOlution 1: 5% (50.9 gIl) Sucrose (A.C.S.Fisher Scientific, Fair Lawns, 

New Jersey) 1 0.01 vol Stock 14 0.09 vol Stock B~ 4.5 mM 2-Mercapto

ethanol. 

Solution 2 (Ti-14 rotor): 44% (526.8 gIl) Sucrose~ 0.01 vol. Stock A; 

0.09 vol stock B~ 4.5 mM 2-Mercaptoethanol •. 

Solution 3 (Ti-15 rotor): 46% (555.6 gIl) Sucrose; 0.01 vol. Stock A~ 

0.09 vol stock B~ 4.5 mM 2-Mercaptoethanol. 

Buffer 1: 0.01 vol. Stock Al 0.09 vol. Stock B~ 4.5 mM 2-Mercaptoethanol. 

Pump-off solution: 46% (555.6 gil) Commercial Grade Sucrose. 

The gradient generating apparatus consists of a proportioning valve 

programmer (Ultrograd 11300, LKB, Bromma 1, Sweden), a proportioning 

valve (LKB 11310), a mixing chamber (LKB 939 05165), a rever~ible 

peristaltic pump (Minipuls 2, Gilson Medical Electronics, Middleton 

Wis.), a heat exchanger coil (constructed from an emptied gas 

chromatograph coil, cooled to 40 C with a wet ice bath), and the rotor 
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manifold-core seal assembly. The gradient is fed into edge line of the 

rotor core (Chervenka & Elrod, 1972), and sample loading occurs through 

the center line, after filling of the rotor. Table 1 lists the gradient 

solution volumes, pump rates, run times and parameters of the gradient 

programing for the Ti-14 and Ti-1S zonal rotors. SUcrose solutions were 

prepared at room temperature and degassed to minimize their viscosity 

(i.e. resistance) and cavitation of solutions at the input stage of the 

peristaltic pump. 

The Ultrograd valve programmer photometrically scans a 

silhouette of the calculated gradient with a reciprocating sweep in the 

vertical (concentration) dimension and a continuous sweep in the 

horizontal (time or volume) dimension. During that part of the vertical 

sweep time spent in the silhouette of gradient, the proportioning valve 

connects the pump with the gradient solution 1 reservoir. While the 

scanner photodiode is in the complementary phase of the sweep, the pump 

inlet is connected to the limit solution reservoir (i.e. solution 2 for 

the Ti-14 or solution 3 for the Ti-1S). The horizontal sweep is fixed 

("Time-X" setting) and not regulated by the pump output. For this 

reason, the peristaltic pump must have an absolutely constant output for 

the entire duration of the horizontal sweep in order to generate the 

desired sucrose concentration (at all times) at the edge-line input port 

of the seal assembly manifold. 

Loading Procedure 

In order to insure constant pump output, the zonal rotor was 

filled with cold distilled water, prior to capping and equilibration to 
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4
oC. Prefilling the rotor improves the stability of the top of the 

gradient as it enters the rotor and minimizes the change in back 

pressure experienced by the pump (and therefore changes in output) as 

gradient fills the rotor. Prefilling the rotor also enables constant 

monitoring of the pump rate by measurement of the flow rate out the 

center-line port of the seal assembly manifold. The refractive index of 

the fluid displaced from the center-line is monitored near the end of 

the horizontal sweep of the valve programmer in order to confirm the 

completion of gradient generati~ 

Prior to loading the gradient, crude ribosome preparations were 

clarified (12,000 RPM/ 10 min), their volumes adjusted ( Table 1) and 

sucrose (A.R. grade) added to 2%. When the relative refractive index of 

the fluid displaced from the center-line reached 1.341 (5 % sucrose) the 

pump rate was reduced to 10 pump rate units and the center-line outlet 

inserted to the bottom of the tube containing the crude ribosome sample. 

The pump direction was reversed (relative to the direction during 

gradient loading) and the sample pumped into the center-line inlet port. 

After the sample was taken up, the appropriate volume of overlay 

solution (Table 1) was pumped into rotor through the center-line input 

port, at the same rate as used for sample loading. The seal assembly 

was removed, the rotor cawed and all condensate standing in the bottom 

of the vacuum chamber of the ultracentrifuge mopped up. '!be chamber was 

closed, the temperature set-point adjusted to 4oC, and the rotor 

accelerated to speed (Table 1) when the chamber pressure fell below 200 

millimicrons of pressure. The time required to attain operating pressure 

was controlled entirely by the amount of condensate remaining in the 
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chamber when the chamber door was closed. In times of extreme humidity 

it was found necessa~ to temporarily increase the chamber temperature 

to 20
0
C in order to melt frozen condensate. 

Offloading Procedure 

After deceleration of the rotor to 2,000 RPM (unbraked), a 50% 

solution of commercial grade sucrose was pumped into the edge-line of 

the manifold seal assembly in order to displace the gradient out by the 

center-line (pump rates for three 2.5 mm (purple-orange) Technicon 

Autoanalyser pump lines, in parallel: 400 rate units, Ti-14 and 500 

units, Ti-15). Absorbance at 254 am 280 nm was continuously monitored 

with an ultra-violet flow spectrophotometer (LKB UV-Cord II), fitted 

with a 0.1 cm path length flow cell. The gradient was fractionated (7 

ml aliquots) with a Gilson microfractionator. 

Repurification of Ribosomal SUbunit Fractions 

In order to obtain chloroplast ribosomal subunits completely 

free of any cross-contamination and cytoplasmic ribosomal subunits, 

repurification by by zonal sucrose gradient centrifugation was found 

necessary. Gradient fractions from the first separationwere first 

diluted (1:1) with Buffer 1, injected into sealed Type-35 rotor 

polyallomer bottles and sedimented at 34,000 RPM for24hr, 4oC. 

Chloroplast ribosomal subunit pellets were then dissolved in 3 mlof 

Buffer 1 and the 308 and 508 fractions adjusted to 1.5 and 3% sucrose 

respectively, by addition of solid sucrose. 308 am 50S fractions were 

repurified b¥ shelf loading onto a single gradient. After the filling 

of the zonal rotor was completed, the 50S chloroplast ribosomal subunit 



33 

fraction was loaded onto to the top of the gradient (as in initial zonal 

separation), followed by 5 ml of Buffer 1 adjusted to 2% sucrose, 

followed ~y the 30S chloroplast ribosomal subunit fraction and the 

appropriate volume of overlay solution (Buffer 1). After fractionation 

of the second sucrose gradient, chloroplast ribosomal subunits were 

precipitated by addition of solid NH
4
S0

4 
to saturation. After 24 hr at 

4oC,subunit precipitates were collected by sedimentation (15,000 RPM/30 

min, Sorvall SS-34). Precipitate pellets were resuspended in 30 ml 

saturated (4oC) NH
4

S0
4 

and resedimented, in order to remove sucrose. 

Finally, precipitates were transferred to small plastic tubes and stored 

at -80oC. 

Cytoplasmic Ribosomal Subunits 

Cytoplasmic ribosomal subunits were prepared from the 80S 

cytoplasmic monosome fraction of the initial zonal sucrose gradient 

separation. Cytoplasmic mono somes were sedimented from diluted sucrose 

gradient fractions (as per chloroplast ribosomal subunits), resuspended 

in 5 mM MgC12, 350 mM KC1, 25 mM Tris-CI, pH 7.5, 4.5 mM 2-

mercaptoethanol, and dialysed against the same solution for at least 24 

H. The dialysate was clarified (15,000 RPM/10 min) and layered on a 

zonal sucrose gradient possessing the same pH and salt concentrations 

present during dialysis. 40S and 60S cytoplasmic ribosomal subunits and 

residual 80S cytoplasmic monosome fractions were precipitated and washed 

in saturated NH
4
S0

4 
and stored at -80 0 C. 



Table 1. Instrumental and solution parameters for load phase of zonal 
sucrose gradient separation of ribosomal subunits. 

Instrt.mleIlt 

Rotor 

Solutim 
Reservoirs 

Ultracentrifuge 
(L8-55) 

Ultrograd 

Proportioning 
Valve 

Mixing Chamber 

Peristaltic 
Pump 

Parameter 

Total Volume 
Max Rl?M a 
Max Sample Vol. 
Initial Radius 

of sample 
OVerlay vol. 
'lYPical w 2t 

Vol. SOln. 1 
Limit Solution 
Vol. Limit Soln. 

Temperature 
Mode 
Key Interlock 
Loading RPM 

Mode SWitch 
Tine X b 

Line 1 
Line 2 
Line 3 

Volume 

Speed 
Flow Rate c 
Tubing 

Ti-14 

665 ml 
42,000 
20 ml 

41 ml 
9xlOll 

325 ml. 
Soln.2 
500 ml. 

2000 

lhr 

Soln. 2 

375 
11.08 

~ 

2.5 em 

lOC 
6l 2t 
Zonal 

II 

Mixer Inlet 
Soln. 1 

10 ml. 

3, 2.5 DIn m 
in parallel 

(purple/orange) 

Ti-15 

1665 ml 
33,000 
40 ml 

90 ml. 
1.7xlO12 

500 ml. 
Soln.3 
1200 ml. 

1500 

2hr 

Soln. 3 

467 
13.13 
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a Due to derating; b Filling time; c ml/min., measured output at 
manifold center line at load speed, water filled rotor. 
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Isolation of Ribosomal Proteins 

Ribosomal proteins were extracted from ammonium sulfate 

precipitated ribosomes or ribosomal sublDlits via a modification (capel & 
. 

Bourque. 1982) of a method developed by Spitnik-Elson (Spitnik-Elson, 

1965). stored ammonium sulfate-ribosome precipitates usually contained 

ammonium sulfate crystals. These were removed by dispersing the thawed 

precipitates in 80% saturated ammonium sulfate, followed by 

resedimentation of the preCipitate and decantation of the supernatant. 

Solutions and Reagents 

Solution 1: 5 roM MgS0
4 

(0.0602 91100 ml1 Bakerh 50% Saturated 

(4
0 

C) (NH4)2S04 (35.81 91100 ml1 Baker). 

Solution 2: 8M ultrapure urea (4.804 9110 ml1 SChwarz Mann) 1 1% (v/v) 

2-mercaptoethanol (0.1 ml/IO ml1 Sigma). 

Solution 3: 6M ultrapure urea, (3.606 g/IO mlh 8M LiCl (3.36 g/lOml, 

Baker) 1 1% (v/v) 2-mercaptoethanol (0.1 ml/IO ml). 

Solution 4: 60% (w/v) trichloroacetic acid (TCA, 6 9110 ml1 Fisher). 

Solution 5: 6% (w/v) trichloroacetic aCid, (0.6 9110 ml). 

Solution 6: 8M ultrapure urea. (0.8 g/IO ml), 1% (v/v) 2-

mercaptoethanol, 0.1 ml/IO ml). 

Ethyl ether ("Ether for Anesthesia"1 Mall inckrodt) 

Extraction Procedure 

Decanted ammonium sulfate ribosome pellets were suspended in a 

minimal volume of Solution 2, added in increments of 5 ul, until a clear 

solution resulted. Since the pellet volume constituted a sizeable 



36 

fraction of the final volume of this solution, the final urea 

concentration, after dissolution of the protein precipitate was 6 to 

6.5 M. After incubation at room temperature, for 30 min, one third 

volume of SOlution 3 (at 40 
C) was added gradually, with stirring. The 

final composition of this mixture was 2M LiCl, 6M urea, 1% 2-

mercaptoethanol. High molecular weight ribosomal ribonucleic acid 

(rRNA) spontaneously precipitated from this suspension in 24 brs at 40 

C. The LiCl-precipitated subunit suspensions were maintained at 40 C 

through all following procedures. Precipitated rRNA was removed by 

sedimentation (12,000 x g (max) for 15 min). The initial LiCl rRNA 

pellets were redissolved in SOlution 2 and re-extracted by repetition of 

all previous steps. Ribosomal proteins were preCipitated from the 

combined supernatants by addition of one fifth volume of SOlution 4 (60% 

TCA). Following 15 min incubation at 40 C, precipitated ribosomal 

proteins were pelleted (12,000x g (max) for 15 min). Pelleted protein 

preCipitates were washed twice by dispersion and resedimentation in 

Solution 5, in order to eliminate residual LiCl and urea from the 

ribosomal protein pellets. TCA was extracted from pellets by 

dispersing them in 200 u1 water, followed by repeated extractions with 

ethyl ether. Ether and water phases were emulsified by vortexing. 

Residual ether was removed from the final protein pellet by evacuation, 

and the dry proteins stored under nitrogen at -800 C· until use. 

Prior to two dimensional electrophoresis, ribosomal protein 

pellets were dissolved in SOlution 6, added in small increments until a 

clear solution resulted. These solutions were then assayed for total 

protein concentration using the analysis described by Schaffner and 
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Weissman (SChaffner & Weissman, 1973). '!be sensitivity of this analysis 

was greatly improved by quadrupling the amido black stain concentration 

of the staining solution 1% (w/v). In some cases sufficient protein was 

present to allow quantitation by weighing. All ribosomal protein 

solutions were adjusted to an awarent total protein concentration of 20 

mg/ml by addition of SOlution 2, am stored at -80 0 C. 

Anal,ytica1 Two Dimensional Polyacrylamide 
Gel Electrophoresis 

'!be 2D-Page protocol of Mets am Bogorad (Mets & Bogorad, 1972) 

has been modified to allow for analysis of small quantities of higher 

plant chlor~last ribosomal proteins, am to substantially improve the 

degree of resolution of complex ribosomal protein mixtures by this 

system. The Mets-Bogorad system was modified with two major objectives 

in mind. First, the procedure was required to operate at a semi-micro 

scale, so that the amount of each ribosomal' protein present in an 

initial mixture need not exceed two micrograms for visualization in the 

final electropherogram by Coomassie Blue staining. '!be original method 

required 5-10 fold greater protein loads. This objective was met by 

running the first dimension separation in 200 ul volumetric capillary 

tubes, at 4oC, and the use of sample volumes of 2-10 ul (sample 

concentrations of 20 ug protein/ul). 

Secondly, the physical format of electropherograms had to be 

amenable to analysis by a coml,Xlterized mawing technique described in a 

future section. The mawing strategy was deSigned to obtain conformal, 

average absolute mobility maps of different two dimensional 

electrophoretic patterns, with identical origins am first am second 
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dimension scales. To this end, it was found necessary to separate two 

first dimension capillaries, in tandem, on a single second dimension gel 

slab. 

stock SOlutions and Reagents 

stock A (sample buffer): 0.10 M BisTris (bis-(2-hydroxyethyl) imino 

tris-(h¥droxylmeth¥l) methane) , (2.09 91100 ml1 Sigma)1 pH 4 (acetic 

acid) 1 basic fuschin (0.001 g/IOO m11 Allied Chemical). 

stock B (first dimension gel buffer): 1.14 M BisTris (23.8 91100 ml) 1 

pH 5 (acetic acidh Blue Dextran (0.01 g/lOOmlh Pharmacia. 

stock C (first dimension acrylamide): Acrylamide (40 g/IOO ml1 Eastman), 

recrystallized f rom acetone) 1 bis-acrylamide(N,N'-meth¥lenebis-

acrylamide) (1 91100 ml1 Eastman). 

stock D (first dimension upper buffer): 0.1 M BisTris(20.9 g/liter) 1 

pH 4 (acetic acid). 

stock E (first dimension lower buffer): 1.79 M potassium acetate (175 

g/liter, Bakerh pH 5 (acetic acid). 

stock F (second dimension upper buffer): 0.7 M MES (morpholine ethane 

sulfonic acid) (136.5 g/liter ml,Ultrol Grade, Calbiochem)1 

0.7 M BisTris (146 g/liter ml)1 pH 6.48 (acetic acid). 

stock G (second dimension gel buffer and lower buffer): 0.572 M BisTris 

(119.6 g/liter mlh pH 6.74 (HCl). 

stock H (second dimension acrylamide): Acrylamide 300 g/~iter1 bisacryl

amide 15 g/liter. 

stock I (SOS): 10% w/v sodium dodecyl sulfate (Sequanal Grade, Pierce) 

(10 g/lOOml). 
stock J (cementer gel buffer): Same as stock B without Blue Dextran. 



Glycerol (Baker) 

AIiunonium persulfate (Biorad) 

TEMED (N,N,N' ,N'-tetrametbyletbylenediamine) (Baker) 

Ultrapure Urea (Schwarz Mann) 
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All stock solutions were filtered through type HA Millipore 

filters after formulation and stored at 4
0 

C. Blue Dextran was added to 

stock B subsequent to filtration. When adjusting the pH of buffer 

stocks containing BisTr is or MES, a minimum of 15 minutes was allowed 

for equilibration of the pH electrode. 

Formulation of Working Gel SOlutions, Buffers, and OI7erlays 

SOlution 1 (plugging and first dimension gel solution, 10 ml): 4.8 g 

Ultrapure Urea; 0.5 ml stock B; 1.Oml stock C; water to 10 ml. 

Solution 2 (catalyst): 10% (w/v) ammonium persulfate, made fresh 

daily. 

SOlution 3 (first dimension upper buffer, 200 ml): 20 ml stock D; 180 

ml water. 

SOlution 4 (first dimension lower buffer, 200 ml): 20 ml stock D; 180 

ml water. 

SOlution 5 (plugging gel): 3 ml solution 1 (exhaustively degassed); 

9 ul TEMED am 22.5 ul solution 2 added before use. 

SOlution 6 (first dimension separation gel): 7 ml SOlution 1 (exhaus

tively degassed);8ul TEMED and 30 ul solution 2 added prior to use. 

SOlution 7 (first dimensioo gel polymerization overlay, 1 ml): 0.48 g 

Ultra- pure Urea; 0.05 ml stock B; water to 1 ml. 
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Solution 8 (sample overlay, 1 mIl: 0.24 9 Ultra-pure Urea; 0.1 ml 

stock D; water to 1 ml. 

Solution 9 (second dimension separation gel, l50ml): 15 ml glycerol; 

50 ml stock H;37.5 ml stock G; water to 150 ml;solution degassed; 

80 ul TEMED and 220 ul Solution 2 added immediately prior to use. 

SOlution 10 (second dimension separator overlay, 20 ml): water saturat-

ed n-Butanol. 

Solution 11 (cementing gel solution (25 ml): 6 9 Ultra-pure Urea; 1.25 

ml stock J; 1 small crystal Basic Fuschin; 2.5 ml stock C; water to 

25 ml; solution degas~ed; 15 ul TEMED and 100 ul Solution 2 added 

immediately before use. 

Solution 12 (second dimension uwer buffer, 500 ml): 10 ml stock I; 50 

ml stock F; 0.375 ml 2-mercaptoethanol; and water to 500 ml. 

SOlution 13 (second dimension lower buffer, 1000 ml): 48 ml stock G; 

952 ml water. 

Solution 14 (Coomassie Blue staining solution, 1000 ml): 2.5 9 

COOmassie Brilliant Blue RG 250 (Biorad) ;250 ml isopropanol; 100 ml 

acetic acid; water to 1000 ml; filtered through Whattman 11 paper. 

Solution 15 (destain solution, 1000 ml): 100 ml isopropanol; 100 ml 

acetic acid; 800 ml water. 

Solution 16 (Second dimension awaratus plugging solution, 100 ml): 
1 9 agarose; 25 ml stock G; water to 100 ml. 

First Dimension Electrophoresis 

Two hundred ul volumetric capillaries were notched, 9.5 em from 

one end, with a diamond scriber and inserted, scribed end up, in the 

pouring jig (Figure lA). SOlution 5 was prepared and pipetted into the 



Figure 1. A) Pouring jig for capillary polyacrylamide gels. Ar
rCMs indicate plugging trough. 

B) First-Dlirension gel apparatus. Arrow points out 
Dnmnond "microcap" inserts. 
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trough of the pouring jig, in order to plug the capillary tubes. 

Lifting and dropping the capillaries from a height of 1 cm served to 

equalize the height of the plugging gel solution in each capillary. 

After polymerization (-15 min) Solution 6 w as prepare and the plugged 

capillaries filled to the scribed mark, using a tuberculin syringe 

fitted with a 15 em length of 0.1 mm o.n. 315 stainless steel tubing. A 

Hamilton syringe was used to overlay each gel with 10 ul of distilled 

water. Polymerization was allowed to proceed at room temperature for 30 

min, the water overlay was then decanted from each gel, and 25 ul 

Solution 7 was then layered onto each gel. 

The entire jig assembly was then equilibrated to 40 C for at 

least 30 min. After equilibration, the gel overlay was decanted and 

each capillary filled with Solution 8. To an aliquot of each ChRP 

mixture (20 mg total protein/ml in Solution 6, containing 1 microgram of 

each constituent protein), 1/9 volume stock A was added, and each sample 

was layered between the upper gel surface and the Solution 8 overlay. 

After sample application, capillaries were pinched away from the plug 

gel by slowly rotating each capillary while applying gentle downward 

pressure. The capillaries were then inserted into the silicon 

nmicrocapn inserts (Drummond), of the first dimension (lD) apparatus 

(Figure lB). The upper (Solution 3) and lower (Solution 4) 

electrophoreSiS buffers were placed in the appropriate reservoirs, and 

the capillary ends inspected for trapped bubbles (which were removed by 

gentle taWing). '!he anode and cathode were connected to the upper and 

lower electrodes respectively, and a constant current of 0.25 rnA per 

capillary was awlied for 15 min, at 40 C). After sample zone stacking 
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the current was increased to 0.5 mA, per capillary, and run under 

constant current regulation W'ltil the basic fuschin tracker dye was 1 ern 

from the end of the capillaries (about 4 hrs). When separation of the 

acidic proteins associated with ribosomal subunits was desired, the 

polarity of the first dimension field was reversed, upper 10 buffer was 

replaced by 0.01 M Bistris (pH 6, adjusted with acetic acid), and lower 

buffer was replaced by 0.01 M Bistris (pH 5, with acetic acid). 

Second Dimension Separation 

Since many independent, tandem separatiOns were required b¥ the 

statistical analysis employed, a vertical water-cooled slab apparatus 

(UCLA Design and Development Facility, University of California, Los 

Angeles) was modified for multislab operation. Plexiglass separators 

were constructed to allow two slab gels to be formed in the apparatus. 

Each tandem second dimension gel was 0.15 cm thick x 23.5 cm wide x 16 

cm in height. The slab apparatus was thermostated at 200 C during 

pouring and polymerization of SOlution 9, and oxygen was excluded by a 

continuous nitrogen purge to prevent inhibition of polymerization by 

oxygen at the air-gel interface. Before preparation of SOlution 9, 25 m1 

solution 16 was melted and injected into to bottom of the slab apparatus 

and allowed to solidify. Immediately after pouring, the slab gels were 

carefully overlayed to a depth of 0.5 cm with Solution 10. 

Polymerization of the 2D separation gel began within 10 min of catalyst 

addition and was allowed to continue without disturbance for at least 

two hr before use. 

'!be 10 gels were cemented to the second dimension separation gel 

in an W'lconventional manner. After complete polymerization of the slab 
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and just before termination of the 10 separation, Solution 11 was 

prepared, degassed, and the separation gel overlay (n-Butanol) was 

aspirated from the separation gel. capillaries were removed from the 10 

apparatus and carefully broken-off at the scribed mark. TEMED and 

ammonium persulfate were added to the cementing gel solution (Solution 

11) and pipetted onto each slab to a depth of 1 cm. One by one, the 10 

gels were extruded into the cementing gel by slowly inserting the 

plunger from a 100 ul Hamilton syringe into the lower end of each 

capillary. If the plunger was well aligned in the capillary and gentle, 

uniform pressure was exerted, only a small portion of the 10 gel « 1/2 

cm) was destroyed before the ID gel extruded from the top of the 

capillary. The top of the capillary was held below the surface of the 

cementing gel solution and moved along at the rate of gel extrusion, so 

that no stretching or flexing of the fragile 1D gel ocurred. Blue 

Oextran was incorporated in the 10 gels to facilitate their 

visualization throughout these procedures. 

All gels were extruded and positioned onto their respective slabs 

with the plunger, so that the gels lay flat on the cementer-separator 

gel interface with no overlap between adjacent 10 gels. After all gels 

had been positioned, any air bubbles between the 10 gel and the 

separator gel interface were removed with the hamilton syringe plunger. 

Both cementer gels were then overlayed with 5 ml n-Butanol. At 200 C, 

the cementing gel begins to polymerize in 5-7 min. No problem was 

encountered in positioning four 10 gels before the onset of 

polymerization of the cementer gel. Polymerization was completed after 

30 min. 



45 

After complete polymerization of the cementer gel, the 

temperature of the slab apparatus cooling bath was readjusted to 40 C, 

the n-Butanol overlay aspirated, and Solutions 12 and 13 were 

transferred to the upper and lower buffer reservoirs,respectively. The 

anode and cathode were connected to the lower and upper electrodes 

respectively, am a constant current of 50 rnA per slab was applied. The 

run was terminated when the basic fuschin dye front of the cementer gel 

phase was 1.0 em from the bottom of the slab. Basic fuschin reacts with 

50S to form an anionic complex of high electrophoretic mobility. 

Slabs were removed from the cq;.paratus, fixed in SOlution 15, for 

5 to 10 hrs (to remove SDS), and stained with Coomassie Blue (Solution 

14) ,for at least 4 hrs. Slabs were then destained in Solution 15 in a 

recirculating, resin-scrubbed (Dowex l-X8,50 mesh) destainer, until 

acceptable background was obtained. The gels were then photographed 

with 4" x 5" Kodak i 4154 Ortho Contrast plates, while backlit by a 

fluorescent x-ray viewer. A Wratten 115 (deep yellow) filter was 

employed to increase the contrast between the stained spots and the slab 

background. 

Co-Electrophoresis of Radioiodinated Ribosomal Proteins 

Ribosomal proteins from.No tabacum large am small chloroplast 

ribosomal subunits were iodinated with l25I at tyrosyl, histidyl and 

cysteinyl residues (in order of reactivity), using the procedure of 

Fraker and Speck (Fraker & Speck, 1978, Tolan, ~ Al, 1980). 

Radioiodinated ribosomal proteins were then co-electrophoresed with a 

100-fold excess of non-iodinated ribosomal proteins of B. tabacum, .tI. 



46 

gossei, or the reciprocal interspecific lines T x G and G x T. 

Autoradiograms of dried, stained gels were superimposed on the gels 

themselves, in order to directly compare the 2D electrophoretic 

mobilities of oomologous pairs of chloroplast riliosomal proteins. 

1,3,4,6-Tetrachloro-3a, 6a-dipheny1glycoluril (I(l)()-GEN, Pierce) 

was dissolved in chloroform (1 mg/ml), and 25 ul transferred to 12 x 75 

mmsiliclad coated tubes. Solvent was evaporated by a nitrogen flux and 

unadherred flakes of Ia:x>-GEN removed by washing with 1 ml 0.5 M sodium 

phosphate, pH 7.5, 8M urea (phosphate-urea buffer). 

Lyophilized N. tabacum 305 and 50S ChRP were dissolved in 8M 

urea (20 ug protein/ul), and 200-300 ug total protein transferred to 

prepared tubes. 200 ul of phosphate-urea buffer was added, with 80 ul 

10 mCi/ml l25NaI (carrier-free, in 0.1 M NaaJ, Schwarz-Mann). Reaction 

mixtures were incubated at 250 C for 30 min using a steeply inclined 

rotatory mixer, in order to maximize contact with the IODO-GEN coated 

surface. 

Iodination was terminated by transferring the mixtures to 1.5 ml 

microcentrifuge tubes containing 100 ul 1M NaI carrier solution. One 

third volume 60% TCA was added and the mixture precipitated for 15 min. 

at 4°C. Protein was pelleted (13,000 rpm/3 min.), and twice dispersed 

in 0.25 M NaI, 6% TCA and repelleted to eliminate unincorporated 1251• 

NaI was removed from protein pellets by dispersal and repelleting from 

6% 'OCA. Ethyl ether-water emulsion washes were used to extract residual 

TCA from final iodinated protein pellets. 305 and 50S ChRP were 

dissolved in 100 ul 8M urea, 1% 2-mercaptoethanol, and 1 ul aliquots 

assayed for gamma radiation. 
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An aliquot containing 1.5 ug (2.3 - 3 x 106 DPM) iodinated 30S 

or 50 S B. tabacum ChRP was mixed with a stainable quantity of 

uniodinated homologous ChRP from li. tabacum, lie gossei, T X G or G X T 

hybrids and separated by the Mets-Bogorad 2D-PAGE protocol. Stained 

slabs were destained in 25% isopropanol, 10% acetic acid and dried with 

a vacuum gel dryer (Bio-Rad, model 25llb) at room temperature, between 

layers of dialysis membrane. Dried gels were placed in a light-tight 

envelope with sheets of Kodak X-Omat (XAR-5) radiographic film, 

compressed under vacuum (with the gel dryer) for 12-24 h. 

Autoradiographs were developed with an automatic x-ray film processor, 

superimposed over the dried gels and photographed or traced by hand. 

Preparative 2D-PAGE 

It was found that a few simple modifications of the Mets-Bogorad 

2D-PAGE protocol allowed a reasonably high resolution separation of 

milligram quantities of chloroplast ribosomal protein. The most 

important changes in procedure involved increase of the scale of the 

electropherogram (i.e. equipment). '!be same stock and working solutions 

employed in analytical separations were used in preparative scale 2D

PAGE, except that buffer concentrations of ribosomal protein sample 

solutions and all first dimension working solutions, including the 

second dimension cementer gel, were doubled. In addition, it was found 

expedient to double the SDS concentration of the second dimension upper 

buffer. 

Two methods of increaSing the scale of electrophoretic 

separation were attempted. In both cases the first dimension separation 

was executed in 3 mm I.D. (6 mm O.D.) acrylic tubes, with sample loads 
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of 800-1000 ug (40-50 01), 0.75 mA/tube, 4 0c. In the first method, the 

first dimension gel was 21 cm long and the second dimension slab was 

poured in a UCLA Design and Development slab apparatus, using 4.5 mm 

thick spacers (slab volume = 175 ml). The first dimension gel tubes 

consisted of two 18 em lengths of tubing joined by a silastic connector. 

The lower tube was filled with solution 6 (2x buffer concentration), the 

upper tube was joined to the lower, and filling completed. First 

dimension gels were removed from the tubes with air pressure. 

The second method used a first dimension gel 13.5 cm in length 

and a second dimension slab 29.5 em in height, 3mm thick (slab volume = 
125 ml); poured in a 14 x 32 cm vertical slab apparatus (Hoeffer 

Scientific). The second dimension currents were 100 rna and 50 maVslab 

respectively, for the first and second methods. 

Preparative gels were fixed in 25% isopropanol, 10% acetic acid 

for 12 hr to remove all SOS and stained for no more than 1 hour to 

minimize contamination of ribosomal proteins by Coomassie Blue. Stained 

gels were exhaustively destained in the fixative solution (in a resin 

scubbed recirculating destainer). Individual proteins were excised 

from the gels with a saber scalpel and stored (-80 0 C). 



OUantitative-Conparative Analysis of Two Dimensional 
Electrophoretic Patterns 
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Comparison of electrophoretic separations of complex protein 

mixtures, in the past was usually accomplished b¥ visual inspection of 

superimposed gels or schematic representations of said gels. Such 

analyses rely heavily upon the reproducibility of the electrophoretic 

protocol involved and the subjective judgement of the experimenter to 

define and assess the quality of differences between two complex 

electrophoretic patterns. In addition, qualitative comparisons of this 

sort. do not enable formal (statistical) evaluation of apparent 

differences between different electrophoretic patterns. In order to 

objectively compare mixtures of chloroplast and cytoplasmic ribosomal 

proteins from different species, it was found necessary to develop 

quantitative methods of analysis and comparison of two dimensional 

electropherograms. 

In the past few years a number of 9roups have developed 

quantitative methods for analyzing two-dimensional electropherograms 

(e.g. Bossinger, .e.t.sl , 1979; Vo, ~.sl, 1981) using computer inter

faced video scanners or densitometers. The methods described below rely 

on coordinate data, inputed manually from a graphics digitizer, and 

eliminates the high cost (monetary and computational) that the 

"scanning" methods incur. 

Mawing strategy. 

A rigorous protocol for quantitative analysis of one-dimensional 

electrophoretic data has been described (Kapadia, Chrambach & Roci:>ard, 

1972; Chrambach & Rodbard, 1981), based upon theoretical considerations 
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of transport processes of macromolecules within a hypothetical gel 

structure. The two dimensional methods described below, are essentially 

phenomenological in awroach. It was assumed that the resolution and 

reproducibility of the electrophoretic separation of complex mixtures of 

proteins was sufficient that each protein of the mixture, was uniquely 

correlated with a position vector within the electrophoretic pattern 

(relative electrophoretic mobility, denoted by m(x,y». In other words, 

it was assumed that the experimenter could objectively and 

reproducibly correlate corresponding components of the electrophoretic 

patterns from replicate separations of the same protein mixture. In 

cases where the electrophoretic pattern was incomplete or partially 

distorted, the correlation of identities of stain spots was presumed to 

be aided by reference to sub-patterns (spot clusters) within the overall 

electrophoretic pattern. 

The use of an absolute measure of electrophoretic mobility to 

represent resolved proteins required that the absolute mobility 

measurements taken from each gel in a series of similar gels be 

normalized to compensate for the effects of interrun variation and 

measurement error on absolute electrophoretic mobility (m(x,y». A 

FORTRAN-IO (Digital &;tuipment Corp) computer algorithm was developed to 

normalize and average absolute mobility measurements derived from 

replicate two dimensional electrophoretic separations of different 

protein mixtures, in a fashion that allows statistical testing of 

awarent differences between two different electrophoretic patterns. The 

algorithm was deSigned to operate upon lists of cartesian (x-y) 

coordinate pairs representing the raw absolute two dimensional 
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electrophoretic mobilities of separated proteins, referenced to an 

awropriate electrophoretic origin. A five character alphanumeric label 

was associated with each coordinate pair to identify am correlate each 

protein, separated in different runs. A representative 

electropherogram from a series of identical electropherograms was 

arbitrarily selected to serve as the reference state, against which the 

raw mobilities, measured from all other gels in a series were 

normalized. 

NUmerical Encoding of Electrophoretic Patterns 

Two different electrophoretic maps are directly comparable only 

if they possess the same absolute scale. The slab apparatus used for 

the second-dimension gel allows two first-dimension capillary gels to be 

placed end to end on top of one gel slab, am separated in tandem in the 

second dimension of electrophoresis. The two electropherograms on such 

a tandem slab have the same scale only if conditions of electrophoresis 

are identical for both samples separated on the slab. This criterion is 

satisfied if no lateral gradients of electrolyte and acrylamide monomer 

concentr~tions, or electric field occur in the second dimension 

separation. All gels used to compile average numerical maps, intended 

for comparison, were tandem electropherograms in which samples of both 

protein mixtures under comparison are separated. The positions (left or 

right) of the two first dimension gels were randomized to help minimize 

systematic bias in the electropherograms. Protein loads were held 

constant and single lots of buffers and reagents were utilized to mini

mize the variability of the resultant electropherograms. 

Absolute mo~ility measurements for the proteins separated on 
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tandem electropherograms were measured from full-scale photographs of 

stained gels, using a graphics digitizer (HiPad, Houston Instruments~ 

Austin, .Texas), interfaced with a microcomputer (Northstar Horizon, 

Northstar~ San Leandro, ca.), equiwed with a monochrome video graphics 

subsystem (HR-l, cambridge Development Laboratory~ Watertown, Ma.). '!be 

program that controls digitization of electrophoretic mobilities 

calculates the rigid rotation (by least squares) between the coordinate 

frame fixed to the digitizer and the frame of the electropherogram, from 

coordinate data measured along the interface between the second 

dimension stacking and separation gel phases. The appendix gives 

listings of pertinent hardware drivers, operational programs and 

instructions for the use of the digitizing program. 

The Mets-Bogorad 2D-PAGE system was found to produce spots of 

uniform geomet-ry, with two-fold symmetry in the direction of the second 

dimension separation. The leading edge of each spot (in the second 

dimension) was found to possess maximal stain densi~. Electrophoretic 

mobility of each component protein was operationally defined as the 

point on the leading edge of each spot in the second (y-) direction, 

located medially with respect to the width of the spot in the first (x-) 

direction. The geometry of the electropherograms placed coordinate 

measurements in quadrant IV of the cartesian coordinate frame, but the 

negative sign of the second dimension (y) component of m(x,y) was 

ignored. 
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Normalization and Averaging of 2D Electropherograms. 

By imposing physically reasonable assumptions upon the nature of 

the sources of interrun variation in absolute mobility, an algorithm was 

derived, which effects a normalization of the raw mobility measurements 

obtained from a series of similar 2D gels. These assumption were: (i) 

major variables affecting the reproducibility of the measurement of 

m(x,y) are, to first approximation, linear functions of m(x,Y)1 (ii) 

these variables interact linearly, such that the total variance of 

m(x,y) is the weighted sum of the component variances1 (iii) no rigid 

rotation occurs between reference and raw coordinate frames1 (iv) no 

lateral gradients occur in the second dimension slab gel or electric 

field. Given these assumptions, the variation of a set of m(x,y) from a 

given gel, with respect to an corresponding set "of m(x,y) from the 

reference are compensated by a pair of linear coordinate transforms. 

The normalization transformation of the m(x,y), from each gel, 

were computed using an interactive F.ORTRAN-IO program, GELDAT.FlO 

(Capel, Redman & Bourque, 1979). Figure 2 shows a diagram of the 

organization of this program" and serves to outline the normalization 

procedure itself. Table 2 lists and defines the variables utilized in 

the normalization computations, details of whicmre presented in the 

appendix. Primes were employed to distinguish the mobilities of one of 

the two electrophoretic patterns on each tandem gel. 

Two cases are treated by the program. In the univariate case, 

it is assumed that negligible overall covariance between m(x), the x 

direction components of the set of m(x,y) and corresponding m(y), the y

direction components of the set of m(x,y). Under this constraint the 
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Chloroplast and cytoplasmic ribosomes have been isolated from a 

number of species of the angiosperm genus Nicotiaoa. Ribosomal submit 

and monosome proteins were separated by two-dimensional polyac~lamide 

gel electrophoresis (2D-PAGE). Resultant two-dimensional 

electrophor~tic patterns of chloroplast and cytoplasmic ribosomal 

proteins were processed by a computer algorithm, developed to formally 

compare different electrophoretic patterns py the construction of two

dimensional, conformal average electrophoretic mobility maps. 

The chloroplast ribosomal subunit of~ tabacum contains 22-24 

distinct basic polypeptides (pl. > 5) and 2-3 acidic proteins (pI < 5). 

The 50S chloroplast ribosomal subunit possesses at least 1 acidic and 

33-35 basic proteins. 40S and 60S cytoplasmic ribosomal submits of the 

same species have 26-30 and 47-50 basic polypeptides, respectively. 

Molecular weights of chloroplast ribosomal proteins (ChRP) and 

cytoplasmic ribosomal proteins (CyRP) were estimated. There was little 

similarity between the 2D electrophoretic patterns of ChRP and CyRP of 

&.. tabacum. However, 2D-PAGE patterns of .&. tabacum ChRP and CyRP were 

qualitatively isomorphous with homologous patterns of Chlamydomonas 

reinhardi, pea and spinach. In terms of molecular weight and 

electrophoretic pattern B.. tabacum ChRP were found to be more clos~ly 



affiliated with prokaryotic ribosomal proteins than with CYRP from the 

same species. 

ChRP were isolated from .N.. gossei (an Australian species) and 

its reciprocol interspecies hybrids with &. tabacum (denoted by: T X G 

and G X T). Interspecies polymorphisms between homologous B.. tabacum 

and .N.. gossei ChRP were delineated by computerized mobility mapping and 

oo-electrophoresis of radiolabeled B.. tabacum ChRP with a large molar 

excess of .H.. gossei ChRP. The inheritance mode (Mendelian vs. maternal) 

of a number of well-defined inter species ChRP polymorphisms was 

determined by oo-electrophoresis of radioiodinated &. tabacum ChRP with 

T X G and G X T hybrid ChRP. Results indicate that at least 4 30S ChRP 

and 3 50S ChRP are encoded by nuclear genes. 

30S CORP from an IL tahacum line car~ing a maternally-inherited 

streptomycin-resistance mutation (SR-I) were compared to &. tabacum 30S 

ChRP by mobility mapping. Two differences were established between the 

SR-I and wild-type 30S ChRP average mobility'maps. These findings 

correlate with the reduced affinity of SR-I 30S chloroplast ribosomal 

sublD'li ts for 3H-dihydrostreptomycin, and show that at least one 30S ChRP 

is encoded by chloroplast DNA. 

Preparati ve 2D-PAGE and reverse phase high performance 'liquid 

chromatography (RPHPLC) separation techniques for complex ribosomal 

protein mixtures were developed. The isolation of all ChRP in 

preparative quantities now enables analysis of primary structure 

differences between homologous ChRP to directly determine their 

inheritance mode and the genomic locus of their structural genes. Also 

developed were rapid and sensitive RPHPLC protocols for the analysis of 



nano-molar quantities of fluorophore-derivatized proteolytic peptides of 

ribosomal protei~ 
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Table 2: Definitions of variables Used :in NollYalization carputations 

i 

j 

n 

~(x) ,~' (x) 

~(y) ,~'(y) 

IIhj (x) 'nhj (x) 

Ai Ai' 
Il£j (x) 'Ilhj (x) 

",- ",. I n£j (y) ,n£j (y) 

N,N 

J 

order of iteration :in which a ,given quantity is 
evaluated 

Refers to a particular gel :in a series of similar 
tarXiem gels 

Denotes a particular carponent of an e1ect.rq>b:>retic 
pattern 

Psfereooe x-direction nobility for tm (n) th co1lX'nent 
:in tm (i)th iteration for the unpriJred and pr.ined 
electropmretic patterns, respectively, 
k=i-l 

Reference y-d:iIection ncbility for the (n)th CXIlponent 
:in the (i)th iteration for the prined and unprined 
electrophoretic patte.ms, respectively, 
k=i-l 

Raw unprlmed am priJred x-direction ncbilities, 
rreasured for the ,(n)th carp:ments, fran the (j}th 
gel :in the series 

Raw unprined and pr.ined y-di.rect:ion nobilities, 
neasured for the (n) th CXIlrpanents, fI:an the (j) th 
gel :in the series 

Nozmalized x-direction nobilities oo:rresponding to 
IIhj (x) and ~j (x), respectively 

Nornalized y-direction ncbilities con:espanding to 
m
nj 

(y) and nhj (y), respectively 

Number of CUlponents :in tm unprimed and prined 
elecb:o};ilaretic patterns en all gels :in a series 

Number of taOOsn gels :in a given series 

NlJnber of neasurerents rejected for the (n) th 
CQI(X)nent of either the unpr.ined or prined 
electrophoretic pattem :in the (i)th iteration 

~(X» :: ~(X), ~I (x» :: ~ '(x) 
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variation of the n-th 2D mobilities measured from the j-th tandem 

electropherogram (m . (x,y) and m'. (x,y», with respect to the 
, nJ nJ 

corresponding mobilities of the reference tandem electropherogram 

(Mn (x,y) and M~(X,y» follows the statistical model: 

M (x) = bllm . (x) + b
OI 

+ E . (x) = {i\ • (x) + E
nJ

. (x) 
n nJ nJ - nJ 

(i) 

M (y) = b
22

m . (y) + b
02 

+ E . (y) :; {i\ • (y) + E . (y) 
n nJ nJ nJ nJ 

M' (y) = b
22

m' . (y) + b
02 

+ E' . (y) = {i\' • (y) + E' . (y) 
n nJ nJ - nJ nJ 

Capitalized variables in "M" represent reference mobilities, 

while raw mobilities are symbolized with the lower case. The transforms 

take the form of a 2-space line. '!he parameters of the transforms b
ll 

and b
22 

may be interpreted as x and y direction scaling factors 

(slopes), respectively. Parameters b
OI 

and b
02 

represent x- and y

direction translations (axis intercepts) of the raw mobili~ coordinate 

frame, with respect to the reference frame. It should be noted that the 

parameters of the normalization transforms are identical for both the 

unprimed and primed sets of raw electrophoretic mobilities. In other 

words, a single line fits superimposed plots of M (x) as a function of 
. n 

m . (x) and M' (x) as a function of m'. (x). The same' is true for 
nJ n nJ 

super imposed plots of Mn (y) vs. mnj (y) and M~j (y) vs. m~j (y). 

Variables in "E" are unidimensional random variates of zero mean, and 

represent sources o~ error not compensated by the normalization (e.g. 
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digitization errors, local nonoonformal irregularities in the first or 

second dimension gels, etc.). 

The second case covered by the normalization program, the 

bivariate case, is operative when significant covariance (correlation) 

exists between the first ~d second dimension components of m(x,y). 

This condition obtains when proteins tend to occur close to a diagonal 

extending from the origin of a two dimensional electropherogram. In the 

bivariate case, the variation between raw and reference mobilities is 

assumed to follow the statistical model: 

M (x) = bUm . (x) + bl2m . (y) + bOI + E . (x,y) .: fi\ • (x) + E . (x,y) 
n nJ nJ nJ nJ nJ 

M' (x) = bllm' . (x) + bl2m' . (y) + bOI + E' . (x,y) .: ni' . (x) + E' . (x,y) 
n nJ nJ nJ nJ nJ 

(ii) 

M' (y) = b22m' . (y) + b2lm' . (x) + b02 + E' . (y,x) .: tfi' . (y) + En'J' (x,y). 
n nJ nJ nJ nJ 

In this case the transform takes the form of a three-space 

plane, wherein the parameters bOI and b02 represent, as in the 

univariate case, the origin translation between the j-th gel and the 

reference. The parameters b
ll

, b
l2

, b22 and b21 are scaling factors. 

Variables in -E" are bivariate random variates of zero mean. 

The reference mobility coordinates are subje~t to the same 

sources of random variation and identification errors that are present 

in the individual raw coordinate maps of the series. 'lb compensate for 

this fact, the normalization of mobility maps was performed iteratively. 
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The averaged normalized coordinates that were calculated in the 

first iteration of the algorithm: 

M (x) ::; ~ Rt • (x) M' (x) = I Rt' • (x) n nJ n nJ 
j j (iii) 

M (y) = ~ Rt • (y) M' (y) = I Rt' • (y) n nJ n nJ 
j j 

were used as the reference mobility coordinates, to renormalize the raw 

electrophoretic mobility maps in one or more additional iterations of 

the normalization calculations. 

The basic cycle of normalization calculations for the j-th 

tandem gel were as follows: i) Fach raw x-direction mobility from the 

two electropherograms of the gel was paired with the corresponding 

mobility from the reference maps (mobilities of the primed 

electrophoretic pattern were paired with corresponding primed reference 

x-direction mobilities; unprimed mobilities were paired with 

corresponding unprimed reference mobilities. Pairing was accomplished 

by matching the operator-provided 5 character alphanumeric identifiers 

of the raw and reference data sets. ii) The parameters of the 

normalization transforms were computed by uni- or bivariate linear 

regression of the M (x) upon the m . (x) and M' (x) on m' . (x). iii) n nJ n nJ 
The operator was given the option to force the exclusion of obviously 

erroneous or misidentified mobilities. iv) If an apprqpriate flag was 

set at program initialization, the program checked for mobilities that 

exhibit residual variance (M (x) - di . (x» greater than the 95% 
n nJ 

expectation limit of the residual variance, and rejected (flagged) such 



59 

mobilities, from the current raw data set. The x-direction transform 

for the j-th gel was recomputed, ignoring any flagged mobilities. v) '!he 

same set of operations were then executed for the paired y-direction 

mobilities (M (y), m . (y) and M'(y) , m'. (y». vi) Finally, normalized 
n nJ n nJ 

mobilities (tfl . (x), ril'. (x), m . (y), tfl'. (y» were calculated by 
nJ nJ nJ nJ 

inserting raw x- and y-direction mobilities into the normalization 

transforms. After all data sets of the series were processed, the 

average normalized mobilities were calculated. The program was then re

executed, using the average normalized mobilities from the last 

iteration as the reference data set, and the same raw data sets as used 

in the first iteration (all error flags are cleared between iterations). 

'Ibis larger cycle was repeated LDltil no significant change occurred in 

the average normalized mobilities and their 0.95% elliptical confidence 

intervals (see awendix), between successive iterations. Since the same 

set of raw mobilities from each gel was used in every iteration, the net 

effect of multiple iterations of the normalization procedure was to 

scale and translate the raw mobilities from each tandem gel only once. 

Both final average tandem maps of a series possess the same 

scale and origin and are directly comparable by superposition. 

Normalized mobilities from each gel in the series and the average 

normalized mobilities, and their confidence limits are relayed (by 

modem) to a minicomputer (Nova II, Data General C'Drp., Waltham, Mass.) 

for plotting and archival storage (see awendix B for program listings). 

Tbe scatter about the mean normalized mobility of all proteins in both 

maps is approximately normally distributed, and the variance of 

normalized mobilities of the two maps is commensurate (homosceCiastic). 
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Apparent differences between average normalized absolute mobilities of 

homologous proteins from two different mixtures may be tested for 

statistical significance ~ standard hypothesis testing procedures. 

Renormalization of Maps from Different Series 

Since the normalization reference represents an entirely 

arbitrary set of conditions, average mobility maps from different series 

of gels do not necessarily possess the same scale and coordinate frame 

origin. Average tandem mobility maps from different series were 

renormalized to a common reference ~te ~ the following procedure: i) 

a series (1-5) tandem electrophoretic separatiOns were executed, using 

one member of each of the two pairs of protein mixtures represented in 

the two separate series. This group of gels was internally normalized 

as above, and the resulting average normalized mobilities used as the 

reference for independent renormalizations of the average maps of the 

two un-normalized series. The two pairs of ' coordinate transforms 

computed by this normalization (one x-direction and oney-direction 

transform for both series) are used to transform the average map 

coordinates of the two individual series to the common reference state. 

Molecular Weight Estimation 

Tradi tionally, molecular weights of proteins separated in SOB

containing gels are estimated from plots of the logarithm of the 

molecular weights of internal standards vs. their electrophoretic 

mobility. The Mets-Bogorad 2D-P}.GE protocol does not produce separatiOns 

of ribosomal proteins wherein a simple log-linear relationship occurs 

between second dimension electrophoretic mobility and molecular weight, 
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precluding the use of the log-linear internal molecular weight 

calibration method. Presumably, this is due to the extreme basicity of 

ribosomal proteins and technical reasons associated with the formulation 

of the secom dimension gel. Another weakness of the internal standard 

method accrues by virtue of the fact that internal molecular weight 

standards, oo-electrqphoresed with first dimension gels, along channels 

near the edges of the secom dimension slab demonstrate artifactually 

attenuated mobilities due to edge effects caused by slight lateral 

gradients in temperature and electric field intensity. Placing the 

internal moleatlar weight standards in the center of a tandem slab would 

cause the mobilities of the proteins of interest to be subjected to edge 

perturbations, due to space constraints of the secom dimension slab. 

In order to overcome these difficulties, cyta.plasmic ribosomal 

proteins from B. tabacum (CyRP) were separated, in tandem, with 

ribosomal proteins from ~. ~ (strain MRE 600). The amino acid 

sequence of ag;>roximately 50 of the 55 proteins of the It. .£2ll ribosome 

have been determined (Wittmann, Littlechilde & Wittmann-Liebold, 1980, p 

54). Therefore, the mixture served as a molecular weight calibration 

standard with high preCision and a very large number of statistical 

degrees of freedom. The reliability of the molecular weight calibration 

was expected to be improved, relative to the internal standard method, 

due to the Similarity of the general physical properties (basiCity, 

distribution of molecular weight) of ribosomal proteins from bacterial 

and plant sources. 

Rodbard (Rodbard, 1976) has reported the results of an 

exhaustive statistical comparison of various calibration models for 
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estimating molecular weight from electrophoretic mObili~ da~ On the 

basis of Rodbard's arguments (Rodbard, 1976), we have opted to use a 

model that presumes a logistic distribution of effective pore radii 

within the polyacrylamide gel support. Given the assumptions of this 

model Rodbard derived the following equation, relating relative electro

phoretic mObili~ to molecular weight: 

R
f 

= M(y)/M' = A' [1 + (MW / C)B]-l 

or in terms of absolute electrophoretic mObli~ K(y): 

(iv,a) 

(iv,b) 

Where Rf is relative electrophoretic mobility, K(y) is average 

normalized second dimension absolute electrophoretic mobility, M' is an 

unspecified reference electrophoretic mobility, MW molecular weight, aIX1 

A, A', B, and C are parameters of the calibration model. Equation (iv) 

describes a family of sigmoidal curves with one asymptote parallel to 

the molecular weight axis (i.e. mobility approaches zero as molecular 

weight increases without bound. The mobility axis intercept ftAft 

represents the limiting free absolute mobility attainable in the gel 

support. ~arameter C is the molecular weight at which mobility is 

reduced to one-half free mObili~ limit. C thus serves as a measure of 

the median pore size of the polyacrylamide s1l);p>rt. 

Cytoplasmic ribosomal proteins from & tabacurn ,were separated, 

in tandem with total proteins from monosomes of It. ~ on a series of 

twelve gels. Mobility data from this series was internally normalized 

and averaged by the above procedure. The average second dimension 
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absolute mobilities of the .& ~ ribosomal proteins were paired with 

mo.lecular weights obtained by Wittmann's group (Wittmann, Littlechilde & 

Wittmann-Leibold, 1980) from amino acid sequence data, with molecular 

weight as the independent variable. The parameters of equation (iv) 

were then determined for these data using a recursive nonlinear least 

squares algorithm (modified Marquardt search (Bevington, 1969; Bard 

1974). All data were given unit weighting in the curve fitting 

calculations except for Sl (Mw = 63000). In order to compensate for the 

lack of data in the high molecular weight range, 81 was arbitrarily 

assigned a relative weight of 5. 

The average normalized mobility data representing cytoplasmic 

ribosomal proteins of :& tabacum from a series of 19 tandem separations 

with:& tabacum chloroplast ribosomal proteins were then renormalized 

with respect to the average mobility coordinates of cytoplasmic 

ribosomal protein of the J:i, gW. - ,N.tabacum CyRP map. '!be chloroplast 

ribosomal protein mobility data of the B. tabacum cytoplasmic vs. 

chloroplast ribosomal protein maps were renormalized by the same set of 

x- am y-direction transforms. Estimates of the molecular weights of B. 

tabacum chloroplast and cytoplasmic ribosomal proteins were then 

obtained from the renormalized mobilities am the calculated fit of the 

J:i, ~ mobility data fit to equation (iv) using a general root finding 

program. 

Molecular weights of & gossei 308 am 508 QlRP were calculated 

by fitting the parameters of equation (iv) to data consisting of the 
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average normalized second dimension mobilities of B. tabacum ChRP from 

tandem B. tabacum vs. & gossei maps and the molecular weight estimates 

previously calculated for B tabacum ChRP. 

Isolation of Large SUbunit of 
Ribulose Bisphosphate carboXYlase 

Ribulose bisphosphate carboxylase (RuBPC) was obtained from 

zonal sucrose gradients, as a by product of chloroplast ribosome 

purification. RuBPC fractions from Ii. tabacum, B. gossei, T X G and G 

X T were ObtaineCL Gradient fractions were precipitated ~ addition of 

solid ammCllium sulfate to saturation. After 24 hr precipitation at 4o
C, 

precipitates were collected ~ sedimentation, dispersed in 80% saturated 
o ultra pure ammonium sulfate (SWcharz-Mann) and stored at 4 C, until 

used. 

Large (MW 55,000) and small (MW 15,000) .. subWlits were separated 

by the method of Kawashima (Kawashima & Wildman, 1971). RuBPC 

precipi tates (10-20 mg) were resedimented and pellets dissolved in a 

minimal volume (1-2 ml) of 0.5% S>S, 0.05 M Trizma-OCl, pH 8.5 (Running 

Buffer). Resuspended fractions were dialysed against Running Buffer for 

at least 48 :hr at room temperature. Dialysates were clarified and 

resolved ~ gel permeation chromatography on a 2.5 em diameter x 28 em 

long column of Biogel HO, 50-150 mesh (Bio-Rad), '!be column was eluted 

with Running Buffer, with a flow rate of 1 ml/min, while eluate 
-

absorbance at 254 nm was continuously monitored. When required, large 

subunit fractions were repurified by first preCipitating gradient 
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fractions by addition of 1/3 volume 60% TCA, followed by resuspension 

and dialysis against Running Buffer, and rechromatographed as above. 

Large 'and small RuBPC subunit fractions were precipitated by 

addition of 1/3 wlume 60% ':OCA followed by incubation at 40C for 30 min. 

Precipitates were pelleted and thoroughly macerated in 50 ml absolute 

ethanol to remove TC'A and SOS. Extracted pellets were resedimented, 

dispersed in absolute ethanol and stored at - BOoC until used. 

Reverse Phase High PerfOrmance Liquid 
Chromatography of Try,ptic Peptides and Proteins 

Reverse phase high performance liquid chromatography (RPHPLC) 

was employed to separate mixtures of ortho-pthalaldehyde (OPA) 

derivatized t~ic peptides of the large subunit of RUBPC in order to 

establish that the appropriate parental contributions had occurred in 

the construction of the putative T X G and G X T hybrids (i.e. that no 

accidental mixing of hybrid seed from the' two crosses had been 

incurred). The technique was also ,:!sed to separate mixtures of 

ribosomal proteins and OPA-derivatized t~ic peptides of chloroplast 

ribosomal proteins recovered from preparative two dimensional 

p:>lyacrylamide gels in order to determine the inheritance mode of these 

proteins in interapecies crosses. The basic protocol used for 

separating peptide mixtures is an adaptation of a method designed for 

separating OPA-derivatized amino acids (Hill ~.aJ., 1979). 

Trypsin Digestion 

RuBPC large subunit fractions or chloroplast ribosomal protein 

extracts were pelleted, dried by evacuation and dispersed in 1 ml 0.1 M 
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(NH4)2C03' pH 8.5 (ammonium carbonate buffer was first filtered through 

a 0.22 u BAWP millipore filter). Ammcnium carbonate-protein suspensions 

were finely dispersed with a 1 m1 dounce homogenizer, transferred to 1.5 

m1 microcentrifuge tubes and TPCK-Trypsin (Worthington, in 10-3 M HCl) 

added in a mass ratio of 1 (Trypsin) : 100 (protein). Digestion 

mixtures were incubated at 40oC, with continuous stirring ~ a magnetic 

flea. After 12 H, 100 u1lM (NH4)2C03 ' pH 8.5 and an additiona11/100 

mass TPCK-Trypsin added, and incubated for an additional 12 hr. 

Digestion was terminated by freezing the mixtures in a -80oC freezer, 

and 1yophillized to remove water and ammonium carbonate. 1be residual 

solid was taken up in HPLC grade water, finely dispersed with a 1 m1 

dounce homogenizer and frozen, until used. 

Columns and Fluidics 

A variety of reverse phase columns were tested in order to 

optimize the resolution of complex peptide""mixtures by HPLC. The 

performance of the following columns was evaluated: Zorbax C18, C8 and 

CN (DuPont Instruments, Wilmington, Del.), Bio-Si1 ODS 5S (BioRad 

Laboratories, Richmond, cal.), the Waters 1-60 si1i~ seivemetric 

column (Waters Associates, Milford, Mass.) , and the Synchropak RP-P 300 

angstrom pore reverse phase column (SynChrom, Linden, Ind.). All 

columns were 4 mm diameter and 25 cm long, with the exception of the 

Waters 1-60 which was 1 em in diameter, 25 em long. 

Solvent programming and delivery was controlled by a DuPont 

Instruments model 850 two-solvent programmable chromatograph, interfaced 

with a Spectra-Physics model 4100 computing integrator (Santa Clara, 

cal.). The integrator was equipped with the -Basic- option and could 
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therefore monitor and control all components of the 850 chromatograph 

through its parallel commWlications port, with Z-80 machine routines or 

programs written in spectra-Pqysics Basic. 

Columns were housed in a DuPont Instruments 850 column oven, am 
connected to a Rbeodyne (model 7125) (Rbeodyne Corp., Cotati, Cal.) 

sample injection valve with a 20 ul sample loop. A Bia-Sil CDS-SS guard 

column (Bia-Had) was connected between the sample injection valve am 
the leading column. The column compartment was modified to accept a 

Valco model CV-6-UBPa-N60 (Valco Instruments, Houston) high pressure 

sampling valve for "ganging" two columns in series, when desirable. '!be 

outlet of the leading column was connected to the solvent inlet 

(carrier) port of the Val co valve, with a minimal length of 0.2 mm 

tubing. '!be line to the detector was connected to the "column" port of 

the valve. '!be trailing column was connected to the sample loop ports 

(with the correct flow directionality!). The remaining "purge" and 

"sample inlet" ports of the Valco valve were interconnected by a short 

loop of 0.2 mm stainless tubing. With the val co Valve in the "load" 

coofiguration, only the leading column was connected to the dectector 

port. SWitching the Valco valve to the "inject" mode connected the two 

columns in aeries. SWitching between the two modes was always performed 

under conditions of ambient pressure (zero solvent flow). Switching 

between modes with nonzero solvent flow can cause destruction of both 

columns ~ implosive compression (or explosive decompression) of their 

pack.ings. 
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Detection 

Three modes of peptide (or protein) detection were utilized: 1) 

fluorescence of ortho-phtala1dehyde derivatized peptides; 2) intrinsic 

t~phan fluorescence of underivatized peptides; 3) absorbance of the 

peptide bond, at 214 nm, by derivatized or underivatized peptides and 

proteins. 

A Kratos-Schoeffel model Flr970 fluorescence detector (Westwood, 

N.J.), with 10 ul flow cell, was connected proximally to the detector 

port of the Valco selector valve. The fluorometer possesses an 

excitation monochrometer, while emission detection is selected by high 

pass or interference Corning filters. For monitoring fluorescence of 

*OPA-peptide derivatives, the excitation monochrometer was set to either 

229 or 340 nm (OPA possess two peaks in its excitation spectrum, with 

the larger at 229 nm), and emission was filtered with a 470 or 418 nm 

(respectively) high pass filter. When obse~ving direct tryptophan 

fluorescence of underivatized peptides, the excitation wavelength was 

set at 285 nm and a Corning .5970 interference filter (band pass peak 

320 nm) was used to select emissicm wavelength. 

A Beckman model-160 absorbance monitor was connected to the 

outlet of the FS-970. The absorbance monitor was fitted with a zinc 

lamp and a 214 nm interference filter for monitoring absorbance of the 

peptide bond absorbance band, centered around 210 nm. Input to the 

comp.lting integrator was filtered by a Spectrum model-921 active filter 

network (Spectrum SCientific Corp., Newark). Both detectors were 

connected to chart recorders. Q1e or the other detector was connected 

to the comp.lting integrator. 
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SOlvents 

HPLC grade methanol and acetonitrile were obtained from Burdick 

and Jackson Laboratories (Muskegon, Mic~) BPLC grade water was 

prepared by filtering deionized water (18 megaohm) through thoroughly 

washed 0.22 u GSWP Millipore filters (Millipore Corp., Bedford, Mass.), 

followed by passage over a column (1 cm x 30 cm) of Chellex 100 

chelating resin (100-200 mesh, Bio-Rad), at a flow rate not exceeding 2 

ml/min. GSWP and most other nitrocellulose based filters are infiltrated 

with glycerol and a nonionic detergent, which are contaminated by traces 

of fluorescent compolDlds. At least 500 ml water must be passed through 

these filters before use, to minimize fluorescent and absorbance 

backgrounds. '!be output of the column was filtered by two Millex-GS 

sterilizing filters in series (Millipore). All glassware was thoroughly 

acid-washed, and exposure to air (dust) was minimized. 

Phosphate buffer stock (0.125 M) was-prepared by dissolving 

17.74 gm Na
2

HP04 (Fisher) in 800 ml deionized water, the pH adjusted to 

7.2 with Hel, filtered through washed 0.22 u GSWPF Millipore filters and 

passed over the same Chellex-IOO column, and filtering assembly used to 

prepare BPLC water. Enough water was then passed over the column to 

adjust the 'volume to 1000. Phosphate eluent was Phosphate Buffer 

diluted 1:10 with HP.LC water. Trietqylammonium phosphate buffer stock 

(0.25 M) was prepared by dissolving 34.7 ml of glass distilled 

trietqylamine in 850 ml HP.LC-9rade water, followed by adJustment of the 

pH to 2.2 with phosphoric acid (Fisher). '!be solutiCXl was then adjusted 

to 1000 ml with BPLC water and filtered through two washed Millex-GS 

filters. Operating Triethylammonium phosphate buffer was a 1:10 
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dilution of 0.125 M Phosphate Buffer stock (HPLC water). Buffer stocks 

were refrigerated and their exposure to air-born particulates was 

minimized. All glassware coming into contact with HPLC solutions an3 

solvents were acid washed and protected from dust exposure. During 

operation of the chromatograph, buffers and acetonitrile were 

continuously sparged with helium to minimize the level of solvent

dissolved gases entering the fluidic syst~ 

~tho-pthalald~e Derivatization 

Derivatization of peptides with ortho-ptha1a1dehyde was 

accomplished ~ a procedure described by Hill for the derivatization of 

free amino acids (Hill, .et ~ 1979). 

Reagents and Solutions 

Borate Buffer: 2.7 9 Boric acid (Baker) Dissolved in 50 m1 water1 pH to 

9.5 with NaCE1 filtered through washed 0.22'u GSiP mi11ipore filter. 

~tho-pthalaldehyde Stock: F1uoropa-grade, (Durrum Chemical Corp., Palo 

Alto, cal.h 12.5 mg dissolved in 0.5 m1 HPLC methanol. 

Ethane Thio1: Sigma Chemical Co., st. Louis, Mo. 

Methanol: HPLC-grade, Burdick & Jackson. 

Derivatization Reagent: 0.6 m1 HPLC-grade Methano1~ 1.4 m1 Borate 

Buffer~ 0.16 m1 Ortho-ptha1a1dehyde Stock1 0.015 m1 Ethane thio11 

made fresh daily in light-tight container. 

Procedure 

Tr:yptic peptides (10-20 09), dispersed in water (2-10 01), were 

transferred to a ~OO u1 niw1ed microcentrifuge tube (sarstedt, .72.702, 
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Sarstedt, Inc., Princeton, N.J.). A minimum of 5- fold volume of 

Derivatization Reagent was added and mixed for 1 min with a 25 ul 

syringe. The reaction mix was then clarified at 13,000 rpm for 1 min in 

a Beckman Microfuge 11. The clarified sample was taken up in a clean 25 

ul HPLC injection syringe and injected immediately into the eluent 

stream of the chromatograph. 

Peptide Elution Schedule 

A plethora of different elution schedules were tested to 

optimize separation of complex peptide mixtures. Tryptic peptides of 

horse heart cytochrome C, bovine serum albumin and the large sublD'lit of 

.s. tabacum RuBPC served as test cases during optimization. A compromise 

was struck between the separation time (1. e. solvent utilization) am 
efficiency of separation. The set of instrumental parameters finally 

selected are for use with octadecylsilane (CDS) reverse phase columns 

are tabulated in table 3. A linear gradient'between 100% phosphate 

eluent, 0% acetonitrile and 60% phosph~te eluent and 40% acetonitrile 

was found to give good separations, without risk of precipitation of 

phosphate and concomitant damage to pump and column, and progressive 

accumulation of lD'l-e1uted peptide on the column. 

Prior to the first separation of the day a preconditioning 

gradient was executed, starting at 100% phosphate eluent and ending at 

40% acetonitrile after 20 min., followed by a 15 min. isocratic hold at 

40% acetonitrile, ending with a 15 min. reverse gradient to 100% 

phosphate eluent. The column was equilibrated for a minimum of 10 

minutes (at 1.5 ml/m1n.) to phosphate eluent prior to and between runs. 



Separation of Ribosomal Protein Mixtures by 
Reverse Phase Clromatography 

12 

As an alternative to preparative electrophoresis for separation 

of large quantities of pure chloroplast ribosomal proteins (tens to 

hundreds of migrograms), a special form of reverse phase HPLC was 

attempted, following a protocol from R. Trout (personal communication to 

DPB) • 

'!be large-pore Synchropak RP-P family of reverse phase columns 

has been found to effectively separate mixtures of proteins and 

peptides (Mahoney, 1982). The solid support of this column is a 6 

micron silica sphere (proprietary modification) with large pores of 

nominal radius 300 angstroms, The basis of separation of proteins on 

these columns is a combination of seivemetric partition between the 

surface and interior of the support and multi-site binding to the 

surface of the support (Mahoney, 1982). Attempts to apply the same 

elution schedule used to elute protein mixtures from RP columns other 

than the Synchropak column lD'liformly met with failure. 

'!be Cl8 guard column was removed from the fluidic line whenever 

the Synchropak column was used due to unpredictable adsorption of 

proteins. '1t1e punp seils were found to shrink and expand when switching 

between pH 2.2 and 1.2 and an hour's continuous pumping at low pH was 

found necessary before stable flow rates were obtained. 

Dry ribosomal protein powders (or ether-washed iQ. precipi t;ates) 

were dissolved in a minimal volume of 66% acetic acid, 1% 2-

mercaptoethanol. Complete dissolution required hours. Protein 

solutions were clarified (Microcentrifuge, 13,000 RPM/4 min.), prior to 



73 

injection. A mixture of total I.. .£QlJ. 70S ribosomal proteins served as 

a test case and standard for separation (50 proteins). '!he column was 

equilibrated at 40°C, and flow rates between 0.25 and 0.5 ~min were 

used. ~ical gradients started at 15 % acetonitril, 85% 0.025 - 0.125 

M triethlyammonium pho~hate, ending with 60% acetonitrile, 40% 0.025 -

0.125 M triethylammonium phosphate. 11bsorbance at 214 nm and intrinsic 

tryptophan fluorescence of proteins were continuously monitored. Eluent 

fractions of 0.75 ml were collected, frozen lyophillized, washed with 

10% TCA, sedimented and analysed by one dimensional electrophoresis to 

identify eluted components. 
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Table 3. Instrwnent Parameters for Reverse Phase HPLC of Peptide 
and Protein Mixtures. 

Inst~mnent 

Column OVen 

Model 850 Punp 
Progranmer 

Parameter 

Terrperature 
Column Ganging Valve 

Eluent A 
Eluent B 
Column 

Flow 
Max Pressure Limit 
Min Pressure Limit 
~ressibi1i~ A 
Oo.mpressibi1i~ B 

Segment 1 Length 
Segment 1 Exponent 
Segment 1 Initial %B 
Segment 1 Final %B 

Segment 2 Length 
Segment 2 Exponent 
Segment 2 Initial %B 
Segment 2 Final %B 

Segment 3 Length 
Segment 3 Exponent 
Segment 3 Initial %B 
Segment 3 Final %B 

Segments 4,5 Length 
Segments 4,5 Initial %B 
Segments 4,5 Final %B 

Eluent A 

Eluent B 
Flow 
Column 

Segment 1 Length 
Segment Exponent 

Condition Setting/OptiQD 

40
0
C 

Single Column load 
Dual Column Inject 

Peptides .. 0.12!f1 N~O 4 
1'.cetonitr e .. C18, CN, 

RP-P, I-60 .. 1.5 ml/min .. 300 Bar .. 2 Bar 
II 1 .. 1 

.. 120 min .. 1 %/min .. o % .. 40 % 

.. 30 min ... ' 1 %/min 
II 40 % .. 40 % 

.. 15 min 
II 1 %/min .. 40 % .. o % 

II o min .. o % .. o % 

Proteins .025-.125 M TEAP, 

.. 
.. 
.. 
II 

.. 
. pH 2.2 

1'.cetonitri1e 
0.25-0.5 ml/min 

Synchropak RP-P 

300 - 150 min 
1 %/min 
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Table 3, Continued. Instrument Parameters for I:IPLC Separations of 
Peptides and Proteins. 

Instrument Parameter Condition Setting/Mion 

Model 850 PLmp Segment 1 Initial %B Proteins 15% 
Programmer Segment 1 Final %B .. 35% 

Segment 2 Length .. 100-30 min 
Segment 2 Exponent .. 1 
Segment 2 Initial %B .. 35% 
Segment 2 Final %B .. 60% 

Segment 3 Length .. 20 min 
Segment 3 Exponent .. 1 
Segment 3 Initial %B .. 60% 
Segment 3 Final %B .. 60% 

Segment 4 Length II 40 min 
Segment 4 Exponent .. 1 
Segment 4 Initial %B II 60% 
Segment 4 Final %B .. 15% 

Active Filter Oltoff Frequency All 0.02-0.05 
Network 

F1uoraneter Time Constant 0.5 sec 

Excitation CPA Main 229 nm 
Sensitivity II 4.7 
Range .. 1 - 0.5 
Emission Filter .. 470 high pass 

Excitation CPA Secondary 340 nm 
Sensitivity .. 4.85 
Range II 1 - 0.2 
Emission Filter .. 418 high pass 

Excitation Tryptophan 285 nm 
Sensitivity " 4.1 
Range .. 0.1 -0.02 
Emission Filter .. Corning 5970 



EXPERIMENTAL RESULTS 

Zonal SUcrose Gradient Purification of Ribosomes 

Chloroplast Ribosomal sublD'lit Isolation and Repurification 

Figure 3A shows absorbance traces (254 nm) of a zonal sucrose 

gradient fractionation of a total ribosome preparation from 300 9 of 

deribbed,tl. tabacum leaf tissue, using Method II for ribosome 

extraction. Approximately 2300 absorbance lD'lits (260 nm), representing 

140 mg of total ribosome (in 10 ml) was loaded on a 5% (top 

concentration) equivolumetric sucrose gradient in the Ti-14 zonal rotor. 

The gradient was spun at 45000 rpm for 9.7 hr (Co) 2t = 7.75 x lOll 

raiJ.2/sec) , 4oC, and fractionated into 7ml aliquots. Peaks are labelled 

with awroximate sedimentation coefficients, which are commonly used as 

generic labels for ribosomes and their. sublD'lits. '!be absorbance peaks 

are from left to right: cytoplasmic mono somes (80S), chloroplast 

monosomes (70S), chloroplast large ribosomal sublD'lit (50S), chloroplast 

small ribosomal subunit (30S), ribulose bisphosphate carboxylase. 

Figure 3C is the absorbance trace of a zonal gradient separation of a 

crude.u. gossei total leaf ribosome preparation from 600 9 of reribbed 

leaf tissue, extracted by Method II, and spun to w 2t = 9.11 lOll 

rad2/sec. Zonal gradient profiles of the separation of chloroplast 

ribosomal subunits from &. excelsior, the SR-l mutant of &. tahacum and 

interspecific hybrids were identical to those of ,tl. tabacum. and ,tl. 

gossei. 
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Figure 3. A) Initial resolution of N. tabacmn crude ribosane 
preparation. B) Repurifi'Caticn of chloroplast rib
os::mal subunits :fran A. C) Resolution of N. gossei 
crude rilx>scJres. D) Repurification of chloroplast 
ribosatal subunits fran C. 

77 



78 

In crude preparations where chloroplast ribosomal subWlits were 

quantitatively pelleted from clarified tissue brei, the ratio of peak 

areas of 308 and 50s chloroplast ribosomal subunits was close to 0.5, 

(1:1 molar ratio) for both Methods I and II of tissue homogenization. 

The use of Method I for ribosome extraction resulted in crude 

preparations with relatively small concentrations of 80S monosomes, 

compared to preparations utilizing Method II. Due to the relatively 

smaller solute loads, method I crude ribosome isolation therefore gave 

improved resolution of chloroplast ribosomal subunits. However, the 

total amount of chloroplast ribosome per mass of leaf tissue extracted, 

was 2-3 times greater when method II was employed, because of the 

inefficiency of recovery of class I chloroplasts by Method ·1. 

The proportion of 80S cytoplasmic ribosomes in Method II 

preparations was highly variable, ranging from < 30% to > 80%. No 

simple methodological correlates were found to explain the variation of 

80S monosomes yield from these preparations. 

The amount of RuBPC (S20,w = l8.5S) in the crude ribosome 

mixtures was controlled by the duration, temperature and sucrose 

concentration of the cushion solution employed in the sedimentation of 

the crude ri.~osome pellet. RuBPC was found to constitute as much as 

one-third of the total solute mass in extreme cases. In crude 

preparations where large amounts of RuBPC were present, pelleted 

ribosomes dissolved with. difficulty in resuspension buffer. During 

dialysis against resuspension buffer (to promote cbloroplast ribosome 

dissociation) RuBPC frequently precipitated, causing substantial losses 

in chloroplast and cytoplasmic ribosomes, presumably due to entrapment 
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in the protein precipitate. ibe amoWlt of RuBPC in the crude ribosome 

mixture also affected the resolution of the initial zonal gradient 

separation. An important determinant of the resolution in a large scale 

zonal gradient separation is the stabili~ of the initial sample zone, 

prior to entry of the gradient. If the sample zone exceeds a critical 

concentration of solute, the sample zone concentrates to the point where 

it exceeds the mean density of the surrounding medium, causing turbulent 

convection of the sample zone into the top of the sucrose gradient 

(Spragg & Rankin, 1966). This phenomenon, known as sample inversion, 

causes pronoWlced broadening of the initial sample zone and concomitant 

loss of resolution. In order to minimize the risk of sample inversion 

it was found necessary to restrict the amount of RuBPC in the crude 

ribosome preparation b¥ reduction of the duration of sedimentation of 

the crude ribosome pellet, entailing some loss of 305 chloroplast 

ribosomal subWlits. 

In the equivolumetric sucrose gradient emplO¥ed, all components 

of the initial sample mixture of partial specific density 1.41 glml 

elute from the zonal rotor at a volume proportional to their 520,w. 

Figure 4 shows a plot of elution volume as a function of the 

sedimentation coefficient for the components of the mixture separated on 

the gradient of figure 3A, and demonstrates the expected linear 

performance of the gradient for ribosomal particles. Ribulose 

bisphosphate carbo~lase showed strong deviation from the plot, due to 

the difference in specific densi~ ( p = 1.37). 

In order to improve the purity of large scale chloroplast 

ribosomal subunit preparations it was usually found necessary to 
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Figure 4. Plot of sedimentaticn ooefficient of CXlIg;x>nents separ
ated on the gradient of Figure 3A iTS. their sed.i.nentation 
volume (i.e. elution volume, ml). 
, 
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resediment subunit fractions and repurify them on a second zonal sucrose 

gradient. Figure 3B shows the results of the repurification of the lie 

tabacum 30S and 50S chloroplast ribosomal subunits, isolated in the 

gradient of figure 3A. Figure 3D is the trace for a repurification of .H. 

gossei 30S and 50S chloroplast ribosomal subunits from Figure 3C, CIJ 2t = 
9.0 x lOll rad2/sec. ·Shelf" loading of the 30S (1.5% sucrose) and 50S 

(3% sucrose) fractions with a 5 ml ·spacer· zone of 2% sucrose, with a 

force integral (w 2t ) ~ 9.5 x lOll rad2/sec, obviated the need for 

separate repurifications of the two chloroplast ribosomal subunit 

fractions. 

The small peaks immediately trailing the 50S peak are 50S dimers 

and 70s monosomes. The absence of small peaks or high baseline at 

positions midway between the 30S and 50S and between the 50S and 70S 

peaks demonstrates the lack of contamination of chloroplast ribosomal 

subunits by cytoplasmic ribosomal subunits. Onder conditions favoring 

dissociation of the 70S chloroplast ribosome (2.5 roM MgCI
2

, 25 roM KCI, 

pH 7.5) little or no dissociation of pure 80S cytoplasmic ribosomes was 

observed (see below), even after very long periods of dialysis. 

The inclusion of the spacer zone prevented the interaction of the 

30S and 50S subunits to form 70S manosomes, in the sample zone, prior to 

separati~ Formation of 70S monosomes could conceivably cause cross

contamination of repurified 308 and 50S chloroplast ribosomal subunit 

fractions due to pressure-induced dissociation of reassociated 70S 

monosomes during sedimentation. All monosome ~ ribosomal subunit 

dissociation reactions, studied to date, exhibit negative molar volume 

changes (Hauge, 1971; Infante & Baierlein, 1971). 
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Nevertheless, conservative fraction cuts (indicated by stippling) 

were taken to insure absolute purity. The purity of chloroplast 

ribosomal subunits was also confirmed by the absence of cross

hybridization between rRNA (ribosomal RNA) extracted from ribosomal 

subunit preparations and restriction en~ digests of chlorqplast DNA 

in SOuthern hybridization studies (data not shown, Jorgenson, 1980). 

An important factor affecting the purity of zonal gradient 

fractions was the level of thylakoid membrane fragments in the unresolv

ed crude ribosome preparation. The presence of substantial thylakoid 

contamination was indicated by a strong green tinge in clarified crude 

ribosome preparations. High levels of thylakoid fragments were 

associated with excessive homogenization of the leaf tissue brei. 

Extreme disruption of thylakoid membranes produced a very broad range of 

fragments, portions of which cosedimented with all major ribosome 

fractions, and thus were not completely eliminated by subsequent zonal 

sucrose gradient repurification. Usually some irreversible aggregation 

of thylakoid fragments occurred upon resedimentation of gradient 

fractions, prior to repurification, and were therefore removed by 

clarification. 

Cytoplasmic Monosome and Ribosomal S\1bunit Purification 

Due to the poor separation of chloroplast and cytoplasmic 

monosomes in the initial zonal purification, an intermediate 

repurification of 80S cytoplasmic monosomes was executed, prior to 

dissociation and purification of cytoplasmic ribosomal subunits. Figure 

SA shows the repurification the 80S monosome fraction of the gradi~t 

sblwn in figure 3A. Repurified monosomes were repelleted and dissolved 
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in and dialysed against 5 mM MgC12, 350 mM Kel, 25 mM Tris-HCL, pH 7.5 

for at least 24 h. Figure sB shows the absorbance trace of the 

separation of small (40S) am large (60S) cytoplasmic ribosomal subWlits 

obtained from repurified 80S monosome fractions of the gradient of 

Figure SA. At least one-third of the 80S monosomes remained aggregated 

after 2 days dialysis. The relatively high baseline midway between the 

40S and 60S peaks and between the 60S and 80S peaks is due to the 

progressive dissociation of 80S monosomes resulting from the 

perturbation of the monosome-subunit equilibrium by high hydrostatic 

pr.essure extant in the course of sedimentation. Progressive 

dissociation of remaining 80S monosomes is also responsible for the 

trailing asymmetry of the 60S am 40S absorbance peaks, since negligible 

contamination by the small cytoplasmic or chloroplast ribosomal subunits 

was present in the final 60S subunit fraction, as evidenced by two

dimensional electrophoresis of subunit proteins. 

Sg!cial Ribosome Preparations 

Conditions of ribosome extraction am purification were varied 

in order to check for artifactual modifications of the protein 

complement of chloroplast am cytoplasmic ribosomes, am their subunits. 

Three possible perturbations were tested for: 1) loss of specific 

ribosomal proteins·due to monosome dissociation; 2) spuriOUS binding of 

nonintegral ribosomal proteins to ribosomal subunits (or monosomes); 3) 

possible effects of proteases present during tissue oomogenization. In 

testing for perturbation 3, no modification of the sucrose gradient 

separation was necessary, am gradient elution traces were identical to 

normal preparations. 
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Preparation of 708 Chloroplast Monosomes 

Figure 6A shows the absorbance trace of a zonal separation of .H. 

tabacum ribosomes from a preparation in which elevated (35 mM) magnesium 

concentrations were employed, in all isolation procedures, in the 

attempt to suppress dissociation of chloroplast monosomes. The strong 

leading asymmetry (in direction of sedimentation) of the 808 peak 

indicates that band broadening, due to sample zone inversion, caused 

some loss of resolution between the 308 arx1 508 peaks. However a plot 

of elution volume (at peak absorbance) vs. sedimentation coefficient 

shows obvious convex-up nonlinearity, indicating that a substantial 

fraction of the 308 and 50s subunits were initially aggregated as 708 

monosomes, arx1 progressively dissociated due to pressure perturbation of 

the chloroplast monosome-subunit equilibrium. All gradient fractions 

from the beginning of the 308 peak through the peak 708 fraction were 

consolidated arx1 resedimented, resuspended and dialysed in the presence 

of 35 mM MgCI2' to minimize 708 monosome dissociation (by mass action). 

The repurification of this preparation is shown in figure 6B. Again, 

most of the 708 malOsomes dissociated (or dissociated prior to gradient 

separation), ,but nonetheless a substantial 708 fraction was recoverable. 

It is noted that due to reversibility of the subunit-monosome 

dissociation reaction, that some unknown fraction of the 708 monosomes 

are non-native, 308 - 508 reassociated couples. 

Salt Washed Preparations 

In order to test for the possibility of spuriOUS binding of non

integral ribosomal proteins to chloroplast and cytoplasmic ribosomes 
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.Figure 6. Zonal sucrose gradient purification of N. tabacum 
r:ibosates at 35 lTM M:f++. A) initial separatioo. 
B) 70S chloroplast m:nosare :repurification. 
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during tissue homogenization, crude ribosome pellets were washed with 

0.5 or 1.0 M NH4Cl, and repelleted, prior to dissociation of chloroplast 

ribosomes. The composition of the sucrose gradients for these 

preparations were not modified, relative to the normal isolation scheme. 

Figure 7A shows. the absorbance trace of the initial gradient separation 

of a salt washed crude preparation, from 150 gm deribbed leaf tissue. 

The most obvious effects of salt washing were the dissociation of any 

chloroplast 70S monosomes present in the crude .pellet, and the 

destabilization of the 30S chloroplast ribosomal subunit (note 

attenuated peak hight, relative to Figure 3A. Some dissociation of 80S 

cytoplasmic monosomes occurred, producing a shoulder on the 50S 

choroplast ribosomal subunit peak at a position equivalent to 60S in 

the gradient, and an unresolved small 40S peak, midway between the 30S 

and 50S peaks. Figure 7B shows the repurification and fraction cuts of 

repurified salt washed 50S subunits from the separation of Figure 7A. 
., 

Chloroplast 30S subunits were not repurified due to their extreme 

instability after salt washing. Cytoplasmic subunits were not salt 

washed after monosome dissociation since conditions requisite for the 

dissociation involve high ionic stren~ 
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Figure 7. ~solutial of salt-washed N. tabacum r:ibosanes. 
A) Zonal sucrose gra:lient separaticn of ct'\Xle 
ribosace preparatial washed with 0.5 M NH4Cl. 

B) ~ficaticn of 50S chlarq;>last r:ibosanal 
submits fl:an A. 

88 



Two-Dimensional Polyacrylamide Gel. 
Electrophoresis of Ribosomal Proteins 

Separation of Basic Nicotiana tabacum Chloroplast 
Ribosomal Slbunit Proteins 

89 

Figure 8 is a photograph is of a tandem separation of total 

protein extracted from repurified 30S (Figure 8A) and 50S (Figure 8B) 

chloroplast ribosomal subunits of .&. tabacum, which were obtained from 

crude ribosome preparations dialysed against 2.5 mM M9
2
Cl and low ionic 

strength, prior to two cycles of zonal gradient purification. Both 

sample mixtures contained awroximately 1-2 ug of each protein (50 ug 

and 100 ug per 30S and 50s ChRP mixtures, respectively). This 

separation shows only those ChRP that exhibit positive net charge at 

pHS, in 8M urea (hereafter referred to as basic ribosomal proteins). 

However, all ~ ~ ribosomal proteins with the exception of S6 and 

L7/12 migrate with positive mobility in the Mets-Bogorad first 

dimension gel (Subramanian, 1974, Kyriakopoulos & Subramanian, 1977). 

For this reason, all but the most acidic ChRP should be represented in 

these electropherograms. There are 22-23 and 33-35 consistently 

observed basic proteins associated with the 30S and 50S chloroplast 

subunits, respectively. 

As with the .Ea. &2lJ. ribosome, it appears that most, if not all 

ChRP are present in the 30S and 50S chloroplast ribosomal subunits in 

unit stOichiometry. '!he general uniformity of the stain density in both 

electrophoretic patterns of Figure 8 supports this conclusio~, and 

indicates the completeness of extraction for all proteins present in 

intact ribosomal subunits. Re-extraction of the LiCl-rRNApellets increas-
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Figure 8. Tandem 2D-PN;E of basic ribosomal proteins of A) 308 rilx>sanal subunit, B) 50S 
rilx:>somal subunit of N. tabacum. Arrows denote poorly resolved doublets: circles 
indicate proteins with negligible first-dinension electrophoretic nobility. 
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ed the apparent Wliformity of concentration among the constituent ChRP 

in both the 30S and 50S ribosomal protein preparations. 'Dle few proteins 

that show attenuated stain density with respect to the other spots in 

Figure 8 are preparation-specific anomalies, that were not consistent 

from preparation to preparation. 

When appropriate buffer replacements were made and the polarity 

of the first dimension electric field was reversed (Mets, 1973), 

ribosomal proteins with negative or zero first dimension mobility (pI 

less than 5, refer~ed to as acidic proteins) were resolved. Such 

separations (data not smwn) show 2 or 3 additional 30S acidic ribosomal 

proteins, possessing second dimension mobilities that correlate with 

those of spots that occur along the line! that extends vertically from 

the electrophoretic origin in normal electropherograms (circled, Figure 

8A). There is one additional acidic 50S ChRP observed in reverse 

polarity gels, correlating with the faintly stained spot of negligible 

first dimension mobility (circled, Figure 8B). . 

'Dle electrophoretic components indicated by arrows in Figures SA 

and 8B, are poorly separated doublets, that are well resolved only when 

less protein is loaded on the gels. These spots may represent distinct 

protein pairs or artifactual "doubling" of single proteins due to 

chemical modification of charged amino acid residues. A number of 

potential mechanisms exist for artifactual variation in the net charge 

of ribosomal proteins in concentrated urea solutions, among them: 

carbamoylation of lysyl residues by trace cyanate present in aerobic, 

aqueous urea solution; and oxidative deamination of glutamyl or aspartyl 

groups. 'Dlere are no significant differences between electrophoretic 
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separations of fresh and aged 8M urea suspensions of ChRP, stored at 

less than -20oC, suggesting that little progressive charge modification 

of ChRP by carbamoylation or deamination. Doubling and tripling the SDS 

concentration of the second dimension upper buffer neither decreased the 

number of observed proteins nor improved the separation of close 

doublets in either the 30S or SOS ChRP electrophoretic patterns. 

Therefore, in the absence direct tests of sequence homology between 

poorly resolved doublets (e.g. BPLC of tryptic digests) it was assumed 

that they represent distinct polypeptides. 

Separation of Basic Polypeptides of Nicotiana tabacum 
Cytoplasmic Ribosomal Subunits 

Tandem two dimensional electrophoretic separations of basic 

polypeptides from the 40S and 60S sublDlits of the &. tabagum cytoplasmic 

ribosome are displayed in figure 9A and 9B, respectively. Individual 

protein loads are approximately I ug and arrows are used to denote 

poorly resolved close doublets. Again, the Wliformity of stain density 

throughout the electropherogram suggests that all proteins are present 

in equimolar concentrations in the 40S and 60S CyRP mixtures. 

There is a notable lack of similarity between the 

electrophoretic patterns of 30S ChRP and 405 cytoplasmic ribosomal 

proteins (CyRP) and between SOS ChRP 60S CyRP of &. tabagum. 1bere are 

at least 3 proteins that migrate along the line projecting vertically 

from the origin of the 60S CyRP electropherogram that exhibit negligible 

first dimension mobility (Circled, Figure 9B), while the 40S 

electropherogram shows no proteins which fail to enter the first 

dimension gel. These spots may represent proteins with zero or negative 



Figure 9. Tandem 2D-PAGE separation of. basic polypeptides of N. tabacum A) 408 cytoplasmic ribosan
al subunit, B) 60S cytoplasmic ribosa:ncU subunit. Arrows denote unresolved doublets; 
circles mark proteins with negligible first-dimension electrophoretic mobility. 
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net charge under conditions of the first dimension separation or 

insoluble aggregates that fail to enter the first dimension and are 

subsequently solubilized by SOS in the second dimension separation. 

Since reverse polarity separations of subunit CyRP have not been 

performed, we cannot at present, distinguish between these two 

possibilities. 

26 to 30 proteins are observed in the 40S ~ tabacum CyRP 

electrophoretic pattern, while 47 to 50 CyRJ? are associated with the 60S 

particle (counting both members of close doublets, but not including the 

number of components with zero first dimension mobility). 

Ribosomal Proteins from Native Chloroplast and 
Cytoplasmic Monosomes 

Figures lOA and lOB consist of a tandem electrophoretic 

separation of 70S ChRP and 80S CyRP, extracted from "native" chloroplast 

and cytoplasmic monosomes, respectively. Some contamination of the 70S 

ChRP by 80S CyRP is evident, due to the relati'vely poor .resolution of 

70S and 80S monosornes by sucrose density gradients (see Figure 3A). All 

but a few proteins observed in the 70S separation (Figure lOA) can be 

unambiguously assigned to either the 30S or 50S chloroplast ribosomal 

subparticles. 'Dle few supernumary spots are faintly stained and may be 

attributed to 80S CyRP contaminants (see discussion in numerical mawing 

section). Two spots in the 80S CyRP pattern do not occur in either the 

40S or 60S patterns (noted by arrows, Figure lOB). These spots may 

represent CyRP whose association with the cytoplasmic ribosome is 

compromised by subunit dissociation or they may be nonribosomal factors 

still bound to the ribosome. 



Figure 10. Tandem 2D-PAGE resolution of N. tabacum ribosonal proteins fran A) native 70S 
chloroplast nonosares, B) native 80S cytoplasmic nonosares. Arrows in B indi
cate proteins not observed in either the 408 or 60S c;-~ electropherograrns 
(see Figure 9). 

1..0 
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Tests of Assumptions of Mobility Mapping Normalization Algoritlun 

Linearity. Figure 11 illustrates a test of the assumed 

linearity of variables affecting inter-run reproducibility of the 

measurement of raw two dimensional electrophoretic mobility, m(x,y). 

The ribosomal proteins of the 50S subunit of the chloroplast ribosomes 

of &. tabacum and &. excelsior, an Australian species closely related to 

&..~, were separated, in tandem, on a series of 14 2D slab gels. 

The mobilities of the proteins of both electropherograms on each gel 

were measured and normalized with respect to a common reference gel, 

using the univariate mode of the algoritlun. In Figs. llA and lIB the x

and y-mobilities (m(x) and m(y», respectively, of the proteins on the 

reference electropherograms for both species are ·plotted as a function 

of the corresponding raw absolute mobility measured from one tandem gel 

selected from the &.. tabacum vs. &.. excelsior 50S ChRP series. It is 

awarent that for both the x and y mobilities .a single regression line 

fits the data obtained form the electropherograms of the 50S proteins 

from both species separated on the slab gels. Thus, a single 

transformation of the m(x) and m(y) from both electropherograms on a 

given gel effects a normalization of these data, relative to the 

reference electropherograms. '!be two curves bracketing the mobility data 

in Figure 11 are hyperbolas representing the 99.9% prediction limits for 

x- and y-direction normalized mobilities (lU(X) and lU(y». 

An F test of the residual variance about the x- am y-direction 

transforms indicated that no systematic nonlinearity was present in the 

plots of Figs. llA and lIB (99% level of significance). The magnitude 

of the residual variance about the x and y transforms was approximately 
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normally distributed about zero, as tested b¥ prObit analysis (data not 

shown) • 

Error Detection. The x and y direction correlation coefficients 

(uni- or bivariate) between reference and raw m(x) and m(y) were 

calculated for each tandem gel when the normalization transforms were 

calculated: 

Univariate case, jth gel: 

r = x 

-VI.(M (x)-<M(x»)2 • t (m .(x)-<m(x»)2 
n nJ 

ry = I. (M
n 

(y)-<H(y) ». (mnj (y)-<m(y) » 

-V I. (Mn (y) -<M(y) » 2 • I. (mnj (y) -<m) y) » 2 

<M(x» = I. M (x) + I. M' (x) 
D n D n 

<H(y) > = I. M (y) + I. M' (y) 
D n - n n 

N + N' N + N' 

<m(x) > = I. m .(x) + I. m' . (x) 
D nJ D nJ I. m . (y) + I. m~J. (y) 

D nJ D 
<m(y» = 

N + N' N + N' 

It was found that if no significant deviations from linearity 

occurred in plots of M (x) vs m . (x) or M (y) vs. m . (y) that r and r 
n nJ n nJ x Y 

ranged between 0.990 and 0.9999. Therefore gels with r or r < 0.98 x y 
were dropped from the series after the first iteration of the 

normalization program. 

The tight scatter of the data about the transform lines also 

provided a means to recognize cases of misidentification of protein 
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which occur during digitization of electrophoretic mobilities, or 

garbling of the data during transmission to the Dec-IO computing 

facility. After the normalization transform for a given gel had been 

computed, the mean and dispersion of the mean squared deviation from the 

x and y transform lines were calculated. If an appropriate program 

control flag was set high during initialization of GELDAT.FIO ("Y· 

response to "Exclude on First Pass" prompt, see Appendix B), the squared 

residuals of mobility measurements of each gel that exceeded two 

standard deviations of the mean squared residual, for either the x or y 

transforms, were then tested for significance at the 95% confidence 

level via a t-test (see Appendix B). If the t-test confirmed tha 

aberrance of these points they were flagged. The x- and y-direction 

transforms were then recomputed, ignoring all outliers (flagged data). 

'!be points in Figure 11 indicated by arrows are the mobility components 

of a protein that was intentionally mislabeled as a neighboring spot 

during digitization to demonstrate the effect of misidentification of a 

spot upon the magnitude of the residual variance from the x and y 

reg ression lines. 

The same types of Significance testing procedures utilized to 

detect cases of miSidentification, during normalization of each gel to 

the reference state were employed to define an arbitra~ criterion for 

acceptance or rejection (in the final average mobility maps) of proteins 

that ag>eared rarely in the electropherograms being compared. . It may be 

argued that all nonartifactual electrophoretic components should exhibit 

similar magnitudes of variance about their respective mean normalized 

mobilities, and that each mean normalized mobility should possess 
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roughly similar degrees of freedom. This is equivalent to the 

assumption (or constraint) that the overall variance of the average map 

be homoscedastic. It was decided that average normalized mobilities 

would be excluded from the final average maps if they met any two of the 

following criteria: (i) the component was observable in less than 30% 

of the original electropherograms; (ii) 50% of more of the raw mobility 

measurements for the map component displayed square residual variances 

from their respective normalization transforms significantly different 

from the mean square residuals of said transforms at the 95% 

significance level; (iii) an F-test for homogeneity of variance about 

the mean normalized mobilities of a given map component indicated that 

its observed variance about the mean normalized mobility was 

incompatible with the assumption of homoscedasticity of the overall 

variance of the average m~ at the 99% significance level. 

Mobility Maps of Nicotiana tabacum 30S and 50S QlRP 

In order to directly compare ~he electrophoretic maps of B. 

tabacum 30S and 50S ChRP and to correlate the 70S ChRP electrophoretic 

pattern with the subunit ChRP electrophoretic patterns, the absolute 

mobilities of the proteins in 19 different tandem 30S-S0S ChRP 

electropherograms, utilizing four independent pairs of ribosomal subunit 

preparations, were measured and normalized with respect to an 

arbitrarily selected reference 30S-S0S tandem mobility map by means of 

the GELDAT.FIO algorithm. The bivariate mode of the program was 

utilized, with one pass of outlier exclusion per gel, per iteration of 

the program. The average of the x and y direction standard deviations 

of the M(x,y) and the average bivariate correlation coefficient between 
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reference and raw mobilities converged after five iterations. Figures 

l2A and l2B present the average absolute mobility maps compiled from 

this series of tandem gels. Ellipses about the mean normalized 

mobilities are the univariate joint 95% confidence limits about M{~,y) 

(aggregate covariance between m(x) and m(y) assumed to be': 0, see 

Appendix B). Figure l2C is the superposition of the 30S and 50S maps. 

The ChRP that demonstrate'negligible first dimension mobility were 

excluded from the electrophoretic maps, due to the extreme 

irreproducibility of their second dimension electro,phoretic mobilities. 

The numbering of small and large subunit patterns is arbitrary but was 

assigned in order of increasing mobility, with priority given to the 

first dimension mobility coordinate (M(x». Gaps in the numbering were 

reserved for map components rejected from the final average mobility 

maps by the criterion described above. Lower case indices were used 

when insertions were found necessary from comparison with average 30S, 
" 

50S, or 70S &. tabacum ChRP maps from different but related series. 

The 30S-50S superposition ~ accurately represents the ~tiveft 

70S ChRP electropherogram (Figure lOA), excluding supernumary spots (80S 

CyRP contaminants). It happens that the dispersion about the means 

(elliptical confidence limits about (ffi(x,y») in these maps cover areas 

roughly equal to stained areas in the original e1ectropherograms. 

Statistically significant overlaps between 30S and 50S maps 

occurs at coordinates M(x) .: 6, M(y) .: 12 (S18 and L32) and at M(X) .: 

5.5, M(y) .: 1 Figure 10C. Overlap of average mobilities in the 

superimposed maps may occur: 1) due to cross-contamination of 30S and 

50S subunits in sucrose gradient fractions, 2) in the case of 
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"interfacial" proteins which are situated on the interface of the 30S 

and SOS ribosomal subunits (as is the case of the proteins S20 and L26 

of I....QQlih or 3 for those ChRP, which though distinct, fortuitously 

possess similar 2D electrophoretic mobilities. 

Cross-contamination between ribosomal subunit preparations would 

be obvious by "echoing" of major stain spots between the two 

electrophoretic patterns. Interfacial proteins would exhibit equal 

staining density in both ribosomal subunit patterns only if their 

interactions with the two subunits had very similar thermodynamic 

parameters. The 30S and SOS ribosomal proteins responsible for both 

overlaps exhibit strong staining in their respective electropherograms 

and are observed in all gels. There is no other "echoing" between 30S 

am SOS spot patterns. For these reasons, these overlapping proteins 
.. 

are considered distinct am not due to cross contamination between 30S 

am SOS ribosomal subunit preparations. A preliminary publication from .. 

this laboratory (Capel & Bourque, 1982) described what was then 

considered an overlap between the 30S and SOS maps at the position 

indicated by an arrow in Figure loc. We now consider this protein (51) 

to be uniquely associated with the 30S chloroplast subunit. 

, 
Mobility Maps of Nicotiana tahacum 40S am 60S CyRP 

ibe average absolute mobility maps of the 40S am 60S CyRP are 

presented in figure 13. These maps were actually constructed from the 

average 80S CyRP mobility map calculated from a series of native 70S 

ChRP - 80S CyRP tandem electropherograms (see next section). Proteins 

of the average 80S CyRP map were assigned to the 40S (Figure l3A) or the 

60S cytoplasmic ribosomal subunits (Figure l3B), on the basis of 
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inspection of a number of 40S - 60S ~RP tandem electrophoretic 

separations (e.g. Figure 9). '!be original 80S CyRP map is replotted in 

Figure l3C as a superposition of 40S (shaded) and 60S patterns. 

Numbering was assigned by the same convention used to label &. tabacum 

ChRP. 

Arrows in Figure l3C point out the two 80S ~RP that were not 

represented in either the 40S or 60S Cy~ electropherograms. '!hese two 

proteins (Lll, L12) were arbitrarily assigned to the 60S subunit for 

purposes of maWing. Again, proteins with negligible first dimension 

mobility were omitted from the maps, due to the irreproducibility of 

their second dimension mobilities. 

- -A single 80S ~RP (M (x) = 4, M (y) = 10, Figure l3C) was found 

to be present at identical pOSitions in both the 40S and 60S 

electropherograms (S18 and L30, in Figure l3A and l3B, respectively). 

The tight doublet labelled S4a and S4b in the 40S map sometimes resolved 

into a tight quartet (doubling of both spots in the second dimension 

midway between coordinates occupied by"L5 and L6 and between L6 and L8 

in Figure l3B). Whether this represents some artifact of the 

electrophoretic separation or two additional, poorly resolved proteins 

cannot be decided at present. 

Comparison of Monosomal Ribosomal Proteins of .&. W1 and 
&. tabacum (Chlorq>last and Cytoplasmic) 

Mobility mcp of He tahacum 70S monosome ChRP and 80S CyBP. Fig

ure l4A is comprised of the superimposed average mobility maps of native 

70S lie tabacum ChRP (shaded) and native 80S ~RP, compiled from the 

mobilities measured from 16 tandem 2D electropherograms, selected from a 
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series of 20 like the one of Figure 10. Tandem gels with aggregate x- or 

y-direction multiple correlation coefficients (rx' r; less than 0.98 

were rejected from the series after the first iteration. Joint 

Confidence limits about the M(x,y) are plotted at the 95% significance 

level. The bivari~te normalization mode was used for 5 iterations with 

1 pass outlier exclusion per gel, per iteration of normalization. 

There are at least 15 statistically significant ChRP and CyRP 

overlaps (mean map coordinates of overlapping pair fall within the 

logical union of 95% confidence ellipses of the pair). The· ChRP 

comp:ments of three of these overlaps are actually CyRP contaminants of 

native ChRP preparation (deSignated 526, L24, L3l in the CyRP maps of 

Figure 9), that are not observed in the map of derivative 70S (305 + 

50S) ChRP preparations (see section comparing native and derivative 70S 

ChRP). Of the remaining 12 ~verlaps (Table 4), 8 are between pairs of 

ChRP and CyRP from nonhomologous ribosomal subunits (i. e. overlaps .. 
between 305 ChRP and 60S CyRP or between 50S ChRP and 405 CyRP), and are 

therefore probably spurious. It would seem likely that if any proteins 

were' shared between cytoplasmic and chloroplast ribosomes, that they 

would be associated with homologous subunits (e.g. a protein would be 

shared between the 50S and 60S subunits or the 305 and 40s, but not 

between 305 and 60S nor between the 50S and 405). Nevertheless, proof of 

the distinctness of the proteins involved in the remaining overlaps 

requires comparative structural studies such as ttyptic peptide 

IDaR?ing. 

Mobility Mu>ing of Total MonOsomal Protein from E. coli and N. 

tabacum Cytoplasmic Ribosomes. Figure 15 is an example of a tandem' 



Table 4. Tabulation of Statistically Significant overlapping ChRP 
and CyRP in maps of Figures l4A. 

ChRP a 
Conponent 

S10 
S21 
L2a 
L2b 
LlOb 
Ll5 
Ll7 
LlS 
Ll9 
L25 
L27 
L29 

a Labels as in Figure 12. 

b Labels as in Figure 13. 

C From Map in Figure 14A. 

CyRP b 
Conponeot 

lAO 
lAS 
L5 
L7 
S10 
L23 
815 
S16 
S19 
L32 
824 
825 

Approximate Map 
Coordinates ex ,v) C 

6, 11 
5, 12.5 
4, 5.5 
4.5, 5.5 
4, 7.5 
3, 9 
4.5, 9.5 
4.5, 10 
7.5, 10 
3, 10 
3, 10.5 
3.5, 10.5 
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Figure 15. Tandem 2D-PAGE of A) total E. coli rilx>sornal protein 
and B) N. tabacum native 80S nonosorral CyRP. 
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electrophoretic separation of total Ia. ml1 ribosomal protein (EcRP) arXJ 

total Ba.. tabacum CyRP. All proteins of the .I • .Q.QJJ. ribosome are 

represented in this e1ectropherogram, with the exception of: S6, L7/12, 

L26/S20, S21, L31, L32, L33. S6 and L7/12 failed to enter the first 

dimension gel, while the remaining proteins were probably not present 

in the initial protein mixture, due to specific losses during ribosome 

preparation. Reduction of the duration of the first and second 

dimension migrations did not result in the appearance of any of the high 

first dimension mobility EcRP, eliminating rW'l-off as the cause of their 

absence. 

The electrophoretic mobilities of 12 EcRP - Ba.. tabacum CyRP 

tandem gels were internally normalized arXJ averaged (bivariate mode, 5 

iterations). The 70S ChRP and 80S CyRP maps of Figure 14A were then 

renorma1ized to the origin and scale of the average EcRP mobility map 

which is sh~wn in Figure 14B. In Figure 14C the EcRP map is 

superimposed on the 70S &. tabacum map of Figure 14A. The numbering of 

Figure 14B follows the standard nomenclature for EcRP separated b¥ the 

Kaltschmidt-Wittmann 2D-PAGE protocol (Wittmann, 1974a1 Wittmann, 

1974b). The Kaltschmidt-Wittmann arXJ Mets-Bogorad electrophoretic pat

terns of EcRP were previously correlated b¥ SUbramanian (SUbramanian, 

1974, Kyriakopoulos & SUbramanian, 1977). 

It is apparent that in terms of the numbers of proteins and the 

spatial distribution and clustering of the electrophoretic mobilities 

coordinates, the EcRP map bears greater similarity to the <l1RP map than 

to the CyRP map. Additionally, there appears to be more similarity 

between the EcRP and Ba.. tabacum ChRP patterns than between the Ba.. 
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tabacum ChRP and CyRP patterns. 'lbese observations were confirmed by 

comparisons of frequency distributions of interprotein vector magnitudes 

of the average maps of Ba. tabacum ChRP, CyRP and EcRP (data not shown). 

The distances between the centroids and average normalized mobilities of 

all three maps were calculated and -binned- to construct discrete 

frequency histograms. The positions of the histogram maxima and 

direction of skewing of Ba.tabacum ChRP was obviously more similar to 

those of the EaRP than those of the Ii.. tabacum CyRP map. 

Effects of Salt Washing, Protease Inhibition, and Monosome Dissociation 
on the Complement of 30S and 50S Chloroplast Ribosomal SUbunits 

Salt Effects. The possibility exists that one or more of the 

proteins in the gels of Figure 8 are initiation or elongation factors, 

or other nonribosomal proteins that spuriously bind to chloroplast 

ribosomes under conditions of subunit extraction and p.1rification. To 

test for this possibility, 30S and 50S ChRP were extracted from 

ribosomes washed with 0.5M or 1M NB4Cl in the presence of 25mM MgCI2 and 

resolved in tandem with 30S and 50S ChRP isolated from unwashed 

chloroplast ribosomal subunits. QUy compariSOns using 0.5 M salt-washed 

30S chloroplast ribosomal subunits were made since 30S subunits were 

unstable a~ higher ionic strength. Examples of the gels from this 

series of preparatiOns are shown in Figure 16. The main effect of salt 

washing on the 30S (Figure l6A, right) and 50S (Figure l6B,right) 

patterns is to increase the background contamination Qf ChRP by CyRP. 

This occurs because increased monovalent salt concentration (during 

washing and resedimentation of the crude ribosome pellet) promotes 80S 

cytoplasmic ribosome dissociation to 40S and 60S particles, which· are 
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insufficiently resolved from 30S and 50s particles by zonal gradient 

purification. The faintly stained spots with low first dimension 

mobility half-way down the second dimension, are spots that fallon the 

vertical streak extending from the origin in most gels. In addition, 

the stain density of protein S2 (see Figure l2A) is attenuated. No small 

chlorqplast ribosomal subunit proteins is completely lost due to salt

washing. 0.5 M and 1 M salt washed 50S ChRP electropherograms are 

identical to unwashed 50S ChRP patterns except for the attenuation of 

the stain intensities of 1.2 and 1.24 (a close doublet with Ll9 in the map 

of Figure 128), and the appearance of a high molecular weight protein 

near the origin. 

Effect of Protease Inhibitors. The electropherograms on the 

left of Figures l6A and l6B are separations of 30S and 50S ChRP 

respectively, prepared from leaf tissue homogenized in buffer containing 

the ser ine protease inhibitors aminocaproic acid and 

phenylmethylsulfonyl flour ide. There are no significant differences 

between these electrophoretic patterns and those from salt washed 

preparations, shown on the right of Figures l6A and l6B, except for the 

attenuation of SIS. As noted above this is a frequently observed 

artifact, of ribosomal protein extraction, and probably unrelated to the 

presence or absence of protease inhibition. 

Effect of Subunit, Dissociation. In order to determine if 

dissociation of 70S chloroplast monosome promotes the loss of specific 

proteins from the intact particle, the electrophoretic patterns of ChRP 

from native 70S particles (isolated from 25 or 35 mM MgCl2 preparations, 

shown on left of Figure l6C) and derivative 70S ChRP (obtained by mixing 
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purified 30S and 50S ChRP, right .electropherogram, Figure l6C), were 

compared. A number of faintly staining proteins found in the native 

QlRP (left) electrophoretic patterns are not observed in derivative QlRP 

(right) separations. ihese spots represent CyRP contaminants since they 

have 2D electrophoretic mobilities identical to particular 80S CyRP. 

In summation, all three possible perturbations of chloroplast 

ribosome protein complement do not seem to be operative during normal 

30S and 50S ChRP extraction procedures. What variation is observed 

between special and normal ChRP preparations occurs between ChRP 

mixtures obtained via the normal extraction procedur:e itself. Alternate 

ribosomal protein extraction techniques should be tried (e.g. the acetic 

acid procedure) in order to ascertain if interpreparation variation of 

30S and 50S QlRP mixtures is attributable to slight irreproducibilities 

of the LiCl-Urea extraction methoCL 

.. 
Effects of Protease Inhibition and Salt Washing on 
Protein Complement of Cytoplasmic Monosomes 

Figure 160 shows a comparison of native, 1M NH
4
Cl salt-washed 80S 

CyRP (left) and derivative (equimolar mixture of 40S and 60S) 80S CyRP 

(right). The only difference between the two patterns of Figure 160 is 

absence of the two faint spots designated Lll and L24 (see Figure l6B). 

Figure l6E shows the comparison of the electrophoretic patterns for 1 M 

NH
4
Cl salt-washed (left) and protease inhibited homogenization (right) 

CyRP. Salt washing and protease inhibition had no apparent effect on 

the numbers of CyRP observed in the electropherograms. 
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Figure 16. Corrparison of protease-inhibited and salt-washed N. tabacum 
ChRP and CyRP. A) protease-inhibited (left) and 0. 5 M salt
washed (right) 30S ChRP; B) protease-inhibited (left) and 
salt-washed (right) 50S ChRP; C) native (left) and deriva
tive (right) 70S ChRP; D) native (left) and derivative (right) 
80S CyRP; E) protease-inhibited (right) and 0.5 M salt-washed 
(left) 80S CyRP. Derivative rronosaPal proteins were obtained 
by mixing equirrolar arrounts of subunit proteins. All panels 
except E are tandem electropherograrns. 
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Molecular Weight Fstimates for lit. tabacum ChRP am CyRP 

Figure 17 is a plot of the average normalized mobilities of ~ 

~ total ribosomal proteins against their molecular weights. 'Dle EcRP 

average normalized mobilities are taken from the series of tandem.H... 

tabacum CyRP - .L. ~ 70S RP separations that produced the maps of 

Figure l4B,C. Molecular weights of EcRP were determined from amino acid 

sequence except for Sl (low angle x-ray scattering, Labischinski & 

Subramanian, 1979) S2, L2 and L4, for which sequences are not yet 

available. 'Dle molecular weights assumed for 82, 1.2 am L4 are averages 

of values determined from SOS gels and sedimentation equilibrium 

(Wittmann, 1974b). 

The central curve through the data in Figure 17 is the 

calculated fit to equation iv). Its parameter values (A', B and C) 

consist of the averages of the independent fits from 12 tandem 

calibrations.· Sigmoidal curves bracketing the, central fitted curve are 

asymptotic awroximations to the 95% confidence interval for molecular 

weight estimates, computed from the parameter covariance matrix, the 

elements of which were taken as the average from the elements of the 12 

independent calibrations (See ~ix C for calculational details). 

eovar(c)] = a ~ t!:.. ta ')-1 

a .. = ( a F(MW)/ a ail MW 1J . 
F(MW.) = M .(y) = A' [ 1 + (MW .lC)B ]-1 

J J J 

2 3 ---.2i 
U (MW,.) = l/DF + 1/ 0 ~ 1:IJt'r. var (0. ) 

J ~ J 1 

2 3 3 . __ k 
+ 2/0 I I ~·MWj cov(oi~) 

i=O i=O i>k 
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Where Coyar(cS) is the parameter covariance matrix (matrices 

indicated by Wlderlining), ..!!.. is the parameter Jacobian matrix, whose 

elements are indicated by 0i ., am evaluated at each point MW.. MW . 
J J J 

is the molecular weight of the jth calibration EcRP, a2 =pooled 

average variance of calibration normalized mobilities and mobilities of 

proteins whose molecular weights are to be estimated, or the variance of 

the calibration residuals (M(y) b - M(y) 1). DF is the total o s ca c 
number of degrees of freedom (I of calibration points x number of 

replications -1). t o•95 is the one-sided t-statistic at the 1-0.95 

level of confidence (an asymptotic expansion was used in lieu of a 

table). The values of the parameters of the model were similar to those 

computed by Rodbard (Rodbard, 1976) for SOS gels with 10% total 

acrylamide concentration: A' = 13.7, B = 1.79 and C = 13.7. 

All EcRP with the exception of 81 were given unit weighting in 

model fitting calculations. 81 was given an arbitrary weight of 5 in 

order to compensate for the lack of high molecular weight points. The 

scaling parameter a 2 used in the calculations was the variance of the 

residuals of the calibration (Meyer, 1975 p. 387: SChwartz, 1977). This 

choice was mandated (instead of the pooled variance of the calibrating 

mobilities) because the individual molecular weight calibrations from 

all gels had exactly the same pattern of residuals, am the variance of 
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Figure 17. f.blecular weight calibration curve. Average absolute 
second-dinension m:::bilities vs. IIDlecular weights of 
Ek::RP fran nap of Figure l4B. Intersecting bars illus
trate hJw IlDlecular weight estimates and their cmfi
dence lilllites are obtained by xoot finding pl:OOedw:es. 
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the residuals was very much larger than the pooled mobility variance. 

The absolute reproducibility of the patterJ} of calibration residuals, 

from gel to gel, indicated that there was a systematic cause(s) behind 

the deviations from the calibration model, rather than statistical noise 

(Schwartz, 1977). Possible causes of systematic residual patterns in 

the calibration curves from the series include: 1) differences in the 

rates of reaction (and/or extent of reaction) with the transient SDS 

front of the second dimension gel, 2) errors in the molecular weights 

that were not determined by amino acid sequence, 3) sheilding effects of 

proteins not separated in the first dimension of electrophoresis, or 

local competition between proteins for SOS in these areas. 

In spite of the presence of systematic sources of error, the 

calibration was expected to yield more reliable molecular weight 

estimates for ChRP and CrRP, compared to the traditional internal 

standard method, for the very reason that these sources of error are 
" 

incorporated into the calibration process. The proteins being 

calibrated are subject to the same sources of systematic deviation from 

the molecular weight - mobility model, as the EcRP calibration 

standards. 

Estimated molecular weights of &. tabacum ChRP and CyRP are 

listed in Table 5. Regularly occurring 30S ChRP have molecular weights 

that range from a low of 9100 to a high of 30700; 50S ChRP range from 

8800 to 35700. &. tabacum 40S CyRP range from 7800 to 36600 and 60S 

CyRP from 9100 to 53500. Infrequently occuring ChRP that were excluded 

from the average maps are included in Table 5, indicated by asteriks. 
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Table 5: Estimated 1ID1ecular weightsa of Ba. tabaeum QlRP and CyRP. 

ChRP QlRP 
m ai m rfi m ttl m ttl 
SA2* 41.7 ALl* 81.2 81 36.6 IJ. 53.5 
Slb 31.6 AL2* 64.2 82 36.1 L2 53.8 
81e 29.7 AL3* fO.5 S3 34.8 L3 51.2 
82 26.3 AlA* 54.2 S4a 31.3 IAa 39.9 
S3 19.8 IJ. 35.7 S4b 31.1 IAb 38.8 
S4 20.2 L2a 33.6 SS 30.8 L5 32.9 
SSa 18.5 L2b 33.5 S6 30.0 L6 33.8 
SSb 17.5 L3 31.9 ~ 25.0 L7 34.1 
S6 17.7 L4 32.9 88 24.8 L8a 33.2 
~ 17.3 L5 31.5 89 24.0 L8b 33.4 
8Sa 16.1 L6 27.9 810 23.2 L9 32.1 
8Bb 16.1 L7 22.6 Sll 18.4 . IJ.O 31.3 
89a 15.6 L8 22.1 812 16.1 Lll 30.8 
89b 16.0 L9a 20.9 813 17.3 IJ.2 29.1 
810a 14.2 L9b 20.2 814 16.7 IJ.3 29.0 
810b 16.8 IJ.Oa 24.3 815 17.4 IJ.4 29.4 
81la 13.4 IJ.Ob 23.6 816 16.9 IJ.5 28 .. 2 
811b* 13.7 IJ.Oe 25.1 817 18.3 IJ.6 27.9 
812 13.4 Lll 20.5 818 16.0 IJ.7a 25.0 
813 13.3 IJ.2 21.7 819 16.5 IJ.7b 26.0 
814 12.7 IJ.3 20.2 820 16.1 IJ.8 23.4 
815 13.7 IJ.4 20.2 S2l 15.5 IJ.9 22.4 
815b* 12.6 IJ.4b* 18.9 822 14.9 L20 21.7 
816 12.4 IJ.5 19.8 S23 14.9 L2l 20.7 
817 12.0 IJ.6 17.5 824 14.3 1.22 20.8 
818 10.8 IJ.6b* 18.7 825 13.2 L23 18.8 
819 9.6 IJ.7 17.4 826 12~4 L24 19.7 
820 10.0 IJ.8 16.6 827a 8.4 L25 18.2 
S2l 9.6 IJ.9 17.0 827b 7.8 L26 18.8 
S22 10.2 L2l 15.8 L27 17.7 
823 9.1 L22 15.0 L28 17.4 

L24a 16.1 L29 16.9 
L24b* 14.4 L30 16.2 
L25 15.8 L31 16.9 
L26 15.0 L32 15.8 
L27 13.9 L33 15.3 
1.28 13.9 L34 15.3 
L29 13.0 L35 16.5 
L30 11.6 L36 16.9 
L31 10.5 L37 16 .. 7 
L32 8.8 L38 16.1 

L39 15.4 
rAO 14.5 

a x 10-3 rAl 14.1 
rA2 13.8 
rA3 13.3 
L44 11.5 
lAS 9.1 
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N. excelsior and SR-l Chloroplast Ribosomal Proteins 

TWo Dimensional Electrophoresis of 30S ChRP 
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Figure 18 shows a tandem electrophoretic separation of basic 

ribosomal proteins extracted from 30S chloroplast ribosomal subunits of 

A, ~ gossei and B, ~ tabacum. All second dimension gels in this 

series were run at 10oC, rather than 4oC. As per previous 2D 

separations, 5-10 ul of 30S ChRP mixtures (1-1.5 ug/protein) from both 

species were loaded onto to first dimension capillary gels. Four 

independent .&. tabacum am &. gossei 30S preparations were used in this 

series of gels. 

It is apparent that the two ChRP electropherograms are in 

general qualitatively homologous. There are approximately the same 

number of basic polypeptides associated with the ~ tabacum and ~ 

gossei 30S chloroplast ribosomal subunits, arrayed across the 

electrophoretic field in essentially the same pattern. Indeed the two 

patterns are so similar that homology between specific pairs of ~ 

tabacum and ~ gossei proteins may be directly deduced by inspection. 

Discussion o~ the few qualitative differences between the two patterns 

will be given in the section on mooility mawing of this series. 

In these separations the ~ tabacum small subunit proteins Sl 

and 811 showed very p.ronounced doubling in the first dimension •. 

Proteins SS, 86, S8 am S9 exhibited two dimensional doubling discussed 

above, am protein En was present in reduced concentration. '!be proteins 

of the lia. gossei occupying corresponding poSitions were also doubled. 

No modification of the normal protein extraction procedure was employed 
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Figure 18. 2D-PAGE of A) 308 ChRP of N. gossei and B) 308 ChRP 
of N. taba.cum.; -
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in the preparation of the ChRP mixtures used in this series of tandem 

electrophoretic separations. 

Mobility Maps of &. tabacum and &. gossei 30S ChRP 

The mobilities of 17 tandem separations of II.. tabacum and &. 

gossei 30S ChRP were measured and normalized (bivariate mode, 1 pass 

outlier exclusion per gel, 4 iterations of normalization cycle). Figure 

19 shows plots of the normalized mobilities and 95% jOint confidence 

limits for 30S ChRP from ~ tabacum, A, ~ gossei, B, and the 

. superposi tion of A and B, C. The superposition map is plotted at the 

90% confidence level for the sake of clarity. 

Number ing of the II.. gossei map follows the numbering of the II.. 

tabacum map where mmology between the two maps was unambiguous. Since 

the doubling of Sl, Sll, S8 and 89 was reproduced in all gels of this 

series, these components are mawed as two separate proteins, although 

the chemical distinctness of members of these pairs is not implied. In 

the remainder of this discussion proteins of &. tabacum proteins will be 

indicated by a leading RT". A leading "G" will indicate proteins of II.. 

gossei. . 

A number of obvious differences occur in the superposition map 

of Figure 19C. 'lbere is a pronounced shift of the doublets TSla,b and 

GSla,b. It is not clear if TSla corresponds to GSla or GSlb. other 

significant differences occur in the S8a,b and S9a,b clusters, and in 

the pair TS4 and GS4. The pairs TS12, GS12 and TS15, GS15 are dist;;inct 

at the 90% contidence level, but only marginally so at the 95% level. 

There is no 30S ChRP from II.. tabacum corresponding to GS14b (M (x,y) = 
5.5, 10.5). Although the mean normalized mobilities of TS4 and GS4 fall 
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Figure 19C. Superposition of average nobility rraps of Figures 19A and 

19B. Shaded ellipses are N. tabacum 30S ChRP, open ellip
ses are N. gossei 30S ChRP~ Cbnfidence limits are plotted 
at 90% level for clarity. Arrows indicate regions of rrap 
showing pronounced interspecies polyrrorphisms. 
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just within the intersection of their joint 90% confidence limits, the 

separation vector between them has non-negligible components in both 

dimensions and should be detectable in co-electrophoresis experiments. 

The separations of other homologous M(x,y) are such that mean 

normalized mobilities fall in the logical union of the 95% confidence 

limits of the homologous pair and are therefore statistically 

indistinguishable, but not necessarily indistinguishable by co

electrophoresis. 

Two Dimensional Electrophoresis of 50S QlRP 

Figure 20 shows a tandem separation of basic polypeptides from 

the 50S chloroplast ribosomal sublDlit of &.. tabacum, A and &.. gossei, B. 

100 ug (in 5 u1) of both mixtures were separated at 10oC, du~ing the 

second dimension of electrophoresis. Again, the homology between the 

two electrophoretic patterns is obvious. !b significant differences 

were observed between the &. tabacum 50S ChRP patterns of this series 

and the 50S ChRP pattern of the Ii.. tabacum 30S vs. 50S series, aside 

from the appearance of a companion spot to L24. Four independent 50S 

ChRP mixtures, from both species, were employed for this series of 

tandem gels • 

. MaWing and Comparison of &.. tabacum and 
&.. gossei 50S QlRP 

The average normalized mobility maps from the &.. tabacum and &.. 

gossei 50S ChRP series are presented in Figure 21. 12 gels of an 

original series of 15 were selected and normalized by the bivariate mode 

for 5 cycles of normalization (1 pass oulier exclusion per cycle). '!be 

~ tabacum 50S ChRP map is plotted in panel A of Figure 21, the &. 
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Figure 20. Tandem 2D-PAGE separation of A) N. ta.l:acum and B) N. gos
sei 50S chloroplast ribosaral subrmit proteins. 
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gossei 50S map in panel B and their superposition in Figure 21C. The 

jOint confidence limits of M(x,y) are plotted at the 95% level in all 

maps involved in this comparison. As in Figure l2B, the numbering of &. 

gossei 50S ChRP attempts to indicate obvious homologies with 

corresponding &. taMgym 50S ChRP. 

Included in these maps are the mobilities of a set of 4 high 

molecular weight 50S ChRP, of low first dimension mObili~ ~ - AL4), 

not included in the &. tabacum 50S ChRP map of Figure l2B, that appear 

auy occasionally in 50S ChRP preparations of both species. 

A number of qualitative differences occur between &. tabacum and 

~gossei 50S ChRP maps. In the cluster of proteins centered at M(x,y) 

= 8,3 ~ gossei possesses an extra pair of stain spots (GL13b and 

GLl3c). In the ~ tabacum map there are either no corresponding 

proteins or they are unresolved from other proteins of the cluster. The 

same region of two-dimensional electropherograms of &. tabaqum 50S ChRP, 

in which the length of the first or second dimension is doubled, has the 

same number and pattem of stain spots. It is unlikely that the extra 

spots observed in the &. gossei pattern in this vicini~ of the mObili~ 

map are simply the products of charge modification (due post

translational modification or artifacts of preparation) since GIJ.3b and 

GLl3c are shifted from any of their nearest neighbors in both 

electrophoretic dimensions. 'Dle protein TL7 has no awarent &. gossei 

analog (the numbering of GL7, GLa and GL9a,b are not intended to express 

homology). Another qualitative difference in the two patterns occurs 

between the pairs TL28, GL28 am TL29, GL29. In the remainder of the 

maps, interspecies homologies are WlaJIIbiguous. 
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Figure 21C. Superposition of nobility maps of Figures 2JA and 2JB. 
Confidence limits are plotted at the 95% level. ArrcMs 
indicate significant interspecies polyrrorphisrns. 
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There are three quantitative interspecies differences between 

homologous average normalized electrophoretic mobilities in the two 50S 

maps that warrant further discussion. Proteins TL4 and GL4 are not 

significantly separated in a statistical sense in Figure 21C. 

Nevertheless, interspecies polymorphism between TL4 am GL4 is definable 

by fusion of L4 and LS, in the ~ gossei map. There is a small but 

periceptible separation between TL4 am TL5 in the .&. tabacllm map. '!he 

homologous pairs of TLl2, GLl2 am TLl5, GLl5 manifest very large sep

ations. The magnitude of the vectors separating the L12 and Ll5 

homologues in Figure 21C is 2-4 times larger than the mean separation 

magnitude in the rest of the map. Finally, if the putative homology 

between TLIOC and GLIOC are correct, the very strong first dimension 

separation should be distinguishable in interspecies crosses. 

Mobility Maps of .&. tabacum and &. excelsior 50S ChRP 

Six independent samples of 50S ChRP from ~ tabacum and ~ 

excelsior were resolved on 14 tandem gels. Mobilities were digitized 

and normalized for 4 iterations using the univariate transform mode. 

Figure 22 shows the super imposed maps of Na. tabacum and Na. excelsior. 

As in the compoSite ~tabacum - lia.gossei 50S ChRP mobility map, all 

but a very few homologous ChRP average mobilities are not separated by 

statistically significant vector magnitudes. 

These maps were one of the first series that were compiled, am 
served as the bench marking case for the GELDAT algorithm. For this 

reason there are a number of irreproducible ChRP included in these maps, 

that were not regularly observed in subsequent mawing efforts (noted by 

asterisks in Figure 22). 
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The inset in Figure 22 shows an expanded view of the Lll, L12, 

Ll3, Ll5 cluster to emphasize the interspecies polymorphisms observed in 

this vicinity of the map. Since &. excelsior is an Australian member of 

the genus Nicotiana, it is not surprising that the shifts between L12 

am Ll5 homologues are also seen in these maps. . In this series of gels 

the two additional, spots observed in this cluster in the .Ii... gossei map 

were not observable in a sufficient number of gels to avoid rejection 

from the average maps (i.e. the homologue to GL13 b,c). Finally, the 

interspecies mobility differences between the TL4 am GL4 homologues are 

repeated for the &. excelsior homologue. 

Molecular Weights of .&. gossei 30S am 50S ChRP 

The .&. tabacum 30S and 50S ChRP average normalized mobilities of 

Figures 20 and 21 and the molecular weight estimates of table 5 were 

used to construct a calibration curve for .&. gossei ChRP. The second 

dimension origins am scales of the maps of Figures 20 am 21 were very 

nearly commensurate. Therefore the .&. tabacum 30S mobilities from 

Figure 20A am the .&. tabacum 50S mobilities of Figure 2lA were combined 

into a single calibration. '!he parameters of the fit to equation (iv,b) 

for this data were somewhat different than those obtained for the EcRP 

calibration of .&. tabacum molecular weights (AI = 16.65, B = 1.31, C = 

18.46), but the statistics of the calibration were better (smaller mean 

confidence interval). Table 6 lists the estimated molecular weights of 

.Ii... gossei 30S am 50S ChRP. Molecular weights of .Ii... excelsior ChRP may 

be assumed to vary insignificantly from homologous proteins of ~ 

gossei, due to the quantitative isomorphisms between the 30S and 50s 

electrophoretic patterns of the two species (data not shown). 
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Table 6: Estimated molecular weight (x 10-3) of &. gQ§s~;i. ChRP. 

30S ChRP 50S ChRP 

m Mr m Mr 

SA2 40.8 IAl. 81.5 
81a 31.2 IA2 63.3 
Slb 32.4 IA3 58.6 
SIc 29.4 IA4 53.8 
S2 25.2 Ll 33.5 
S4 18.7 L2a 32.4 
SSa 17.0 L2b 32.2 
S5b 16.3 L3 30.5 
S6 16.2 1.4 30.9 
S8 16.4 L5 30.1 
S9a 16.7 L6 26.2 
S9b 15.6 L7 23.0 
S9c 16.3 L8 21.4 
S10a 14.8 L9a 20.0 
SlOb 16.5 L9b 19.3 
Slla 13.7 LlOa 25.7 
Sllb 13.7 LlOb 26.1 
812 13.8 LlOc 24.2 
S13 13.1 Ll1 21.4 
S14a 13.2 Ll2 21.8 
Sl4b 12.7 Ll3a 21.8 
Sl4b 12.7 Ll3b 20.7 
S15a 12.6 Ll3c 20.7 
S15c 12.9 Ll4a 20.9 
S16 11.8 Ll4b 18.2 
S17 10.7 Ll5 20.4 
S18 11.1 Ll6a 17.4 
S19 10.3 Ll6b 16.6 
S20 10.4 Ll7 16.9 
S21 10.2 Ll8 16.0 
S22 10.0 Ll9 16.4 
S23 8.3 L21 14.1 

L22 13.2 
L24 14.6 
L25 15.1 
L26 14.3 
L27 12.8 
L29 12.7 
L30 11.3 
L31 10.4 
L32 8.6 
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Mobility Mapping of &. tabacum and SR-l 305 ChRP 

305 subunits of the chloroplast ribosome of the streptomycin 

mutant of &. tabacum SR-l have been demonstrated to have a lower binding 

affinity for tritium-labelled dihydrostreptomycin, relative to 305 

subunits of the parent strain, as measured by equilibrium dialysis and 

sucrose gradient sedimentation (Bourque, Horn & Capel, 1977). The 

streptomycin resistance phenotype is transmitted in reciprocal crosses 

between SR-l and &. tabacum with strict maternal inheritance (Maliga, 

5z.-Breznovits & Marton, 1975). 'Ibese two facts imply that at least one 

component of the 305 chloroplast ribosomal subunit of 5R-l is ct-DNA 

encoded and that some phenotypic character of the 305 subunit should be 

correlatable to the reduced affinity for dihydrostreptomycin. 

Figure 23 presents the average mobility maps computed from the 

mcbilities of 12 tandem &. tabacum - SR-l 305 ChRP electropherograms. 

Average normalized mobilities of &. tabacum and SR-l coincide to within 

digitization error in all cases except those marked b¥ arrows in Figure 

23. 

In the map of Figure 23, wild-type T515C was displaced from the 

SR-l homologue by a vector magnitude greater than 3 standard deviations 

of the mean vector magnitude separating homologues in the superimposed 

maps of &. tabacum and 5R-l 305 ChRP. By far the largest component of 

the separation vector was in the x-direction, indicative of a charge 

shift mutation. Another difference between the mutant and wild-type 

mcbility maps was the absence of 521 in the average SR-l 305 ChRP map, 

reflecting its total absence in any of the SR-l electropherograms of the 

series. 



0~----------------------------------~ 

0 2 

~ SR-1 

8WILD TYPE 

8 

' 

4_ 
M(x) 

--15<: 

6 8 

Figure 23. Superposition of SR-1 and N. tabacum 308 ChRP average 
nobility maps. Map corrpoilents showing interstrain 
polyrrorphisms or differences are indicated by arrows. 
Joint confidence lirnrrts plotted at 95% level of sig
nifi cance. 
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The correlation between maternal inheritance of the 5R-l 

streptomycin-resistance phenotype and the electr~horetic differences 

between SR-l and wild-type ~ tabacum 305 ChRP provides circumstantial 

evidence that one or both of the genes that encode T5lSc and T52l are 

the locus of the 5R-l"resistance mutation. If this is so then one or 

both of the altered proteins are encoded by ct-DNA. Some ambiguity is 

involved because the absence ~f TS2l from the SR-l electropherogram may 

be due to a reduced affinity of the 5R-l 305 ribosomal subunit for an 

lDlaltered TS2l, resulting from the modification in T51SC. If this were 

the case TS2l may fail to incorporate into the SR-l 305 subunit or may 

be lost during some phase of ChRP preparation due to its attenuated 

affinity. Alternatively, the SR-l lesion may affect both TS1Sc and T521. 

Another complication arises from the fact that the inheritance mode of 

the electrophoretic differences between SR-l and wild type ~ tabacum 

was not investigated. It is conceivable that the phenotypic correlation 

between streptomycin-resitance and the mobility map differences is only 

circumstantial and not causitive. 

This series was the first 305 ChRP series that was processed 

through GELDNr, and again, there are a few dissimilarities between these 

305 ChRP maps and those presented above. The first (x) dimension 

doubling of TSll is observed in these maps, but the doublings of TS8 and 

T59 were not apparent. T51S, a major 305 ChRP component in most 

preparations was present in the ChRP preparations used in this series 

but was ex~luded from the maps due to its faint staining. There are 
, 

three map components (of high second dimension mobility) which were 

present in both ~ tghagum and SR-l ChRP mixtures, but were excluded in 
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later 30S ChRP series, due to irreproducibility (asterisks in Figure 

23). It should be noted that the nomenclature used to refer to 30S ChRP 

in the published version of this work (Capel, Redman & Bourque, 1979) 

differs from that used herein. Spot "14" mentioned in the aforesaid 

publication is herein referred to as SlSc (see Figure l2A). Protein S20 

mentioned in capel, Redman & Bourque, 1977 is herein called TS2l, and is 

observed in all recent 30S ChRP preparations, although sometimes faintly 

stained. Finally, it should be noted that there was a graphical error 

in Figure 3,B of Capel, Redman & Bourque, 1979. The arrow supposedly 

POinting to wild-type w... tabacum) SlSc (S14 in the text of capel,Redman 

& Bourque, 1977) is mistakenly indicating TSIS. 

Analysis .Qf Ribosomal Proteins .of. Inters.pecific HYbrids 

Confirmation of Interspecific HYbrids 

The hybrid character of the products of ~eciprocal interspecific 

sexual crosses between B. tabacum and B. gossei was confirmed on the 

basis of flower morphology, and reverse phase high performance 

chromatography of tryptic digests of the large subunit of ribulose 

bisphosphate carboxylase, the translation product of an established 

chloroplast DNA gene. 

Flower Morphology 

Although B. tabacum and Ho gossei have very different leaf and 

flower morphologies, the T x G and G x T leaf morp~ologies were 

insuffiCiently different to distinguish the two lines. Both hybrid 

lines possessed leaf structures similar to the Ho tabacum line. However, 
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Figure 24. Fl~s of N. tabaetnn (left), putative T X G interspecies 
hybrid (middle) and N. gossei (right). A) top view, B) 
side view, and C) side view with corolla removed. Note: 
in N. gossei anthers are fused to interior wall of corolla. 



Figure 25. FlCMers of !'!· gossei (left), putative G X T interspecies 
hybrid (middle) and N. tabacum (right). A) top view, 
B) side view and C) side view with corolla rerroved. 
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coronal morphologies of the putativeT x G and G x T hybrids served to 

definitely prove their hybrid character, and to distinguish between the 

two hybrid lines. Figure 24 shows A: vertical and B:lateral views of 

the corona of the T x G line, flanked by similar views of flowers of the 

parental lines (in order of the cross polarity). Also shown is a 

dissection of the flowers showing style and stamen structures (Figure 

24C). Figure 25 shows similar photographs for the flowers of the G x T 

line. In both the T x G and G x T lines coronal structures demonstrate 

a blend of parental characteristics, but both the hybrid corona are 

more similar to their maternal parent, in terms of petal size, 

morphology and coloration. In both hybrid lines stamen length. relative 

to the style is reduced, as compared to the two parental lines. Also, 

the anthers of both hybrid lines failed to develop mature pollen. 

ReversePhase BPLC of Large Subunit of Ribulose Bisphosphate carboxylase 

Figure 26 shows the absorbance trace of a gel permeation 

separation of the large and small subunits of Ribulose Bisphosphate 

carboxylase from the T X G hybrid. One dimensional SDS-polyacrylamide 

gel electrophoresis of the repurified large subunit fraction, from this 

preparation and all others, showed a single band of apparent molecular 

weight 55,000. 

QPA-Deriyatized Peptides. Five ul (approximately 10 ug) of the 

water-dispersed tryptic peptides of the RuBPC large subunit from B. 

tabacum and N. gossei were reacted with 25 ul of Hill OPA reagent, for 1 

min, clarified (13,000 rpm / 1 min.) and resolved by reverse phase HPLC 

on a Bio-Sil ODS C18 column (5 micron, BioRad). Figure 27 shows the 

fluorescence trace of the separation of soluble tryptic peptides of ~ 
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Figure 26. <?e1-perneatian liquid chl:anatography of ribulose bisplDs
phate carboxylase/oxygenase fz:an putative T X G hybrid. 
Shaded area is the large subunit fraction. 
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gossei (uppermost trace), N. tabacum (middle trace) and an ammonium 

carbonate blank (bottom) digested, lyophillized, and reacted with OPA 

under identical conditions. Excitation was at 229 run, utilizing the 470 

run low-pass emission filter. All other conditions of the separation were 

as per the normal OPA-derivatized HPLC protocol described in materials 

and methods. The retention times (R
T

) of var ious small peaks in the 

blank separation correlate exactly with the !\r'S of amino acids known to 

contaminate commerically available ortho-pthalaldehyde. '!he large peak 

at Rt = 91 minutes represents residual ammonium ion (probably ion-paired 

with chloride), not removed by lyophillization. 

The two elution patterns are obviously similar in terms of the 

numbers, retention times and amplitudes of strongly and weakly 

fluorescent derivatized peptides. '!he retention times of corresponding 

peptides are identical to within the intrinsic error due to injection 

technique. The one notable difference between the &. tabacum and &. 

gossei elution traces is the occurrence of one additional, relatively 

small amplitude peak in the Na. gossei trace, indicated by an arrow in 

Figure 27. The reproducibility of the two elution traces is better than 

1% in terms of recurrence of retention times. Peak amplitudes vary to a 

greater extent, but the additional .&. gossei peptide occurs in every 

separation run to date, including cases were the elution schedule was 

varied. At times the very small peak in elution traces (R
t 

= 88 min, 

underlined in Figure 27) of both species fuses with the ammonium ion 

peak, but in all cases, the extra .&. gossei peptide was observed. These 

results agree with the results of Chan and Wildman (Chan & Wildman, 

1972), who established the inheritance mode of the RuBPC large subunit 
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by comparing two dimensional paper chromatographs of tryptic peptides of 

the large subunit of RuBPCase of ~ tabacum, ~ gossei and their 

reciprocal hybrids. Chan and Wildman first compared the tryptic peptide 

maps of ~ tabacum RuBPCase large subunit with those of a number of 

other Australian Nicotiana species. In all cases the Australian 

RuBPCase large subunit digests were identical to &. tabacum digests with 

the exception of one additional tryptic peptide. 

It might be argued that due to its relatively small amplitude, 

the peptide in question represents an artifact of digestion or 

derivatization. Ortho-pthalaldehyde reacts with different amino acids 

and peptides to yield adducts with widely varying response factors, and 

stabilities (Lee & Drescher, 1978). Most tryptic peptides terminate 

with either a lysyl or arginyl residue, but lysine has, by far, the 

lowest response factor and is the most unstable of the OPA-amino acid 

adducts, under the elution conditions used (Lee & Drescher, 1978~ Hill, 

~.slr 1979). Therefore, the amplitude of eluted peaks is not expected 

to correlate with the size of the peptide, but rather with the relative 

concentration and nature of the amino terminus of the peptide (assuming 

that all reactive peptide bonds have been cleaved). Even if incomplete 

digestion has occurred, the only internal residues capable of reacting 

with OPA are lysine, and due to its weak response factor cannot 

contribute much to the total fluorescence of the peptide. 

It is possible that the extra peak in the &. gossei t.race 

represents a low concentration intermediate peptide (i.e. a peptide with 

at least one uncleaved ly~l or arginyl residue). But the near perfect 
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Figure 27. Reverse-phase HI?IC of CPA-derivatized tryptic peptides of 
the large subunit of RuBPc. ~ trace: CPA-buffer blank: 
middle trace: peptides fran N. tabacum: upper trace: peptides 
of!.. gossei. Arrows illdicate position of CPA-peptide lm
ique to N. gossei RuBPC large subunit. Bar points out a 
peptide that occasionally fused to large azmcniun peak. 
Peak in blank trace are am:i.ilo acid contaminants of CPA. 
C01mm BioRad Ooo-sS, excitation: 229 IlIn, ercmision: 479 IlIn 
high-pass filtered. Approximately 10 ug of tryptic peptides 
were loaded an the co1tmn. 
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correlation between the two traces and the reproducibility of the 

separation militate against this argument. Nevertheless, to test this 

possibility, an aliquot of both peptide mixtures was lyophillized, 

redissolved in ammonium carbonate buffer and an additional 1/200 mass of 

trypsin introduced. After 48 h, digests were re-lyophillized, 

derivatized and resolved by HPLC. The elution traces of re-digested 

RuBPCase large subunit peptides were identical to the corresponding 

traces shown in figure 27. 

Intrinsic TrYPtophan Fluorescence. Underivatized tryptic 

peptides were also resolved to check for interspecies polymorphisms in 

the amino acid sequence of the large subunit of RuBPCase. Figure 28 

shows elutions of the same t~ic digests resolved in Figure 27 using 

the intrinsic fluorescence of t~phan for detection. Six ug (in 10 

ul) of both &.. tabacum and &. gossei RuBPCase large subunit digests were 

mixed with 20 ul in the same reagent used during OPA derivatization,. 

except OPA was omitted. The bottom trace is the separation of a 

trypsin-ammonium carbonate blank treated in the same way. There was 

some lack of correlation between homologous peak amplitudes, between the 

elution profiles of B... tabacum and &. gossei RuBPCase large subunit. 

But, at leaSt one possible interspecific differences was observed (noted 

by an arrow, Figure 28). It was found that OPA derivatization increased 

the solubility of peptides in the derivatization mixture (72% MeOH, 28% 

saturated Borate, pH 9), as judged by the apparent mass of precipitate 

after preinjection clarification. The absence of OPA in the reaction 

mixture may therefore account for the variation in peak amplitudes in 

these separations. 
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Figure 28. Reverse-phase HPIC of 1.mderivatized tryptic peptides of 
. the large subunit of RuBPC, detected by intrinsic tryp

tcphan fluoresc:eIa!. Upper trace: N. Wssei; middle 
trace: N. tabacum; bottan trace: trypSlll-buffer blank. 
ArraiI iD N. tabacum trace points out a peptide that in 
N. c,;pssei-has little or no tl:yptophan ccntent. Excita
tion: 285 run, emission: 320 run notch-filtered, ooltinn: 
BioRad CDS-5S. 
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analysis of Putative Hybrid RuBPCase Large SUbunit. Figure 29 

consists of the elution traces of OPA-derivatized tryptic digests of the 

large subunit of RuBPC extracted from the putative T X G and G X T 

hybrids. As with the parental species, the elution profiles were 

virtually identical, aside from minor variations in some of the peak 

amplitudes. There were some amplitude differences between the traces of 

Figure 28 and Figure 29, especially in minor "rider" peaks. 
NOnetheless, there was very good correlation between parental and 

putative hybrid elution profiles. Again, an extra peptide was observed 

in the G X T trace at exactly the point where the extra peptide was 

observed in the &. gossei trace (arrows, Figure 29). 

The intrinsic tryptophan fluorescence elution traces of t~ic 

peptides of RuBPCase large subunit from the putative T X G and G X T 

hybrids are displayed in figure 30. As with the elution profiles of the 

parental digests, there is variation in the relative amplitudes of some 

of the nonartifactual tryptophan fluorescence peaks. Interestingly the 

small peak representing the potential interspecies polymorphism, noted 

in Figure 30 appears in the T X G trace, but not in the G X T trace. 

The results of HPLC of RuBPCase large subunit digests utilizing 

tryptophan fluorescence detection are not necessarily at odds with those 

in which OPA-derivatization was used. OOy peptides with a substantial 

tryptophan content were detectable when intrinsic tryptophan 

fluorescence was monitored. The absence of the denoted peak the ~ 

gossei elution traces of. Figure 31 does not mean there is not a 

corresponding peak somewhere in the elution, whose detection was not 

possible due to a reduced or negligible tryptophan content. The 
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Figure 29. Reverse-phase HPIC of OPA-derivatized tryptic peptides of 
the large subunit of RuBPC. Upper trace: G X T hybrid; 
middle trace: T X G hybrid. Ar:rcM notes position of N. 
gossei -specific OPA-peptide. Insturental pararreters as 
in Figure 27. 
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Figure 30. Reverse-phase HPIC of underivatized tryptic peptides of 
T X G (~ tra03) and G X T (upper tra03) 1cu:ge subun
it of RuBPC, detected by instr:insic tryptcphan fluore
scen03. ArrcM indicates N. tabacum-specific peptide. 
Instrurrental paraneters as in Figure 28. 
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"missing" &. tabacum OPA-peptide in derivatized separations may actually 

be the additional peptide observed in the ~ tabacum tryptophan 

fluorescence elutions, which due to its larger relative tryptophan 

content elutes at a different Rt than the additional ~ gossei OPA

derivatized (perhaps embedded in the large ammonium ion peak). 

It was concluded on the basis of the hybrid character of both 

putative qybrid lines, and the apparent maternal inheritance of t~ic 

peptide phenotypes of the large subunit of RuBPCase that the pltative T 

X G and G X T were, in fact, the lines desired. 

Co-Electrophoresis of .N.. tahagum and .N.. gossei ChRP 

Two hundred ug of &. tabacum 30S and 50S ChRP were labeled with 

l25I and assayed for incorporated radioactivity. After removing 

unincorporated iodine, the labeled preparations had activities of 

approximately 1.5 x 106 CPM/ ug protein. 

Q1e ug of 30S and 50S labelled protein (0.5 ul) were mixed with 

a stainable quantity of unlabeled 30S and 50S ChRP (75 and 100 ug, 

respectively) from.N.. tabacum and ~ gossei, and separated by Mets

Bog orad 2D-PAGE. Gels were stained, destained and dried (without 

heating) and autoradiographed. The quality of the autoradiographic 

exposure (approx. 12 hr) was increased by the use of a 20 x 25 cm Cronex 

(Hi-Plus) intensifying screen (DuPont, Wilmington, De.). Geometric spot 

broadening was circumvented by compressing the film, gel and 

intensifying screen with the vacuum of a gel dryer during exposure. 

Figure 31 is composed of representations of superimposed gels 

and autoradiograms from the tandem co-electropherograms of &. tabacum 

antU:l.. gossei 30S ChRP (A) and 50S ChRP (B). The autoradiographs of 
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labelled and unlabeled 305 (Figure 3lA(i) and 50S (Figure 3lB(i) ChRP &. 

tabacum superimposed exactly with corresponding stain spots, with the 

exception of 'lL3l, where the autoradiograph always lagged the stain spot 

in the x-direction. '!he apparent lag in spot TLl9 was not reproducible. 

However, a number of 305 and 505 ChRP were not labelled or demonstrated 

attenuated levels of iodine incorporation. 305 ChRP that exhibited very 

low levels of labelling included 52, 59b, 510, 515, 516 and 523. 55ab, 

56 and 57 showed attenuated, but detectable levels of iodine 

incorporation. 505 ChRP that were labelled to a low but detectable 

level (long exposures) were L2ab, LIS, L17, LIS, L2l, L22 and L25. 

LlOabc showed no detectable incorporation. 

The superposition of the tracings of the autoradiogram of ~ 

tabacum 305 and the stained &. gossei proteins (Figure 3lA(ii) was found 

to be virtually identical to the superimposed &. tabacum and &. gossei 

305 mobility maps (Figure 19C). The superposition of the 

representations of the autoradiogram representing labeled &. tabacum 505 

and stained &. gossei 505 ChRP (Figure 3lB(ii» was isomorphous with the 

superimposed lL. tabacum and ~ gossei 50S ChP mobility maps (Figure 

2lC). The shift of GL12 from TL12 (Figure 2lC) was observed, as were 

the shifts of G54, G5l2 and G5l5 from T54, T5l2 and T5l5, respectively 

(Figure 19C). '!he species specific clustering of 5Sab and 59ab (Figures 

19A and 19B) were observed in the staiped gels, while the.&. tabacum 

clustering pattem was found in both autoradiograph tracings. Arrows in 

Figures 3lA(ii) and 3lB(ii) point out areas of the superimposed tracing 

where significant interspecies polymorphisms between &. tabacum and &. 
gossei occur. 
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Figure 31A. i) Coelectrophoresis of unlabeled and radioicxiinated N. tabacum 308 ChRP. ii) Coelec
trophoresis of unlabeled~· gossei and radioiodinated-~. tabacum 308 ChRP. Blue: 
tracings of stain fran dried gels; black: tracings of exposed areas of corresponding 
autoradiograph. Arrows indicate significant interspecies polymorphisms. 
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Figure 31B. i) Coelectrophoresis of unlabeled and radioiodinated N. taba.cum 50S ChRP. ii) Coelec
trophoresis of unlabeled ~- gossei and radioiodinated-~. tabacum 50S ChRP. Color 
conventions as in Figure 31A. Arrows point out interspecies :polyrrorphisms. 



Co-Electrophoresis of 308 ChRP from T X G am G X T with 
Radioiodinated Ii&. tabacum 308 ChRP 
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100 ug of basic peptides of the small chloroplast ribosomal 

subunit from T X G and G X T interspecies hybrids were mixed with 1 ug 

of l25I - labeled B.. tabacum 308 ChRP (1.5 x 1_6 CPM/ug) and separated 

by 2DPAGE. Figure 32 is a photograph of dried, stained 

electropherograms of the T X G (A) and G X T (B) 308 ChRP mixtures. 

Both hybrid 308 ChRP preparations are the combined mixtures of 4 

independent ChRP preparations. 

'!he two stain patterns are qualitatively indistinguishable. '!he 

88-89 cluster of both hybrids does not consist wholly of the Ii&. tabacum 

or Ii&. gossei cluster patterns, but some combination, thereof. However, 

in both hybrids, the same triplet of spots occurs, in the region of the 

88-89 cluster. Parental affiliations of none of the other hybrid 

proteins in the electropherogram cannot be deduced by mere inspection of 

the stained gels due to the extreme isomorphism of the two hybrid 

electrophoretic patterns. 

Representations of the autoradiograms from the gels of Figure 32 

are shown superimposed on a tracing of the gel in Figure 33. From 

inspection of a number of such separations it appears that in both the T 

X G and the G X T ChRP separations there is a significant shift between 

the stain spots representing 88-89 and exposed areas of the 

autoradiograph for protein T88b. There was conclusive "evidence of a 

shift between the stain and radiographic exposure in the vicinity of 

812, predicted by the electrophoretic mawing studies, in most T X G am 

G X T - ~ tabacum GhRP superpositions. In all T X G and G X T co-
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Figure 32. Nontandem 2D-Pl¥3E of A) T X G and B) G X T 308 ChRP. 
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Figure 33. A) Coelec+-.xophoresis of radioiodinated N. tabacum and unlab
eled T X G 308 ChRP. B) Coelectrophoresis of radioicrlinated 
N. taba.cum and unlabeled G X T 308 ChRP. Blue: tracings of 
stam; bl.ack: tracings of corresponding autoradiograph. Ar
rows indicate interspecies polyrrorphisms of interest. 
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electrophoresis experiments the TS4-GS4 shift, predicted by the ~ 

Tabacum-.Nt.. gossei mobility map superposition, was seen. No judgement 

can be made for the other significant interspecies mobility difference 

in the 30S ChRP pattern between TSIS and GSIS due to the low levels of 

iodine incorporation observed for TSlS. 

In summary, no case can be made for maternal inher i tance of a 

30S ChRP from the co-electrophoresis experiments. However the following 

30S ChRP appear to be nuclear encoded: 84, S8a,b, S9a,b, 812. 

Co-electrophoresis of Radioiodinated .Nt.. tabacum SOS ChRP with 
T X G and G X T 50S ChRP 

Figure 34 shows stained dried electropherograms of 100 ug T X· G 

(A) and G X T (B) SOS ChRP co-electrophoresed with 1.S ug radioiodinated 

N... tabacum SOS ChRP (1.S x 106 CPM/ug). Although not clearly shown in 

Figure 34, both hybrid SOS ChRP electropherograms, there is a spot 

midway (in the x-direction) between L5 and Ll, and a spot fused to LS. 

Thus it appears that both B... tabacum and N... gossei L4 phenotypes occur 

in the interspecies hybrids. Inspection of a number of these 

separations indicate that in both hybrid SOS ChRP mixtures, stained 

areas corresponding to TL12, TLlS, GL12 and GL15 are found. In 

superpositions of the stained gel and autoradiograms of these gels (e.g. 

Figure 3S) stained areas corresponding to GL12 and GLIS are displaced 

from the radiographically exposed spots corresponding to TLl2 and TLlS 

by awroximately the same vectors separating TLl2 and GLl2 and TLlS and 

TLl5 in the superposition of the &.. tabacum and &. gossei mobility maps 

(Figure 21C). Thesefindings indicate that both hybridlines are heter

ozygous for the L4, L12 and LIS alleles, and that both alleles of all 
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Figure 34. Nontandem 2D-PAGE of A) T X G and B) G X T 50S ChRP. 
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Figure 35. A) Coelectrophoresis of unlabeled T X G and radio iodinated 
N. tabacum 50S ChRP. B) Coelectrophoresis of unlabeled 
G X T and radioicx:linated N. taba.cum 50S ChRP. Blue: tracing 
of stain; b:hack: tracing of autoradiograph. Al:'J::'c:Ms point to 
interspecies fOlyrrorphisms of interest. 
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three genes are expressed. By extension, both of the structural genes 

coding for these homologous proteins are located in the nucleus. As 

with the 308 ChRP coelectrophoresis experiments, no evidence for a 

maternally inherited 50S ribosomal subunit protein was obtained. 

High Performance Reverse-Phase Liquid 
ChromatographY Of Ribosomal Protein Mixtures 

The ultimate goal of this research program requires the 

purification of all 30S and 50S ChRP of Na.. tabacum, Ba. gossei and both 

inter species hybrids in preparative quantity. Initially it was hoped 

that preparative-scale 2D-PAGE would serve this end. In fact, a large 

number of preparative 2D-PAGE separations of all four 30S and 50S ChRP 

mixtures were effected. Stained areas of the gels were cutout, 

consolidated, lyophillized and stored. All attempts to isolate resolved 

ChRP from the polyacrylamide support resulted in very poor recovery 

yields. A number of passive diffusion and electroelution techniques 

were attempted. The reasons for poor. recovery were not understood. 

Methods of preparative-scale RPHPLC of complex protein mixtures were 

then developed to bypass the gel recovery problem, using total EcRP as a 

bench-marking standard. 

Figure 36 soows the absorbance (214 nm) and intrinsic tryptophan 

fluorescence traces of a separation of 0.5 mg total proteins of the ~ 

Q2li 708 monosome. This is the same preparation used in molecular weight 

calibration studies and therefore lacks a number of EcRP (L26/S20, S2l, 

L3l, L32, L33). Eluent A was 0.025 M Triethylammonium phosphate (TFAP) 

pH 2.2, eluent B was acetonitrile, with a gradient starting at 15% B, 

ending at 60% B in 200 min (0.5 ml/min., 45°C). Other instrumental 



E c 

~ 
f2 
i 
N 
d 

180 120 60 
4- RETENTION TIME min 

Figure 36A. Absorbance trace of RP-HPIC separaticn of total E. coli ribosaral proteins. 
Eluent A: 0.025 M mAP, eluent B: acetonitrile, gradient: 15%B - GO%B 200 min 
(linear), 45OC, colum: Synchropak RP-P. 

o 

~ 
I-' 



162 

~I • 
fB ("t') 



163 

details are given in the figure legend. If all proteins were fully 

separated, awroximately 49 peaks would be observed. Counting all non

artifactual peaks, including riders, there were 41 resolved peaks in the 

absorbance trace. 21 peaks were observed in the tryptophan fluorescence 

profile of the same separation. The large peak, in the absorbance trace 

(Figure 36A) at approximately 5 minutes is due to acetic acid and 2-

mercaptoethanol. Individual proteins eluted in volumes less than 1 ml. 

Since the separation of the EcRP mixture was only intended for bench

marking of the HPLC method, no attempt was made to correlate the elution 

trace with the EcRP electropherograms. However, identification of the 

proteins with the highest tryptophan fluorescence could probably be made 

by comparing koown molar tryptophan compositions of EcRP with the scaled 

tryptophan fluorescence peak amplitudes (peak fluorescence / peak 214 nm 

absorbance) • 

Increasing the concentration of TEAP to 0.05 M or 0.125 M tended 

to reduce the width of individual protein peaks, with some increase in 

retention times. However, the number of peaks in the elution profiles 

was reduced by about 1/3, probably due to fusing of peaks. 

The quality of the EcRP separation compares very favorably with 

that obtained by ion-exchange on modified cellulose supports (e.g. CMC 

or phosphocellulose), but the HPLC separation is effected in about 

l/lOth the time (Zimmerman, R. A., 1979). 

The elution profiles of ~ tabacum 30S ChRP, separated by 

reverse phase HPLC are displayed in figure 38. Again, the tryptophan 

fluorescence traces smw only a subset of the peaks smwn in the 214 nm 

absorbance trace. Eluent A in this separation is 0.125 M TEAP pH 2.2. 
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Figure 37B. Intrinsic tryptophan f1oo:r:escerx:e trace of N. tabaClJIl 
305 ChRI? ~HPIC separation of Figure 37A. I~ 
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Separations with lower ~ concentrations were substantially inferior 

due to peak broadening. The retention times at 0.125 M TEAP were 

roughly commensurate with those at 0.025 M TEAP. The reasons for the 

extreme peak broadening at lower ~ concentrations are not awarent. 

Increasing the temperature of the column tended to sharpen the peaks, 

but retention times were shortened and resolution lost. Around 26 major 

peaks are resolved in the tryptophan fluorescence trace, counting 

unresolved riders and fused peaks. A number of major absorbance peaks 

have no corresponding peak in the fluorescence trace, in the vicinity of 

Rt = 60 min. A number of large peaks in the fluorescence trace at 140 

minutes do not correlate with strong absorbance peaks. 

Proteins of the 50S chloroplast ribosomal subunit of ~ tabacum 

were also resolved by reverse phase HPLC. The absorbance and 

tryptophan fluorescence profiles of an example of these separatiOns are 

shown in Figure 38. 0.125 M TEAP was found to give the best 

separations of 50S ChRP. At least 29 major absorbance peaks and 28 

fluorescence peaks are observed in these traces. Large absorbance peaks 

at approximately 40, 90 and 180 minutes have no correlates in the 

fluorescence trace. All other absorbance peaks have obvious 

counterparts in the fluorescence profil~ 

In general, the resolution of EcRP is far superior to the 

separation of either 305 or 50S ChRP from H... tabacum. This result is 

unexpected due ~o the overall similarity of the two-dimensional 

electropherograms of EcRP and ChRP (see Figure l4C). 

At present the absorbance and fluorescence maxima of Figures 37 

and 38 have not been correlated with the ChRP electrophoretic patterns. 



Figure 38A. Absorbance profile of RP-HPIC separation of N. tabacurn 
50S ChRP (0.75 ng) 0 Inst.runenta1 parameters-and other 
cmditicns identical to 30S ChRP separation of Figure 
37 A,B. 
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After lyophillization of eluent fractions from these separations a 

substantial remnant of phosphoric acid remained and inhibited the 

recovery of proteins by simple precipitation (trichloroacetic acid). 

Following the suggestion of Mahoney (Mahoney, 1981) it would probably be 

advisable to substitute a perfluorinated acid for phosphoric acid in 

the eluate ~g trifluoroacetic acid). These acids have very low deep

UV' absorbance cut-offs and are quite volatile. They have proven to be 

efficient solubilizing agents for many proteins under denaturing 

conditions, and will effectively ion-pair with charged amino acid 

moieties. 



'Resolution 

DIf£USSICN 

Factors Affecting Resolution and Reproducibility 
Of Two Dimensional Electrophoretic Separations 

Most ribosomal proteins bear positive net charge over a wide 

range of pH and fall within a relatively narrow range of molecular 

weight. In addition, since higher plant chloroplast and cytoplasmic 

ribosomes contain, in total, at least 125 different proteins, two

dimensialal electrophoretic techniques of extremely high resolving power 

are required to fully separate these proteins. The Mets-Bogorad 2D-PJ\GE 

was found to possess the necessary resolving power required by these 

studies. The first dimension separation of this system occurs in a 

polyacrylamide support of high porosity (4% total monomer, 2.5% 

bisacrylamide), pH 5, in the presence of 8M urea. This gel separates 

mixtures of proteins with pI > 5 on the basic of differences in net 

charge, while minimizing seivemetric action of the polyacrylamide 

support. Proteins are resolved in the second dimension on the basis of 

size differences, in a low porosity gel (12.5% total monomer, 5% 

Bisacrylamide), in the presence of sodium dodecyl sulfate, minimizing 

separation on the basis of differences in net charge. Thus, the bases 

for separation in the two dimensions are for the most part independent 

of one-another and proteins tend to scatter across the eritire 

electropherogram, with little clustering along a diagonal projecting 

downward from the electrophoretic origin (a characteristic of poorly 

deSigned 2D-PAGE systems). Buffers and pH of the first and second 

170 
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dimension separations were selected to cause stacking both as protein 

enters the first dimension gel and as protein transfers from the first 

to the secmd dimension geL 

An ingenious feature of the Mets-Bogorad 2D-PAGEprotocol is 

that, initially, SDS is present in neither the cementer nor separator 

gels. Instead, SDS is incorporated in the second dimension upper 

buffer. With the anode connected to the lower reservoir, basic proteins 

resolved in the first dimension gel, first migrate cathodically in the 

second dimension, while SDS moves toward the anode. A rapidly moving 

SDS front enters the cementer gel and subsequently collides with 

ribosomal protein fronts migrating cathodically. In a well defined 

narrow zone, ribosomal proteins react with SOS, assume a negative net 

charge and, thereafter, migrate anodically. The result is a very 

noticeable fOCUSing of all ribosomal protein fronts prior to their entry 

into the second dimension separation gel. The high surface area to 

volume ratio of the lD capillary tube gels promotes the rapid and 

uniform transfer of SOS into the interior of the 10 gels. This effect, 

in conjunction with conventional stacking across the pH discontinuity 

between the first and second dimensions, produces electropherograms with 

unusually compact spots. 

Reproducibility 

The usefulness of the electrophoretic mObili~ mapping strategy 

described above, is critically dependent upon the reproducibility of 

absolute electrophoretic mobility. Three factors were found to govern 

the reproducibility and conformality of the electrophoretic separation 

in the second dimen~ion. First, was the uniformity of the pore size 
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distribution of the gel support and of the electrolyte concentration 

wi thin as well as between gel slabs comprising a series of similar gels 

to be compared. 

Second, but of equal importance, was the uniformity of the pore 

distribution and geometry of the interfaces between the cementer gel and 

2D upper buffer as well as the interface between the first and second 

dimension separation gels. Even minute inhomogeneities in these 

interfaces were found to be propagated in the final electrophoretic 

patterns as perceptible local nonconformal irregularities in the scale 

of the patterns. In an attempt to avoid these pitfalls, great care was 

taken to standardize the formulation of the gel solutions and the 

conditions of polymerization and electrophoresis in both dimensions. 

Furthermore, the second dimension separation gel contained 10% glycerol 

to stabilize the cementer-separator gel interface against mixing and 

convection as the slab was overlayed and' during the course of 

polymerization. 

Finally, temperature of the second dimension separation had a 

very important effect on the resolution and reproducibility of 2D 

electrophoresis. When the second dimension separation was executed at 

2SoC substantial diffusion of protein spots in the direction of the 

second dimension electric field was observed. Reduction of the second 

dimension separation temperature to below lSoC obviated this problem. 

Reduction of spot broadening appeared to have a very nonlinear 

dependence on temperature decrease, and thus was probably not a simple 

diffusim effect (to first approximation, Fick's Law predicts a linear 

relationship between diffusion constant and temperature). It seems more 
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likely that qynamics of the SOS-protein interaction were responsible 

for the extreme temperature dependence of spot areas. 

Another problem accrues by the fact that two slabs were run in 

the same awaratus, separated by a uncooled plastic spacer, arXi thermal 

gradients across the width and depth of the two slabs occur if there is 

insufficient dissipation of ohmic heat. CUrrent densities and the rate 

of coolant flow during second dimension electrophoresis were therefore 

carefully reproduced between replicate separations. 

Variation of ChRP ElectrophoretiC Patterns 

A number of the ribosomal proteins represented in the maps of 

Figure l2A-C demonstrated variabili~ in terms of presence or absence in 

different extractions or "doubling" in the first or second dimension 

separations. Interestingly the same 30S arXi 50S ChRP of ~ tabacum and 

Ii... gossei displayed the most pronounced tendency toward irreproducibili

~. 

Of the 30S arXi 50S electrophoretic patterns,the 30S was by far 

the more variable. A number of high molecular weight 30S arXi 50S ChRP, 

not shown in the maps of Figure 12, were observed in different series 

using &. tabacum ChRP (see Figures 19 and 21). Proteins S15, S7 and SlOb 

were completely absent from some preparations, and present in others at 

equimolar concentration. Proteins Sl and Sll were observed to 

occasionally double in first dimension separations w.. tabacum vs • .&. 

gossei 30S ChRP maps). Proteins Sl, S5, S6, S8, S9 and L24 sometimes 

had faint and ill resolved companion spots (separated in both first and 

second dimensions) whose distinctness could not be decided from 
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available data. An additional 30S protein was observed in most 

preparations (not those used in the compilation of the maps of figure 

12) immediately below Sll, midway between Sll and SIS in the x

direction. This 30S ChRP is labelled Sl5C in all subsequent maps (e.g. 

see Figure l4A,B,C). Possible causes of companion spots are: 1) 

chemical modification of ribosomal proteins during tissue 

homogenization; 2) natural variation in net charge due to differences in 

post-translational modification (e.g. phosphorylation); or 3) 

irreproducibility of the separation of different but poorly resolved, 

unrelated proteins. SUrprisingly, these doublets all are separated from 

the "parent" spots by vectors all having more or less the same direction 

am magnitude (see maps of &. tabacum vs. .N... gossei section). 

Inter§peCies Cgmparison of Chloroplast and 
Cytoplasmic Ribosomal Proteins 

Chloroplast Ribosomal Proteins 

The numbers of proteins found associated with the 30S and 50S 

subunits of the B. tabacum chloroplast ribosome (22-23, and 33-35 

respectively) are similar to those reported for bacterial small and 

large ribosomal subunits, am the chloroplast ribosomal subunits from 

algal species: EL£Qli (21 and 34, respectively (Wittmann, 1974a»; 

Chlamydomonas reinhardtii (22 and 25, respectively (Hanson, g 

.sJ..,1974»; am for Euglena gracilis (22 am 34, respectively (1977a». 

Until recently, the number of total chloroplast ribosomal 

proteins (30S + 50S ChRP) reported for higher plants varied greatly, 

ranging from a low of 40 for pea (Glalerzi & Cammarano, 1969; Gualerzi, 

~ al, 1974), to a high of 75 for wheat (Jones, gal, 1972). These 
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early studies did not provide the numbers of proteins associated with 

the large and small chloroplast ribosomal subunits of these species. 

More recent work, using a slightly modified version of the Mets-Bogorad 

2D-PAGE system (Madjar, Cozzone & Reboud, 1979) indicated that spinach 

and pea have about the same numbers of basic polypeptides associated 

with the large and small chloroplast subunits, as were found in ~ 

tabacum. Mache (Mach, .e.t. al, 1980) routinely isolated 24 and 34 RP 

from the 30S am 50S subunits of spinach plastid ribosomes. Flleas-Fillx> 

(Eneas-Filho, .e.t..sI, 1981) observed 24 30S ChRP and 32 50S ChRP in pea 

chloroplast ribosomes. 

Hansen, .et Rl (Hanson, ~ iY., 1974) have separated 30S and 50S ChRP 

from Chlamydomonas using the same electrophoretic system used to 

resolved N. tabacum ChRP in this study. Visual comparison of 

electropherograrns of 50S ChRP from B. tabacum and Chlamydomonas (Figure 

5, Hansen, .et Rl., 1974) reveals striking similarities between the two 

patterns in terms of both the general distribution of proteins across 

the electrophoretic field and in terms of spot clustering patterns. 

However, there is much less similarity between the electrophoretic 

patterns of Chlamydomonas (Figure 1, Hansen, ~ al, 1974) and N. 

tabacum 30B ChRP. 

'!be electrophoretic patterns of spinach and pea 50S ChRP are so 

similar to those of .&. tabacum, that in many cases, homologies between 

specific &.. tabacum , pea and spinach ribosomal proteins may be deduced 

from inspection of the patterns. As was the case with Chlamydomonas, 

the correlation of the &.. tabacum 30S ChRP electrophoretic pattern with 

those of spinach and pea is more problematic. The general distribution 
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of proteins in the patterns are similar, but the specific spot 

clustering patterns are quite different. On the whole, there seems to 

be more homology between the spinach and pea 30S ChRP electrqphoretic 

patterns than between the corresponding .N.. tahacwn pattern. It is not 

likely that methodoligical differences in 2D-PAGE technique are 

responsible for this observation, in light of the similarity of the 50S 

ChRP patterns from all three species. 

c.ytoplasmic Ribosomal Proteins 

The number of 40S CyRP separa- ted from .N.. tahacum is similar to 

those reported for the small cytoplasmic ribosomal subunit of 

Chlamydomonas (26, Hanson, ~ ~ 1974). whereas the number of B. 

tabacum 60S CyRP is larger than that reported for Chlamydomonas 60S CyRP 

(39). The numbers of .&. tabacum 40S and 60S CyRP are very close to those 

reported for rat liver 40S (30 RP) and 60S (45-50 RP) cytoplasmic 

ribosomal subunits (Wool, 1979). The electrophoretic patterns of both 

40S and 60S CyRP from the B. tabacum and Chlamydomonas are 

qualitatively quite similar (compare Figures 3 & 8, Hanson, .et.alr 1974) 

with Figure 9. 

Comparison of Molecular Weight Frequency Distributions and 
Protein Aggregate Masses of Chloroplast and Cytoplasmic Ribosomes 

Figure 39 compares the frequency distributions of molecular 

weights of basic ribosomal proteins from.H. tabacum chloroplast and 

cytoplasmic monosomes and their subunits with similar data for Be ~ 

(Wittmann, 1974a; Wittmann, 1974b), ChlaJDWomonas (Hanson, .et.aJ., 1974) 

and rat liver cytoplasmic ribosomes· (Wool, 1979). The ranges, 



Figure 39. M:>lecular weight frequency distributions of ribosanal pro
teins. Coltmn I: small ribosanal subunit RP; coltmn II: 
large ribosanal subunit RP; coltmn III: m::mosanal RP. 
RJw A: E. coli; r:cJ./I B: N. tabaClIll chloroplast; r:cJ./I C: 
Chl.arr!Y~chloJ:q>last; r:cJ./I D: N. tabacum cytoplasmic; 
r:cJ./I E: Chlargyc1aronas cytoplasmic; r:cJ./I F: rat liver cyt0-
plasmic. Frequency is the raM nunber oount; bin width 
for all distributions is 2000 daltons. 
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positions of the frequency maximum and direction of skewing of the 

protein molecular weight distributions of monosomes and ribosomal 

subuni ts of .E. Wi and the chloroplasts of .& tabacum and Chlamydomonas 

are all very similar. Corresponding distributions of B. tabacum, 

Chlamydomonas and rat liver subunit and monosome CyRP bear striking 

resemblances. There is a systematic shift of the Chlamydomonas molecu

lar weight frequency distributions toward higher molecular weight, 

relative to the corresponding the lila. tabacum distributions. The 

. molecular weight estimates for Chlamydomonas used in the construction of 

distributions of Figure 39 were calculated from an internal molecular 

weight calibration, using nonribosomal proteins as the standards. The 

shifts probably reflect this methodological difference and not a 

significant trend. 

The number-average molecular weights (Mr ) and aggregate protein 

masses of basic polypeptides of B. tabacum chloroplast and cytoplasmic 

monosomes and their subunits are listed in table 7, and compared to the 

same data for ~. ~ ribosome (Wittmann, 1974b), Chlamydomonas 

chloroplast and cytoplasmic ribosomes (Hanson, g..al, 1974), and rat 

liver cytoplasmic ribosomes (Wool, 1979). The average protein molecular 

weights and masses of total protein associated with cytoplasmic 

monosomes and the subunits of .& tabacum, Chlamydomonas and rat liver 

cluster together, as do corresponding data for the monosomes and 

ribosomal subunits of E. ~ and the chloroplast monosomes and 

ribosomal subunits of .& tabacum and Chlamydomonas. 

A close affiliation between prokaryotic and chloroplast 

ribosomes is indicated by congruence between general properties of 



Table 7. Comparison of average molecular weights and aggregate 
masses of proteins from ribosomal subunits am monosomes 
of .f4.. coli, ChlaJDl'domonas, &. tabacum, and rat liver 
cytoplasmic ribosomes. 

Ribo Small ~unitc 
Species ~ Ave. Agg. 

B... &Qli Cyt 14.3 280 

.L. tabgcum Chl 15.3 336 
Cyt 20.6 594 

~hlanw:1om:>nS§ Chl 20.5 452 
Cyt 21.0 542 

Rat Liver Cyt 21.4 707 

a Chl, chloroplast; Cyt, cytoplasmic. 
b -3 Average M x 10 • r 

Large Subunit 
Ave. J1.gg. 

13.2 450 

20.8 688 
24.3 1167 

20.5 53S 
23.0 904 

2l.2 1035 

c Aggregate mass of protein in kilodaltons. 

M:>nosome 
Ave. 11.gg. 

13.6 740 

18.6 1024 
22.9 1766 

20.5 990 
22.2 1446 

21.3 1742 
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eubacterial ribosomes and chloroplast ribosomes from algal and 

angiosperm sources: 1) similarities between the number of ribosomal 

proteins associated with large and small ribosomal subunits; 2) 

extensive sequence homology between l6S rRNAs; 3) similarities between 

molecular weight distributions and 2D electrophoretic patterns of the 

ribosome types. In spite of these correlations. antibodies raised 

against total and specific EcRP show very little cross-reactivity (as 

immtmoprecipitation) with chloroplast ribosomes from maize or spinach 

(Gualerzi.e.t..al, 1974). 

Comparison of N. tabaCUID. N. gossei.and ~rid ChRP 

Most salient discussion cxmcerning the comparisons of 30S and 

50S ChRP from ~ tahaqum and ~ gossei was presented colaterally, with 

the results then selves. However, a number of points deserve emphasis or 

reiteration. The few Significant interspecies electrophoretic mobility 

differences between homologous 30S and 50S ChRP were mirrored in the 

coelectrophoresis experiments and elect~ophoretic mobility mapping 

studies, involving B.. tabacum and.N... gossei. In the case of 50S ChRP, 

all significant inter species polymorphisms were verified with two 

different Australian species, again, by mobility mapping and 

coelectrophoresis. 

It could be argued that the shifts between homologous ~ gossei 

stain spots and radiographically exposed areas representing labeled .&. 

tabacum in co-electrophoresis experiments are artifacts of charge 

modification of ChRP by iodination of Histidyl residues. If this were 

true, the shifts should occur only, or predominantly in the first 

dimension mobilities and not in the second. The possibility of 
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artifactual charge modification is obviated by two Observatio~ First, 

when radioiodinated B.. tabacum was co-electrophoresed with itself, there 

were no significant shifts between stain and exposed areas, with one 50S 

ChRP exception. Second.. many of the shifts between .N... tabacum and .N... 

gossei have obvious second dimension components. 

Co-electrophoresis was used to establish that at least 5 30S 

ChRP and at least 3 50S ChRP are nuclear encoded. No evidence of a 

maternally inherited ChRP was obtained from this methodology. The 

shifts between radiographic exposure and stained spots representing ~ 

tabacum and hybrid ChRP were all unambiguous for the cases where a 

definite statement of inheritance mode was given. A number of less 

significant shifts were observed elsewhere in the gel and autoradiograph 

superpositions of T X G and G X T 30S ChRP. In almost all cases, these 

marginal shifts had the same direction and magnitude as corresponding 

statistically insignificant average mobili~ shifts between homologous 

.N... tabacum and .N... gossei 30S ChRP (see Figure 19C). No inference 

concerning inheritance mcx1e for these ChRP was drawn in these cases due 

to the small, and probable insignificance of these differences. 

TableS synopsizes the results of the inheritance mode 

studies. Electrophoretic mobility mapping has correlated most .N... 

tabacum and Ba. gossei 30S and 50S ChRP, and delineated the strongest 

polymorphisms between homologues. 

These results are of course preliminary, and should .be 

substantiated by more dIrect comparisons of ribosomal protein primary 

structure - specifically, RPBELC separations of tryptic digests of each 

ChRP. These sorts of experiments are now enabled by the preparative-
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Table 8. Synopsis of ChRP Inheritance Mode Data. 

30S ChRP 50S ChRP 

~a .Ill 

S4 N L4 N 
GS9b b N Ll2 N 
GS9c N Ll5 N 
Gsa N 

S15c MC 

S21 MIN 

a 
M = maternal1 N = nuclear. 

b Identifiers arbitraily given for ~ gossei 

c Tentative classification, subject to a.nbiguities discussed on pg. 
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scale isolation of all 30S and 50S ChRP by large scale 2D-PAGE and the 

RPHPLC of total ChRP m:ixt:ures. 

An important fmding from the work c:liscussed above, is the 

extreme conservation in electrophoretic mobility between a group of 

proteins, separated by 100 million years of reproductive isolation.· As 

demonstrated by 2D-PAGE, the numbers, molecular weights and net charge 

of 30S and 50S ChRP of American and Australian Nicotiana species are, 

with a few exceptions, virtually identical. Although not a direct 

:indicator of conservation of ammo acid sequence, the first dimension 

component of Mets-Bogorad two dimensional electrophoretic mobilities 

should serve to detect replacements of one or more charged am:ino acid 

residues, barring compensating multiple amino acid replacements between 

homologous protein primary structures. 

The overall conservatism evident in chloroplast ribosomal 

protein primary structure is probably not peculiar to ChRP per see 

Ribosomes are very complex structures. whose integrity is dependent upon 

a manifold of very specific protein-protein and protein-rRNA 

interactions (Nomura & Held,1974; Traut, ,et.aL 1974; Zimmerman, 1979). 

Substantial modifications of the structure of a given ribosomal protein 

could compromise a host of specific structural or functional 

interactions with rRNA or other ribosomal proteins, due to the extreme 

cooperativity manifested by the particle. For this reason, evolution of 

any given ribosomal protein structural. gene must be a correlated with 

the evolution of one or more other genes if the structural and 

functional :integration of the ribosome is not to be distrupted. This 
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required correlation between gene evolution necessarily retards the rate 

of evolution of ChRP genes, be they nuclear or chloroplast. 

In the case of ChRP that are encoded by ct-DNA, another 

constraint exists on the rate of amino acid replacement between 

homologous ammo acid sequences. In Nicotiana chloroplast DNA occurs in 

each chloroplast at a 20-50 fold multiplicity, and there are between 20 

and 30 chloroplasts per cell. There is no evidence for reduction of the 

amount of ct-D NA per chloroplast, in the female plant during 

gametogenesis or prior to gamete fusion. Even jf genome reduction 

occurred in the chloroplasts of the ovum precursor cells, during 

gametogenesis, the altered species would still have to compete with a 

20-50 fold excess of unaltered ct-DNA for expression in the ovum, jn the 

process of genome reduction. Therefore a ct-DNA mutation has very small 

probability of phenotypic expression, unless it directly, or :indirectly 

confers a replicative advantage to the mutated ct-DNA species. 

The data presented here:in gives no jnformation concerning the 

evolutionarily precedents of the limited genetic and translational 

autonomy of the chloroplast. In the first place, the question of whether 

ct-D NA is the relic of an ancient interspecies symbiosis or a 

progressive trend toward spatial compartmentalization of nuclear genes 

probably cannot be answered .a posteriori. Certainly, algal and higher 

plant ChRP seem to be more closely related to eubacterial ribosomal 

proteins by the very general (crude) methods employed herein. 

Nonetheless, without detalled knowledge of the primary sequences of a 

fair sampling of both ChRP and CyRP the evolutionary affiliation of 

chloroplast ribosomal prote:in cannot be deduced. 



APPENDIX 

Normalization Calculations. Using the variable 
definitions of Table 1, the following summations are comput
ed for the raw absolute mobility files from the jth tandem 
electropherogram, in a series of J identical tandem gels, 
in the ith cycle of normalization: 

N N' N N' 

ap = ~ mnJ(x) + ~ m;J.x) ap = ~ mnJ(Y) + ~ m;J.y), 

N N' N N' 

a~1 = ~ mnJ(x)2 + ~ m:V(x)2 a& = ~ mllj(yf + ~ m:V(y)2, 
n-l ft-l 

N •. 
a~2 = ~ mn;<x)·mnJ(Y) + ~m~J(x)'m:V(y), 

N N' . N N' 

AP = ~ M~(x) + ~ M~'(x) AP = ~ M~(y) + ~ M~'(y), 

N N' 

API = ~ M~(x)'mnJ(x) + ~ M~'(x)'m:V(x), 
n-l X-I 

N N' 

A~ = ~ M~(Y)'mnJ(Y) + ~ M~'(Y)'m~J(Y)' 
"-1 . ft-l 

N N' 

A~ = ~ M~(Y)'mnJ(x) + ~ M~'(Y)'m:lJ(x), 
n"l nmll 

N N' 
AS = ~ M~(x)'mnJ(Y) + ~ M~'(x)'m:V(y), where k = ; - 1, 

n-l n-l 

dU = [[a?1 - «aP)2/(N + N'))]'[a~2 - «aP)2/(N + N'))]] - [a¥2 - (ap'a2u/(N + N'»)]2. 

Calculation of normalization transforms for the U)th gel during the (i)th iteration: 
Case (i). Univariate case: 

x-Dimension transform: 

where 

mlu(x) = [bV, 'm,lJ(x)] + bY" 

In~tx) = [b¥1 'm:,J(x)] + bY .. 

M, = [(N + N')'AY, - (aP'AP)] , 
(N + N')·a? - (aP)2 

bY, = [AP - [M,'ap]]/[N + N'], 
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y-Dimension transform: 

m~..,(y) = [bf2 ·mnJ(Y)] + b/k. 

m::ty) = [bf2' m:,J(Y)] + bY:!. 
where 

b!j.. = [(N + N')'A~z - (aP'AP)] • 
• (N + N')·ll!j.z - (llzU)2 

bY:! = [AP - Wlz·ap))/(N + N']_ 

Case (ii). Bivariate case: 
x-Dimension transform: Redefine N == N + N' ° 

ml..,(x) = [bPl'mnJ(x)] + [b¥2'm nJ(y)] + bU .. 

m:,j(x) = [b¥lom;..,(x)] + [bpz·m;"'(y)] + bYl, 

[[N·a:& -' (af)2]·[N·APl - (ap'Ap)]] - [[N'aP2 - (apoa~)]'[N-A¥1 - (a¥'Ap)]) 
bu -~------------------------~~~-------------------------11 - . N2. dU . ' 

b
i
) _ [(N·lIP. - (ap)2]·[N·A¥1 - (a¥'Ap)]] - [[N·a?2 - (a~·am·[N·A? - (ll¥·AP)]) 

12 - NZ.dU • 

bg1 = [AP - (b¥l-ap) - (b?z'a~)]IN_ 

y-Dimension transforms: N == N + N'. 

ml..,(y) = [b~:!'mnJ(Y)] + [b¥I'mnJ(x)] + bYz. 

m:,j(y) = [b¥z'm:U(y)] + [b~l'm;"'(x)] + bY:!, 

b
U 

_ [[N·a?l - (aP)Z]'[N'A~ - (a~'A~)]) - [[N'aP2 - (a¥·ap)]·[NoAPz - (ap-Ap)]) 
22 --: N2.dU ' • 

[[N'a~ - (a¥)2]·[N·AP2 - (a¥'A~)]] - [[N'aP2 - (aM'aP)]'[N'A~ - (a~'A2U)]] 
b¥l = . - N';/. .du ' 

bYz = [Af - (b¥2 'af) - (b~l 'aP)]IN_ 
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The reference mobilities ~l~(x), M~(y), MJ'(x). M,I'(y) corresponding to the (n)th 
components of the unprimed and primed reference maps computed in the (i)th iteration 
(i > 1) are defined as: 

J-r!' J-r!' 
L mf..,(x) 

M I (x) = ...;;J_-l~---, __ 
n J k 

L m~J()') 
M/(v) _...;;1_-.;...1 __ ....,--_ 
". - J k 

- '" 
J-r~' 

L m,~j(x) 
M"(X) =...;;J;.,.-.;...1 ____ _ 

n J _~' 

J-r~' 

L m,t'(y) 
M"( ) _...;;1;"".m.;...1 __ ....,--_ 

" y - J -~' 

- 'n 

k=i-l. 



(ii) Bivariate case: 

(
SI'IY - MII(Y)])! + (2S 12 '[Y - MJ~)]'[X - ~lJ(X)]) + (S2'[X - MJ(X)])2 = 1, 

CO.Oll CO.05 CO.Oli 

_ (2[J - rJ - 1]·Fo•o5(2,J - rJ - 2)'[si's~ - Si2J)II:! 
CO.05 - J I 2 ' - rn -

The above relations also serve to define the average normalized mobilities for the 
(n)th components of the electrophoretic patterns outputted in the final iteration of the 
normalization algorithm. 

The 9~% confidence limits for the position of the (n )th component of the average maps 
are defined by the real solutions (x,),) of the following relations: 

(i) Univariate case: 

(
Y - Mj(y»)2 + (X - ~11I<X)f = 1. 

to.0,,·S2 ttl.o,,·s. I 

"'.2 = -----:---;--:-----J - r,l - 1 
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Whe~e to.OS represents the two-sided t statistic for 
J-rfi-l degrees Qf freedom at the 95% level of significance 
and FO.OS(2,J-rfi-2) is the two-sided F statistic •. 

Effor detection is provided by significance testing 
of squared residucal variances of normalized mobilities, def
ined by: . k Ai 2 

SRV~j(X) = (Mn(X) - ~nj(x» 
• ~ A 2 

SRV~j(Y) = (Mn(y) - mnj(y» • 
More complete details of residual testing is given in the 
error detection section of materials and methods (pg. 98). 

computations for t-test of apparently aberrant residuals: 
(i) Univariate case: N == N + N'. 

ti (x) - SRV~J(x)* t" _ SRV~J(Y)* 
IIJ - (SViJ)"2' nb) - (SV~J)l/2 ' 

SV1J = di/(N - R - 2)[ t + lI(N - R) + (mnJ(x)* - a,P/(N - R»2] • 
aV. - (llf)2/(N - R) 

SV~J = d~/(N - R - 2)[1 + lI(N - R) + (m,u(Y)* - a20/
(N - R»:!] , 

. aV2 - (aJJ)2/(N - R) 
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d1 = yy, - (AIJ)2/(N _ R) _ [(N'Al
l, - (allAfW] 

N ·ap. - (aPr! ' 

d~ = Y~2 - (A
2
U)2/(N _ R) _ [(N 'A~2 - (a;PA:!U»:!] , 

. NlI~2 - (aJl)2 

Y\l, = 2 M~'(x)2 + 2 M~"(X)2 
II " 

YM, = ~ MA,,'( ,.)2 + ~ !V/A"( \.)2 -- .... . -" .. 
" " 

(ii) Bivariate case: N = N + N ' . 

II (x) = SRY~J(x)* SRyl (y)* 
nJ S' ( )112' 1:U(y) = S' ( nJ )UI ' 

12 g12 21 g21 

S;2 = 0: [SRY~(x) + SRyt(x)]/(N - 3 - R»"Z, 
n 

S21 = u: [SRY~(y) + S~yt(y)J/(N - 3 - R»1/2, 
n 

g'2 = g21 = 1 - lIN -cIlXSD:U(x)* - C22YSD~(y)* - 2'cuXSD/u(x)*YSD:U(y)*, 

Cll = [at/2 - (af)2/(N - R)]/dlJ, C2~ = [aPt - (aP)zJ(N - R)]/du, 
(\ 

Cn = -[a?:! - apaf/(N - R)]/dlJ, 

XSDfl)(x)* = CmnJ(.\")* - ap/(N - R)]2,YSD/u(y)* = CmnJ(Y)* - af/(N - R)JZ. 

R and the rejection criterean are defined as in the uni
variate case. For both the univariate and bivariate cases, 
the sununations designated by an upper or lower case "a", in 
the above calculations, do not include flagged m(x,y). 
Between normalization cylces, all error flags are cleared, 
so that each mobility is used at least once during following 
iterations of GELDAT. 
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The following program, entitled GLINPl'.BAS, was wI'itten for the 
Digi tal Group implementation of Mbasic. It is used to measure absolute 
two dimesional electrophoretic mobility coordinates from 1:1 
photographic prints of tandem 2D electropherograms. It rlDlS on a North
Star Horizon computer, interfaced with a Houston Instruments Hi-Pad 
digitizer and a cabridge Development Laborato~ Hr-l graphics subsystem. 
The digitizer communicates with the computer through the parallel port 
of the Horizon mother board. 

The program compensates for the rigid rotation between the 
photograph and the digitizer, with data measured along the upper edge of 
the gel, so precise alignment of the photograph is not necessary. 
Mobili~ coordinates and spot identifiers are stored on magnetic discs 
in a format awropriate for GELDAT.FIO. Mobility coordinate files are 
transmitted to the DEC-10 via Modern. 

Three Z-80 assembly language driver routines are called by 
GLINPT.BAS. These service routines and loading information are 
presented after the listing of GLINPl'.BAS. 

Mobili~ coordinates do not have to be measured in a particular 
order, since GELDAT.FIO possesses a matching routine., However, the 
plotting program requires that coordinates be measured in a top to 
bottan order. 

GLINPl' • BAS 

10 DIM X(200),Y(200),ID$(200) 
20 REM VARIOUS INITIALIZATION IOJTINES 
30 REM SCREEN ERASE: 
40 OUT 25,160 
50 OUT 25,0 
60 REM JUMP DEFINITIONS FOR DIGITIZER AND GFAPHICS SERVICE RaJTINES 
70 VECT=&HB3BO 
80 DIGrT=&HB798 
90 OCT=&HAFC8 
100 REM SET UP <DL '10 DRAW WHITE 
110 FORE &BB4BD,&m\F 
120 POKE &HB4B2,&H80 
130 FORE &HB07F,&m\F 
140 POKE &HB078,&H80 
150 REM VARIABLE INITIALIZATICNS 
160 PASS=O 
170 S~26.13 
180 XORGl.=35 
190 YCJm=30 
200 X0RG2=322 
210 YOOG2=30 
220 RJM:::O 
230 NL=O 
240 NR=O 
250 REN ~ RClJTINE CALCULATES '!HE RIGID Ral'ATION BmwEEN '!HE 
260 REM c::ooonINATE FPAMES OF 'lEE DIGITIZER AND ELEC'mDPHEROORAM 
270 REM AND SECCND DIMENSION GELS. 
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280 R=1 
290 PRINl' "~ DIGITIZER 'ro POINl' foD)E" 
300 PRINl' "~ DIGITIZER ORIGIN 'ro RIGIf1' ELECroPHORm'IC ORIGIN" 
310 SNEG=O 
320 SPa):=() 
330 SUMXY=O 
340 SUMXD=O 
350 Xl=35 
360 Yl=418 
370 X0=35 
380 Y0=239 
390 GOOUB 1850 
400 Xl=610 
410 Yl=239 
420 GOOUB 1850 
430 X0=610 
440 Y0=418 
450 GOSUB 1850 
460 GOSUB 2180 
470 GaruB 2180 
480 IF PEEK(47500!) < > 242 THEN GOmO 560 
490 XO=INl'(SC'ALE*XD+XORGl) 
500 YO=INl'(-1*YD*SC'ALE+239) 
510 GOOUB 2270 
520 IF YO > 239 THEN SPOO=~+l ELSE SNEX;=SNEX;+1 
530 SUMXD=SUMXD+(XO*SQR(XOA 2+YO .... 2» 
540 SUMXY=SUMXY+(XO .... 2+YO .... 2) 
550 GOmO 470 
560 C~SUMXD/SUMXY 
570 IF SPa) > SNEX; 'mEN SIGl·~-1 ELSE SIGN=1 
580 SINA=SIGN*SQR(I-oosA .... 2) 
590 ANGLE=~(SI~00SA)*180/3.14159 
595 REM DISPLAYS OOTATIOO PA.Rl\Mm'ERS 
600 PRINl' "C03 ALPHA: ",OOSA," ", "SIN ALPHA: ",SINA," ", "ANGLE: ",~E 
610 OUT 25,160 
620 OUT 25,0 
630 FOR Z=l 'ID 100 
640 Z=Z+1 
650 NEXT Z 
660 REM DRAWS REFERENCE FRAME FOR ELEXJlROPHEROORAMS rn CDL 
670 XO=XORGl 
680 YO=YORGI 
690 Xl=610 
700 Y1=30 
710 GOOUB 1850 
720 X0=610 
730 Y0=448 
740 GOOUB 1850 
750 Xl=35 
760 Y1=448 
770 GaruB 1850 
780 XO=XORGl 
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790 YO=Y<EGl 
800 GOSUB 1850 
810 XO=X0RG2 
820 YO=YCRG2 
830 Yl=448 
840 X1=322 
850 GOSUB 1850 
860 IF PASS > 1 THEN GOIDO 1700 
865 REM SELEel' LEFT OR RIGHI' ELroIROPHEROORAM 
870 INPUT "LEFT (L) OR RIGlfl' (R) ELECrROPHEROORAM? ", ILR$ 
875 REM SEL~ LEFT OR RIGHI' ORIGIN COORDINATES FOR CDL 
880 IF ILR$="L" THEN XORG=XORGl ELSE XORG=X0RG2 
890 IF ILR$="L" THEN YOOG=YrnG1 ELSE YCRG=YCR;2 
900 IF ILR$="L" THEN CFF=O ELSE CFF=287 
910 XO=178+OFF 
920 Y0=453 
930 Xl=178+OFF 
940 Y1=480 
950 GOSUB 1850 
960 Xl=173+OF.F 
970 Y1=466 
980 GOSUB 1850 
990 X1=183+OFF 
1000 Y1=466 
1010 GOSUB 1850 
1020 IF ILR$="R" THEN PRIN!' "RESm' DIGITIZER ORIGIN m RIGHI'" 
1025 IF ILR$="R" THEN PRIN!' " ELOC'mOPHORETIC ORIGIN" 
1030 IF ILR$="L" THEN PRIN!' "RESm' DIGITIZER ORIGIN m LEFr" 
1035 IF ILR$="L" THEN PRIN!' " ELOC'mOPHORETIC ORIGIN" 
1035 REM ALL CALLS 'lO 2180 ARE DIGITIZER SERVICE'RXJTINE CALLS 
1040 GOSUB 2180 
1045REM IOCREMEN!' COMP<NEN!' COONl'ER- NL=I ON LEFT NR=I 00 RIGHI' 
1050 IF ILR$="L" THEN NL=NL+l ELSE NR=NR+l 
1060 GOSUB 2180 
1065 REM CHEXX IF cur OF BOONDS 
1070 IF PEEK(47500!) < > 242 THEN GOIDO 1250 
1075 REM AnJUST RAW COORDINATES FOR FRAME RC1l'ATI(J\J 
1080 X(NL+NR)=CaSA*XD + SINA*YD 
1090 Y (NL+NR) =SINA*XD - COSA*YD 
1095 REM CHEX:R IF cur OF BOONDS OF GRAPHICS DISPLAY 
1100 IF X(NL+NR) > 12 THEN GOl'O 1060 
1110 IF X(NL+NR) < -1 THEN GOl'O 1060 
1120 IF Y (NL+NR) > 17 THEN GOl'O 1060 
1130 IF Y (NL+NR) < -1 THEN GOl'O 1060 
1135 REM AnJUST COORDINATES FOR PLOrl'It-G (J\J CDL 
1140 XO=X(NL+NR) *SCALE+XORG 
1150 YO=Y (NL+NR) *SCALE - 2+YCRG 
1160 Xl=XO 
1170 Y1=Y0+4 
1180 GOSUB 1850 
1190 XO=Xo-2 
1200 YO=YO+2 



1210 Xl=XO+4 
1220 Y1=YO 
1230 GOSUB 1850 
1240 GarnO 1050 
1245 REM DRAWS ~ AROOND FACH CCl<1PCNENl' AND ProMPTS FOR m 
1247 REM m's ARE 5 *ClIARAru\CTERS IN LENGTH 
1250 PRIm' "INPUT COORDINATE mENl'IFIERS (DELETE BY ENrE:RIOO <DEL»" 
1260 IF ILR$="L" THEN NL=NL-1 ELSE NR=NR-1 
1270 IF ILR$="L" THEN NUM=NL ELSE NUM=NR 
1280 IF ILR$="L" THEN BEG=l+NR ELSE BEG=l+NL 
1290 FOR N=BEX; '10 NL+NR 
1300 R=4 
1310 XI=X (N) *SCALE+XORG 
1320 XO=XI 
1330 YI=Y (N) *SCALE+YORG 
1340 YO=YI 
1350 GOSUB 2270 
1360 INPUT "ID: ", ID$ (N) 
1365 REM IF m = "DEL" THEN DEIErE FRCM DATA LIS!' 
1370 IF m$ (N) = "DEL" THEN GOOUB 1590 
1380 IF ID$(N) = "DEL" THEN ooro 1430 
1390 R=2 
1400 XO=XI 
1410 YO=YI 
1420 GOSUB 2270 
1430 NEXT N 
1435 REM FILLS IN 0C'rAG<l-l OF mENTIFIED C(JtIP(M:NT 

1440 POKE &HB4BD,&BAO 
1450 XO=178+OFF 
1460 Y0=453 
1470 X1=178+OFF 
1480 Y1=480 
1490 GOSUB 1850 
1500 Xl=173+OFF 
1510 Y1=466 
1520 GOSUB 1850 
1530 Xl=l83+OFF 
1540 Y1=466 
1550 GOSUB 1850 
1560 POKE &HB4BD,&HAF 
1570 PASS=PASS+1 
1580 GarnO 860 
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1590 REM THIS OOUTINE ZEROS DEIEl'ID COORDINATES AND ERASES m oarAGCN PROMPT 
1600 POKE &HB07F,&BAO 
1610 R=4 
1620 XO=XI 
1630 YO=YI 
1640 GOSUB 2270 
1650 X(N)=O 
1660 Y(N)=O 
1670 ND=ID+1 
1680 POKE &HB07F,&HAF 
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1690 . RETURN 
1695 Rm lIDJUEST AND OPEN OOTPUT FILENAME-
1700 INPUT "FILamME FOR OO'lPUT: ", IFN$ 
1705 00 ERROR ooro 1700 
1706 IF IFN$="ERRQR" THEN PASS=PASS-1 
1707 IF UN$="ERROR" THEN IF ILR$="L" THEN NL=O ELSE NR=O 
1708 IF IFN$="ERROR" THEN GOl'O 860 
1710 lU1=NL+NR-ND 
1720 OPEN "O",l,IFN$ 
1725 00 ERROR ooro 1700 
1727 REM REt}UEST FILE DESCRIProR 
1730 INPUT "INPUT FILES DESCRIPrIoo: ",IFLDES$ 
1740 WRITEi1, 
1750 WRTTEi1,IFLDES$ 
1760 PRINTi1,USING "iiiii"fNUM 
1770 FOR N=1 '10 NL+NR 
1780 IF ID$(N)="DEL" THEN ooro 1810 
1790 PRINTi1,USING"\ \"fID$(N) f 
1800 PRINTi1,USING "iii.ii"fX(N);Y(N) 
1810 NEXT N 
1820 CLCSE #1 
1830 S'IDP 

1840 REM CALL 'ID VECroR GENERA'lOR FOR CDL GRAPHICS SYsrEM 
1845 Rm LaID INITIAL X,Y AND FINAL X,Y AT APPROPRIATE RAM LOC'ATIOOS 
184 7 REM FOR VECl'.HEX 
1850 FOR 1=1 '10 10 
1860 POKE &HB4B2+I,0 
1870 NEXT 
1880 IF XO < 256 THEN GOl'O 1960 
1890 POKE &HB4B3,255 
1900 IF XO < 510 THEN ooro 1940 
1910 POKE &HB4B4,255 
1920 POKE &HB4B5,XO-510 
1930 GOmO 1970 
1940 POKE &HB4B4,Xo-255 
1950 GOmO 1970 
1960 POKE &HB4B3,XO 
1970 IF Xl < 256 THEN ooro 2050 
1980 POKE &HB4B6,255 
1990 IF Xl < 510 THEN GOmO 2030 
2000 POKE &HB4B7,255 
2010 POKE &HB4B8,Xl-510 
2020 GOmO 2060 
2030 POKE &HB4B7,Xl-255 
2040 GOmO 2060 
2050 POKE &HB4B6,Xl 
2060 IF YO < 256 THEN ooro 2100 
2070 POKE &HB4B9,255 
2080 POKE &HB4BA,Yo-255 
2090 GOmO 2110 
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2100 POKE &HB4B9,YO 
2110 IF Y1 < 256 THEN ooro 2150 
2120 POKE &HB4BB,255 
2130 POKE &HB4BC,Yl-255 
2140 ooro 2160 
2150 POKE &HB4BB, Yl 
2160 CALL VECl' 
2170 REmJRN 

2180 Rm DIGITIZER CALL & SERVICE ROOTINE: 
2190 CALL DIGIT 
2200 S1=1 
2210 S2=1 
2215 REM INrERPRm' SIGNS 
2220 IF PEEK(47508!)=3 THEN S1=-1 
2230 IF PEEK(47514!)=3 THEN S2=-1 
2235 REM DIGIT CClM:RSION ROOTINE 
2240 XD=S1*(10*PEEK(475101)+PEEK(475111)+.1*PEEK(47512!)+.01*PEEK(47513!» 
2250 YD=S2*(10*PEEK(475161)+PEEK(475171)+.1*PEEK(47518!)+.01*PEEK(475191» 
2260 REmJRN 

2270 REM CALL 'ro ~ PLOr DRIVER 
2275 REM DRAWS AN ~ AT XO,YO OF SIDE R 
2280 XO=INT(XO-BV1.9) 
2290 YO=INT(Yo-(1.5*R» 
2295 REM LaID XO,YO,R AT APPROPRIATE RAM LOCATICNS FOR OC'r.ASM 
2300 FOR 1=1 'ro 5 
2305 REM CN ERROR CCNDITICNALS PROl'ECr OOT OF BClJND DRAW CN CDL 
2310 POKE &HB078+I,0 
2315 CN ERROR ooro 2490 
2320 NEXT 
2330 IF XO < 256 THEN ooro 2410 
2340 POKE &HB079,255 
2345 CN ERROR ooro 2490 
2350 IF XO < 510 THEN ooro 2390 
2360 POKE &HB07A,255 
2365 CN ERROR ooro 2490 
2370 POKE &HB07B,Xo-510 
2375 CN ERROR ooro 2490 
2380 GOmO 2420 
2390 POKE &HB07A,Xo-255 
2395 CN ERROR ooro 2490 
2400 ooro 2420 
2410 POKE &HB079,XO 
2415 CN ERROR ooro 2490 
2420 IF YO < 256 THEN ooro 2460 
2430 POKE &HB07C,255 
2435 ON ERROR ooro 2490 
2440 POKE &HB07D,Yo-255 
2445 CN ERROR ooro 2490 
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2450 GOmO 2470 
2460 POKE &HB07C,YO 
2465 ON ERROR GOmO 2490 
2470 POKE &HB07E,R 
2475 00 ERROR GOmO 2490 
2480 CALL ocr 
2490 RETURN 
2500 ~ 

LISl'IlGS OF Z80-SERVICE ROOTINES FOR DIGITIZATloo PRCX.'mAM 

The following routines are loaded via the CPM dynamic debugging 
routine (DDT), prior to entering MBASIC. Origins are set to avoid 
conflicts with MBASIC and CPM primitives. To load drivers use the 
following sequence (in CPM): 

1 

5 

10 

15 

20 

ID'1' DIGIT.HEX : Loads Digitizer Service Routine. 
I VEer.HEX 
R : Loads Graphics SUbsystem Routine. 
I ocr.HEX 
R : Loads Special Graphics Routine • 
.. c : Retum to CPM. 

1VECTOR GENERATOR FOR CAMBRIDGE DEVELOPMENT LABS 
1GRAPHIC SUBSYSl'EM - DRIVES GRAPHICS FOR MBASIC/CBASIC. 
1BASED CN DRIVER PROVIDED BY roL. 

ORG 46000D 21 IDA XlINl'+2 
MVI B,OOO M(JIJ C,A 
LXI B,OOO DAD B 
IDA XOINr SHLD BTURXl 
MOV C,A 25 LXI H,OOO 
DAD B IDA YOINr 
IDA XOINl'+1 MO\T C,A 
MOV C,A DAD B 
DAD B IDA YOINl'+l 
LDA XOINl'+2 30 MOV C,A 
MOV C,A DAD B 
DAD B SHLD BTURYO 
SHLD BTURXO LXI H,OOO 
LXI B,OOO LD.J\ YlINr 
IDA XlINr 35 lIOl C,A 
MCN C,A DAD B 
DAD B IDA YIINl'+1 
IDA XlINl'+1 MCN C,A 
MCN C,A DAD B 
DAD B 40 SHLD BTURY1 
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. INl'l'IALIZE SCREEN • , 
41 '!VIm' mu 18H 92 XOIG 

UJLD BTURXO SHLD DEL'mX 
MOV A,L CRAWLl.: CALL SOy 
00l' 01EH 95 01 GNADX 

45 MfN A,B IDA mam 
00l' 01FB oor '!VIm' 
LHLD BTURYO IDA WRITaiaID 
MOV A,L oor '!VIm' 
00l' 01CH 100 POP D 

50 MfN A,H ocx D 
00l' OlDH XRA A 
IDA WEFLAG ORA D 
oor 019H ORA E 
IDP 105 RZ 

55 OOP PUSH D 
N:>P JMP CRAWLl 
IDP SOY: XOIG 
R)P LHID DEL'mY 

; VECroR GENERATOR ROUTINE 110 XOIG 
60 VEClOR: IDA WRITEMam XRA A 

00l' 'lVINr DB OEDH 
LHLD BTURXO DB 052H 
XCHG XRA A 
LHLD BTURXl 115 DB OEDH 

65 CALL QClt2P DB 052B 
ANI 00000011B Rm' 
STA mam QC)D?: XRA A 
PUSH H DB OEDH 
LHLD BTURYO 120 DB 052H 

70 XCHG MVI A,OO 
UILD BTURYl RZ 
CALL QClt2P MVI A,00000110B 
ANI 00001100B RP 
STA ~ 125 DAD D 

75 POP D XOIG 
PUSH D XRA A 
PUSH B DB OEDH 
CALL QClt2P DB 052H 
POP B 130 MVI A,10001001B 

80 POP D Rm' 
ORA A GNADX: XmG 
JM CRAWL LBLD DEL'mX 
XOIG XCHG 
IDA mam 135 XRA A. 

85 MfN B,A DAD D 
IDA R«mD DAD D -
STA mam IDA R«IID 
fIOJ A,B oor '!VIm' 
STA tI«IID 140 Rm' 

90 CRAWL: PUSH D 
SHLD . DEL'mY 



1917 

141 BTURXO: DS 2 
BTURXl: DS 2 
BTURYO: DS 2 
BTURYl: DS 2 

145 HiORD: DS 1 
EWClm: DS 1 
DEL'mY: DS 2 
DEL'mX: DS 2 
WRITEWCIID: DS 1 

150 XOINI': DS 3 
XlINI': DS 3 
YOINI': DS 2 
YIINI': DS 2 
WEFIJ1.G: DS 1 

155 RET 
RB'.r 
RB'.r 
END 

DRIVER FOR HIPAD DIGITIZER - INTERFACED IN BCD MODE THROOOH mRrHSTAR 
MCJ.l'HERBCNID *PARALELL PORT - CALLED FRCM MBASIC 
DIGITIZER IN FLmTIN; ORIGIN lOlE - LENGTH UNITS SWITCH SET 'ID nMMn. 

1 ORG 47000D 
; INIT MCJ.l'HERBCNID PARALLEL PORT 

MVI A,30H 
001' 6 

5; RECEIVE AND STORE CCN.lROL BYTE 
; (DIGITIZER MODE SELEX!£' STATUS) 
IN!: IN 6 

ANI 2 
10 JZ IN! 

MVI A,30H 
OUT 6 
IN 1 
STA 47500D 

15 ANI 11110000B 
SUI 11110000B 
JNZ INl. 

;RECEIVE & moRE X axlRD. SIGN 
;& MCST SIGNIFlCANl' DIGIT BYTE 

20XS: IN 6 
ANI 2 
JZ XS 
IN 1 
STA 4750lD 

25 MVI A,30H 

26 001' 6 
; RECEIVE AND Sl'ORE X 2ND 
; & 3RD SIGNIFlCANl' DIGITS BYTE 
Xl: IN 6 

30 ANI 2 
JZ Xl 
IN 1 
STA 475020 
MVI A,30H 

35 001' 6 
; RECEIVE AND Sl'ORE X 4'lH & 
; LFASl' SIGNIFlCANl' DIGITS BYTE 
X2: IN 6 

ANI 2 
40 JZ X2 

IN 1 
STA 47503D 
MVI A,30H 
em 6 

45; REX:EIVE AND S1'ORE Y-COORD. SIGN 
; & MQST *SIGNIFlCAT DIGITS BYTE 
YS: IN 6 

ANI 2 
JZ YS 
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50 IN 1 102 RAR 
S'.rA 475040 S'.rA 475120 
MVI A,30H IDA 475030 
OUT 6 105 ANI 00001111B 

; RECEIVE AND S1'ORE Y 2ND S'.rA 475130 
55 i& 3RD SIGNIFICANl' DIGITS BYTE Int\ 475040 

Yl: IN 6 ANI 11110000B 
ANI 2 RAR 
JZ Y1 110 RAR 
IN 1 RAR 

60 S'.rA 475050 RAR 
MVI A,30H S'.rA 475140 
OOT 6 Int\ 475040 

iRECEIVE AND S1'ORE Y 4'lH 115 ANI 00001111B 
i & LFASl' SIGNIFICANl' DIGITS BYTE S'.rA 475150 

65 Y2: IN 6 IDA 475050 
ANI 2 ANI 11110000B 
JZ Y2 RAR 
IN 1 120 RAR 
S'.rA 475060 RAR 

70 MVI A,30H RAR 
00l' 6 S'.rA 475160 

i INrERPIWr AND S1'ORE FACH DIGIT LOA 475050 
iOF ~ X & Y COORDI~ 125 ANI 00001111B 

Int\ 475000 S'.rA 475170 
75 ANI 00001111B IDA 475060 

S'.rA 475070 ANI 11110000B 
IDA 475010 RAR 
ANI 11110000B 130 RAR 
RAR :rum 

80 RAR RAR 
RAR S'.rA 475180 
RAR IDA 475060 
STA 475080 135 ANI 00001111B 
Int\ 475010 S'rA 475190 

85 ANI 00001111B Rm' 
S'rA 475090 Rm' 
LOA 475020 END 
ANI 11110000B 
RAR 

90 RAR 
RAR 
RAR 
S'rA 475100 
IDA 475020 

95 ANI 00001111B 
S'rA 475110 
IDA 475030 
ANI 11110000B 
RAR 

100 RAR 
RAR 
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;PK>G FOR GENERATIOO OF ClC'rAGrn AT COORDINATES BEX;X . BOOY, OF SIDE R - FOR eDL GRAPHIC SUBSYSTm . , 

1 ORG 45000D 49 MOV A,B 
MVI B,OOO JNZ SEAS!' 
LXI H,OOO IDA SIDE 
IDA XOIN!' fIOJ B,A 

5 MOO C,A SOUTH:MVI A,084H 
DAD B OOT OISH 
IDA XOINl'+l 55 OCR B 
MfN C,A MfN A,B 
DAD B JNZ SOtmI 

10 IDA XOINl'+2 IDA SIDE 
MDV C,A MfN B,A 
DAD B 60 SWEST:MVI A,085H 
SHLD BOOX OOT OISH 
LXI H,OOO OCR B 

15 IDA YO IN!' l'Dl A,B 
MOV C,A JNZ 5WEST 
DAD B 65 IDA SIDE 
IDA YOINl'+l MfN B,A 
MOV C,A WEST:MVI A,081H 

20 DAD B OOT 018H 
SILD BOOY OCR B 

'!VINl':EXJU ISH 70 fIOJ A,B 
LHLD BOOX JNZ WEST 
MDV A,L IDA SIDE 

25 OUT Olm lOT B,A 
lOT A,H lfiFSr:MvI A,089H 
OOT OlFH 75 OOT OISH 
LHLD BOOY OCR B 
MfN A,L MOIl A,B 

30 OUT OICH JNZ mEST 
MOV A,H IDA SIDE 
OOT OlDH 80 MfN B,A 
IDA WRlTB'laID OORTH:MVI A,088H 
OOT '!VIN!' OOT OISH 

35 IDA . WEFIJ\G OCR B 
OUT 019H fIOJ A,B 
IDA SIDE 85 JNZ OORTH 
MCN B,A IDA SIDE 

FASl': MVI A,082H fIOJ B,A 
40 OOT OISH NFAST:MVI A,OBAH 

OCR B OOT OISH 
MfN A,B 90 OCR B 
JNZ FASl' l'Dl A,B 
IDA SIDE OCR B 

45 MCN B,A lW1' 
SEAS!':MVI A,086H 

OOT 018H 
JNZ NFAST 
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94 BOOX: DS 2 
BmY: DS 2 
WRITE.WClID: DS 1 
XOIN1': DS 3 
YOIN1': DS 2 
SIDE: DS 1 

100 WEFIJ1.G DS 1 
Rm' 
Rm' 
am 

LISTING OF GELD~.FlO 

Belowis a source listing of GEID~.FlO, written in Digital Corporation's 
FORTRAN.lO for the DEC-lO interactive facility. 

CClt1MENT: THIS PROOFAM NORMALIZES 'lWD-DIMENSIOOAL ELOCTROPH01WI'IC 
CClwtMENT: MCBILITY DATA AGAINST AN ARBITRARY REFEREOCE MAP. Iff
CCH-1mr: PUT CCNSISTS OF X-Y COORDINATE PAIRS ALCNG WITH 
wm:NT: COORESPCNDIID LABELS ( A FIVE OIARACTER ALPHAmMERIC 
CG1MENT: S'mIOO) REPRESENl'ING mCH CCMPCmNr FRCM BCJrH 
CG1MENT: ELOC'I'ROPHORETIC PA'I'l'ERNS IN A SERIES OF TANDEM GELS. 
CG1MENT: SEE A'1'l'ACHED PAPER FOR 
CG1MENT: DErAILS OF THE RATICNAL UNDERLYING 'IBIS AIGORl'rHM. 
CG1MENT: NORMALIZATIOO OF THE RAW 2D MCl3ILITIES FRCM mCH 'mNDEM 
CCM>1ENT: GEL IS EFFECTED BY ItiDEPENDENr X AND Y DIRECl'Irn 
CC»1ENl': SCALIN3S AND 'lRANSLATICliJS OF THE <XX>RDINATE FRAME 
a»1ENT: OF mCH mMERICAL MAP DERIVED FRCM mCH TAmEM 
cc:JtMEm': ELEClROPHEROORAM OF THE SERIES. CDtPUTATIOO OF mCH 
a::MomNT: NORMALIZATIOO mANSFORM IS EFFECTED THROOGH EITHER 
CCHtENT: UNI- CR BIVARIATE LINEAR REGRESSIOO OF mE RAW X-Y 
CC»1ENT: COORDINATES FRCM mCH GEL AGAINST '!BE HCH>LOOOOS X-Y 
COOMENT: COORDINATES OF '!BE REFERENCE MAPS. THE mRMALI~ICE 
CCMtiENl': ProcEEDS IN AN ITERATIVE MANNER 'ID AVOID THE EFFECl'S 
C<»mNT: OF ANY ERRORS OF IDENTIFICATIrn OR MFASUREMENl' PRESENr 
CG!MENI': IN THE TANDEM MAP CHOSEN AS THE INITIAL REFERENCE. 
a::MomNT: AFI'ER NORMALIZATION OF THE RAW MAPS, THE 
COOMENT: TRANSFORMED COORDINATES REPRESENl'ING FACH CCMPCmNr 
CQr1MENT: IN BOl'H MAPS UNDER CCJ.tPARISON ARE AVEru1.GED, AND 
CQItiENr: THE 95% <Xm'IDENCE LIMITS ABOOT FACH AVERAGE COORDINATE 
a::MomNT: CQtPU'lED. THE AVERAGE COORDINATES <DtPUTED IN '!BE 
C(HtfENT: FIRS!' ITERATIOO ARE usm AS THE REFEREOCE MAP IN 
CC»mNT: THE SF.CaID ITERATIOO. CCNlROL OF THE PROORAM 
CQItiENr: IS LEFT'ID THE USER IN 'mIS VERSIOO OF GEIDAT. FOR 
CCJt1MENT: BATCH TYPE SYSTDtS, GEIDAT WILL HAVE 'ID BE fD)IFIED 
CQ1MENl': AOCClIDIR;LY. AT mE END OF FACH ITERATICE, 'mE USER 
a»1ENT: HAS '!BE OPl'ION OF EXEXllTING AKY.rHER ROUND OF mRMALIZATICE 
CCHtENT: OR HALTIR;. FINAL Cl1lPUT OF THE PROORAM CCNSISTS 
et:J.1MEN1': OF THE TRANSFORMED COORDINATES OF mCH CCMPCmNr OF 
C(HtfENT: FACH ~EH ELOC'lROPHEROORAM, '!BE AVERAGE <XX>RDINATES 



COOMEm': OF EACH CCJ.1PCNENT, AND THE srAMJARD DEVIATION IN THE 
CCH1EN.r: X AND Y DlRECrIGlS OF FACH MEAN MOBILITY. THESE DATA 
COl>fo1ENT: ARE C<NmINED IN THE PRCX;RAM GEm:RATED FILE SPOCIFIED 
CCH4ENT: BY THE NAME npOOTn• THE 'mANSFORMED COORDINATES OF FACH 
COOMENT: CCJ.1PCNENT ~ FACH TANDEM GEL AND THE AVERAGE 
CC»1ENT: WITH THEIR CCNFIDENCE LIMITS ARE AIS) 00'lPU'lED IN 
C<J.f.1ENT: THE FILE nTRANSFn, INrENDED FOR 'lRANSFER TO A 
CCJt2MENT: PLOrrn~ PAO<AGE, PIDIlIDED BY THE USER. 

W1MGl /ERR/stJMS),SUMJ) 
CCMo1Gl /OO'lPUT/SLOPEl, SLOPE2, INl'R,MNDLT, mDLT ,ERCRl', 

$ STNDlO,DATAID,CORC,MCORC, EKPVAL,DEL'mS, POS 
CG1MGl /AVRGE/SUMYY , SUM, SUMSQ, NN,GELNUM, ID 
INTEGER STNDID(200),~(200),PASS,POS, 

$ NN(200),lO(8),STID(8),NOP,GELNUM 
LOOIC'AL DIRECr 
REAL STND(200,2),DATA(200,2),EKPVAL(200,2), 

$ SLOPEl(2),SLOPE2(2),INTR(2),MNDLT(2),STDLT(2), 
$ ERCRr(2),CORC(2),MCORC(2),DEL'mS(200,2),SUM(200,2), 
$ SUMSQ(200,2),SUMYY(200),SUMDX,8DKY(200,2) 
$ ,SUMSD,SUMD,DIJ 

DOUBLE PREcrSION W\ME 
D~A «SUMSQ(I,J),SUM(I,J),J=1,2),I=1,200)/800*0/, 

$ (NN(I),I=1,200)/200*O/ 

TYPE 9004 
1\CCEPT 9005,Qro 
TYPE 9919 
PsCCEPT 9005, !REG 
IF (QUO.NE. 'Y') CASE=O 
IF (QUO.m. 'Y') CASE=1 

<lHv1ENr: GET Sl'ANDARD AND DATA lO'S AND ARRAYS. 
GEINUM=O 

1 TYPE 9001 
Jl.CCEPT 9002, NAME 
IF(DIRECT(NAME» GOWO 2 
TYPE 9050 
00l'0 1 . 

2 CALL DATAIO(NAME,STND, S'lmlO,NSTND, STID) 
25 GEINtJM::GEI.NU+ 1 
3 TYPE 9003 

ACCEPT 9002,NAME 
IF(DIRECr(NAME»GOTO 4 

CCJt1MmT: DIRECl' IS A FtJOCTIGl WHICH CHEXXS FOR THE 
CC»1ENl': EXIS1'ENCE OF THE INPUT FILENAME IN THE USER 
CCH>1ENT: FILE DIRECroRY. THE USER WILL HAVE TO REPIJ\CE 
CCMttENT: THIS ~CN WITH AN EX;JUIVALENr ~CN OR MACID. 

TYPE 9050 
00l'0 3 
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4 CALL DATAIO(NAME,DATA,DATAID,IDATA, ID) 

CCM>mm': crer RID OF UNREPRESENTED SPOl'S. 
CALL FIXtJP (STNDID,DATAID,DATA,NSTND ,NOATA) 

CCM>mm': PEm'ORM REX3RESSION OF DATA AGAINST THE STAIDARD. 
CCHo1ENT: LOOP THRU FOLI..CM:N; ACCOODIN; 'lO OPERA'IDR. 

PCS=l 
50 PASS=O 
5 DIN=O 
6 DIN=DIN+l 
CG2MENT: THE FOLLCMN; crnDITICEAL JUMPS CCNlROL THE SEYJUENCIN; 
COOMENr: OF THE VARIOUS SUBROUTINES OF GEIDAT. 

IF (CASE.m.O) CALL RmRES(STND,DATA,NS'lND,OOP,SUMX 
$ ,SUMXSQ) 

IF (CASE.m.l) CALL BROORE(STND,DATA,NSTND,OOP, 
$DIJ ,SUMX,SUMXSQ, SUMO, SUMUSQ, SUMXU) 

IF(DIN.m.l.0R.DIN.m.2.0R.DIN.m.3.0R.DIN.m.4) 
$ CALL EXPAND(DATA,S'lND,NSTND) 

IF (DIN.m.2.AND.CASE.m.0) CALL '1'rFS1'(DATA,S'l'ND,OOP, 
$ SUMX, SUMXSQ, NS'lN» 

IF (DIN.m.2.AND.CASE.m.l) CALL BTrFS1'(DATA,S'lm, 
$ OOP ,DIJ ,SUMX, SUMXSQ, SUMU, SUMUSO, SUMXU,NSTID) 

IF (IRm.NE. 'N' .AND.DIN.m.l) CALL INVERT(DATA,NSTND) 
IF (IREG.EQ. IN' .OR.IlIN.EQ.3.OR.DIN.EQ.4) CALL DISPLA(PASS, 

$ NSTND ,DATA) 
IF (IRm.m. 'N') ooro 1000 
IF (DIN.NE.3.AND.DIN.NE.4) ooro 6 
IF (DIN.m.3) CALL WIPOOT(DATA) 
IF (DIN.m.3)ooro 6 
PASS=PASS+ 1 
TYPE 9015 
lICCEPl' 9016,AN&WER 

9015 FORMAT(' AWl'HER PASS ? ' , $) 
9016 FORMAT(Al) 

IF (AN.SWER.NE. 'Y') ooro 1000 
ooro 5 

1000 PCS=PCS+l 
IF (PCS.LE. 2) ooro 50 
roEL=OOEIrH 
SCCRCX=f£CRCXiCORC (1) 
SCCRCY=f£<RCY4CORC (2) 
SK:<EC=SK:OOX-foMCCmC (1) 
SK:ORY=SK:CRY+MCORC (2) 
CALL AVER(NSTND,DATA) 
TYPE 9017 
}'cCEPl' 9016,ANSiER 

9999 FORMAT( 3X,F6.4,/) 
9017 FORMAT(lH , 'NEM GEL ?: ',$) 

IF(ANSWER.EQ. 'Y') ooro 25 
AVCOK=f£ORCKjroEL 
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9050 
9001 
9002 
9003 
9004 
9919 
9005 

$ 

AVCOY=::l::CRCYjR;EL 
AVMCOK=sr.am/~ 
AVMCOY=SK:OOY/NM. 
CALL FINISH (STNDID,NSTND,AVCCIK,AVCOY,AVMCCIK,AVMCOY) 
CLCSE (UNlT=22,DEVICe='S'lDN' ,FILe= ' POOTI) 
CLCSE (UNIT=23,DEVICe=ISlDNI,FILE=ITRANSF I) 
8.lOP 
FORMAT( I FILE roT DEFINED, 'lRY 1l.GAIN II) 
FORMAT (lH+, 'WHICH SI'ANDARD: I, $) 
FORMAT (AlO) 
FORMAT(lH , 'WHICH DATA: I, $) 
FORMAT(lH , I BIVARIATE CASE? (Y=YES, N=OO) 1,$) 
FORMAT(lH ,1REJECl' ON lSI' PASS (Y=YES, N=OO) 1,$) 
FORMAT(Al) 
END 

SJBROtJTINE WIPClJ'l' (DATA) 
CQ1M(Iq ICJtrlPUT/SLOPEl ,SLOPE2, INIR,MNDLT,S'lDLT, ERCRl', 

STNDID,DATAID,CCRC,MCCRC,EXPVAL,DEL'mS,PaS 
INTEGER STNDID(200),IDREJ(25),D~(200),PaS,IRD(25) 
REAL SLOPEl(2),SLOPE2(2),INTR(2),MNDLT(2),S'lDLT(2), 

$ ERCRT(2),CCRC(2),MCORC(2),EXPVAL(200,2), 
$ DEL'mS(200,2),D~(200,2),SUMYY(200) 

CCH1ENT: AJ:..LOOS FOR FORCED EKCLUSIOO OF A SUBSET 
CC»1Em': OF THE DATA 8m' CORRENrLY UIDER OORMALIZATICN 

30 

6 

10 

$ 
8899 
20 
9001 
9002 

00 30 K=1,25 
IDREJ(K) =0 
IRD(K) =0 

CCNTImE 
TYPE 9001 
ACCEPT 9002,(IDREJ(J),J=1,25) 
00 10 K=1,25 
J=O 

J=J+1 
IF (IDREJ(K) .NE.STNDID(J» GO '10 6 
IRD(K)=J 

CCN1'IRJE 
00 20 K=1,25 

IF (IRD(K) .NE.O.AID.DATA(IRD(K) ,PaS) .Gr.O) 
DATA(IRD(K),POS)=(-l)~(IRD(K),PaS) 

FORMAT( 3X,F7.2,3X,I5,3X,RS,/) 
CCNrImE 
FORMAT (I REJ. ID: I) 
FORMAT(25R5 ) 
Rm'llRN 
END 

SJBROtJTINE DISPLA(PASS,N,DATA) 
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5 

C 
9003 
10 

SUBROOTINE DISPLA(PASS,N,DATA) 
cx::MIDN /00TPUT/SLOPEl,SLOPE2,INl'R,MNDLT,SIDLT,ERCRT, 

$ STNDID,DATAID,a:RC,MCCRC,EXPVAL,DELTAS,POS 
REAL DEL~(200,2),SLOPEl(2),SLOPE2(2),IN.l'R(2) 

$ ,EXPVAL(200,2),SUMYY(200) 
$ ,MNDLT(2),STDLT(2),ERCRT(2),00RC(2),MCORC(2),~(200,2) 

$ 

$ 

$ 
$ 

INTEGER STNDID(200),F.LAG(200),LETTER(2),POS,PASS, 
DA~(200),,2)/'X','Y'/ 

DO 5 I=l,N 
FIJl.G(I)=' , 
CCNl'IWE 
DO 10 I=l,N 
IF «DEL~(I,POS) .GT.ERCRT(POS) ) .OR. (DATA(I,POS) .LE.O) ) 

FLAG(I)='*' 
TYPE 9003,DATA(I,POS),DEL~(I,POS) 
FO~( 3X,F8.2,3X,FlO.5,/) 
COOTINUE 
TYPE 900l,LETTER(POS),PASS,SLOPEl(POS),SLOPE2(POS), 

INTR (POS) ,a:RC (POS) ,MCORC (POS) , 
MNDLT(POS),STDLT(POS),ERCRT(POS),(~,I=1,70) 

TYPE 9002,(F.LAG(I),STNDID(I),DELTAS(I,POS),I=1,N) 
9001 FORMAT(lm.,Al, 'PASS = ',11,/, 

$ 'SLOPEl=' ,F6.4,3X, 'SLOPE2= ',F6.4,3X, 'INrERCEPl' = ',F6.4,/ 
$ • CORRELATICN OOEFFICIEN1'= ',F8.5,3X,/,' MULTIPLE 
$ CORRELATION OOEFFICIENT= • ,F8.5,/ 
$ • MEAN SjUARED RES: ',F7.5 ,3X, 'SID DBV RES: " 
$ F7.5,3X,/ 
$ 'ERROR CRITERION:: ',F7.5,/ 
$ lH ,70Al) 

9002 FORMAT(lX,Al,lRS,lX,F7.5,3X,Al,lRS,lX,F7.5,3X, 
$ RS,lX,F7.5,3X,Al,lRS,lX,F7.5) 

RETORN 
aID 

aJBRaJTINE AVER(N,Dl\TA) 
C(H.I)N /OOTPUT/SLOPEl,SLOPE2,INl'R,MNDLT,STDLT,ERCRT, 

$ STNDID,DA'l2UD,cmc,MCORC, EXPVAL,DELTAS, POS 
CCJ.H)N /AVPGF/SUMYY ,SUM, 5UMSQ,NN,GELNUM, m 
INTEGER STNDID(200),NN(200),m(8),~(200),POS,GELNUM 
REAL EXPv.AL(200,2),DATA(200,2),SUM(200,2),SUMSQ(200,2), 

$SUMYY(200),SLQPEl(2),SLQPE2(2),INTR(2),MNDLT(2),STDLT(2) 
$ERCRT(2),OORC(2),MCORC(2),SDXY(200,2),DELTAS(200,2) 

~: ACCUMULATES IN'IERMEDIATES FOR cx:MPOTATICN 
moo::NT: OF MEAN AND STANMRD DBVIATIONS OF '!BE 
CXJtntnNr: NORMALIZED l«BILITIES; GENERATES '!HE ClJT.PUT 
<D1MENT: FILFr-POOT.D.Z\T 

DO 10 I=l,N 
IF (DATA(I,l) .LE.0.OR.DATA(I,2) .LE.O)ooro 10 

SUMYY(I)=SUMYY(I) +(EXPVAL(I,l) *EXPVAL(I,2» 
NN(I)=NN(I)+1 
DO 5 J=1,2 
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SUM(I,J)+EXPv.AL(I,J) 
SUMSQ(I,J)=SUMSQ(I,J)+EXPVAL(I,J) **2 

5 CCNJ.1INUE 
10 <mTINUE 

OPEN (UNIT=22,DEVICE='SIDN' ,ACCESS='APPEND' ,FILE='PCXJT') 
OPEN (UNIT=23,DEVICE='SIDN' ,ACCESS='APPEND' ,FILE=''m,A') 
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WRITE (22,9002) ID, (SLOPEl (J) ,SL0PE2 (J) ,INlR(J) ,OORC(J) ,MCORC(J) 
$ ,MNDLT(J),STDLT(J), 
$ ERCRT(J),J=1,2),(STNDID(I),(EXPVAL(I,J), 
$ DEL~(I,J),J=1,2),I=1,N) 

00 20 I=l,N 
IF (EXPv.AL(I,l) .. LE.0.OR.EXPVAL(I,2) .LE.l) GCIl'O 20 

WRITE(23,904l) (EXPv.AL(I,J),J=l,2) 
20 CCNrIWE 

WRITE (23 ,9042) 
9041 FORlomT(lH ,F6.2,lX,F6.2) 
9042 FORMAT(' -I') 

RETtJRN 
9002 FORMAT (1m,' RJN IDENl'IFICATION: ' ,8P5 ,/ / / , 

$ 'SLOPEl(X): ',F6.4,3X,'SLOPE2(X): ',F6.4,3X, 
$ 'IN1'ERCEPI'(X): ',F6.4,/ 
$ 'COEFFICIENT OF CORRELATION(X): ',F8.5,6X, 'MULTIPLE 
$ COEFFICIENT OF ~ION(X): ',F8.5,/ 
$ 'MEAN SQUARE RES (X): ',F?5 ,3X, 'SID DEV SQUARE 
$ RES(X): ',F? .5,3X, 'REJECrION CRITERION(X): ',F7 .5,// 
$ 'SLOPEl(Y): ',F6.4,3X,'SL0PE2(Y): ',F6.4,3X, 
$ 'IN1'ERCEPI'(Y): ',F6.4,/ 
$ 'COEFFICIENT OF CORRELATION(Y): '~F8.5,6X, 'MULTIPLE 
$ COEFFICIENT OF ~ION(Y): ',F8.5,/ 
$ 'MEAN SQUARE RES(Y): ',F? .5,3X, 'S'lD DEV SJtIARE 
$ RES(Y): ',F7.5 ,3X, '~ION CRITERION(Y): ',F7.5,/ / 
$ ,//// 
$//,' SPOT ID EXPANDED X SQUARE RES X EXPANDED Y 
$ SQUARE RES Y'/'**************************************************** 
$******************************'/(' ',1R5,5X,F?3,8X,F7.5 
$,14X,F?F7.5» 

END 

SUBRaJTINE DATAIO (NAME,ARRAY, IDVEC,N, ID) 
REAL ARRAY(200,2) 
IN.l'EX;ER IDVEC (200) ,ARPOS, ID (8) 
DOOBLE PRECISION NAME 

CXJt1MENT: PERFORMS INPUT DATA OPERATIONS 
5 OPEN(UNIT=21,FILE=NAME) 

READ(21,9001,END=10,ERR?20) ID.N 
TiPE 9004,ID 
READ(21,9002,ERR?20,END=10) (IDVEC(I),ARRAY(I,l), 

$ ARRAY(I,2),I=1,N) 
RmURN 



10 TYPE 9005 
15 RETURN 
20 TYPE 9007 

ooro 15 
9001 FORMAT(/8AS,/,IS) 
9002 FORMAT(lRS,2F6.2) 
9003 FORMAT(lH ,lRS,2F6.2) 
9004 FORMAT(lH ,8AS) 
9005 FORMAT(' END OF FILE ENCXlJNl'ERED 'mY AGAIN!') 
9006 FORMAT(2A5) 
9007 FORMAT(' FILE :roT DEFINED - TRY AGAIN! .) 

END 

SOBRaJTINE ROORES (SIm,Dl\TA,L,IDP, SUMX, 9JMXSQ) 
aJ.n.1CN /OOTPOT/SLOPEl, SLOPE2, IN'lR,MNDLT, SIDLT, 

$ ERCRr, SImID,Dl\TAID,roRC,MCORC,EXPVAL,DELTAS,POS 
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aJ.n.1CN /AVRGF/SJMYY,S]M,aJMSQ,R POS,L,DATAID(200) ,S'lNDID(200) 
$ ,GELNUM,NN(200) ,ID(8) 

REAL SIm(200,2),~(200,2),INTR(2),CORC(2), 
$SUMYY(200),MCORC(2),SLOPEl(2),SLOPE2(2),EXPVAL(200,2), 
$S,ERCRl'(2), 
$DELTAS(200,2) 

C()o1MEN'l': PERFORMS UNIVARIATE RmRESSION CALaJLATIONS 
rutMENr: AND mtPUTES CORRELATICN roEFFICIENT BmwEEN 
C()o1MEN'l': DATA AND NORMALIZATION REFERENCE 

N=O 
C TYPE 90S0,L,Dl\TA(1,POS),STND(1,POS) 
C TYPE 9060,POS 
9050 FORMAT(I5,2F6.4) 
9060 FORMAT (15) 

SUMX=O 
SUMY=O 
SUMXY=O 
SOMXSQ=O 
SUMYSQ=O 
DO 100 I=l,L 

IF (Dl\TA(I,POS) .LE.O) ooro 100 
N=N+l 

SJMX=SUMX+DATA( I,POS) 
SUMY=SUMY+S'lND (I,POS) 
aJMXY=aJMXY+SIm (I, POS) *DATA (I ,POS) 
SOMXSQ=SJMXSQf-~( I,PQS) **2 
SUMYSQ=SUMYSQ+S'lND (I ,PQS) **2 

100 <XN1'INUE 
C TYPE 9002 ,N, SUMX,SUMY, SUMXY, 9JMXSQ,SUMYSQ 
9002 FORMAT(lH 'N'I4 'SX'F9.3 'SY'F9.3 'SXY'F9.3'SX2 'F9.3'SY2'F9.3) 

SL0PE1 (POS) = ( ( (aJMXY) - ( (SUMX*5UMY) /N) ) / (SJMXSQ- (SUMX**2/N) ) ) 



SLOPE2 (PCE) =0 
INm(POS) =SUMY/N-(SLOPEl (POS) * (SUMX/N) ) 
CCRC (PCS) = (SOMXY-SUMX*SUMY/N) /~( (SUMXSQ-SUMX**2/N) * 

$ (SUMYS<rSUMY**2/N) ) 
ft£ORC (PCS) =0 
OOP=N 
Rm'URN 
am 

SlJBROtJTINE FIXUP (srNDID,DATAID ,DATA,NS'lN:> ,NOATA) 
REAL SUMYY(200),STND(200,2),~(2TMP(200,2) 
INTEGER STNDID(200),DATAID(200),TMPID(200) 

CCI>f.mNl': PAIRS DATA POSITIOO' VECroR CXJt2PCNENTS WITH 
CC»1ENT: CCERF.SPaIDIID REFERENCE PCSITICN VECroR CCMPCNENTS 

DO 20 I=l,NSmD 
DO 5 JJ=l,NOATA 
IF (DATAID(J) .B;l.STNDID(I» ooro 10 

5 CCNTINUE 
TMPID(I) = STNDID(I) 
TMP(I,l) = 0 

. TMP(I,2) = 0 
ooro 20 

10 'lMPID(I) = STNDID(I) 
'lMP(I,l) = D~(J,l) 
'lMP(I,2) = ~(J,2) 

20 CCNl'INUE 
DO 50 I = 1,NSTND 

DATAID(I) = 'lMPID(I) 
DO 40 J = 1,2 

DATA(I,J) = ~(I,J) 
40 CCNTINUE 
C TYPE 9001,STNDID(I),DATAID(I),(~(I,J),J=1,2) 
9001 FORMAT(lH ,lRS,5X,lRS,2F10.5) 
50 CCNnNUE 

RFJl'URN 
END 

SlJBROtJTINE EXPAND(~,STND,N) 
CCMM<:E /ERF/SJMS>,SUMO 
CXJo1lo1CN /CX1lPUT/SLOPEl, SLOPE2, INlR,MNDLT, SIDLT, ERCRl', 

$ ,DATAID ,CORC,KXRC, EKP\7AL ,DEL'.l!AS,PQS 
CCJt1MCN /AVRGE/SUMYY ,SUM,SlJM9J,NN,GEWUM, ID 
INTEGER PCE,N,GEUNUM,ID(8),STNDID(200),DATAID(200) 
REAL DATA(200,2),STND(200,2),~{200,2),DEL'.l!AS{200,2), 

$SUMYY(200),SLOPEl(2),SLOPE2(2),INm(2),MNDLT(2),SIDLT(2), 
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$ERCRT(2),CORC(2),MCORC(2),SUMSD,SUMSQ(200,2),SUM(200,2),SUMD 
CG1MENI': SCALES DATA BY OORMALIZATIOO 'mANSFORMS AND 
<.::x:Mo1EN'1': CDtPU'lES RESIDUALS AND ERROR CRITERIOO 
W1MENT: CG1PUTES MEAN AND Sl'AIDARD DE.VIATICfi OF PaSlTIrn 
CCM>mNT: VECIOR. CREATES OORMALIZATICfi REFEREOCE FILE 
~: FOR NEXT ITERATICNJ CREATES 'mANSFER FILE-
CCM>mNT: TRANSF .DAT FOR PLOITIR; ROUTINE 
C TYPE 9050,SLOPEl,SLOPE2,INlR 
9050 FORMAT(/,F6.4,3X,F6.4,3X,F6.4,/) 

L=O 
S.JMDX=O 
SUMD~O 
IF (PaS.DJ.1) PCJt1=2 
IF (PaS.BJ.2) PCJtI=:l 
00 10 I=l,N 
EKPv.AL(I,POS)=(ABS(~(I,POS»*SLOPEl(PaS»+(ABS(~(I,POM» 

$ *SLOPE2(PaS»+INTR(PaS) 
DEL~(I,POS)=(STND(I,POS)-EKPv.AL(I,POS»**2 
IF (DATA(I,POS) .GT.O)GOl'O 5 

EKPv.AL (I ,PaS) =-EKPv.AL (I ,POS) 
001'010 

5 L=L+1 
C TYPE 9060,DATA(I,PaS),STND(I,POS),EKPv.AL(I,PaS) 
9060 FORMAT( F6.2,3X,F6.2,3X,F6.2,/) 

SUMDX=SUMDX-tDEL~(I ,PaS) 
SUMD~SUMD~EL~(I,POS) **2 

10 CCNTINUE 
MNDLT(POS) =SUMDX/L 
SIDLT(PaS)=SJRI'( (SJMDSQ-SUMDX**2/L)/(L-1» 
ERCRl' (PaS) =MIDLT (PaS) +( 2*S'IDLT(POS) ) 
SJMS)=SUMDSQ 
5UMD=SUMDX 
RETURN 
END 

SUBROUTINE FINISH (STNDID ,STNUMB,AvcrJt..,AvroI ,AVMCCIK,AVf.K:OY) 
CCJotMOO /AVPl3E/S'l'i, SUM, ~,NN,GEINUM, ID 
REAL SCBOSS(200),SUM(200,2),SUMSQ(200,2),MEAN(200,2), 

$SUMYY(200),STDEV(200,2),SST.DV(3),MSTVX,MSTVY 
INTEGER NN(200),ID(8),NEWID(8),STNDID(200),STNUMB 

$ ,GEINUM,PaS,OOEL 
OOUBLE PRECISION tw1E 
WMBER = 0 
00 10 I=l,STNUMB 

IF(SUM(I,1).DJ.0.OR.SUM(I,2).DJ.0)001'0 10 
WMBER=NUMBER+1 
scaosS(I)=(SUMYY(I)-(SUM(I,1)*SUM(I,2)/NN(I»)/(NN(I)-1) 

00 5 J=1,2 
MEAN(I,J)=SUM(I,J)/NN(I) 



IF (MEAN(I,J).LE.O.OR.NN(I).LE.l)GOmO 5 
STDEV(I,J)=SQRT«SUMSQ(I,J)-SUM(I,J)**2/NN(I»1 

$ (NN(I)-l» 
SSTDV(J) =SSTDV(J) +STDEV(I,J) 

5 Ccm'INJE 
10 Ccm'INUE 

MS1VX=SSlDV(I) ISlNUMB 
MSlVY=SSIDV(2) IsmuMB 
TYPE 9005 
ACCEPl' 9006,NE.WID 
TYPE 9023 
NXEPl' 9002,NAME 
OPm(UNIT=24,DEVIC~'STDN' ,FILE=NAME) 
WRXTE(24,9003) NEWID,NUMBER 
WRXTE(22,902l)NEWID 
DO 30 I=l,SlNUMB 

IF(MEAN(I,l) .BJ.0.OR.MEAN(I,2) .BJ.O) GOmO 30 
C TYPE 9999,(MEAN(I,J),J=1,2) 
9999 FORMAT(lH ,2(FlO.5,5X» 

WRXTE(24,9004) STNDID(I),(MEAN(I,J),J=1,2) 
WRXTE(22,9022) STNDID(I), (MEAN(I,J) ,STDEV(I,J) ,J=1,2) , 

$ NN(I),SCROSS(I) 
WRXTE(23,904l)(MEAN(I,J),STDEV(I,J),J=1,2), 

$ NN(I),SCROSS(I) 
30 Ccm'IWE 

WRXTE(23,9042) 
WRTTE(22,9043) MSTVX 
WRXTE(22,9044) MSTVY 
WRXTE(22,9045) AVOOK,A~ 
WRXTE(22,9046) AVMCOK,AVMCOY 

9045 FORMAT(lH,'MEAN X C~ON *COEEF: ',F7.5,5X 
$, 'MEAN Y CORRELATION *COEEF: ',F7 .5) 

9046 FORMAT(lH, 'MEAN T CORRELATION CCEF: ',F7 .5,5X 
$, 'MEAN Y MOLT CClmELATION COEF: ',F7 .5) 

9043 FORMAT(1H, 'MEAN X STD DEV: ' ,F7 .5) 
9044 FORMAT(lH, 'MEAN Y gm DEV: ' ,F7 .5) 

RETURN 
9001 FORMAT(' NAME FOR FILE: ',$) 
9002 FORMAT (AlO) 
9003 FORMAT(lH,1 ,BAS,I ,IS) 
9393 FORMAT (115) 
9004 FORMAT(",lR5,2F6.2) 
9005 FORMAT(' NE1'l ID: ' , $) 
9006 FORMAT(8A5) 
9021 FORMAT(lHl,8A5,II,' SPar ID' ,5X, 'gr DEV X, ,19X, 

$ 'MEAN Y' ,5X, 'gr DEV Y', 7X, 'NUMBER' ,5X, 'CROSS' ,11, 
$ 95( '* '» 

9022 FORMAT(' ',lR5,5X,F6.2,5X,F7.4,21X,F6.2,5X,F7.4,6X, 
$I4,ax,F7.5) 

9023 FORMAT(' NAME OF FINAL FILE: ',$) 
9041 FORMAT(lH ,F6.2,lX,F5.3,2X,F6.2,lX,F5.3,lX,I4,lX,F5.3) 
9042 FORMAT(' -I') 
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9011 ~T(IlO) 
END 

aJBRCXJTINE BRmRE (S'lN),DATA,L,IDP ,DIJ , SUMX, SOMXS2, 
$ SUMU,SUMUSQ,SUMXU) 

CX»D:Nl': C<Jt1PUTES BIVARIATE OORMALIZATICl'J 'lRANSFORMS, AND 
CG1MENT: Snu,E AND MULTIPLE camELATIOO COEFFICIENTS 

COOMC.N /OOTPUT/SLOPEl,SLOPE2,INlR,MNDLT,SIDLT 
$ ,ERCRl', STNDID,DATAID,CCRC,ftCORC,EXPVAL,DELTAS,PaS 
~ /AVOOF/SUMfi ,SUM,SUMro,NN,GEINUM,ID 
INTEGER STNDID(200),DATAID(200),PaS,L,NN(200),GELNUM,ID(8) 
REAL STND(200,2),D~(200,2),SLOPE2(2),SLOPEl(2),INTR(2), 

$SUMYY(200),OORC(2),MCORC(2),MNDLT(2),SIDLRCRT(2) 
$ ,DELTAS(200,2),EXPv.AL(200,2),SUM(200,2),SUMSQ(200,2) 

tFO 
SUMX=O 
EDMY=O 
ElJMXY=O 
&JMXS(FO 
EDMYSQ=O 
SUMU=O 
ElJMV=0 
SJMUV=O 
SUMUSQ=O 
SUl«F0 
SUMXU=O 
ElJMXV=0 
SJMUY=O 
IF (ros.BJ.l) Pa4=2 
IF (ros.BJ.2) PGFI 
DO 100 I=l,L 

IF (D~(I,PaS) .LE.O) ooro 100 
tFN+l 
SUMX=SUMXiD~(I,PaS) 
SJMU=SUMU+DATA(I,PG1) 
EDMY=EDMY +STND (I, ros) 
ElJMV=SUMV+STND (I ,P(1) 
ElJMXY=SUMXY+(D~(I,PaS)*STND(I,PaS» 
&JMXS(FSUMXSQ+A(I ,PaS) **2 
EDMYSQ=9JMYSQ+STND (I ,PaS) **2 
SUMUV=SUMUV+ (DATA (I,PO (I ,PCJt1) ) 
SUMUSQ=SUMUSQ+DATA (I, PCJt1) **2 
stJMVSQ=SUMVSQ+S1'ND (I, PCJt1) **2 
SUMXU=SUMXU+(DATA( I ,PaS) *DATA(I ,P(1) ) 
ElJMXV=SlJMX\T+(D~(I,PaS) *S'lID(I,PG1» 
SUMtJY=SUMUY+(DATA(I,PG1) *STND(I,PaS» 

100 CCNTIWE 
DIJ=( (SJMXSQ-(SUMX**2/N» * (SUMU9J-(SUMU**2/N) »-

$ «SUMXU-(SUMX*SUMU/N»**2) 
9080 FORMAT( 3X,FlO.2) 

SLOPEl (Pa;) =( «SUMUSQ-SUMU**2/N) * (SUMXY-(SUMX*SUMY/N) ) )-
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$ 
$ 

$ 
$ 

$ 

({SUMXU-{SUMX*SUMIJ/N» * (SHJY-{SOMU*SUMY/N) 
» )/DIJ 

SLOPE2 (Pa) ={ ((SJMXSQ-SUMX**2/N) * (SUMUY-{SOMU*SUMY/N) )
( (SUMXU-{SUMI.J*SOMX/N» * (SUMXY-{SJMX*SlJMY/N) 
»)/DIJ 

INTR{POS)={SlJMY-{SLOPEl{Pa)*SUMX)-{SLOPE2{Pa)*SUMD»/N 
SUMZ=O 
N=O 
DO 200 I=l,L 

IF (DATA{I,Pa) .LE.O) ooro 200 
N=N+l 
SJMZ=:blJMZ+.{ {SLOPEl (Pa) *DATA (I ,POS) ) + (SLOPE2 (Pa) * 

D~{I,POM»+INrnR{POS»**2 
200 CCNrIWE 

<mC{POS) = (SUMXY-{SJMX*SUMY/N) )/s:lRT{ (SJMXSQ-{SUMX**2/N» 
$ *(SUMYSQ-{SUMY**2/N») 

fel:0RC (Pa) =s:lRT { {SUMZ- ( (SUMY**2) ) /N) / (SlJMYSQ- (SUMY**2) 
$ /N» 

mP=N 
RE:roRN 
aID 

SJBROOTINE 'rl'FSr (DATA, S'.rND ,mp ,SJMX, SJMXS;l, NS'DD) 
ameN /ERR/SUMSl,SUMO 
CGtMCN /CXlTPUT/SLOPEl ,SLOPE2, INrnR,MNDLT, S'IDLT, 

$ ERCRl', S'lmID,DATAID,exEC,KXlRC,EKPVAL, 
$ DEL'mS,POS 

INTEGER srNDID(200),DATAID{200),NOP,POS 
REAL SLOPE1(2),SLOPE2{2),INrnR{2),00RC{2),KXlRC{2), 

$SUMYY(200),MNDLT{2),STDLT{2),ERCRl'{2),~{200,2), 
$ DEL'mS{200,2),SUMSD,SUMD, 
$ D~(200,2),S'lm(200,2) 

CCHmm': TESTS SQUARED RESIDUALS THAT EXCEED ERROR 
CCH1ENl': CRITERIOO FOR UNIVARIATE CASE. IF SQUARED 
CG1MENl': RESIDUAL IS SIGNIFICAN1'LY DIFFEREm' (@ 95% LEVEL) 
CCH1ENl': FlO1 MEAN SJUARFD *RESIDATllM IS FLl'mED 

V=NOP-2 
TT={1.96+2.372384J'T+2.822707/{V**2)+2.55611/{V**3) 

$ +1.58975/{V**5» 
C(MttENl': THE ABO\1EFUOCTIOO IS A POLYNOMIAL APPIDXIMATIOO 'ID 
CCHttENT: THE 'lW~SIDm T Sl'ATISTIC. 

00 10 NM=l,NSTND 
IF.O) 001'0 10 
SYY=(SUMD/V)*(1+1/IDP+{ABS(DATA{NM,POS)-{SOMX/IDP»**2 

$ /(SJMXSQ-{SUMX**2/NOP»» 
T=SQRl' (DEL'mS (NM,Pa) /S'fY) 

8888 FORMAT( 3X,F8.5,3X,F7.5,/) 
IF (Tr.LE.T) D~(NM,POS)=(-I)*{ABS{DATA(NM,POS») 
IF (Tr.Gr. T) D~{NM,POS)=ABS{DATA{NM,POS» 
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10 CCNTIWE 
REmlRN 
END 

SOBROUTINE INVERT(DATA,NSTND) 
CXJo1MCN /a1JPUT/SLOPEl ,SLOPE2, INlR,MNDLT,STDLT, 

$ ERCRl' ,STNDID,DATAID,CORC,K:ORC,EXPVAL,DEL'mS,Pa) 
REAL SLOPEl(2),SLOPE2(2),INTR(2),MNDLT(2),STDLT(2), 

$SUMYY(200),ERCRr(2),00RC(2),MCORC(2),EXPVAL(200,2), 
$ DEL'mS(200,2),DATA(200,2) 

INTEGER ND(200),POS 
CQt1MEtll': FIJ1.G DATA FOR WHICH THE SQUARE DEVIATICN 
COOMENT: IS SIGNIFICANl'LY DIFFERENr FRCN THE MEAN SQUARE 
CCMomNT: DEVIATICN. FUlOOIOO IS ACCGtPLISHED BY NmATIOO OF 
CG1MENT; THE DATUM. 

DO 10 I=l,NSTND 
IF (DATA(I,POS) .LE.O) ooro 10 

IF (DEL'mS(I,POS) .G1'.ERCRl'(POS» 
$ DATA(I,POS)=(-l)~(I,POS) 

10 CCNrIRJE 
REmlRN 
END 

SOBROtJTINE B'l'1'FSl' (DATA, S1'ND ,IDP ,DIJ ,SJMX, SUMXSQ, &JMU, 
$ &JMUSQ,SJMXU,NS'lID) . 

CDtMCN /ERR/&JMED,SUMD 
~ /CX1lPUT/SLOPEl ,SLOPE2, INlR,MNDLT, STDLT, ER.CRl', 

$ S'lIDID,DATAID,CCRC,KXEC,EXPVAL,DEL'mS,Pa) 
INTEGER STNDID(200),DATAID(200),IDP,POS,V 
REAL SLOPEl(2),SLOPE2(2),INTR(2),MNDLT(2),STDLT(2), 

$SUMYY(200),ERCRr(2),CORC(2),MCORC(2),EXPVAL(200,2), 
$ DEL'mS(200,2),S1'ND(200,2),DATA(200,2),DIJ 
$ ,OC,CP,PP,SUMm,SUMD,G 

IF (POS.BJ.1) PCM=2 
~: THIS amrotJTINE EFFECrS A BIVARIATE T-TEm' tJPQl 
CXJt1MENI': DATA THAT EXCEED ERROR CRITERFAN. THE TFSl' OF 
COOMENT: SIGNIFIC'.AtI:E IS AT THE 95% LEVEL OF CCNFIDmcE. 

IF (POS.BJ.2) PCM=1 
V=OOP-3 
OC=(SUMUSt;r( (SJMU**2)/IDP) )/DIJ 
CP=(SUMXU-( (SJMU*SJMX)/IDP) )/DIJ 
PP=(SUMXSQ-«SUMX**2)/IDP»/DIJ 
TT=(1.96+2.372384/V+2.822707/(V**2)+2.55611 

$ (V**3)+1.58975/(V**5» 
DO 10 NM=1,NS'lm 

IF(DATA(R-t,POS) .GE.O) ooro 10 
G=(l-(l/R>P)-(OC*( «ABS(DATA(NM,POS» )-(9.JMX/IDP» **2» 
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$ -(FP*( «ABS(DATA(NM,PCH» )-(SUMU/ooP» **2» 
$ + (2*CP* «ABS(DATA(NM,PCS» ) -(&JMX/OOP» * «ABS(DATA 
$ (NM,PGt» )-(SUMU/ooP»» 

SS=SJRT(SUMD/OOP) 
T=(SJRT(DEL~(NM,PCS»)/(SS*SQRT(G» 
IF ('l'l'.LE.T) DATA(NM,PCS) =(-1) * (ABS(DATA(NM,PCS) » 

9999 FORMAT (2FlO.S) 
IF ('l'l'.Gl'.T) DATA (NM, PCS) =ABS (DATA(NM, PCS) ) 

8887 FORMAT( 2X,FlO.6,/) 
10 CQ\JTIRJE 

RmtJRN 
END 
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The following program-GELPLOT is written in Data General's 
implementatioo of FCRrRAN-4, for the Nova 2 complter (Xebec, dual floppy 
discs). It plots normalized absolute two-dimensional mobilities, mean 
normalized mobilities and their jOint elliptical confidence limits. 
Plotting is performed by a Hewlett Packard x-y plotter, interfaced to 
the Nova 2 by an OLIS programmable interface. Inplt to this program is 
the file "TRANSF.DAT", generated by GELDAT.FlO, and transmitted to the 
Nova by Modem. 

Plotting of maps from different series, to the same scale and 
origin, is accomplished after computation of the renormalization 
transform. GELPLOT has an option to allow the transformation of 
normalized mobilities by arbitrary x- and y-direction bivariate 
transforms • 

COMMON SY,Ti,T2,Sl,S2,S2l,S12 
DIMENSION IN(16),X(lSO),Y(lSO),XSD(lSO),YSD(lSO),NN(lSO) 

$,CRS(150) 
INTBGER SY,SIZE,N 
TYPE "INPUT FILE: " 
CALL FCNIN(IN,lS,IE) 
TYPE IE 
CALL FGl'FS(ISL,IE) 
TYPE IE 
CALL FOOSF(IN,ISL,IE) 
TYPE IE 

CCJt1MENr: PLOr AXIS? (l=YES) 
1 ACCEPT "AXIS: ",NAX 
cattENT: i OF REPLOTS '10 GIVE BOWER PLOrl'IN3. 

ACCEPT "i OF REPLOTS: ",NRP 
<XJtt.mNr: THERE IS 00 Da-mRCATlOO BmwEEN THE '1WO SETS OF f.[BILrl'IES FR(M 
ex»mm': FAeH 'mR>EM GEL. DISCRIMINATION BEnWEEN THE '!WO SETS IS AC
CDtMENr: COMPLlmED BY FOu,owIN:iTHE RATIO BFnWEEN SUCCE5SIVE Y-DIRECTIOO 
CQ1MEN1': MOOILrl'IES. USUALLY A RATIO OF 0.4 WeEKS. 

ACCEPT nDISCRIMINATIOO RATIO: ",DISCR 
IF (NAX.BJ.O) ooro 3 



00 4 I=l,NRP 
CALL INITIA 
CALL AXIS(65,1300,3,0,0,1950,0,0,130) 
CALL AXIS(65,1300,-3,0,3,1300,0,0,130) 
CALL AXIS(2015,1300,-3,0,3,1300,0,0,130) 
CALL AXIS(65,0,3,0,0,1950,0,0,130) 

4 CCNTIWE 
3 ACCEl?!' nX-DIRECrICl'l PLOr 'mANSLATICl'l: ",Tl. 

ACCEl?!' nY-DIRECl'IOO PLDr 'mANSLATICN: n, T2 
ACCEI?!' nX-DIRECl'IOO PLOr SCALAR: ",Sl 
ACCEl?!' nY-DIRECrION PLar SCALAR: ",S2 
ACCEl?!' "INIDr DATA 'lRANSFORM (l=YES/O=ID): ",ITRN 
IF (ITRN.DJ.O) ooro 47 
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CCMMENI': IF ITRN=1 X- AND Y-DIRECrIOOBIVARIATETRANSFORMSOF NORMALIZED 
CGOOl:NT: MCBILITIES AtLaV'ID. THIS IS USED '10 PLar REOORMALIZED MAPSo 

l\CCEPl' "X-SLOPE 1: ",All 
11.CCEPl' "X-SLOPE 2: ",Al.2 
11.CCEP1' "X-INJR: ",A01 
ACCEPl' ny-SLOPE 1: ",A22 
ACCEPl' ny-SLOPE 2: ",A21 
11.CCEPl' "Y-INJR :" ,A02 

47 ACCEPl' nMFAN PLOr OOLY: ",MPF 
CCH1EN1': IF MPF=l CNLY MEANS AND LIMITS ARE PLOrrED. 

IF (MPF .DJ.1) ooro 1000 
AOCEPl' "SIZE: ",SIZE 
ACCEPl' "ID. OF GELS: ",00 
ACCEPl' "SPECIES 1 OR 2: ",SPN 
IF (SPN.DJ.2) ooro 501 
ACCEI?!' "SDmOL: ",BY 
00 500 L=1,t.G 
N=O 

250 N=N+1 
READ (ISL,9200) X(N) ,Y(N) 
IF (ITRN.DJ.1) X(N)=X(N) *Al.l+Y(N) *Al.2+A01 
IF (ITRN.DJ.1) Y(N)=Y(N) *A22+X(N) *A21+A02 
IF (N.LT.2) GODD 250 
Y'lEST=Y (N-1) /y (N) 
IF (YTEST.LT.DISCR) ooro 250 

350 READ (ISL,9200) D1,D2 
IF (D1.GT.-9) GODD 350 
BY=O 
CALL PLDr(X,Y,N-1,-1,SIZE) 

500 CCNTIWE 
CALL FRWFL (ISL, IE) 
IF (IE.NE.O) 'F.iPE IE 
ooro 3 
PCCEPT "SYMBOL: ",BY 

501 00 700 L=1,t.G 
READ (ISL,9200) D1,D2 

725 OOID1=D1 
OOID2=D2 
READ (ISL,9200) .D1,D2 



YTEST=DOID2/D2 

IF (YTFSl'. LT. DISCR) GOIO 725 
N=l 
X(l)=Dl 
Y(1)=D2 

650 N=N+l 
READ (ISL,9200) X(N) ,yeN) 
IF (ITRN.BJ.l) X(N)=Al1*X(N)+Al2*Y(N)+A01 
IF (ITRN.BJ.1) Y(N)=A22*Y(N)+A21*X(N)+A02 
IF (X(N) .Gr.-9) GOIO 650 
sy=o 
CALL PLOT(X,Y,N-1,-1,SIZE) 

700 ccmImE 
CALL FRWFL (ISL, IE) 
IF (IE.NE.O) TYPE IE 
00l'0 3 

1000 ACCEPT "i OF DATA LOCXS 'lD SKIP: ",NSKP 
CX»D::NT: BJUALS # OF GELS IN THE SERIES. 

DO 200 I=l,NSKP 
777 READ (ISL,9200) D1,D2 

IF (D1.NE.-100) 00l'0 777 
9200 FORMAT(2F7.2) 
200 ccmImE 

ACCEPT "SPOCIES 1 OR 2: ", SPN 
CCMotENT: SPECIES l=LEFT ELECTROPHOlWl'IC PATrERN. 

IF (SPN.BJ.O) ooro 1 
1=0 

220 1=1+1 
READ (15[.,9210) XCI) ,XSD(I) ,Y(I) ,YSD(I) ,NNe'I) ,CRS(I) 

9210 FORMAT(F7.2,F6.3,lX,F7.2,F6.3,I5,F6.3) 
IF (X(I).BJ.-100) GOIO 400 
IF (I.LT.2) ooro 220 
Y'lEST=Y(I-1)/y(I) 
IF (YTFSl' .LT .DISCR) ooro 220 
IF (SPN.m.1) ooro 300 
X(1)=X(I) 
Y(1)=Y(I) 
1=1 
00l'0 220 

400 NPM=I-1 
IF (ITRN.BJ.O) ooro 57 
DO 89 I=l,NPM 

. X(I)=Al1*X(I)+Al2*Y(I)+A01 
Y(I)=A22*Y(I) +A21*X(I) +A02 
XSD(I)=SQRT«XSD(I)*Al1)**2+(Al2*YSD(I»**2) 

89 YSD(I)=SQRT«YSD(I)*A22) **2+(A21*XSD(I»**2) 
57 ACX::EPT "SYMBOL:", BY 

N:CEPT "MEAN SIZE", MS 
CCJtt.tmT: SYMBOL=4, SIZE=4. 

IF (MS.NE.O) CALL PLXSD,YSD,ISL,NPM,NN) 
CALL FRWFL (Is:., IE) 
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IF (IE.NE.O) 'riPE IE 
ooro 1 

300 Nl?M=I-l 
AO:EPl' nSYMBOL: ",BY 
AO:EPl' "MEANS SIZE: n, MS 

CCJriMENT: SYMBOL=4, SIZE=4. 
IF (MS.NE.O) CALL PLOl'(X,Y,NPM,-l,MS) 
CALL DISPER (X,Y,XSD,YSD,ISL,NPM,NN) 
CALL FRWFL (ISL, IE) 
IF (IE.NE.O) 'riPE IE 
ooro 1 
END 

amrotlTINE DISPER(l,Y,XSD,YSD,ISL,NPM,NN) 
COMMON BY,Ti,T2,Sl,S2,S21,S12 
DIMENSION X(150),Y(150),XSD(150),YSD(150),XEL(155) ,YEL(155) , 

$ NN(150),T(150) 
CClw1MENT: CALCULATES JOINr CCNFIDENCE ELLIPSES. 
5 ACCEPT "LEVEL OF SIGNIFICANCE: ",CL 
CClw1MENT: LEVEL IS A FRACTIrnAL VALUE (IF 95% DESIRED, INPUT 0.95). 

CL=SQRr(ALOG(1./«(1.-cL»**2») 
Z=CL-«2.30753+(0.27061*CL»/(1.+(0.99229*CL)+(0.044823 

23 DO 25 I=l,NPM 
V=NN(I)-l 

CClw1MENT: POLYWW\L APPROXIMATION '10 am-SIDED t-DIsrRIBt:r.rIOO. 
T(I)=Z+(0.25*(Z+Z**3)1\n+«1./96.)*«5.*Z**5)+(16.*Z**3)+ 
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$ (3.*Z»/V**2)+«1./384.)*«3.*Z**7)+(19.*Z**5)+(17.*Z**3)+ 
$ (15.*Z»/V**3)+«1./92160.)*«79.*Z**9)+(776.*Z**7)+ 
$ (1482.*Z**5)-(1920-(945.*Z»/V**4) 

XSD(I)=XSD(I)*T(I) 
YSD(I)=YSD(I)*T(I) 
IF(CL.GT.O)ooro 25 

XSD(I)=-XSD(I) 
YSD(I)=-YSD(I) 

25 CCNl'INUE 
DO 40 I = 1,NPM 
XINC=2.0*XSD(I)/150. 
XTMP=X(I)-(XSD(I)+XINC) 
DO III J=1,151 
XEL(J)=X'D!P+(XINC*J) . 

111 YEL(J)=(YSD(I)*SQRT(1-«XEL(J)-X(I»/XSD(I»**2»+Y(I) 
sy=O 
CALL PLOl'(XEL,YEL,151,1,1) 
XTMP=X(I)+XINC+XSD(I) 
DO 222 J=1,151 
XEL(J)=XTMP-(XINC*J) 

222 YEL(J)=(-1.0*YSD(I)*SQRT(1-«XEL(J)-X(I»/XSD(I»**2»+Y(I) 
CALL PLOl'(XEL,YEL,151,1,1) 
IF (PASS. E1J. 0) ooro 40 
M=O 
DO 110 N=1,156,6 
M=l-M**2R 



SY=O 
IF (M.BJ.1) CALL PLOr(XEL(N) ,YEL(N) ,4,M,1) 

110 CCNTIWE 
40 CCNTImE 

00 555 J=1,NI?M 
XSD(J)=XSD(J)/T(J) 

555 YSD(J)=YSD(J)/T(J) 
ooro 5 
RmlRN 
Em> 

&JBROUTINE PLOr (X,Y,N,PEN,SIZE) 
COMMON SY,Ti,T2,S1,S2,S21,S12 
DlMENSION X(155),Y(155),IX(155),IY(155) 
INTEGER PEN,SIZE,SY 

CCM-1ENT: SCALE '10 PLOl'rER BED DIMENSICNS. 
00 10 I=1,N 
IX(I)=1950-«Y(I)*S2*130.)+T2) 
IY(I)=127o-«X(I)*S1*130.)+T1) 

10 CCN.l'IWE 
CCMe1ENT: CALL it) PLarrII'G PAQQ\GE VECIOR GENERATOR AND PEN DRIVER. 

CALL LlNE(65,30,SIZE,SY,1,IX(1),IY(1),PEN,N) 
RETURN 
END 
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