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Characterization of a Pair of Isopycnic Twin Crustacean 
Satellite Deoxyribonucleic Acids, One of Which Lacks One 
Base in Each Strandt 

Dorothy M. Skinner* and Wanda G. Beattie 

ABSTRACT: Two double-stranded DNAs (satellites I and 11) of 
identical density, both containing unusually large porportions 
of deoxyguanylate and deoxycytidylate, have been isolated 
from four tissues of the hermit crab, Pagurus pollicaris. They 
have been separated from each other by the use of Ag+ + 
Hg2+ - gradients and characterized as to t,; the densi- 
ties of the native double stranded and denatured single strand- 
ed DNAs have been determined. Base compositional analyses 
indicate that satellite DNA I has one strand containing 50% 
deoxyguanylate residues but is essentially free of deoxycytidy- 

have previously described crustacean “satellite” DNAs 
rich in either dA + d T  or dG + dC residues, the single strands 
of which are either nonbiased (Skinner, 1967; Beattie and 
Skinner, 1972) or biased (Beattie and Skinner, 1972) in base 
composition. We report here the physical and chemical charac- 
teristics of two (dG + dC)-rich satellites that make up less 
than 1% of the total DNA of various tissues (gonads, epider- 
mis, hemocytes, and nerve) of the hermit crab, Pagurus polli- 
caris. Although the two satellite DNAs have identical densities 
in  neutral CsCl gradients (such that we refer to them as “isop- 
ycnic twins”), they can be completely separated from each 
other i n  Cs2SO4 gradients containing both mercury and silver 
salts (Skinner and Beattie, 1973). The complementary strands 
of satellite I have very different base compositions, one being 
essentially free of guanine residues, the other of cytosine resi- 
dues; the base-compositional bias of the individual strands of 
satellite I 1  is less extreme. 

Included here are data on the characterization of the iospyc- 
nic twins, including thermal dissociation and reassociation 
characteristics and the densities of the separated strands and 
their base compositions. In  another paper (Skinner et al . ,  
1974), we present the nucleotide sequence of satellite I which is 
a repeating tetramer (5’-T-A-G-G-3’), and its complement, 
identical with part of the hexameric sequence that accounts for 
50% of the sequences of the CY satellite of the guinea pig, Cavia 
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late (<3%); compositional analyses of the other strand give 
47% deoxycytidylate and less than 2% deoxyguanylate. The 
distribution of the radioiodinated deoxyguanylate-rich strand 
of satellite J in alkaline CsCl indicates that deoxycytidylate is 
present in only trace amounts, if  at all, in that strand. Assum- 
ing complementarity, the opposite strand should therefore be 
lacking in deoxyguanylate residues. In  the other satellite ( I I ) ,  
the divergence of the composition of the two strands is less se- 
vere (dG:dC = 36%:26% and 28%:32%, respectively). 

porrellus (Southern, 1970), and that may also be present in  the 
HS-CY satellite of the kangaroo rat, Dipodomys ordii (W. Sal- 
ser and K. Fry, in press). 

Materials and Methods 

Animals. Hermit crabs were obtained from the staff of the 
Marine Biological Laboratory, Woods Hole, Mass. Guinea pig 
tissues were the kind gift of Dr. M. G. Hanna. 

Isolation of DNAs. DNA was isolated from nervous tissue 
(eyestalk ganglia), testes, and hemocytes of hermit crabs ac- 
cording to methods previously described (Skinner, 1967; Skin-  
ner et al., 1970) and from ovaries and epidermis by a modifica- 
tion of the Marmur (1961) method. Ovaries and epidermis 
were homogenized in 0.1 M NaCI-0.05 M EDTA (pH 8) and 
centrifuged a t  9750g for 15 min to collect nuclei, which were 
resuspended in 0.1 M NaCI-0.05 M EDTA and made 8% i n  so- 
dium dodecyl sulfate and l M in NaCIO4. Repeated deproteini- 
zations with isoamyl alcohol-chloroform (Sevag et a/ . ,  1938) 
followed. Preparations were then treated with RNase and Pro- 
nase as described previously (Skinner, 1967). Guinea pig DNA 
was isolated according to the procedure of Britten et a/ .  
(1970). Liver and kidney (20 g) from an adult male were 
mixed, as were testes and vas deferens ( 5  g). Tissues were fine- 
ly minced and rinsed three times in 0. I M NaCI-0.05 M EDTA 
to remove blood. They were then homogenized in an Omnimix- 
er (Sorvall) in  5 volumes of a solution containing 8 M urea. 0.2 
M sodium phosphate buffer (pH 6.8), 0.25% sodium dodecyl 
sulfate, and 3 mM EDTA. To the homogenate was added 5 vol- 
umes of hydroxylapatite (Bio-Rad, Bio-Gel HT).  The mixture 
was shaken for 5 min to permit the DNA to bind to the hydrox- 
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ylapatite, distributed into 40-ml conical centrifuge tubes, and 
centrifuged for 15-30 sec at  1000 rpm. The hydroxylapatite 
was washed repeatedly with 0.14 M sodium phosphate buffer 
(pH 6.8) and 8 M urea (Britten et al., 1974) until the superna- 
tants were free of absorbance at  260 nm. DNA was eluted 
from the hydroxylapatite by six washings in 0.4 M sodium 
phosphate buffer (pH 6.8) and four low-speed, short-term cen- 
trifugations as above; 50 mg of DNA was recovered from the 
liver-kidney mix and 7 mg from testes. The DNA from the 
liver and kidney was shaken with isoamyl alcohol-chloroform 
(1:24) and centrifuged. 

Purification of Satellite DNAs. The (dG + dC)-rich isopyc- 
nic twin satellite DNAs of the crab, P. pollicaris. were purified 
by repeated centrifugations in two-step (“relaxed”) preparative 
CsCl isopycnic gradients (Brunk and Leick, 1969), the lower 
phases (3.3 ml) of which were adjusted to p = 1.684 g/cm3 and 
the upper phases (2.6 ml), in which the DNA was dissolved, to 
p = 1.5 1 I g/cm3. Centrifugations were for 40 hr a t  40,000 rpm 
in a Spinco (L265B) Ti-50 rotor a t  25’. The (dG + dC)-rich 
satellite of the guinea pig was isolated by centrifugation in Ag+ 
- Cs2SO4 gradients with a ratio of added metal ion to total 
DNA phosphorus (Davidson et al., 1965) of 0.27 (Corneo et 
al., 1968). The two native (dG + dC)-rich satellites of P .  polli- 
carus were separated from each other by centrifugation in 
Hg2+ + Ag+ - Cs2SO4 gradients as described previously 
(Skinner and Beattie, 1973). DNA for Cs2SO4 gradients was 
dialyzed exhaustively against 5 mM Na2B407. Preparative 
Cs2SO4 gradient solutions were made by adding 3 g of Cs2SO4 
to DNA (100-1 50 pg in borate buffer per gradient). After the 
Cs2S04 was in solution, HgC12 and AgNO3 were added to pro- 
duce ratios of 0.1 and 0.64; the final volume of each gradient 
was 4.5 ml. The samples were stirred at  room temperature for 
1-2 hr, after which the final density was adjusted to 1.549 g/ 
cm3 (Szybalski, 1968). The gradients were centrifuged 40 hr a t  
40,000 rpm at  25’ in  a Spinco Ti-50 rotor. After the centrifu- 
gation on preparative Cs2SO4 gradients, heavy metals were re- 
moved from the samples by exhaustive dialysis against I O  WM 
EDTA. The four individual components of the two denatured 
satellites of P. pollicarus were collected by centrifugations of 
purified satellites through CsCl buffered to pH 12.4 with 0.05 
M phosphate (Vinograd et al., 1963). The purity of each com- 
ponent was monitored by centrifugation in a Model E analyti- 
cal ultracentrifuge. Neutral and alkaline analytical gradients 
were performed as described previously (Skinner, 1967; Beattie 
and Skinner, 1972). Neutral gradients were buffered to pH 8 
and alkaline gradients were made 0.04 M in phosphate (pH 
12.45). Samples were centrifuged in a Model E analytical ul- 
tracentrifuge at  44,770 rpm for 20 hr a t  2 5 O .  Micrococcus lu-  
teus DNA ( p  = 1.727 g/cm3 at  pH 8 or 1.788 g/cm3 at  pH 
12.45) or purified Gecarcinus lateralis poly(dA-dT)’ ( p  = 
1.677 g/cm3 at  pH 8 or 1.734 g/cm3 at pH 12.45) was used as 
a marker. Densities were calculated from microdensitometer 
(Joyce-Loebl) tracings of photographs taken at 265 nm. Opti- 
cal-grade cesium chloride was obtained from Harshaw Chemi- 
cals or Henley Company; optical grade cesium sulfate was ob- 
tained from Gallard-Schlesinger or EM Laboratories (Elms- 
ford, N.  Y . ) .  

Thermal Dissociations. DNAs in 15 mM NaCI-1.5 mM so- 

‘Abbreviations used are: poly(dA-dT), naturally occurring satellite 
DNA composed of more than 90% alternating deoxyadenylate and thy- 
midylate residues and some deoxyguanylate and deoxycytidylate resi- 
dues (some thymidylate and deoxyadenylate residues are also present 
in  irregular sequences (Skinner, 1967; data given here).); dsDNA, dou- 
ble-strand DNA: ssDNA, single-stranded DNA. 

dium citrate (pH 7) or in  120 mM sodium phosphate (pH 6.8) 
were heated in stoppered I-ml cuvets in  a Gilford spectropho- 
tometer (Model 2400) programmed for a 0.5% temperature in- 
crease per min. 

In Vitro Synthesis of DNA Complementary to P. pollicaris 
Isopycnic Twin Satellite I. DNA polymerase isolated from M .  
luteus, an organism with (dG + dC)-rich DNA, was the kind 
gift of Dr. R. D. Wells; that polymerase is routinely used in the 
synthesis of the synthetic polymer poly[(dT-dC).(dA-dC)] (R. 
D. Wells, personal communication). The reaction mixture con- 
tained, in 0.2 ml final volume, I O  nmol of each of the three 
nonradioactive deoxynucleotides, 0.1 pCi of [ 32P]dATP, 0.5 
pCi of [3H]dTTP, I O  pmol of Tris buffer (pH 7.8), 400 nmol 
of mercaptoethanol, 1 pmol of Mg2+, and 3.7 pg ( 1  2.3 nmol) 
of satellite I DNA. After incubation at 37’ for 1 hr ,  the reac- 
tion was terminated by the addition of 5 M NaCl to 400 mM 
and 100 mM EDTA (pH 8) to 20 mM. The product was freed 
of unreacted precursors by passage through a G-75 Sephadex 
column (2 X 18 cm). The DNA was concentrated by evapora- 
tion under vacuum and centrifuged to equilibrium in “two- 
step” alkaline CsCl gradients. The density of the lower phase 
was 1.859 g/cm3, and that of the upper phase was I .570 g/ 
cm3. Fractions containing 0.07 ml were collected directly on 
strips ( I  cm X 57 cm) of Whatman No. 17 filter paper, washed 
twice ( I O  min each) in 5% trichloroacetic acid, twice in etha- 
nol, and once in acetone, and dried on a slide warmer at  45’. 
The strips were cut into pieces (-1 cm2) and placed in shell 
vials for counting in toluene-2,5-bis[2-(5-tert-butylbenzoxazo- 
1yl)lthiophene (Carrier and Setlow, 1971) in a Nuclear Chica- 
go scintillation counter. 

Determination of the Base Composition of the Satellites. 
DNAs (10-20 pg) were dried at  37O under a stream of nitro- 
gen, dissolved in . a  small volume (-10 wI) of 200 mM 
NH4HCO3-I mM MgOAc (pH 8.7), and degraded to nucleo- 
sides by the action of a mixture of three enzymes: DNase I 
( 1  2.5 pg), snake venom phosphodiesterase ( 1  2.5 wg), and alka- 
line phosphatase (7 pg), all purchased from Worthington. In- 
cubations were for 4-7 hr a t  37’. Nucleosides (in a volume of 
15 ’PI) were separated by ion exclusion (Singhal and Cohn, 
1972) on a column of the cation exchanger Aminex A-6. The 
column (0.6 cm X 50 cm) was heated to 50’; flow rate was reg- 
ulated between 0.20 and 0.28 ml/min by a peristaltic pump; 
the eluent was 0.02 M NH4HCO3 (pH 9 . 5 ) .  Under such condi- 
tions, the major deoxynucleosides elute in the order dT, dC, 
dG, and dA; hydroxymethyldeoxycytidineis clearly separated 
immediately following dC (see Figure 6). 

Iodination of DNAs. Preparation of Materials. Hydroxyla- 
patite was prepared according to Tiselius et al. ( 1  956) as modi- 
fied by Miyazawa and Thomas ( 1965). The separated strands 
of Pagurus satellite I were iodinated according to the method 
of M. Cohen for single-stranded RNA [M. Cohen, personal 
communication: modified from Commerford ( 1  97 I ) ,  including 
an incubation at 90’ and pH 8.9 to remove weakly bound ‘251  

(Getz et al., 1972)]. The iodinated DNA was dialyzed against 
1 mM sodium phosphate (pH 6.8) overnight, then applied to 
hydroxylapatite at room temperature and washed with 10 mM 
sodium phosphate until no further counts were eluted. The 
DNA was eluted with 0.4 M sodium phosphate. 

Results 

Densities in Neutral and Alkaline CsCl Gradients. Initially, 
we isolated the four single strands obtained from preparative 
alkaline CsCl gradients (Figure la)  of the twin satellites. Fig- 
ure 1 b-d shows the reband of each of the single-strand compo- 
nents in alkaline CsCl gradients. A 20-50% contamination 

B I O C H E M I S T R Y ,  V O L .  1 3 ,  N O .  1 9 ,  1 9 7 4  3923 



S K I N N E R  A N D  B E A T T I E  

3b 20 3, 4c 5, 
FR A C I0 N N L N B E ? 

WT'ON TCF 

FIGURE I :  Preparative alkaline CsCl gradient of isopycnic twins un-  
separated by Ag+ + Hg2+-Cs2SOj centrifugation. (a )  Satellite DNA 
(21 I pg, purified to a single band in neutral CsCl by two sequential 
centrifugations in neutral CsCl gradients) was centrifuged in a "re- 
laxed" alkaline CsCl gradient as described. Fractions were collected 
through a hole in the bottom of the tube, diluted to 0.5 ml, and read at  
260 nm. Fractions 5-18, 19-29, 30-37, and 38-49 were pooled, neu- 
tralized, dialyzed to remove CsCI, concentrated in vaeuo at 37', and 
rebanded i n  alkaline CsCI; the densities of each gradient were adjusted 
fo cause the major component of the DNA to band close to the center 
of the gradient. (b) 5-18: satellite I H, contaminated with satellite I I  
H. (c) 19-29; satellite I I  H contaminated with satellite I 1  L.  (d) 30-37; 
satellite I I  L, very slightly contaminated with I L and 11 H .  (e) 38-49; 
satellite I L, contaminated with I I  L. Appropriate fractions of gradi- 
ents (b), (c), (d), and (e) were pooled, neutralized, dialyzed, concen- 
trated, and checked for purity by centrifugation in a Model E analyti- 
cal ultracentrifuge. 

with strands of similar densities is seen for  both strands of sat- 
ellite I and for the dense (H)  strand of satellite 11. After the 
method for separating the two satellites by centrifugation in 
Cs2SO4 density gradients in the presence of both Ag+ and 
HE2+ had been established (Skinner and Beattie, 1973; Figure 
2a), we used i t  routinely. The purity of the single strands recov- 
ered from subsequent alkaline CsCl gradients was much great- 
er, especially for satellite I (Figure 2b). Although the strands 
of satellite 11 overlap each other markedly (Figure 2c), they 
appear to be virtually free of satellite I.  After rebanding of se- 
lected fractions from the preparative gradients, the ssDNAs 
were monitored for purity and their buoyant densities deter- 
mined by centrifugation in a Model E analytical centrifuge. 

The results are summarized in Table I .  Also included for 
comparison are the published densities of several synthetic 
polymers. Note that in both alkaline and neutral CsCl gradi- 
ents the densities of satellite I H are similar to those of the syn- 
thetic single-strand polymer (dG-dT),. However, the densi- 
ties of the partner light strand (satellite I L) are greater than 
those of the synthetic single-stranded (dC-dA), (Doerfler and 
Hogness, 1965; Wells and Blair, 1967; Wells and Larson. 

BOTTOM lo 30 50 -OF 
FRACT ON NUMBER 

F I G U R E  2: Preparative neutral Ag' -t Hg2+-Cs2S04 density gradient 
of isopycnic twins. Satellite DNA (100 pg), purified by two sequential 
centrifugations i n  neutral CsCl gradients, was centrifuged in  a CszS0.1 
gradient in  the presence of mercury at a ratio of 0.1 and silver a t  a 
ratio of 0.64. Eight-drop fractions were collected and read as described 
(Figure 1 a). Fractions 2- I3  and 18-27 were collected, dialyzed to re- 
move the metals, concentrated, and centrifuged in  relaxed alkaline pre- 
parative CsCl gradients to separate the single strands. (b) satellite I ;  
(c) satellite I I .  Fractions from gradients (b) H strand (fractions 6-23); 
L strand (fractions 44-51) and (c) H strand (fractions I 1-19); L 
strand (fractions 28-35) were pooled, dialyzed and monitored for pu- 
rity in a Model E ultracentrifuge. 

1972). Furthermore, the density of I L in alkaline CsCl is only 
very slightly higher than its density in neutral CsCI. Since in- 
creased density in alkaline CsCl is caused by the replacement 
by Cs' of the titratable protons of thymine or guanosine resi- 
dues (Vinograd et al., 1963), we took this as further evidence 
that satellite I L contained few d T  or dG residues, although 
these (or other unidentified) bases must be present to some ex- 
tent to account for the neutral buoyant density greater than 
that of (dC-dA),. The data of Wells and Larson (1972) show 
that samples of (dG),-(dC), have a large density increase in al- 
kaline CsCl whereas (dT-dC), shows only a 7 mg/ml increase, 
the same as we found with satellite I L. Our results are there- 
fore consistent with a polymer composed of dA and dC, with 
d T  adjacent to d C  (see Skinner et a/., 1974). 

The densities of the single strands of satellite I1 H and L are 
also listed in Table I.  

Dissociation and Reassociation. The biphasic thermal disso- 
ciation of the unseparated isopycnic twin satellites is shown in 
Figure 3 as is a remelt of the unfractionated satellites following 
a period of quick cooling (inset Figure 3a), together with the 
individual thermal dissociations of satellites I and 11.  The mag- 
nitude of the increase in uv absorbance of the first phase ( 2 ,  = 
72') of the unfractionated satellite (Figure 3a) was such that 
we concluded that it was due to the component made up of the 
strands of least and greatest density (Figure la) ,  while the con- 
siderably greater hyperchromicity of the component that disso- 
ciated at  83' was attributed to the strands of middle densities 
(Figure la).  This was borne out  when the t,'s of the separated 
satellites were determined. 

A mixture of the unfractionated satellites ( i . e . ,  I and 11) was 
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TABLE I :  Densities of Synthetic D N A  Polymers and Naturally Occurring Satellite D N A s . ~  

Density (g/cma) in CsCl Density (g/cma) in CsCl Crab 
Polymer Neutral Alkaline Satellites Neutral Alkaline 

(dA)n 1 .  622’ 1 .  622’ 
(dT)n 1 ,739’v‘ 1.771’ 
(dC)n 1.685‘ 1.722‘ 
(dG)n 1. 754‘ 1. 78OC 

1. 722b3C Crabsd 1 ,  677d 1,734d 1. 672’9‘ 
1 . 67ge9 (dA-dT), 

(dG-dT), * (dC-dA), 1 .  690’ I (ds)O 1.725 
(dC-dA), 1.687’~‘ 1 . 687’~‘ I L (ss) 1.718 1 ,725  
(dG-dT), 1 .  771’ 1 .  825’ I H (ss) 1 ,771  1.828 

1 .  794‘ 
I1 (ds)h 1 ,725  
I1 L (ss) 1 .718  1.763 
I1 H (ss) 1.751 1.800 

~~~~ 

a Single strands of satellites were recovered from alkaline CsCl gradients of the paired isopycnic twins centrifuged together, 
o r  from a single “twin” centrifuged alone in alkaline CsCl. Each purified single strand was subsequently centrifuged in the presence 
of a marker DNA in neutral or alkaline CsCI. Neutral CsCl gradients were at  p H  8’re*l or 7.3.’ Alkaline CsCl gradients were a t  
p H  12.45 or 12.5. Densities were also calculated from alkaline CsCl gradients or mixtures of satellites I and I1 (see Figure la). 
The error in the densities listed is i ~ 0 . 0 0 3  g/cma. ’ Wells and Blair (1967). Wells and Larson (1972). Beattie and Skinner (1972). 
The poly(dA-dT) satellites of various crabs contain 3-8 d G  + d C  residues (W. G. Beattie and D.  M. Skinner, unpublished ob- 
servations). e Schildkraut et al. (1962). Erikson and Szybalski (1964). P.  pollicaris satellite I. P.  pollicaris satellite 11. 

melted rapidly, cooled for 30 min, then reheated; the tempera- 
ture was increased 2.5 times as rapidly as usual. The hyper- 
chromicity of the second melt was equal to that of the first 
phase of the first melt, and the transition only slightly less 
sharp (inset Figure 3a). The slightly higher t, (75’) appears to 
be due to the rapidity of the temperature increase in the second 
dissociation. We conclude that satellite I had rapidly reasso- 
ciated on cooling while satellite I1 had not. This conclusion was 
verified by further experiments (see Figure 4). 

The dissociation of isolated satellite I (Figure 3b) again re- 
sembles that of the synthetic poly(dG-dT),.(dC-dA). in three 
respects: ( 1 )  the temperature of half-dissociation of the natu- 
rally occurring satellite in  15 mM NaC1-1.5 mM sodium ci- 
trate (pH 7) is 72’ as compared with 74’ for the synthetic 
polymer (Wells et al., 1965); (2) it dissociates over a very nar- 
row temperature range, the transition being only 1.5’; and (3) 
it reassociates rapidly after thermal dissociation and dissociates 
a second time at  a second temperature, almost as abruptly as at 
the first (see inset, Figure 3a). The last two properties imply, at 
least, a simple and highly repetitious sequence. 

The t ,  of satellite I1 (Figure 3b) is that predicted for a 
DNA of p = 1.725 g/cm3 and of -60% (G + C) content 
(De Ley, 1970; Mandel et al., 1970). Its failure to reassociate 
as readily as satellite I ,  even though present in higher concen- 
tration, implies a somewhat more complex sequence. 

The reassociation of mixtures of single strands recovered 
from alkaline CsCl gradients was also monitored. The H and L 
strands of satellite I mixed in equal amounts at neutral pH 
reassociated to form a single band at  p = 1.725 g/cm3 even at  
0’ (Figure 4a), and the density remained the same after 2 hr at  
76’ (Figure 4b). The H and L strands of satellite I1 mixed 
under the same conditions (Figure 4c) required a period of 
heating at 76’ before reassociation was complete (Figure 4d), 
again indicating their greater complexity. There was no detect- 
able interaction of satellite I H or L with either component of 
satellite I 1  (data not shown). 

The extent of reassociation of the two individual satellites 
was determined with a Model E analytical ultracentrifuge. The 
experiments were done before enough DNA had been collected 
for an optical determination of the t,’~ of the satellites. 2,’s 
were estimated from the data of Gillis et ai., (1970) to be 101’ 
in 0.1 76 M Na+, calculating approximately 73% dG + dC from 
the densities in CsCl gradients (De Ley, 1970). Subsequently 
we found that these reassociations at 76’ had been carried out 

FIGURE 3: Thermal dissociation of DNA of Pagurus pollicaris (dG + 
dC)-rich satellites and Gecarcinus total DNA as a control. Isopycnic 
twin satellite DNA isolated from the testes of Pagurus was purified by 
2 rounds of centrifugation in neutral CsCl preparative gradients. A 9- 
p g  sample was dialyzed against IS mM NaCI-I .5 mM sodium citrate 
(SSC/ I O ) ,  pH 7, and heated in a Gilford Model 2400 spectrophotome- 
ter as  described (a); then cooled and reheated (inset, Figure 3a). The 
isopycnic twins were separated from each other by centrifugation in  
Hg2+ + Ag+-CszSOd; 29 pg of satellite I ( e  - - a)  and 35 p g  of satellite 
I I  (- - - - - -) were heated in SSC/IO; as a control, 26 p g  of total DNA 
of Gecarcinus was also melted (--) (b). The purity of the satellites 
was monitored by analytical ultracentrifugation of an excessive 
amount ( > S  p g )  of each satellite. No main-band DNA was detected. 
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NEUTRALIZED 

R a I , L + H  

NEUTRALIZED AND 
HEATED 

dG I 
b I , L + H  

1.677 1.726 

DENSITY (g/crn3) 

FIGURE 4: Tracings of Model E analytical ultracentrifuge runs of 
mixtures of components of satellite I and I I  after reassociation. Satel- 
lite I H (3.8 pg/ml) and L (4.0 pg/ml) were (a )  mixed at  O o ,  dena- 
tured with alkali, and neutralized or (b) heated in 0.176 2.1 Na+ at  76' 
for 2 hr; (c) satellite I 1  H (3.6 pg/ml) and L (4.0 pg/rnl) were treated 
as (a); (d) satellite I 1  H (3.6 pg/ml) and L (4.0 pg/ml) were treated as 
satellite I .  (b). (e) A mixture of satellite I L (4.0 !.~g/ml) and satellite 
I I  H (3.6 pg/ml)  was heated at  76" for 2 h r  in 0.176 M \a+  

1 I and 20" below the actual tm's. Since these temperatures are 
within the broad range in which reassociation may be observed 
(Bonner et al., 1973) and, more importantly, since reassocia- 
tion occurred i n  both cases under these conditions, the experi- 
ments were not repeated. 

In  summary, the density and thermal dissociation data indi- 
cate that satellite I is a DNA of simple structure. in some re- 
spects similar to (dG-dT),.(dC-dA), (Doerfler and Hogness. 
1965; Wells et al.,  1965; Wells and Blair, 1967), and that sat- 

20 CO 60 80 100 
B O T T O M  FRACTION NUMBER TOP 

FIGURE 5 :  Alkaline preparative CsCl gradient of D N A  synthesized in 
vilro with satellite I as template. The product of the DNA-synthesizing 
reaction mixture was desalted, centrifuged in alkaline CsCl gradients, 
and counted as described in  Materials and Methods. 

5 10 15 20 
ELUTION VOLUME ( m l l  

F l G L R E  6: Elution pattern of nucleosides from Aminex A-6; 17 pg of 
satellite I H (a) and 9 pg of satellite I L (b) were degraded enzymati- 
cally, applied to an Aminex A-6 column and eluted. Standard nucleo- 
aides are shown i n  (c). hm-dC indicates position of hydroxymethql- 
deoxycytidine. 

ellite 11, although more complex, must also contain many re- 
peated sequences since it reassociates completely within a short 
time a t  low DNA concentration. 

Distribution of [ 32P] Adenosine and [ 3 H ]  Thymidine Resi- 
dues in D N A  Synthesized with Satellite I as Template. I f  sat- 
ellite I H were composed entirely of dG and dT  residues and 
satellite I L of dC and dA residues, then DNA molecules syn- 
thesized in vitro with satellite I as template in the presence of 
[3HH]dTTP and [ Q - ~ * P ] ~ A T P  should distribute a t  the bottom 
and top of an alkaline CsCl gradient and contain primarily 3H 
and 32P label, respectively. Figure 5 shows that, in  fact, the two 
peaks contain approximately equal amounts of 32P and 'H, 
tentative evidence for the presence of equivalent numbers of 
dA and dT  residues in both strands. 

I n  each of four experiments, less than 1 %  of the total ra- 
dioactive precursors was incorporated into the DNA product. 
To check the fidelity of the in vitro incorporating system we 
used as template the satellite poly(dA-dT) isolated from the 
land crab, G. lateralis (Skinner, 1967); this DNA is known to 
be efficiently copied in various in vitro DNA polymerase sys- 
tems. I n  two separate experiments, we found by nearest-neigh- 
bor analysis (Josse et al., 1961) of the product that 90 and 92% 
of the ct-32P from labeled dATP was transferred to dTMP. 
This is i n  good agreement with evidence that although the ma- 
jority of dA residues alternate with dT  residues, as i n  the 
poly(dA-dT) satellite of certain other crustacea (Swartz et al., 
I962), 5% of the d T  residues of the poly(dA-dT) are adjacent 
to other dT  residues (Skinner, 1967; Allen et al., 1972; Gray 
and Skinner, 1974) and with o u r  evidence that the satellite 
contains 4.4% dG and 4.4% dC residues. This control indicated 
that our DNA polymerase system was yielding faithful copies 
and strengthened the conclusions given above with respect to 
the results shown in Figure 5 .  

Since the observed data shown in that figure differed from 
the prediction, indicating that the satellite differs from synthet- 
ic poly(dG-dT),.(dC-dA),, we purified sufficient quantities of 
the H and L strands of satellite I to determine their base com- 
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TABLE 11: Base Compositions of the (dG + dC)-Rich Satellites of P. pollicaris and the CY Satellite of C. porcellus. 

Base (%) Amount 
analyzed 

Satellite d T  d C  d G  dA d G +  d C  d G +  d T  

P. pollicaris 
I H  

I H  
I L  
I1 H 

I1 H 
I1 L 

I1 L 

CYH 
CYL 

C. porcellus 

17 

7 
9 

17 

15 
9 

11 

20 
10 

22.4 

22.8 
23.5 
27.5 

28.1 
11.6 

14.1 

39.3 
20.9 

1.8 

3 . 4  
47.0 
26.7 

25.7 
32.6 

31.2 

3.7 
36.4 

49.8 

51.7 
1.9 

36.4 

36.9 
29.0 

27.7 

35.5 
2 . 9  

25.9 
53 73 

22.3 
27.8 49 25 

9 . 4  
63 65 

9.2 
26.8 

27.0 
60 41 

21.5 40 75 
39.8 39 24 

positions directly. H and L strands of satellite I1 were purified 
at  the same time. 

Base Compositions of Satellites I and II .  Figure 6 shows the 
elution pattern of the nucleosides in DNase digests of the L 
and H strands of satellite I. The nucleosides are sufficiently 
separated and the monitoring device is sufficiently sensitive to 
permit the quantitative determination of less than 1 l g  of a sin- 
gle nucleoside. The position of hydroxymethyldeoxycytidineis 
indicated in the calibration data of Figure 6c. The H strand ( p  
= 1.828 g/cm3) of satellite I is extremely rich in dG residues; 
the 2-3% dC may well be due to contamination by another 
species of DNA (see below); its dC-rich partner contains corre- 
sponding quantities of the opposite bases (Table 11). The base 
compositions of the L and H strands of satellite I1 are less ex- 
treme. No odd bases were detected in either satellite. 

The base composition of the separated strands of the guinea 
pig CY satellite reported here agree quite well with those pre- 
viously reported (Corneo et al., 1968; Yunis and Yasmineh, 
1970). As in crab satellite I, each strand is very low in dC or 
dG residues. 

Source of Small  Amounts of dC and dG in Opposite 
Strands of Satellite 1. To determine whether the small amount 
of dC  in the H strand and the equally small amount of dG in 
the L strand of satellite I were due to contamination by trace 
amounts of the opposite strands, several types of experiments 
were performed with either H- or L-strand DNAs labeled by 
iodination with Na'251. Prefatory to the experiments with the 
satellite DNAs, Escherichia coli DNA was iodinated, degrad- 
ed to free bases by incubation with 90% formic acid at 175' for 
45 min, and chromatographed on Whatman No. 1 paper in two 
solvent systems, butanol-water (86: 14) and water. The ' 2 5 1 ,  

presumably in the form of 5-iodocytosine (Commerford, 1971), 
migrated as a single peak in both solvent systems (data not 
shown). There is thus no indication of bases other than cytosine 
being labeled by this technique. 

It has been reported that the presence of a large number of 
5-iodocytosine residues causes an increase in density; 21% 5-  
iodocytosine residues in calf thymus DNA increases the density 
by 35 mg/cm3 (Commerford, 1971). As a control on our own 
technique we centrifuged iodinated E .  coli DNA (see Figure 
8a) and found its density to be identical with that of cosedi- 
mented nonradioactive E. coli marker DNA. We assume that 

iodination did not change the density of the H-strand satellite 
since its cytosine content, if any, is so low. 

We then studied the behavior of the H and L strands of iodi- 
nated satellite I in  alkaline CsCl gradients. Three possibilities 
were considered. I f  H strand was contaminated by a small 
amount of iodinated L strand DNA, then a band should form 
at p = 1.724 g/cm3 (Figure 7a). Even if the DNA were com- 
pletely iodinated, its density would not be expected to shift to 
more than p = 1.794 g/cm3. If the dC residues form an inte- 
gral part of the H strand, a band should appear a t  p = 1.828 
g/cm3 (Figure 7b).  If the dC residues are contained in a 
species of DNA other than the H and L strands of satellite I, a 
band should form with a density different from either of the 
strands of satellite I or I1  (Figure 7c). 

Iodinated H-strand DNA preparations formed two bands, 
one superimposed on the main band of P.  pollicaris ( p  = 1.760 
g/cin3; Figure 8b) and the other at p = 1.775 g/cm3. It is pos- 
sible that the lighter of the two components was contaminating 
L strand DNA, since the increase in density (35 mg/cm3) is 
that expected if  10.5% of the dC residues of a DNA containing 

ALKALINE CrCl 

r-7-m 

1 I I 

01 

1828 1724 
DENSITY (g/crn31 

FIGURE 7: Hypothetical sources of cytosine residues in H strand prep- 
arations and their predicted positions in alkaline CsCl gradients; 94% 
of the single-stranded DNA is dC free H strand. The remainder is ei- 
ther (a) contamination with 6% L strand, or (b) d C  residues that are 
an integral part of the H strand, or (c) contamination with another 
DNA (X*) rich in d C  residues. The dC  residues are labeled with 1251, 
Hatched peaks indicate positions of marker DNAs. In (a) and (b) 
marker DNA is main component DNA of P. pollicaris ( p  = 1.760 g/ 
cm3); in (c) markers are H and L strands of satellite I. 
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FIGURE 8: Preparative alkaline Cscl density gradient mixtures of 
‘251-labeled DNAs and marker DNAs. (a) E. col i  DNA ( 5 5  f ig )  ( p  = 
1.764 g/cm3) was added to trace amounts of ‘251-labeled E. co/i DNA 
and centrifuged on a “relaxed” gradient. The density of the lower 
phase was 1.859 g/crn3 and of the upper phase 1.570 g/cm3. (b)  Main- 
component DNA (47 f i g )  ( p  = 1.760 g/cm3) of P. pollicaris was cen- 
trifuged wi th  less than I fig of i251-IabeIed H-strand DNA.  The upper 
phase had an original p = 1.570 g/crn3. The position of H-strand DNA 
is indicated by an arrow. (c) Main-component DNA (47 f ig)  of P.  poll- 
icaris was centrifuged wi th  less t h a n  I f ig of 1251-labeled L-strand 
DKA. The upper phase had an  original p = 1.496 g/cm3. (d) As (c) 
except 60 fig of main-component DNA and density of upper phase was 
1.576 g/cm’. 

50% dC residues were iodinated. The other band may be a 
DNA contaminant that is neither H nor L strand. More impor- 
tantly, there is essentially no radioacitivity a t  the density of H- 
strand DNA ( p  = 1.828 g/cm3; arrow, Figure 8b). From these 
experiments we conclude that the d C  residues are not an inte- 
gral part of the H-strand DNA. 

Iodination of the dC-rich L strand yielded more than 25 
times as many counts on the DNA, which banded principally in 
the expected region of the gradient (i.  e., it was less dense than 
the main band marker; Figure 8c). When centrifuged in CsCl 
of increased density, the iodinated L-strand DNA was distrib- 
uted as shown in Figure 8d. The broad peak may indicate par- 
tial degradation of the iodinated DNA. A small peak (defined 
by only a single point) was observed on the dense side of the 
main band. This again may represent a DNA contaminant that 
is neither H or L strand. 

Discussion 
It was of interest to determine whether each of the individual 

strands of satellite I was made up of only three bases. Given 
complementarity, it was only necessary to show that one base 
was absent from one strand; it could then be assumed that its 
complement was absent from the other. It is not possible rigor- 
ously to exclude the presence of one base, but the data on the 
buoyant densities of the radioiodinated H strand suggest that 
fewer than 3% of the total cytosines in the preparation sedi- 

ment with the H strand, and fewer than 3% of the bases in the 
preparation are cytosines; hence, less than one base in 1000 in 
this strand is dC, and presumably dG is equally rare if not alto- 
gether absent from the L strand. 

The method used here for nucleoside analysis distinctly sep- 
arates 5-hydroxymethyldeoxycytidine from deoxycytidine. We 
may therefore say with some certainty that neither the crab nor 
guinea pig satellites contain detectable quantities of 5-hydroxy- 
methyfdeoxycytidine. This agrees with the conclusion suggest- 
ed by Corneo et a/. (1 968). 

Experiments with radiolabeled H strand of the guinea pig CY 

satellite should indicate whether the small amount of d C  resi- 
dues (and, by complementarity, dG residues in the L strand) 
are contaminations or are an integral part of the H strand. 

On the basis of dissociation and reassociation characteris- 
tics, it is now clear that satellite DNAs are highly variable with 
respect to their complexity. This is true not oly in comparison 
of one satellite to another, but also within the structure of a 
given satellite. For example, the simplest eukaryotic DNA yet 
described is the “crab poly(dA-dT) satellite” constituting 6- 
30% of various crustacean DNAs; although more than 90% of 
this molecule is alternating dA and d T  residues, the remainder 
(which may consist of more than I O 8  nucleotides in some Can- 
cer genomes) is of unknown structure and genetic significance. 
Similarly, the repeating hexanucleotide sequence of the guinea 
pig satellite, as determined by analysis of pyrimidine tracts 
(Southern, 1970), is again a simple structure but one that com- 
prises only 50% of the satellite. The faithful reassociation and 
sharp melting transition of the reassociated P. pollicaris satel- 
lite I described here suggest that a relatively simple repeating 
sequence makes up a large fraction of the molecule. As such, it 
seemed reasonable to attempt a sequence analysis. The results, 
described in a companion paper (Skinner et al., 1974), corro- 
borate this conclusion; the principal repeat, making up virtual- 
ly all of the total molecule, is the tetramer -T-A-G-G- on one 
strand, and its complement on the other. Preliminary studies on 
the reassociation properties of the (dG + dC)-rich satellite of 
G. lateralis and the (dA + dT)-rich satellite of the blue crab, 
Callinectes sapidus, show that they are more complex than the 
P. pollicaris satellite I .  

From studies with bacterial DNAs, De Ley (1970) has con- 
cluded that there is a linear relationship between base composi- 
tion, buoyant density, and t m  in the range of 40-70% dG + dC. 
Conversely, it is well known that the densities of (dA-dT), and 
(dG-dC), are respectively considerably greater and less than 
predicted from this relationship (Schildkraut et al.. 1962); and 
other polydeoxynucleotides of extreme base compositions, 
whether synthetic polymers or naturally occurring DNAs, also 
deviate from the simple relation. The reason for the deviation 
lies in the fact that the properties of the individual bases in the 
polynucleotides are strongly influenced by their neighbors (see 
Gray and Tinoco, I970), and in DNAs of simple sequence the 
nearest neighbor pattern may not approach the nearly random 
distribution commonly observed in the more complex bacterial 
DNAs. 

A clear example of this behavior is seen in satellite I H.  Al- 
though poly(dA) is the least dense polymer and shows no den- 
sity change in alkali (Table I ) ,  whereas polymers of d T  and dG 
are the most dense and show the greatest change, the presence 
of 25% dA in satellite I H does not result in a lower density in 
neutral CsCl or a smaller increase in alkaline CsCl than those 
of (dT-dG) (Table I )  (Doerfler and Hogness, 1965; Wells and 
Blair, 1967). It is clear then that estimating the base composi- 
tions of simple DNAs from buoyant density and melting tem- 
perature alone is hazardous and may be highly misleading even 
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if the total base composition itself is not very extreme. 
Gall and Atherton (1974) have shown that several pairs of 

Drosophila virilis satellites differ from each other by the sub- 
stitution of a single base; they have then postulated that similar 
pairs of satellites differing by a single base may be found in 
other organisms. In the case of Pagurus pollicaris. however, 
the distinctly different base compositions of satellites I and I1 
make it unlikely that they are so related. Given the known se- 
quence of satellite I, no combination of altering one base in the 
repeating tetramer or one base in every other tetramer (gener- 
ating a repeating octomer), or deleting one base from each tet- 
ramer (generating a trimer) or one base from every other tetra- 
mer (generating a heptamer) yields a base composition within 
the confidence limits of the known base composition of either 
strand of satellite 11. 

Previously we studied the degree of relatedness between the 
(dG + dC)-rich satellite of C. lateralis (the strands of which 
are unbiased with respect to base composition) and DNAs of 
other crustaceans. In that case, the homology decreased mark- 
edly with evolutionary divergence (Graham and Skinner, 
1973). the satellite being 5-1 0% homologous with the DNAs of 
five true crabs, 3% with the DNA of the lobster, an animal in a 
different taxonomic Section, and 0.4% with the very primitive 
crustacean, the brine shrimp, Artemia salina. Because of the 
extreme interstrand bias of the P. pollicaris satellite I de- 
scribed here, it is doubtful that these sequences are represented 
to any very significant extent in the unbiased G. lateralis satel- 
lite. The less extreme P. pollicaris satellite I1 has a base com- 
position closer to that calculated for the C. lateralis satellite 
and may represent in part yet another homologous case among 
the Crustacea. This point has not yet been determined. 
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