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The Repeat Sequence of a Hermit Crab Satellite 
Deoxyribonucleic Acid is (-T-A-G-G-),.( -A-T-C-C-),? 

Dorothy M. Skinner,* Wanda G. Beattie, Frederick R.  Blattner,! 
Barbara P. Stark, and James E. Dahlberg 

ABSTRACT: We have separated the strands of hermit crab sat- 
ellite I DNA, rich in deoxyguanylate and deoxycytidylate, and 
determined the sequence of each by analysis of their individual 
RNA transcripts. The tetramers -A-U-C-C- and -U-A-G-G- 

A n a t u r a l l y  occurring satellite that makes up less than 0.2% 
of the DNA of the hermit crab, Pagurus pollicaris, has unusu- 
al physical and chemical properties which resemble those of 
simple alternating (dG-dT)..(dC-dA),. It is one of a pair of 
“isopycnic twin” satellites, so-called because the two satellites 
form a single band at  one density in neutral CsCI. Satellite I 
has been separated in its native form from its partner, satellite 
11, by centrifugation in Cs2SOd gradients containing Hg2+ and 

.Ag+ (Skinner and Beattie, 1973). The strands of satellite 1 
have been separated and characterized. Their base composi- 
tions are similar to those of the individual strands of the guinea 
pig O( satellite (Corneo et a/ . ,  1968), in that one strand has vir- 
tually no cytosine residues and the other strand no guanine 
residues (Skinner and Beattie, 1974). We describe here our 
studies of the sequence of this hermit crab satellite. 

Sequence analysis of DNAs is greatly facilitated if they are 
relatively simple and small, and if  their strands are separable 
(Barrell, 1971). Because of their simplicity and interstrand 
base compositional bias several satellite DNAs have been par- 
tially o r  completely sequenced. The sequences were determined 
from direct analyses of pyrimidine tracts of depurinated DNA 
(Southern, 1970), or by transcription into RNA (Fry et al. ,  
1973; Gall and Atherton, 1974), or in vitro DNA synthesis 
(Fry  et a f . ,  1973). Partial sequences of other, more complicat- 
ed DNAs have also been determined by direct analysis (Ziff et 
af., 1973; Robertson et al . ,  1973) and by DNA synthesis 
(Loewen and Khorana, 1973; Sanger et al., 1973). In the pres- 
cnt work, we have used transcription into RNA and sequence 
analysis of the transcript by chromatographic methods (Blatt- 
ner and Dahlberg, 1972; Barrell, 1971: Brownlee and Sanger. 
1967). 

Materials and Methods 

Template DNAs. DNA was isolated from epidermis, hemo- 
cytes, and testes of hermit crabs ( P .  pollicaris). Satellite 
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transcribed from the individual strands made up 86-92% of the 
R N A  products. A minor sequence, of 4:1 (-C-U-G-):(-C-A- 
G-) ,  was present a t  less than 5%. We  believe this to be a differ- 
ent satellite DNA. 

DNAs (density 1.724 g/cm3) were isolated by centrifugation 
of total DNA in neutral CsCl gradients. The isopycnic twin 
satellites I and I 1  were separated from each other by centrifu- 
gation in Hg2+ + Ag+ - Cs2SO4 gradients (Skinner and Beat- 
tie, 1973). Satellite I was checked for purity by thermal disso- 
ciation (Skinner and Beattie, 1974) and separated into G-rich 
(heavy, H)’  and C-rich (light, L) strands in alkaline CsCl (Vi- 
nograd et al.. 1963). 

Synthesis of Complementary RNA. The reaction mixture 
contained: 2.4 fig of DNA (single stranded); 1 nmol each of the 
nucleoside triphosphates (NTPs), one (or, where noted, all 
four) of which was labeled in the cy position with 32P (8.5-1 1 . 1  
Ci/mmol); 200 nmol of MgCI,; 1.2 bmol of Tris (pH 7.9), and 
180 kg of Escherichia coli R N A  polymerase in a total volume 
of 0.03 ml. RNA polymerase was isolated by the Chambedin-. 
Berg ( 1962) procedure. These concentrations were selected to 
facilitate the transcription of the single-stranded templates. 
The reaction was stopped by adding ethylenediaminetetraacet- 
ic acid (EDTA) to 400 mM. Incorporation u a s  monitored by 
total counts and acid-precipitated counts collected on What- 
man No. 3 filters (Bollum, 1959). 

The RNA transcript was separated from unincorporated nu- 
cleotides by passage through a 42 X 0.9 cm column of Sepha- 
dex G-50 in the presence of 200 mM ammonium acetate (pH 
7.9). Appropriate fractions were pooled, and 100 f ig of carrier 
R N A  was added. The pH was lowered to 6.5 with acetic acid 
and 5 mM CaClz and 50 mM MgC12 (final concentrations) 
were added. “RNase-free DNase” from Worthington, treated 
with iodoacetate (Zimmerman and Sandeen, 1966), was added 
and incubated for 10 min a t  room temperature. The solution 
was then made 60 mM in EDTA, 0.125% in sodium dodecyl 
sulfate, and 0.2% in diethyl pyrocarbonate (Baycovin; Solym- 
osy et a/., 1968) and shaken vigorously. After I O  min at  37’ i t  
was made 500 mM in KC1 and evacuated to remove COz. The 
precipitated sodium dodecyl sulfate and proteins were removed 
by centrifugation in the cold. The R N A  was then precipitated 
from the supernatant by addition of ethanol to 75%. 

Ribonucleoside triphosphates were purchased from New En- 
gland Nuclear Corp. and had specific activities of 8.5 ~ 1 1. I Ci/ 
mmol. 

The purified RNA preparations were split i n  half for T I  

‘Abbreviations used are:  H strand, heavy (guanine-rich) strand; L 
strand. light (c! tosine-rich) strand: N T P .  nucleoside triphosphate: 
EDTA, ethylenediaminetetraaceticacid. 
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FIGURE 1: Tracing of Model E analytical ultracentrifuge pattern of 
satellite I in CsCl gradients: (a) 2 ,ug of DNA in neutral CsCl gradient. 
(the marker DNA (shaded peak) was poly(dA-dT) isolated from the 
DNA of the land crab, Gecarcinus lateralis); (b) 5 fig of DNA in  alka- 
line CsCl gradient. 

RNase and pancreatic RNase digestion. In both cases, the di- 
gestion was done in 3 pI containing 3 pg of enzyme plus 50 wg 
of carrier RNA in 10 mM Tris (pH 7.6). Digestion was for 30 
min at  37O. The resulting oligonucleotides were separated by 
the two-dimensional fingerprinting method of Sanger et al. 
(1965). Electrophoresis on cellulose acetate strips, 3 X 85 cm 
(Wilson Diagnostics, Chicago), was in 6 M urea (pH 3.5) and 
pyridine acetate for 2.5 hr at 5000 V. Ionophoresis on DE81 
paper, 40 X 85 cm (Reeve-Angel), was in 7% formic acid for 
12 hr a t  1100 V. 

After location of the spots by autoradiography, radioactivity 
was quantitated on a low-background gas-flow counter and the 
oligonucleotides were eluted for further analysis as described 
by Sanger et a / .  ( 1  965) and by Adams et al. (1 969). Oligonu- 
cleotides produced by digestion with one RNase were treated 
with the other, and those resistent to enzyme treatment were 
hydrolyzed in alkali. Nucleotide sequences were deduced by 
analysis of nearest neighbor phosphate transfer from [a- 
32P]NTP to product RNA (Billeter e! al., 1969; Bishop et al., 
1968; Lebowitz et al., 1971). 

Results 

Single-Stranded DNA Ternplafes. Three precautions were 
taken to ensure the highest possible purity of the single-strand- 
ed DNA templates. (1 )  The isopycnic twins were first sepa- 
rated from each other in the native state by centrifugation in 
Hg2+ +'Ag+ - Cs2SO4 gradients (Skinner and Beattie, 1973). 
The strands of satellite I were then separated by centrifugation 
in alkaline CsCl gradients (Figure 1). (2) The purity of isolat- 
ed satellite I was monitored by thermal dissociation, a method 
that is far more sensitive than analytical centrifugation analy- 
sis for detecting small amounts of contaminating DNA. (3) 
After the final centrifugation in alkaline CsCI, in which the 
strands were separated from each other by 100 mg/cm3, only 
the peak fractions were pooled to avoid recovering material in 
the region of intermediate density between the H and L 
strands. As can be seen (Figure 2), 90% of the purified satellite 
I showed a monophasic thermal dissociation; the remaining 

TEMPERATURE ("Ci 

FIGURE 2: Thermal dissociation of satellite I: 43 fig of satellite 1 sepa- 
rated from satellite I1 by centrifugation in C S ~ S O ~  gradients contain- 
ing Hg2+ and Ag+ was heated in 0.12 M sodium phosphate buffer (pH 
6.8)  in stoppered I-ml cuvets in a Gilford 2400 spectrophotometer pro- 
grammed for a 0 . 5 O  temperature increase/min. 

lite I and satellite 11 (see below). 
Synthesis of RNA Products. The single-stranded DNAs of 

satellite I were effective templates for the synthesis of RNA 
products, the L strand (C-rich) being the better of the two. (It 
is possible that the solubility of the H strand was diminished 
because of its high guanine content.) Figure 3 shows the incor- 
poration of label into acid-insoluble material in the presence of' 
all four radioactive substrates. 

With the exception of the product of the G-rich strand la- 
beled with [ ( Y - ~ ~ P I G T P ,  which contained 6 X 10' cpm, the 
other products contained 2.4 X IO4 cpm or more. This permit- 
ted localization of the degradation products after only a few 
hours of exposure of the autoradiograms. It also gave us statis- 
tically significant counts per minute of radioactivity for subse- 
quent degradation and analyses. 

Fingerprints. Two-dimensional paper electrophoresis separa- 
tion of oligonucleotides (fingerprints) obtained after TI  RNase 
digestion of products using the two different DNA strands as 
templates are shown in Figure 4. 

0 20 40 60 80 1CO 
TIME (min i  

FIGURE 3: Incorporation of [CY-~*P]NTP into RNA products tran- 
scribed from single strands of satellite 1. Reaction mixture was as de- 
scribed in Materials and Methods. At  times indicated, samples were 
removed and acid insoluble radioactivitv in aliauots was counted as de- 

10% may represent another satellite different from both satel- scribed. (.) L strand template; (0) H sirand tLmp1ate 

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  3931 



S K I N N E R  e t  a l .  

I 
.”  

0 1  

NTP Schematic  
FIGURE 4: TI RNase fingerprints of RNA products synthesized in 
vivo by E. coli RNA polymerase using the L strand (a) and the H 
strand (b) as template DNAs and digested with TI RNase. All four ri- 
bonucleoside triphosphate precursors were ’2P-labeled in the (II position 
when the product labeled “NTP” was synthesized. Fingerprints were 
as described in Materials and Methods. Also included is a schematic 
drawing showing the numbering system which was employed in Tables 
I and 111. in which quantitations and nearest neighbor transfers are 
summarized. The position of the blue marker is indicated (B). 

These products were labeled either by including all four [a- 
’*P]NTPs in the reaction (Figure 4) or by including one la- 
beled triphosphate and three cold triphosphates (fingerprints 
not shown). The numbering systems for the various oligonu- 
cleotides are shown in the schematic drawings in Figure 4. 
Pancreatic RNase fingerprints of the products of the two 
strands labeled with all four [a-”P]NTPs and the numbering 
systems for the oligonucleotides are shown in Figure 5.  Data 
from the RNA products obtained with each strand synthesized 
with one labeled triphosphate and three cold triphosphates are 
summarized in Tables I-IV. 

A striking feature of the fingerprints is their simplicity. In 
every fingerprint one or two oligonucleotides are present in 
great excess over all others, both as assessed visually and by 
quantitation of radioactivity in each spot. This simplicity indi- 
cates that the RNA products (and hence the DNA templates) 
are composed o f a  short sequence repeated many times. 

The patterns of oligonucleotides seen in the fingerprints are 
consistent with the overall base compositions of the respective 
template strands. For example, strand H (the template for the 
results presented in Figures 4h and 5h) contains 41% dG, ap- 
proximately 25% each dA and dT, and virtually no d C  (Skin- 
ner and Beattie. 1974). As expected, very little G T P  incorpora- 
tion was directed by this strand, so almost all oligonucleotides 
stayed on the origin of the second dimension in a TlRNase fin- 
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FIGURE 5:  Fingerprints of RNA products using the L strand (a) and 
the H strand (b) as template DNAs and digested with pancreatic 
RNase. Details are given in the legend to Figure 4. Quantitations and 
nearest neighbor transfers are summarized in Tables I1 and IV.  

gerprint (Figure 4h). Similarly, very little C was found in the 
RNA synthesized from strand L (C-rich, G-poor) (Tables I 
and 11). 

Nurleoride Sequence of the Repeating Unit. The sequences 
of the major repeating unit can he deduced independently by 
analysis of the products synthesized from either strand. The re- 
peating unit is a tetramer. Happily, the sequence deduced for 
the H-strand product, -C-C-U-A-, is complementary to the se- 
quence of the other product. -U-A-G-G-. 

The data used to obtain these sequences are summarized in 
Tables I-IV, where we indicate the oligonucleotides that were 
labeled when products were synthesized in the presence of the 
various [a-)*P]NTPs. In all cases we normalized the data to 
1.0 mol of the most highly labeled spot in the fingerprint, based 
on the assumption that the entire sequence is primarily com- 
posed o f a  single repeating sequence. 

A TI  RNase digest of the uniformly labeled RNA product of 
strand L contains two major spots at  the positions of G p  and 
U-A-Gp. This fact indicates that the sequence is -U-A-G-G-. 
In order to confirm this. we studied products made in the pres- 
ence of individual labeled precursors. As seen in Table I, [a- 
’2P]GTP transferred its phosphate primarily to Ap and G p  in 
A-G- of U-A-G-; [a-3ZP]ATP transferred its phosphate pri- 
marily to Up in U-A-G-. This is consistent only with the se- 
quence proposed above. The same conclusion was reached by 
analysis of the pancreatic RNase fingerprints of the L-strand 
product (Figure Sa and Table 11). In this case there was only 
one major oligonucleotide, which had the sequence -A-G-G-U. 
The 3‘-phosphate of the U was derived from [a-32P]ATP. The 
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TABLE I :  Radioactive Oligonucleotides of RNA Products of Strand L Produced by Successive Treatment with TI and Pancreatic 
RNases.‘ 

dzP-Labeled  Precursor 

NTP GTP ATP UTP CTP Summary 
Oligo 
No. a b a b a b a b a b a b 

1 
3 

4 
5 
6 

8 
9 

12 

14 
15 
16 

G 
C ;  A-G 

A-G 
A-A-G 
U; G 

U ;  A-G 

U ;  A-A-G 

A-U; A-G 
U ;  G 
U ;  A-G 

2 . 1  
0.01 

0 . 0 5  
0.01 
0 .16  

1 .00  

0 .02  

0 .02  
0.02 
0.07 

G 
A*-G 
A*-G* 
A*-G* 
A-A-G 
U ;  G 

A*-G* 
G; C ;  U 

A-A*-G 
A*-G* 
A-G 
U ;  G 
A*-G* 

0 . 2 6  
0.03 

0.10 
0 .02  
0 .21  

1.00 

0 . 0 2  

0 .04  
0.005 
0 .17  

G 0.05 
C 0.01 

A-G n.d. 

G n.d. 
A*-A-G 0 .01  

U 1 . 0 0  

U-A*-A-G 0 .02  

A ;  U 0.01 

U 0 . 0 6  

G 1.00 

A-G 0 .01  

G 0 .01  

A-G 0 .06  
C 0 .01  

A-A-G 0.01 

A*-U 0 .01  
U 0.03 
U ;  G ;  A*-U 0.09 

G n.d. G[U] 1.00 
A-G 0.01 C-A-G[G] 0.01 

C-A-G[C] 0 .01  
A-G[U] 0.01 
A-A-G[G] 0.01 
U-G[G] 0 .20  
U-G[U] 0.01 
U-A-G[G] I .  00 

G ; U  0.03 U-C-G[G] 0 .01  
C-U-G[C] 0 .02  

A-C; U 0.01 U-A-A-G[U] 0 .02  

A-U-A-G[G] 0 .02  
U-U-G[G] 0 . 0 2  

U n.d. U-U-A-G[G] 0 , 0 6  

a Ribonucleoside [cr-a2P]triphosphates were used for labeling, either all four or each one separately as indicated. RNase diges- 
tions were performed on RNA products synthesized as described in Materials and Methods. The resulting oligonucleotides were 
separated by two-dimensional paper electrophoresis (Figures 4 and 5 ) .  Quantitation was done by cutting out the spot of paper 
containing the oligonucleotide and counting it in a Nuclear Chicago low background counter; counts per minute, normalized 
to  1.0 mol of the major spot (italicized in each case) are shown. The radioactive redigestion products (columns a) were obtained 
by subsequent pancreatic RNase digestion of each oligonucleotide originally produced by digestion of the product with TI RNase. 
The radioactivity incorporated (columns b) has been adjusted to represent relative numbers of labeled phosphates in the oligo- 
nucleotides. When there was a possible ambiguity about whether one or more phosphates in a pancreatic RNase digestion prod- 
uct were labeled, the oligonucleotide was eluted and further digested with alkali (0.2 N KOH, 37’; 20 hr). The resulting mono- 
nucleotides were separated by electrophoresis on Whatman No. 540 paper at  p H  3.5 and labeled mononucleotides were located 
by autoradiography. Asterisks indicate the position of 32P. The oligonucleotides of the repeat sequence are italicized in the 
summary column. n.d. indicates that although visually evident at  the position of a known compound, the product was estimated 
to  be present below the 0.1 level and its radioactivity was not determined. nee. indicates that the product was present in trace 
amounts and, after counting, was not eluted from the spot on the first electropherogram and definitively identified. The radio- 
activity of the CTP-labeled product was normalized, assuming 0.01 mol of C-A-G[C]. 

double-spot appearance of this oligonucleotide resulted from 
separation of oligonucleotides terminating with a 3’-phosphate 
and a 2’:3’-cyclic phosphate (on the left), since the two oligonu- 
cleotides always had the same labeling pattern; for purposes of 
quantitation, the data of the two spots were combined. 

The nucleotide sequence of the complementary RNA strand 
(made from the G-rich H-strand DNA) was determined only 
by the use of pancreatic RNase fingerprints (Figure 5). The 
reason for this is that, being very low in G, the bulk of the 
product was resistant to TIRNase  (oligonucleotides 12-16, 
Table 111) and remained at the origin (Figure 4). The data in 
Table IV give nearest neighbor phosphate transfer frequencies 
for the various ~ ~ ~ ~ P - l a b e l e d  ribonucleoside triphosphates. 
Again in this table, the data are normalized to represent 1.0 
mol of the predominantly labeled oligonucleotide. From Table 
IV it can be seen that [ C X - ~ ~ P I C T P  labels both Ap and Cp of - 
A-C-. [ c u - ~ ~ P J A T P  labels Up and [cr-32P]UTP labels Cp. Thus 
the sequence of this RNA must be primarily -U-A-C-C-. 

Minor Oligonucleotides: Variation and Contamination. The 
extent to which sequences other than the repeating tetramer 
are present can be evaluated by a study of some of the minor 
oligonucleotides seen in Figures 4 and 5 .  Analysis of these 
products is presented in Tables I-IV. Most of the minor oligo- 
nucleotides constitute only I-5% of the RNA product. In prin- 

ciple they could be derived from contamination of the tem- 
plates by a second repetitive DNA species, from contamination 
of the triphosphates used, or from actual variations in the pri- 
mary structure of satellite I. Many of the results are most easi- 
ly explained by low amounts of such contamination, but a 
small amount of sequence variation may be present. 

Most of the minor sequences that are found in the products 
of strand L could have been derived from the major tetranu- 
cleotide repeat by one-step mutational events. The data are 
consistent with a 3-4% chance of a deletion of each nucleotide 
in each repeat, and about a 1% chance of an insertion of any 
nucleotide into any position in the repeat. Also, exchange of 
one nucleotide for any other appears to occur with a frequency 
of about 1%. It should be emphasized that not all of the 
“minor” spots are represented in the tables; only the ones that 
were seen consistently and that were present in  reasonably 
abundant amounts ( > I %  of the major spots) are included. 

Appearance of some of the minor oligonucleotides can be as- 
cribed to impurities in the [ c Y - ~ ~ P J N T P s  used. For example, in 
an L-strand-templated reaction using [ d 2 P ] C T P ,  we ob- 
served a large amount of incorporation, even though the tem- 
plate is virtually lacking in dG. Analysis of the incorporated 
phosphate is consistent with the CTP being contaminated with 
2-4% [ w ~ ~ P ] U T P .  This is not unexpected since CTP can easily 
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TABLE 11: Radioactive Oligonucleotides of RNA Products of Strand L Produced by Successive Treatment with Pancreatic and TI 
RNases.‘ 

~ ~ T - L a b e l e d  Precursor 
- 

NTP G T P  ATP UTP CTP Summary 
-~~ Oligo. - 

No. a b a b a b a  b a b a b 

100 
101 
102 
104 
105 
107 
108 
109 
111 
113 

114 
115 

C 0.01 
A-C 0 . 0 3  A-C 0 .01  
G ;  C 0.005 
A-U 0 . 0 3  A-U 0 . 0 2  
A-G 0 .01  A-G 0.07 
G ;  U 0 .03  

U 0 .14  U 0 .04  
A-G; U 0.02 A*-G 0 . 0 4  

A-G; U 0 .11  A*-C 0.05 
A-A-G ; 0.05 A-A*-G 0 .03  

A-G ; A-U; 
U 

A - G ; G ; U  1 .00  A*-G* 1.00 
A-G; G ;  U 0 .04  G ;  A*-G* 0.05 

C 0 .01  c 0.05 C 

C n.d. G 
A-C 0.02 A*-C* 

A-U 0 .01  A*-U 0.05 A-U 
C A-G 

U 0 .03  G 0.06 G ;  U 
G 0.06 G 

U 0 . 1 1  u 0.09 u 
U 0 .07  A-G; U 0 .09  
U ;  A-U; 0 . 0 3  A-A-G; 

A-G; A-A-G 

~ ~~ 

0 .03  C[U] 
0.05 A-C[C] 
0.04 G-C[U] 
0.02 A-U 
0 . 0 3  A-G-C[U] 
0 .01  G-U [A] 
0 .04  (A-G-G-C[A]) 
0 . 0 3  U 

A-G-U[A] 
U n.d. A-A-G-U[A] 

___ 

0.05 
0.02 
0 .01  
0 . 0 3  
0 .01  
0 .03  
0 .02  
0 .14  
0 .09  
0 .03  

U 1.00 G 1.00 G 0 .04  A-G-G-U[A] I .  00 
U n.d. A-G-G-G-U[A] 0 . 0 2  

a Products were synthesized and analyzed, and data are presented as discussed in legend to Table I, except that each eluted 
oligonucleotide was digested with TI RNase and analyzed. Quantitation for CTP labeled product was based upon the assumption 
that there is 5 contamination of strand L by strand H. 

TABLE III :  Radioactive Oligonucleotides of RNA Products of Strand H Produced by Successive Treatment with TI and Pancreatic 
RNase.a 

a- 32P-Labeled Precursor 

Summary 
- - 

GTP ATP UTP CTP 
____ 

NTP 
Oligo 
No. a b a b a b  a b a b a b 

1 G 0.08 G 0.05 G 0 . 0 1  G 0 .03  G 0 .02  G[N] 0.05 
5 C ;  A-G 0 .10  A*-G 0 .12  C 0 .14  A-G 0.13 C-A-G[C] 0 .12  
7 U ;  G 0 . 0 3  U ;  G 0 . 0 3  n.e. 0 . 0 1  U-G[G] 0 . 0 3  

U-G[C] 
8 C ;  U ; G  0 . 0 3  U 0 .04  C 0 . 0 4  G ,  U 0 .03  C-U-G[C] 0 . 0 3  
9 U ;  A-G 0 .01  A*-G* 0 .03  U 0.09 A-G; C ;  0 .01  (AG; AC) 0 . 0 3  U-A-G[G] 0 . 0 1  

U 
10 A-C; C ;  U 0 .01  U 0 . 0 3  C 0 . 0 1  A-C 0 . 0 3  C-C-U-A 0 . 0 3  
11 A-C; C; U 0 . 0 3  u 0 .01  c 0.04 A-C 0 . 0 3  C-C-U-A 0 . 0 3  
12-16 A - C ; C ; U  1.00 u 1.00 C 1.00 A*-C* 1 .00  A-C-C-U 1.00  

a Products were synthesized and analyzed, and data are presented as discussed in legend to Table I. Quantitations were made 
relative to 1 mol of the repeating structure -A-C-C-U-[A]- on the origin of the second dimension of the fingerprints. The quantita- 
tion for GTP labeled RNA was made on the assumption that there are 0.12 mol of C-A-G-[C]/mol of A-C-C-U-[A]. 

be deaminated to form UTP. Because of the overall low incor- 
poration of the authentic CTP, the UTP incorporation became 
significant. 

A second source of contamination is in the DNA template 
strand. The data in  Tables I-IV are consistent with there being 
approximately 1-3% cross-contamination between the H and L 
strands. For example, in Table I1 it can be seen that, with the L 
strand as template, [ u - ~ ~ P ] C T P  labels a significant amount of 
A-Cp, [ C V - ~ ~ P I A T P  labels Up, and [w3’P]UTP labels a sub- 
stantial amount of Cp. Each one of these transfers would re- 
quire a double mutational event from the repeating tetramer, 
but the frequencies of the transfers, compared to the frequency 

of other sequence changes, are inconsistent with that explana- 
tion. Since these transfers are consistent with 3-5% contamina- 
tion of strand L by strand H, we feel that DNA strand cross- 
contamination is the most reasonable explanation. Likewise, it 
appears that the H-strand preparation is contaminated by a 
low amount (3%) of the L strand, since the T I  RNase and pan- 
creatic RNase digestion products of strand H contain L - A -  
G(G)  and A-G-G-U(A), respectively (Tables Ill and IV) .  

Another Satellite? I n  the course of this work we obtained ev- 
idence for the possible presence of another satellite DNA in 
our preparation. Because of the low level of this material, we 
cannot be certain whether it is both strands of a DNA with the 
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TABLE IV:  Radioactive Oligonucleotides of RNA Products of Strand H Produced by Successive Treatment with Pancreatic and TI 
RNases.‘ 

a- a2P-Labeled Precursor 
____ ~~ 

NTP GTP ATP UTP CTP Summary 
- oligo 

No. a b a b a b a b a b a b 

101 

102 
105 
106 
109 
111 
114 

116 

126 

C 

A-C 
A-A-C 
G ;  C 
U 
A-U 
A-G; C 

C; A;  Ub 

n.e. 

n.d. 

1.00 
0.04 
0.04 
I ,  00 
0.05 
0.05 

0.22 

0.03 

C 0.02 c 

A-C 0.005 A-C 
n.e. 0.05 A*-A-C 

U 0.05 U 
nee. 

A-U 
A*-G 0.09 C 

Ub 

A*-G* 0.03 U 

0.12 

0.07 
0.07 
0.01 
1.00 
0.03 
0.06 

0.17 

0.05 

C 1.00 

A-C 0.08 

n.e. 0.02 
U 0.09 
[A*-U] 0.06 
C 0.02 

Cb 0.03 

G 0.02 

C 0.37 C[U] 
C[CI 
C[AI 

A*-C* 1.00 A-C[C] 
A-A-C 0.08 A-A-C[C] 
G ; C  0.035 G-C 
U 0.05 U[A] 

A-U[A] 
A-G 0.09 A-G-C[A] 

A-G-C[U] 
A*-C* 0.55 U-A-C-C[U] 

or C-U-A-C[C] 
or A-C-C-U[A] 

A-G-G-U[A] 

1 . o  
0.3 
0.1 
1 . o  

0.04 
1 . o  
0.04 
0.06 
0.02 
0.02 

0.03 
~ ~ ~~ ~ ~~~~ ~~ 

a Products were synthesized and  analyzed, and data are presented a s  discussed in the legend to  Table I.  The quantitation of the 
GTP labeled product was normalized on  the assumption of 3 contamination of strand H by stand L although this level of con- 
tamination has n o  appreciable effect on  the data. The radioactivity in spot 116, which was underdigested U-A-C-Cp, on alkaline 
hydrolysis gave the indicated nucleotides. The radioactivity was distributed to  the appropriate products before normalization 
of the data. 

sequences d(-C-A-G-) and d(-C-T-G-) or a longer sequence 
with d(-C-T-G-C-T-G-C-A-G-C-A-G-C-A-G-C-A-G-) in  one 
of the strands. In  addition, we cannot be sure whether this is a 
new satellite or part of the one we are studying here. The se- 
quence was determined from analysis of T I  RNase oligonu- 
cleotides of the RNAs made from the H strand (Figure 4b, 
Table 111). Since the template strand contained virtually no 
dC, it was very unusual that any oligonucleotides should be 
small enough to move from the origin in the second dimension 
of the electropherogram, yet six oligonucleotides did so. Two of 
these, numbers 10 and 1 1 ,  contained no G M P  and appeared to 
be TI  RNase overdigestion products of the -A-C-C-U- product 
at the origin. Numbers I O  and 1 I represent dimer and trimer 
segments of this sequence, respectively ( T I  RNase is reported 
to hydrolyze at Ap residues a t  1-3% of the rate at Gp  residues; 
Brownlee and Sanger, 1967). Two other oligonucleotides, GF 
and -U-A-G-[GI, correspond to the low level of strand L con- 
tamination i n  strand H.  

The other two oligonucleotides in the fingerprint, spots 5 and 
8, cannot be accounted for i n  any way except by the existence 
of a new DNA template. The sequence of the oligonucleotide 
in spot 5 is -C-A-G-[C] and that of spot 8 is -C-U-G-[C] (see 
Table 111) ;  they seem to be present at a ratio of approximately 
3: 1. Occurrence of these sequences by mutation from strand H 
seems quite unlikely, especially since that would require that 
two dCs (which are present in very low amounts in the tem- 
plate) be found separated by only two nucleotides. I f  these two 
oligonucleotides were part of the strand-H product, they should 
be found i n  the strand-L product, since they are complementa- 
ry to each other. We do find them in the L product, although 
the levels are very low (<O. I%) .  We cannot decide unambig- 
uously whether these came from variation or from the comple- 
ment of this new sequence. -A-G-C-[A] and G-C-[U] are also 
present in pancreatic RNase digests, at about the 1 %  level. 

Because quantitation consistently yields a 2.5- to 3-fold 

higher amount of spot 5 than spot 8, the sequence is probably 
composed of 3 mol of C-A-G[C] for each mole of C-U-G-[C]. 
Since pancreatic RNase digestion produces three A-G-C-[A] 
for each A-G-C-[U], the sequence may have two C-U-G-’s fol- 
lowed by four C-A-G-’s. Alternatively, the results are consis- 
tent with the trimeric sequences -C-A-G- and -C-U-G- on com- 
plementary strands, with 2-3 times as much of one strand as 
the other contaminating our preparation. There may also be 
variations on this sequence which occur at levels too low to be 
accurately assayed here. 

Discussion 

The points of enzymatic cleavage by pancreatic RNase and 
T I  RNase of the RNA transcripts of the H and L strands are 
summarized in Table V, together with the DNA sequences 
which are derived from them. 

Also included i n  the table are the mono- or oligonucleotides 
produced and the base to which the [cu-~’P] is transferred. As 
noted, since T I  RNase attacks next to guanine residues, the 
G-poor transcript of the H strand is insensitive to it  and the 
products remain at the origin. The sequences of the two differ- 
ent DNA strands, which were obtained independently, are 
complementary, thereby confirming the generally accepted 
base-pairing hypothesis (Watson and Crick, 1953). The se- 
quence agrees with the independently determined base compo- 
sition of the template strands of about 25% each dA and dT 
and 50% either dG or dC (Skinner and Beattie, 1974). 

From reassociation experiments (Southern, 1970; Hennig 
and Walker, 1970; Sutton and McCallurn, 1971) and sequence 
analyses (Fry et a/ . ,  1973) others have concluded that some 
satellite DNAs may not be perfectly repeating sequences. The 
results of our analyses with radioiodinated H strand show that, 
in this instance, minor amounts of other satellites may contam- 
inate the preparations but that with a very sensitive technique, 
no strong case can be made for variation of sequences in satel- 
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TABLE v: Major R N A  Products Transcribed from H and L Strands and Oligonucleotides Released from Them by Pancreatic 
or Ti RNases.’ 

I .  H strand 
Template DNA:  3 ’ d(G-G-A-T-G-G-A-T-),5 ’ 

R N A  product: 5’r(C-C-U-A-C-C-U-A-),3 ’ 
t t t  t f t  

Pancreatic RNase Product Labeled TI RNase Product Labeled ___ -~ _____ - ~ _ _ _  
T1 RNase Pancreatic 

Identified Redigestion Nucleotide Identified Redigestion Nucleotide 
Substrate by Position’ Products Labeled by Positionb Product Labeled 

[ 2P]CTP A-C- A-C- A-, C- Originc A-C- A, c 
[ ~ ~ P I U T P  C- C- C- OriginC C- C- 
[ 2P]ATP U- U- U- OriginC U- U- 

11. L strand 
Template DNA:  3’ d(A-T-C-C-A-T-C-C-),5’ 

R N A  product: 5’ r(U-A-G-G-U-A-G-G-),3’ 
1 1  1 

f t 

Pancreatic RNase Product Labeled TI RNase Product Labeled 
._ -~ - 

TI RNase Pancreatic 
Identified Redigestion Nucleotide Identified Redigestion Nucleotide 

Substrate by Positionb Products Labeled by Positionb Product Labeled 

[ ‘PIGTP A-G-G-U A-G- A-, G- U-A-G- A-G A-, G- 
[ 32P]ATP A-G-G-U U- U- U-A-G- U- U-  
[ ?P]UTP A-G-G-U G- G- G- G- G- 

‘ point of hydrolysis by pancreatic RNase; 4 point of hydrolysis by TI RNase. ’ Identity deduced from position on finger- 
print. ‘ All radioactivity remains a t  origin of second dimension of the fingerprint. 

lite I .  It appears then, that satellite I contains only three bases 
on each of its individual strands (Skinner and Beattie, 1974). 
In the course of this analysis, we discovered that our strand 
preparations have a low but significant amount of another se- 
quence. The sequence of the RNA product of this second DNA 
was determined to contain -C-U-G- and -C-A-G-. From the ex- 
periments w i t h  radioiodinated H strand, i t  appears most likely 
that the sequence corresponds to a new satellite and is not an 
integral part of satellite 1 .  

I n  the single-stranded DYAs used for these experiments, the 
level of contamination of strands with each other would be suf-  
ficient to account for the level of dC in strand H and dG i n  
strand L. This consideration is all the more significant when 
one considers the fact that the contaminating strand is approxi- 
mately 50% dC or dG. Thus, most of the dC  and dG in strands 
H and L. respectively, may be accounted for b) a low level of 
cross-contamination by the opposite strand. This would put the 
level of mutations to those nucleotides considerably below the 
levels for the other nucleotides. It remains to be seen whether 
such a bias against introduction of dC into strand H or dG into 
strand L is related to the function of satellite I .  

The c\ satellite of the guinea pig is similar to crab satellite I 
in that it  has interstrand bias in  base composition, one strand 
containing 3% dG and the other 3% dC (Corneo et nl. ,  1968). 
We plan to reinvestigate whether the very small content of dC 
or dG i n  the opposite strands of the guinea pig satellite can be 
ascribed to contamination by other DNAs. 

The major sequences of the guinea pig satellite strands, 
which have been determined to be hexamers and which make 
up approximately 50% of the satellite sequences (Southern. 

1970), contain within them the same tetramers we report here 
for the hermit crab. Given the base composition of the H 
strand of hermit crab satellite I (IT:IA:ZG), there can be only 
three sequences, allowing for circular permutation. and -T-A- 
G-G- occurs in  only one of them. The sequence occurs i n  only 
two of the ten possible hexameric sequences that can be derived 
from the base composition (2T:IA:3G) of the guinea pig C Y  sat- 
ellite. This sequence also appears to be part of the most com- 
mon repeat of the Dipodornjs ordii HS-tu satellite ( W .  Salscr 
and K. Fry, in press). The fact remains that the sequence does 
occur in several cases that represent the majorit) of (dG + 
dC)-rich satellites that have been sequenced to date. Two fac- 
tors beyond simple coincidence could account for the repeated 
recurrence of this sequence. First, the sequence may have been 
evolutionarily conserved for some as yet undetermined function 
although hermit crabs are not evolutionarily closely related to 
the other organisms listed. Second, and more mundane. the se- 
quence results in such high density DNA in alkaline CsCl gra- 
dients that satellites containing it  ma) have been “selected for” 
i n  the sense that they may be the easiest to isolate and analyze 
i n  various laboratories. Sequence determination? on more satel- 
lites will be required to settle this question. 

The evolution of satellite DNAs has been the subject of sev- 
eral reports (Hennig and Walker, 1970; Mazrimas and Hatch. 
1972: Sutton and McCallum, 1972: Graham and Skinner. 
1973). I n  particular, Mazrimas and Hatch (1972) postulatc 
that satellites confer greater genetic flexibility. a characteristic 
of more primitive species since they find that t h e  D N A  of more 
highly specialized kangaroo rats (Dipodoni j .~  sp.)  contains sip- 
nificantly fewer satellite sequences than that of their primitive 
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counterparts. By contrast, the poly(dA-dT)-like satellite of nu- 
merous genera of Crustacea (Sueoka, 196 l ; Skinner, 1967; 
Skinner and Kerr, 1971) is distributed in varying amounts 
throughout the taxonomic suborder Brachyura (the true 
crabs). It comprises 6% of the DNA of the very primitive spi- 
der crab, Libinia; 10% (Cancer irroratus) to  30% (C. borealis) 
of the DNA of members of a genus of more highly advanced 
marine crabs and 18% of the DNA of the highly specialized 
land crab, Gecarcinus. Taxonomically sandwiched between the 
primitive and the highly specialized forms are the blue crab, 
Callinectes, the green crab, Carcinus, the fiddler crab, Uca, 
and others missing the poly(dA-dT) satellite although some 
species have other satellites (Sueoka, 1961; Skinner et al., 
1970; D. M. Skinner, unpublished results). Again, their 
amount shows no correlation with the species’ taxonomic posi- 
tion. In  brief, the quantity of satellites present in crustacean 
DNA shows no clear relationship with the degree of specializa- 
tion or presumed genetic flexibility. Nor has a correlation been 
noted by others between the quantity of satellite DNA and the 
level of specialization of the organism (Hennig and Walker, 
1970; Sutton and McCallum, 1972). 

It is possible that the simple sequence satellite DNAs may 
confront physiological conditions at specific moments in the 
cell cycle that permit their destabilization. The satellite DNAs 
whose sequences have thus far been determined contain repeat- 
ing dimeric (crabs; Swartz et al.. 1962; Gray and Skinner, 
1974), trimeric and tetrameric (hermit crab, minor satellite, 
and satellite I ) ,  hexameric (guinea pig; Southern, 1970), hep- 
tameric (Drosophila; Gall and Atherton, 1974), and decameric 
(kangaroo rat; Fry et al.. 1973) units, each less than the mini- 
mum nucleotide number required to form a stable duplex 
(McConaughy and McCarthy, 1967). It is tempting to  specu- 
late that the destabilized satellites may pair with short stretch- 
es of homologous sequences on more complex DNA sequences 
and participate in  chromosome recognition. A small number of 
the satellite-complementary sequences on the more complex 
DNA would allow for ease of destabilization and dissociation. 
The large number of such sequences on the satellite itself 
would allow for ease of recognition and possible longitudinal 
slippage which could be of functional significance in DNA dy- 
namics. In  addition to the satellites of simple sequence, there 
exist satellites of greater complexity that have nonbiased base 
composition between strands (Ingle et al., 1973). 
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