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the two adjacent base pairs of DNA and consequently its
relative binding affinity and unwinding angle.
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Molecular Characterization of Small Polydisperse Circular
Deoxyribonucleic Acid from an African Green Monkey Cell Line?

Arthur H. Bertelsen,} M. Zafri Humayun,* Stefan G. Karfopoulos, and Mark G. Rush

ABSTRACT: Several size classes of small polydisperse circular
(spc) DNA from the African green monkey cell line BSC1
have been cloned into the bacterial plasmid pBR322. Analysis
of the cloned spc DNA fragments as well as total spc DNA
reveals that (a) most or all cloned spc DNAs share homologies
with chromosomal sequences, (b) both unique and repetitive
chromosomal sequences are represented in spc DNA, (c) the

It has been known for about a decade that many eukaryotic
cells in culture (as well as some cells isolated from animal
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repetitive sequences in spc DNA include two known major
repeat families (the « and the Alu) as well as a third, as yet
unidentified, set of interspersed repetitive sequences, and (d)
the a-like sequences are present in an oligomeric series of
circular DNA molecules within the spc DNA population. The
organizational features of repetitive DNA sequence-carrying
circles suggest a mechanism for their generation.

tissues) contain small polydisperse circular (spc) DNAs
(Radloff et al., 1967; Smith & Vinograd, 1972; Stanfield &
Helinski, 1976; Delap et al., 1978; Delap & Rush, 1978). The
best characterized of the spc DNAs are those found in three
lines of cultured cells: (1) HeLa from human, (2) Schneider
line 2 from Drosophila melanogaster, and (3) BSC1 from
African green monkey kidney. Table I summarizes the known
physical characteristics of spc DNA isolated from these three
sources. The common features of the spc DNA from these
cell lines are the following: (1) average sizes in the range of
0.8-2.5 kilobase pairs (kbp), (2) copy numbers ranging from
a few to perhaps a few thousand per cell, (3) the presence of
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Table [: Properties of spc DNA from Three Sources

amplification
av mol mass -
(megadaltons)  buoyant station- cyclohex-
[contour length  density ary imide
organism copy no. (um)] (g/cm?) reassociation kinetics phase treatment ref
human (HeLa) 50-200¢ 1.0 (0.32) 1.6924 20-30% renatures with yes® yes® Smith & Vinograd
kinetic complexity (1972)
of 3 X 10° bp
Drosophila 3-40¢ 2.2(1.D¢ 1.7034 85% renatures rapidly no yes’ Stanfield & Helinski
(Schneider line 2) with kinetic com- (1976)
plexity of 2 X 10*
bp, 15% renatures
slowly
monkey (BSCI) 1000-2000% 0.75 (0.24) 1.7004 kinetic cor?plexity of yes® NTh Delap et al. (1978)
1.5 X 10° bp

@ Copies per exponentially growing cell. b Copies per stationary phase cell. € The average molecular weight decreases to 0.9 X 10¢ upon

amplification.

These values are close to or identical with those for high molecular weight DNA. € 10-30-fold increase in copy number.

f 30-fold increase in copy number. € 10-fold increase in copy number. h NT = not tested.

more than one complexity class, (4) “amplification” in response
to continued culture at stationary phase or after treatment with
cycloheximide or puromycin, and (5) buoyant densities not
appreciably different from that of total chromosomal DNA.

The origin, cellular location, and function of this DNA from
a majority of sources are unknown. Some possible origins of
this DNA are the following: (1) preparative artifacts (for-
mation during preparation; prokaryotic contamination), (2)
defective viruses, (3) as yet unrecognized organelles or sym-
bionts, (4) byproducts of dead and dying cells, or (5) a directed
phenomenon of biological significance such as intermediates
or byproducts of genetic rearrangements including deletion,
amplification, or transposition. There is evidence to suggest
that spc DNAs from the cultured cell lines mentioned above
are not preparative artifacts, are not due to prokaryotic con-
tamination, and are not entirely derived from defective viruses
or from unknown organelles (Smith & Vinograd, 1972;
Stanfield & Helinski, 1976; Delap et al., 1978). Moreover,
since varying fractions of these spc DNAs are homologous to
chromosomal DNA sequences, the last two of the five possi-
bilities mentioned above appear to be the most plausible ex-
planation for the occurrence of spc DNA (Stanfield & Len-
gyel, 1979; Delap et al., 1978).

Despite considerable speculation on the nature and function
of spc DNAs, very little molecular information is available
regarding them. This is not surprising since (a) spc DNA
represents a small fraction of total cellular DNA and (b) spc
DNAs are heterogeneous in size and sequence. In this paper,
we describe the cloning and characterization of some DNA
sequences represented in spc DNA isolated from African green
monkey cell line (BSC1). The results support a chromosomal
origin for most or all spc DNAs in BSC1 cells and might
contain clues to the formation and functional significance of
this spc DNA.

Experimental Procedures

Cells. BSCI cells were grown to confluence in modified
Eagle’s medium supplemented with 10% calf serum at 37 °C
in roller bottles. Cells were harvested by trypsinization for
10 min at 37 °C, followed by pelleting at 4 °C for 10 min at
1500g (gravity). The pelleted cells were washed twice by
resuspension in cold TD buffer [SO mM tris(hydroxy-
methyl)aminomethane (Tris), 10 mM KCIl, 1.5 mM sodium
phosphate, and 150 mM NaCl, pH 7.4) and finally pelleted
at 4 °C for 10 min at 2500g. The pelleted cells either were
used immediately or were stored at =20 °C for later use.

Preparation of BSCI Form I DNA. The cell pellet obtained
as described above was resuspended in 15 volumes of 0.15 M

ethylenediaminetetraacetic acid (EDTA) (pH 8.0) and lysed
by addition of 10% sodium dodecyl sulfate (NaDodSO,) to
a final concentration of 0.5%. The lysate was stirred vigorously
at room temperature for 15 min and then alkali denatured by
the addition of 1.25 N NaOH to a final pH of 12.2. The pH
was maintained at 12.2 for 15 min, and the solution was
rapidly brought to pH 7.8 by the addition of 6 N HCI. The
mixture was extracted with 0.5 volume of phenol (previously
equilibrated with 0.15 M EDTA, pH 8.0), and the nucleic
acids were precipitated by adding 3 volumes of cold ethanol
and incubation overnight at =20 °C. The precipitate was
harvested by centrifugation at 5000g for 20 min at 4 °C,
washed sequentially with 70% ethanol, 95% ethanol, and ether,
air-dried, and then resuspended in a minimal volume of 10 mM
EDTA (pH 8.0). RNase A was added to a final concentration
of 200 ug/mL and the solution incubated at 70 °C for 10 min
and then at 37 °C for 30 min. The material was then subjected
to chromatography on a Sephadex G-100 column [750 mL;
equilibrated with 0.3 M NaCl and 0.03 M trisodium citrate
(2 X SSC)]. The material in the void volume was passed
through a nitrocellulose column (25 mL; equilibrated with 25
volumes of 2 X SSC) and the effluent concentrated, dialyzed
against TE buffer (10 mM Tris and 1 mM EDTA, pH 8.0),
and then subjected to sequential (two or three) equilibrium
centrifugations in cesium chloride—ethidium bromide gradients.
Form I material was dialyzed against TE buffer after removing
the ethidium bromide by three 1-propanol extractions. Ex-
tensive electron microscopy (Davis et al., 1971) revealed that
99% of the DNA molecules were circular.

Isolation and Fractionation of spc DNA. BSCI1 form I
DNA was fractionated by electrophoresis in 4% polyacryl-
amide gels. This step separates spc DNA from mitochondrial
DNA and resolves the spc component into at least four broad
size classes of about 1.5, 1.2, 0.8, and 0.3 kbp identifiable by
ethidium bromide staining, which were recovered from the gel
(Delap et al., 1978). General procedures used for gel elec-
trophoresis and recovery of DNA have been described (Hu-
mayun et al., 1977). The isolated DNA fractions were finally
dialyzed against TE buffer and stored frozen at —20 °C.

Cloning of spc DNA. In each reaction, 50 ng of three
separated size classes (1.5, 1.2, and 0.8 kbp) of spc DNA was
cleaved with an excess of restriction enzyme (1 unit) under
conditions specified by the supplier, and the reaction was
terminated by one phenol extraction followed by three ether
extractions. Tagl and Hpall were used to cleave each size
class of spc DNA in two separate reactions. The restricted
DNA was ligated to 50 ng of pBR322 plasmid previously
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digested with Clal (which cleaves the plasmid once) under the
following conditions: restricted spc DNA (1 pg/mL) and
Clal-cut pBR322 (1 ug/mL) were ligated in 50 uL of ligase
buffer (recommended by supplier) with 8 units/mL T4 DNA
ligase for 12 h at 15 °C, and the reaction was terminated by
heating at 60 °C for 5 min. The ligated DNA preparation
either was used directly for transformation of competent cells
or was cleaved with Clal prior to transformation. A frozen
(=70 °C) competent cell preparation (Morrison, 1979) from
Escherichia coli C600 SF8 was used for transformation by
standard procedures [e.g., see Humayun & Chambers (1978)].
Apparent recombinant DNA clones were isolated by selecting
for amp® tet* phenotype.

Small amounts of plasmid DNA were isolated from 10~
50-mL cultures by using one of several rapid isolation pro-
cedures (Colman et al., 1978; Kahn et al., 1979). For large
preparations (1 L or more), scaled-up versions of the same
procedures or that described by Clewell (1972) were used.
Preliminary restriction maps were constructed for spc DNA
recombinant plasmids by the usual procedures (Humayun et
al., 1977).

“Gradient Blotting”. Total form I DNA (~2 ug) prepared
from BSCI1 cells together with 2 ug of low multiplicity pas-
saged SV40 DNA (internal marker) was centrifuged to
equilibrim in 7 mL of a cesium chloride—ethidium bromide
density gradient for 36 h at 38 000 rpm at 20 °C in a Beckman
50 Ti rotor. Gradients were fractionated dropwise from the
bottom of the tube into about 30 equal fractions.

(A) Gradient Dot Blotting. Aliquots (10 xL) from each
fraction were removed, diluted with 10 uL of 2 X SSC, and
treated sequentially with 2 uL of 1.25 N HCI (5 min), 10 uL
of 1 N NaOH (10 min), and enough 1.25 N HCI (about 6
uL) to neutralize the solution. A 10-uL aliquot of each de-
natured DNA sample was spotted onto a nitrocellulose filter
strip, which was then baked for 2—4 h at 80 °C under vaccum.
The filter was then soaked for 2—4 h at 65 °C with Denhardt’s
2 X SSC (Denhardt, 1966) containing 40 pg/mL sonicated
calf thymus DNA. The filter was blotted dry and hybridized
with DNA labeled by nick translation with 32P to a specific
activity of (1-4) X 10® cpm/ug (for procedures, see below).

(B) Gradient Southern Blotting. A 3-5-uL sample of each
gradient fraction collected as above was diluted with 10 vol-
umes of electrophoresis buffer [1 X TEA (40 mM Tris, 1 mM
EDTA, and 5 mM sodium acetate, pH adjusted to 7.65 with
acetic acid)] and the DNA fractionated on a 1% agarose gel.
The fractionated DNA was transferred to a nitrocellulose
membrane strip and hybridized with 3?P-labeled probe DNA
by the procedure of Southern (1975).

Preparation of High Molecular Weight (HMW) DNA from
BSCI Cells. Cells were grown to confluence in petri dishes
in modified Eagle’s medium supplemented with 10% calf se-
rum. Cells were washed once with modified Eagle’s medium
and lysed by adding 3—-4 mL/dish of 0.2% NaDodSQ, in 10
mM Tris-HCI, pH 7.9, 10 mM NaCl, 10 mM EDTA, and 50
pg/mL proteinase K. The lysate was scraped into 150-mL
glass centrifuge bottles and incubated overnight at 37 °C. The
lysate was shaken with 1 volume of phenol—chloroform (1:1),
and the clear aqueous layer which separated after a 10-min
centrifugation at 5000 rpm was removed. The DNA was
precipitated by adding 2 volumes of 95% ethanol, followed by
pelleting at 4000g for 10 min. The precipitate was washed
by resuspension in 70% ethanol, pelleting, and a 95% ethanol
rinse of the pellet. The final pellet was dried under vacuum
and resuspended in a minimal volume of 1 mM Tris-HCI and
0.5 mM EDTA, pH 7.9. RNase A was added to a concen-
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tration of 5 ug/mL and the suspension incubated overnight
at 45 °C before dialysis against 1 mM Tris-HCl and 0.5 M
EDTA, pH 7.9, at 4 °C. The usual yield was 100-200 ng/
dish, and the average size of this DNA was 30 kbp.

Preparation of o Repetitive DNA from BSCI Cells. BSC1
high molecular weight DNA (100 ug) was digested with 500
units of HindIII overnight at 37 °C in a buffer recommended
by the supplier and was fractionated on a 5% polyacrylamide
gel. Ethidium bromide staining of the gel revealed a series
of evenly spaced bands characteristic of a family sequences
(Rosenberg et al., 1978). The DNA in bands corresponding
to the monomeric, dimeric, and trimeric « sequences was
recovered by the usual procedures (Humayun et al., 1977).

Hybridization and Other Procedures. Labeled DNA probes
were prepared by nick translation using the 32P-labeled de-
oxynucleotide triphosphates (Amersham), DNase I (Worth-
ington), and E. coli DNA pol I (Boehringer-Mannheim) es-
sentially by the procedures of Maniatis et al. (1975). Southern
blots were made by slight modification (Krowlewski et al.,
1981) of the procedure developed by Southern (1975). Colony
hybridizations were performed by the procedure of Grunstein
& Wallis (1979) with some modifications.

DNA was sequenced by the procedure of Maxam & Gilbert
(1977). DNA-DNA reassociation kinetic experiments were
performed as previously described (Delap et al., 1976). Se-
rially passaged and low multiplicity passaged covalently closed
SV40 DNAs were prepared from cesium chloride—ethidium
bromide gradient-resolved Hirt supernatants (Hirt, 1967) of
infected BSCI cells. pSN2 (a 1.2-kbp Staphylococcus aureus
plasmid) DNA was prepared essentially by the procedure of
Kahn et al. (1979).

Results

Cloning of African Green Monkey spc DNA. The hete-
rogeneity of BSC1 spc DNA makes construction of restriction
maps difficult. Therefore, two tetranucleotide-recognizing
restriction enzymes, Hpall (CCGG) and Taql (TCGA), were
arbitrarily chosen to cleave the spc DNA for initial cloning.
Since a tetranucleotide is likely to be represented frequently
in a heterogeneous population, any resultant cloned fragment
should be more representative of the population than a clone
bank derived from an enzyme recognizing a hexanucleotide
sequence. DNA from spc DNA size classes of 1.5, 1.2, and
0.8 kbp was used in these cloning experiments. (Ethidium
bromide staining of form I BSC1 spc DNA resolved on agarose
or polyacrylamide gels reproducibly reveals four major
abundance classes of 0.3, 0.8, 1.2, and 1.5 kbp.) As will be
shown in this paper, many more distinct size classes of spc
DNA can be identified by more sensitive techniques. spc DNA
fragments obtained by digestion with the above two enzymes
were cloned into the Clal site of pBR322 by conventional
procedures. spc DNA clones were initially identified by the
amp® tet® phenotype expected as a result of insertion of het-
erologous sequences at the Clal (ATCGAT) site of the vector
plasmid, pBR322. It should be noted that Hpall, Tagql, and
Clal produce the same sticky ends. spc DNA clones were
further characterized by restriction analysis of isolated re-
combinant plasmid DNAs. Table II summarizes the cloning
data and reveals that the cloned DNA fragments range in size
from 0.02 to about 1.7 kbp. A large majority of the cloned
segments were shorter than unit length (1.5, 1.2, or 0.8 kbp),
indicating that those molecules that were cut had more than
one site for the enzyme. Alternatively, it is conceivable that
the shorter segments could have been the result of deletions
after the initial cloning event (Brutlag et al., 1977). The
information collected during insert sizing experiments involving
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Table I1:  Sizes of Cloned DNA Fragments Derived from Three Size Classes of BSCI spc DNA

no. of recombinants with insert sizes of

spc DNA size restriction enzyme total no. of
class? (kbp) used for cloning recombinants 10-100 bp 100-500 bp 500 bp and longer®
1.5 Hpall 25 14 10 1 (1030)
Taql 21 8 7 6(1170)
1.2 Hpall 18 6 10 2(1750)
Taql 2 0 2 (346) 0
0.8 Hpall 22¢ 11 5 1(710)
Taqgl 59¢ 21 35 2(1070)

@ Sizes are averages for each size class (Delap et al., 1978). ? The figures in parentheses are the sizes in base pairs of the largest cloned
fragments. © The sizes of spc DNA inserts in some of the recombinants were not determined.
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FIGURE 1: Autoradiograph of a Southern blot demonstrating homology
of spc clone pTC001 DNA with BSC1 and SV40 DNAs. Restric-
tion-digested BSC1 HMW (lanes A-E) and form [ SV40 DNA
derived from low and high multiplicity passages of the virus (lanes
F and G, respectively) were fractionated by electrophoresis through
a 1% agarose gel, blotted onto nitrocellulose, and fixed. The filter
was hybridized at 65-67 °C in 2 X SSC with 1 X 107 cpm of a
32p.labeled DNA fragment recovered from the spc DNA containing
clone pTCO01 by Tagl restriction digestion. Lanes A-E contain 10
ug of BSC1 HMW DNA digested with BamHI (A), EcoRI (B),
HindIII (C), Hpall (D), and Tagl (E). Lanes F and G contain 0.5
ug of low multiplicity of infection-passaged SV40 DNA and serially
passaged SV40 DNA, respectively. The hybridization pattern for
the HMW DNA lanes is characteristic of that obtained for a highly
repeated, tandemly arranged sequence. Note that the absence of a
discrete ladder banding pattern in lanes A and E is expected for
enzymes which do not cut a tandemly repeated sequence with a high
degree of regularity. Hybridization of probe to serially passaged but
not to low multiplicity passaged SV40 DNA indicates that the positive
hybridization is due to host cell sequences contained in the defective
virus population of the serially passaged virus. The bars at the right
margin mark the position of form I and form II wild-type SV40 DNA.
Note that defective SV40 genomes are smaller than wild-type genomes.
Accordingly, the positive hybridization seen in lane G is with DNA
species smaller than the corresponding wild-type component. The
dark band extending diagonally across the upper portion of lanes A-E,
the high molecular weight bands in lanes F and G, and weak hy-
bridizations in lane F are all artifacts.

a number of other tetranucleotide sequence recognizing en-
zymes (data not shown) did not reveal any consistent pattern
in the distribution of such sites. The absence of a discernible
pattern in the distribution of restriction sites as well as the
heterogeneity of the insert sizes themselves suggests that the
DNA sequences present in spc DNAs are not entirely made
up of simple repeats.

Cloned spc DNA Sequences Show Homology to Chromo-
somal Sequences. In order to determine whether there were
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FIGURE 2: Composite autoradiograph of Southern blots demonstrating
homology of three cloned BSC1 spc DNA sequences with chromosomal
DNA. High molecular weight (HMW) DNA from BSC1 cells was
digested with an excess of restriction endonuclease, electrophoresed
through 1% agarose gels, and transferred to nitrocellulose strips. Each
of three identical strips was then hybridized with 1 X 107 cpm of a
different *2P-labeled DNA probe [(0.5-5) X 10® cpm/ug] in 2 X SSC
at 65-67 °C. Probes were prepared from DNA fragments isolated
from spc DNA clones. In this composite, lanes A-E contain 10 ug
of HMW DNA digested with EcoRI, Haelll, HindIll, Hpall, and
Tagql, respectively. Lanes F and M contain 1 ng of pBR322 DNA
(forms I and II). Lanes A-F were probed with a DNA fragment from
the clone pHDOOS which was isolated from a Hpall digest of the
recombinant. This fragment contains the entire inserted DNA
fragment as well as flanking pBR322 DNA sequences originally found
between positions (3901-161) of the vector. Lanes G-I contain 10
ug of HMW DNA digested with HindIIl, Haelll, and EcoRI, re-
spectively, and probed with the insert fragment from clone pTB009.
This fragment was isolated by Tagl restriction of pTB009 and only
contains insert sequences. Lanes J-L contain 10 ug of HMW DNA
digested with EcoRlI, HindIll, and Tagql, respectively. Lanes J-M
were probed with the insert fragment derived by Hpall restriction
of DNA from clone pHB113. This fragment contains the entire
segment of inserted DNA as well as flanking sequences derived from
pBR322 DNA (see pHDO00S above). The apparent difference in
hybridization between lanes F and M results from the almost 50-fold
greater exposure time required to detect the putative single-copy
sequence present in the pTB009 and pHB113 insert segments. Control
hybridization of BSC1 HMW DNA with *P-labeled pBR322 DNA
failed to detect pBR322 homologous sequences in monkey DNA (data
not shown), and control hybridization of blotted BSC1 mitochondrial
DNA with each of the probes failed to detect homology.

any sequence homologies between spc and chromosomal
DNAs, we selected and examined a number of spc DNA clones
for homology to chromosomal sequences. High molecular
weight (chromosomal) DNA was isolated from BSC1 cells and
digested overnight with various restriction enzymes. The
digests were fractionated on agarose gels, and the DNA was
transferred to nitrocellulose strips and hybridized to **P-labeled
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cloned spc DNA fragments. The results of experiments using
four different radiolabeled probes of cloned spc DNA are
shown in Figures 1 and 2. Three distinct patterns of hy-
bridization were observed. Figure 1 shows the patterns ob-
tained when the insert fragment of clone pTC001 was used
as a probe. These patterns (Figure 1, lanes A-E) are typical
of a highly repeated, tandemly arranged chromosomal se-
quence, since an evenly spaced population of fragments hy-
bridized to the probe. The size of the monomeric repeat unit,
based on mobility in the gel, is about 170 bp. Figure 1 also
includes the results of an experiment in which the insert
fragment of clone PTCO001 was used to probe DNA isolated
from both high and low multiplicity of infection passaged
simian virus 40 (SV40). (The rationale for this experiment
is presented in a following section.) Figure 2 shows the
patterns obtained when the insert fragments of clones pTB009
(lanes G-I) and pHB113 (lanes J-L) were used as probes.
These patterns are typical of low copy number or unique
chromosomal sequences since only a few fragments hybridized
to the probes. Figure 2 also shows the patterns obtained when
the insert fragment of clone pHDO00S5 was used as a probe.
These patterns (Figure 2, lanes A-E) are typical of inter-
spersed chromosomal repeated sequences, since many smaller
clearly resolved, and larger unresolved, fragments hybridized
to the probe (Young, 1979).

Identification of spc DNA Clones Homologous to Highly
Repeated Chromosomal DNA Sequences. In order to de-
termine the representation of highly repetitive chromosomal
sequences in the spc DNA clone bank, we carried out colony
hybridization of the 138 clones with *?P-labeled total monkey
high molecular weight DNA. Such experiments were expected
to reveal cloned sequences (in colonies) homologous to highly
and moderately repetitive chromosomal sequences. It was
anticipated that the extent of hybridization would be pro-
portional to the extent of repetition in the chromosome such
that there would be a gradient of autoradiographic intensity,
with the strongest hybridizations indicating highly repeated
chromosomal sequences and the weakest indicating low copy
number chromosomal sequences. The results of such colony
hybridizations revealed that 12 out of 138 spc DNA containing
colonies exhibited strong hybridization while the remaining
exhibited various degrees of weaker hybridization. It should
be noted that clones containing very small segments of repe-
titive sequences and those containing highly diverged repetitive
sequences could have escaped detection under the conditions
of these experiments. Among the 12 strong positives was the
spc DNA clone (pTC001) which had previously been identified
as being homologous to a highly repeated tandemly arranged
chromosomal sequence. To determine if the other 11 strongly
positive clones were homologous to pTCO001, we repeated the
colony hybridization by using the insert fragment from pT-
CO001 (about 350 bp) as the labeled probe. Only one clone,
pTDO022, hybridized with this labeled DNA.

Identification of Two Major Monkey Repeat Family Se-
quences in the spc DNA Clone Bank. In order to determine
if any of the 12 BSCI1 spc DNA clones previously identified
as being homologous to repetitive chromosomal sequences
belonged to the primate Alu family (Jelinek et al., 1980;
Schmid & Jelinek, 1981), we carried out colony hybridization
with concensus human Alu DNA sequences as a radioactive
probe. The results showed that six out of the 12 indeed shared
homology with Alu sequences. As previously noted, the spc
DNA sequence contained in clone pTC001 was homologous
to a tandemly repeated chromosomal DNA sequence. For
determination of whether pTCO001 and the related clone
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FIGURE 3: Autoradiograph of a Southern blot demonstrating the
localization of BSC1 « family sequences in spc DNA. Total BSCI
form I DNA (lanes A and B) and restriction endonuclease digested
BSC1 high molecular weight DNA (lanes C-F) were fractionated
by electrophoresis through a 1% agarose gel, blotted onto nitrocellulose,
and fixed. The filter was then hybridized with ?P-labeled « family
DNA (monomer) in 2 X SSC at 65-67 °C. Lanes A and B contain
0.6 and 0.1 ug of BSC1 form I DNA, respectively. Lanes C-F each
contain 0.2 ug of BSC1 HMW DNA digested with Hpall (C), EcoRI
(D), HindI1I (E), and Tagl (F). The patterns observed in lanes C-F
are comparable with a cloned BSCI1 spc DNA sequence (pTCO001)
derived from the « repetitive family. Lanes A and B show size classes
of a-homologous spc DNA. As many as 15-20 bands are observed
on the original films. These lanes also show the absence of a-ho-
mologous sequences in mitochondrial DNA which runs near the top
of the lanes and represents more than 50% (by mass) of the total form
I BSC1 DNA. The smallest sized spc DNA band corresponds in
mobility to a chromosomal « dimer (for example, lane E; second band
from the bottom), allowing for the slightly greater mobility of form
I circular DNA as compared to linear DNA.

pTDO022 (neither of which show homology to Alu) shared
sequence homology with the monkey « family, monkey
chromosomal DNA was digested with HindIII, fractionated
on agarose gels, transferred to nitrocellulose membranes, and
hybridized with radiolabeled spc DNA inserts isolated from
plasmids pTC001 or pTD022. The results (complete data not
shown; for example, see lane C of Figure 1) showed that
hybridization patterns with either probe coincided with the
characteristic ethidium bromide staining pattern (Rosenberg
et al., 1978) of a HindIII digest of chromosomal DNA, in-
dicating homology of these two clones with the monkey «
family sequence. In a related experiment, colony hybridization
using *?P-labeled chromosomal “consensus” & monomeric
DNA (see Experimental Procedures) revealed that only
pTC001 and pTDO022 exhibited hybridization (data not
shown).

Representation of the a Family Sequence in Total, Un-
cloned spc DNA. The experiments described above suggested
the presence of « family sequences in spc DNA. In order to
determine whether this family was present in any particular
size classes of spc DNA, we performed the following exper-
iment. Total BSC1 form I (covalently closed circular) DNA
preparations were fractionated on agarose gels, transferred to
nitrocellulose membranes, and hybridized to radioactively
labeled consensus « family monomeric sequences. The results
(Figure 3, lanes A and B) showed that « family sequences
were apparently represented in all size classes of spc DNA.
Lanes A and B of Figure 3 reveal a series of discrete bands
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with sizes (approximately 0.3-3.0 kbp) expected for BSC1 spc
DNAs (note that this banding pattern was obtained by using
undigested form I spc DNA preparations). Despite the rel-
atively sharp resolution, it is difficult to ascertain if the bands
represent multimers of the smallest unit. Nevertheless, the
spacing between the spc DNA bands hybridizing to an «
family sequence probe suggests that BSC1 spc DNA contains
an oligomeric series of a family DNA circles, with the smallest
member being a dimer of the basic 172-bp sequence. Figure
3 also reveals that mitochondrial DNA, which constitutes a
significant mass fraction (about 65%) of form I BSC1 DNA,
is not homologous to « sequences.

From the results of these experiments, it appeared that the
a family was represented in all size classes of monkey spc
DNA. For assessment of total « family sequence content of
form I BSC1 spc DNA preparations, reassociation kinetics
analysis was employed. Total spc DNA resolved from mito-
chondrial DNA by electrophoresis through 4% polyacrylamide
gels was radiolabeled and driven into hybrid with a 10*-fold
(10 pg/mL) excess of &« monomer DNA (Cyt = 1.0). This
analysis (data not shown) indicated that 2—-4% of the total spc
DNA was homologous to « family sequences. (This result has
been confirmed by similar experiments using a cloned repre-
sentative of the « family monomer DNA as driver.)

Since this result implies an underrepresentation of the «
family in BSC1 spc DNA (relative to the chromosomal fre-
quency of 10-20%), the total content of highly repetitive DNA
in spc DNA was also assessed. For these experiments, a
32P-labeled sample of total spc DNA was driven into hybrid
in a 10°-fold (100 pg/mL) excess of total BSC1 chromosomal
DNA (Cyt = 10). The results of these experiments indicated
that spc DNA contained a total of 6-12% of highly repetitive
DNA sequences, again an apparent underrepresentation rel-
ative to their reported frequency in chromosomal DNA.

Confirmation That « Family Sequences Are Present in
Small Circular DNA Species. The form I spc DNA prepa-
rations used in the experiments described here were purified
by several consecutive centrifugations through cesium chlo-
ride—ethidium bromide density gradients (Experimental Pro-
cedures) and were free of chromosomal DNA contamination
as determined by electron microscopy. We therefore consider
it unlikely that the two a-DNA-containing clones (pTCO001
and pTD022) were derived from contaminating chromosomal
fragments. In addition, the experiments described in the
preceding section (Figure 3) indicate the presence of a family
sequences in DNA with the same mobility as spc DNA.
Nevertheless, for confirmation of the presence of « family
sequences in form I spc DNA, two related strategies were
employed. BSC1 form I preparations (which consist of 65%
mitochondrial and 35% spc DNA by mass) were centrifuged
to equilibrium in cesium chloride—ethidium bromide density
gradients together with low multiplicity passaged SV40 DNA
as an internal marker. A total of 80% of the marker was
present as form I (closed circular) and 20% as form II (open
circular) DNA. The gradients were fractionated from the
bottom, and the DNA in each fraction was analyzed by two
methods. In “gradient dot blot” experiments, the DNA in each
individual fraction was denatured, spotted onto duplicate strips
of nitrocellulose, and hybridized to radioactively labeled SV40
or a monomer DNAs. Hybridization with labeled SV40 DNA
(Figure 4) revealed two peaks of hybridization which corre-
spond in position to form I and form II species of the SV40
DNA marker. Hybridization with labeled o family consensus
(monomeric) DNA also revealed (Figure 4) two hybridization
peaks coinciding with the form I and form II positions defined
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FIGURE 4: Cesium chloride—ethidium bromide gradient blotting.
(Upper panel) Total form I DNA (2 ug) from BSCI1 cells and 2 ug
of SV40 (80% form 1 and 20% form I1) DNA were centrifuged to
equilibrium in a 7.0-mL ethidium bromide—cesium chloride density
gradient. The gradient was fractionated from the bottom into 28 equal
fractions, and 10 uL of each fraction was removed, diluted with 10
uL of 2 X SSC, and treated sequentially with 2 gL of 1.25 N HCI,
10 uLL of 1 N NaOH, and 6 uL of 1.25 N HCI (to neutral pH). Of
each treated fraction, 9.5 uL. was then spotted and fixed onto a
nitrocellulose strip and probed with *2P-labeled DNA in 2 X SSC
at 65 °C. The upper strip was probed with *?P-labeled SV40 DNA
and the lower with 3?P-labeled o family DNA (monomer) prepared
as described (Experimental Procedures). After being washed, each
filter was subjected to autoradiography at =70 °C. The figure il-
lustrates the resolution to form I (FI) and form IT (FII) DNAs and
demonstrates the presence of sequences homologous to the o family
probe in the total form I DNA from BSCI1 cells. (Lower panel) Of
each gradient fraction, 3.5 uL was diluted to 35 uL with electrophoresis
buffer (1 X TEA) and electrophoresed through a 1% agarose gel. The
DNA was then transferred to a nitrocellulose filter, fixed, and hy-
bridized to *?P-labeled « family DNA as described above. Lane M
contains 50 ng of HindllI-digested BSC1 HMW DNA included as
linear size markers (bands spaced at integer multiples of 172 bp) and
as a control for hybridization. FI and FII at the right of the lower
panel mark the distance migrated for forms I and IT DNA of pSN2,
a 1.2-kbp enterotoxin plasmid of S. aureus. This panel shows the
distribution of « family homologous sequences within the spc DNA
of BSC1 cells. It further shows the absence of homology to low
multiplicity passaged SV40 DNA present in the gradient and the
absence of a family homology to BSC1 mitochondrial DNA which
comprises more than 50% of the total mass of form I DNA present
(see text).

by the SV40 marker. Identical results were obtained when
the insert fragments of clones pTC001 and pTD022 were used
as probes in this type of analysis (data not shown). In
“gradient Southern blot” experiments, DNA from the (cesium
chloride—ethidium bromide gradient) fractions used in dot
blotting was fractionated on 1% agarose gels, transferred to
nitrocellulose strips, and hybridized to the same labeled con-
sensus a-DNA probe. The results of such experiments (Figure
4) showed that « family DNA was present in form I (fractions
7-12) and form Il (14-18) peaks. The gel fractionation
pattern was similar to that obtained in Southern blots where
total form I DNA was directly fractionated on gels (Figure
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FIGURE 5: Nucleotide sequence of the spc DNA fragment in clone pTCO01. The upper panel shows a partial restriction map of the insert
and indicates (arrows) the strategy employed to determine the nucleotide sequence. Hatched regions bounding the Tagl sites represent pBR322
DNA. Note that the insert is orjented with the HindIII site of pBR322 DNA on the left-hand side. The lower panel compares the African
green monkey « family consensus sequence (Rosenberg et al., 1978) with the spc DNA insert. Equivalence of the sequences is indicated by
a dash in the line labeled insert. Where the sequences differ, the base pair of the insert is given. An X in the line labeled insert denotes a

deleted base pair.

3), and as expected, the bands in the form I region migrated
more rapidly than those corresponding to form II. No hy-
bridization was observed at positions corresponding to either
mitochondrial or SV40 DNAs. These results confirm that «
family sequences occur in small covalently closed circular
DNAs and that they are represented by discrete, almost evenly
spaced bands suggestive of an oligomeric series. It is assumed
that form II material represents in vitro nicking of the original
form I preparation.

The failure to detect low multiplicity passaged SV40 DNA
markers in BSC1 spc DNA gradient Southern blot experi-
ments probed with either « monomer, pTC001, or pTD022
DNAs was consistent with the results obtained from the ex-
periment presented in lane F of Figure 1 where low multiplicity
passaged SV40 DNA was probed with the pTC001 insert
fragment. It should also be noted that, in agreement with
published reports (Kelly & Nathans, 1977; McCutchan et al.,
1979; Wakamuya et al., 1979), the results obtained from the
experiment presented in lane G of Figure 1, where serially
passaged SV40 DNA was probed with the pTC001 insert,
demonstrated that some defective SV40 genomes, known to
accumulate during serial passage of the virus, contained
substituted « family sequences.

Analysis of Chromosomal Repetitive DNA Sequences
Contained in Two spc DNA Clones. - For further definition
of the structure of spc DNAs, the nucleotide sequences of the
DNA inserts in two clones were determined. The Alu-ho-
mologous DNA insert in pTD120 is 379 bp long and contains
an entire Alu element together with about 25 bp of non-Alu
DNA flanking each end of the Alu sequence. Characterization

of the Alu-homologous spc DNA clones has been described
in a separate communication (Krowiewski et al., 1982).

The a-homologous spc DNA clone pTC001 was derived by
cloning a Tagl digest of the 1.2-kbp size class of BSC1 spc
DNA. The nucleotide sequence of the entire 346-bp-long spc
DNA insert was determined by the methods of Maxam &
Gilbert (1977) and is shown in Figure 5. Figure 5 includes
a comparison of the consensus « sequence with the cloned
insert. An examination of these DNA sequences reveals the
following: (1) the 346-bp-long insert, which is composed
entirely of « family sequences, is a permuted dimer of the
chromosomal « family sequence containing one complete «
monomeric sequence flanked by two partial repeats in a
head-to-tail arrangement; (2) the internal monomeric repeat
differs from the consensus sequence by 20 base mismatches
and one single base-pair deletion; (3) the two partial repeats
diverge in sequence compared to both the consensus and the
internal monomeric sequence.

Discussion

More than a decade after its initial discovery, eukaryotic
spc DNA remains an enigmatic biological phenomenon.
Nevertheless, an appreciation of various prokaryotic genetic
phenomena involving circular DNA structures coupled with
existing information regarding eukaryuotic spc DNA has led
to a number of speculations concerning its origin and function,
including the possibility that spc DNA represents intermediates
or byproducts of genetic rearrangements. In any case, spc
DNA appears to be a widely represented biological phenom-
enon, and thus a determination of the nucleotide sequences
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present in this DNA appeared to be an appropriate significant
step toward its characterization. For the intial studies, we
cloned spc DNA from an African green monkey cultured cell
line (BSC1).

Strategy Used for Cloning spc DNA. The initial cloning
strategy illustrates the problems encountered in working with
spc DNA. The heterogeneity of sequences contained in spc
DNA and the small quantities of material preclude the con-
struction of restriction maps. This leaves one with the option
of adopting various shotgun cloning approaches, involving
fragmentation of spc DNA either by a nonspecific nuclease
(e.g., DNase I) or with specific restriction endonucleases. We
chose two tetranucleotide-recognizing restriction enzymes
(Taql and Hpall) for fragmenting spc DNA. Assuming a
more or less random sequence representation, it was reasoned
that some spc molecules of all size classes would be cut at least
once by either enzyme. The major difficulty anticipated with
this approach is that intact full-length circles may not be
cloned. Nevertheless, an analysis of fragmented cloned spc
DNA sequences has yielded useful information.

Examination of the spc DNA inserts in our clone bank did
not reveal any patterns in the size of the inserts, which ranged
from about 20 to 1700 bp. In those cases examined, the
distribution of internal restriction endonuclease sites did not
reveal any pattern. These results implied that spc DNA
molecules contained no common “core” sequence, although
microheterogeneity in such a sequence could also give the
above results. Nevertheless, the sizes and restriction patterns
of cloned sequences indicated that complex rather than simple
sequences were represented in spc DNA.

Nature of Sequences in Cloned BSC! spc DNA. All of the
spc DNA clones examined were capable of hybridizing with
chromosomal sequences, suggesting that most if not all spc
DNA was derived from chromosomes. These results indicate
that spc DNA (1) is not due to prokaryotic contamination,
(2) is not exclusively made up of exogenous defective viruses,
and (3) is unlikely to be derived from any unknown organelles
or symbionts.

The hybridization experiments also revealed that both
unique and repetitive DNA sequences were represented in spc
DNA. Cloned fragments homologous to highly repeated
chromosomal sequences were identified by colony hybridization
using 32P-labeled high molecular weight BSC1 DNA. Twelve
out of 138 clones appeared to contain DNA homologous to
highly repeated chromosomal sequences. Out of these, six were
shown to be homologous to the human Alu, two (pTC001 and
pTDO022) to the major African green monkey « repeat family
sequence, and four (including pHDOOS) to as yet unidentified
repeat family sequences.

In higher mammals, as much as 40% of the haploid genome
might consist of repeating DNA elements (Britten & Kohne,
1968; Lewin, 1980). The major monkey repeat family se-
quence, «, might represent 10-20% of the genomic DNA
(Rosenberg et al., 1978). If the representation of the Alu
sequence in the monkey is similar to that in the human, then
the o and Alu sequences alone should account for 25% of total
genomic DNA. The finding that only 12 out of 138 clones
shared sequence homology with highly repetitive chromosomal
sequences might mean that spc DNA has a sequence repre-
sentation very different from that of the chromosome or that
our clone bank is not representative of the sequences contained
in spc DNA. In addition, it is possible that highly diverged
but still identifiable versions of highly repeated sequences may
have escaped detection because of the nonspecific probe used.
In any event, from the reassociation data and the analysis of
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the clone bank, it is clear that spc DNA contains sequences,
both repeated and unique, other than the Alu and « families.

While reassociation experiments and Southern blotting re-
veal the extent of representation and organization of repeated
sequences in spc DNA, an examination of the actual nucleotide
sequences present in a number of spc DNA molecules will be
necessary to determine any specific features distinguishing spc
DNA from the genomic consensus o sequences. Determination
of the sequence of the spc DNA insert in pTC001 (Figure 5)
showed this particular 346-bp segment to be a permuted dimer
of the consensus o sequence published by Rosenberg et al.
(1978). However, a comparison of the internal complete
monomeric sequence with the consensus revealed a large di-
vergence. Specifically, this sequence differs from the consensus
at 21 positions, with 20 base mismatches and one single-base
deletion. This represents a 12% divergence and is significantly
greater than the 3% divergence reported for several cloned
genomic a family members (Thayer et al., 1981). However,
it would be premature to attach any significance to these data
before the nucleotide sequences contained in a number of spc
DNA molecules become available.

Representation of the a Family Sequences in BSCI Form
I spc DNA. The representation of the o sequence in total
BSC1 spc DNA was investigated by a variety of techniques.
Thus, gradient dot blotting and gradient Southern blotting
were used to demonstrate that o family sequences were ac-
tually present in form I spc DNA molecules. The Southern
blots of spc DNA fractionated on agarose gels and hybridized
to labeled « family sequences revealed that they were repre-
sented in all major size classes of spc DNA and that the
spacing of the a-homologous spc DNA bands was fairly reg-
ular. It is important to note that this spacing was observed
on blotted form I spc DNA (i.e., no restriction endonuclease
digestion was involved) and is highly suggestive of an oli-
gomeric series of circular molecules at least partly made up
of o family sequences. We are concurrently determining
whether any of the spc DNA circles are composed entirely of
a sequences. A Southern blot experiment using form I DNA
cut with & and probed with a consensus a sequence reveals
a ladder pattern similar to that given by chromosomal DNA
and contains at least 12 bands (L. M. Refolo and M. Z.
Humayun, unpublished experiments). This result is consistent
with the existence, within the spc DNA population, of an
oligomeric series of DNA molecules differing from each other
by the number of o sequence repeats.

Significance of Sequences Present in BSCIl spc DNA.
What, if any, is the significance of finding repetitive DNA
sequences in spc DNA? It is known that one major highly
repetitive sequence of higher mammals (the Alu family) has
a conserved, 14-bp segment homologous to a sequence oc-
curring at the origins of the replication of papova viruses
(Jelinek et al., 1980). A subset of the yeast-repeating sequence
Tyl is reported to have origins of replication [e.g., see Chan
& Tye (1980)]. Many repetitive sequences seem to be mobile
(Young, 1979; Potter et al., 1979). Saltatory replication of
repetitive sequences has been proposed as one possible
mechanism for both tandem duplication as well as dispersal
of repeat sequences (Brutlag, 1980). Amplification of certain
genes is assumed to involve circular DNA species (Hourcade
et al., 1973). One conceivable consequence of all these pre-
dicted and observed eukaryotic DNA rearrangements could
be the generation of circular DNA intermediates. Indeed, spc
DNA might represent a collection of disparate phenomena
which happen to share a structural feature, circularity.
However, it is also possible that the presence of repetitive
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sequences in spc DNA could be due to the fact that spc DNA
is a nonspecific side product of DNA degradation. The
prevalence of repetitive sequences in the chromosome would
ensure their association with spc DNA, although several in-
direct lines of evidence argue against this possibility. First,
more than 80% of Drosophila spc DNA appears to share
sequence homologies with the chromosomal middle repetitive
component (Stanfield & Lengyel, 1979), which constitutes only
16-17% of the genome (Young, 1979), implying that spc DNA
formation in this species is a directed phenomenon. Second,
data presented in this paper reveal a striking periodicity in the
sizes of spc DNA molecules hybridizing to a consensus a
sequence probe. This periodicity approximately corresponds
to that expected for an oligomeric series of circular DNAs with
size increments roughly corresponding to the & monomeric
sequence. It is difficult to reconcile such periodicities with
a nonspecific phenomenon. It is more likely that such circular
DNAs are derived from chromosomal tandem repeats as a
result of homologous recombination, leaving a deletion in the
chromosome and creating an extrachromosomal form of the
repeat which may be free to amplify and/or to translocate to
other intra- or interchromosomal locations as envisaged by the
saltatory replication hypothesis. In the case of dispersed re-
peated chromosomal sequences (e.g., the Alu sequence), an
excised circle would carry “passenger” sequences originally
located between two members of the repeated element. Such
phenomena could be analogous to, but distinct from “true”
transposition according to bacterial models (Shapiro, 1979;
Calos & Miller, 1980) and might be involved in many tran-
sposition events including the generation of orphons (Childs
et al,, 1981). Some or all of spc DNA might thus represent
extrachromosomal intermediates of mobile genetic elements.

One could also consider some spc DNA molecules to be not
so much intermediates as byproducts in genetic rearrange-
ments. Thus, these DNAs might arise by excision processes
suggested above to bring two chromosomal sequences together,
very much like what is known to happen in certain immuno-
globulin gene rearrangements (Early & Hood, 1981; Mol-
gaard, 1980). Once such rearrangement has been accom-
plished by homologous recombination between two repeat
DNA sequences flanking the sequence to be deleted, the re-
sultant DNA circle would have no further function. Genomic
rearrangements by DNA loss may also occur at random
without a specific purpose. Schmookler-Reis & Goldstein
(1980) have recently found that human repetitive DNA se-
quences (specifically the EcoRI family, which is the human
equivalent of the monkey o sequence; Wu & Manuelidis,
1980) are selectively lost from primary human diploid fi-
broblast cultures. Perhaps the excision processes involved in
this phenomenon generate small heterogeneous circular DNA
species.

Whether any of the above hypotheses are correct must
await, at the very least, the complete nucleotide sequence
determination of several spc DNA circles and the chromosomal
regions from which they were derived. In the meantime, our
preliminary data indicate that spc DNA isolated from a human
cell line (HeLa) shares several organizational features with
the monkey DNA (L. M. Refolo and M. Z. Humayun, un-
published experiments).
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In Vitro Synthesis of the Membrane-Bound D-Lactate Dehydrogenase of

Escherichia coli’

Eugenio Santos,’ Hsiang-fu Kung,? Ian G. Young, and H. Ronald Kaback*

ABSTRACT: Synthesis of the membrane-bound, flavin-linked
D-lactate dehydrogenase of Escherichia coli has been studied
by using a recombinant plasmid containing the d/d gene
[Young, I. G., Jaworowski, A., & Poulis, M. (1982) Bio-
chemistry (following paper in this issue)]. Expression of the
cloned dld gene was achieved either in vivo with transformed
minicells or in vitro with a fractionated transcription/trans-
lation system. In both instances, a product is observed that
is specifically immunoprecipitated by +y-globulin prepared
against the purified enzyme and comigrates with authentic
D-lactate dehydrogenase on sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis. Furthermore, the product is

Substrate oxidation via a membrane-bound respiratory chain
drives the active transport of a wide variety of solutes in
right-side-out membrane vesicles prepared from many bacteria
(Kaback, 1972, 1974; Owen & Kaback, 1978, 1979a,b) by
mechanisms in which an electrochemical gradient of protons
(Afy+,! interior negative and alkaline) is the immediate driving
force (Mitchell, 1963, 1968, 1973; Kaback, 1976; Harold,
1977; Konings & Boonstra, 1977). Furthermore, for reasons
that are not fully understood, although the vesicles have the
capacity to oxidize a number of substrates, generation of A+
is relatively substrate specific (Kaback, 1972, 1974). Thus,
in vesicles from Escherichia coli and Salmonella typhimurium,
D-lactate serves as the most effective physiological electron
donor for the generation of Ay+, even though the vesicles
respire at higher rates in the presence of other substrates
(Barnes & Kaback, 1971; Schuldiner & Kaback, 1975;
Stroobant & Kaback, 1975; Ramos et al., 1976).
Incubation of E. coli vesicles with radioactive D-lactate
results in stoichiometric conversion to pyruvate (Kaback &
Milner, 1970; Barnes & Kaback, 1970), and the D-lactate
dehydrogenase (D-LDH) that catalyzes this reaction has been
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catalytically active and binds to membrane vesicles during or
after synthesis. Thus, it seems likely that the protein is syn-
thesized in mature form and binds to the membrane without
a leader peptide sequence. Interestingly, addition of flavin
adenine dinucleotide to the in vitro reaction mixtures causes
a 2-fold increase in the synthesis of the enzyme, suggesting
that the cofactor plays a regulatory role in the synthesis of the
apoprotein. Finally, L factor, a protein involved in regulation
of protein elongation, has an inhibitory effect on the expression
of the did gene and a stimulatory effect on the expression of
the ndh gene (encoding NADH dehydrogenase).

solubilized from the membrane and purified to homogeneity
(Kohn & Kaback, 1973; Futai, 1973; Pratt et al., 1979). The
enzyme has a molecular weight of 70K % 10%, is composed
of a single polypeptide chain containing 1 mol of flavin adenine
dinucleotide (FAD) per mol of protein, exhibits a high degree
of specificity for b(-)-lactate, and is specifically inactivated
by the “suicide substrate” 2-hydroxy-3-butynoic acid (HBA)
(Walsh et al., 1972). Moreover, antibody inhibition (Short
et al, 1975a,b) and immunoadsorption studies (Owen &
Kaback, 1978, 1979a,b) demonstrate clearly that the protein
is associated with the cytoplasmic surface of the plasma
membrane.

Vesicles prepared from mutants specifically defective in
D-LDH do not catalyze D-lactate oxidation or D-lactate-de-
pendent active transport (Hong & Kaback, 1972). However,
the vesicles can be reconstituted with p-LDH by exposure to
crude (Reeves et al., 1973) or purified (Short et al., 1974)
enzyme preparations, and in the reconstituted system, it is
apparent that the enzyme is bound to the outer surface of the
vesicle membrane (Short et al., 1975a,b; Futai, 1975). Re-
markably, despite the abnormal location of the enzyme, oxi-
dation of D-lactate by reconstituted dl/d" vesicles leads to the
generation of a Aay+ that is indistinguishable in polarity and

! Abbreviations: Afy+, electrochemical gradient of protons; b-LDH,
D-lactate dehydrogenase; FAD, flavin adenine dinucleotide; HBA, 2-
hydroxy-3-butynoic acid; NDH, NADH dehydrogenase; Cl;CCOOH,
trichloroacetic acid; PBS, phosphate-buffered saline; NaDodSO,, sodium
dodecy! sulfate; PMS, phenazine methosulfate; Tris, tris(hydroxy-
methyl)aminomethane.
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