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ABSTRACT
The major component of kinetoplast DNA (kDNA) in the protozoan Crithidia

acanthocephali is an association of approximately 27,000, 0.8 urn (1.58 x 10t>
dalton) circular molecules apparently held together in a particular struc-
tural configuration by topological interlocking. We have carried out hybrid-
ization experiments between kDNA samples containing one or the other of the
two complementary (H and L) strands of purified 0.8 um molecules derived from
mechanically disrupted associations and RNA samples prepared either from
whole C_. acanthocephali cells or from a mitochondrion-enriched fraction. The
results of experiments involving cesium sulfate buoyant density centrifuga-
tion indicate that whole cell RNA contains a component(s) complementary to
all kDNA H strands, but none complementary to kDNA L strands. Similar re-
sults were obtained using mitochondrion-associated RNA. Digestion of RNA/
DNA hybrids and suitable controls with the single-strand-specific nuclease SI
indicated that 10X of the kDNA H strand 1s involved in hybrid formation.
Visualization of RNA/DNA hybrids stained with bacteHophage T4 gene 32 pro-
tein revealed that hybridation involves a single region of each kDNA H
strand, equal to approximately 10% of the molecule length. These data sug-
gest that at least 10$ of the small circular component of kDNA of Crithidia
acanthocephali is transcribed.

INTRODUCTION

A structurally complex DNA, known as kinetoplast DNA (kDNA) is found in

the mitochondria of members of the protozoan order kinetoplastida (1).

In one such organism, Crithidia acanthocephali, the kDNA comprises on the av-

erage 27,000 circular molecules, each with a uniform contour length of 0.8 mu

(1.58 x 10 daltons), which are held together apparently by topological in-

terlocking in a definite ordered manner to form a structure termed an associ-

ation (2). Long, possibly linear molecules are found associated with some

associations. Associations with some species specific variations in struc-

ture have been described for kDNA from a variety of species of Trypanosoma

(3-7), Crithidia (2), Leishmania (8), and Phytomonas (9). Data obtained from

a number of physicochemical and restriction enzyme analyses of C_. acantho-

cephali kDNA are consistent with the view that the small circular component
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comprises at least 70% of this DNA, and that while it seems most likely that

individual circular molecules have much of their nucleotide sequences in com-

mon, nucleotide differences between them do occur (10, 11). Evidence from

renaturation studies for a component accounting for approximately 15% of £.

acanthocephali kDNA with a sequence complexity of about 18 x 10 daltons has

been presented (10). Similar conclusions concerning the sequence complexity

of the kDNAs of other Crithidia species (12-15) and species of Trypanosoma

(16, 17), Leishmania (18-20), and Phytomonas (9) have been reached. Further,

it has been shown for some species of the genera mentioned that their kDNA

includes a large circular component of molecular weight ranging from 12.2 x

106 for X- brucei (17) to 22 x 106 for C_. luciliae (21).

Recently studies have been carried out to gain information on the trans-

cription product of kDNA. From purified mitochondrial fractions of C_.

fasciculata, Nichols and Cross (22) reported the isolation of four distinct

RNAs, the synthesis of which were inhibited by ethidium bromide. No attempt

was made, however, to demonstrate the complementarity of these RNAs to kDNA.

However, Simpson and Simpson (23) isolated two distinct RNA molecules of 513

and 1022 nucleotides from purified mitochondrial fractions of L_. tarentoiae,

and convincingly showed that both are complementary to the sequences of the

large circular component of this organisms's kDNA and not to sequences of the

small circular component. Evidence for RNA present in isolates of whole cell

RNA of C_. luciliae, which again are complementary to the large circular com-

ponent of kDNA, but not to the small circular component has been presented by

Hoeijmakers and Borst (24).

In this report we present evidence for the occurrence in cells of C_.

acanthocephali of an RNA molecule which is complementary to approximately 10%

of the small circular component of the organisms's kDNA, suggesting that,

contrary to the conclusions of Hoeijmakers and Borst (24), this DNA is in

fact at least partially transcribed.

MATERIAL AND METHODS

Culture of Organisms. All experiments involved cells of the same strain

of Crithidia acanthocephali as that used by Renger and Wolstenholme (2) and

originally obtained from Dr. Helene Guttman at the University of Illinois,

Chicago Circle. Maintenance of stocks and culture of cells used for DNA and

RNA extractions were carried out as described previously (2, 10).

Kinetoplast DNA Isolation. Details of the following techniques were des-

cribed previously (10). Isolation of whole cell DNA; separation and purifi-
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cation of kDNA associations from whole cell DNA; preparation of fractions

consisting of 1) covalently-closed, single circular molecules, and 2) mix-

tures of open single circular molecules and linear molecules of single-

circle length (unit-length linear molecules) from kDNA associations; pre-

paration by alkaline cesium chloride centrifugation of heavy (H) and light

(L) kDNA strands from fractions consisting of a mixture of open circular and

unit-length linear molecules; preparative neutral cesium chloride and ethi-

dium bromide-cesium chloride equilibrium density gradient centrifugation.

The molecular forms present 1n all DNA fractions were verified by electron

microscopy (10). The identity and purity of H strand fractions and L strand

fractions of kDNA were verified by analytical neutral and alkaline cesium

chloride equilibrium density gradient centrifugations (10).

Isolation of Whole Cell RNA. C_. acanthocephaii was harvested in mid-log

phase (=8 x 106 cells/ml) by centrifugation at 6000 x g for 10 min and resus-

pended in extraction buffer (50 mM sodium chloride, 10 mM sodium acetate, pH

5.1) containing 2mg/ml polyvinylsulfate (PVS) and 2 mg/ml sodium bentonite

(prepared by the procedure of Watts and Mathias (25)) at 4°C. Cells were

lysed by addition of sufficient 20% sodium dodecyl sulfate (SDS) to yield a

final concentration of 2% and whole cell RNA (wcRNA) was isolated by the

method of Kirby (26) which included deproteination with redistilled phenol/m-

cresol (7:1 w/v), and removal of DNA with pancreatic DNase (RNase free, Wor-

thington). Whole cell RNA was also isolated from C_. acanthocephali by pel-

leting through a two-step cesium chloride gradient following the method of

Glisin et al. (27).

Preparation of a Mitochondrion-enriched Fraction. Harvested log phase

cells were suspended in a buffer containing 10 mM Tris (pH 7.1), 10 mM potas-

sium chloride, 0.15 mM magnesium chloride, 0.5 M sucrose, 2 mg/ml PVS, and 2

mg/ml sodium bentonite. The cells were disrupted by blending for 20 sec at

high speed in a model 5011 Waring blender, and the product centrifuged at

1000 x g for 10 min at 4°C. The pellet was discarded and the supernatant sub-

jected to centrifugation at 1000 x g for 10 min four more times. The final

supernatant was centrifuged at 12,000 x g for 10 min and the resulting pellet

washed by repeated centrifugation in buffer containing 0.25 M sucrose. The

final pellet was layered onto the top of a 10 ml, 1.0 M to 2.2 M linear suc-

rose (RNase free grade, Sigma) gradient 1n 50 mM sodium chloride, 10 mM sodium

acetate (pH 5.1) and centrifuged at 20,000 rpm for 1 hr at 4° C in a Beckman

Spinco Model L2 65B using an SW-41 rotor. The band of mitochondria (at a
3 3

sucrose molarity of 1.65 M to 1.70 M; p = 1.266 g/cm to 1.277 g/cm ) was
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removed using a Pasteur pipet and the RNA (referred to as mitochondrion-asso-

ciated RNA (mt-assoc RNA)) extracted as described above for wcRNA.

Sucrose Gradient Analyses. Samples of 100 yg to 500 yg of RNA contained

in 0.5 ml of extraction buffer were layered onto a 10 ml linear 5X - 20? suc-

rose gradient (RNase free grade) in 20 mM sodium chloride, lOmM sodium ace-

tate (pH 5.1), and centrifuged at 37,000 rpm for 4.5 or 5 hr at 4°C in an SW-

41 rotor. Following centrifugation, 8-drop fractions were collected. Absor-

bance (260 nm) was determined using a Gilford 2400-S spectrophotometer, and

radioactivi ty was determined as described below.

Sedimentation coefficients (S 2Q)W) for £. acanthocephali RNAs were cal-

culated (28) from the distr ibut ion of these RNAs in the gradient relat ive to
3H-uridine-labeled (55,000 cpm/yg) wcRNA from Drosophila melanogaster embry-

onic culture cells (obtained from D. Steward), or to H-uridine-labeled 28S

and 18S RNA from D_- melanogaster (obtained from P. Huck).

Annealing of Single Strands of kDNA and RNA. Single heavy (H) or l ight

(L) strands of kDNA (10) were mixed with appropriate molar amounts of either

wcRNA or mt-assoc RNA (determined by absorbance at 260 nm), and 2 M sodium

phosphate (RNase free, pH 6.8) was added to give a f inal concentration of 0.5

M. These mixtures were then stoppered in s ter i le test tubes and Incubated

for 28 hr at 60cC. The mixtures were then cooled to room temperature and

glass d i s t i l l e d , s ter i le water and 2 M Tris-HCl (pH 6.8) were added to give a

f ina l volume of 7 ml and a f inal Tris-HCl concentration of 0.1 M. Native

kDNA associations, or kDNA H strands or L strands were self-annealed under

the same conditions but without RNA present, as controls. C_. acanthocephali

wcRNA was also self-annealed, in the absence of DMA, as a control.

Cesium Sulfate Equilibrium Buoyant Density Gradient Centrifugation. To

the 7 ml solutions containing coannealed mixtures of kDNA and RNA or self-

annealed kDNA or RNA, sol id cesium sulfate was added to give a f inal refrac-

t ive index of 1.3750 (p = 1.510 gms/an ). These solutions were centrifuged

at 43,000 rpm for 72 hr at 20°C using a Beckman type 65 rotor. After cen-

t r i fugat ion 6-drop fractions were collected. Alternate fractions were ana-

lyzed for radioactivi ty while the refractive indices of every tenth fraction

were determined in order to obtain a density prof i le of the gradient (29).

IJI vivo Radioactive Labeling of Nucleic Acids. C_. acanthocephali were

uniformly labeled with 32p by growth in culture medium containing 10 mC/1

of 32P-orthophosphoric acid (New England Nuclear) for at least 10 genera-

t ions. RNA was labeled with H by growth for at least 6 generations in cul-

ture medium containing 1.5 mC/1 of H-uridine (New England Nuclear).
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Determinations of Radioactivity in Nucleic Acid Samples. Fractions from

sucrose gradients, and cesium sulfate gradients were diluted to 0.5 ml with

SSC (150 mM sodium chloride, 15 mM sodium citrate), and 75 yg of alkaline

denatured (by incubation for 16 hr at 37°C in 0.1 N sodium hydroxide) carrier

Salmon sperm DMA (1 mg/ml) was added. Ice cold 20% trichloracetic acid (TCA)

was added to a final concentration of 5%, and, after mixing, the solution was

placed for 1 hr at 4°C. Precipitated nucleic acids were collected on glass

fiber filters (934AH, Reeve Angel). Repeated rinsing of the tubes with con-

centrated hydrochloric acid (90 ml/1) and sodium pyrophosphate (45 gm/1) en-

sured maximum recovery of the nucleic acids. The filters were dried at 60°C

and radioactivity was determined using 10 ml of BBOT (8 gms/1 toluene, scin-

tillation grade, Packard) as a fluor in the Packard 3320 liquid scintillation

system.

Nuclease SI Analysis. Analysis of RNA/DNA hybrids and of H or L strands

of kDNA with nuclease SI (from Aspergillus oryzae: Miles) was carried out

using a modification of the technique of Leong et al (30). A control experi-

ment was first performed to ascertain the specificity of the enzyme. A sam-

ple containing 0.5 yg double-stranded, H-thym1d1ne-labeled DNA (20,000 cpm/

pg) from Escherichia coli and a second sample containing 0.5 yg E_. coin

single-stranded H-thym1dine-labeled DNA (produced by incubation of double-

stranded DNA for 16 hr at 37°C in 0.3 N sodium hydroxide) were separately

precipitated with ethanol and resuspended in 2 ml of SI digestion buffer

(0.3 M sodium chloride, 30 mM sodium acetate (pH 4.5) and 3 mM zinc chlo-

ride). To each sample, 10 Vg of single-stranded Salmon sperm DNA and 150

units of SI nuclease were added and the mixture was incubated for 2 hr at 50°

C. Each mixture was cooled in an ice water bath and, after addition of 100

yg carrier Salmon sperm DNA, precipitated with 5% TCA. The precipitates were

collected on filters and radioactivities determined. The data from this ex-

periment indicated that 98.4% of the E_. coli double-stranded DNA was resistant

to SI, while only 1.9% of the single-stranded DNA was resistant.

Separate samples of H and L strands of kDNA were prepared for SI analy-

sis as follows. Approximately 2 yg (1,000 cpm P) of ethanol-predpitated

H strands or L strands were suspended in 40 yl of a buffer containing 0.6 M

sodium chloride, 10 mM Tr1s (pH 7.1) and 3 mM EDTA and incubated at 65°C for

either 10 sec or 24 hr. RNA/DNA hybrids were prepared for SI analysis by

mixing H or L strands of kDNA with 10 to 100-fold excess of £. acanthocephali

wcRNA or mt-assoc RNA and the mixtures were incubated at 65°C in the same

buffer used for incubation of separated H and L strands. Samples containing
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separated H and L kDNA strands, and samples containing coannealed kDNA

strands and RNA were then diluted into 2 ml of SI digestion, buffer

digestions and determinations of the fractions of DNAs resisting digestion

were carried out as described above for E_. coli DNA.

Staining with Bacteriophage T4 Gene 32 Protein (31) To nucleic acid

samples in 10 mM sodium phosphate (pH 7.4) and 1 mM EDTA, bacteriophage T4

gene 32 protein (donated by K. Thomas and B. M. Olivera, and stored at 4.4

mg/ml in 30S glycerol, 50 mM sodium chloride, 2 mM Tris (pH 7.8) 5 mM EDTA

and 1 mM dithiothreitol) was added to give approximately 80 ug/ml final con-

centration. The mixture was incubated for 5 min at 37°C followed by addition

of 0.2X gluteraldehyde, and incubated for an additional 10 min at 37°C. This

mixture was diluted 10 fold into a solution containing 10 mM tricine (pH

9.0), 1 mM EDTA, and 50 yg/ml ethidium bromide. Monolayers were then pre-

pared on parlodion grids, stained with uranyl acetate, and rotary shadowed

for electron microscope examination.

Electron Microscopy. Kintoplast DNA was prepared for electron micro-

scopy by the formamide-protein monolayer technique of Davis et al. (32) using

50% and 20? formamide in the hyperphase and hypophase respectively. Other

details of electron microscopy (including the use of bacteriophage fd single-

stranded and double-stranded (RF) DNA as molecular weight standards) were as

given in Fouts et al. (10,11).

RESULTS

Sucrose Gradient Analyses of RNAs. Sucrose gradient analysis of Cr i th i -

dia acanthocephali whole ce l l RNA (wcRNA) revealed three major components

(Fig. 1A) which, from the relative distr ibut ion of D_. melanogaster wcRNA (28S,

18S, and 4S;(33)) had mean sedimentation coefficients of 25S, 18S and 4S (Fig.

IB and C). Similar values were found for wcRNA Isolated by either the phenol/

m-cresol, or the cesium chloride procedure. The majority of RNA extracted

from a mitochondrion-enriched fraction of C_. acanthocephali cel ls sedimented

as a single band with a mean sedimentation coeff icient of 17S (Fig. 2). A

second band with a mean sedimentation coeff icient of 3-4S was present in some

gradients.

Cesium Sulfate Buoyant Density Gradient Analyses. Native kDNA associa-

t ions, self-annealed kDNA H strands, and self-annealed kDNA L strands, when

centrifuged to equilibrium separately in a cesium sulfate buoyant density

gradient, each formed a single band with mean densities of 1.432 g/cm (Fig.

3A), 1.465 g/cm3 (Fig. 3B), and 1.434 g/cm3 (Fig. 3C) respectively. The re-
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Figure 1. The distribution of C_. acanthocephali wcRNA (solid circles, A260)
in 5S-2O2S sucrose gradients following centrifugation for 4.5 or 5 hours at
37,000 rpm in a Beckman SW41 rotor. The arrow below the abscissa in each
frame indicates the bottom of the gradient. A. £. acanthocephali wcRNA iso-
lated by the phenol/m-cresol procedure. B. As Â  except that D. meianogaster
^H-labeled wcRNA (open circles) was added inmediately before centrifugation.
C. C. acanthocephali wcRNA isolated by the cesium chloride procedure, to
whicK P. melanogaster 3H-labeled 28S and 18S RNA (open circles) was added
immediately before centrifugation.

lationships of these buoyant density values were confirmed from the results of

cocentrifugation of native associations with self-annealed H strands (Fig.

3D) and self-annealed L strands (Fig. 3E). At equilibrium in a cesium sul-

phate buoyant density gradient wcRNA was also in a single band, with a mean

density of 1.660 g/cm3 (Fig. 3F).
3'p-labeled kDNA H strands or L strands was coannealed with unlabeled

wcRNA in ratios of from 1:1 to 1:100, and the products centrifuged to equili-

brium in cesium sulphate gradients. The pertinent results for experiments

involving kDNA H strands are shown in Fig. 4. For the sample containing
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Figure 2. The relat ive distr ibut ion of £. acanthocephali P-labeled wcRNA
(sol id circles) and of 3H-labeled mt-assoc RNA (open circles) 1n a 5%-20%
sucrose gradient following centrifugation for 5 hrs at 37,000 rpm in a Beck-
man SW41 rotor. The arrow under the abscissa indicates the bottom of the
gradient. The sedimentation coefficients (25S, 18S, and 4S) shown are for
wcRNA calculated from the data shown in Fig. 1.

equal weights of DNA and RNA, the DNA-associated radioactivity formed a sin-

gle band with a mean density characteristic of the kDNA H strands. However,

at a rat io of DNA:RNA of 1:4, the DNA-assodated radioactivity formed a

broad band with two d is t inct peaks with mean buoyant densities of 1.498 and

1.466 g/cm3. The proportion of radioactivi ty under the denser peak increased

with increase in proportion of RNA in the coannealing mixture. At a DNA:RNA

rat io of 1:10 a l l of the radioactivity appeared as a single narrow band with

a mean buoyant density of 1.497 g/cm (F1g. 4D). A similar result was found

for DNA:RNA ratios up to 1:100. Hybrid formation between kDNA H strands and

a component (or components) of wcRNA could account for the increase in buoy-

ant density of kDNA H strands (34). The observation that the buoyant density

increase was uniform for a l l detectable kDNA H strands when annealing in -

volved a 10 fold or more excess of wcRNA suggests that a saturable fraction

of each H strand is being hybridized by RNA.

In contrast, the experiments with kDNA L strands did not provide evi -

dence for a wcRNA component complementary to these strands. For coannealed

mixtures of kDNA L strands and wcRNA up to a rat io of 1:100, the DNA associ-

ated radioact iv i ty formed a single band at a mean density (1.435 g/cnT) char-

acter is t ic of kDNA L strands (Fig. 5B).
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Figure 3. The distribution of P-labeled £. acanthocephali kDNA associa-
tions, self-annealed H strands and self-annealed L strands (A-E,solid circles)
singly and in the combinations indicated, and of ̂ H-labeied C_. acanthocephali
wcRNA (F) following centrifugation to equilibrium in cesium sulphate buoyant
density gradients. Buoyant densities indicated by arrows 1n the figures were
determined from the density profile (X-X) of each gradient.

in order to test the hypothesis that the observed shift to a higher

buoyant density of kDNA H strands following its coannealing with wcRNA repre-

sented RNA/DNA hybrid formation, two further experiments were conducted.

RNA can be hydrolyzed and removed from an RNA/DNA hybrid by alkali
32treatment (34, 35). A portion of the product of coannealing P-labeled

kDNA H strands and wcRNA was therefore treated with 0.1 N NaOH at 37°C for
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Figure 4. The dist r ibut ion of £. acanthocephali 32P-labeled kDNA H strands
(solid circ les) coannealed with unlabeled wcRNA in the proportions shown in
the upper r ight of each frame (A-D), following centrifugation to equilibrium
in cesium sulphate buoyant density gradients. Buoyant densities Indicated by
arrows in the figures were determined from the density prof i le (X-X) of each
gradient.

8 hr. The mixture was then adjusted to pH 6.8 with HC1, and incubated at 60°

C for 18 hr. Following centrifugation to equilibrium in a cesium sulphate

buoyant density gradient, the DNA-associateii radioactivi ty was distributed in

a single band which had a mean buoyant density characteristic of unhybridized

kDNA H strands (p = 1.465 g/cm3, Fig. 5C).

RNA which is hybridized to DNA, unlike unhybridized single-strand RNA is

resistant to digestion by ribonuclease A (RNase A) and Ribonuclease Tl

(RNase Tl) when the reaction 1s attempted in 2 X SSC (36-38). A portion of
32the product of coannealing P-labeled kDNA H strands and wcRNA was dialyzed

into 2 X SSC, and approximately 10,000 cpm (0.4 yg) of C-labeled Chinese

hamster ovary cel l RNA (obtained from D. Kolokovsky; shown to comprise 28S,

18S and 4S components) was added as a control, and the mixture was incubated
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Figure 5. The distributions at equilibrium in cesium sulphate gradients of
C_. acanthocephali 32p-iabe1ed kDNA H strands and L strands (solid circles),
coannealed with a 20-fold excess of wcRNA (A and B), and followed by alkali
treatment (C) or RNase digestion (D)). The profiles shown in D are from a
gradient that contained a sample of kDNA H strands (solid circles) which had
been coannealed with wcRNA, and a sample of ̂ -labeled Chinese hamster ovary
RNA (open circles),the two samples having been mixed and then incubated for 1
hr at 37°C in 2 X SSC containing 50 pg/ml RNase A and 5 units/ml RNase Tl.
Buoyant densities indicated by arrows in the figures were determined from the
density profile (X-X) of each gradient.

for 1 hr at 37°C with 50 ug/ml RNase A (freed from DNase activity by heating

at 80°C for 5 min in 0.1 M sodium acetate (pH 5.0) before use), and 5 units/

ml RNase Tl (pretreated as for RNase A). Following centHfugation to equili-

brium in a cesium sulphate buoyant density gradient, the C-radioactivity

was evenly distributed throughout the gradient (Fig. 5 0) indicating that the

Chinese hamster cell single-stranded RNA had been degraded by the enzyme di-

gestion. In contrast, kDNA-associated radioactivity formed a single band with

a mean buoyant density of 1.498 g/cm similar to that found for the undigested

product of coannealing kDNA H strands and wcRNA. These two results are

clearly consistent with the interpretation that a component of wcRNA is com-

plementary to each of the kDNA H strands.

In view of these results, it seemed reasonable to ask next whether spe-

cies of RNA homologous to small circular kDNA were to be found associated
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with mitochondria, and i f so, at what relat ive concentrations. Therefore,

mt-assoc RNA was annealed with 32P-labeled kDNA H strands or kDNA L strands,

at DNA:RNA ratios of 1:5 to 1:20 and the products analyzed by cesium sulphate

buoyant density gradient centrifugation (data not shown). Annealing of this

RNA fraction with kDNA H strands resulted in a sh i f t in buoyant density of

the DNA-associated radioactivi ty from 1.465 g/cm to 1.499 g/cm , similar to

that found following annealing of wcRNA with kDNA H strands. All DNA in the

samples was found at the higher buoyant density (1.499 g/cm ) only when the

rat io of mt-assoc RNA:DNA was 8:1 or greater. A sh i f t in buoyant density of

the DNA-associated radioactivity was not observed upon analysis of the co-

annealed product of mt-assoc RNA and L strand kDNA. These data suggest that

a component(s) of the mt-assoc RNA fraction is complementary to kDNA H

strands, and is the same RNA as that detected in wcRNA.

The contention that wcRNA and mt-assoc RNA of C_. acanthocephali contain

a component complementary to each kDNA H strand but not to kDNA L strands was
32strengthened by the results of the following experiment. P-labeled kDNA H

strands and L strands were annealed separately to an 8-fold excess of either
3H-ur1d1ne-labeled wcRNA or 3H-ur1dine-labeled mt-assoc RNA and the products

were analyzed by cesium sulphate equilibrium buoyant density centrifugation.

The results are shown in Fig. 6. As was found previously for an 8:1 mixture

of wcRNA:kDNA H strands (Fig. 4C), the majority of the DNA-associated P-ra-

dioact iv i ty banded with a mean buoyant density of 1.501 g/cm , while a minor-

i t y banded with a mean buoyant density (1.465 g/cm ) characteristic of self-

annealed kDNA H strands (Fig. 6A). While most of the RNA-associated H-radio-

ac t iv i ty was located at a much higher density than the kDNA, a minor fraction

with a peak buoyant density of 1.515 g/cm overlapped the denser kDNA frac-

t i on , consistent with RNA/DNA hybrid formation. A similar result was obtained

for the coannealed product of kDNA H strands and mt-assoc RNA (Fig. 6B). The

observation that in each experiment, the minor peak of RNA-associated H-ra-

dioact iv i ty was at a higher buoyant density than the corresponding peak of
32DNA-associated P-radioactivity, suggests that some of the DNA molecules

present in each gradient were of less than unit- length.

In contrast to the results obtained using kDNA H-strands, cesium sulphate

buoyant density gradient analysis of the products of annealing kDNA L strands

to either wcRNA or mt-assoc RNA fa i led to provide evidence of RNA/DNA hybrid

formation. In both cases (Fig. 6C and D) the DNA-assoc1ated radioactivi ty

appeared as a single band with a buoyant density characteristic of self-

annealed kDNA L strands and none of the RNA-associated H radioactivi ty ap-
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Figure 6. The dist r ibut ion of C.,acanthocephali P-labeled kDNA H strands
and L strands(solid circles) anJ H-labeled wcRNA and mt-assoc RNA (open
circles) in cesium sulphate buoyant density gradients following centrifuga-
tion to equilibrium of the products of coannealing the dif ferent DMAs and
RNAs. Buoyant densities indicated by arrows in the figures were determined
from the density prof i le (X-X) of each gradient.

peared to be at densities coincident with the L strand DNA.

Si Nuclease Analysis. In order to determine the proportion of each

kDNA H strand which forms a hybrid with a component of wcP.NA or mt-assoc RNA,

we determined the resistance of DNA in DNA/RNA hybrids to the nuclease SI

from Aspergillus oryzae. This nuclease degrades single-stranded DNA but not

double-stranded DNA, or DNA duplexed with RNA (30, 39). The results are

summarized in Table 1. When self-annealed kDNA H strands and self-annealed

kDNA L strands were separately digested with SI , 11.436 and 9.2% respectively
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Table 1. Results of SI nuclease digestion of separated kDNA H and L strands

following self-annealing, and coannealing with wcRNA and mt-assoc RNA.

Substrate

Self-annealed
kDNA H strands

Self-annealed
kDNA L strands

Coannealed kDNA
H strands + wcRNA
Coannealed kDNA
H stranas + mt-assoc RNA
Coannealed kDNA
L strands + wcRNA

Number of digestions

4b

2C

6d

8e

4f

1 (+SD) DMA resistant

to SI digestiona

11.4 + 1.1

9.2 + 0.7

21.6 *_ 2.0

21.4 +_ 1.7

10.4 + 2.1

a. Standardized against the resistance to SI digestion of £. coli double-
stranded DNA (see Material and Methods).

b. Two digestions, each, of kDNA H strands self-annealed for 10 sec and 24hr.

c. One digestion, each, of kDNA L strands self-annealed for 10 sec and 24 hr.
d. Two digestions, each, of the products of coannealing kDNA and wcRNA in

the ratios 1:10, 1:40, and 1:60.

e. Two digestions, each, of the products of coannealing kDNA and mt-assoc
RNA in the ratios 1:10, 1:40, 1:60, and 1:80.

f. Two digestions, each, of the products of coannealing kDNA and wcRNA in
the ratios 1:10 and 1:100.

were found to be resistant to degradation. The finding that the time of

annealing did not influence the proportion of H strand or L strand kDNA

resistant to SI digestion (Table 1, footnotes b and c) suggests that the

individual strands contain duplexed regions resulting from annealing of In-

verted repeat sequences (40). Following digestion with nuclease SI of the

products of coannealing kDNA H strands with wcRNA, and kDNA H strands with

mt-assoc RNA, 21.62 and 21.4? respectively of the kDNA remained undegraded.

In contrast, only 10.42 of the kDNA L strands remained undegraded following

digestion of the coannealed product of this DNA and wcRNA with nuclease SI.

These results clearly indicate that RNA molecule(s) present in both wcRNA

and mt-assoc RNA are complementary to a total of approximately 10% of each

kDNA H strand.

Gene 32 Protein Staining. In order to determine whether the complemen-

tary RNA hybridizes to a single continuous region of the kDNA H strand or to

multiple separated smaller regions of the H strand to ta l l ing 10% of i ts

length, we stained wcRNA/kDNA H strand hybrids with gene 32 protein from
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bacteMophage T4, and examined the products in the electron microscope. Gene

32 protein binds preferentially to single-stranded regions of nucleic acids

(41) and these regions appear thicker than double-stranded regions when pre-

pared for electron microscopy under specific conditions (31).

First, as controls, self-annealed kDNA H strands, and a mixture of kDNA

H strands and covalently-closed double-stranded circular molecules of kDNA

were prepared for electron microscopy following staining with gene 32 pro-

tein. The entire length of all the circular molecules in the preparation of

self-annealed H strand kDNA was of a similar, uniform thickness. In the

preparation containing a mixture of single-stranded and double-stranded mole-

cules, the entire length of some of the circular molecules was of the same

uniform thickness as was observed for circular molecules in the preparation

containing only kDNA H strands (Fig. 7A). The remainder of the circular

molecules were strikingly thinner, again along their entire lengths (Fig. 7A).

These observations make clear that we can distinguish sinale-stranded and

Figure 7. Electron micrographs of rotary shadowed molecules of C_. acantho-
cephali kDNA stained with gene 32 protein from bacteriophage T4. A. From a
mixture of H strands and covalently-closed, single c ircular, double-stranded
molecules. The double-stranded, covalently-closed circular molecule (d) has
a d is t inc t ly thinner appearance than the circular single-stranded H strand
molecule(s). B-E. Single circular H-strand molecules taken at equilibrium
from the buoyant density region 1.500 - 1.510 g/cm^ of a cesium sulphate gra-
dient of kDNA H strand which had been annealed with wcRNA. Each molecule
contains a single region (d) averaging 11.4% of the circular contour length,
which is d is t inc t ly thinner than the rest of the molecule, indicating that I t
is double stranded. The bar in A (upper r ight) equals 0.5 u.
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double-stranded kDNA in electron microscope preparations following gene 32

protein staining. It was determined that in the second preparation described,

the ratio of the contour length of circular single-stranded molecules (n=30)

to the contour length of circular double-stranded molecules (n=30) was 0.995.

Next, kDNA H strands and wcRNA were coannealed in a ratio of 1:10 and

the product was centrifuged to equilibrium in a cesium sulphate buoyant den-

sity gradient. The gradient was fractionated and the fractions containing

the buoyant density region 1.500 to 1.510 g/cm (expected to include presump-

tive RNA/DNA hybrids) were pooled and prepared for electron microscopy fol-

lowing staining with gene 32 protein. Examination of the preparations re-

vealed 1.6 cJaltons circular and linear molecules, and shorter linear mole^

cules. A single region with a mean length equal to 11.4 +_ 0.1556 (n=30) of

the contour length of each of 91.52 of the circular molecules had a distinctly

thinner appearance (Fig. 7B-E) than the remainder of the molecule, indicating

that this region was a duplex structure. The entire contour length of each

of the remaining 8.5% of the circular molecules was of the uniform thickness

expected for a totally single-stranded molecule. The majority of unit-length

linear molecules in this preparation also contained a single, thin region

accounting for approximately 10% of the total molecule length.

These data suggest that a component (or components) of wcRNA 1s com-

plementary to a single region of each kDNA H strand representing approximate-

ly 10% of its length.

DISCUSSION

The data presented indicate that a component (or components) of RNA iso-

lated from whole cells, or from a mitochondrion-enriched fraction, of £.

acanthocephali is complementary to a single section equal to approximately

10% of the H strand of the small circular (1.58 x 106 dalton) molecules of

the kDNA of this organism. It seems reasonable to conclude therefore that at

least part of the small circular kDNA molecule is transcribed. It should be

noted, however, that at least in C_. acanthocephali it is not ruled out that

DNA sequences complementary to the RNA molecule of interest are present 1n

nuclear DNA. If the complementary RNA is a single molecule it would be

approximately 240 nucleotides long, and could code for a protein comprising

about 80 amino acids.

Whether or not the complementary RNA molecule we have detected repre-

sents the total extent of transcription of small circular kDNA is not esta-

blished by our data. If RNA transcripts of different stability were produced,
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such as has been reported from mammalian mitochondrial DMA (42, 43) then our

experiments would only have detected the more stable forms.

From a consideration of the ratio of wcRNA to H strand kDNA necessary to

involve all kDNA H strands in hybridization, and of the proportion of each H

strand hybridized, it appears that the RNA complementary to kDNA accounts for

approximately U of wcRNA. The sedimentation coefficients (25S and 18S) of

the two major fractions of wcRNA were similar to the values reported for the

ribosomal RNAs of C_. oncopeiti (4 ), £. fascicuiata (22), Leishmania donovani

(38), and L_. tarentolae (23). MitochondHon-assoc RNA contained approximate-

ly the same proportion (12!) of RNA complementary to kDNA H strands as did

wcRNA. This may indicate that, following transcription 1n the mitochondrion,

kDNA complementary-RNA 1s transported to the cytoplasm. It seems likely, by

comparison with the results of others (22, 4 ), that the major component of

mt-assoc RNA (17S) is a cytoplasmic RNA contaminant.

The data from the SI digestion experiments reported here which indicate

that duplex regions accounting for about 10% of the molecule length readily

form in separated H strands and L strands, are in agreement with the results

of our previously reported studies of the kinetics of renaturation of this

DNA (10), and are consistent with the presence in kDNA of Inverted repeat se-

quences (40). As duplex regions were not observed in unhybridized, separated

L or H strands of kDNA prepared for electron microscopy, either in the pre-

sence of formamide or following gene-32 protein staining, the Sl-d1gest1on re-

sults might best be accounted for by the occurrence 1n kDNA of small inverted

repeat sequences scattered through the molecule.

Four sedimentation species of RNA, 14.6S, 11.4S, 10.IS, and 6.9S, the

syntheses of which were inhibited by ethidium bromide were Identified by

Nichols and Cross (22) from mitochondrial fractions of C_. fasciculata. How-

ever, no further attempt was made to determine the identity of the DNA mole-

cules to which these RNAs were complementary. Simpson and Simpson (23) iso-

lated two major RNA species with sedimentation coefficients of 9S and 12S

from mitochondrial fractions of L_. tarentolae and showed that both of these

RNA molecules hybridize selectively to the large circular component of the

kDNA of this organism. They argued that this observation and the sizes and

base compositions of the 9S and 12S RNA molecules made it Improbable that

these RNAs were in fact coded by the small circular kDNA component. From

the results of hybridization experiments involving restriction fragments

of kDNA and wcRNA of C_. luciliae, Hoeijmakers and Borst (24) detected RNA

totaling 2300 to 2500 nucleotides complementary to the large circular com-
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ponent (22 x 106 daitons) of the kDNA. RNA complementary to the small cir-

cular component of the kDNA (1.5 x 106 daltons) was not found, leading these

workers to conclude that the small circular molecules do not have a coding

function.

As the conclusion of Hoeijmakers and Borst (24) for C_. ludliae kDNA

is contrary to the conclusion we draw from the present study, that the small

circular component of C_. acanthocephali kDNA 1s partially transcribed, the

following considerations are important. The kDNA used in all of our experi-

ments was selected and characterized as the small circular component at all

stages during isolation (for details see Reference 10). This included the

determination of the highly characteristic alkaline and neutral buoyant den-

sities of the separated kDNA strands, and the visualization of 1.58 x 106

daltons circular and linear molecules in electron microscope preparations.

There is evidence from our previous renaturation and restriction enzyme

studies (10, 11) that kDNA of C_. acanthocephali includes a molecule with a

higher sequence complexity than the 1.58 x 106 daltons circular component.

However, the possibility that minor contamination by the component of higher

sequence complexity could account for the observed shift in buoyant density

following RNA/kDNA hybridization in the present experiments is ruled out,

as all detectable H strand kDNA in the preparations was involved in the den-

sity shifts. Furthermore, in electron microscope preparations of H strand

kDNA which had been annealed with wcRNA we observed 1.58 x 106 dalton circu-

lar molecules containing a duplex region of a size predictable for an RNA/

kDNA hybrid from our other experiments.
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