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The growth of bdellovibrios at the expense of the host organism

involves the catabolism of host cell macromolecular components and

the subsequent anabolistic incorporation into bdellovibrio progeny.

Extracellular enzymes specific for the various substrates provided

by the host cell are present. In this study the extracellular RNase

of Bdellovibrio bacteriovorus 109 D has been partially characterized.

After several initial experiments, it was found that two extracellular

RNA degrading enzymes are produced by this species.

Initial studies involved the growth of H-D Bdellovibrio bacterio-

vorus 109D in cell-free host extract. An assay was developed to

follow the digestion of radioactively labeled substrate nucleic acids

by the RNase, utilizing a trichloroacetic acid precipitation of the

substrate on membrane filters monitored by a scintillation counting

device.

A growth cycle of six hours was established, and the production

and accumulation of RNase in the spent culture medium was found to



be maximum at between four and five hours. The enzyme was stable

in storage at -.10° C. for up to one month. The optimum temperature

for the activity of the mixture of the enzymes was between 30° C. and

37° C. The pH optimum for the crude enzyme mixture demonstrated

a peak at pH 9. 5, with a shallow rise and a shoulder at pH 7. 5. The

temperature profile and the pH optimum study suggested a two enzyme

system. The crude RNase was shown to have activity with Spirillum

serpens VHL RNA, as well as the ability to degrade host cell ribo-

somes in vitro. The crude enzyme did not degrade DNA, either

double stranded or denatured. The reaction of the crude enzyme

with the substrate RNA was shown to exhibit first order kinetics. The

Km of the mixture of enzymes was investigated, and utilizing a

Lineweaver-Burk plot, the Km was found to be 6. 74 µg /ml. , while

the Vmax was established at 1,327 cpm/hr/p.g.

Separation of two enzymes was accomplished using column

chromatography, with Sephadex G-50 dextran. The Bd. RNase I, so

named because it was eluted first from the column, was determined

to have a molecular weight of 18, 000. The second enzyme to be

eluted from the column, called Bd. RNase II, has a molecular weight

of 10, 000.

Temperature has a markedly different effect on the two enzymes.

Bd. RNase I has a temperature optimum of 37° C. , and is inactivated

by heat at between 75° -80° C. Bd. RNase II was shown to have a



temperature optimum of 31 ° C. and to be heat inactivated between

45° C. and 60° C.

The separated R.Nase enzymes were found to have different pH

profiles. Bd. R.Nase I has a sharp optimum pH at 9. 5, while Bd.

R.Nase II exhibits a broad range with slight peaks at pH 7. 5 and pH 9. 5.

A two dimensional high voltage paper electrophoretic "finger-

print" of the end products from an RNA digest by Bd. RNase I and

Bd. R.Nase II revealed large oligonucleotide fragments. A further

one dimensional electrophoretogram of a secondary digest of the Bd.

RNase I produced RNA fragments, by various nucleases, gave evi-

dence that the enzyme is most likely an exonuclease, cleaving from

the 5' end of the ribonucleotide chain leaving a 5' phosphate group and

a 3' hydroxyl group.
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. . . The history of the living world can be
summarized as the elaboration of ever more
perfect eyes within a cosmos in which there
is always something more to be seen.

Pierre Teilhard De Chardin
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CHARACTERIZATION OF EXTRACELLULAR RNASES OF HOST
DEPENDENT BDELLOVIBRIO BACTERIOVORUS 109 D

INTRODUCTION

The isolation of the unique genus of bacteria, Bdellovibrio, by

Stolph and Petzold (1 962) has prompted many studies of its morpho-

logical and enzymatic properties (Fackrell and Robinson, 1973;

Gloor et al. , 1973; Huang and Starr, 1973; Seidler and Starr, 1969a).

Bdellovibrios have been characterized as obligate ectoparasitic

vibrios that forcibly attack Gram negative bacteria, fixing themselves

to the host cell and entering the interperiplasmic space of the host,

where they elongate, fragment, and ultimately bring about the dissolu-

tion of the cell, releasing progeny. When propagated on a lawn of

host organisms, the vibrios develop plaques that first occur after 24

to 48 hours and increase in size (Starr and Seidler, 1971; Stolph and

Starr, 1973).

A great amount of attention has been focused on the growth phase

of Bdellovibrio that occurs while within the host cell integument. Dur-

ing this phase the cytoplasm of the host is gradually consumed (Starr

and Seidler, 1971; Seidler and Starr, 1969a). The breakdown of host

macromolecu._es by a variety of extracellular enzymes has been shown

(Huang and Starr, 1 973; Fackerll and Robinson, 1973; Gloor et al. ,

1973).
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The existence of a DNA degrading enzyme has been postulated

by Matin and Rittenberg (1972). It was later shown that host cell RNA

and DNA are degraded as sources of purines and pyrimidines for the

Bdellovibrio nucleic acids; however, no characterization of the indi-

vidual enzymes was attempted. Moreover, this work was done utiliz-

ing the host independent (H-I) mutants of Bdellovibrio: H-I B. bacteri-

ovorus 100, H-I B. stolphii Uki2, and H-I B. starrii A3. 12 (Engelking

and Seidler, 1974). These mutants are non-host requiring strains

derived from the original predatory host dependent (H-D) organisms

(Seidler and Starr, 1969b).

The present studies were initiated to demonstrate extracellular

nucleolytic activity of host dependent Bdellovibrios. It has previously

been observed that H-D Bdellovibrios are able to grow in cell-free

microbial extracts (Horowitz, Kessel and Shilo, 1974). This presents

an experimentally accessible model for the study of growth and divi-

sion. A heat treated host cell extract was employed in these studies

to avert the problems of a two membered culture, and to limit the

source of the extracellular RNases to the Bdellovibrio. After the

initial detection of RNA degrading activity in the spent culture medium,

the enzymes were characterized with respect to some of their chem-

ical and physical properties, both in the crude state and in partially

purified preparations.
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REVIEW OF LITERATURE

The unique bacterium, Bdellovibrio, was discovered in 1962,

fortuitously, during a search for phages active against pseudomonads

(Stolph and Starr, 1963). Two possible factors that precluded an

earlier discovery of Bdellovibrio are its small size, typically 1. 5 um

by 0. 35 p.m, and its slowly developing plaques. One of the distinctive

morphological features of the Bdellovibrios are their extremely rapid

motility, which has been observed to be as fast as 100 cell lengths

per second (Starr and Seidler, 1971).

The sequence of events in the life cycle of this organism has

been elucidated. It can be characterized by the terms: "attachment,"

"penetration," "elongation, " "fragmentation," and "burst" (Seidler

and Starr, 1969a). The highly motile Bdellovibrio vigorously collides

with the host, and the first step is a reversible attachment, as demon-

strated with temperature-sensitive mutants (Dunn et al. , 1974). After

five to ten minutes, an irreversible bond has been formed between the

host cell wall and the parasite. The Bdellovibrio then forms a pas-

sage pore in the host cell wall, most likely from a combination of

enzymatic activity and ballistic damage to the cell wall from the

violent collision (Starr, 1975). After formation of the pore, the

parasite has been shown to attach firmly to the host cell protoplast

(Abram et al. , 1974). The penetration of the host cell is a rapid
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event wherein the Bdellovibrio enters the space between the host cell

wall and the protoplast. A mechanism has been proposed by Abram

and her co-workers (19741 where penetration results from the forces

generated by fluxes of water and solutes due to the structural changes

in the infected host cell envelope. A differential expansion of the host

cell wall and protoplast occurs, drawing the bdellovibrio passively

into the host periplasmic space.

The periplasmic development, or elongation, of the Bdellovibrio

depends upon the stability of the host cell envelope by the divalent
++ ++

cations Mg and Ca (Seidler and Starr, 1969a). During this phase

there is a progressive, but highly regulated, disorganization and

utilization of the host cell constituents (Hespell et al. , 1974). The

elongation period ends with the fragmentation of the now enlarged

Bdellovibrio into daughter cells. Lysis of the now ghosted host cell

frees the progeny (Seidler and Starr, 1969a; Abram and Davis, 1970;

Starr, 1975). This organism therefore exhibits a biphasic life form.

It involves the obligate alternation of a free-living motile, infective

nonreproducing form with a nonmotile, noninfective reproductive form

developing within the periplasmic space of the host organism.

Many attempts have been made to reduce the complexity of

the study of bdellovibrios by propagating them without a living host

cell. Host independent (H-I) mutants of the host dependent (H-D)

Bdellovibrios have been isolated from host free media that has been
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heavily inoculated with H-D Bdellovibrios. From another method

described by Seidler and Starr (1969b) H-I strains have been isolated

from all known H-D strains, and characterized. H-I mutants appear

to be physiologically identical to the H-D parents except that they no

longer are parasitic and may lose motility (Seidler and Starr, 1969b;

Starr and Seidler, 1971; Ishiguro, 1973). These strains can be

propagated on a complex host free medium.

Another approach to the problem has been to grow the H-D

bdellovibrios in the presence of heat-killed, or autoclaved host bac-

teria. The Bdellovibrio multiplied but did not exhibit an intracellular

life cycle. The parasite was also able to reproduce in the supernatant

liquid from which the autoclaved cells had been removed (Crothers

et al. , 1972).

The dependency on the living host cell can be circumvented by

growing the Bdellovibrio in cell-free host extract, created by son-

ically disrupting the host cell and removing cell debris. Depending

upon the protein concentration of the host extract, the time of dura-

tion of the life cycle can be altered. It can be lengthened by increas-

ing the concentration and thus increasing the number of progeny from

each Bdellovibrio, or it can be shortened by decreasing the concentra-

tion which results in a fewer number of daughter cells from each

organism. This is possible since the depletion of an as yet unidenti-

fied growth factor triggers the division of the elongated cells (Horowitz
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et al. , 1974).

The mechanisms involved in host macromolecular breakdown

and Bdellovibrio biosynthesis have been the most widely studied areas

of Bdellovibrio research. The biochemical basis for the lysis of host

bacteria by enzymes was demonstrated by Seidler and Starr (1969b)

and further characterized by the elucidation of a protease (molecular

weight 11, 000) by Huang and Starr (1973). A lytic peptidase (molecu-

lar weight 40, 000) was found which degrades the cell wall peptidogly-

can of non-viable host cells (Fackrell et al., 1972; Fackrell and

Robinson, 1973) as well as two extracellular protoelytic enzymes, a

metallo protease (molecular weight 50, 000) and a serine protease

(molecular weight 32, 000) (Gloor et al. , 1974). A lipase has also

been reported (Huang and Starr, 1973). This lipase may play a direct

part in the destruction of the lipoprotein layer which is believed to

serve the function of anchoring the outer wall membrane to the under-

lying peptidoglycan (Snellen and Starr, 1976).

Since the host supplies all the carbon and energy material

required by the Bdellovibrio for growth and multiplication (Crothers

et al. , 1972), it would seem likely that the Bdellovibrio would be

equipped with a wide array of extracellular enzymes. It was postu-

lated that a DNase must be produced in order to degrade host DNA to

oligonucleotides of intermediate molecular weight from which the

Bdellovibrio could synthesize its DNA (Matin and Rittenberg, 1972).
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The DNase as well as an RNase was shown to exist in several species

of H-I Bdellovibrios. These enzymes were shown to be effective in

the breakdown of host macromolecular nucleic acids, which are then

subsequently used in biosynthetic pathways of Bdellovibrio (Engelking

and Seidler, 1974).

In the above mentioned studies with RNase, H-I bdellovibrios

were used as the source of extracellular RNase. H-I Bdellovibrio

bacteriovorus 109 D was not used, and the enzymes were not separated

or characterized. In the present study, evidence is presented which

demonstrates that there are two extracellular RNases produced by

H-D Bdellovibrio bacteriovorus 109 D.

A great many experiments with RNA degrading enzymes have

been carried out since the first microbial RNase was discovered in

Takadiastase by Noguchi in 1924 (Uchida and Egami, 1971). Many

physical and chemical methods are available for the study of these

enzymes, and some of these methods were used to characterize the

RNases of Bdellovibrio bacteriovorus 109 D with respect to their

chemical and physical properties.
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MATERIALS AND METHODS

Organisms

Host dependent (HD) Bdellovibrio bacteriovorus 109 Davis was

used as a source of the exocellular RNases examined in this study.

A host organism used to propagate the bdellovibrios was Spirillum

serpens VHL, a cell wall mutant (ICPB 3227), obtained from M. P.

Starr, curator of the International Collection of Phytopathogenic

Bacteria (Gloor, Klubeck, and Seidler, 1974; Fackrell et al. 1972).

Three strains of Escherichia coli were used for various experi-

ments. A multiple auxotrophic mutant of E. coli designated UC 1 2

was obtained from Dr. L. R. Brown in our department. UC 1 2

(thy ,pro ,arg ) was used for the production of labeled host cell

DNA in the experiments requiring the assay for DNase activity.

E. coli WP2 was used as a source of labeled ribosomes for the assay

of direct digestion of ribosomal subunits by the enzymes. E. coli

B236, a prototrophic strain, was obtained from Dr. H. W. Schaup in

the Department of Biochemistry. E. coli B236 was used as a source

of
32P labeled RNA (Schaup et al. , 1971) for the high voltage paper

electrophore'ic analysis of the RNA enzymatically digested by the

Bdellovibrio RNas es.
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Media

The growth medium used for the propagation of S. Serpens

VHL was PYE which consists of ten grams of Bacto peptone and three

grams Difco yeast extract in one liter of 10 mM Tris-HCL buffer

(Gloor, Klubeck, and Seidler, 1974). The pH of this PYE medium

was adjusted to 7. 5±0. 2.

This medium was dispensed in 50 ml. aliquots into 125 ml.

Erlenmeyer flasks, and autoclaved for 20 minutes at 15 psi. Plates

were prepared by adding 1. 5% Difco agar to PYE broth.

B. bacteriovorus 109 D was grown in a tenfold dilution of PYE

prepared by adding one volume of PYE broth to nine volumes of 10 mM

Tris buffer (Seidler and Starr, 1969b). PYE/10 was dispensed in 30

ml. aliquots into 125 ml. Erlenmyer flasks, and autoclaved. Cations

++
were added after autoclaving to a final concentration of 2 mM Ca ,

++
and 3 mM Mg

The E. coli strains were grown in PYE broth, except for the

E. coli B236 which was grown in low phosphate casamino acid medium

(Pace et al. , 1970).

Growth Conditions

B. bacteriovorus 109 D was maintained as a lysate for the dura-

tion of these experiments. The lysate was prepared as follows: 30

mis. of PYE/10 was inoculated with 5 mis. of a log phase broth
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culture of S. serpens VHL, and 0. 5 mls. of an actively motile 12

hour lysate of Bd. 109 D. The S. serpens was maintained in PYE

broth by 12 hour transfers of 1 ml. culture to 50 mls. PYE. S,

serpens broth cultures were grown at 30° C on a New Brunswick Sci-

entific rotary shaker for 12 hours. Before each subsequent transfer,

samples were taken for observation under phase contrast microscopy

(Zeiss) to assure that no contaminating organisms were present.

These lysates contained actively motile bdellovibrios (109 pfu/ml or

greater) and no viable S. serpens (less than 10/ml. ). These lysates

were maintained under refrigeration.

Preparation of Labeled Substrate RNA

Twelve mls. of an early stationary phase culture of S. serpens

was added to each of two 250 ml. volumes of PYE containing 2 uCi/

ml. of 3H labeled Uracil (Schwarz/Mann). The cultures were grown

on a rotary shaker at 30° C until stationary phase. The cells were

harvested by centrifugation, resuspended in 0. 1 5 M NaC1 plus 0.1 M

ethylenediaminetetra acetate (EDTA) pH 8, recentrifuged, and re-

suspended in 25 mls. of 0. 01 M Tris buffer, pH 7. 2, containing

0. 01M KC1, 0. 01 M MgC12 and 10 ug/ml. DNase (Sigma Chemical

Co. ). The suspension was placed in a Hughes press and frozen over-

night. It was then passed through the press at 9, 000 psi. The R.NA

was extracted and purified by the procedure described by Moore and
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McCarthy (1967). The 3H labeled RNA was maintained in dilute saline-

citrate (0. 01 5M NaCl plus 0. 001 5M trisodium citrate pH 7. 0) over

chloroform for the duration of these experiments. The specific ac-

tivity of the RNA was 728 cpm/p.g.

For the preparation of labeled 50S ribosomal subunits used in

the direct digestion experiment, an early stationary phase culture

of E. coli WP2 was harvested by centrifugation, washed in PYE, and

recentrifuged. The pellet was resuspended in PYE to an 0D600 = 7. 0

(Spectronic 20, Bausch & Lomb). A 1. 5% inoculum of this E. coli

WP2 was added to PYE broth containing 1 p.Ci/ml. 3H labeled Uracil

(total 40 p.Ci, Schwarz/Mann) in a side arm flask. Incubation on a

rotary shaker at 30° C. was maintained until late log phase was

reached, indicated by optical density measurements. The cells were

then harvested and resuspended in two mis. of a 0. 04M Tris buffer

plus 0. 01M Mg++. Lysozyme (Calbiochem) was added (1. 7 mg. ) and

allowed to react for 45 seconds. To this suspension was added 0. 9
++

ml. of a lytic mixture containing 0.1M Mg ; 1 mg/ml. DNase

(Sigma); 1% deoxycholate; and 5% Brij, a nonionic detergent composed

of polyoxyethylene ethers of fatty alcohols. The mixture was allowed

to react for six minutes (two minutes on ice, two minutes at room

temperature, and two more minutes on ice). The lysate was then

centrifuged at 3° C. to bring down the unlysed cells and cell walls.

The supernatant liquid was transferred to the top of a sucrose gradient
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tube. A 15 -35% sucrose gradient was prepared and centrifuged at

27, 500 rpm (model L2-65 centrifuge, Beckman Instruments Inc. ) for

six hours at 3° C. At the end of the run, the contents of each tube

were pumped through a Gilford spectrophotometer to continuously

monitor the optical density. One ml. fractions were collected. The

50S subunit peak fractions were then pooled. These pooled fractions

were dialyzed for 15 hours at 5° C. against 5 mM Tris buffer plus

. 01M MgSO4 and . 06M KC1 in two 100 volume changes.

The 32P labeled ribosomal preparation from E. coli strain

B236 was a generous gift of Dr. H. W. Schaup. The 16S ribosomal

fraction was labeled and extracted by a method described by Schaup

et al. (1971).

Preparation of Carrier RNA

Torula yeast RNA (grade VI, Sigma Chemical Co. ) was purified

by the method of Moore and McCarthy (1 967). Several stock solutions

of varying concentrations were maintained over chloroform.

Preparation of Labeled Substrate DNA

A 5% inoculum of an early stationary phase culture of E. coli

UC 12 was added to 250 mis. of PYE broth containing 1 p.Ci/ml. 3H

thymidine (ICN Pharmicuticals). The culture was grown to stationary

phase on a rotary shaker at 30° C. The DNA was extracted and
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purified following the procedure of Marmur (1961). The labeled

purified DNA was maintained in dilute saline-citrate over chloroform.

The specific activity of the E. coli UC 12 DNA was 2023 cpm/pg.

A preparation of DNA from a host-independent (H-I) strain of

Bdellovibrio bacteriovorus 109 D was a gift of H. M. Engelking of

our department. The specific activity of this DNA was 245 cpm/pg.

The preparation of cells, DNA extraction and purification have been

described (Engelking and Seidler, 1974).

Preparation of Cell-Free Host Extract

Two liters of a culture of S. serpens, grown as previously

described, was harvested at early stationary phase. The cells were

washed twice with 1 mM Tris buffer (pH 7. 5) and finally resuspended

to an OD600
= 20. 0. This suspension was sonically disrupted by

exposing it to seven two minute pulses, allowing a one minute pause

between each pulse (Raytheon Corp. ).

The sonicated preparation was centrifuted at 15,000 rpm (JA-20

rotor in a model J-21 Beckman Instruments centrifuge) for ten minutes

to remove cell walls. The extract concentrations were expressed in

terms of protein content as determined by the method of Lowry et al.

(1951) using bovine albumin as a standard. This extract was deter-

mined to have a protein content of 5 mg/ml. , and was stored at -10°C.

in 5 ml. aliquots, which avoided repeated freezing and thawing.
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Growth of H-D Bdellovibrio bacteriovorus 109 D for
RNase Production

A 12 hour lysate of Bdellovibrio, prepared as described previ-

ously, was centrifuged at 1, 500 rpm for ten minutes at 5° C. The

supernatant liquid was then sequentially filtered through 5 p.m and 1. 2

p.m nitrocellulose membrane filters (Millepore Corp. ). The filtrate

was then centrifuged at 15, 000 rpm for 15 minutes at 5° C. The

supernatant was then discarded and the pellet of Bdellovibrio was

washed with TCM buffer (3mM Mg
++

, 2mM Ca
++

, and 10 mM Tris,

pH 7. 5). After recentrifugation, the pellet was resuspended in TCM

to an OD
600

= 1. 5 (2X10
10 Bdellovibrio/ml. ) (Dunn et al. , 1 974).

An 8. 8 ml. volume of cell-free host extract that had been ad-

justed to 0. 5 mg/ml. protein with 1 mM Tris buffer, was heat treated

at 57° C. for 60 minutes. After cooling the heat treated cell extract,

3 mM Mg++ and 2mM Ca++ were added to a final volume of 9 mls. To

this medium was added one ml. of the Bdellovibrio cell suspension and

the culture was incubated on a rotary shaker (200 rpm) at 30° C. for

five hours. No contamination was ever noted in these preparations.

The culture was then centrifuged at 20, 000 rpm for 15 minutes

at 5° C. to pellet the Bdellovibrio. The supernatant was clear and

colorless, and used as the source of the Bdellovibrio RNase activity.

The culture supernatant was assayed immediately or stored at -10° C.

Plaque forming units (pfu) titers were determined concurrently
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with the enzyme assay. The pfu/ml. were enumerated on double layer

plates according to the method of Seidler and Starr (1969b) except

that PYE/10 was the nutrient medium. Countable plaques were ob-

tained in two days, using 0. 8% bottom agar and 0. 6% overlay agar,

and an incubation temperature of 34° C.

Enzyme Assays

The detection of ribonuclease activity employed the solubiliza-

tion of 3H labeled substrates. The RNase reactions were performed

in a gently shaking water bath (30 strokes per minute/6 cm. per

stroke), and incubated at 30±1° C.

The reactions were carried out in a total volume of 1. 4 mis.

which contained 2mM Ca++, 2mM Mg++, 3 p.g.
3H labeled S. serpens

RNA with 50 I.Lg. unlabeled carrier RNA in 0. 4 mis. , and one ml. cell-

free spent culture medium from Bdellovibrio bacteriovorus 109 D

grown in host cell extract. The reaction mixtures were allowed to

temperature equilibrate before the addition of the spent culture

medium.

The ribosomal digestion experiment utilized similar conditions,

except that the 50S ribosomal subunit peak of the sucrose gradient was

used as the substrate and no carrier RNA was added. The total reac-

tion volume for this experiment was 1. 8 mis.

The experiments in which the ribonuclease was examined for
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activity with double stranded substrate DNA utilized the same compo-

nents in 1.4 mls. , with the exception of the substrate and carrier,

which were replaced with 3 p.g.
3H labeled E. coli UC 12 DNA and

50 p.g. of unlabeled calf thymus DNA; or 100 p.g. of the H-I Bdello-

vibrio bacteriovorus 109 D 3H labeled DNA without carrier DNA. The

experiments involving single stranded DNA contained the same compo-

nents as above, with the exception that the DNA was initially heat

denatured before addition to the assay.

Controls were run in all experiments, consisting of the same

total volume of the given reaction, except that the spent culture med-

ium was replaced with 1 mM Tris buffer, or uninoculated cell-free

host extract supernatant liquid, or a commercial preparation of either

RNase or DNase.

The reaction vessels were treated with a silicone coating (Clay

Adams Co. ) to prevent adherence of the substrate to the glass. The

sample volume was 0. 2 ml. which was placed on ice and precipitated

with cold 5% trichloroacetic acid (TCA) for 30 minutes. The precipi-

tate was then filtered through a nitrocellulose membrane filter with

a pore size of 1. 2 jam, and washed with 10 mls. of cold 5% TCA and

10 mls. of cold 70% ethanol (See Figure 1). The filters were placed

in scintillation vials and dried overnight at 80° C (Kennel, 1967).

The radioactivity of all TCA precipitates was measured by

liquid scintillation counting using a Nuclear Chicago Mark I
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Figure 1. Vacuum pump with filtering apparatus
for enzyme essays.
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Scintillation Counter. Ten mis. of a fluor containing one liter toluene

and four grams of a mixture of 98% PPO (2, 5-diphenyloxazole) and 2%

bis-MSB (p-bis-o-methylstyryl benzene, New England Nuclear) was

added to the dried filters and they were counted for ten minutes.

Storage of the Enzyme

The enzyme in the crude state (spent culture medium) was stored

in 10 ml. aliquots at -10° C. for more than 12 but less than 24 hours

before use. The crude enzyme was stored at this temperature for up

to one month in the stability experiment with no decrease in activity.

The enzymes separated by gel-filtration (see page 20 for column chro-

matography procedures) were stored in 1 ml. aliquots at -10° C. for

the same length of time. The preparations were thawed at room tem-

perature.

Accumulation of RNase in the Culture Medium

An 80 ml. quantity of heat treated host cell sonicate was divided

into two equal parts, one of which was inoculated with Bdellovibrio

while the other was left uninoculated. Both were incubated at 30° C.

on a rotary shaker for 6. 5 hours. Samples of 5 mis. were periodically

withdrawn, centrifuged, and assayed for RNase activity.
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Influence of Temperature on Enzyme Activity

The optimum temperatures of these enzymes in the crude lysate

were determined by pipetting two ml. aliquots of the spent culture

medium into L-shaped tubes and placing them into a temperature

equilibrated Temperature Gradient Incubator (Scientific Industries

Inc. ). The total range in temperature of the block was from 10° C.

to 57° C. The tubes were incubated at 17° C. , 25° C. , 30° C. , 35° C.

37° C. , 40° C. , and 45° C. A ten minute pre-incubation time was

allowed before substrate was added to begin the assay. Samples were

taken and precipitated with cold 5% TCA at 0 hr. , 0. 5 hr. , 1. 5 hr. ,

and 2 hrs. The optimum temperatures were assigned to each of the

separated enzymes after column chromatography in conjunction with

the experiment on the effect of temperature on enzyme stability (see

page 50, Results section).

pH Optimum

For the demonstration of the crude RNase activity at different

pH values, three different buffering systems were used as follows:

Citrate-phosphate (5mM Citrate-5mM phosphate) pH 5. 0-6. 5; Tris-

HC1 (10mM) 2A1 7. 0-10. 5; Tris-Glycine (10mM Tris-10mM Glycine)

pH 9.0-11. 0. The volume of the reaction mixtures remained the

same. The buffers were made up in twice the desired concentrations,

and the enzyme was diluted with the buffer 1:1. The final pH of each
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assay was adjusted with a single glass electrode pH meter (Corning).

The assay was conducted at 31 ° C and samples were taken at the time

of inoculation and after two hours.

Km Determination

In order to ascertain the Km of the crude enzyme system, the

reaction mixtures contained the same volume of reactants as before,

and the substrate concentration was varied from 30 to 500 p.g. by

adding different concentrations of the carrier RNA. The fraction of

3H labeled R.NA remained at 3 p.g. The reaction was allowed to pro-

ceed for four hours with samples removed at 0 hr. , 0. 5 hr. , 1 hr. ,

2 hrs. and 4 hrs. , for assay. The velocities observed for each of

the substrate concentrations examined were plotted against time. The

Km was calculated from a double reciprocal plot of velocity vs. sub-

strate concentration. Due to the polymeric nature of the substrate,

the Km is expressed as p.g. /ml.

Molecular Wei ht Determination

For the determination of the molecular weight of the crude

Bdellovibrio RNases, a Sephadex G-50 (Pharmacia) column measuring

0. 9 cm. X 60 cm. (K 9/60 Pharmacia) was prepared and equilibrated

with 1mM Tris buffer. The column was connected to a flow through

cuvette placed in the beam of a Beckman spectrophotometer. A
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Gilford continuous chart recorder monitored the change in optical

density. The fractions were automatically collected at a rate of one

ml. (20 drops) per minute, and each fraction consisted of 30 drops

(see Figure 2). A one ml. mixture of the following protein standards

was used to calibrate the column: cytochrome c (equine heart, 4 mg/

ml. ), lysozyme (hen egg white, 2 mg/ml. ), ovine albumin (8 mg/ml. )

(Calbiochem), trypsin inhibitor (soy bean, 2 mg/ml. ) (General Bio-

chemicals), bovine albumin (8 mg/ml. ) (Miles Research Labora-

tories) (Andrews, P., 1964). The protein standard a-chymotrypsin

(bovine pancrease, 4 mg/ml. ) (Calbiochem), was run separately due

to its protein degrading property, and the fact that a trypsin inhibitor

was run with the other standards. The albumins, lysozyme, trypsin

inhibitor, and a-chymotrypsin were measured for absorbancy at

280 nm, while cytochrome c was read at 412 nm. The assay for

RNase activity was carried out with one ml. of each fraction for one

hour. Activity was plotted against the number of fractions collected

from the column. The log (molecular weights) of the standard pro-

teins were plotted against the elution fraction number (Andrews,

1964). The molecular weights of the Bdellovibrio RNases were deter-

mined from the standard curve.

Effect of Temperature on Enzyme Stability

The test of the heat stability of these enzymes was first
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Figure 2. Gel-filtration apparatus attached to a flow-
through cuvette. Gilford automatic recording
spectrophotometer and automatic fraction
collecting apparatus.
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performed on the crude enzyme mixture. The assays were conducted

at the two noted optimum temperatures, 31° C. , and 37° C. The indi-

vidual temperatures chosen for the assay were 31° C. , 37° C. , 45° C.

60° C. , 70° C. , 75° C. , 80° C. , 90° C. , and 100° C. Samples of the

spent culture medium were heated for 15 minutes, and then equilibrat-

ed at 31° C. or 37° C. for five minutes before the assay. The assay

was conducted in the manner previously described with samples

withdrawn at 0 hr. , 0. 5 hr. , and 1 hr.

In another experiment enzyme stability was determined on the

two enzymes separated by column chromatography. This experiment

was accomplished by heating both enzymes to 65° C. for 15 minutes

and allowing them to temperature equilibrate for five minutes. The

assays were then run at 31 ° C. and 37° C. to see which of the two

enzymes retained activity.

pH Optima for Separated Enzymes

To elucidate the pH optimum for each of the two enzymes, the

three fractions that made up the elution peak of each enzyme were

pooled. From the pH optimum experiment on the crude mixture, pH

points were chosen to be tested from pH 7. 0 to pH 10. 5. The assays

were run as previously described for the mixture, except that only

two buffers were used, 0. 1M Tris-HC1 (pH 7. 0-9. 0) and 0. 1M Tris-

Glycine (pH 9. 5-10. 5). The enzymes were assayed at their



24

respective optimum temperatures.

Paper Electrophoresis of Enzymatically Digested RNA

E. coli B236 16S ribosomes were labeled with 32P by the method

of H. W. Schaup (1971). Four enzymatic digestions of these ribo-

somes were prepared; a one hour and a 24 hour digest for each of

the separated RNases. The digestions were carried out in much

smaller volumes, utilizing 10X of the enzyme with 300X of RNA (spe-

cific activity 4. 2X10 5 cpm/p.g. ). The reactions were allowed to pro-

ceed for the given time and then frozen in dry ice and acetone. The

samples were then lyophilized. The lyophilized samples were recov-

ered with as little glass distilled water as possible. The samples

were then spotted onto cellulose acetate strips. The cellulos e acetate

was saturated with Sanger's TD buffer (8M Urea, Acetic acid, pH 3. 5)

and run in a high voltage electrophoresis tank (Savant Instruments

Inc. ). Three hours after the start of the electrophoresis (5, 000 volts)

the tracking dye reached the midway point of the paper. At this time

the paper was removed and placed onto diethylaminoethyl (DEAE)

paper, where the first dimensional run was transferred to the DEAE.

The solvent for the second dimension was 6. 5% formic acid in water.

After 15 hours (1, 500 volts, 200 mAmps) the tracking dye reached the

midway point and the electrophoresis was terminated. This second

dimensional run was dried and exposed to X-ray films for the
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identification of the resulting "fingerprint" by radio-autography

(Pace, Peterson, Pace, 1970; Sanger and Brownlee, 1965).
32P containing spots were removed from the DEAE electro-

phoretograms and secondarily digested with T1 ribonuclease (6, 000

units/ml. 20 min. , 37° C. ), pancreatic ribonuclease (1 mg/ml. , 18

hrs. , 37° C) and exonuclease (1 mg/ml. , 2 hrs. , 37° C. ). These

resulting digestions were run in one dimension on DEAE paper for 12

hours (1, 500 volts, 200 mAmps) in 6. 5% formic acid in water. The

migration was radio-autographed.
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RESULTS

Preliminary Observations of Nuclease Activity

The protein concentration of the host cell extract can be de-

creased to shorten the time of development of the bdellovibrios. Sev-

eral preliminary experiments were conducted as one step growth

measurements of bdellovibrios in host extracts of varying concentra-

tion. In order to follow the life cycle accurately, microscopic obser-

vations were made, as well as double layer agar overlay plates to

determine the actual number of the organisms. A protein concentra-

tion of 0. 5 mg/ml. was used to promote the completion of development

of the bdellovibrios by six hours.

The uninoculated host extract itself (heat treated) was assayed

for nucleolytic activity, and none was found. The initial assay for

nuclease activity was performed with the spent culture medium from

a six hour old inoculum. RNase activity was detected after 30 minutes

incubation with the substrate at 30° C. (Table 1).

Utilizing another RNA substrate, the 50S ribosomal subunit was

labeled and collected from E. coli WP2 and exposed to the spent

culture medium. After TCA precipitation on to filters, it was found

that the 50S peak was 43% digested in a one hour period by the Bdello-

vibrio RNase, while a commercially prepared RNase (bovine pancre-

atic RNase, 50 µg /ml. , Sigma Chemical. Co. ) demonstrated 75%
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digestion of the peak in the same period (Table 1).

Nucleolytic activity of the spent culture medium was assayed

with substrate DNA, using H-I Bdellovibrio bacteriovorus 109 D DNA;

none was present in four hours of incubation. Activity was next

checked with E. coli UC 12 DNA as substrate and no evidence of

degradation was seen. The above assay was repeated using both

substrates after denaturing them at 100° C. for ten minutes; no single

stranded DNase activity was noted during the incubation period (Figure

3). A concurrent digest of S. serpens RNA was run to check the ac-

tivity of the enzyme. It is included in Figure 3.

Characterization Studies of the Crude Enzyme

After the protein concentration adjustment had been made, and

a stable life time established, it was of interest to examine the time

of production of exocellular RNase in the life cycle of Bdellovibrio

bacteriovorus 109 D. The experiment was designed to assay the

spent culture medium of a continuously growing culture at hourly

intervals, until the organisms had completed elongation and frag-

mentation.

Each hour for six hours, a five ml. aliquot was withdrawn

from the culture. Plate counts were made directly and a one ml.

volume was assayed as described for a two hour period. Samples

were removed from the assay tube and TCA precipitated at 0 hr. ,
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Table 1. Initial R.Nase activity. % digested with time. 0 hr. = 100%.

Time

S. serpens VHL Bulk RNA as Substrate

Bd. Controls: Tris
crude + uninoculated
RNase host extract

0 hr. 0% 0%

0. 5 hr. 79% 0%

1 hr. 37% 0%

Time

E. coli WP 2 50S Ribosome Subunit

Bd.
crude
RNase

Bovine
pancreatic

RNase

Controls: Tris
- uninoculated
host extract

0 hr. 0% 0%

1 hr. 43% 75%

2 hrs. 46% 90%

0%

0%
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Figure 3. Examination of nucleolytic activity with substrate DNA
and RNA. See materials and methods for reaction
details. Symbols: - solubilization of 3H E. coli DS
DNA; 0 - solubilization of 3H E. coli SS DNA; - solubili-
zation of 3H Bd. 109 D DS DNA; D - solubilization of 3H

Bd. 109 D SS DNA; - Tris control; A - uninoculated host
cell extract control; 0 - solubilization of 3H S. serpens
RNA.
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1 hr. , and 2 hrs. Enzyme activity on the 3H labeled substrate RNA

increased steadily in the culture for four hours through production

and accumulation of RNase in the medium. The increase in pfu/ml.

of the Bdellovibrio, as shown by plate counts, indicated the completion

of one round of fragmentation was through by six hours. An assay of

uninoculated host cell extract was run concomitantly, with no RNase

activity present (Figure 4).

The reaction rate is proportional to the amount of enzyme, to

a point, as long as the reaction is of first order (see Km determina-

tion) without substrate limitation or end product accumulation. The

reaction rates for each hour were divided by the log10 number of

pfu's to give a ratio indicative of the enzyme concentration per log10

of Bdellovibrio. The ratio becomes stable at the four hour point.

Since these experiments were begun at a point of synchronization,

the data indicate that once the production of the enzyme has begun, it

remains constant for each organism (Table 2).

Reaction rates were determined from the first hour decrease

in cpm by linear regression analysis performed by a Monroe calcu-

lator (Model 1860). The plot of reaction rate versus time gives a

clear picture of the time of maximum activity of RNase in the life

cycle. The time of harvest for optimum yield of RNase is between

four and five hours (Figure 5).

Since advance preparation of the crude enzyme was necessary



Figure 4. Growth cycle and nuclease production of Bdellovibrio
bacteriovorus 109 D. Growth in host extract at 30° C.
Enzyme assay employed S. serpens 3H labeled RNA
at 30°C. incubation. Symbols: - solubilization of
RNA; - pfu of bdellovibrios; - assay of uninoculated
host cell extract.
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Table 2. The ratio of the reaction rate to the log10 pfu, see text
for explanation.

Time Rx rate Logi pfu Ratio

0 29. 00 9. 24 3. 1

1 1 50. 00 9. 23 1 6. 3

2 179. 00 9. 22 19. 4

3 209. 00 9. 20 22. 7

4 245. 00 9. 28 26. 4

5 246. 00 9. 51 25. 9

6 249. 00 9. 53 26. 1
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Figure 5. Rate of the first hour of digestion by the crude enzyme with increasing
time in the growth cycle. Data in this figure are from Figure 4.
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for some of the experiments, studies were made on the effect that

storage had on the activity of the crude enzyme. Five 5 ml. aliquots

of the spent culture medium were frozen (-10° C. ) while three 5 ml.

samples were stored at 2° C. One sample at each temperature was

mixed with one ml. glycerol before storage. In the sample stored at

-10° C. , a supercooled state was achieved.

An assay was run on the day of enzyme production to determine

the full percent activity present in the crude enzyme preparation.

Samples from the two storage temperatures were assayed simultane-

ously after one day, seven days, and 14 days; the frozen sample was

run alone for the 30 day test. The frozen samples actually increased

in activity, while activity was rapidly lost after storage at 2° C. The

storage of the crude enzyme in 20% glycerol did not afford any protec-

tion against loss of activity; moreover, the prevention of freezing

allowed rapid inactivation of the sample stored at -10° C.

The act of freezing itself provides direct or indirect protection

to the crude enzyme, since marked activity is retained in week old

storage at 2° C. if the sample has been previously frozen (Table 3).

The temperature for optimum enzymatic activity was investigated by

utilizing freshly prepared samples of spent culture medium, incubated

in a previously equilibrated temperature gradient block. At 30 minute

intervals during the two hour assay at each temperature, samples

were withdrawn. The two hour decrease in cpm was plotted versus
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Table 3. Stability of crude enzyme under various storage conditions.
Assays run for two hours.

Conditions of Time in % Activity
storage storage remaining

None

Frozen - 10° C.

Refrigerated +2° C.

0 days 100%

1 days 118%

7 days 115%

14 days 117%

30 days 120%

1 days

7 days

14 days

80. 3%

5. 0%

3.8%

Frozen w /glycerol

-10° C 20% 7 days 7. 1%

Refrigerated w/glycerol

+2° C. 20% 7 days 6. 9%

Frozen 14 days and
Refrigerated 7 days 21 days 70. 0%
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time, and a profile was readily evident, indicating that the optimum

temperature was between 25° C. and 37° C. The above data was

converted to rate per hour by linear regression analysis and plotted

versus temperature (Figure 6). The result was a very broad region

of optimum activity with two separate peaks occurring. This strongly

suggested the presence of a two enzyme system, each having a differ-

ent temperature optimum, the first being 30° C. and the second at

37° C. with a sharp decline leading to and from these points.

An Arrhenius activation energy value can be determined from

the slope of the curve resulting from a plot of the natural log of the

reaction rate versus the reciprocal of the temperature in degrees

Kelvin, using the following formula:

slope - 2. 303R
A

Where R is the gas constant (1. 987 cal per degree per mole),

and A is the activation energy (Fruton and Simmonds, 1959). The

activation energy was calculated to be 4, 600 calories (Figure 7).

The influence of pH on the crude RNase activity present in the

culture supernatant was assayed using 14 pH points from pH 5. 0

to pH 11. 0. The assay was conducted for a two hour period. The

rate was adjusted to rate per hour as previously described and a

composite graph was constructed showing a definite peak at pH 9. 5

and a shoulder to this peak at pH 7. 5 (Figure 8). This double peak
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Figure 6. Temperature profile of Bdellovibrio bacteriovorus 109 D crude enzyme.
Deter mination of optimum temperature by rate per hour of digestion
vs. temperature.
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Figure 8. pH profile of Bdellovibrio bacteriovorus 109 D crude RNase by rate
per hour of digestion vs. pH. Symbols: - Citrate - PO4 . 01 M;

- Tris - HCl . 01 M; - Tris-Glycine . 01 M.
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again provides an indication of a two enzyme system.

Since the optimum pH and temperature were known, the Km

and maximum velocity (Vmax) of this R.Nase system could be deter-

mined. The experiment was designed to generate a family of curves

representing the decrease in cpm versus time (Figure 9). First hour

rates were plotted against substrate concentration to yield a Michaelis-

Menton plot. Vmax and Km can be determined directly from this

plot, however; since Vmax
is approached asymptotically, there is

a wide variation in Km (Figure 10). In order to calculate the Km

more accurately, a Lineweaver-Burk plot was constructed. The

Monroe calculator selected the line to have the highest correlation

coefficient possible through the points plotted. Vmax was found to be

1,327 cpm /hr /µg. , and the Km was found to be equal to 6. 742 µg /ml.

(Figure 11).

Separation and Further Characterization Studies
of the B. bacteriovorus 109 D RNases

The separation and molecular weight determinations of the two

Bdellovibrio RNases were both accomplished using a Sephadex G-50

column chromatography apparatus. The following proteins were

selected to calibrate the column because of their purity and well

established molecular weights: bovine albumin (60, 000 molecular

weight), lysozyme (14, 600 molecular weight), cytochrome c (12,384
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Figure 9. Velocity of crude enzyme reaction with varying concentrations of
substrate RNA. Symbols: V' - 3 pg. RNA; 0 - 30 tag. RNA;
ii - 50 pg. RNA; - 100 pg. RNA; A - 500,ug. RNA.

43



1,500

V
max

1,000

500

200

100

E I I I

3 30 50 100

[S) ug.

I

500

Figure 10. Km determination of Bdellovibrio bacteriovorus 109 D
crude RNase. Michaelis-Menton plot of velocity vs.
substrate concentration. [S) varies from 3 /Lig. to 500,tig.

44



. 003

. 002

.001

-1/Km

Vmax = 1, 327 cpm/hr/lug

I I I

-. 15 -.05

Km = 6.742 µg/ ml

.05 . 15 . 25 . 35

Figure 11. Km determination of Bdellovibrio bacteriovorus 109 D crude RNase. Lineweaver-Burk plot (double
reciprocal) of velocity vs. substrate concentration.



46

molecular weight), trypsin inhibitor (21, 500*800 molecular weight),

a-chymotrypsin (24, 230 molecular weight), and ovine albumin (45, 000

molecular weight). The void volume, as determined by blue dextran

2000 (2, 000, 000 molecular weight), was 13 mls. The standard curve

was determined by passing mixtures of the standards through the

column (Figure 12). The crude enzyme preparation was passed

through the column separately. Fractions #15 through #30 were

assayed individually for one hour at 31° C. Two peaks of enzymatic

activity were noted, one at fraction #19 and the other at #22. The

enzyme contained in the fraction to be eluted first was designated

Bd RNase I, while the second enzyme to come off the column was

designated Bd. RNase II (Figure 13). From the standard curve,

these fractions indicated molecular weights of 18,000 and 10, 000

respectively.

After the enzymes were separated, the effect of temperature

on enzyme stability was examined for both the mixture of enzymes

(crude) and the separated enzymes. The mixture was examined first.

Eight treatment temperatures were examined, ranging from 45° C.

to 100° C. , and the assay performed in duplicate at 31° C. and 37° C.

The profiles at each assay temperature were then plotted as percent

activity versus temperature (Figure 14). A biphasic curve resulted

for each profile, indicating that in the mixture, the two enzymes have

a different degree of stability to heat inactivation. After treatment
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Sephadex G-50 column. Flow rate: 1 ml/min ( 20 drops) 30 drop
fractions collected.

48



49

31°C. o37 C. assay temperature of mixture

0 o
300 40° 50° 60° 70° 80° 90° 100

o
Treatment Temper ature ( C. )

Figure 14. Effect of temperature on enzyme stability. The heat of inactivation
of Bd. RNase II reveals the remaining activity of Bd. RNase I.

o- 31 C assay temp. ; - 37oC assay temp.



50

between 45° C and 60° C. , the percentage of activity drops rapidly to

35% for the 37° C. assay and 25% for the 31° C. assay. This amount

of activity is retained until between 70° C. and 80° C. , at which time

the activity is destroyed. The difference in the amount of activity,

at a given treatment temperature, for each assay temperature indi-

cated the optimum temperature for the more stable enzyme to be 37

C. , and the optimum temperature for the less stable enzyme to be

31° C. The separated enzymes were then assayed by heating directly

to 65° C. , and recording any remaining activity. It was found that

Bd. RNase I was still active and thus the more stable enzyme, with

an optimum temperature of 37° C. , while Bd. RNase II was inactivated,

and therefore has the optimum temperature of 31° C.

An investigation was made using the separated enzymes to

resolve the broad peak seen in the pH profile of the crude enzymes.

Six pH points were selected from the original study (Figure 8); pH

7. 0, pH 7. 5, pH 8. 0, pH 9. 0, pH 9. 5, and pH 11. 0. The rate per

hour was plotted against the increasing pH, and the result was a sharp

peak at pH 9. 5 for Bd. RNase I, while Bd RNase II has a broad peak

extending from pH 7. 5 through pH 9. 5 (Figure 15).

High Voltage Paper Electrophoresis

In the experiment detailed in the materials and methods section,

the separated enzymes were each incubated with 32P labeled 16S RNA
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Figure 15. pH profile of Bd . RNase I and Bd. RNase II. Sumbols: - pH 7. 0-pH 9. 0
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for one hour and for 24 hours. The resulting oligomers were re-

solved into "fingerprints" by two dimensional paper electrophoresis

on cellulose acetate and DEAE paper. The papers were placed on

X-ray films and the resulting radio-autographs were examined. Fig-

ure 16 represents the 24 hour digest by Bd. RNase I. The one hour

and the 24 hour digests by both enzymes gave identical radio-auto-

graphs.

The digest was incomplete, since a great amount of the material

placed on the cellulose acetate in the first dimension remained at the

initial spot; however, some material did migrate the length of the

strip. These fragments of digested RNA were very large, and did not

transfer well to the DEAE paper, the second dimension.

At the end of the second dimensional run, although material

remained on the transfer line, several spots did move up the chro-

matogram, and from these fragments some conclusions can be drawn.

The large spots at the bottom of Figure 16 are mononucleotides,

most likely Guanosine (G's) and Cytidine (C's), since the mononucleo-

tides Uridine (U's) and Adenosine (A's) move more slowly in the

second dimension. The spots were numbered in Figure 16 for identi-

fication. Spots 1, 2, 3, 4, and 5 are probably from five to seven

nucleotides long, while spots 9, 10, 11, and 15 are much larger

fragments. The spots of interest, however were 12, 13, and 14.

These indicate, in the secondary digest, the relative nature of the
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Bd. RNases.

After the second dimensional run, the numbered spots were

removed from the DEAE paper. The spots were secondarily digested

with pancreatic ribonuclease, Exonuclease, or T1 ribonuclease.

Figure 17 is the "fingerprint" of this one dimensional run on DEAE

paper.

The fact that spot 14 was not digested further by pancreatic

ribonuclease, demonstrated that there were no U's or C's in this

fragment, but that it was made up of A's and G's. The fact that spot

12 was not attacked by Exonuclease indicates that the phosphate group

is on the 5' end of the nucleotide fragment. The results with spot 15

also support this line of reasoning. From this limited information,

it appears as though these RNases are exonucleases, cleaving from

the 5' end leaving a 5' phosphate group and a 3' hydroxyl group.
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DISCUSSION

In the examination of the exocellular RNases of Bdellovibrio

bacteriovorus 109 D, the previously described two membered system

of development within a living host organism (Starr and Seidler, 1971)

had to be abandoned to limit the source of any RNA degrading activity

found to the Bdellovibrio. This was accomplished by propagating the

bdellovibrios in a heat treated (57° C. for 60 minutes), cell-free host

extract. It has been shown that by varying the protein concentration

of the host cell extract, the time of the life cycle of Bdellovibrio can

be altered. Increasing the protein concentration results in a longer

time of development, but the yield of progeny Bdellovibrio from the

parent cell is greater, while decreasing the protein concentration of

the extract promotes more rapid fragmentation, and a shorter life

cycle (Horowitz et al. , 1974). The normal time of intracellular de-

velopment for Bdellovibrio bacteriovorus 109 D is between five and

six hours (Seidler and Starr, 1969a). The decision was made to

establish the life cycle in the host cell extract at six hours to follow

most closely the natural sequence of events.

The fact that the enzyme was specific only for RNA was shown

by using both native and denatured DNA as substrates. It was also

shown, pro forma, that host cell ribosomes were degraded in vitro

by using the 50S ribosomal subunit from Escherichia coli as
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substrate. The substrate for all enzymatic digestions was, unless

otherwise specified, the total RNA fraction from Spirillum serpens

VHL.

The production of the RNases as a function of time in the life

cycle must be considered with reference to the usual mode of growth

of the bdellovibrios, i, e. the intracellular phases. The extracellular

RNA degrading enzymes are detected within 30 minutes after the

Bdellovibrio is incubated in host extract. This would correspond to

the completion of the attachment and penetration phases in the para-

sitic interaction (Seidler and Starr, 1969a). The steady increase in

the reaction rate of the enzyme produced until the fourth hour of incu-

bation is probably due to accumulation in the culture medium. This

level is achieved and maintained through constant production of the

enzymes by each organism; since even though the number of bdello-

vibrios increases greatly between four and five hours, the ratio of

the enzymatic reaction rate to pfu/ml. remains constant.

The enzyme remained stable in storage at -10° C. In fact,

activity was actually increased slightly after freezing the crude

enzyme. It must be the physical formation of ice crystals which

protects the RNases from degradation, since degradation was rapid

in a supercooled sample. Bdellovibrio has been shown to produce

several proteases (Gloor et al. , 1974; Huang and Starr, 1973; Fackrell

and Robinson, 1973), and one of them may be active against the RNase
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enzymes. The act of freezing may inactivate this protease and pro-

tect the RNase from further degradation, since after freezing, the

sample may be refrigerated and still maintain a high level of activity.

An activity of 70% was noted after seven days storage at ±2° C. when

prior freezing had taken place, while an activity of 5% was noted

after the same amount of time at +2° C. when no prior freezing had

taken place.

The optimum temperature for enzymatic activity was investi-

gated and two temperatures were noted, this was later resolved when

the enzymes were separated. The temperature for all subsequent

assays was selected as 31° C. It is generally realized that the opti-

mum temperature is not constant for a given enzyme, since it varies

widely with such factors as enzyme and substrate purity, presence

of activators and inhibitors, and the method used in measuring the

rate of reaction (Sizer, 1943).

The Arrhenius activation energy required by the mixture of

these enzymes before they may pass through the transition state of

activation is 4, 600 calories. The activation energy is often deter-

mined for a number of chemical reactions taken together to determine

how the system functions in an overall state (Fruton and Simmonds,

1959). On the whole, the values for activation energies fall within

the range of 1,000 calories to 25,000 calories (Sizer, 1943). The

energy of activation that has been determined for the mixture of
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Bdellovibrio bacteriovorus 109 D RNases is not unusually low, since

the energy of activation is often lower for crude extracts than for

purified enzymes. In comparison, another RNase activation energy

has been noted, that of bovine pancreatic RNase, which is A=7,000

calories (CRC Handbook of Biochemistry and Molecular Biology).

The influence of pH on the crude enzyme mixture revealed a

non-symmetrical pH peak at 9. 5 with a shoulder at pH 7. 5, which

provided further evidence of a two enzyme system. This pH profile

was later clarified with the separated enzymes.

The kinetics of the enzyme reaction were investigated, and a

family of curves generated by varying the concentration of substrate.

In the family of curves, there is a great similarity between the 500 p,g,,

100 p.g., 50 p.g. , and 30 curves. This similarity indicates that at

all substrate concentrations the enzyme is saturated with substrate.

During the first hour of the reaction, the reaction velocity increases

linearly with time, and first order kinetics are demonstrated. In

order to avoid the shift to a mixed order reaction between the first

and second hours, the first hour rates were used to monitor these

and all enzymatic reactions. The 3µg. curve is the result of the

fact that the enzyme was not fully saturated with substrate at any

time, where the velocity climbs to, but never reaches, V The

first hour reaction rates of the varying concentrations were plotted

as a Michaelis-Menton plot to demonstrate the approach to Vmax.
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The same data was then examined in a double reciprocal Lineweaver-

Burk plot, to accurately determine the Vm as 1,327 cpm/hr/p.g. ,ax

and the Km as 6. 742 p.g. /ml. The Km is expressed as p.g. /ml. rather

than moles liter-1, since the molecular weight of the polymeric sub-

strate, RNA, was unknown.

The rationale of these experiments with the crude enzyme

mixture was to examine the RNA degradation system of Bdellovibrio

in as close to a physiologically natural situation as possible. It has

been shown that, in the case of crystalline bovine pancreatic ribo-

nuclease, there are two components, the specific actions of which,

in the hydrolysis of RNA, are altered when the two fractions are

combined de novo, and the differences in properties observed depend

upon the quantitative relationships between them (Hakim, 1957). When

one fraction is allowed to act before the other, results may vary with

the sequence of application of the enzyme fractions. It was unknown

at this time if this was the case with Bdellovibrio bacteriovorus 109 D

RNases (apparently not) or indeed if there were two enzymes. The

resolution of these questions awaited separation of the enzymes.

Andrews (1964) has demonstrated that the molecular weight of

globular proteins can be determined by gel-filtration. A standard

curve of molecular weights versus elution fraction number allowed

the calculation of the molecular weights of each of the enzymes. The

molecular weight of Bd. RNase I is 18,000, while Bd. RNase II has a
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molecular weight of 10, 000. The molecular weight of microbial

RNases ranges from 10, 000 to 65, 000. Of 25 recorded by Uchida

and Egami (1971) the vast majority are between 10, 000 and 30, 000.

The stability of the enzymes with respect to heat and the opti-

mum temperature for each were investigated. It was discovered that

Bd. RNase I was more heat stable than Bd. RNase II. Bd. RNase I

is stable to above 65° C. for 15 minutes, having an optimum tempera-

ture of 37° C. , while Bd. RNase II is inactivated between 45° -60° C. ,

and has an optimum temperature of 31 ° C. The biphasic nature of the

plots of activity versus temperature at the two assay temperatures

is due to the difference in the heat stability of the two enzymes. The

first enzyme is inactivated at 45° C.- 60° C. (Bd. RNase II) revealing

the activity of the more heat stable enzyme (Bd. RNase I). The opti-

mum temperature can be discerned by noting at which assay tempera-

ture the second phase of the curve shows greater activity. This ex-

periment was followed by an examination of the separated enzymes,

which demonstrated the same result. This experiment with the crude

enzyme (Figure 14) can be compared with the original optimum tem-

perature experiment (Figure 6). Comparing the activity of the en-

zyme mixture when assayed at 45° C. , 24% of the activity remains;

while after heating the enzyme at 45° C. for 15 minutes and returning

it to the 31 ° C. assay temperature, 72% of the activity remains. This

most likely demonstrates a partially reversible denaturation of the
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enzyme by heat.

The resolution of the crude enzyme mixture pH profile indi-

cated a pH of 9. 5 for Bd. RNase I, and a broad range from pH 7. 5

to pH 9. 5 for Bd. RNase II. This type of pH profile is not uncommon,

Escherichia coli RNase III exhibits a broad range as well, pH 7. 6 to

pH 9. 7 (Uchida and Egami, 1971). The distinct peak at 9. 5 may be

due to some residual contamination of Ed. RNase II by Bd. RNase I,

because of their close proximity in elution from the column.

It was of paramount importance to examine the end products

resulting from a digestion of polymeric RNA with the Bdellovibrio

RNases. Conventional two dimensional paper chromatography proved

unsatisfactory; therefore, an examination of ti-Se end products was

attempted with a Sanger mapping technique. The substrate RNA was

labeled with 32P and radio-autographs were made from the papers

that had been chromatographed. This was only moderately success-

ful for a number of reasons. The high voltage technique will only

ultimately separate nucleotide chains on the order of five to six bases,

and less. Any larger oligonucleotides are left on the transfer line.

The movement in the first dimension was complete but no dis-

tinct aggregations occurred, rather a continuous streak of material

resulted along the cellulose-acetate paper. A great deal of material

did not transfer from the cellulose-acetate paper to the DEAE paper.

This may be due to the fact that the RNase was contaminated by some
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closely associated protein which bound the enzyme and its end prod-

ucts to the paper, or it may be that the enzyme itself does not release

the resulting fragments and then binds to the paper.

Once the transfer had been made, very little of the material

moved in the second dimension, indicating that the fragments were

much too large to be moved by this technique. This may be explained

by the fact that, the E. coli 1 6S RNA substrate was in a more uni-

form, intact state than was the S. serpens RNA routinely used in

these assays. If there were fewer breaks in the RNA polymer at which

an exonuclease could attack, the resulting oligonucleotides would be

much larger. It was shown in the digestion of the 50S ribosomal

subunit of E. coli, that bovine pancreatic ribonuclease was much

more effective in degrading intact ribosomes than was the Bdellovibrio

enzyme mixture. It is estimated that only 5% of the total material

placed on the cellulose-acetate paper moved out in the second dimen-

sion. A much higher activity (30%) is seen for the 16S RNA substrate

when it is used in place of the S. serpens in the usual enzyme assay.

This may be due to the fact that oligonucleotide fragments too large to

be resolved in a Sanger map, may not be large enough to be retained

on nitrocellulose filters.

The most probable explanation for the behavior of the end

products of RNA digestion is that the enzyme attacks the polynucleo-

tide chain from the 5' end, sequentially removing mononucleotides
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until it reaches a modified base and then stops. The greater the

breaking or exposing of the 5' ends, the more activity will take place.

Both Bdellovibrio RNases appear to act in this way. If this enzyme

were also used to transport the resulting oligonucleotide fragments

into Bdellovibrio, the difficulty in transfer and the binding of the

enzyme could be explained.
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