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1. Infroduction

1t has been shown previously that several species
of RINA with nnigue stariing sequences and sizes are
transcribed on the doubly closed replicative form
{RF-1) DNA of coliphage fd(1). Initiation of these
RN A chains was promoted by RNA polymerase holo-
enzyme, indicating that the sigma factor was involved in
the selection of initiation sites [2]. Little information
is however available for the structure of the promoter
sites on DMNA. If unigue DNA segments containing
such promoter regions could be isolated, aralysis of
the structure would be ¢correspondingly easier. In an
earlier sindy [3], the action of two different restrie-
tion endonucleases from Haemophilus genus on fd
RF-1 DNA was examined; Endonuclease R isolaied
by Smith and Wilcox [4] cleaved it at one siie and en-
donuclease H-I isolated in our laboratory [3] at three
different sites, respectively. One of the fragments pro-
duced by cleavage with endonuclease H-I was shown
1o contain the promoter for an RNA species starting
with pppAUG—- [5]. In order 1o cleave these DINA
fragments into more smaller pieces, attempis were
made 1o isolatz other such enzymes with different
cleavage site specificities, and two new enzymes were
successfully isolated from H. gallinarum and H.
aphirophilus, These enzymes prodiced duplex cleav-
ageson fd RF-1 DNA at six and thirteen different sites,
respectively. It was also shown that endonuclease 2

from H. wegyprivm [6] cleaved this DNA molecule at ..

eleven different sites. By the combination of these
five different enzymes from Haemophilus genus,
‘therefore, it has become possible to cleave fd RF-1 .
DNA into many smaller fragments. '
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2. Materials and methods

2.1. Strains

H. aegyptizm (ATCC 11116), H. aphirophilus
{ATCC 19415) and H. galiingrum (NCTC 3438) were
obtained from the Research Institute for Microbial
Diseases, Osaka University. The sources of H,
influenzae H-1 and R4 wers described previously [3].

2.2. fd DNA

fd RF-1 DNA was prepared from E. coli K38 in-
fected with fd, as described previously [7]. For prep-
aration of [32P]RF-1 DNA, fd was infected in cells
growing in a Tris—glicose medium containing 32P
and replicated for several generations before prepar-
ing RF-1 DNA. '

2.3. Preparation of enzymes

All enzymes were preparad by, the procedure e3-
sentially identical with that described previously {3].
Cells were grown in brain—heart-infusion supple-
mented with 10 pgfml hemin and 2 ppfml NAD, har-
vested by centrifugation, washed with saline and
stored in a freezer. The frozen cells were suspended
in 0,05 M Tris {pH 7.6)—~1 mM mercaptoethanol, dis-
rupted by sonication and centrifuged for 30 min at
30 D00 rpm. Ammonium sulfate was added to the su-
pernatant to obtain a fraction from 35%—&5% satura-

_tion. The precipitate was dissoived in 10 mM potassi-
- um phosphate buffer {(pH 7.6)—1 mM mercaptoetha-
" mol, and chromatographed on a phosphoceliulose

(Whatman P11) column with a linear gradient of KCL.

~ Aliquots of each fraction wers incubated with fd RF-
'1DNA and the infectivity remaining was assayed on
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7 Tab:e 1
Abbrevmtmns used for enzymes; their sonrees and numb"r of
cleavage sites on fd RF-1 DNA.

: Number of
Enzyme - Source _ cleavage sites

Endo RA™ Hoemophilus influenzoe Ra 3

Endo B-i Hoemophilus influenzae H-1 3
Endo AE™" Hoermophilus aegypirinm 11
Endo AP Heemophilus aphirophilus i3
Endo GA Haemophilus goliinarum 6

Endonu'c}ease R of Smith and Wilcox [4].
¥ Endonuclease Z of Middleton et al. [63-

lysozyme-spheroplasts. Fractions degrading DNA were
collected, diluted and chromatographed on a DEAE-
ellulose {(Whatman DES2) column with a linear gradi-
ent of XC1. The activity of eack fraction was assayed
by transfection. The specificity of active fractions was
then determined by resolving the hydrolysates of fd
RF-1 DNA on polyacrylamide gel electrophoresis.
Fractions which yielded a characteristic patiern of
fragments were collected, concentrated and stored at

—207C in the presence of 50% glycerol. The properties
of all enzymes were very similar to those of Endp H-I
[31 > except for the cleavape site specificities. The as-
say conditions by transfection were described previ-
ously {3]. One unit of the enzyme activity was ex-
pressed as the activity destroying the infectivity of
0.01 A 750 vnit of fd RF-1 DNA within 30 min at
37°C. Strains z2nd abbreviations used for ENZVINTS arg
listed in table 1.

2.4. Polyacrylamide gel electrophoresis of DNA frag-
ments

About 40 units of enzymes were added 1o a reac-
tHon mixture {0.3 mi) containing 7 mM Tris {pH 7.6),
7 mM MgCl,, 7 mM mercaptoethanol and 0.03 4 260
unit of {32P]RF-1 DNA {10%~10° cpm). When DNA
was digested by a mixiire of enzymes, 40 uniis each
of enzymes was added to the reaction mixture. After
incubation for 4 hr at 37°C, the reaction was termi-
nated by adding EDTA to 108 mM. The hydr.Jysates
were layered on 3% or 10% gel columns formed in
0036 M Tris—0.032 M KH,P0,4—0.1 mM EDTA (pH

Tabls 2
Estimation of chain lengths for frazments produced from fd RF-1 DNA by Heemophilus restriction endonncleases.
FEndo 1-1 Frndo GA Endo AE Endo AP
Fragment No.* — e - — -
BPi)  Lenci (0)F 32p (%) Length (u) 2p (%) ength (u) 52P (%)  Length ()
1 557 1.14 = D.O8 30.5 D59 32.7 J.64 26.0 0.51
2 w2 (.58 + .07 26.0 0.51 27.8 0.54 , *
3 10.8 .23 = Q.05 16.1 0.31 13.0 025 }26.5 0.26
: }234 23t 36 0-11 }18.4 0.18%
193 0.09”
;3 4.0 0.08 }14.0 0.24”
8 }8.0 ews™ 6.0 0.12
Q 28 0.05
10 21 (.04 .
11 1.3 1.03 14.3 0.04
12 - 1.3 0.03
13 1.6 052

* Numbers x:nnaspnnd 10 those grven in the radinantographs of fig. 1.

z Measurements were made by electron microscopy.

. As the percent distribution of label was obiained by a mixtare of two bands, the value was divided by 2.
As the approximate band positien comresponded 1p frapmeni No. 9 of the Endo AP p oducts, the percent distribution of E{abel

was ﬁwaﬁed by 3.
&2

As the zpproximate band pommm ccrrespbnﬂerﬁ 1o fragment Nfo 10 of the Endo AE [pmdm:its the percent disizibution of Ia-

be] was' dwnﬂeﬂ by 2.
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Flg. 1 Polyacry;amide gel B!ectrophoresxs of fa Rle DNA thgested by. Haemophdus 1'estncnon endonucleases ImP] RFJ DNA
was digested by enzymes indicated in the figire. The hydrolysates were slectrophoressd on 5% and 10% gel columns (0.6 cm X 12

- .em} for 16 hrat 2 mA]mbe and p}l 7.8. Gels were covered wnh ﬁlm plastm fiims and e;.posed io X-xay ﬁlms to obtazn 2he radxo-

g autog;raphs 0 referred m ongmal DNA : ‘ e
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. Fig. 2. Plots of chain length versus elestrophoretic mobility
for frapments produced fmm 3 RF-1 DMNA by Hoemophilus
zestriction endonucleases. | j P}R‘.F—l DNA digestzd by respec-
1ive engymes were slecirophoresed under very similar condi-
tions, and the migration distances of respective fragments
were plotted against thelr chain lengths estimated by the dis-
ribution of Iabel {see table 2). ‘ )

7 B}) and electrophoresed for 16 hr at 2 mAjtube.
Gels were covered with thin plastic films and exposed
to X-ray films to oblain the radioautographs.

2.5. Length meagsurer.tents by electron mir:msmpy'
. Specimens were prepared by the protein monolayer
- technique {8] and the electron micrographs were
taken as deseribed previously [9]. Contour lengths
- were measured with a map measore [91. Absoluie

" length calibrations wers made wﬂh a diffraction grat-

' mg rephca
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: 3 Results and discussion

As an incompiete dipestion yielded many interme-

diate products [3], [32PIRF-1 DNA was exhzustively

digested with a large excess of enzyme. The digestion
products were resolved by gel electrophoresiz and the
radioautographs were taken. Each enzyme yislded

characterisiic patterns of fragments {fig. 1). Gels were

“sliced and the distribution of 32P among the bands

were determined {table 2).

Three fragments produced by Endp H-1 were sepa-
rated by band centrifugation and their lengths were
measured by 2lectron microscopy. The mean values
obiained for each fragment are given in table 2. The
comparison of these values with the percentage of to-
tal 32P in each frapment indicated that three frag-
ments were equimolar with the origingl RF-1 DNA.
The sum of the lengths for three fragments was about
egual o the contour length of RE-11 DNA which was
converted from RF-1 DNA by introducing a nick [9].
Accordingly , the lengths of fragmenis produced by
pther enzymes were estimated by percentage of total
radioactivity in a given {ragment, assuming the length
of original DNA = 1.95 u {iable 2). The values esti-
mated for the Endo GA products and three larger
fragments of the Endoe AE products showed good
agreement with those measured Dy eleciron micro-
scopy {T. Oda and M. Takanami, manuscripi in prep-
aration). Under the conditions used for electrophore-
sis, the plot of chain Isngth versus migraiion distance
in a log—log graphpaper appears to yield a linear line
{fig. 2). It would be possible to estimate the app oxi-
mate length of a fragment with this correlation.

Endp GA appears to produce five fragmenis{fig.

1, GA). As suggested by the distribution of label, how-
ever, the fourth band from the iop was resolved into
two closely spaced bands by fux rther electrophoresis.
With Endo AE. ten bands can be zountes in the radio-
autograph {fig. 1, AE). However, the distribution of

" label in the eighth band from the top sbggesied that

this band comprised of two components. Although
Fndo AP vielded twelve discrete bands {fig. 1, AP),
the tenth band from ihe top was shown to contain
two fragmenis by the distribution of label. Asre-
ported previonsly [31, Endo Rd cleaved this DNA at -
one site and Endo H-1 at three different sites, Tespec-

- tively (fig. 1 Rd and H-), Number of clezyaps sites
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Table 3 .
The action of Endo R4 on fragments produced from 8 RF-1
DNA by other Hoemophilus enzymes.

Products by
Enzyme Fragment No.” Length (u) Endo Rd (p)
Endo H-A 3 1.14 0.86 + O.28
Endo GA 1 0.59 - 0.44+ D15
Endo AE 2 0.54 0.47 + 0.07
Endo AP 6 D.14 D.0B+ D.06

* Numbers correspont! to those given in the radioaniographs
of fig. 1.
The approximate sizes of prodects were estimated by the
relative mobilities with the correlation in fig. 2.

on fd RF-1 DNA for respective enzymes are summa-
rized in table 1. '
Restriction endonucleases are known to cleave
DNA by recognizing unigque nucleotide sequences
with rotational symmetry. Such sequences for £ndo
Rd [10] and Rl endonuclease from E. coli carrying
R factor [11] have bDeen determined. It was also
shown that Ende AP cleaved DNA at a specific hexa-
nucleotide sequence (H. Sugisaki and M. Takanami,
to be published). It is therefore likely that DNA can
be cleaved into more smaller fragments by the combi-
nation of these enzymes. This was clearly demon-

strated with enzymes used in the present study (fig. 1).

Endp Rd could cleave specifically one of the frag-
ments produced by other enzymes {table 3). By other
combinations, many smaller fragments which were
not seen in the digests by each enzyme were yielded.
Although exact number of fragments produced were
not counted because of overlapping, the patterns -
were very reproducible. DNA treated by two differ-
ent enzymes separately gave a pattern identical with
that treated by a mixture of these enzymes. After iso-
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lating a particular fragment from a digest, therefore,
the fragment can be cleaved into smaller pieces by -
other enzymes. In this manner, it would be possible
to obtain specific fragments containing functional
sites of DNA such as promoters and those short
enough for the determination of nucleotide se-
quences. :
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