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SUMM ARY

The transformation efficiency of Escherichia coli
prepared by the calcium-heat shock procedure has been
increased sixfold by growth of cells in 0.5 M sucrose
and the addition of 1 pg/ml lysozyme along with DNA.

A mutant of E. coldl, g%z, has been selected which has
a tenfold increased efficiency of transformation.

INTRODUCTION

Escherichia coli 1is the best characterized bacterial

specles genetically and therefore the loglcal cholce as
recipient for transformation with recombinant DNA. Un-
fortunately the species is very poorly transformable,
untreated cells belng completely resistant to transforma-

tion. 3E. colil cells rendered competent by treatment wilth

30 mM CaCl, at O°C and then heat pulsed to 42C in the presence
of saturating DNA concentrations are transformed at 10"5
transformants per cell (1, 2). In this paper we revort
physiological conditlons which increase transformation
efficiency to 6 x 1072 and a mutant strain of E. coll

which transforms with an efficiency of 107%.

MATERT AL,S AND M=THODS
Bacteria and plasmids. A derivative of E. coli C600 rm-
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was obtalned from Dr. Herbert W. Boyer and used as trans-
formation reciplent in these experiments. The strain is
hspS thr leu arg. Transforming DNA was prepared from

E. coli stralns harboring A Cr857Sam7, pM21 (kanamycin-
resistant) or pRSF2124 (ampicillin-resistant). In the
text these DNA preparations will be referred to as J\,

Km and Ap.

Preparation of transforming DNA. Phage A DNA was pre-

pared by temperature induction of the lysogen, concentra-
tion of the induced cells by centiri fugation, chloroform
lysls, purification of irntact A by differential centri-.
fugation and phenol extraction. Plasmld DNAs were ex-
panded overnight in the presence 100 yg/ml chlorampheni -
col, released by gentle lysis 1n Sarkosyl-lysozyme, se-
parated from chromosomal DNA by low speed centrifugation
and finally purified in CsCl-EthBr.

Trangformation. Recipient cells were prepared according

to the procedure of Cohen et al (2) as modified from
Mandel and Higa (1). Tambda DNA transfectants were

assayed in soft agar seeded with E. coli Ymel (supFt).

Km or 4p transformanis were plated on agar containing
the approprlate antibiotic following dilution into pre-
warmed I broth and incubation at 37C for 2 h., Effi-
clency of transformation was cslculated as transformants
per viable cell.

Mutagenesis. N-methyl-N'-nitro-N-nitrosoguanidine was

employed according to the procedure of Adelberg et al (3).
RESULTS

Physlological condltions which enhsnce transformation
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TABLE 1. ®ahancement of transformation
efficliency by 0.5 M sucrose.

Infectious centers per ng A TNA

Experiment
- SuUcCrose + SUCIC se
1 4% 70
2 34 73
3 44 102

*Each value was determined from three plates which con-
tained 100-400 plagues.

frequency. Many perturbations of the Cohen et al (2)
procedure were tested for improved transformation effi-
ciency in strain €600 r™m~, including varlations in
CaCl, concentratlon and temperature and duration of

the heat pulse. In our hands 50 mM CaClp worked con-
sistently better than 30 mM, but the differences were
minor. The procedure as stated (2) has been used in the
experiments described below.

Wnen cells were growvn in L broth containing 0.5 M
sucrose, 2 2-3 fold enhancement of transformation frequen-
¢y was consistently seen (Table 1). This enhancement was
oniy seen 1f 0.5 M sucrose was also incorrorated in the
10 mM NaCl wash and first 30 =M CaCl, treatment as de-
scribed by Cohen et al (2).

Varicus concentrations of lysozyme (Sigma, 3X cry-
stallized from eggwhite) were added to the incubation
mlxture of calcium-treated cells and DNA during the 60 min
treatment at 0°C. A twofold increase in transformation

efficiency was seen with 1 pg/ml lysozyme (Table 2). Yo
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TABLE 2. Ihancement of transformation
efficiency by 1 pg/ml lysozyme.

Concentration of Infectious centers
lysozyme (ug/ml) per ng A DNA *

0.0 42.5

0.1 40,0

1.0 77.5

10 32,0

*Values are the averages of two experiments. See also
footnote to Table 1.

enhancement was seen 1f lysozyme was added sclely during
the heat pulse. The effect was less profound 4if lysozyme
was added prior to DNA.

The effects of sucrose and lysozyme upon the en-
hancement of transformation efficiency are synergistic
as shown in Table 3. The addltive effect of these two
treatments 1s to increase E. coll transformation effi-
clency sixfold.

E., coli mutation which enhances transformation efficlency.

Strain C600 r'm~ was mutagenized with nitroscguanidine.
Survival was 45 percent and the frequency of rifampicin-
resistant mutants increased from 1076 to 103, Following
mutagenesls the culture was diluted 20-fold into 20 separate
flasks containing L broth at 37C. Bacteria from each flask
were treated independently by the calcium-heat shock pro-
cedure and transformed with 1 pg/ml Km plasmid DNA. The

efficlency of transformation to kanamyein resistance was

nearly 102 1n a11 20 cultures. Each day for four weeks

ten colonies were inoculated into I broth containing
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TABLE 3. Enhancement of transformation
efficiency by sucrose and lysozyme.

Modification of Cohen et gl (2) Infectious centers

procedure per ng A DNA¥
None 38.5
0.5 M pucrose in broth, 87.0
10 mM NaCl and tst 30 mM CaClop
1 pg/ml 1ysozyme added 75.5
with DNA
0.5 M sucrose and 216.0

1 pg/ml lysozyme

3
Values are the averages of two eXperiments. See also
footnote to Table 1.

25 pg/ml keanamycin and the resulting cells treated in-
dependently by the calcium-heat shock procedure. This
time each culture was transformed with 1 pg/ml Ap plasmid
DN4, however, and the bacterla then plated for ampielllin
resl stance. A1l cultures but one showed 20-60 ampleillin-
resl stant colonies per plate. The exception, deslgnated
hyt, showed 300 ampicillin-reslstant colonies, indicative
of an increased transformation efficliency by an order of
magni tude.

The hyt mutant was cured of I1ts plasmids by over-
night growth in I broth containing 0.5 pug/ml ethidium
bromide and 10 pg/ml rifampicin. A kanamycin-sensitive,
ampicillin-sensitive 1solate was chogsen for further study.
This 1solate shows a tenfold greater transformation effi-
clency than the parental €600 rm~straln when transformed

with }\, Km or Ap DNA preparations (Table 4).
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TABLE 4. Tnhanced transformation in
the hyt mutant of E. coll C60CC.

*

Recipient strain Transformants per ng INA
A mra Rm INA Ap DNA
C600 rm~ 35.5 22.0 17.5
C600 r™m~ hyt 297.0 213.5 119.0

*Yalues are the averages of two experiments. Zach value
was determined from three plates containing 100-400
plaques or colonies.

DI SCU SSION

Curtiss (4) has described several mutations which
enhance transformation frequency in E. coll K12. These
include dap (deficient in diaminoplmelic acid synthesis),
galE (UDP-galactose-4-epimerase) and end (endonuclease I-
deficient), each of which may increase transformability
by three- to tenfold. Cumulatively these mutations may
result in a 50-fold increase in transformation frequeney (4).
E. coli C600 r™m~ hyt, the hypertransformable mutant de-
scribed in this paper is dap*, gal t*, and end+ (Molholt,
unpublished). The biochemical nature of the hyt defect
1s unknown, but it seems likely that there are at least
four types of mutations which can enhance transformation
frequency in E. coll. It is suggested that further muta-
tions be sought in an EX-2 straln, e.g., chil1776, by a
selective procedure similar to that outlined in this
paper.

Hypotonic expansion of E. coll grown in 0.5 M

sucrose and lysozyme digestion of the murein layer have
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been shown to release endonuclease I (5, 6). Perhaps
the release of this surface-bound enzyme forms the basls
of the sixfold increased transformation freguency after
growth in 0.5 M sucrose and upon addition of 1 pg/ml
lysozyme reported herein, The delicate nature of com-
petence in E. coli 1s unclear, however, too much damage

to the murein layer decreases transformability (4).
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