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survive in the presence of antibiotics. 
According to the tenets of microbial 

genetics, mutant strains should acquire 
resistance to only one antibiotic at a 
time, and organisms resistant to several 

drugs should arise in nature only by the 
accumulation of successive mutations. 
It is therefore quite extraordinary that 
there has been a dramatic increase in 
the frequency of occurrence of Entero- 
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bacteriaceae with multiple drug resis- 
tance in essentially all countries in 
which the problem has been examined. 

In general, the multiple resistance of 
these microorganisms does not seem to 
have arisen in a series of discrete steps; 
but rather, resistance to all of the drugs 
appears to have been acquired simul- 

taneously. Genetic analysis has revealed 
that multiple drug resistance is speci- 
fied by an extrachromosomal element, 
which is referred to as a drug-resistance 
factor or R factor. Over the past decade, 
R factors have been studied extensively 
throughout the world because of their 
theoretical and practical consequences. 
We will review a number of their prop- 
erties, particularly those that are related 
to the biochemical mechanism of mul- 

tiple drug resistance and to the ways 
in which the level of drug resistance of 
host bacteria may be varied by the rep- 
lication and the dissociation and re- 
association of the components of R 
factors. 
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Epidemiology 

The first R factors were detected in 
Japan in the 1950's during an outbreak 
of bacillary dysentery (1-3). Since that 
time, extensive epidemiological studies 
that were carried out in Japan, England 
(4, 5), the Netherlands (6), Switzer- 
land (7), and the United States (8) 
have shown that in numerous clinical 
situaitons, R factors are the agents re- 
sponsible for resistance to antibiotics 
in Enterobacteriaceae. The occurrence 
of R+ strains is not simply restricted 
to hospital outbreaks; R factors are 
present in domestic animals (5, 9) and 
fish (10), particularly when antibiotics 
are used as routine diet additives. Re- 
cently, R+ Escherichia coli strains de- 
rived from urban sewage (11) were 
found in river water. 

Resistances to at least ten antibiotics 
are specified by R factors (Table 1), 
and it seems likely that additional re- 
sistance determinants will be found in 
the future. As far as we are aware, no 
R factor that has been isolated from 
nature harbors all of these resistance 
determinants simultaneously, but exam- 
ination of the patterns of resistance for 
all ten antibiotics has probably not been 
carried out with all R factor isolates. 
There appears to be no obvious pattern 
of development of antibiotic resistance, 
although the number of resistance mark- 
ers can increase as a result of exposure 
of the organism to additional antibiotics 
(4, 5, 7, 12). 

From such studies it can be con- 
cluded that new resistance markers can 
be acquired by existing R factors in 
nature and replicated, transferred, and 
expressed as part of the composite 
structure thus formed. Smith (13) and 
Gardner et al. (14) have shown that 
enteric bacteria that carried R factors 
were present before the advent of wide- 
spread antibiotic therapy. More exten- 
sive studies with proven antibiotic-virgin 
subjects should be carried out to es- 
tablish any correlation between the ad- 
ministration of new antibiotics and the 
appearance of transferable resistance 
markers. 

Numerous classifications of R factors 
are possible, and different R factor iso- 
lates have characteristic groupings of 
resistance markers (Table 2). The R 
factors are often given different desig- 
nations by different groups of workers; 
for example, NR1, Rloo, and 222 are 
one and the same (15). This could 
lead to some confusion; many of the 
R factors that were isolated in different 
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Table 1. Resistance 
ent R factors. 

markers found on differ- 

Resistance to: marker marker 

Ampicillin 
Chloramphenicol 
Kanamycin 
Neomycia 
Streptomycin 
Spectinomycin 
Gentamicin 
Sulfonamides 
Tetracycline 
Colicinogenic 

factors 
Mercury 
Nickel and cobalt 
Viruses 
Ultraviolet 

light 

AP 
CM 
KM 
NM 
SM 
SP 
GM 
SU 
TC 

References 

(51) 
(59,60) 

(66, 71-75) 
(66, 71-75) 

(66, 68) 
(68, 70) 
(76, 77) 

(1) 
(47,48) 

(45) 
(44) 
(44) 

(56,58) 

(46) 

parts of the world and differently 
named may in fact be identical. It 
would be desirable (although difficult) 
to have nomenclature standardized so 
that biochemical studies of R factors 
from different laboratories could be 
compared accurately. 

Genetic Nature of R factors 

Several groups of Japanese geneti- 
cists have shown that R factors are 
extrachromosomal genetic elements that 
are capable of autonomous replication 
in host cells; that is, they replicate in- 
dependently of the host chromosome 
(1-3, 16, 17). Most of the initial studies 
were on the R factor NR1, which had 
originally been isolated from nature in 
a strain of Shigella by Nakaya et al. 
(16). In general, most of the initial 
results obtained with NR1 appear to be 
characteristic of other R factors, which 
have not been studied in as detailed or 
systematic a manner. The R factors can 
be transferred by bacterial conjugation 
to essentially all members of the Entero- 
bacteriaceae (1, 3, 5, 16). The trans- 
duction of multiple drug resistance by 
appropriate temperate phages has been 
observed in E. coli (16), Shigella flex- 
neri (16), several Salmonella species 
(1, 2, 18, 19), and Proteus mirabilis 
(20). 

The transfer of multiple drug resist- 
ance, either by bacterial conjugation 
or transduction, takes place indepen- 
dently of the transfer of host chromo- 
somal genes. Additional evidence that 
R factors are extrachromosomal agents 
is the elimination of R factors from 
host cells by treatment with acridine 
orange or other intercalating dyes (1). 
Studies (to be described below) on the 
molecular nature and the replication of 

R factors in various hosts have also 
shown that these elements exist as in- 
dependent units of replication (repli- 
cons) in host cells. 

On the basis of transduction data 
and the patterns of spontaneous segre- 
gation of drug resistance genes, Watan- 
abe (1, 2) has suggested that R factors 
are composed of two genetically distin- 
guishable units: a transfer factor (RTF) 
and a unit which harbors drug resist- 
ance genes (r-determinant). The RTF 
is believed to mediate the autonomous 
replication of R factors and to promote 
their transfer from one bacterium to 
another iby conjugation. The r-deter- 
minants harbor genes which specify 
resistance to a wide range of common 
antibiotics. 

Whether r-determinants themselves 
are capable of autonomous replication 
in host cells has been a matter of con- 
troversy. The orginal findings were in- 
terpreted to mean that r-determinants 
are unable to replicate unless they are 
attached to the RTF or are integrated 
into the host chromosome (2, 3, 21, 22). 
However, more recent genetic (5) and 
physical evidence (23-26) suggests that 
in some host strains both the RTF and 
r-determinants are independent replicons 
whose duplication is regulated by dif- 
ferent control mechanisms. 

Drug-sensitive enteric strains that 
harbor only RTF's and not r-determi- 
nants (3, 5, 27, 28) have also been iso- 
lated from nature. Similarly, strains that 
are resistant to several drugs but are 
unable to transfer multiple drug resist- 
ance have been isolated (5). These 
strains can transfer their r-determinants, 
however, if they are infected with an 
RTF. Since the transfer of multiple 
drug resistance occurs independently of 
host chromosomal genes, it appears that 
the r-determinants of these strains exist 
as independent replicons. 

Stability of Association between RTF's 

and r-Determinants 

The stability of the association be- 
tween RTF's and the r-determinants 
for various antibiotics appears to vary 
for different R factors, and the stability 
of this association for a given R factor 
appears to depend upon the host. For 
NR1, the association between the RTF 
and the determinants of antibiotic re- 
sistance is quite stable in E. coli. How- 
ever, there are occasional segregants 
that have lost resistance to tetracycline 
(marker TC) or to all or various re- 
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stricted combinations of the antibiotics 

chloramphenicol, streptomycin, and the 
sulfonamides (markers CM, SM, and 
SA). These segregants occur at low 
frequency, either spontaneously or dur- 
ing transfer by conjugation or transduc- 
tion (12, 29). The RTF is usually not 
lost by cells that harbor any r-determi- 
nants, since the drug-resistance genes 
are still transferable by conjugation. 

The behavior of the same R factor in 
Salmonella is quite different. After 
transfer to Salmonella by conjugation, 
the genes CM, SM, and SA are segre- 
gated simultaneously so frequently that 
it is possible to do clonal analysis on the 
segregation (21). After repeated sub- 
culturing of the cells, only TC is re- 
tained by the population. The majority 
of the tetracycline-resistant segregants 
retain the ability to transfer the marker, 
so the RTF is not segregated by the 
cells. 

During transduction of NR1 in Sal- 
monella typhimurium by phage P22, 
segregation of TC from the block that 
contains CM, SM, and SA is almost 
always observed (1, 18). In essentially 
all cases both segregants of NR1 have 
lost the ability to transfer their drug 
resistance and thus, at least phenotypi- 
cally, have lost the RTF. As will be dis- 
cussed below, physical studies on the 
DNA of NR1 in P. mirabilis have sug- 
gested that the RTF and r-determinants 
of R factors dissociate and reassociate 
in this genus to provide a novel mecha- 
nism by which the number of copies of 
drug-resistance genes per cell can be 

regulated. 

Successive Intergeneric Transfers 

One of the most interesting genetic 
studies on the association and dissocia- 
tion of a transfer factor and the deter- 
minants of resistance to several antibi- 
otics was carried out by Anderson and 
Lewis (5, 27, 30). They studied succes- 

SA 

CM" TC T TC CM 
RTF TRTF STC 

Fig. 1. Two possible linkage maps for R 
factors. Markers are defined in Table I 
[from Watanabe (2)]. 

sive intergeneric transfer of ampicillin 
resistance (AP), streptomycin and sul- 
fonamide resistance (S), and TC from 
a multiply resistant strain of S. typhi- 
murium to a drug-sensitive strain of E. 
coli and back again. 

In initial matings, AP and S were 
transferred independently to the E. coli 
recipient strain in most instances, each 
marker having a transfer frequency of 
about 10-2 per donor cell. Traits AP 
and S were transferred simultaneously 
at a frequency of 10-3. The TC marker 
was initially transferred at a very low 
frequency (10-6). However, in subse- 
quent matings the transfer frequency 
foi TC was greatly increased to about 
5 X 10-1, which was the transfer fre- 

quency for the transfer factor itself 
(here called A). Moreover, in these 

subsequent matings transfer of TC was 

always accompanied by transfer of A. 
Anderson and Lewis suggested that the 
original low frequency for transfer of 
TC was due to a rare pickup of the 
chromosomal gene TC by A. Once 
formed, the TC-A complex was quite 
stable, and TC and A were always 
transferred together. 

The transfer frequencies for AP, S, 
and AP-S in further matings were the 
same as in initial 'matings (10-2, 10-2, 
and 10-', respectively). With appropri- 
ate genetic techniques it could be shown 
that the transfer of A alone occurred 
at a frequency of 5 X 10-1. In long 
(overnight) mating experiments, most 
cells that received resistance determi- 

nants were capable of transferring resist- 
ance. In short (interrupted) matings, 
some recipient cells received AP or S 
but were incapable of transferring these 
resistances. Thus, there was indepen- 
dent transfer of AP, S, and A. Since the 
frequency for simultaneous transfer of 
AP and S was ten times higher than that 
expected for random transfer events, it 

appears that these two independent de- 
terminants frequently associate with the 
same structure, presumably A, in a re- 
versible manner. 

Circular linkage maps (Fig. 1), which 
are based on transduction data, have 
been proposed for two R factors that 
are stable units in E. coli (1, 2). Al- 
though these two R factors have simi- 
lar genetic maps all R factors might 
not fall into the same pattern, since 
different permutations of resistance 
genes and the RTF are likely to exist. 

Transmissibility 

Several episomal elements in Entero- 
bacteriaceae are capable of autonomous 
replication and transfer; these episomes 
include F factors, colicin factors, and R 
factors (31). Each (collectively termed 
sex factors) possesses several genes 
that are responsible for the transfer 
and other characteristic properties of 
the episome. Interstrain transfer (from 
Shigella to Shigella or to Escherichia) of 

multiple drug resistance was first dem- 
onstrated by Ochiai et al. (32) and 
Akiba et al. (33), and sex factor activ- 

ity was found in R+ strains shortly 
thereafter (16, 17). Genetic transfer 
that is mediated by R factors (and 
other episomes) involves conjugation, 
since it requires cell-to-cell contact and 
the presence of surface structures called 

pili and can be interrupted mechani- 

cally. The detailed mechanism of DNA 
transfer is not known (34). 

Specific pili have been recognized on 
the surface of bacteria that carry F 

Table 2. Patterns of resistance markers on some typical R factors. Markers that are not identified in Table 1 are HG, mercury resistance; 
PM, paromomycin resistance. Chloramphenicol resistance (4), combinedstreptomycin and spectinomycin resistance (70), and mercury resist- 
ance (106) are often, but not exclusively, associated with the R(f) type (ND, not determined). 

Resistance marker R factor 
R factor-- ty References 

AM CM HG KM NM PM SA SM SP TC type 

NR1* (Rioo, 222) + + -- + ++ + + R(f) (16,17, 40) 
NR3* - - ND - - + + - + R(i) (66, 72) 
NR79* + + + - - + + + + R(f) (66,72) 
NR84* + + - - - + + + R(f) (66, 72) 

pR - + ND + - - + ND + R(f) (65) 
R - + ND + + + + + ND + R(f) (7) 

JRw+ 4,- ND + ++ + + + - R(i) (66, 75) 

* Isolated and characterized in the laboratory of R. Nakaya (16, 88). 
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factors, colicin factors, or R factors; 
and R factor piliation and its relation 
to surface structures associated with 
other episomes have been studied ex- 
tensively by Meynell, Meynell, and 
Datta (35, 36). They found that one 
group of R factors [R(f)] produce pili 
that are similar to those for F factors 
and that act as receptors for F-specific 
phages (fl and f2), while another 
group of R factors [R(i)] produce pili 
similar to those found on bacteria that 
carry the colicin-I factor. 

Many episomes can be transferred 
.between most Gram-negative species. In 
general, R factors are transferred at a 
much lower frequency than are F fac- 
tors (16, 37). However, when certain 
types of R factors are present in cells 
that harbor an F factor, the transfer 
frequency for the F factor is consider- 
ably diminished. When no other epi- 
somes are present, F factors produce 
sex pili in virtually all cells. When cer- 
tain R factors are present, alone or with 
an F factor, only a minority of cells 
produce sex pili. This is due to the re- 
duced ability of R+ strains to produce 
pili. 

According to Meynell et al. (36), 
these observations are the result of the 
production of a repressor of pilus for- 
mation in certain R+ strains; a series of 
repressor mutants that exhibited high 
transfer frequencies were found to pos- 
sess an increased number of surface 
pili. The R factors that inhibit sex-pilus 
formation and fertility in F-factor 
strains have usually been called fi+, 
while those R factors that lack this 
ability have been termed fi- (38). Con- 
siderations of the pilus type on these 
two R factor classes have led to the 
suggestion that fi+ be renamed R(f) 
and fi- be renamed R(i) (39). In all 
other respects, transfer and subsequent 
expression of R factors is assumed to 
occur in the same way as for other 
episomes. The RTF therefore carries all 
of the genetic information necessary for 
conjugation and transfer and like other 
sex factors can incorporate chromo- 
somal genes at low frequency (4,0). 

The R factors differ from other epi- 
somes in their response to dyes such as 
acridine orange and ethidium bromide, 
which inhibit the transfer of sex factors 
and bring about curing (promotion of 
segregation of an episomal element). 
The transfer of R factors can be in- 
hibited by acridine dyes, but R factors 
are extraordinarily inert to curing by 
acridine orange (41) or ethidium bro- 
mide (42). Whereas an E. coli strain 
that carries an F-lac episome can be 

19 MAY 1972 

Fig. 2. The structure of tetracycline. 

100 percent cured of the episome by a 
brief exposure to ethidium bromide, a 
typical R factor strain is quite refrac- 
tory to such treatment. This dissimilar- 
ity has not been satisfactorily explained. 
However, it must indicate a fundamen- 
tal difference in molecular structure, 
replication, or segregation of the two 
types of episomes; and it emphasizes 
the need for more information on these 
subjects. 

When comparisons are made between 
R factors and other episomes or be- 
tween different R factors, it is important 
to realize that the host bacterium can 
markedly influence the properties of the 
R factor. This influence is usually, seen 
as quantitative differences in antibiotic 
resistance when the episome is trans- 
ferred from one strain to another (29, 
43). In addition, certain R factors can 
prevent another from being established 
in the host cell. These are termed ho- 
mologous; a heterologous R factor can 
be accepted. The mechanism of this 
type of exclusion is not known, but two 
processes might be responsible. One is 
exclusion of the episome and involves 
the cell surface while the other is the 
failure of the R factor to become es- 
tablished once it has entered (1, 39). 
Novick (39) proposes that the terms 
entry exclusion and incompatibility be 
used to describe these processes in place 
of the current terms superinfection im- 
munity and mutual exclusion. Super- 
infection immunity suggests a close 
analogy to bacteriophage systems, which 
is not justified. 

Mechanisms of Resistance 

Apart from scientific curiosity, there 
are many reasons why one would like 
to know how R factors determine resist- 
ance to antibiotics. Knowledge of the 
molecular mechanisms would allow ac- 
curate predictions of the usefulness of 
new antibiotics against different R+ 
strains, the synthesis of antibacterial 
agents or antibiotic derivatives to which 
R factors cannot confer resistance, and 
the design of inhibitors of resistance 
conferred by R factors. In addition, 

knowledge of resistance mechanisms 
may give clues to the origin of r-deter- 
minants and will be useful in interpret- 
ing studies on the genetics, molecular 
structure, and properties of R factors. 

The resistance characters on R fac- 
tors are listed in Table 1; different R 
factors carry different combinations. A 
resistance character does not necessarily 
define a gene, since a single enzyme can 
be responsible for resistance to two or 
more antibiotics. The mechanisms of 
resistance are known for about half of 
these characters. For the others-resist- 
ance to heavy metals (mercury, cobalt, 
nickel) (44), sulfonamides (1), colicino- 
genic agents (45), and ultraviolet irradi- 
ation (46)-there are speculations but 
no clear experiments to suggest mech- 
anisms responsible for phenotypes; per- 
haps this article will stimulate inquiry 
into these problems. 

Tetracycline 

Resistance to the tetracycline anti- 
biotics (Fig. 2) in R+ strains has been 
studied (47, 48). The R- bacterial 
strains that are sensitive to tetracycline 
actively accumulate the drug, which 
then inhibits ribosome function. The 
resistance of R? strains is due to their 
inability to concentrate tetracycline. It 
appears that R- strains possess a mech- 
anism that mediates the entry of {the 
drug (49). In R+ strains, the constitu- 
tive, low resistance is amplified in the 
presence of tetracycline; this suggests 
that R- strains possess an inducible in- 
hibitor of drug uptake. Most evidence 
for this mechanism comes from studies 
of the uptake of radioactive tetracycline 
in R+ and R- strains; there is no evi- 
dence for inactivation of the drug or 
alteration of its target site on the ribo- 
some (48). This model predicts that 
constitutive mutants that are resistant to 
a high concentration of tetracycline 
should exist. Such a mutant has been 
reported recently by Franklin and Cook 
(50). Tetracycline resistance is proba- 
bly the most common naturally occur- 
ring R factor resistance, perhaps be- 
cause the gene that determines this trait 
is closely linked to the RTF in most R 
factors (1, 3). 

Penicillinases 

The mechanism of resistance to pen- 
icillin (Fig. 3) in R+ strains (51), sim- 
ilar to that in other strains, is the pro- 
duction of a penicillinase (f-lactamase), 
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Fig. 3. The structure of penicillin. The 
arrow indicates the point of hydrolysis of 
the p-lactam ring by penicillinases. A semi- 
synthetic p-lactam antibiotic, ampicillin 
(AP), has been most commonly used in 
R factor studies since it is more active 
than penicillin. 

of which many different types have 
been isolated. The penicillinases of R+ 
strains have been classified into three 

groups by their physicochemical, en- 

zymological, and immunological prop- 
erties (52). Some of these enzymes are 
related to those from other genera of 
bacteria, which appear to be determined 

by chromosomal rather than episomal 
genes (52-54). Such similarities have 

prompted speculation on the origin of 
the penicillinases in R+ strains. How- 
ever, it is difficult to make accurate 

phylogenetic comparisons between these 
enzymes and all suggested relations be- 
tween R factor and similar "chromo- 
somal" enzymes are quite tentative. 

The penicillinases in R+ strains are 
synthesized constitutively (54) and are 

probably located in the periplasmic re- 

gion of the cell (between the cell wall 
and the cell membrane) (55). The /,- 
lactamases are the best-characterized 

group of R factor enzymes. With the 
introduction of new penicillin and 

cephalosporin analogs in clinical prac- 
tice, studies of these enzymes will con- 
tinue to be important. P-Lactamases are 
known which can inactivate all of the 

penicillin and cephalosporin derivatives 
in current use. R factors that deter- 
mine resistance to carbenicillin (a broad- 

spectrum 8/-lactam antibiotic) have been 
characterized in several clinical isolates 
of Pseudomonas aeruginosa (55a). 

Viruses 

Some R- strains are resistant to in- 
fection by several different DNA vi- 
ruses, and this resistance is due to the 

presence of a nuclease that breaks down 

foreign, unmodified DNA (56). This 

phenomenon, known as restriction, is 
found in some R- bacteria, and specific 
deoxyribonucleases have been isolated 
from these strains (57). The R factor 
nuclease (58) is poorly characterized 
and has not been compared to the well- 
characterized restriction systems in R- 
E. coli (57). 
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Chloramphenicol 

The mechanism of chloramphenicol 
resistance specified by R factors has 
been elucidated by Suzuki and Okamoto 
(59) and by Shaw (60), who found that 
a crude extract of an R+ strain, in the 
presence of acetyl coenzyme A, was ca- 
pable of converting chloramphenicol to 
an inactive O-acetyl derivative. The 
product of the acetylation is a mixture 
of 3-acetoxychloramphenicol and 1,3- 
diacetoxychloramphenicol (59, 60). Both 
products are completely inactive as anti- 
biotics and are apparently produced by 
the action of a single enzyme, chloram- 
phenicol acetyltransferase. This enzyme 
is synthesized constitutively in R+ E. 
coli (59, 60) and is subject to catabolite 
repression (61). It is apparently not a 
periplasmic enzyme, since it is not re- 
leased when E. coli is converted to 
spheroplasts. 

Many chloramphenicol analogs have 
been tested as substrates for R factor 
chloramphenicol acetyltransferase, and 
only the natural D-threo form of the 
antibiotic (Fig. 4) can be modified (60). 
These studies were facilitated by a con- 
venient and sensitive colorimetric assay 
for chloramphenicol acetyltransferase of 
Shaw (60), who has used this assay to 
screen for acetylating activity in other 
bacterial strains. In general, modifica- 
tion of chloramphenicol was not ob- 
served in extracts of strains in which 
chloramphenicol resistance was due to 
a chromosomal mutation. [Resistance 
to chloramphenicol in E. coli is believed 
to be a permeability defect (62).] Shaw 
detected chloramphenicol acetyltrans- 
ferase in an R- strain of Proteus and 

pointed out the apparent similarity be- 
tweeen the Proteus enzyme and the R 
factor enzyme (63). Chloramphenicol- 
resistant strains of Staphylococcus 
aureus contained a different chloram- 

phenicol acetyltransferase that, in con- 
trast to the E. coli enzyme, was syn- 
thesized only in the presence of an 

inducer-chloramphenicol or a chlor- 

amphenicol analog (64). This inducible 

acetyltransferase in Staphylococcus is 
determined by a plasmid gene (39). 

Aminoglycoside Antibiotics 

There are several different mech- 
anisms of resistance to the aminoglyco- 
side antibiotics. First, Okamoto and 
Suzuki (65) found that kanamycin and 

streptomycin were inactivated by cell- 
free extracts of R+ strains. Although 
this inactivation has been known for 

0 
II H,CI 

H NHCC 

02N C----C -CH2 

\-/ I I 
OH H OH 

/ / 
Fig. 4. The structure of chloramphenicol. 
The arrows indicate the 1- and 3-hydroxyl 
groups that are acetylated by chloram- 
phenicol acetyltransferase. 

some time, only recently has the enzy- 
mology of these reactions been studied. 

Five enzymes that modify amino- 
glycoside antibiotics have been charac- 
terized (Table 3). These enzymes are 
(i) streptomycin phosphotransferase, 
which inactivates streptomycin by phos- 
phorylation (66); (ii) streptomycin 
adenylate synthetase, which inactivates 
streptomycin (67-69) and spectinomy- 
cin by adenylylation (68, 70); (iii) kana- 
mycin acetyltransferase, which inacti- 
vates kanamycin by N-acetylation (71- 
73); (iv) kanamycin phosphotransferase, 
which inactivates kanamycin and neo- 
mycin by phosphorylation (66, 74, 75); 
and (v) gentamicin adenylate synthetase, 
which inactivates the gentamicins, kana- 
mycin, and tobramycin (76, 77). 

Modification of the antibiotic can be 
monitored conveniently by reacting a 
radioactive substrate- [14C]adenosine 
triphosphate (ATP) for adenylylation, 
[a-32P]ATP for phosphorylation, or 
[14C]acetyl coenzyme A for acetylation 
-with unlabeled antibiotic in the 

presence of the appropriate enzyme 
(78). The modified drug is then ab- 
sorbed to phosphocellulose paper, and 
the transfer of radioactivity is deter- 
mined. These assays are extremely sen- 
sitive and are convenient for screening 
many possible enzyme substrates and 
inhibitors. Umezawa and his associates 
have done most of the chemical char- 
acterizations of the products of inac- 
tivation of kanamycin and related anti- 
biotics. 

The initial experiments of Okamoto 
and Suzuki (65) suggested that strepto- 
mycin was inactivated in R factor 
strains by O-phosphorylation (Fig. 5). 
However, it is now apparent that strep- 
tomycin can be inactivated in two, dif- 
ferent ways by two enzymes, which 
transfer, respectively, the terminal phos- 
phate (66) or the adenosine monophos- 
phate residue of ATP to the 3-hydroxyl 
group of the L-glucosamine ring of 

streptomycin (67-69). The resulting 
phosphate ester or phosphodiester de- 
rivatives of streptomycin are completely 
inactive as antibiotics and appear un- 
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able to bind to the target site of the 
antibiotic on the ribosome (79). 

The two enzymes, streptomycin ade- 
nylate synthetase and streptomycin phos- 
photransferase, are synthesized con- 
stitutively in R+ strains and are clas- 
sified as periplasmic enzymes since they 
are released when cells washed with tris- 
(hydroxymethyl) aminomethane hydro- 
chloride buffer containing ethylenedia- 
minetetraacetic acid are subjected to 
osmotic shock (80). This convenient 
treatment yields partially purified en- 
zyme preparations for studies of the 
enzymatic inactivation of streptomycin. 
The two enzymes have molecular 
weights of approximately 30,000 and re- 
quire only ATP for inactivation of the 
drug. The phosphorylating enzyme can 
use guanosine triphosphate as alterna- 
tive substrate, and the adenylylating en- 
zyme can use deoxyadenosine triphos- 
phate instead of ATP (67-69). 

The two enzymes show substantial 
differences in the substrates that they 
modify. The phosphorylating enzyme 
can modify both N-methyl- and N- 
demethyldihydrostreptomycin (68, 81); 
the adenylylating enzyme does not act 
upon either molecule. 

Neither enzyme modifies mannosido- 
streptomycin (streptomycin B) (82); 
this antibiotic, although a less potent 
antibacterial agent than streptomycin, 
can kill streptomycin-resistant R+ 
strains that produce either enzyme. 

Perhaps the most striking difference 
between the two enzymes is that the 
adenylylating enzyme can modify and 
inactivate the antibiotic spectinomycin 
in addition to streptomycin. This activ- 
ity is responsible for cross-resistance 
for these two antibiotics in certain R 
factor strains (68, 70). A D-threo- 
methylaminoalcohol moiety is appar- 
ently an important structural element of 
the substrate, since this residue is pres- 
ent in streptomycin and spectinomycin 
(Figs. 5 and 6). No other mechanisms 
of inactivation of streptomycin or 
spectinomycin are known, and all 
streptomycin- and spectinomycin-re- 
sistant R+ strains that have been ex- 
amined contain one of these two in- 
activating enzymes. 

Inactivation of Kanamycin and 

Neomycin 

N-Acetylation and O-phosphorylation 
are the common inactivation mecha- 
nisms for the neomycin and kanamycin 
antibiotics. Chemical studies by Ume- 
zawa and his associates (71, 72, 74, 75) 
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have established the structures of the 
inactivated kanamycins and paroma- 
mine. Recently, these reactions have 
been studied in periplasmic extracts of 
R+ strains with the above assay in 
which phosphocellulose paper is used 
(66, 73, 78, 83). Many substrates have 
been examined, and the conclusions of 
the Umezawa group have been con- 
firmed and extended. There is usually 
a direct correlation between the pres- 
ence of these enzymes in R+ strains 
and resistance to the antibiotics that 
can be modified. The only exceptions 
are those compounds that are not com- 
pletely inactivated by acetylation; for 
example, the N-acetyl derivative of neo- 
mycin B retains substantial biological 
activity (73, 78). 

In R+ strains that possess the ace- 
tylating enzyme, kanamycin A is in- 
activated (71, 72) by enzymatic ace- 

Table 3. The R factor enzymes that modify 
aminoglycoside and aminocyclitol antibiotics. 
Except where noted, strains with a given en- 
zyme are resistant to substrates for that 
enzyme. 

Enzyme Substrate 

Streptomycin Streptomycin 
phosphotransferase 

Streptomycin Streptomycin 
adenylate synthetase Spectinomycin 

Kanamycin Kanamycin 
acetyltransferase* Neomycin B 

Kanamycin Kanamycin 
phosphotransferase Neomycin B 

Paromomycin 

Gentamicin Gentamicin 
adenylate synthetase Kanamycin 

Tobramycin 

* Does not confer resistance to neomycin B. 

Fig. 5. The structure of streptomycin and 
some related compounds. The 3-hydroxyl 
group (arrow) on the L-glucosamine ring 
is modified by streptomycin adenylate syn- 
thetase and streptomycin phosphotrans- 
ferase. The streptobiosamine part of the 
molecule is a substrate for both enzymes. 

tylation of the amino group on the 6- 
D-glucosamine ring (Fig. 7). However, 
in R+ strains that possess the phos- 
phorylating enzyme, kanamycin A is 
inactivated by enzymatic phosphoryla- 
tion of the 3-hydroxyl group of the 
same ring (74, 75). In each case a single 
enzyme is responsible for the modifica- 
tion, and the substrate range of the 
enzyme determines the resistance 
characteristics of the particular R+ 
strain. Thus, a strain carrying the 
phosphorylating enzyme is resistant to 
neomycin, kanamycin, paromomycin, 
and several other related compounds. 
There is no apparent relation between 
the enzyme that phosphorylates strep- 
tomycin and that which phosphorylates 
kanamycin and related compounds, or 
between the enzyme that acetylates 
chloramphenicol and that which ace- 
tylates kanamycin. 

Gentamicin resistance that is medi- 
ated by R factors is a recent discovery. 
Three reports of transmissible gentami- 
cin resistance of clinical orgin in Entero- 
bacteriaceae have been made in the past 
2 years (76). The strains are resistant 
to gentamicin, kanamycin, and tobra- 
mycin; and enzymatic studies with 
various substrates have indicated that 
resistance is mediated by an enzyme 
that inactivates these antibiotics by 
adenylylation (77). This enzyme is quite 
different from that which adenylylates 
streptomycin and spectinomycin (67-69). 

Enzymatic inactivation of gentamicin 
has also been found in certain strains of 
Pseudomonas aeruginosa isolated from 
burn patients. Gentamicin is inactivated 
by acetylation on the deoxystreptamine 
moiety by an enzyme that shows little 
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reactivity with other aminoglycoside 
antibiotics (83a). It is not known if this 
resistance mechanism, like carbenicillin 
resistance, is determined by an R factor. 

Enzymatic O-phosphorylation is a 
very effective-and the most common 
-form of inactivation of aminoglyco- 
sides and the antibiotics so modified 
are completely devoid of antibacterial 
activity. Similar enyme activity has been 
found in strains of Pseudomonas and 
Staphylococcus and is responsible for 
resistance to neomycin and kanamycin 
in these strains (84). In Pseudomonas 
this activity is probably determined by 
an R factor; and in Staphylococcus, by a 
related episome. No studies comparing 
these enzymes and the R factor enzymes 
have been done. A relation between the 
various phosphorylating enzymes might 
suggest the evolutionary origin for the 
R factor enzyme. The recently isolated 
gentamicin C components (85) and to- 
bramycin (86) are aminoglycoside anti- 
biotics that lack the 3-hydroxyl group 
that is modified by the phosphorylating 
enzyme. This presumably accounts for 
the effectiveness of these antibiotics 
against those R+ strains and strains of 
Pseudomonas and Staphylococcus that 
can phosphorylate antibiotics of the neo- 
mycin-kanamycin group. Similarly, anti- 
biotics such as paromomycin, in which 
a hydroxyl substituent on 6-position of 
the D-glucosamine ring, are inert to 
inactivation by the N-acetylating en- 
zyme (71, 73). 

Several aminoglycoside antibiotics 
that are not substrates for O-phosphory- 
lation or N-acetylation have structures 
similar to the antibiotic substrates and 
are potent inhibitors of the enzyme 
reactions. Table 4 lists these inhibitors. 
The aminoglycoside antibiotics that 
lack a 6-amino substituent in the D- 

gluosamine ring inhibit N-acetylation, 
and drugs that lack a 3-hydroxyl sub- 
stituent inhibit O-phosphorylation, pro- 
vided that the compounds are other- 
wise structurally similar. (Streptomycin, 
for example, does not closely resemble 
kanamycin or neomycin and does not 
inhibit the enzymatic inactivation of 
these compounds.) 

These inhibition studies were carried 
out with isolated enzyme preparations 
and may not apply in vivo. Neverthe- 
less, certain antibiotics might prevent 
the inactivation of other antibiotics 
clinically. Several antibiotics (gentami- 
cin, tobramycin, and paromomycin) 
are not only inert to a particular form 
of R factor inactivation but can inhibit 
at low (equimolar) concentrations the 
inactivation of other aminoglycoside 
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Fig. 6. The structure of spectinomycin. 
The arrow indicates the hydroxyl group 
that is adenylylated by streptomycin adeny- 
late synthetase. The moiety in the dotted 
box is actinamine, which is also a substrate 
for this enzyme. 

antibiotics. Umezawa (87) reported 
that simple sugars such as 3-amino-3- 
deoxy-D-glucosamine were weak inhibi- 
tors of the phosphorylation of kana- 
mycin by the enzyme from Pseudo- 
mnonas strains. 

Molecular Nature and Replication 

of R factors 

The structure and replication of ex- 
trachromosomal genetic elements such 
as R factors have been studied for 
many reasons. Knowledge of the base 
composition of R factor DNA might 
indicate the origin of RTF and r- 
determinants, since the DNA base 
composition of an episome or plasmid 
is assumed to be similar to that of 
the ancestral strain. Examination of the 
DNA of segregant R factors that have 
lost one or more genes might yield the 
base composition of the missing genes. 
Since many R factors of independent 
origin are similar genetically and phys- 
iologically, comparisons of their base 
composition might reveal whether R 
factors are closely related or whether 
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Fig. 7. The structure of the kanamycins. 
Substituents at positions 2 and 6 for kana- 
mycins A, B, and C are given. The arrows 
indicate the sites where these antibiotics 
are modified by kanamycin acetyltransfer- 
ase (d), kanamycin phosphotransferase 
(e), and gentamycin adenylate synthetase 
(f). Neomycin B has the same D-gluco- 
samine as does kanamycin B. The genta- 
micin C antibiotics and nebramycin factor 
6 have related structures but lack the 3- 
hydroxyl group that can be phosphoryl- 
ated (e). 

they are diverse episomes that have 
been grouped together simply because 
they harbor drug-resistance genes. 

Episomes and plasmids offer many 
advantages for the study of DNA repli- 
cation and its control. Since these ex- 
trachromosomal genetic elements are 
much smaller than the bacterial chro- 
mosome, it is usually possible to isolate 
episomal DNA that has not been frag- 
mented by shear. This has permitted 
study of the structure of replicating and 
resting genetic elements. 

Since R factors can be transferred to 
Enterobacteriaceae that differ consider- 
ably in base composition of chromo- 
somal DNA (16), it is usually possible 
to prepare an R+ strain in which the 
base compositions of R factor and host 
DNA are quite different (88, 89). The 
R factor DNA is then manifest as a 
satellite band in a CsCl density gradient 
because the buoyant density of DNA 
is a function of its base composition. 
Proteus mirabilis has been used most 
in such experiments because the base 
composition of the chromosomal DNA 
of this species-40 percent guanine (G). 
+ cytosine (C)-is significantly differ- 
ent from that of all R factors examined. 
The DNA of most R factors has the 
same density as E. coli chromosomal 
DNA, so it is not possible to visualize 
R factor DNA as a satellite band in 
this host. Recently the unique proper- 
ties of covalently closed circular R fac- 
tor DNA have permitted its study in 
E. coli (15, 25, 90, 91). 

NR1 Density Profiles in Proteus 

mirabilis Vary with Culture Conditions 

Of all R factors studied, NR1 has 
been characterized most thoroughly with 
respect to molecular structure and 

replication, with P. mirabilis the usual 
host strain. NR1 consists of two DNA 
components of density 1.712 g/cm3 
(52 percent G + C) and 1.718 g/cm3 
(58 percent G + C) (23, 25, 88, 89). 
There are multiple copies of NR1 per 
host cell in P. mirabilis (23, 25, 88, 
92, 93). 

In this species the density profile of 
NR1 DNA in a CsCI gradient depends 
in a characteristic manner on the con- 
ditions under which the host cells are 
cultured (15, 23, 25, 94). When R+ 
P. mirabilis is cultured in drug-free 
medium for a long period (Fig. 8A), 
NR1 DNA forms a single satellite band 
of density 1.712 g/cm3 whose propor- 
tion is about 8 percent of the P. 
mirabilis chromosomal DNA (1.700 
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g/cm3) in stationary phase cultures. 
After prolonged growth in medium con- 
taining any of the drugs to which NR1 
confers resistance (except tetracycline), 
a much larger satellite band of density 
1.718 g/cm3 is observed; this band is 
usually markedly skewed toward the 
less dense side (Fig. 8C). These two 
types of density profiles are intercon- 
vertible, depending on the conditions 
of cell culture. From detailed kinetic 
analysis, it appears that a broad and 
diffuse band of intermediate density is 
intermediate in this transition (Fig. 
8B); this band is apparently a collec- 
tion of molecules having a broad spec- 
trum of density between 1.712 and 
1.718 g/cm3 (15, 25, 94). 

These systematic changes in the 
density profile of NR1 DNA appear 
to reflect the dissociation and reassocia- 
tion of the components of R factors 
under different growth conditions (15, 
25, 94). There is now evidence that 
several different R factors in P. mirabilis 
dissociate to varying degrees into the 
transfer factor and r-determinants (15, 
23-26, 94, 95). Each element appears 
to be capable of autonomous replica- 
tion. In NR1, the genes for tetracycline 
resistance appear to reside on the trans- 
fer factor (RTF-TC), which has a 
density of 1.711 g/cm3. The remainder 
of the drug-resistance genes (CM, SA, 
SM and SP) are located on r-deter- 
minants (1.718 g/cm3). When RTF- 
TC and r-determinants are reunited to 
form the R factor NR1, the composite 
structure (1.712 g/cm3) appears to 
replicate under the control of the RTF- 
TC replication system. When NR1 in 
P. mirabilis reunites, more than one 
copy of r-determinants can be incorpo- 
rated into individual R factors. Poly- 
genic molecules that harbor tandemly 
repeated sequences of r-determinants 
are thus formed, as is illustrated sche- 
matically in Fig. 9. The extra copies 
of r-determinants required for this for- 
mation of tandem sequences appear to 
be provided by autonomously repli- 
cating r-determinants in the dissociated 
state (15, 25, 94). 

Selection for Cells with Many Copies 

of r-Determinants 

These considerations explain the dif- 
ferent density profiles that are observed 
for NR1 DNA in P. mirabilis when 
cells are cultured in drug-free medium 
(Fig. 8A) or in medium containing ap- 
propriate drugs (Fig. 8C) or are in 
transition between these two states (Fig. 
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Table 4. Antibiotic inhibitors of the R factor 
enzymes that modify kanamycin. The en- 
zymes are inhibited by 50 percent or more 
when the inhibitor is present at a concentra- 
tion equimolar with that of substrate (73, 
78, 83). 

Enzyme Inhibitor 

Kanamycin Paromomycin 
acetyltransferase Gentamicin A 

Gentamine A 

Kanamycin Gentamicin Cl, 
phosphotransferase Tobramycin 

Sisomicin 

8B). In medium containing appropriate 
drugs, there is selection for cells that 
harbor the most copies of r-determi- 
nants because these cells have the high- 
est drug resistance and grow most 
rapidly. Such cells result from the in- 
corporation of multiple copies of r- 
determinants into individual R factors. 

The addition of multiple copies of 
r-determinants (1.718 g/cm3) to an 
RTF-TC (1.711 g/cm3) increases the 
density of the R factor DNA, as is illus- 
trated in Fig. 9. The DNA of R factors 
that harbor only a few copies of r-de- 
terminants is manifest as the broad 
band of intermediate density (Fig. 8B). 

G) 
0 

() 0 

tiJo 

1.700 1.712 1.718 

Density (g/cm3) 

Fig. 8. Changes in DNA density profiles 
of R factor NR1 in P. mirabilis, depend- 
ing on whether cells are cultured in drug- 
free medium (bottom to top) or medium 
containing appropriate drugs (top to bot- 
tom). The peak with density of 1.700 g/ 
cm3 is host chromosomal DNA (15, 25, 
94). 

The density of R factors with many 
copies of r-determinants is essentially 
the same as that of r-determinants 
themselves since most of the R factor 
DNA is from r-determinants. Such R 
factors predominate after prolonged 
growth in medium containing appropri- 
ate drugs (Fig. 8C). In cells so grown, 
the proportion of DNA in the satellite 
band is considerably greater than that 
in cells grown in drug-free medium be- 
cause incorporation of additional copies 
of r-determinants has increased the size 
of R factors. 

The shift in the density of NR1 DNA 
from 1.718 to 1.712 g/cm3 appears to 
be essentially the reverse of the process 
just described. During growth of R+ 
P. mirabilis in drug-free medium, r- 
determinants dissociate from R factors 
that have tandem sequences of these 
elements, and smaller and less dense 
R factors are formed. This results in a 
shift in the density distribution of the 
NR1 DNA toward a limiting value of 
1.712 g/cm3 and a decrease in the pro- 
portion of the satellite DNA band. 

The decrease and eventual disappear- 
ance of the 1.718 g/cm3 band after 
prolonged growth in drug-free medium 
(Fig. 8A) indicates that r-determinants 
are diluted in the cells after dissocia- 
tion. This finding has led to this sug- 
gestion: r-determinants replicate under 
more stringent control than do copies 
of the RTF-TC, that is, r-determinants 
undergo fewer rounds of replication 
during the bacterial division cycle (15, 
25, 94). The extra copies produced by 
dissociation are thus diluted passively 
by cell division. This suggestion also 
explains why r-determinants are incor- 
porated into R factors during growth 
in drug-containing medium rather than 
remaining autonomous. As a part of an 
R factor, r-determinants replicate more 
frequently because they are under the 
more relaxed control of the RTF-TC 
system. In any event, the behavior of 
R factors in P. mirabilis suggests sev- 
eral novel mechanisms by which the 
number of copies of specific gene seg- 
ments can be regulated. 

Other R Factors are Similar 

Since the discovery of the systematic 
changes in the density profile of NR1 
DNA in R+ P. mirabilis (23, 25), 
other R factors have been examined in 
this host (24, 26, 95, 96). Many of 
these consist of two components whose 
densities are approximately 1.712 and 
1.718 g/cm3. Bands of intermediate 
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density also are observed; these bands 
appear to be composite structures of 
the two components. The component 
of lower density appears to be the RTF 
(15, 23, 25, 26, 97), although the possi- 
bility that some drug-resistance genes 
might normally reside on this com- 
ponent has not been excluded. 

Nakaya and Rownd (98) found that 
when cells that contained R factors of 
type R(f) or R(i) were cultured in 
medium containing appropriate drugs, 
DNA's from both R factors underwent 
profile changes similar to those in Fig. 
8. These cyclic changes in the density 
profile of R factor DNA are apparently 
a general phenomenon in P. mirabilis 
and presumably reflect the dissociation 
and reassociation of the RTF and r- 
determinants. 

Recently, several R factors of in- 
dependent origin have been found to 
consist of a component of density 1.705 
g/cm3 (45 percent G+C). One of 
these low-density R factors, Rtsl, whose 
replication is temperature-sensitive, has 
been characterized by Terawaki and his 
associates (99, 100). This R factor 
harbors resistance to only one drug 
(kanamycin), and the density profile 
of Rtsl DNA is not changed during 
growth in medium containing kana- 
mycin. Several lines of evidence indi- 
cate that the transfer factor of Rtsl is 
quite different than the RTF's of R 
factors such as NR . R factors of 
genotype CM SA SM TC (101) and 
AP SM (96) are also ,of the low- 
density variety. 

As we mentioned above, most studies 

RTF-TC 

+1.711 1.718 

1.711 1.718 

r-determinant 

1.712' 4 1.713 13 1.7140 1.7149 

on R factor DNA in E. coli have been 
on the covalently closed circular form 
of episomal DNA. (In interpreting these 
experiments, one must consider that all 
of the R factor DNA in a cell might 
not be in this form.) This approach 
has been used primarily to fractionate 
R factor DNA for size estimation by 
electron microscopy or sedimentation 
analysis and to study the replication 
of R factors (15, 25, 90, 91). These 
studies have shown that many R factors 
are circular DNA molecules with mo- 
lecular weights of approximately 70 X 
106. The molecular weight of the RTF 
is about 60 X 106, and that of r-deter- 
minants is about 12 X 106. Experiments 
similar to those in Fig. 8 but with R+ 
E. coli and R+ Serratia marcescens 
have shown that there is no change in 
the density profile of NR1 DNA during 
growth in medium containing drugs 
(15). The available evidence suggests 
that NR1 exists as a composite struc- 
ture in both of these species and that 
the transfer factor and r-determinants 
do not dissociate and reassociate as 
they do in P. mirabilis (15, 25, 94). 

Replication of R Factors and 

Synthesis of R Factor Gene Products 

Almost all experiments on replica- 
tion of R factors and synthesis of R 
factor gene products have been carried 
out in P. mirabilis, because R factor 
DNA can be easily distinguished from 
chromosomal DNA of this host in a 
CsCl gradient. The study of the syn- 

R factor 

1.7155 1.7159 1.7161 ~1.718 

Density (g/cm3) 
Fig. 9. Diagram illustrating the density change that accompanies the recombination of 
one or more copies of r-determinants with an RTF-TC to form R factors. In the cal- 
culation of the densities shown, each r-determinant copy was assumed to have one- 
fourth the mass of an RTF-TC copy. 
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thesis of R factor gene products in this 
host strain is of particular interest be- 
cause of the variation in the number 
of copies of drug-resistance genes per 
cell. 

For drugs whose resistance genes are 
on r-determinants (CM, SA, SM and 
SP), P. mirabilis cells with the 1.718 
g/,cm3 form (Fig. 8C) of NR1 DNA 
have higher drug resistance than do 
cells with the 1.712 g/cm3 form (Fig. 
8A) of R factor DNA (15, 25, 102); 
this is as expected from the above dis- 
cussion. If the average number of copies 
of r-determinants on polygenic R factors 
is estimated from the area under the 
peak for 1.718 g/cm3 DNA, there is 
a linear dose-response relation between 
the number of copies of drug-resistance 
genes per cell and the specific activity 
of chloramphenicol acetyltransferase 
(15, 25). 

Thus, P. mirabilis cells regulate re- 
sistance to several antibiotics by a novel 
mechanism that can vary the number 
of copies of drug-resistance genes. In 
contrast, E. coli is apparently unable 
to increase its complement of drug- 
resistance genes during growth in medi- 
um containing drugs, and the level of 
drug resistance and the specific activity 
of chloramphenicol acetyltransferase is 
the same whether drugs were present 
or absent in cultures (15, 102). 

The relation between the replication 
of R factors and the synthesis of 
chloramphenicol acetyltransferase has 
also been examined in considerable de- 
tail in both P. mirabilis and E. coli. In 
most of the P. mirabilis experiments, 
cells with NR1 DNA in the 1.718 
g/cm3 form were used so that the per- 
centage of R factor DNA (R-DNA) 
could be accurately monitored in a 
CsCl gradient. In Fig. 10 are results 
of an experiment in which R-DNA and 
the specific activity of chloramphenicol 
acetyltransferase were determined 'at 
frequent intervals during exponential 
and stationary growth phases and after 
restoration of a stationary-phase culture 
to exponential growth (15, 25). The 
R-DNA value is constant throughout 
exponential phase, a result that implies 
that there is a doubling of the multi- 
copy pool of R factors for each bac- 
terial division cycle, that is, for each 
duplication of the host chromosome. 
Thus, even though there is more than 
one round of R factor replication each 
division cycle (a round being defined as 
one replication of one R factor), there 
is a determined number of rounds (93). 
The specific activity of chlorampheni- 
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col acetyltransferase is also constant 
throughout exponential phase. 

After the culture enters stationary 
phase, R-DNA increases 2.5-fold (Fig. 
10), and P. mirabilis chromosomal DNA 
increases about 2-fold. Since R-DNA 
is measured relative to host chromo- 
some DNA, it follows that the multi- 
copy R factor pool must increase about 
5-fold due to continued R factor repli- 
cation in stationary phase. The specific 
activity of chloramphenicol acetyl- 
transferase also increases about 5-fold 
in stationary phase. Thus, although the 
synthesis of host chromosome gene 
products is arrested in stationary phase, 
R factor gene products continue to be 
synthesized. 

Replication and Transcription Are 

Coupled 

After restoration of the culture to 
exponential growth, R-DNA falls with 
time to the original exponential-phase 
value (Fig. 10). The kinetics of this 
process are consistent with a model in 
which the number of rounds of R fac- 
tor replication per division cycle equals 
that characteristic of exponential growth 
(93). The excess R factor DNA that 
accumulated during stationary phase is 
diluted passively with each cell dou- 
bling. The specific activity of chloram- 
phenicol acetyltransferase decreases 
with the same kinetics, results that in- 
dicate that the rate ,of enzyme synthesis 
after restoration of exponential ,growth 
is proportional to the number of repli- 
cating R factors rather than to the total 
number of R factors. Taken together, 
these findings suggest that R factor rep- 
lication and transcription are coupled 
in P. mirabilis (15, 25). 

The number of copies of R factor 
gene segments in P. mirabilis can ap- 
parently be regulated in two different 
ways: (i) the dissociation and reasso- 
ciation of RFT-TC and r-determinants 
under different growth conditions, and 
(ii) the continued replication of R 
factors in stationary phase. As a result 
of these two mechanisms of gene ampli- 
fication, the specific activity of chloram- 
phenicol acetyltransferase may be varied 
over a 100-fold range in P. mirabilis 
(15, 25, 103). 

In E. coli and S. marcescens NR1 
appears to exist primarily as the com- 
posite structure, and the RTF-TC and 
r-determinants do not dissociate and 
reassociate as in P. mirabilis. How- 
ever, in these two species NR1 does 
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continue to replicate in stationary phase, 
and this is accompanied by a corre- 
sponding increase in the specific ac- 
tivity of chloramphenicol acetyltrans- 
ferase. 

Other aspects of the control of R 
factor replication have been examined 
in P. mirabilis. A culture of R+ cells 
was transferred from nitrogen-14 medi- 
um to nitrogen-15 medium, and the 
light, hybrid, and heavy DNA's synthe- 
sized were examined in a CsCl gradient 
to show that individual copies of the 
R factors NRl (92) and Rtsl (100) 
are selected at random for replication 
during the bacterial division cycle. The 
initiation of the replication of the en- 
tire multicopy pool of R factors in P. 
mirabilis does not occur simultaneously, 
and the initiation of the replication of 
R factors is not simultaneous with the 
initiation of the replication of the host 
chromosome. The time required for the 
replication of an R factor (S period) 
is only a small part of the division 
cycle. Experiments in which auxotrophic 
mutants of R+ P. mirabilis were 
starved for required amino acids have 
shown that there is only a small amount 
of R factor replication after protein 
synthesis has been arrested (15, 23). 

These results suggest that one or 
more proteins are required for the initi- 
ation of R factor replication and that 
there is only a small pool of initiator 
proteins within individual cells. It is 
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Fig. 10. Relation between growth phase, 
NR1 replication, and synthesis of chlor- 
amphenicol acetyltransferase in P. mi- 
rabilis. In the ordinate, enzyme is the 
specific activity of chloramphenicol acetyl- 
transferase, and R-DNA is the percentage 
of R factor RNA. The culture went from 
exponential (left) to stationary growth 
phase (between dashed lines) and was re- 
stored to exponential growth (15, 25). 

likely that R factor replication is con- 
trolled by a positive regulation system 
in which the number of rounds of 
replication are regulated by the syn- 
thesis of a determined quantity of initi- 
ator proteins during each bacterial di- 
vision cycle and that these proteins 
interact with individual copies of R 
factors in a random way (15, 93). 
Since R factor replication continues in 
stationary phase, synthesis of R factor 
initiator proteins must also continue. 

Concluding Remarks 

The R factors are probably the most 
important determinants of bacterial re- 
sistance to antibiotics in the entero- 
bacteria. With the extensive and in- 
creasing use of antibiotics in the treat- 
ment of human and animal diseases 
there has been a substantial increase 
in the incidence of antibiotic-resistant 
strains in the past decade (5, 9, 10, 
104). 

We have summarized the present 
status of work on the mechanisms of 
resistance specified by R factors and 
on the structure and mode of replica- 
tion of these extrachromosomal ele- 
ments. Although substantial progress 
has been made in these areas of re- 
search, there is undoubtedly much to 
be learned. With the steady introduc- 
tion of new antibacterial agents it is 
likely that new mechanisms of resist- 
ance will be discovered (for example, 
the recent appearance of gentamicin 
resistance). We can account for the 
function of less than half of the genes 
of a typical R factor. 

A very important and interesting 
question, which we have not discussed 
in any detail, is the origin of R factors. 
Why should such collections of prophy- 
lactic genes exist? Why are they ap- 
parently limited to a few bacterial 
strains? It is possible that R factors 
may have originated from the pickup 
of various resistance genes by the RTF 
(1, 12, 105). Even if one accepts the 
presence of sex factors in bacteria as 
unexceptional, the problem of the source 
of the r-determinants remains. It has 
been assumed that the r-determinants 
of R factors were originally chromo- 
somal genes, which may or may not 
have determined antibiotic resistance 
in their original chromosomal state. As 
chromosomal genes, they may have 
been involved in the formation of bio- 
synthetic intermediates or in transport 
or membrane processes. 
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