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Beta-lactam antibiotics act by inhibiting enzymes involved
in assembling the bacterial cell wall. These enzymes are
found in the membrane and catalyze the cross-linking reac-
tion between the peptidoglycan polymers. This cross-linking
gives the wall additional rigidity, which is essential to the
cell. Many of these enzymes covalently bind beta-lactam
antibiotics at their active site (46, 55) and have been termed
penicillin-binding proteins (PBPs). The fundamental differ-
ence between susceptible staphylococci and methicillin-
resistant staphylococci is in their PBPs.
PBPs. Five PBPs (1, 2, 3, 3', and 4) have been described

for susceptible strains of Staphylococcus aureus (13, 14, 56).
The physiologic function or functions of the individual
staphylococcal PBPs as transpeptidases, endopeptidases, or
carboxypeptidases have not been defined completely. PBPs
1, 2, and 3 appear to be necessary for cell growth and
survival (10, 13, 14, 35).

Methicillin resistance is associated with production of a
unique PBP that is not present in susceptible staphylococci.
Unlike the other PBPs, this additional 78-kilodalton PBP
(PBP 2a or PBP 2') has a low binding affinity for beta-lactam
antibiotics (4, 15, 19, 21, 54). It is presumed that PBP 2a can
perform the functions of the other high-affinity PBPs at
antibiotic concentrations which inactivate the other PBPs
and would therefore otherwise be lethal (4, 36). Methicillin-
resistant strains of coagulase-negative staphylococci also
produce PBP 2a (6, 53).

Genetics. The genetic determinant which confers methicil-
lin resistance is termed mec. Transformation of mec by
chromosomal DNA (42) and elucidation of its genomic map
location (27) have corroborated earlier evidence that it is
chromosomal and not plasmid derived (9, 24, 25, 49).
Based upon cotransduction studies, no allele equivalent to

mec exists in susceptible strains of S. aureus (47). This has
been confirmed because mec probes hybridized only with
chromosomal DNA from other methicillin-resistant strains
of staphylococci (2, 31).
The PBP 2a gene has been shown to be part of mec (2, 23,

31, 50). Transformation of mec from Staphylococcus epider-
midis to a susceptible strain of Staphylococcus carnosus
caused the recipient strain to produce PBP 2a (50), and DNA
from the transformants hybridized with mec-specific DNA
(2) whereas DNA from the recipient strain did not. Further-
more, a 4-kilobase fragment of mec has the same restriction
enzyme map (23) as a cloned fragment which produces PBP
2a (30, 44).

Southern blot analyses suggest a unique origin of mec and
indicate that the gene is highly conserved (2, 45). Likewise,
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the PBP 2a gene product is also highly conserved structur-
ally. After partial proteolytic digestion, PBP 2a's from
several unrelated strains of S. aureus and coagulase-negative
staphylococci had identical fragments which were different
from those of the other staphylococcal PBPs (6, 37, 51). The
PEP 2a gene has been cloned into Escherichia coli, and
sequencing data suggest that there is homology with other
PBPs (30, 44). At the active site, the greatest homology is
with PBPs from E. coli. The regulatory region and the first
300 base pairs of the gene have bases similar to those of a
staphylococcal ,-lactamase gene. Thus, PBP 2a may have
evolved from the fusion of the genes for 3-lactamase and a
PBP from a nonstaphylococcal source.
The homology between PBP 2a and 1-lactamase genes

within the upstream base sequence suggests that regulations
of the production of the two may be similar. Most ,B-
lactamases found in S. aureus are inducible (see reference 29
and references therein). The P-lactamase gene is under
repressor control, and this repressor inhibits gene transcrip-
tion by binding to the operator site on the DNA (38). A
similar mechanism may regulate PBP 2a production.

Induction of PBP 2a. PBP 2a also is inducible by beta-
lactam antibiotics (8, 36, 39, 53), although the protein can be
produced constitutively (7, 20). It is inducible in strains in
which the 3-lactamase plasmid is present and constitutive in
strains lacking this plasmid (33, 36, 53). Thus, the repressor
of the r-lactamase gene may also play a role in the regulation
of PBP 2a (30, 44).
A repressor may also be contained within mec. An up-

stream open reading frame is present on the strand of DNA
opposite that which encodes PBP 2a (44). An open reading
frame of similar location is associated with 3-lactamase
genes in other bacterial species, and its gene product is
believed to be a repressor (22, 32). If the same is true for the
PBP 2a gene and its open reading frame does indeed code for
a repressor protein, this may explain why in some strains
PBP 2a is inducible even without the P-lactamase plasmid (8,
39).

Transposition of mec. The transfer of mec between strains
may also be linked to the ,-lactamase plasmid. Before the
chromosomal location of mec was established, mec was

reported to be associated with plasmid DNA (11, 12, 18, 28).
This association may not have been entirely incorrect,
because mec can be part of a transposable element (40-42,
52). Transposable elements are fragments of DNA that can
move about via a site-specific recombination. The transpo-
sition normally requires identical insertion sequences that
are either directly repeated or inverted on both ends of the
DNA fragment. Transposition results from a recombination
event catalyzed by a recombinase enzyme which recognizes
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homology between the insertion sequences and specific sites
on the acceptor DNA. The gene for this enzyme is normally
encoded by the piece of DNA that is transposed.

,-Lactamase plasmids commonly contain other transpos-
able elements that code for resistance factors (16). Recent
evidence indicates that homologous (IS257-like) sequences
flank the genes encoding mercury resistance (mer), tetracy-
cline resistance, and mec (29, 31, 43). These sequences may
have a role in the integration of all three of these transpos-
able elements into chromosomal DNA.
The mec probe used by Beck et al. not only hybridized

with chromosomal DNA of resistant strains but also hybrid-
ized with inverted repeats' flanking the mer gene found on a
P-lactamase plasmid (2). These same insertion sequences
can be found on the chromosomes of both resistant and
susceptible strains of S. aureus (1, 17, 29). Thus, similar if
not identical insertion sequences have been found on (i) mec,
(ii) the penicillinase plasmid, and (iii) the 'staphylococcal
chromosome. This suggests that these insertion sequences
play a role in the transfer of mec between strains and the
subsequent integration of mec into the chromosome.

In the methicillin-resistant S. carnosus strain described
above'(50), the cloned fragment that conferred resistance did
not int'egrate into the chromosome but remained on the
plasmid. Not surprisingly, no IS257-like insertion sequences
were d'etected in its chromosome. In addition, mec cannot be
transduced into a methicillin-susceptible strain of S. epider-
midis that is also'sensitive to mercury and cadmium (3),
presumably because the proper insertion sequences required
for integration are missing.

Trees and landolo demonstrated that the 13-lactamase
plasmid has an active role in the transduction of methicillin
resistance into a susceptible strain by providing a temporary
insertion. site for their mec-containing transposon (52). This
requirement of P-lactamase for the transduction of mec into
S. aureus has been known for some time (48). Perhaps mec
insertion into the penicillinase plasmid is necessary for it to
acquire the information needed to integrate into its chromo-
somal site.

Other'factors. Although all cells within a heterogeneous
strain produce PBP 2a, only rare cells, perhaps as few as 1 in
1610, express methicillin resistance. None of the genetic or

biochemical information with respect to mec provides an
explanation for the heterogeneous expression of methicillin
resistance.

Factors other than PBP 2a production also can influence
expression of resistance. Although poorly understood, these
factors most likely act within the autolytic pathway affecting
enzymes that are normally involved in the degradation of the
cell wall (5, 20, 34, 57). In addition to (or perhaps because of)
covalently binding to PBPs, it 'is hypothesized that beta-
lactam antibiotics activate autolytic enzymes through a yet
unknown mechanism. If the activation of autolytic enzymes
differs for homogeneous and heterogeneous strains, this
could explain the difference between the two in expression
of resistance. Homogeneous strains, for example, may have
a mutation(s) in their autolytic pathway, making them non-
lytic until very high concentrations (1,000 ,ug/ml) of drug are
present (7). PBP 2a provides the strain with the ability to
continue cross-linking its cell wall in the presence of the
drug, and these mutations (or additional factors) prevent the
cell from lysing. The absence of these mutations in hetero-
geneous strains may make them prone to lysis despite
increased production of PBP 2a.

Genetic evidence for an additional factor besides PBP 2a
was provided by Kornblum et al. (26). A transposable

element (Tn551) inserted into a homogeneously resistant
strain produced a heterogeneous strain that still expressed
PBP 2a. Presumably, the insertion inactivated a gene whose
product is required for expression of homogeneous resis-
tance.

Methicillin resistance is genetically and biochemically
complex. PBP 2a, the protein associated with methicillin
resistance, is encoded by 2.1 kilobases of DNA in mec.
Numerous other factors are undoubtedly also present, since
mec contains as much as 37 kilobases of DNA (2). These
other factors may include components for the regulation of
PBP 2a expression, a transposase gene for integration of mec
into the chromosome and genes whose products provide
resistance to other compounds, such as mercury, tetracy-
cline, or tobramycin. This can account for many of the
properties typical of methicillin-resistant staphylococci. Ex-
cept for PBP 2a production, the elements involved in the
heterogeneous or homogeneous expression of resistance
remain to be defined. Whether or not the genes for these
modulating factors are contained in mec is unknown. There
is growing evidence that suggests that the autolytic enzyme
system of the cell is involved.

LITERATURE CITED
1. Barberis-Maino, L., B. Berger-i$achi, H. Weber, W. D. Beck,

and F. H. Kayser. 1987. IS431, a staphylococcal insertion
sequence-like element related to IS26 from Proteus vulgaris.
Gene 59:107-113.

2. Beck, W. D., B. Berger-Bachi, and F. H. Kayser. 1986. Addi-
tional DNA in methicillin-resistant Staphylococcus aureus and
molecular cloning of mec-specific DNA. J. Bacteriol. 165:
37-378.

3. Blanchard, T. J., S. M. Poston, and P. J. Reynolds. 1986.
Recipient characteristics in the transduction of methicillin resis-
tance in Staphylococcus epidermidis. Antimicrob. Agents Che-
mother. 29:539-541.

4. Brown, D. F. J., and P. E. Reynolds. 1980. Intrinsic resistance to
beta-lactam antibiotics in Staphylococcus aureus. FEBS Lett.
122:275-278.

5. Bruns, W., H. Keppeler, and R. Baucks. 1985. Suppression of
intrinsic resistance to penicillins in Staphylococcus aureus by
polidocanol, a dodecyl polyethyleneoxoid ether. Antimicrob.
Agents Chemother. 27:632-639.

6. Chambers, H. F. 1987. Coagulase-negative staphylococci resis-
tant to f-lactam antibiotics in vivo produce penicillin-binding
protein 2a. Antimicrob. Agents Chemother. 31:1919-1924.

7. Chanbers, H. F., and C. J. Hackbarth. 1987. Effect of NaCl and
nafcillin on penicillin-binding protein 2a and heterogeneous
expression of methicillin resistance in Staphylococcus aureus.
Antimicrob. Agents Chemother. 31:1982-1988.

8. Chambers, H. F., B. J. Hartman, and A. Tomasz. 1985. In-
creased amounts of a novel penicillin-binding protein in a strain
of methicillin-resistant Staphylococcus aureus exposed to
nafcillin. J. Clin. Invest. 76:325-331.

9. Cohen, S., and H. M. Sweeney. 1970. Transduction of methicillin
resistance in Staphylococcus aureus dependent on an unusual
specificity of the recipient strain. J. Bacteriol. 104:1158-1167.

10. Curtis, N. A. C., and M. V. Hayes. 1981. A mutant of Staphy-
lococcus aureus H deficient in penicillin-binding protein il is
viable. FEMS Microbiol. Lett. 10:227-229.

11. Dornbusch, K., and H. 0. Hallander. 1973. Transduction of
penicillinase production and methicillin resistance-enterotoxin
B production in strains of Staphylococcus aureus. J. Gen.
Microbiol. 76:1-11.

12. Dornbusch, K., H. 0. Hallander, and F. L6fquist. 1969. Extra-
chromosomal control of methicillin resistance and toxin produc-
tion in Staphylococcus aureus. J. Bacteriol. 98:351-358.

13. Georgopapadakou, N. H., B. A. Dix, a,nd Y. R. Mauriz. 1986.
Possible physiological functions of penicillin-binding proteins in
Staphylococcus aureus. Antimicrob. Agents Chemother. 29:
333-336.

992 MINIREVIEWS



MINIREVIEWS 993

14. Georgopapadakou, N. H., and F. Y. Liu. 1980. Binding of
P-lactam antibiotics of penicillin-binding proteins of Staphylo-
coccus aureus and Streptococcus faecalis: relation to antibac-
terial activity. Antimicrob. Agents Chemother. 18:834-836.

15. Georgopapadakou, N. H., S. A. Smith, and D. P. Bonner. 1982.
Penicillin-binding proteins in a Staphylococcus aureus strain
resistant to specific P-lactam antibiotics. Antimicrob. Agents
Chemother. 22:172-175.

16. Gillespie, M. T., B. R. Lyon, L. S. L. Loo, P. R. Matthews, P. R.
Stewart, and R. A. Skurray. 1987. Homologous direct repeat
sequences associated with mercury, methicillin, tetracycline
and trimethoprim resistance determinants in Staphylococcus
aureus. FEMS Microbiol. Lett. 43:165-171.

17. Gillespie, M. T., J. W. May, and R. A. Skurray. 1986. Detection
of an integrated tetracycline resistance plasmid in the chromo-
some of methicillin-resistant Staphylococcus aureus. J. Gen.
Microbiol. 132:1723-1728.

18. Grubb, W. B., and D. I. Annear. 1972. Spontaneous loss of
methicillin resistance in Staphylococcus aureus at room temper-
ature. Lancet ii:1257.

19. Hartman, B. J., and A. Tomasz. 1984. Low-affinity penicillin-
binding protein associated with ,B-lactam resistance in Staphy-
lococcus aureus. J. Bacteriol. 158:513-516.

20. Hartman, B. J., and A. Tomasz. 1986. Expression of methicillin
resistance in heterogeneous strains of Staphylococcus aureus.
Antimicrob. Agents Chemother. 29:85-92.

21. Hayes, M. V., N. A. C. Curtiss, A. W. Wyke, and J. B. Ward.
1981. Decreased affinity of a penicillin-binding protein for beta-
lactam antibiotics in a clinical isolate of Staphylococcus aureus
resistant to methicillin. FEMS Microbiol. Lett. 10:119-122.

22. Himeno, T., T. Imanaka, and S. Aiba. 1986. Nucleotide se-
quence of the penicillinase repressor gene penI of Bacillus
licheniformis and regulation of penP and penI by the repressor.
J. Bacteriol. 168:1128-1132.

23. Inglis, B., P. R. Matthews, and P. R. Stewart. 1988. The
expression in Staphylococcus aureus of cloned DNA encoding
methicillin resistance. J. Gen. Microbiol. 134:1465-1469.

24. Kayser, F. H., J. Wust, and P. Corrodi. 1972. Transduction and
elimination of resistance determinants in methicillin-resistant
Staphylococcus aureus. Antimicrob. Agents Chemother. 2:
217-223.

25. Kayser, F. H., J. Wust, and P. Santanam. 1976. Genetic and
molecular characterization of resistance determinants in methi-
cillin-resistant Staphylococcus aureus. J. Med. Microbiol. 9:
137-148.

26. Kornblum, J., B. J. Hartman, R. P. Novick, and A. Tomasz.
1986. Conversion of a homogeneously methicillin-resistant
strain of Staphylococcus aureus to heterogeneous resistance by
Tn551-mediated insertional inactivation. Eur. J. Clin. Micro-
biol. 5:714-718.

27. Kuhl, S. A., P. A. Pattee, and J. N. Baldwin. 1978. Chromosomal
map location of the methicillin resistance determinant in Staph-
ylococcus aureus. J. Bacteriol. 135:460-465.

28. Lacey, R. W. 1972. Genetic control in methicillin-resistant
strains of Staphylococcus aureus. J. Med. Microbiol. 5:497-508.

29. Lyon, B. R., and R. Skurray. 1987. Antimicrobial resistance of
Staphylococcus aureus: genetic basis. Microbiol. Rev. 51:88-
134.

30. Matsuhashi, M., M. D. Song, F. Ishino, M. Wachi, M. Doi, M.
Inoue, K. Ubukata, N. Yamashita, and M. Konno. 1986. Molec-
ular cloning of the gene of a penicillin-binding protein supposed
to cause high resistance to P-lactam antibiotics in Staphylococ-
cus aureus. J. Bacteriol. 167:975-980.

31. Matthews, P. R., K. C. Reed, and P. R. Stewart. 1987. The
cloning of chromosomal DNA associated with methicillin and
other resistances in Staphylococcus aureus. J. Gen. Microbiol.
133:1919-1929.

32. McLaughlin, J. R., C. L. Murray, and J. C. Rabinowitz. 1981.
Unique features in the ribosome binding site sequence of the
gram-positive Staphylococcus aureus beta-lactamase gene. J.
Biol. Chem. 256:11283-11291.

33. Murakami, K., K. Nomura, M. Doi, and T. Yoshida. 1987.
Production of low-affinity penicillin-binding protein by low- and

high-resistance groups of methicillin-resistant Staphylococcus
aureus. Antimicrob. Agents Chemother. 31:1307-1311.

34. Qoronfleh, M. W., and B. J. Wilkinson. 1986. Effects of growth
of methicillin-resistant and -susceptible Staphylococcus aureus
in the presence of P-lactams on peptidoglycan structure and
susceptibility to lytic enzymes. Antimicrob. Agents Chemother.
29:250-257.

35. Reynolds, P. E. 1988. The essential nature of staphylococcal
penicillin-binding proteins, p. 343-351. In P. Actor, L. Daneo-
Moore, M. L. Higgins, M. R. J. Salton, and G. D. Shockman
(ed.), Antibiotic inhibition of bacterial cell surface assembly and
function. American Society for Microbiology, Washington,
D.C.

36. Reynolds, P. E., and D. G. J. Brown. 1985. Penicillin-binding
proteins of beta-lactam-resistant strains of Staphylococcus au-
reus: effect of growth conditions. FEBS Lett. 192:28-32.

37. Reynolds, P. E., and C. Fuller. 1986. Methicillin-resistant strains
of Staphylococcus aureus: presence of identical additional pen-
icillin-binding protein in all strains examined. FEMS Microbiol.
Lett. 33:251-254.

38. Richmond, M. H. 1965. Dominance of the inducible state in
strains of Staphylococcus aureus containing two distinct peni-
cillinase plasmids. J. Bacteriol. 90:370-374.

39. Rossi, L., E. Tonin, Y. R. Cheng, and R. Fontana. 1985.
Regulation of penicillin-binding protein activity: description of a
methicillin-inducible penicillin-binding protein in Staphylococ-
cus aureus. Antimicrob. Agents Chemother. 27:828-831.

40. Shafer, W. M., and J. J. landolo. 1979. Genetics of staphylo-
coccal enterotoxin B in methicillin-resistant isolates of Staphy-
lococcus aureus. Infect. Immun. 25:902-911.

41. Shafer, W. M., and J. J. landolo. 1980. Transduction of staphy-
lococcal enterotoxin B synthesis: establishment of the toxin
gene in a recombination-deficient mutant. Infect. Immun. 27:
280-282.

42. Sjostrom, J.-E., S. Lofdahl, and L. Philipson. 1975. Transforma-
tion reveals a chromosomal locus of gene(s) for methicillin
resistance in Staphylococcus aureus. J. Bacteriol. 123:905-915.

43. Skinner, S., B. Inglis, P. R. Matthews, and P. R. Stewart. 1988.
Mercury and tetracycline resistance genes and flanking repeats
associated with methicillin resistance on the chromosome of
Staphylococcus aureus. Mol. Microbiol. 2:289-297.

44. Song, M. D., S. Maesaki, M. Wachi, T. Takahashi, M. Doi, F.
Ishino, Y. Maeda, K. Okonogi, A. Imada, and M. Matsuhashi.
1988. Primary structure and origin of the gene encoding the
P-lactam-inducible penicillin-binding protein responsible for
methicillin resistance in Staphylococcus aureus, p. 352-359. In
P. Actor, L. Daneo-Moore, M. L. Higgins, M. R. J. Salton, and
G. D. Shockman (ed.), Antibiotic inhibition of bacterial cell
surface assembly and function. American Society for Microbi-
ology, Washington, D.C.

45. Song, M. D., M. Wachi, M. Doi, F. Ishino, and M. Matsuhashi.
1987. Evolution of an inducible penicillin-target protein in
methicillin-resistant Staphylococcus aureus by gene fusion.
FEBS Lett. 221:167-171.

46. Spratt, B. G. 1977. Properties of the penicillin-binding proteins
of Escherichia coli K12. Eur. J. Biochem. 72:341-352.

47. Stewart, G. C., and E. D. Rosenblum. 1980. Genetic behavior of
the methicillin resistance determinant in Staphylococcus au-
reus. J. Bacteriol. 144:1200-1202.

48. Stewart, G. C., and E. D. Rosenblum. 1980. Transduction of
methicillin resistance in Staphylococcus aureus: recipient effec-
tiveness and beta-lactamase production. Antimicrob. Agents
Chemother. 18:424-432.

49. Stiffier, P. W., H. M. Sweeney, and S. Cohen. 1973. Absence of
circular plasmid deoxyribonucleic acid attributable to a genetic
determinant for methicillin resistance in Staphylococcus au-
reus. J. Bacteriol. 116:771-777.

50. Tesch, W., A. Strassle, B. Berger-Bachi, D. O'Hara, P. Rey-
nolds, and F. H. Kayser. 1988. Cloning and expression of
methicillin resistance from Staphylococcus epidermidis in
Staphylococcus carnosus. Antimicrob. Agents Chemother. 32:
1494-1499.

51. Tonin, E., and A. Tomasz. 1986. ,B-Lactam-specific resistant

VOL. 33, 1989



ANTIMICROB. AGENTS CHEMOTHER.

mutants of Staphylococcus aureus. Antimicrob. Agents Chemo-
ther. 30:577-583.

52. Trees, D. L., and J. J. Iandolo. 1988. Identification of a

Staphylococcus aureus transposon (Tn4291) that carries the
tnethicillin resistance gene(s). J. Bacterial. 170:149-154.

53. Ubukata, K., N. Yamashita, and M. Konno. 1985. Occurrence of
a p-lactam-inducible penicillin-binding protein in methicillin-
resistant staphylococci. Antimicrob. Agents Chemother. 27:
851-857.

54. Utsui, Y., and T. Yokota. 1985. Role of an altered penicillin-

binding protein in methicillin- and cephem-resistant Staphylo-
coccus aureus. Antimicrob. Agents Chemother. 28:397-403.

55. Waxman, D. J., and J. L. Strominger. 1983. Penicillin-binding
proteins and the mechanism of action of beta-lactam antibiotics.
Annu.' Rev. Biochem. 52:825-869.

56. Wyke, A. W. 1984. Isolation of five penicillin-binding proteins
from Staphylococcus aureus. FEMS Microbiol. Lett. 22:133-138.

57. Wyke, A. W., J. B. Ward, and M. V.'Hayes. 1982. Synthesis of
peptidoglycan in vivo in methicillin-resistant Staphylococcus
aureus. Eur. J. Biochem. 127:553-558.'

994 MINIREVIEWS


