


ENZYME MEDIATED GENTAMICIN RESISTANCE

AMONG GRAM-NEGATIVE CLINICAL ISOLATES

By
RONALD LESLIE WEISS 

Bachelor of General Science 

University of Iowa 

Iowa City, Iowa 

1974

Submitted to the Faculty of the Graduate School of the 
Creighton University in Partial Fulfillment of 
the Requirements for the Degree of Master of 

Science in the Department of Medical 
Microbiology 
December, 1976



3 
0
0
0
1
 
0
0
0
8
2
 
2
1
0
8

ACKNOWLEDGEMENTS

I wish to sincerely thank the following individual members 

of mv Master's Committee for their invaluable guidance and 

continued encouragement throughout the course of this research 

project : Cynthia A. Walker, Ph.D., my major advisor;

W. Eugene Sanders, Jr., M.D., Chairman of the Department of 

Medical Microbiology; Christine C. Sanders, Ph.D., Assistant 

Professor of Microbiology; and, Stuart M. Polly, M.D., Assistant 

Professor of Microbiology. Additional thanks are extended to 

Richard V. Goering, Ph.D., Assistant Professor of Microbiology, 

for his technical assistance, to all other faculty members of 

the Department of Medical Microbiology for their contributions 

to my graduate training, and, to Carole Cleaver for typing the 
final manuscript.



DEDICATION

This thesis is dedicated to my loving wife and partner, 

Jacqie, for her understanding, patience, and encouragement, 

and, to my father, Maurice Weiss, for his moral and financial 

support of my undergraduate and graduate education.



I. INTRODUCTION ...................................  x

II. LITERATURE REVIEW ............................... 5

III. MATERIALS AND METHODS...........................  34

IV. RESULTS......................................... 45

V. DISCUSSION..................................   70

VI. CONCLUSION................................   84
LITERATURE CITED....................................... 36

TABLE OF CONTENTS

Chapter Page



LIST OF TABLES

I. Aminoglycoside inactivating enzymes ............  24

II. Bacterial strains ...............................  46
III. Gentamicin sensitivity of bacterial strains . . .  47

IV. Sensitivity to gentamicin and related aminogly
cosides .................................  . . . .  49

V. Radioenzymatic assays for adenylylating activity
in the 3mM EDTA shockate preparations..........  53

VI. Radioenzymatic assays for adenylylating activity
in the lOmM EDTA. shockate preparations........  54

VII. Radioenzymatic assays for adenylylating activity
in the sonication preparations . ............... 55

VIII. Radioenzymatic assays for adenylylating activity
in the induction sonication preparations . . . .  56

IX. Radioenzymatic assays for adenylylation —
specific activity determinations . ............... 57

X. Radioenzymatic assays for acetylating activity
in the 3mM. EDTA shockate preparations........  59

XI. Radioenzymatic assays for acetylating activity
in the lOmM EDTA shockate preparations . . . .  60

XII. Radioenzymatic assays for acetylating activity
in the sonication preparations........  6.1

XIII. Radioenzymatic assays for acetylating activity
in the induction sonication preparations . . .  62

XIV. Radioenzymatic assays for acetylation —
specific activity determinations . . . . . . .  63

XV. Bioassay for gentamicin inactivation—
adenylylation ...................................  64

Table PaSe



Table Page

XVI. Bioassay for gentamicin inactivation—
acetylation................................. 65

XVII. Frequency of spontaneous reversion to
gentamicin sensitivity ..................... 66

XVIII. Radioenzymatic assays for acetylating
activity— sonication preparations of Gms 
revertants.................................  67

XIX. Preparations demonstrating a decline in
enzymatic activity between 3 and 24 hours 
incubation —  adenylylation . . . . . . . .  76

XX. Preparations demonstrating a decline in
enzymatic activity between 3 and 24 hours 
incubation —  acefc27lation .................  77



1. The structure of streptomycin.....................  7

2. The structures of the gentamicin C complex . . . .  9

3. The structures of the kanaznycin complex............  n
4. Assay for extracellular inactivation of gentamicin

during the growth of a resistant clinical isolate 
in sub-inhibitory concentration of gentamicin . . 5 2

5. Effect of sub-inhibitory concentrations of
gentamicin on the growth of two resistant
clinical isolates..........   81

LIST OF FIGURES

Figure Page



INTRODUCTION
Gentamicin is a broad-spectrum, bactericidal antibiotic of 

the aminoglycoside family. It has been shown through extensive 

evaluation to be effective in the treatment of serious gram- 

negative bacillary infections (1-5). Gentamicin is one of the 

few antimicrobial agents available for the treatment of life- 

threatening infections due to Pseudomonas aeruginosa (114-116), 

an organism of increasing etiological significance in oppor
tunistic infections (6).

Perhaps as a result of the use of gentamicin, and its 

significant misuse, the incidence of resistance to gentamicin 

among clinidal isolates (of formerly susceptible bacteria) is 

on the rise (7-12). Resistance to the aminoglycosides is be
lieved to be due to three basic mechanisms (13,14), The best 

characterized mechanism is the enzyme-mediated inactivation of 

antibiotic activity. To date eight different enzymes have been 

described (15). The three primary classes of enzymes (based 

upon the nature of the group they transfer to the aminoglycoside 

molecule) are: (a) an adenylylating enzyme (adenylyltrans-

ferase) (13), (b) an acetylating enzyme (acetyltransferase)

(13), and (c) a phosphorylating enzyme (phosphotransferase)
(13).

In the case of the gentamicin complex, the adenylyl- 

transferase attaches adenosine-5’-monophosphate (AMP) from
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adenosine-5’-triphosphate (ATP) onto the 2"-OH group of the 

garosamine ring (13). The three acetyltransferases catalyze 

the transfer of the acetate group from acetylCoenzyme A to 

certain free amino groups on the purpurosamine and 2-deoxy- 

streptamine rings (13). Finally, the phosphotransferase acts 

by transfering the terminal phosphate group from ATP to the 3’- 

OH group of the purpurosamine ring of gentamicin A only (13).

Evidence suggests that the necessary information for these 

cellular products is coded for on extrachromosomal elements of 

DNA, referred to as resistance factors (R factors) (16). The 

relationship between the presence of these R factors and the 
spread of antibiotic resistance among potentially pathogenic 

gram-negative bacteria is beginning to be explored. Pre

liminary investigations suggest that not only does transfer 

between compatible strains and closely related species occur 

in vitro but also at a significant frequency in the environ

ment, eg., in sewage (17). Studies also suggest the 

possibility of in vivo plasmid transfer (18,19), thus presenting 

potential problems to the future use of these antibiotics.

A second mechanism of aminoglycoside resistance involves 

an alteration in the target site, the ribosome. The 

streptomycin model for this form of resistance has bean 

particularly well studied. It appears that a single mutation
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occurs in a protein (P10) of the 30S subunit of the bacterial 

ribosome (20). The mutant protein prevents effective binding 

of streptomycin to the ribosome, resulting in high level 

resistance to the antibiotic. Very little work has been done 
on the possibility of a similar mechanism in the case of 
gentamicin (66).

The third major mechanism of aminoglycoside resistance has 
been postulated to involve changes in the permeability of the 

bacterial cell envelope. Differences in a variety of outer 

membrane characteristics have been found between gentamicin- 

sensitive and -resistant bacteria. Notably, resistant cells 

possess significantly less phospholipid and more neutral lipid 

(.109) which may enhance the hydrophobic nature of the membrane. 

In addition, the net surface charge density of resistant 

bacterial cells is of a less negative character than sensitive 

cells (113). Alterations such as these may contribute to an 

enhanced physical exclusion of aminoglycosides. From a 

different approach, recent evidence suggests the existence of 

an active accumulation system for aminoglycosides linked to 
energy metabolism (107). Resist.ant cells may lack such a 
system.

Since the introduction of gentamicin into the armamentarium 

for gram-negative bacillary infections there has been a slight 

yet progressively significant increase in the incidence of
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gentamicin-resistant clinical isolates. The purpose of the 

present study is to evaluate the incidence of enzyme-mediated 

inactivation of gentamicin in these isolates.
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LITERATURE REVIEW
Gentamicin: chemistry and structure-function relationships

Gentamicin was discovered in 1963 as the principal anti

biotic product of aerobic fermentation broths of the Actino- 

mycetales, Micromonospora purpurea NEEL 2953 and Micromonospora 

echinospora NRRL 2935 (25). The entire gentamicin complex 

contains three major components (Cj_, Cja, and C7) and several 
minor components (A, 3, 3j, H,, and G418) (26). Medicinal 

gentamicin (Garamycin , Sobering Corp.) contains the C complex 

only, prepared as sulfate salts. Chemically, gentamicin is a 

basic, water-soluble compound, stable over a pH range of 2.0 

to 14.0, and able to withstand boiling temperatures and brief 

autoclaving (27).

As with all other aminoglycosides except streptomycin, 

(Figure 1), gentamicin contains the 2-deoxyscreptamine ring. 

Attached to this core nucleus through glycosidic linkages at 

positions 4 and 6, are two amino sugars, purpurosamine and 

gentosamine (Figure 2). On the basis of structural similari

ties, gentamicin is classified in the same group as kanamycins 

A, 3, and C, (Figure 3), tobramycin (3’-deoxy-kanamycin B), 

and slsomicin (4’,51-dehydro-gentamicin Cja).
Studies (28) on aminoglycoside structure-function relation

ships suggest that biological activity is associated with the 

number of free amino groups present in the hexose linked to the
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Figure 2. The structures of the gentamicin. 
Gentamicin Cj R^R’̂ CHg 
Gentamicin C2 R^CHg, R'=H ! 
Gentamicin Cla R=R’=H

complex.
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Figure 3. The structures 
Kanamycin A 
Kananyein B 
Kanamycin C

of the kanamycin complex.
r=n h2, r '=oh 
r=n h 2, r ’=n h2 1
R=OH, R’=NH?
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4-position of deoxystreptamine. The most potent gentamicin is 

the C^a derivative which has two free amino groups in the 

purpurosamine ring, at positions 2' and 6’, The 2'-N acetyla

tion of gentamicin C^, leaving only the 6’-amino group free, 
results in reduced activity. The 2’-amino-6’-N-acetyl form 

displays a further reduction in activity. Thus, the relation

ship appears to be (from least to most potent):

no amino <  2 ’ -amino < 6 ’ -amino < 2 ’ , 6 ’-diamino.

The 2-deoxystreptamine ring appears to be necessary for 

biological activity, particularly with regard to genetic mis

coding. Studies on kanamycin demonstrate that 2-deoxystrepta

urine, itself, possesses weak miscoding activity whereas the 

other two ring structures of the molecule— 6-amino-6-deoxy-D- 

glucose and 3-amino-3-deoxy-D-glucose— lack all such activity 
(29). The deoxystreptamine ring does not appear to be totally 

inviolate, however. Replacement of this ring in neomycin with 

streptamine produces a molecule, hybrimycin, which possesses 
similar antibiotic activity (30,31). If, however, epi-screpta- 

mine is utilised, a significant loss of miscoding activity is 

observed (32). It should also be noted that streptomycin 

contains streptidine rather than deoxystreptamine, yet still 

possesses miscoding activity.

The free amino group at position 1 of deoxystreptamine can 

be modified, as long as the substituent group contains a free
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terminal amino group. As an example, 1-N acylation of 
kanamycin A with gamma-amino-alpha-hydroxybutyric acid has no 

effect on biological activity (117). Modification of the amino 

group at position 3 by acetylation (76) results in a loss of 

activity.
The 2"-hydroxyl function does not appear to be essential 

for activity (118), however, adenylylation of this group 

eliminates biological activity (89). In comparisons between 

aminoglycosides with or without 3*-hydroxyl groups, ie., 

kanamycin (3*-hydroxyl) and tobramycin (3*-deoxykanamycin 3), 

little difference in biological activity has been observed (28). 

However, substitution at this position with a phosphate group 

destroys all activity (95,99).
Studies (33) on the relationship between structure and 

acute toxicity suggest that modifications which affect 

biological activity also alter the toxic character of the 

molecule. The presence of both the 1- and 3-amino groups on 

the deoxystreptamine molecule appear to correlate with 

toxicity. Modifications of either functional group produce 

structures with significantly decreased toxicity. The number 

of amino groups present in the hexose linked to position 4 of 

deoxystreptamine also affects toxicity. In order of decreasing 

toxicity are the 2’,6'-diamino, 2’-amino, and 6'-amino 

derivatives. As was noted above, the decending order of
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potency is similar.

Toxicity comparisons between kanamycin A, kanamycin B, and 

tobramycin suggest a relationship between the 3r-hydroxyl and 

2'-amino groups (33). The order of increasing toxicity is: 

kanamycin A ( 2 3 * -dihydroxy) < kanamycin B (2T-amino, 3'- 

hydroxyl) < tobramycin (2*-amino, 3'-deoxy). It would appear 

that the absence of a 3'-hydroxyl function, in the presence of 

a 2*-amino group enhances toxicity. In addition, a comparison 

between tobramycin and 3*,4’-dideoxykanamycin B (DKB) suggests 

that the absence of the 4’-hydroxyl function enhances toxicity. 

Mechanism of action of the aminoglycosides

Despite extensive experimentation, particularly with strep

tomycin, a complete understanding of the effects of aminoglyco
sides on sensitive bacterial cells is far from elucidated. As 

a class, aminoglycosides are bactericidal protein inhibitors 

whose target is the 30S subunit of the 70S bacterial ribosome. 

With streptomycin as the model, the following effects have been 

observed: (a) a complete inhibition of initiating monosomes,

(b) a destabilizing effect on the initiation complex with 

release of f-Met-tRNA, (c) an incomplete inhibition of protein 

synthesis on pre-formed polysomes, (d) a significant increase in 

the normal rate of misreading on these polysomes, (e) an inhi

bition of 70S ribosomal dissociation, and (f) damage to the 

bacterial cytoplasmic membrane. The most dramatic result of
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aminoglycoside activity is the rapid killing action observed 

with sensitive cells. Viability counts drop 1000-fold or more 

within minutes after addition of drug. None of the above 

observations, with the possible exception of membrane damage, 

adequately explain this phenomenon.

That streptomycin inhibits protein synthesis was first 

suggested in 1948 (34). In vitro incorporation of amino acids 

into protein is antagonized upon the addition of streptomycin 

(35). This inhibition becomes complete as the ratio of strep

tomycin molecules to ribosomes approaches one.

In studies utilizing ribosomes reconstituted from subunits 

of both streptomycin-resistant and -sensitive bacteria, it was 
demonstrated that streptomycin sensitivity resides in the 30S 

submit (36,37). Further analyses localized this effect to a 

structural constituent, protein P10, controlled by the str 

locus (20). Kanamycin activity has been demonstrated to reside 

in the same protein (38).

Protein P10, however, does not itself bind streptomycin 

(39). Additionally, it has been shown that removal of one or 

both of two other 30S proteins (P8 and Pll) will reduce the 

binding affinity of ribosomes for streptomycin (40). This 

might suggest a binding site involving P8 and Pll, with P10 

possibly controlling some aspect of conformation. In another 

observation it was found that streptomycin will bind to
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isolated 16S rRNA, and ribosomes reconstituted from such 

complexes were nonfunctional in vitro (41). The binding of 

streptomycin to 16S rRNA could explain the disruption of 

ribosonal assembly, as well as the influence of P10 on the 
access of streptomycin to a site on the 16S rRNA.

Investigators have observed that streptomycin-treated cells 

accumulate high levels of 70S monosomes which are apparently 

incapable of initiating new protein synthesis (42). Utilizing 

cell-free systems the sequence of events in response to strep

tomycin is: (a) the disappearance of polysomes, and (b) the 

accumulation of monosome-mRNA-f-Met-tRNA complexes (43) .

In studies with other aminoglycosides, variable effects on 

initiation-complex formation have been observed. In contrast to 

streptomycin, kanamycin and gentamicin, inhibit the formation of 

the 30S-mRNA-f-Met-tRNA complex. This effect, however, is de

pendent on the type of mRNA utilized (44,45). When 70S 

initiation complexes do form, streptomycin, kanamycin, and 

gentamicin promote instability by stimulating the release of 
f-Met-tRNA (45). The resultant 70S ribosome-mRNA complex does 

not dissociate and the monosomes are not returned to the cell

ular subunit pool as occurs during normal protein synthesis. 

Instead, all aminoglycosides except kasugamycin and spectino- 

raycin antagonize ribosomal dissociation stimulated by heat or 

low Mg+2 (46,47) and by Dissociation Factor (48).



Early work with streptomycin suggested that the antibiotic 

may be blocking elongation as well as initiation. This position 

was clarified in an experiment by Wallace, Tai, Herzog, and 
Davis (49). Purified polysomes which could complete their 

nascent chains but could not reinitiate, were utilized in a 

cell-free protein synthesis system. Coincident with the 

addition of streptomycin to this system, the rate of protein 

synthesis was reduced to a significantly lower level, but not 

abolished.

Although streptomycin does not block elongation, it does 

induce a significant "misreading" of the mRNA, producing non

sense proteins as well as premature chain termination. In a 

cell-free system it was found that streptomycin not only inhi

bited the incorporation of the correct amino acid into a syn

thetic polymer but also stimulated the incorporation of 
inappropriate amino acids (50). Miscoding, however, does not 

appear to be unique to aminoglycoside-treated bacterial cells. 

There seems to be an intrinsic ambiguity in the genetic code 

that provides for a low level of miscoding in normal cells 

(51,52,53). Aminoglycosides magnify this normal level of mis

reading. An interesting result of this misreading process is 

the suppression of auxotrophic mutations in bacteria (54). 

Presumably, the antibiotic is inducing compensatory mistakes 

during translation, yielding functional proteins.
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Miscoding appears to be a result of a localized, physical 

perturbation of the ribosome-mRNA template interaction, Amino

glycosides alter the structural requirements for protein syn

thesis, allowing denatured DNA, rSNA and tSNA to serve as 

templates (55). The ribosomes from aminoglycoside-resistant 

mutants are unaffected in this way. Davis (56) has proposed 

that streptomycin inhibits amino acyl-tRNA binding to 30S 

subunits through a distortion in the A site.

An additional effect of streptomycin is the still un

explained observation that the antibiotic may be causing cell 

membrane damage. An and and Davis (57) observed in E_. coli that 

streptomycin significantly decreased the intracellular concen

tration of 5f —ribonucleotides at 45 minutes post—treatment.

This effect continued upon transfer to streptomycin-free media, 

suggesting an irreversible alteration. At the same time, the 
leakage of amino acids and the permeability to labeled citrate 

increased. Dubin, Hancock and Davis (58) found that potassium 

efflux increased significantly at 15 minutes post-treatment. 

Viability began to fall at 30 minutes, and accessibility of 

ONPG to B-galactosidase increased at 40 minutes. A decrease in 

cellular respiration (Qq ) and an increase in the appearance of 

260 run absorbing materials was also noted at this time. These 

events suggest either that membrane functions are very sensitive 

to early protein synthesis inhibition or that the ribosomal
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interaction with- streptomycin has a primary effect on membrane 
functions.

An event that may be related to these membrane phenomena is 

the observation that aminoglycosides cause the rapid appearance 

of outer membrane "blebs" in sensitive log phase cells (59). 

Electron microscopy demonstrates that this effect in _E. coli 

and aeruginosa occurs coincidently with the 1000-fold 

reduction in viability at 10 minutes post-treatment. Pre

treatment of these cultures with any of the bacteriostatic 

protein synthesis inhibitors (eg., chloramphenicol, tetra

cycline, or erythromycin) will prevent this alteration. This 

may suggest a rihosomally associated event since each of these 

agents have target sites on the ribosome and are believed to 
antagonize the early bactericidal activity of the aminoglyco
sides (60).

As mentioned above, none of the preceding evidence 

adequately explains the rapid killing effect observed with the 

aminoglycosides. A possible exception would be membrane damage. 

Misreading and protein synthesis inhibition would be expected to 

be lethal events, but only after allowing time for the 

irreversible accumulation of faulty proteins. Interestingly, a 

concentration of streptomycin can be reached at which misreading 

can lead to growth inhibition without killing (61). Addition

ally, mutants (ram) have been found which have a level of mis
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reading greater than that of normals, without significant loss 

of viability (.62). Addition of streptomycin to ram mutants 

produces an additive effect. The resultant inhibition appears 

to merely reflect a magnification of misreading above a level 
compatible with growth.

Mechanisms of aminoglycoside resistance

Resistance to the aminoglycosides has been classified 

(13,14) into three categories: (a) an alteration in the ribosome 

which reduces or eliminates antibiotic binding, (b) a reduced 

ability to accumulate drug, presumably mediated by an 

alteration in the cell envelope, and (c) the presence, within 

the cell, of an enzyme which inactivates the antibiotic.

Ribosomal resistance to streptomycin has been the most 

extensively studied model. Ribosomal reconstitution experiments 

carried out in _E. coli demonstrate that streptomycin sensitivity 

(and resistance) is associated with protein P10, a protein 

constituent of the 305 subunit (20). Similar studies with 

kanamycin (38) suggest that sensitivity and resistance also 

involves the P10 protein. Streptomycin-resistant (strr) 

mutants of E. coli contain P10 proteins with amino acid re

placements at one of two positions (63), Both replacements 

involve the change of a lysine residue. At one site lysine is 
replaced by arginine and at the other site by either arginine, 

asparagine or threonine. In E. coli, str is a multiallelic
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locus mapping at minute 64 of the chromosome C64),

The clinical significance of ribosomal-mediated resistance 

to streptomycin appears to be slight (65). The isolation of 

such an organism in this setting is an uncommon event. The 

incidence of ribosomal-resistance to gentamicin among clinical 

isolates is unknown. However, such organisms apparently have 

been isolated. In a study by Tanaka (66), six gentamicin-re

sistant strains of P_. aeruginosa isolated from burn wound infec

tions appeared to possess ribosomes capable of carrying on 

protein synthesis in the presence of gentamicin.

The second major mechanism of aminoglycoside resistance has 

been postulated to involve a physical exclusion process. Entry 

of these antibiotics into the cell is either significantly in

hibited or completely prevented through one or more alterations 

in the cell envelope. Experimentally, differences in outer 

membrane characteristics have been noted between strains of jP. 

aeruginosa sensitive to gentamicin and those resistant to the 

antibiotic. Resistant cells have been found to possess 

significantly less phospholipid (cardiolipin being the most 

obvious) and more neutral lipid than sensitive cells (109). 

Further, resistant cells ware noted to have an apparent increase 

in the concentration of free, protonated amino groups, with a 

subsequent change in the net surface charge density to a less 

negative character than sensitive cells (113), Hypothetically,
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the result could be antibiotic exclusion by virtue of an 

increase in the hydrophobic character of the membrane. Ex

clusion could also be envisioned to result from a charge re

pulsion between the protonatea amino groups in the membrane and 
those of gentamicin.

Of additional interest is the observation that divalent 
cations antagonize the inhibitory effect of gentamicin on P_. 

aeruginosa (112). The most significant effect is noted with 
magnesium and to a lesser extent with calcium. As the extra

cellular concentration of either of these two cations is in

creased, there is a concommitant increase in the minimum 

inhibitory Concentration (MIC) of gentamicin against the test 

organisms. Mechanistically, these cations may be masking the 

negative character of potential gentamicin binding sites in the 
outer membrane.

A recent study by Bryan and Van Den Elzen (107) raises the 

question that the entry of aminoglycosides into susceptible 

cells may not be a process of simple diffusion. Their work has 

characterized two phases of streptomycin accumulation. Primary 

accumulation appears to be a rapid, energy-independent process. 
Antibiotic taken up during this phase does not cause cell- 
growth inhibition and loss of viability. Secondary 

accumulation, however, is time dependent and is sensitive to 

inhibitors of electron transport, suifhydryl groups, and
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protein synthesis, and to agents that uncouple oxidative 

phosphorylation. This phase is necessary for growth inhi

bition and loss of viability. Accumulation remains energy- 

dependent despite apparent loss of permeability control.
Studies on strains of E_. coli and P_. aeruginosa resistant to 

streptomycin and gentamicin, but known to lack inactivating 

enzymes or resistant ribosomes, suggest that they may lack this 

energy dependent phase of accumulation (14).

The best characterized mechanism of aminoglycoside 
resistance is the enzyme-mediated biological inactivation of 

these antibiotics (Table I). The first such enzyme reported 

(67) transferred the acetyl group from acetylCoenzyme A to 

kanamycin A. Analysis of the isolated reaction product 

revealed that acetylation occurred at the 6!-amino group (68). 

Similar studies have characterized three primary categories of 

inactivating enzymes: (a) acetylating, (b) adenylylating, and 

(c) phosphorylating. Each of these are further categorized on 

the basis of which aminoglycoside functional group is modified 
and what the substrate specificity is.

Kanamycin-neomycin acetyltransferase, as mentioned above, 

was first reported in _E. coli K12S.5 carrying an R factor trans

ferred to it from a clinical isolate of Shigella flaxneri 

resistant to kanamycin (67,68). This enzyme has also been 

demonstrated in P_. aeruginosa (69).



TABLE I. Aminoglycoside inactivating enzymes

Enzyme Substrates3

Kanamyc in-neomyc in acetyltransferase KM-A, KH-B, NM-A, NM-B, GM-Cla, GM-C2, 
DKB, RM, TM

Gentamicin acetyltransferase I GM— , —C ̂  , - C ^

Gentamicin acetyltransferase II GM-C, , -C. , -C?, SS, DKB, ICM-B, KM-C, 
NM-A, NB-B3 BT, RM, TM

Streptomycin adenylyltransferase SM, SP

Gentamicin-kanamycin nucleotidyltransferase GM-C1, GM-C2 , GM-Cla, KM, DKB, TM

Kanamyc in-neomycin phosphotransferase. I KM, NM, RM, LM

Kanamycin-neomycin phosphotransferase II KM, NM, RM, BT

Streptomycin phosphotransferase SM

3KM=kanamycin, NM=neomycin, GM=gentamicin, DKB-31,4'-dideoxy-kanamycin B , 
RM=ribostamycin, BT=butirosin, SS=sisom:icin, SM=streptomycin, SP=spectinomycin, 
LM=lividomycin, and TM-tobramycin.
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Substrates for this enzyme include kanamycins A and 3, neo

mycins A and B, gentamicins Cj_a and C2 , 3f ,4'-dideoxykanamycin 

3 (DKB), tobramycin, and ribostamycin. AcetylCoenzyme A is the 

acetate donor and Mg+2 is required for activity. Recently an 

enzyme has been described which apparently acetylates sisomicin 

at the 6 ’-amino position (70). Kanamycin A and gentamicin 

are also substrates suggesting that this nay be the same enzyme.

That kanamycin-neomycin acetyltransferase mediates 

resistance is suggested by the observation that the producer 

strain has low level resistance to kanamycins A and B and DKB, 

but is sensitive to the 6 ’-N-methyl derivatives of kanamycin A 

and DKB and to kanamycin G, which possesses no 6 '-amino 

function (6 8 ). In addition, Hori and Umezawa (71) observed 

that 6 '-N-acetylation of kanamycin by this enzyme markedly 
reduced miscoding and protein inhibitory activities as compared 

to the parent molecule. Assays for residual biological activity 

following incubation with this enzyme demonstrate that 

kanamycins A and B and DKB are totally inactivated whereas 

kanamycin C is not (111). Benveniste and Davies (72) isolated 

the 6 ’-N-acetyl derivatives of kanamycin A, neomycin 3 and 

gentamicin C^a and compared their activities with the parent 

compounds. Acetylkanamycin A demonstrated at least a 100-fold 

reduction in antibiotic activity, and was totally devoid of 

inhibitory activity in a cell-free protein synthesis system.
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Acetylneomycin B and acetylgentamicin , on the other hand, 

still retained antibiotic and inhibitory activity, although at 

a significantly lower level than the parent drugs.

Enzymatic acetylation of the 2'-amino function of sisomicin, 

the gentamicin C complex, DKB, tobramycin, kanamycins B and C, 

neomycins A and B, butirosin and ribostamycin has been reported 

in Providencia (73). This enzyme has been designated as 

gentamicin acetyltransferase II or, tentatively, as gentamicin- 

paromamine acetyltransferase. Yamuguchi, Mitsuhashi, Kobayashi, 

and Zenda (74) studied a similar enzyme associated with 

lividomycin resistance in Providencia and found that resistance 

could not be transferred to sensitive JE. coli recipients. In 

addition, resistance was not lost following treatment with 

acridine orange or ethidium bromide. These observations 

suggest something other than R factor mediation. However, such 

a mechanism is not completely ruled out.

Several strains of P_. aeruginosa have been found which 

carry an enzyme specific for the 3-amino acetylation of the 

gentamicin C complex (76). This enzyme has been designated 

gentamicin acetyltransferase I. Neither tobramycin nor the 

kanamycins are efficient substrates for this enzyme. Isolated 

3-N-acetylgentamicin C^a is 500-fold less active as an antibiotic 

than the parent compound. Both gentamicin and 6 '-N-acetyl- 

gentamicin Cia are significantly more effective inhibitors of



R17 phage RNA-directed polypeptide synthesis than the 3-N 
acetylated derivative.

27

A similar pattern of resistance has been described in 

clinical isolates of Enterobacter, Serratia, Klebsiella, and 

Escherichia (78). Each of these isolates were able to transfer 

gentamicin resistance to E_. coli K12 recipients, Extracts 

prepared from a recipient strain were found to acetylate the 

gentamicin C complex at the 3-amino function. Gentamicin Cj_ 

was totally inactivated after three hours incubation with this 
extract (79).

Additional aminoglycoside acetyltransferase enzymes have 
recently been described. LeGoffic, Martel, and Witchitz (77) 

reported an enzyme that appears to be similar to gentamicin 

acetyltransferase I. In addition to the gentamicin C complex, 
however, this enzyme also acetylates tobramycin, sisomicin, and 

kanamycins A and B. The producer strain, E. coli K12LA290, had 
received an R factor from a clinical strain of Klebsiella. A 

similar enzyme has also been found by Biddlecome, Haas, Davies, 

Miller, Rane, and Daniels (80). Minshew, Holmes, Sanford, and 

Baxter (81) reported on two enzymes isolated from clinical 

strains of Klebsiella pneumoniae and Enterobacter cloacae that 

will acetylate tobramycin, amikacin, and butirosin in addition

to gentamicins C^a and C9, sisomicin, and kanamycins A and B , 

The selective modification of only gentamicins Cla and C2,
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rather than , suggest 6 '-N-acetylation, similar to that 

mediated by kanamycin-neomycin acetyltransferase. Kawabe and 

associates recently described (82,83) two acetyltransferases 

which incorporate ^C-acetate into DK3 and 6 *-methyl DKB, and 

amikacin, DKB, and 6 *-methyl DKB, respectively. Analysis of 

inactivated amikacin suggests that acetylation occurs at the 

6 ’-amino function. Both enzymes could also acetylate kanamycins 

A and B and gentamicin C^a and C2 .

In addition to inactivating enzymes which transfer an 

acetate moeity to the aminoglycoside molecules, two enzymes 

have been described which are nucleotidyltransferases. 

Streptomycin adenylyltransferase, first found in E_. coli (84), 

requires adenosine triphosphate and Mg+2 before inactivation 

can occur. Analysis of the isolated product of the reaction 
suggests that adenylyiation occurs at the 3 '-hydroxyl position 
(85). This enzyme will also adenylylate spectinomycin (8 6 ). 

Genetic studies (87) suggest an R factor association. Adenylyl- 

transferase activity could be demonstrated in an E_. coli that 
had been mated with resistant clinical strains of E_. coll and 

Salmonella (8 8 ). In addition, Umezawa, Takasawa, Okanishi, and 

Utahara (84) found that extracts of E_. coli K12ML1629, 

resistant to streptomycin, could inactivate streptomycin by 

adenylyiation. The parent, _E. coli K12ML1410, sensitix’e. to

the antibiotic, had received the resistance character through



29

mating with a naturally resistant E_. coli.

Benveniste and Davies (89) reported an enzyme isolated 

from a strain of E_. coli carrying a K. pneumoniae R factor 

that catalyzed the transfer of the ^C-label from (S--^C)ATP 

to gentamicins C^, C^a , and C^, and the kanamycins. Incubation 

of gentamicin with this enzyme resulted in a complete loss 

of biological activity, Guanosine triphosphate and inosine 

triphosphate can also serve as nucleotidyl donors (90).

Analysis of the adenylyltransferase product of DKB (91) reveals 

that the 2 '-hydroxyl function is the target site for this 

enzyme. Similar gentamicin-kanamycin adenylyltransferases have 
been reported in other strains of E_. coli (92) and K. 

pneumoniae (93). In addition, Kabins, Nathan, and Cohen (94) 

described a clinical isolate of P_. aeruginosa with an enzyme of 
similar specificity.

Enzymes that phosphorylate aminoglycoside antibiotics have 

been found in E. coli (95,96), S_. aureus (97), and P. 
aeruginosa (98). The first such enzyme described is kanamycin- 

neomycin phosphotransferase I, found in E . coli K12ML1629 (95). 

This strain was originally obtained by mating E_. coli 

K12ML1410 with a natural isolate of 35. coli resistant to 

kanamycin. Substrates for this enzyme are kanamycin A, neamine, 

paromamine, and ribostamycin. Analysis of the reaction product 

shows that phosphorylation occurs at the 3’-hydroxyl function
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(99) . Lividomycin A will also serve as substrate for this 
enzyme; however, phosphorylation occurs at the 5*-hydroxyl group

(100) . A second phosphotransferase, kanamycin-neomycin 

phosphotransferase II, has been described by Yagisawa, Yamamoto, 

Naganawa, Kondo, Takeuchi, and Umezawa (101) and Brzezinso and 

Davies (96) in an E_. coli carrying an R factor. This enzyme 
differs from that described above in its substrate requirements. 

It will phosphorylate the kanamycins, paromamine, neamine, 
neomycin, ribostamycin and the butirosins, but not lividomycin. 

Analysis has shown that phosphorylation of the butirosins also 

occurs at the 3’-hydroxyl group. The presence of the 4’- 

hydroxyl function appears to enhance the activity of this 

enzyme as suggested by the observation the 4 ’-deoxykanamycm A 

is not as actively phosphorylated as kanamycin A (102) . 
Kanamycin-neomycin phosphotransferase I, on the other hand, is 

as active against 4’-deoxykanamycin A as kanamycin A.
Streptomycin phosphotransferase was originally reported by 

Ozanne, Benveniste, Tipper, and Davies (103) in a strain of £_. 

coli resistant to streptomycin, but sensitive to spectincmycin. 

The isolated enzyme requires adenosine triphosphate and Mg+2 

or Zn+ 2  for activity, and inactivates streptomycin but not 

spectincmycin. Protein magnetic resonance (PMR) and periodate- 

oxidation of inactivated streptomycin indicate that phosphory

lation occurs at the 3'-hydroxyl function (103). Similar
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The incidence of gentamicin-inactivating enzymes among 

clinical, isolates of resistant gram-negative bacteria has only 

recently begun to be explored. Bryan, Shahrabadi, and Van Den 

Elzen (7) evaluated 313 consecutive clinical isolates of P_. 

aeruginosa for gentamicin resistance. Determination of MIC 

values revealed 132 (42%) strains inhibited by levels of 6.25 

>ig/ml or greater. Forty-five isolates with gentamicin MIC 

values between 6.25 and lOCpg/ml were studied for R factor 

mediation and the presence of inactivating enzymes. Mating 

experiments, with P_. aeruginosa and E_. coll recipients were 

negative, as were attempts at demonstrating gentamicin- 

acetylating or -adenylylating activity. Conjugal transfer was 

demonstrated in eight of thirteen reference strains known to 

possess inactivating enzymes. One strain unable to transfer 

resistance was examined for the presence of extracbromosomal 

DMA. None was detectable by either analytical CsCl density 

gradient or ethidium bromide-CsCl density centrifugation.

Holmes, Minshew, Gould, and Sanford (8 ) evaluated 650 con

secutive clinical isolates of P_. aeruginosa for resistance to 

gentamicin, tobramycin, and kanamycin. In 58 strains (8.9%), 

an MIC of lOpg/ml or greater was found for gentamicin. Twenty- 

seven of these strains, with an MIC of 25ug/ml or greaterwere

enzymes have also been described in another strain of E_. coli

(105) and in P. aeruginosa (106).
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of P_. aeruginosa deemed resistant to gentamicin by the anti

biotic disc test. Extracts of four of these strains possessed 

gentamicin adenylyltransferase activity. One strain was chosen 

for further study. Treatment of this isolate with ethylmethane 

sulfonate, a mutagen, resulted in the isolation of gentamicin 

sensitive mutants that no longer demonstrated adenylyl- 

transferase activity. Attempts at conjugal transfer of 

gentamicin resistance to sensitive _E. coli, P_. aeruginosa, 

and Chromobacter violaceum recipients were unsuccessful. In 

addition, ultraviolet light and acriflavine directed loss of 

gentamicin resistance from this strain was not observed.

The results of these clinical studies demonstrate that 

gentamicin inactivating enzymes are present in a small per

centage of resistant isolates. In those few instances where 

enzyme activity could be transferred, plasmid-mediation was
suggested.
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MATERIALS AND METHODS

Bacterial strains

Gram negative bacteria resistant to gentamicin as deter

mined by the Bauer-Kirby disc sensitivity test (108) were 

obtained from the bacteriology laboratories at Creighton 

Memorial-St. Joseph's Hospital and Omaha Veteran's Adminis

tration Hospital. All oxidase-positive organisms and glucose 

non-fermenters were identified by the Oxi-Ferm Tube (Roche 

Diagnostics) and the following supplemental tests, where appro

priate: (1) motility, (2) growth on 0.03% cetrimide agar

(Pseudosel agar, BBL), (3) yellow pigment production, and (4) 

anaerobic growth. All oxidase-negative, glucose fermenting 
strains were identified by the Enterotube (Roche Diagnostics).

Escherichia coli JR76-2 was kindly provided by J.A. Waitz 

(Sobering Corp.). This strain is known to possess a gentamicin- 

kanamycin nucleotidyltransferase. Pseudomonas aeruginosa 209 

was obtained from J. Davies (University of Wisconsin). It Is 

known to produce a gentamicin acetyltransferase I (76).

All isolates were maintained by periodic subculture onto 

plates of Trypticase Soy agar (TSA, BBL) supplemented with 5% 

defibrinated sheep’s blood (Colorado Serum Laboratories).

Stock cultures were also maintained frozen at -70°C in 50% 

fetal calf serum in Brain Heart Infusion broth (BHIB, BBL).
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Antibiotic sensitivity testing
Broth tube dilution tests were performed by preparing serial 

two-fold dilutions of sterile gentamicin sulfate (diagnostic 

GaramycinR , Sobering Corp.) in 1.0 ml of Mueller-Hinton broth 

(MHB, BEL). Each tube was inoculated with approximately 

2xl0 5 bacteria from a standardized overnight broth culture to 

give a final volume of 2.0 ml. Tubes were incubated aero

bically at 37°C for 24 hours. The minimal inhibitory concen

tration (MIC) was that concentration of antibiotic which pro

duced no visible turbidity. The minimal bactericidal concen

tration (MBC) was determined by inoculating 0 . 0 1  ml from each 

clear tube onto a plate of Nutrient agar (NA, BBL) . Plates 

were incubated aerobically at 37°C for 24 hours. The MBC was 

that concentration of antibiotic which prevented the growth of 

ten or more colonies.
Agar dilution testing was carried out on Mueller-Hinton

agar (MHA, BBL). Serial, two-fold dilutions of gentamicin at

10X the final concentration were prepared in MHB. One ml of

each dilution was mixed with 9.0 ml of molten MHA at 56°C and

poured into 100x15 mm petri plates. Overnight broth cultures
c 7of each organism were diluted in MHB to approximately 10°--10 

CFU/ml, and 0.4 ml of each was placed in the wells of a Steers 

apparatus, which was used to inoculate the plates. Plates 

were incubated at 37°C for 24 hours. The MIC was that concen
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tration of drug which produced no macroscopic growth on the 
agar surface.

Disc diffusion sensitivity tests x̂ ere performed by the 

method of Bauer, Kirby, Sherris, and Turck (108). Broth 

cultures standardized to a 1 % BaC^ turbidity were swabbed onto 

the surface of 60 ml of MHA in 105x15mm culture plates. Anti

biotic discs were applied to the surface of each plate and the 

plates x̂ ere incubated aerobically at 37°C for 24 hours. The 

zones of inhibition were measured and compared to standards 

established for each antibiotic. Standards have not, to date, 

been established for sisomicin and amikacin. These results 

x/ere interpreted with respect to gentamicin and kanamycin 

standards, respectively. Results were expressed as R 

(resistant), I (intermediate), or S (sensitive). The folloxiing 

aminoglycosides were tested: lOpg/mi gentamicin (Scharing), 

lOpg/ml sisomicin (BBL), lOpg/ml tobramycin (Lilly), 30pg/ml 

kanamycin (BBL), and lOpg/ml amikacin (Bristol).

Preparation of osmotic shockates

Osmotic shockates were prepared by a modification (21) of 
the procedure originally described by Nossal and Heppel (22). 

Overnight cultures x̂ ere grcxvn in 10.0 ml of Trypticase Soy 

broth (TSB, BBL) incubated aerobically for 18 hours. Three ml 

of the overnight culture \<ras used to inoculate 250 ml of TSB, 

xhiich was incubated at 37°C on a rotary shaker (125 rpm) until
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^540nm= '̂ aS determined spectrophotometrically. This
g

represented a cell concentration of approximately 10 CFU/ml.

Cells were harvested by centrifugation at 7000 rpm for 15
ominutes. The packed cells were washed twice at 24 C in 25.0 ml 

of Tris(hydroxymethyl)aminomethane (TRIS) buffer (lOmM, pH 7.3) 

containing 30mM NaCl. Cell pellets were resuspended in 7.5 ml 

of TRIS buffer (33mM, pH 7.3) containing 3mM or lOmM 

ethylenediaminetetraacetic acid (EDTA) and 20% sucrose, gently 

stirred for 15 minutes at 24°C and collected by centrifugation 

at 4°C. The pellet was carefully drained of excess sucrose 

mixture, and the tube swabbed dry. The pellet was dispersed 

into 5.0 ml of 0.5mM MgC^ and incubated at 4°C for 15 minutes. 
The cells were removed by centrifugation. The supernatant 

("osmotic shockate") was adjusted to a final concentration of 

ImM dithiothreitol and 33mM TRIS, pH 7.3. The shockate was 
divided into 0.5 ml aliquots and frozen at -70°C for storage. 

Preparation of sonic extracts
Growth cultures were prepared in a manner identical to 

that described above for the osmotic shockates. Cells were 

harvested by centrifugation at 7000 rpm for 15 minutes. The 

cell pellet was washed once in 25.0 ml of TRIS buffer (lOmM, 

pH 7.3) containing 30mM NaCl. Cell suspensions were prepared 

in 5.0 ml of TRIS buffer (33mM, pH 7.3) containing 0.5mM HgCl2, 

and ImM dithiothreitol. These were maintained in an ice bath
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and sonicated at 70% output for 3-5 minutes in pulses of 5 

seconds using a Biosonic IV (Bronwill), Particulate natter and 

any intact cells were removed by centrifugation at 7000 rpm for 

20 minutes. The supernatant was collected and frozen at -70°C 
in 0.5 ml aliquots.

Assay for enzyme induction

Overnight broth cultures were diluted in MHB to a concen

tration of approximately 108 CFU/ml. A calibrated loopful 

(0.001 ml) was inoculated into 5.0 ml of MHB containing genta

micin at a concentration of one-tenth the MIC for each strain. 

Cultures were incubated, with shaking, at 37°C until a cell 

concentration of approximately 108 -109 CFU/ml was reached. Two 

to three ml of each culture were inoculated into 250 ml of TSB 

at 37°C. Cultures were incubated with shaking at 37°C to a 

cell concentration of approximately 10 CFU/ml. Sonic extracts 

were prepared from each culture as previously described. 

Radioensymatic assays

Radiolabel determination of enzymatic activity was per
formed according to the procedure described by Benveniste and 

Davies (23) and modified by Holmes and Sanford (21) and Holmes, 

Minshew, Gould, and Sanford (8 ). Assays for adenylylating 

activity were carried out with (8 -^C)adenosine-5 '-triphosphate 

(New England Nuclear) as substrate. Reaction mixtures con

tained the following: (1) 0.12 mi of IRIS buffer (62.5mM TR1S,



pH 3.1, lOmM MgCl9, and 1.25mM dlthiothreitol) containing 

0.8mH adenosine-5'triphosphate (sp. act. 6 pCi/pmole), and 

(2) 0.03 ml of gentamicin mixture (62.5mM THIS, pH 8.1, lOmM 

MgCl2 » and gentamicin at a concentration of lOug/ml).
Reactions were initiated by the addition of 0.05 ml of the 
shockates or sonicates to the reaction mixture. Assays were 

performed in 100x15mm glass tubes xihich were sealed with 

parafilm and incubated at 37°C. Duplicate 0.025 ml samples 

were withdrawn at 3 and 24 hours and spotted onto 2 cm squares 

of phosphocellulose paper (Whatman P-81). These x-rere dipped 

briefly in a distilled water bath at 80-90°C to halt the 

reaction and then xrashed txid.ce in 1 liter of buffer (lOmM TRIS 

pH 7.3) at 4°C. Each square was alloxred to air dry before 

suspending in 10.0 ml of Aquasol (New England Nuclear). Radio 

activity w a s  determined in a Packard Tri-Garb liquid 

scintillation spectrometer, model 3320.

Assays for acetylating activity utilized ^C-acetyl- 

Coenzyme A (New England Nuclear) as substrate. The reaction 

mixtures contained the following: (1) 0.12 ml of TRIS buffer 

(62.5mM TRIS, pH 7.6, lOmM MgC^, and ImM dithiothreitol) with 

0.2mM acetylCoenzyme A (sp. act. 3.98pCi/pmole), and (2) 0.03 

ml of gentamicin mixture (62.5mM TRIS, pH 7.6, lOmM MgC^, and 

gentamicin at a concentration of lOug/ml). Assays were 

performed in a manner identical to that described above.



40

To control for non-specific activity, extracts of a 

gentamicin-sensitive isolate (W41) were prepared in a manner 

identical to that described above for the 3mM EDTA and lOmM 
EDTA shockates, the sonicates, and the induction sonicates.

Each was multiply assayed for adenylydating and acetylating 

activity and the results were expressed as the mean (X) CPM 

(counts per minute) plus the standard deviation (SD) . xhe 

level and variability of enzymatic activity in the positive 
controls were determined in an identical manner. Extracts from 
E. coli JR76-2 and P_. aeruginosa 209 served as positive controls 

for adenylylation and acetylation, respectively.
A bacterial extract was considered to possess enzymatic 

activity if its activity after 24 hours incubation exceeded the 

mean (X) background CPM by 100 CPM or more. One unit of enzyme 

activity equals 100 CPM (corrected for background) at 37°C 

following 24 hours incubation. Specific activity equals units 

of activity per milligram protein. Specific activity was 
determined for each preparation containing significant enzyme 

activity.
Microbiological assay for enzymatic activity

Assays for antibiotic inactivation were performed in 

manner similar to that described by Kabins, Nathan, and Cohen 

(94) . Reaction cocktails for adenylylatmg activity contained 

50mM TP.IS, pH 8.1, SmM MgCl2, 1™M dithiothreitol, and 0.3mM
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8mM MgC^, ImM dithiothreitol, and 0.358mM S-acetylCoenzyme A. 

Reactions were initiated by the addition of 0.05 ml of 

bacterial extract to 0 . 1 2  ml of the appropriate reaction cock

tail and 0.03 ml of gentamicin mixture (50mM TRIS, pH 8.1 for 

adenylylation or pH 7.6 for acetylation, SmM MgCl9, and 

gentamicin at a concentration of lCjag/ml) . Extracts of E_. coli 

JR76-2 and P_, aeruginosa 209 served as positive controls for 

adenylylation and acetylation, respectively. All tubes were 

incubated at 37°C. Duplicate samples were removed at 24 hours 

and used to saturate sterile Sensi-discs (B3L). Each disc was 

placed on a lawn of Staphylococcus aureus W 2 0 , grown to a 1 %

BaCl9 standard inoculum prior to swabbing onto 60 ml of MHA in
o150x15mm plates. All plates were incubated at 37 C for 24 

hours before reading. Antibiotic inactivation was determined 

by measuring each zone of inhibition and comparing zone 
diameter to the appropriate positive and negative controls.

The mean zone diameter and standard deviation were ascertained 

for the negative controls; significant inactivation was defined 

as any change greater than two standard deviations from the

adenosine-5 '-triphosphate disodium. In assays for acetylating

activity, the reaction cocktail contained 50mM TRIS, pH 7.6,

mean.



42

Assay for extracellular inactivation of gentamicin during 
growth of resistant strains in sub-inhibitory concentrations 
of antibiotic

The concentration of active antibiotic present in

logarithmic and stationary phase cultures of the resistant

strains was determined. Flasks containing 20.0 ml of MHB and

either no gentamicin or a sub-inhibitory concentration of the

antibiotic were inoculated with approximately lO^CFU/ml from

an overnight culture. An equivalent concentration of gentamicin

was added to 20.0 ml of MHB to monitor the natural decay of the
oantibiotic. Flasks were incubated at 37 C with shaking.

Samples (0.2 ml) were withdrawn at 0,2,3,5,7, and 24 hours and 

viable cell count determined by standard pour plate technique.

A second sample (1.0 ml) was obtained from each flask at 0,1,7, 

and 24 hours. The 1.0 ml aliquot was filter sterilized and 

frozen at -70°C for later assay for active antibiotic.
The concentration of active gentamicin in the filtrates 

was determined by the bioassay technique as previously des

cribed, and by comparison to a standard curve prepared with 

known concentrations of gentamicin in MHB.
Determination of the frequency of spontaneous reversion to 
gentamicin sensitivity

The frequency of spontaneous reversion to sensitivity 

(inability to grow at one-fourth the agar dilution MIC) was 

determined by replica plating technique. Twenty ml of MHB



was inoculated with approximately lO-’CFU/ial of each strain to 

he tested. These cultures were incubated aerobically, with 

shaking, at 37°C for 24 hours. Each culture was diluted in MHB 

so as to obtain approximately 10^CFU/ml. One-tenth ml of broth 

was inoculated onto plates of MHA, and spread over the entire 

agar surface with a glass rod. All plates were allowed to dry 

prior to incubation at 37 G for 16 hours. Plates containing 

approximately 100 colonies were replica plated to MHA containing 

gentamicin (Gm/MHA) at a concentration of one-fourth the MIC 

and antibiotic-free MHA plates. Replica plates were incubated 

at 37°C for 24 hours. Colonies growing on Gm/MHA were compared 

to those on the MHA replica plate and the frequency of 
spontaneous reversion to sensitivity was determined as

number of colonies not growing on Gm/MHA
total number of colonies transferred to MHA.

Each colony designated sensitive was re—isolated onto Gm/MHA 

to verify that it was indeed sensitive.

Protein determination
Determination of crude protein content was made by the 

method of Lowry (24). A standard curve was prepared utilizing 

bovine serum albumin (BSA, Ortho Diagnostics Inc.). The 

standard reagents include the following: (1) solution A 2a 

Na2 C03 in 0.1N NaOH, (2) solution B— 0.5% CuS04 *5H20 in 1% 

sodium tartrate, (3) solution C— Folin-Ciocalteau 2N phenol

43
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reagent, and (4) solution D— a mixture of solutions A and B at 

a ratio of 50:1. Samples containing 1.2ml of BSA standard or 

the test solutions plus 6.0 ml of solution D were allowed to 

stand 10 minutes at room temperature. Three-tenths ml of 

solution C was added to each and rapidly mixed. After 30 

minutes incubation at room temperature, the A^qq.^ was measured 

in a Spectronic 20 (Bausch and Lomb). All unknown protein 
concentrations were determined by comparison to the standard 

curve and expressed as mg of protein/ml.
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RESULTS

The identity of each isolate was determined; the results 

are presented in Table II. Four isolates were identified as 
Pseudomonas aeruginosa, 2 as P . acidovorans, 1 as P_. alcaligenes, 

1 as Group 2K-1 Pseudomonas-like, 1 as Group 2K-2 Pseudomonas- 

like, 3 as Moraxella, 1 as Group M4-F Moraxella-like, 2 as 
Acinetobacter antitratus, 1 as A. Iwoffii, 1 as Achromobacter 

xylosoxidans, 1 as Flavobacterium sp., and 1 as Citrobacter 

frendii. The negative control (W41) for all enzymatic assays 

was a Proteus morganii. The source of each culture isolate is 

also presented. Four isolates were cultured from sputum, 8  

from urine, 6 from wound or abscess drainage, 1 from blood, and 

1 from a throat culture.

Susceptibility of bacterial strains to gentamicin and related 
aminoglycosides

The minimal inhibitory concentration (MIC) of gentamicin 

for each isolate was determined by both broth dilution and agar 
dilution tests. The minimal bactericidal concentration (MBC) 

was also determined in the broth dilution test. Results are 

presented in Table III. The MIC values in broth range from 
< 6.25- > 1600pg/ml. The MIC values determined by agar dilu

tion were significantly greater ( 4-fold increase) for 7 

strains when compared to values determined by broth dilution.

Bacterial strains



TABLE II. Bacterial strains

Isolate
number Identification

culture
source

W 1 Moraxella wound
W 2 Pseudomonas aeruginosa urine
W3 Group 2K-1 Ps.-like throat
W4 Moraxella urine
W5 P. aeruginosa sputum
W 6 Achromobacter xylosoxidans wound
W7 Acinetobacter anitratus wound
W13 P. alcaligenes urine
W19 Flavobacterium sp. wound
W26 Group 2K-2 Ps.-like sputum
W27 A. anitratus sputum
W28 P . aeruginosa abscess
W29 P. aeruginosa sputum
W32 Citrobacter frendii urine
W33 Moraxella urine
W34 P . acidovorans urine
W35 P. acidovorans urine
W36 Group M4-F Moraxella-like drainage
W42 A. lwoffi blood
W41 Proteus morganii urine
W17 P. aeruginosa 209 J. Davies
W37 Escherichia coli JR76-2 J.A. Waltz

4>
Gh



TABLE III. Gentamicin sensitivity of bacterial strains

Broth dilution Agar dilution

Organism MIC3  MBCb MICa

W 1 1 0 0 2 0 0 800
¥ 2 250 500 400
W3 1 0 0 2 0 0 1600
¥4 1 0 0 2 0 0 2 0 0
¥5 2 0 0 2 0 0 400
¥ 6 50 2 0 0 50
V I 7 25 50 50
W13 12.5 25 2 0 0
W19 25 50 50
W26 25 25 50
¥27 25 25 25
¥28 > 1600 — 1600
W29 6.25 25 25
W32 6.25 12.5 12.5
¥33 12.5 25 400
¥34 400 400 800
¥35 2 0 0 2 0 0 800
¥36 12.5 25 2 0 0
¥42 <6.25 12.5 6.25
¥17 25 2 0 0 800
¥37 1 0 0 2 0 0 1 0 0
¥41 < 0.78 1.56 NDC

^minimal inhibitory concentration in jig/ml 
Dminimal bactericidal concentration in jig/ml 
cnot done
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Four of these isolates were Pseudomonas species and the other 3 

w e r e  either Moraxella or Moraxella-like. Results similar to 

these have been obtained for P_. aeruginosa by Gilbert, Kutseller, 

Ireland, Barnett, and Sanford (112). The isolate (¥41) utilized 

as the negative control in all enzymatic assays had an MIC in 
broth of <0.78jig/ml.

Seventeen isolates (¥1, ¥2, ¥3, ¥4, ¥5, ¥ 6 , ¥7, ¥13, ¥19, 

¥26, ¥27, ¥29, ¥32, ¥33, ¥35, ¥36, and ¥42) demonstrated low 

level resistance in broth (6.25-250pg/ml). Two isolates (¥28 

and ¥34) were characterized as having high level resistance 

( > 250pg/ml). In the agar dilution test, 11 isolates (¥4, ¥ 6 , 

¥7, ¥13, ¥19, ¥26, ¥27, ¥29, ¥32, ¥36, and ¥42) demonstrated 

low level resistance and 8 isolates (¥1, ¥2, ¥3, ¥5, ¥28, ¥33, 

¥34, and ¥35) possessed high level resistance. A similar 

characterization of resistance was utilized by Tseng, Bryan, 

and Van Den Elzen (65) in their study of streptomycin resis

tance in P_. aeruginosa.

The sensitivity of each isolate to related aminoglycoside 

antibiotics (sisomicin, tobramycin, kanamycin, and amikacin) 

was determined by the Bauer-Kirb)r disc diffusion test. The re

sults are depicted in Table IV. Three isolates (¥7, ¥26, and 

¥27) were sensitive only to tobramycin and kanamycin. Two iso

lates (¥1 and ¥ 6 ) were sensitive only to sisomicin. Two iso

lates (¥29 and ¥32) were sensitive to all but kanamycin and one



TABLE IV. Sensitivity to gentamicin and related aminoglycosides

Sensitivity pattern3

Organism Gentamicin Sisomicin Tobramycin Kanamycin Amikacin

W 1 Rb S R R R
W 2 R R R R R
W3 R R R R R
W4 R R R R R
W5 R R R R R
W 6 R S R R R
W7 R R S S R
W13 R R R I R
W19 R R R R R
W26 R R S S R
W27 R R S S R
W28 R R R R R
W29 S S S R S
W32 S S S R S
W33 R R R R R
W34 R R R R R
W35 R r< R R R
W36 R R R R R
W42 S S S S S
W17 R S S S S
W37 R R R R R

determined by Bauer-Kirby susceptibility testing 
= resistant 

I = intermediate 
S = sensitive
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isolate (¥42) was sensitive to all antibiotics tested.

Complete cross-resistance was apparent in 11 isolates (¥2, W3, 

W4, ¥5, ¥13, ¥19, ¥23, ¥33, ¥34, ¥35, and ¥36).

Extracellular inactivation of gentamicin by resistant strains

Each isolate was grown in Mueller-Hinton broth (MHB) con

taining sub-inhibitory concentrations of gentamicin (0.1 x MIC). 

The concentration of active antibiotic was determined at select

ed time intervals in the growth cycle (0,1,7, and 24 hours) to 

monitor for detectable extracellular inactivation. The results 

obtained with a representative strain, ¥6 , are depicted in 

Figure 4.

Growth1 rate and stationary phase cell concentration in the 

gentamicin containing culture did not differ significantly from 

the control culture for any of the strains. There was no evi

dence to suggest that extracellular inactivation occurred over 
the 24 hour time period with the 19 clinical isolates tested, as 

well as with the two positive controls (¥17 and ¥37). 

Kadioenzymatic assays for adenylylatlng activity

All 3mM EBTA shockates lacked demonstrable adenylylating 

activity (Table V). Analysis of the lQmM EDTA Shockates (Table 

VI) revealed 5 preparations (¥3, ¥7, ¥13, ¥36, and ¥42) with 

enzymatic activity. Ten sonication preparations (¥1, ¥2, ¥3, ¥4, 

¥13, ¥19, ¥26, ¥29, ¥33, and ¥36) possessed activity (Table VII) 

and of 14 induction sonicates prepared, six (¥2, ¥5, ¥7, ¥19,



Figure 4. Assay for extracellular inactivation of gentamicin 
during the growth of a resistant clinical isolate 
in sub-inhibitory concentration of gentamicin.
9,  W 6 control; A,  W6 with ¡5jag/ml gentamicin.
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TABLE V. Radioenzymatic assays for adenylylating
activity in the 3mM EDTA shockate preparations

3 hours3- 24 hours

Organism gp m d
Corrected

CFM0 CPM
Corrected

CPM
Enzymatic
Activity11

W1 93 35 47 -32
W2 6 6 8 44 -35 -
W3 6 8 1 0 47 -32 -
¥4 77 19 48 -31 -
V I 5 94 36 77 - 2 -
W 6 63 5 47 -32 -
¥7 39 -19 45 -34 -
W13 78 2 0 35 -44 -
W19 59 1 62 -17 -
¥ 26 69 1 1 115 36 -
V I 2 7 55 -3 132 53 -
¥28 54 -4 58 - 2 1 -
¥29 52 - 6 39 -40 -
¥32 108 50 38 -41 -
¥33 93 35 6 6 -13 -
¥34 73 15 38 -41 -
¥35 71 13 40 -39 -
¥36 108 50 54 -25 -
¥42 174 116 81 2 -

X ± SDnce 
X ± SDNGf

750±78 692 13391341 1260 4*
76±16 18 80±A2 1 0 -

x 1 sdb a g k . 58±12 79±36

kincubation time 
'(counts per minute _
^CPM (minus) mean (X) background CFM 
- = no demonstrable adenylylating activity 
+ = adenylylating activity present 
^PC = positive control (W37)
NC - negative control (¥41)
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TABLE VI. Radioenzymatic assays for adenylylating
activity in the IQmM EDTA shockate preparations

3 hours3 24 hours

Organism CPMb
Corrected

CPM0 CPM
Corrected

CPM
Enzymatic
Activity^

¥ 1 138 80 130 51 _

¥ 2 189 131 166 87 -
¥3 245 187 373 294 +
¥4 83 25 78 - 1 -
¥5 340 282 130 51 -
¥ 6 8 6 28 125 46 -
¥7 58 0 312 233 +
¥13 145 87 704 625 +
¥19 93 35 136 57 -
¥26 63 5 133 54 -
¥27 69 1 1 69 - 1 0 -
¥28 2 0 1 143 170 91 -
¥29 318 260 1 2 0 41 -
¥32 6 6 8 76 -3 -
¥33 76 18 71 - 8 -
¥34 119 61 163 84 -
¥35 204 146 170 91 -
¥36 333 275 328 249 +
¥42 338 230 188 109 +

X ± SDpce 731±37 673 324±37 745 +
X + SD.T_f 87*16 29 114+30 35 —
5

58±12 0 79±36 0

kincubation time
counts per minute c —^CPM minus mean (X) background CPM 
- = no demonstrable adenylylating activity 
+ = adenylylating activity present 
®PC = positive control (¥37)
NC = negative control (¥41)



TABLE VII. Piadio enzymatic assays for adenylylating
activity in the sonication preparations

3 hours3 24 hours
Corrected Corrected EnzymaticOrganism CPMb CPM3 CPM CPM Activity0

W 1 404 346 288 209 +
W 2 136 78 254 175 +
W3 209 151 509 430 +
W4 96 38 1218 1139 +
W5 34 26 93 14 -

¥ 6 65 7 132 53 -

W7 83 25 131 52 -

W13 239 181 1 0 2 1 942 4-
W19 263 205 378 299 4-
W26 71 13 1584 1505 4 -

W27 65 7 174 95 -

W28 80 2 2 97 18 -

W29 104 46 2054 1975 4 -

W32 128 70 142 63 -

¥33 294 236 373 294 4-
W34 117 59 109 30 —

W35 75 17 125 46 -

¥35 2 0 1 143 325 246 4-
¥42 103 45 140 61 -

X ± SDpne 687±101 629 753±66 679 4-
^  1  SDNCf 
x * sdb a c k .

107±31
58±12

49
0

115±41
79±36

36
0

- incubation tune bcounts per minute
¿CPM minus mean (X) background CPM 
- = no demonstrable adenylylating activity 

e+ = adenylylating activity present 
,PC = positive control (W37)
NC = negative control (¥41)

6!iri66



TABLE Vili. Radioenzymatic assays for adenylylating
activity in the induction sonication preparations

ccounts per minute,
^CPM minus mean (X) background CPM 
- = no demonstrable adenylylating activity 
e+ = adenylylating activity present 
^not done
^PC = positive control (W37)
°NC = negative control (W41)



TABLE IX. Radioenzymatic assays for adenylylation —  specific activity determination
Preparation

3mM EDTA shockate lOmM EDTA shockate Sonication Induction sonication
C Protein C Protein C Protein C Protein

Organism CPM3 content. SAC CPM content SA CPM content SA CPM content SA
W 1 -32 0.28 __ 51 0.34 _ _ 209* 0.9 46 51 0 . 2
W 2 -35 0.4 — 87 0.78 — 175* 1.9 18 219** 0.9 49
W3 -32 0.25 — 294* 0.69 85 430* 1 . 6 54 NDd — —

M4 -31 0 . 2 — - 1 0 . 1 1 — 1139* 1.4 163 ND — —

W5 - 2 0.35 — 51 0.5 — 14 1 . 1 — 197** 2 . 8 14
M 6 -32 0.45 — 46 0.25 — 53 2.25 — -14 0.9 —

M7 -34 0.29 — 233* 0.39 119 52 1.9 — 330** 1 . 1 60
W13 -44 0.42 — 625* 0.42 298 942* 1 . 0 188 ND — —

Ml 9 -17 0.31 — 57 0.15 — 299* 0.4 150 434* 0.7 124
M 2 6 36 0.32 — 54 0 . 1

— 1505* 1 . 6 188 ND — —

M2 7 53 0.29 — - 1 0 0 . 1 1 — 95 1 . 1 — 6 6 1 . 1 —

M 2 8 - 2 1 0.34 — 91 0 . 8 6 — 18 1 . 1 — 7 1.7 —

M2 9 -40 0.42 — 41 1.5 — 1975* 2 . 0 198 ND — —

M3 2 -41 0.35 — _  *5 Ì 0.16 — 63 0 . 6 — -5 0 . 6 —

M3 3 -13 0.35 — - 8 0 . 2 — 294* 1.25 47 163* 0.7 47
M3 4 -41 0.31 — 84 0.37 — 30 1.75 — - 2 0.3 —

M3 5 -39 0 . 2 1 — 91 0.27 — 46 1 . 1 — 5 0.4 —

M3 6 -25 0.34 — 249* 0.38 131 246* 1.75 28 1 2 2 * 1.4 17
M4 2 2 0.28 — 109* 0 . 6 36 61 3.1 — 43 0.3 —

FCe 1260* 2.4 105 745* 0.26 573 679* 3.75 40 534* 3.2 33
NCf 1 0 0.31 35 0.25

. . 1

36 1.13 18 0.7

CPM (corrected CPM)= CPM minus mean (X) 
bmg-p ro t e in/ml
CSA(specific activity)= units/mg-protein 
d (l unit = 100 CPM at 37°C for 24 Ill's.) 
not done

background CPM |PC = positive control (M37)
^NC = negative control (W41) 
significant adenylylating 

^activity
inducible activity

V I
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W33, and ¥36) demonstrated adenylylating activity (Table VIII). 

These results are summarized in Table IX.

The concentration of crude protein of each preparation and 

the units of specific activity are also presented in this table.

In comparisons between the sonication and inducation soni- 

cation preparations (Table IX), three isolates (¥2, W5, and ¥7) 

demonstrated inducible activity. With W2, a 2.7-fold increase 

in activity was noted in the induction sonicate at 24 hours as 

compared to the sonicate. A similar analysis of isolate ¥5 

shows a 4.7-fold increase in activity from the sonicate to the 

induction sonicate. The induction sonicate of ¥7 showed a 12- 

fold increase in activity over that in the sonicate. 

Radioenzymatic assays for acetylating activity

Assays of the 3mM EDTA shockates (Table X) demonstrated 8 

isolates (W2, W5, W6, W7, ¥13, ¥26, ¥28, and ¥29) with acetyl

ating activity. Of fourteen 10mM EDTA shockates assayed (Table 

XI), seven (¥3, ¥7, ¥13, ¥26, ¥34, ¥35, and ¥36) possessed 

enzymatic activity. Eleven (¥2, ¥3, ¥4, ¥5, ¥6, ¥7, ¥13, ¥26,

¥27, ¥28, and ¥29) of 19 sonicates (Table XII), and two (¥7 

and ¥19) of 10 induction sonicates (Table XIII) exhibited 

demonstrable acetylating activity. Inducible activity was not 

observed. Table XIV presents these results in summary, along 

with protein concentrations and specific activity determinations.
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TABLE X. Radioenzymatic assays for acetylating
activity in the 3mM-EBTA shockate preparations

3 hours3- 24 hours
, ■ Corrected Corrected Enzymatic^

ActivityOrganism CPMb CPM0 CPM CPM
W1 31 -8 30 -9
W2 102 63 367 328 +
W3 131 92 92 53 -
¥4 130 91 58 19 -
W5 103 64 491 452 +

¥6 198 159 487 448 +
W7 209 170 920 881 4-
W13 52 13 177 138 T
W19 50 11 68 29 -

¥25 49 10 353 314 +
¥27 125 86 116 77 -
¥28 102 63 351 312 +
¥29 96 57 205 156 4-
¥32 198 159 26 -13
¥33 140 101 31 -8 -
¥34 184 145 31 -8 -
¥35 45 6 28 -11 -
¥36 216 177 30 -9 -
¥42 31 -8 27 -12 -

X ± SD p 
X ± SD-Cf
X ± sdncBACK.

144±51 
2 8 ±3 
39±14

105
-11

0

779±151
41±11
39±7

740
2
0

T

^incubation time 
„counts per minute 
^CPM minus mean (X) background CPM 
- = no demonstrable acetylating activity 

e+ = acetylating activity present 
£?C = positive control (W17)
NC - negative control (W41)
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TABLE XI. Radioenzymatic assays for acetylating
activity in the lOmM EDTA shockate preparations

3 hours3 24 hours

Organism CPMb
Corrected

CPM0 CPM
Corrected

CPM
Enzymatic
Activity^

W1 31 -8 40 1
W2 NDe ND
W3 57 18 787 748 +
W4 38 -1 47 8 -
W5 ND ND
W6 97 53 124 85 -
W7 31 -8 421 382 4-
W13 60 21 299 260 JL

W19 33 -6 56 17 -

W26 31 -8 1484 1445 4*
W27 ND ND
¥28 ND ND
¥29 ND ND
¥32 29 -10 31 -8 -
¥33 99 60 42 3 -
¥34 54 15 256 217 +
¥35 78 39 188 149 +
¥36 107 68 327 288 +
¥42 33 -6 90 51 -

X ± SD^cf 102±13 63 204±7 165 4*
±  1  sdn c§ 30±6 -9 64±19 25 -
x ± sdb a c k . 39±14 0 2 9  ± 7 0

kincubation time 
ccounts per minutj;
.̂CPM minus mean (X) background CPM 
- = no demonstrable acetylating activity 
+ = acetylating activity present 
^not done
PC = positive control (W17)

®NC = negative control (¥41)



TABLE XII. Radioenzymatic assays for acetylating
activity in the sonication preparations

3 hours'* 24 hours
Organism CPMb

Corrected
CPM0 CPM

Corrected
CPM

Enzymatic
Activity11

W1 56 17 53 14
W2 52 13 390 351 +
W3 34 45 479 440 +
W4 57 18 475 436 +
W5 52 13 387 348 +
W6 50 11 575 536 +
W7 69 30 742 703 4-
W13 72 33 439 400 4*
W19 178 139 115 76 -
W26 46 7 482 443 -r
W27 129 90 218 179 4-
W28 144 105 497 458 4-
W29 80 41 339 300 +
M3 2 36 -3 41 2 -
W33 54 15 97 58 -
W34 61 22 53 14 -
W35 51 12 26 -13 -
W 3 6 54 15 46 7 -
W42 75 36 41 2 -

X ± SDnne 152±31 113 303±22 264 a.
I 1 sdnÌ£ 
x sdb a c k .

43±15 4 34±10 -5 -
39±14 0 39±7 0

âincubation time 
ccounts per minute;
^CPM minus mean (X) background CPM 
- = no demonstrable acetylating activity 
e+ = acetylating activity present 
^PC = positive control (W17)
NC = negative control (W41)



TABLE XIII. Radioenzymatic assays for acetylating
activity in the induction sonication preparations

3 hours2 24 hours
Corrected Corrected Enzymatic

Organism C?Mb CPM2 CPM CPM Activity^
W1 31 -8 30 -9
W2 ND6 ND
W3 ND ND
¥4 ND ND
W5 ND ND
¥6 30 -9 33 -6 -
¥7 36 -3 716 677 +
W13 ND ND
W19 40 1 175 136 +
¥26 ND ND
W27 ND ND
W28 ND ND
¥29 ND ND
W32 22 -17 38 -1 -
W33 61 22 112 73 -
W34 30 -9 41 2 -
¥35 27 -12 29 -10 -
¥36 72 33 28 -11 -
W42 28 -11 28 -11 -

X ± SDp f 127 ±25 88 254±50 215 +
X ± SDlIg 27±4 -12 36±7 -3
X ± sd" 39 + 14 0 39+7 0BACK.

a. ,^incubation time 
ccounts per minute 
^CPM minus mean (X) background CPM 
- = no demonstrable acetylating activity 
+ = acetylating activity present 
.¿not done
¡PC = positive control (W17) 
bNC = negative control (W41)



TABLE XIV. Radloenzymatlc assays for acetylation —  specific activity determinations
Preparation

3mH EDTA shockate lOmM EDTA shockate Sonication Induction sonication
C Protein C Protein C Protein C Protein

Organism CPM3 content“ SAC CPM content SA CPM content SA CPM content SA

W1 -9 0.28 1 0.34 „ 14 0.9 -9 0.2
W2 328* 0.4 164 NDd — — 351* 1.9 37 ND — —

M 3 53 0.25 748* 0.69 217 440* 1.6 55 NO — —

W4 19 0.2 — 8 0.11 — 436* 1.4 62 ND — —

W5 452* 0.35 258 NO — — 348* 1.1 63 ND — —

W6 448* 0.45 199 85 0.25 — 536* 2.25 48 -6 0.9 —

W7 881* 0.29 608 382* 0.39 196 703* 1.9 74 677* 1.1 123
M l  3 138* 0.42 66 260* 0.42 124 400* 1.0 80 ND — —
W19 29 0.31 — 17 0.15 — 76 0.4 — 136* 0.7 39
W26 314* 0.32 196 1445* 0 . 1 2968 443* 1.6 55 ND —

W27 77 0.29 — NO — — 179* 1.1 32 ND — —

W28 312* 0.34 184 NO — — 458* 1.1 83 ND — —

W29 166* 0.42 79 NT) — — 300* 2.0 30 ND — —

W32 -13 0.35 — -8 0.16 — 2 0.6 — -1 0.6 —

W33 -8 0.35 — 3 0.2 — 58 1.25 — 73 0.7 —

W34 -8 0.31 — 217* 0.37 117 14 1.75 — 2 0.3 —

W35 -11 0.21 — 1.49* 0.27 110 -13 1.1 — -10 0.4 —
U36 -9 0.34 -- 288* 0.38 152 7 1.75 — -11 1.4
W42 -12 0.28 — 51 0.6 — 2 3.1 — -11 0.3 —
PCe 740* 0.35 423 165* 0.35 94 264* 1.1 55 215 1.1 39
NCf 2 0.27 — 25 0.36 — -5 1.2 — -3 0.52

C CPM (corrected CPM)= CPM minus mean (X) background CPM ^PC = positive control (W17)
mg-protein/ml ^NC = negative control (W41)
SA(specific activity)^ units/mg-protein *signifleant acetylating
(1 unit = 100 CPM at 37°C for 24 hrs.) activity

ON

not done LO
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TABLE XV. Bioassay for gentamicin inactivation —
adenylylation

Organism
Préparation

assaved
Zone

diameter (mm) Inactivation

W1 sonication 12a _b
W2 induction sonication 13 -
W3 sonication 11.8 -
W4 sonication 12.5
W5 induction sonication 11.8 -
W6 NDC —
W7 lOmM EDTA shockate 10 -
W13 sonication 11.5 -
W19 induction sonication 12.3 —
W26 sonication 11.5 -

W27 ND —
m s ND —

m s sonication 11.3 -

W32 ND —
W33 induction sonication 12.5
W34 ND —
W35 ND —
W36 sonication 12.5
W42 lOmM EDTA shockate 10.8 -
W37d 3mM EDTA shockate 6 +

lOmM EDTA shockate 6 +
sonication 6 +
induction sonication 6 f +

W41e 3mM EDTA shockate 12.0±1.0r -
lOmM EDTA shockate 11.2±0.6 -
sonication 11.2±0.9 -
induction sonication 11,7±0.9

amean (X) zone size of duplicate samples assayed at 24 <
^hours incubation 
- = no inactivation 
+ = inactivation 
% o t  done
positive control for adenylylation 
^negative control
mean (X) zone size and standard deviation
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TABLE XVI. Bioassay for gentamicin inactivation —  
.............. acetylation

1 Préparation Zone
Organism assayed diameter(mm) Inactivation

W1
W2

NDa
3mM EDTA shockate " > +C

W3 lOmM EDTA shockate 9.8 -
W4 sonication 6 +
W5 3mM EDTA shockate 6 +
W6 sonication 11
W7 3mM EDTA shockate 6 +
W13 sonication 6 +
W19 induction sonication 9.5 -
W26 lOmM EDTA shockate 7.3 +
W27 sonication 8.5 —
W28 3mH EDTA shockate 6 JL

W29 sonication 10.8
W32 ND —

W33 ND —

W34 lOmM EDTA shockate 10.8 -
W35 lOmM EDTA shockate 8.8 -
W36 lOmM EDTA shockate 8.8 -
W42 ND —
W17d 3mM EDTA shockate 6 T *

lOmM EDTA shockate 6 +
sonication 6 +
induction sonication 5 f 4-

W4le 3mM EDTA shockate 9.0±C.6r
lOmM EDTA shockate 10.1±0.9 -
sonication 9.3±1.2 -
induction sonication 9.8±0.9

^not dorie
“mean (X) zone size of duplicate sample assayed at 24 
hours incubation 
c- = no inactivation 
,+ = inactivation 
positive control for acetylation 
^negative control
"‘"mean (X) zone size and standard deviation
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TABLE XVII. Frequency of spontaneous reversion 
......... to gentamicin sensitivity

Organism Reversion Frequency3

W3 15.3% (32/216)

W7 5.5% (11/199)

W13 2.2% ( 9/407)

W17 7.9% (10/126)

W23 0.45%( 2/442)

apercent frequency./# of colonies not growing on GM/MEA__ x 100)
'total # of colonies transferred to MHA

I
i



TABLE XVIII. Radioenzymatic assays for acetylating activity —  sonication
preparations of GMS revertants

--------------- -— --------------------------------- 3 hours3 24 hours

Organism
Protein
content CPMc

Corrected
CPMd Units6 CPM

Corrected
CPM Units

W28-1 1.75 51 -7 — 41 -38 —

W28-2 2.25 48 -10 — 65 -14 —

PCf 1.1 151+13 113* 21 303±22 264* 55

NC8 1.2 43±15 4 — 34±10 -5 —

1  1 sdb a c k. — 58±12 0 — 79±36 0 —

^incubation time 
mg-prc teln/ml 
‘¡counts per ini mite 
uPM minus mean (X) background CPM
^specific, activity = units/rag-protein (1 unit = 100 CPM at 37 C for 24 hrs.)
PC = positive control (W17)
&NC = negative control (K41)
*signifleant acetylating activity
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Bioassay for gentamicin inactivation

Attempts at demonstrating gentamicin inactivation by pre

parations containing adenylylase activity were unsuccessful 

(Table XV). In assays for inactivation by acetylation (Table 

XVI), preparations from 7 isolates (¥2, ¥4, ¥5, ¥7, ¥13, ¥26, 

and ¥28) completely inactivated the antibiotic, as evidenced by 

the absence of zones of inhibition.

Determination of the frequency of spontaneous reversion to 
gentamicin sensitivity

Four isolates demonstrating enzymatic activity and one 
control, P_. aeruginosa 209, known to possess a gentamicin 

acetyltransferase I were evaluated for evidence of plasmid- 

mediated resistance. Each was screened for the spontaneous 

loss of gentamicin resistance by determining the frequency of 
failure to grow on Mueller-Hinton agar containing antibiotic 

(Gm/MHA) at a concentration of 0.25 X the MIG in agar. The 

results are presented in Table XVII. In each case, the 

frequency of spontaneous reversion is 10 *-10 ^, a level of 
instability generally associated with a plasmid.

The two sensitive revertants of isolate ¥28 were further 

evaluated. The MIC in broth for each was < 6.25ug/ml as com

pared to > 1600pg/ml for the parent strain. Sonicates were 

prepared from each and compared to the parent strain by radio- 

enzymatic assay for evidence of acetyltransferase activity. As



depicted in Table XVIII, neither strain W28-1 nor W28-2 

demonstrated acetydating activity like that of the parent 

strain. These results suggest that enzymatic activity in 

isolate W28 may be associated with a plasmid. The results, 
however, do not imply that an acetyltransferase is the sole 

mechanism of gentamicin resistance.



70

DISCUSSION

Recent studies aimed at characterizing gentamicin resistance 

in gram-negative clinical isolates, especially P_. aeruginosa, 

have painted a rather disturbing picture (7,8). Although the 

incidence of such isolates is small, it appears to be increasing 

at a rate proportional to usage of this and related aminoglyco

sides (7). One would anticipate that emergence of this resis

tance could complicate therapeutic effectiveness. Aminoglyco

side resistance in clinical isolates is believed to be mediated 
primarily through inactivating enzymes (13). The significance 

of ribosomal resistance is all but unknown, and the possible 

role of permeability factors has only recently been appreciated 

(14,109,113). The present study was undertaken to evaluate the 

incidence of gentamicin inactivating enzymes among gram-negative 

clinical isolates resistant to this antibiotic. As in other 
studies, cellular extracts were prepared from each isolate and 

these were evaluated by radioenzymatic- and bio-assay for the 

presence of adenylylating or acetylating enzymes. The possi

bility that the technique for extract preparation might affect 

the outcome of such a study and the role of extracellular in

activation were also explored.
Previous studies of this nature (7,8,70,79,81,94) have, in 

general, utilized either the osmotic shock procedure with 3mM 

EDTA (22) or a sonication procedure to prepare cellular extracts
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for evaluation. The osmotic shock procedure appears to release 

only those enzymes located in the cellular periplasmic space 

while leaving the cell intact. Sonication results in total cell 

disruption releasing not only periplasmic but also intracellular 

materials.
The present study utilized a total of four procedures to 

prepare extracts for enzymatic analysis. These included the 

two classical methods, osmotic shock with 3mM EDTA and 

sonication. In addition, selected strains were grotm under in

ducible conditions (sub-inhibitory concentrations of gentamicin) 

and sonicates prepared from each. The studies of Wilkinson, 

Galbraith, and Lightfoot (120) as well as others, have demon
strated that Pseudomonas species vary in their susceptibility to 

EDTA. Thus, osmotic shock with lOmM EDTA was also employed in 

an effort to increase the yield of enzyme x^ithout lysing the 

bacterial cells.

As a control for non-specific activity and technical 

variation, negative control bacterial extracts were employed in 
all radioenzymatic- and bio-assays. A gentamicin-sensitive 

(MIG: < 0.78ug/ml) clinical isolate (W41) w a s  chosen on the 

assumption that such an organism would lack inactivating- 

enzyme activity. A comparison of the mean negative control and 

background values in the radioenzymatic assays, particularly 

those for adenylylation (Tables V-VIII.), suggest that non
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specific activity may be detected by these procedures. It was 

further observed that several preparations demonstrated activity 

in excess of the negative control without being high enough to 

suggest enzymatic activity.
Radioactivity was assayed at 3 and 24 hours incubation for 

all extracts. It was noted that the positive control extract 

did not contain significant levels of radioenzymatic activity 

after three hours incubation in some of the preparations. How
ever, the level of detectable radioactivity always increased 

over the 24 hour period to significant levels. A similar in

crease was not detectable in the assays of negative control 

extracts.
Due to the demonstration of non-specific activity in the 

negative control as well as some ot the bacterial strains under 
investigation, and the increased sensitivity of the assay after 

24 hours incubation, the following definition of sign2.f-1.cant 

radioenzymatic activity was applied: a bacterial extract was 
considered positive only if radioactivity exceeded the mean (X) 

background by 100 CPM or more after 24 hours incubation.
Specific activity was calculated for each preparation containing 

a significant level of enzyme activity so that the effectiveness 

of the various techniques for extraction could be compared. 

Specific activity was defined as units of activity/mg-protein, 

with one unit being equal to 100 CPM at 37 C for 24 hours.
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The results of the radioenzymatic assays suggest that the 

3mM EDTA osmotic shockate is the least effective method for 

detecting enzymatic activity, particularly adenylylating 

activity. A comparison of three methods— 3mM EDTA shockate, 

10mM EDTA shockate, and sonicate— reveals that while none of 

the 3mM EDTA shockates contain activity, 26.3% (5/19) of the 

lOmM EDTA shockates, and 52.6% (10/19) of the sonicates possess 

adenylylating activity. Closer analysis (Table IX.) reveals 

that the yield in crude protein from the 3mM and lOmM EDTA 

osmotic shockates differed only slightly. The mean protein 

concentration for 3mM EDTA shockates was 0.32jig/ml (range:

0.2-0.45pg/ml) , whereas that for the lOmM EDTA shockates was 

0.43pg/ml (range: 0.1-1.5pg/ml). In general, the difference 

in relative adenylylating activity between the two techniques 

was due to a higher level of activity in the lOmM EDTA 

shockates rather than a greater yield of protein.
In comparisons between the shockate and sonication pre

parations, the yield of crude protein was noticably higher in 

the latter. The mean concentrations was i.46pg/ml (range: 

0.4-3.Ipg/ml) for the sonication preparation. With three 

isolates (Wl, W2, and W5), the demonstration of enzymatic 

activity appeared to be associated with a higher concentration 

of protein in the sonicate preparations. In contrast, five 

isolates (W4, W19, W26, W29, and W33) showed ar. increase in
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activity not associated with a higher yield of protein. Seven 

isolates (W1, W2, W4, W19, W26, W29, and V33) lacked adenyl- 

ylating activity in either of the shockate preparations while 

demonstrating activity in the sonicate, the induction sonicate, 
or both. Such a pattern suggests the possibility that this 

activity may be located intracellularly rather than peri- 

plasmically. Three isolates (W3, W13, and W36) demonstrated 

activity in both the lOmM EDTA shockates and the sonicates.
A similar analysis of acetylating activity reveals much 

less of a disparity between techniques. Of the 3mM EDTA 

shockates, 42.1% (8/19) possessed acetylating activity, while 

57.9% (11/19) of the sonicates were positive. Individual com

parisons reveal eight isolates (W2, W5, W6, W7, W13, W26, W28, 

and W29) with activity in both preparations. As noted 
previously, the yield of crude protein by the two shockate 

procedures was very similar, whereas sonication releases 

significantly more protein. In only one instance (W4) did the 

increase in activity appear to be unrelated to the increase in 

protein content (Table XIV.). Two isolates (W4 and W19) only 

displayed acetylating activity in either the sonicate or 

induction sonicate. This may reflect an exclusive intracell

ular location rather than presence in the periplasmic space.

Eleven bacterial extracts appeared to possess radioenzy- 

matic activity at 3 hours incubation, but lacked such activity



TABLE XIX. Preparations demonstrating a decline in enzymatic activity between 3 and
24 hours incubation —  adenylylation

Proteirt
content0

aCorrected CPM

Organism Préparation 3 hours0 24 hours

¥42 3mM EDTA sho cica te 0.28 116 2

¥2 lOmM EDTA shockate 0.78 131 87

¥5 lOmM EDTA shockate 0.5 282 51

¥28 lOmM EDTÀ shockate 0.86 143 91

¥29 lOmM EDTÀ shockate 1.5 260 41

¥35 1OmM EDTA shockate 0.27 146 91

f*CPM minus mean (X) background CPM 
mg-protein/ml 
cinc.ubation time



TABLE XX. Preparations demonstrating a decline in enzymatic activity between 3 and
24 hours incubation —  acetylation

Organlsm Préparation
Protein
content0

Corrected CPM3

3 hoursc 24 hours

W32 3mM EDTA shockate 0.35 159 -13

W33 3mM EDTA shockate 0.35 101 -a

W34 3mM EDTA shockate 0.31 145 -8

W36 3niîl EDTA shockate 0.34 177 -9

W19 sonicatlon 0.4 139 76

bCPM minus mean (X) background CPM 
Dmg-protein/ml 
incubation time
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question. However, it should be noted that all but one of the 

preparations showing decreased radioactivity at 24 hours were 

shockates. Perhaps the ratio of inactivating to reactivating 

enzymes in the shockate preparations was sutficient to obscure 

well defined results.
The possibility that enzymatic activity requires induction 

to facilitate detection was also investigated. It is generally 

believed that aminoglycoside inactivating enzymes are produced 

constituitively (13), rather than in response to the appropriate 

sucstrate(s). To explore the possible role of induction m  

enzyme production and detection, specific activity was compared 

between sonication preparations and the same extracts prepared 
from cells grown in the presence of sub-inhibitory concentra

tions of gentamicin. Three isolates (W2, W5, and W7) were 
found to possess increased levels of adenylylating activity 

when grown under inducible conditions. At 24 hours oi incu

bation, W2 showed an increase in specific activity from 13 

units/mg—protein in the sonicate to 49 units/ng—protein in the 
induction sonicate. Similarly, 3 units/mg—protein of adenylyl— 

ating activity were demonstrated in the sonicate of W5 as com

pared to 14 units/mg-protein in the induction sonicate. The 

increase in specific activity with isolate W7 was from 5 units/ 

mg—protein in the sonicate to 60 units/mg—protein in the 

induction sonicate. Residual gentamicin in the cel-L sonicates
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would not account for the increase in activity. All cells were 

washed extensively before preparing the sonicates. Although 

growth in subinhibitory levels of gentamicin may have eliminated 

any sensitive subpopulations, thus creating an artifactual 

increase in activity, this is also unlikely. Examination of 
the kill curves of the three strains (Figure 5) shows no initial 

drop in viable cell count as would be anticipated if a selective 

process were occurring.
Another interesting observation is the complete lack of 

gentamicin inactivation displayed by those preparations demon

strating adenylylating activity. The only adenylylating 
enzyme described to date which utilizes gentamicin as substrate 

is gentamicin-kanamvcin nucleotidyltransferase (89), which has 

been reported to completely inactivate gentamicin. A similar 

enzyme was used in the present study as a positive control for 

adenylylation; the control enzyme demonstrated complete bio

logical inactivation in all of the preparations. It is 
possible that these isolates possess a previously undescribed 

adenylylating enzyme which does not inactivate gentamicin. 

Alternatively, the specific activity may not have been 
sufficiently high to allow detection of inactivation. However, 

this is unlikely since the radioenzymatic activity in the pre

parations from the clinical isolates often exceeded that in the 

comparable control preparation. Finally, as noted previously,



Figure 5. Effect of sub-inhibitory concentrations of gentamicin 
on the growth of three resistant clinical isolates. 
O, mean (X) control for W2, W5, and ¥7; ®, ¥2 with
15pg/ml of gentamicin; $3 , ¥5 with 15/ug/ml of genta
micin; ¥7 with 4pg/ml of gentamicin; (!------ j)
range of controls.
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one can not rule out the possibility that some of the enzymatic 

activity, particularly that which was low level, may have been

82

due to non-specific activity. Further studies are necessary 

before any conclusive explanation can be made.
The results of the bioassays for acetylating activity are 

more readily interpreted. Activity associated with complete in

activation of gentamicin is probably due either to a 2 -N acecyl- 

transferase such as gentamicin acetyltransrerase II (73) or a 

3-N acetyltransferase such as gentamicin acetyltransferase I 

(76). Both of these enzymes effectively utilize the entire 
gentamicin C complex as substrates. Those isolates possessing 

activity not associated with inactivation may have an acetyl- 

transferase which utilizes the gentamicin C complex as 
substrate(s) much less effectively. An obvious example would 
be kanamycin-neomycin acetyltransferase (72). This enzyme will 

only acetylate gentamicin C^a , thus leaving the other two 

members of the C complex in active form.
The results of the assay for extracellular inactivation of 

gentamicin by resistant strains are in agreement with obser

vations reported for streptomycin (65). Contrary to the obser

vations made on beta—lactamases in ¿.nterobacter (ilO) , it 

appears that gentamicin-inactivating enzymes are not detectable

in the surrounding extracellular milieu.
An analysis of the genetic basis for gentamicin resistance
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among representative isolates of the study population suggests 

an instability generally associated with extrachromosomal DNA 

(119). it is generally agreed that characteristics spontan

eously lost at frequencies of about 10  ̂ or greater are coded 

for by a plasmid. The results of the present study with four 

clinical isolates and one positive control strain (P. 
aeruginosa) show frequencies on the order of 10 to 10 . Of

particular interest are the observations made with W28. 
Sonication extracts prepared from the two gentamicin—sensitive 

revertants— W28—1 and W28—2— lacked acetylsting activity 

suggesting that this activity is associated with a plasmid.

The extreme increase in sensitivity to gentamicin as reflected 

in the change in MIC from > 16Q0ug/ml to <6.25ug/mx suggests 

that the enzyme may be important in resistance of the organism. 

However, it is equally conceivable that another resistance 
factor(s) is plasmid-associated and thus simultaneously lost.
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CONCLUSION

The present study was undertaken to evaluate the incidence 

of gentamicin-inactivating enzymes in gram-negative clinical 

isolates. Unlike previous studies of this nature, a variety of 

techniques were employed to determine the presence or absence 

of these enzymes. The osmotic shock procedure was utilized at 

two EDTA concentrations— 3mM and ICmM— and each isolate was 

also sonicated. Those isolates either not demonstrating 

activity or only low level activity by these three methods, 
were further evaluated by growing them under inducible conditions 

prior to sonication. Any isolate displaying enzymatic activity 

by any of the above methods, was tested for the capacity to 
biologically inactivate gentamicin. In addition, each isolate 
was evaluated for the presence of extracellular inactivation. 

Finally, an attempt was made to determine the genetic basis for 

gentamicin resistance in a few representative strains.
The results indicate that 13/19 (68.4%) isolates possess 

adenylylating activity, 15/19 (78.9%) display acetylating 
activity, and 10/19 (52.6%) demonstrate both activities. Three 

isolates were found to possess inducible adenylylating activity. 

None of the preparations tested which possessed adenylylating 

activity gave any evidence of biological inactivation. On the 

other hand, 7 of those with acetylating activity completely 

inactivated gentamicin in the bioassav. None of the isolates
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tested showed any evidence of detectable extracellular inacti

vation of gentamicin. Finally, the results of the genetic study 

suggest that, in those isolates evaluated, gentamicin resistance

is associated with a plasmid.
The results of the radioenzymatic assays suggest that the 

3mM EDTA osmotic shock procedure is the least effective method 

for preparing potential sources of enzyme, particularly ad.en/1- 

ylating activity. It is the opinion of this investigator that 

future studies of this nature should utilize at least two 

methods of extract preparation, ie. XOmM EDTA osmotic shock 

and sonication, as well as a procedure designed to provide 

inducible conditions. In addition, care should be taken in 

defining what will be considered as enzymatic activity. The 

results of the negative control assays suggest that non

specific activity may be detectable by radioenzymatic <̂ ssa> .

Any definition should include provisions to account for this 

potential source of activity.
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