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Kinetic data for the antibiotic-modifying enzyme kanamycin acetyltransferase AAC(6')-IV have been
determined for five aminoglycoside antibiotics (amikacin, gentamicin Cia, kanamycin A, sisomicin, and
tobramycin) and compared with close-interval determinations of the minimal inhibitory concentrations of
the same antibiotics against Escherichia coli W677 harboring the resistance plasmid pMH67. These minimal
inhibitory concentrations for the resistant bacteria varied from 80 to 800 ,uglml. Of the kinetic parameters
Vma,x Ki, and VmaxlKm ratio only VmaxlKm ratio had a linear correlation with minimal inhibitory
concentrations (r = +0.818) at pH 7.8, where all antibiotics produced substrate inhibition, but not at pH 6.0,
where they did not. The correlation with only VmaxlKm ratio has implications regarding the expression of
resistance within the dynamics of the bacterial cell (i.e., antibiotic uptake versus modification), whereas
substrate inhibition presents an opportunity to search for new chemotherapeutic agents which will combat
resistance directly.

Clinical resistance to aminoglycoside, antibiotics is known
to be mediated by specific enzymes which acylate, nucleoti-
dylate, or phosphorylate these antibiotics (1). It is not
altogether certain that catalytic turnover by the enzymes-
and not, say, simple binding or a single turnover-is the
cause for an expression of resistance. Davies and Kagan (4)
raised this question because: "there are several modified
aminoglycosides that retain substantial biological activity;
when an R+ strain is grown in the presence of drug no
modified aminoglycoside can be detected free in the culture
medium; finally, in a number of instances, bacterial strains
are extremely sensitive to a drug even though the strain
produces a potent modifying enzyme for the drug!" If,
however, catalysis were the initiating action of resistance
regardless of subsequent effects, then it seems reasonable
that enzyme-mediated resistance should correlate with some
aspect of the kinetics of the responsible enzyme.
The first attempt to link resistance to enzyme kinetics was

made by Williams and Northrop (12), who compared kinetic
parameters determined with homogeneous gentamicin ace-
tyltransferase AAC(3)-I from Escherichia coli C600(pJR88)
to literature values of minimal inhibitory concentrations
(MICs) against the same organism (2). The latter were
determined by the traditional method of serial twofold
dilutions of antibiotics; hence, any link between kinetics and
resistance would at best be qualitative. Nevertheless, an
antibiotic which bound tightly to the enzyme as an inhibitor
did not have an elevated MIC, and therefore it appeared that
catalysis was at least a minimal requirement for resistance.
Comparing antibiotics which displayed differences in MICs
of greater than 10-fold, one pair had a negligible difference in
Vmax and one other pair had a negligible difference in K,.
But these same antibiotics differed more than 10-fold with
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respect to the VmaxIKm ratio (V/K). Williams and Northrop
concluded that neither Vmax nor Km was the kinetic determi-
nant of resistance, but VIK could be. The data were the
absolute minimum on which to draw this conclusion, and
thus the correlation could be coincidental. The present work
was undertaken to elaborate in both number and precision
the data upon which this link is based with the goal of
replacing coincidence with direct proportionality. Moreover,
this work extends the investigation to yet another enzyme.

MATERIALS AND METHODS

Materials. Sisomicin sulfate (batch SCM-6-N-6) and genta-
micin Cia sulfate (batch 7017-119-I) were gifts from J. A.
Waitz of Schering Corp.; tobramycin (lot 8JY55) was a gift
from M. Gorman of Eli Lilly & Co.; F. Leitner and R. P.
Elander, both of Bristol Laboratories, donated kanamycin A
sulfate (lot 79F235) and amikacin (lot 75F110), respectively.
E. coli W677(pMH67) was provided by M. J. Haas of J.
Davies' laboratory. Acetylcoenzyme A, tris(hydroxymeth-
yl)aminopropanesulfonic acid (TAPS), and 2-(N-morpholin-
o)ethanesulfonic acid (MES) were purchased from Sigma
Chemical Co. Aldrithiol-4 (4,4'-dithiodipyridine) Was from
Aldrich Chemical Co., Inc. Tryptic soy was from Becton
Dickinson and Co.; yeast extract, Bacto-Peptone, and
Bacto-Agar were from Difco Laboratories. Kanamycin ace-
tyltransferase AAC(6')-4 was purified 112-fold from E. coli
W677(pMH67) by a modification (8) of the procedures
described by Scarbrough et al. (10).
Growth of bacteria. Liquid medium contained 12 g of

Bacto-Peptone, 5 g of yeast extract, 10 g of glycerol, and 100
mmol each of dibasic and monobasic potassium phosphate
per liter and was autoclaved for 60 min. Solid medium
contained 30 g of tryptic soy in place of Bacto-Peptone plus
15 g of Bacto-Agar and was autoclaved for 30 min. Cultures
of E. coli W677(pMH67) were maintained on slants of solid
medium. These were transferred weekly to plates which
were incubated overnight at 37°C. Single colonies of bacteria
were selected from the plates and streaked onto new slants.
MICs were determined in the liquid medium containing
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TABLE 1. MICs
MIC in p.g/ml for:

Antibiotic----------
E. coli K-12a E. coli W677(pMH67)

Sisomicin 0.25 80
Gentarnicin Cia 0.5 100
Amikacin 1.0 480
Tobramycin 1.o 640
Kanamycin A 1.0 800

a From reference 6.

various amounts of ahtibiotic. Stock solutions of antib
were sterilized by filtration and diluted into 5 ml of me
to achieve a range of, cdhcentration bracketing the
under study with a 20% difference betweendconsec
concentrations. The inoculating bacterial tultures
grown for 6 h at 37°C in'S0 ml of liquid medium containi
antibiotic. Cell populations of 1.25 x 107, as determini
plate count, were ddded to ea,ch tube containing me
plus various amounts of antibiotic.-The bacteria we
lowed to grow for 20 h at 370C, and their growth was ve
by observing. turbidity. The MIC for each antibiotic
assessed as the lowest concentratiorn of antibiotic a
above which there was no turbidity.
Enzyme assays. The coenzyme A. released from a

coenzyme A upon acetylation of antibiotic was detect
its reaction With the sulfhydryl reagent Aldrithiol-
described.previously (10,.11). Full-scalt settings of 0,
0.2 absorbance units on a Gilford model 240 spectroph
eter were used. Cuvette chambers were mnaintained at
by, circulating water baths. Enzyme samples were d
with 0.025 M TAPS buffer (pH 8.5) which had been fil
and degassed. Assay mixtures contained'25 mM pota,
phosphate buffer (pH 7.8) plus 60 ,uM each of a
coenzyme A and Aldrithiol-4 in a volume of 1 ml in 1C
pathiength, quartz cuvettes. At pH 6; the assay. mi
contained 0.1 M MES buffer; 0.1 M potassium chloridi
0.1 mM EDTA plus 200 ,uM acetylcoenzyme A.and 12
Aldrithiol-4 in a volume of 1.5 ml in 50-mm-pathl
optical-glass cuvettes. The latter'were necessary fc
determination df very low Michaelis constants and rec
a specially constructed cuvette chamber-used with su
pinholes to prevent light from falling on the sides of the
narrow.cuvettes. Reactions Were monitored at 324 hi

were idiitiated with 0.01 ml of enzyme which was adde
mixed with .a paddle.
Data andysis. Enzyme linetic data were fitted to

tions' l and 2, using. computer programs SUBINH(
HYPERO representing the presence and absence ol
strate inhibition, respectively, as described by Clelan
Linear correlation analyses were performed by fitting d
equation 3, usinig Madison Academic Computing Ce

TABLE 3. Apparent kinetic constants at pH 6.0

Substrate Km (p.M) V,,. (pmol/min VIKpermg)V/
Sisomicin 2.62 ± 0.63 0.59 ± 0.04 0.023 ± 0.04
Gentamicin Cia 0.46 ± 0.04 0.64 ± 0.01 1.39 ± 0.12
Amikacin 1.73 ± 0.24 0.59 ± 0.02 0.35 ± 0.04
Tobramycin 0.70 ± 0.07 0.70 ± 0.13 1.00 ± 0.08
Kanamycin A 0.65 ± 0.09 0.35 ± 0.01 0.54 ± 0.06

program BMDP. The equations are as follows:
iotics v = VS/(Km + S + S2/Ki) (1)
Adium v = VS/(Km + S) (2)
MiC y=mx+c (3)

:uwtivre where v represents a measured velocity, V is the maximal
were

ing no velocity, S is the concentration of antibiotic substrate, Km is
dby the Michaelis-Menten constant, Ki is the substrate inhibition

-dium constant, x and y are independent variables, and nt and c arebre al- slope and intercept values, respectively.
-rified
was RESULTS

It and The MICs of antibiotics against E. coli W677(pMH67)
were determined and compared with literature values for

Lcetyl- E. coli K-12 (6). The results (Table 1) confirm that the
;ed. by plasmid conferred a very high level of resistance to all these
-4, as clinically useful abtibiotics. Also, the MIC data for resistant
.04 to bactenra cover a 10-fold range of variation with an' intermedi-
otom- ate distribution suitable for correlation analysis.
t 250C The results from kinetic arnalyses at pH 7.8 are shown in
liluted Table 2. All antibiotics (including seven aminoglycosides
iltered which are not shown) exhibited significant substrate inhibi-
ssium tion, as noted+ by the significant Ki values, obtained from
Lcetyl- computer fittings of data to equation 1. As a result of a
)-imm- search for conditions free of substrate inhibitioh, data were
ixture also collected at pH 6 (Table 3). Data for all antibiotics tested
e, and (eight in a11) fit equation 2 better thah equation 1, indicating a
.0 FM jack'of significant substrate inhibition at the more acidit pH.
length The results of,linear correlation analyses of the kinetic and
r the resistance data from Tables 1, 2, and 3 are shown in Table 4.
juired To accommodate substrate inhibition, expected velocities
uitable were calculated from equation 1, givenS=g MIC; and
long, included in the analyses. The VIK values at pH 7.8 gave the
n and only positive correlation with the MICs. Furthermore, VIK
d and values at pH 7.8 gave the only correlation at a 90% confi-

dence level. A plot of these data is shown in Fig. 1, similarly,
equa- a representative plot of the other data (e.g., the next best
) and correlation, VIK at pH 6) is shown in Fig. 2.

Id (3). DISCUSSION
lata to Only V/K gave a linear correlation which was positive and
nter's significant (at a 90% confidence level) with antibiotic resist-

TABLE 2. Apparent kinetic constants at pH 7.8

Substrate km (LM) Vmax (tmo1Imin V/K K, (>tM)

Sisomicin 5.56 ± 0.86 3.33 ± 0.25 0.60 ± 0.05 81.1 ± 13.7
Gentamicin Cla 0.51 ± 0.06 1.35 ± 0.06 2.65 ± 0.22 20.6 ± 2.6
Amikacina 0.16 ± 0.06 0.46 ± 0.04 2.88 ± 0.92 11.4 ± 4.3
Tobramycin 0.32 ± 0.07 0.93 ± 0.05 2.91 ± 0.51 24.7 ± 3.4
Kanamycin A 0.13 ± 0.03 0.81 ± 0.004 6.23 ± 1.25 24.7 ± 5.7

a Data were obtained below 11 p,M. At higher concentrations, anomolous kinetics were observed, indicating a second active site or a
reversal of substrate inhibition.
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TABLE 4. Linear correlation analyses
pH Kinetic constant Correlation coefficienta

6.0 Km -0.4497
Vmax -0.4842
VIK -0.1234

7.8 Km -0.6316

Vmax -0.6992
VIK +0.8184
vb -0.6767

a Calculated with three degrees of freedom.
b Velocity calculated from equation 1 for antibiotics at concentra-

tions equal to MIC.

ance. All the other kinetic constants gave negative correla-
tions whose coefficients were too small to be significant.
Davies and Kagan (4) have suggested that the expression of
microbial resistance is the outcome of the competition
between the rates of two processes-transport and modifica-
tion. If so, one would not expect a correlation between
resistance and Km, because Km is reflective of an equilibri-
um, not a rate process. Both Vmax and V/K are rate con-
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FIG. 2. MICs of antibiotics against R+ E. coli W677 versus VIK
values for kanamycin acetyltransferase at pH 6. Data points are
from Tables 1 and 2. The dotted line was determined by a least-
squares regression analysis.

)wever, Vmax is tne rate constant wnicngoverns**weve,aVlaxi i
turnover rtsatraetonsantibwticn govcern data in Tables 1 and 4 clearly show that resistance is not all

vhcataticturonoventraattnratingeoantibioticconen or none, that it is relative, and that it is determined by a

hcho fis the nzrangef fanibioi one kinetic feature of the resistance-mediating enzyme which is
tect to fnda In a cell If the enzyme were faling In the knwbe
in with transport and if the cell were overwhelmed Sec
ibiti. On th ote hn, VI is,th,aecntn Second, JUSt because an antibiotic IS a substrate for a

biernoti Oathe ot hand,V/i ithe rate costant modifying enzyme, it does not necessarily follow that the
tems te rat,ofctl, ytich istne atnsubtrate bacterium producing the enzyme will be resistant to it.
Lions belwoKm levels, wh fi s th coceniftrati Stated conversely, a knowledge of the antibiotic-resistance
Itibiotic.oT ell.. if i wnear spectrum of a bacterium is not sufficient to identify the

vy "orresistiong' betheenVIKanantibiotic.Th ore,lin substrate specificity of the modifying enzyme or to infer the
ye orrelbretw rV *ssand banteibt reist identity of the enzyme itself. For resistance to be expressed,
fulecwitiveandoftherealityofant i

r
.

.Thiscteluwic the antibiotic must be a "good" substrate, and as the results
ul withstandingthe antibioticr.Thisc atio in Table 4 indicate, in the context of microbial resistance, the
Ilmportant Implications for antibiotic resistance
ntibiotic resistance is often described in an all-or- goodness of a substrate is determined neither by a low Km

nor by a hi h Vma alone but by their ratio.
ner, supported by MIC determinations which do y g max

,
measurementsabove16 or32gm.As aroThird, the correlation of resistance with a rate process

..meriasenbt above 16iory32 anti.As a rough clearly supports the hypothesis that continuing catalytic
erilsarinhibit eredyaino csidie, an,tios at turnovers are necessary for resistance to be expressed,

leabvels are de ed"sensit," and ,th nth despite the absence of a buildup of modified aminoglycoside
in the medium, unlike the cases of penicillin and chloram-
phenicol in which modified antibiotics accumulate. It is quite

0. likely that there are three different rate processes engaged inthe competition which determines resistance to aminoglyco-
sides: in addition to transport and modification, there may be

0. _ 6 the involvement of hydrolytic enzymes such as peptidases,
phosphatases, and diesterases which unmodify the modified

0 ,' aminoglycoside. (For example, an N-acetylkanamycin hy-
o. - . drolase has been found in a kanamycin-producing organism

along with kanamycin acetyltransferase [9].) Hydrolytic
enzymes are periplasmic or extracellular in occurrence, and

0. - therefore would encounter the modified antibiotic as it
leaves the cell. Such a process may not only explain the lack

W_ oof buildup of the modified aminoglycosides, but, if involved
10. - / in the transport of modified antibiotic out of the bacterial
06cm cell, may also provide yet another target for combatting

O L| g|2clinical resistance to this important group of antibiotics.b . 2. 4. 6. 8. This study was made considerably more difficult by the
presence of substrate inhibition. At neutral pH, the presence

V//K of substrate inhibition necessitated more careful measure-
MICs of antibiotics against R+ E. coli W677 versus V/K ments of velocities at very low concentrations of antibiotic
canamycin acetyltransferase at pH 7.8. Data points are than would have been necessary otherwise. Repeated ex-
s 1 and 2. The dotted line was determined by a least- periments were performed at different pH values to obviate
ression analysis. the problem; but although successful in escaping substrate
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inhibition at acid pH, this tactic did not yield data which
correlated with resistance. Nevertheless, this pH-dependent
substrate inhibition may be an important finding. Substrate
inhibition can be an inherent part of an enzymatic mecha-
nism, in which case it may be a useful tool for proving the
mechanism, but sometimes it has no mechanistic signifi-
cance (7). Universal substrate inhibition at pH 7.8 and none
at pH 6.0 suggests it has none. Nevertheless, the pH
dependence may hold the key for separating out and identi-
fying the pKa values of specific groups on both the enzyme
and antibiotic which are responsible for the inhibition. Once
the mechanism of substrate inhibition is known, it may then
be possible to modify the aminoglycoside antibiotics to make
them better inhibitors and worse substrates.
The lack of a perfect one-to-one linear correlation between

V/K and MICs also has several important implications. First,
Davies and Kagan (4) as well as Williams and Northrop (12)
assumed that all the different aminoglycosides are transport-
ed into the bacterial cell at equal rates. This assumption,
based on the structural similarity of these compounds, is also
implicit in the present expectation of a linear correlation. If
the rate of transport of all aminoglycosides is indeed the
same, then, for example, Fig. 1 predicts that gentamicin Cia
should have had a much higher MIC than was actually found
in Table 1. However, if gentamicin Cia were transported into
the cell at a faster rate than the rest of the antibiotics, then a
lower extracellular concentration of antibiotic (i.e., MIC)
would be sufficient to attain a lethal intracellular concentra-
tion. Therefore, the deviation of the points from the regres-
sion line in Fig. 1 may be indicative of differences in the rates
of transport of different aminoglycosides. Moreover, the
regression lines and deviations from them may be different
again if the same enzyme is expressed in different bacteria.
For example, if resistance were measured in a pseudomonad
carrying the pMH67 plasmid, then different antibiotics might
fall above or below the regression line because membranes
and transport systems are different.

Second, some plasmids may code for more than one
aminoglycoside-modifying enzyme (pMH67 does not, how-
ever [9]), and a second enzyme, acting on some but not all of
the substrates of the first enzyme, could distort the correla-
tion. For example, the VIK for tobramycin would anticipate
a much lower MIC than observed. The higher value, repre-
senting greater-than-expected tolerance, may be indicative
of yet another mechanism of resistance coming into play.
These implications are all part of a larger view, namely,

that additional phenomena contributing to resistance will be
expressed by data points not lying along the regression line
between MICs and VIK values. This assertion invites new

research into the biological controls of resistance, such as
the role of other genes on a plasmid, by telling us when and
where to look for additional mechanisms or modulators of
antibiotic resistance.
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