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Table 1. Effect of key novobiocin fragments one semiconservative DNA replication in toluenized E. coli

cells.
Sample PH](TCI;’{E /;‘;fr‘l’;l’;‘;rated Inhibition (%)

Control 17,520 0

Novobiocin sodium  0.05 mMm 1,200 94
0.01 mm 2,940 83

Novenamine 0.05 mm 2,370 87
0.01 mm 6,040 66

Novobiocic acid 0.05 mm 16,010 9
0.01 mm 16,750 D

Ethyl novioside 0.05 mm 17,000 3
0.01 mm 19,000 0

Reaction mixtures contained in a total volume of 0.3 ml: Tris-HCI buffer (pH 8.0) 50 mm, KCI 0.1 M,
magnesium acetate 10 mm, ATP 2 mm, dCTP, dGTP, dATP 0.5 mm each, [PHJTTP 0.02 mm containing 2.5 xCi/
sample and approximately 2 x 108 E. coli cells/[sample. Incubation of the reaction mixtures was for 30 minutes

at 37°C,

Fig. 2. Sensitivity of DNA gyrase to novobiocin
fragments.

Lanes from left to right: 2 DNA-Hind III digest,
standard; relaxed circular pBR322 DNA, no
gyrase; relaxed pBR322 plus gyrase; relaxed pBR
322 plus gyrase plus novobiocin; relaxed pBR322
DNA plus gyrase plus novobiocic acid ; relaxed pBR
322 plus gyrase plus benzoic acid derivative; relaxed
pBR322 plus gyrase plus novenamine; 1 DNA-
Hind TII digest, standard. Drug concentrations
were 0.1 mM. Samples were separated on 1Y%

agarose gel electrophoregrams.

phate buffer containing 19 toluene and stirred
at room temperature for 10 minutes*®. Fol-
lowing toluene treatment the cells were removed
by centrifugation, the pellet and tube walls were
thoroughly rinsed with 0.05 M potassium phos-
phate buffer, and the pellet was resuspended with
the same buffer in 0.1 vol of the original culture
medium. This cell suspension was divided into
aliquots which were stored above liquid nitrogen
until used. Reaction mixtures to assess ATP-
dependent DNA replication contained in a total
volume of 0.3 ml: Tris-HCI buffer (pH 8.0) 50
mMm; KCI1 0.1 M, magnesium acetate 10 mm, ATP
2 mm, dCTP, dGTP, dATP 0.5 mMm each, [*H]-
TTP 0.02mm containing 2.5 xCi/sample and
approximately 2 X 108 cells/sample. Incubations
were carried out at 37°C for 30 minutes. The
reaction was terminated by the addition of 3-ml
portions of cold 109 trichloroacetic acid con-
taining 0.1 M sodium pyrophosphate. The precip-
itates were collected on 0.45 ym Millipore filters
and washed extensively with cold 0.1 N HCI.
Radioactivity was determined by conventional
liquid scintillation spectrometry techniques.

DNA Gyrase

DNA gyrase isolated from Micrococcus
luteus was obtained from Bethesda Research
Labs., Gaithersburg, Maryland. The enzyme
was assayed in reaction mixtures containing in
a total volume of 25 ul: Tris-HCI (pH 7.5) 35
mM, MgCl, 20 mM, KCI 20 mm, EDTA-Na,
0.1 mM, 2-mercaptocthanol 10 mMm, spermidine
2mM, ATP 1 mmMm, 109 glycerol, 0.5 ng of re-
laxed covalently closed pBR322 DNA and 1
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unit of gyrase. Incubation was at 37°C for 30 minutes.

Relaxed circular covalently closed DNA was prepared by digesting supercoiled pBR322 DNA with
a ten-fold excess of EcoR T restriction enzyme followed by ligation with T, DNA ligase according to
standard procedures. The religated product obtained consisted mostly of dimers of pBR322.

Results and Discussion

DNA Replication in Toluenized E. coli Cells

The parent compound novobiocin caused almost complete cessation of replicative DNA synthesis
when present at a concentration of 0.05 mm (Table 1). Ethyl novioside (the sugar portion of novobiocin)
and novobiocic acid were both inactive. Novenamine on the other hand, was nearly as inhibitory as
novobiocin itself at a concentration of 0.05 mm.

DNA Gyrase

Novobiocin, as expected, did inhibit the formation of supercoiled DNA from the circular relaxed
form of pBR322 (Fig. 2). Novobiocic acid and the benzoic acid moieties each did not inhibit DNA
gyrase. Novenamine proved as inhibitory as novobiocin in this system. All compounds were studied
at 0.1 mm concentrations.

Only novobiocin exerts significant antibacterial activity against whole Staphylococcus aureus cells
whereas all the novobiocin fragments studied are virtually inactive against this organism. None of the
fragments tested inhibits whole E. coli cells and novobiocin itself is a very weak inhibitor of this latter
organism but it is very potent in toluenized E. coli cells. The reason that novobiocin has only weak
activity against whole E. coli cells must thus be due to insufficient penetration of the E. coli cell envelope
by the drug.

Novenamine is essentially as active as novobiocin in inhibiting DNA replication and DNA gyrase.
Since none of the other fragments tested exerted any inhibition of DNA replication or DNA gyrase,
novenamine represents the minimal structural entity present within the novobiocin molecule essential
for interaction with DNA gyrase. The fact that novenamine is inactive against whole cells suggests that
this molecule can not penetrate the cell envelope efficiently and in turn this indicates that the benzoic
acid moiety which does not interact with DNA gyrase fulfills a transport function only in intact novo-

biocin.
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Recent work has shown that the activity of cephalosporins in inhibiting exocellular pp-
peptidases from Streptomyces R61 and Actinomadura R39 are, at best, only poorly related to
minimum inhibitory concentrations against pathogenic isolates. Taking into account the rate
at which cephalosporins diffuse through porin channels, such as exist in certain Gram-negative
organisms, does not help in establishing a relationship between MIC data and the kinetic data
on the model enzymes. Most published cell wall permeability studies, the porin ones being
a principal exception, have not examined long enough series of structurally related compounds
to establish property-activity relationships.

The end point of an MIC assay is the summation of many physical and biochemical events. In
order for a S-lactam antibiotic to prevent bacterial growth, it must be able to reach and inhibit target
enzymes. The enzymes thought to be associated with killing of bacteria are the high molecular weight
transpeptidases in the periplasm of the bacterial envelope®. In order to reach these sites the antibiotic
molecules must diffuse through the thick peptidoglycan layer of Gram-positive bacteria or through the
outer lipid bilayer and peptidoglycan meshwork of Gram-negatives®. The rate of entry must allow
both specific and nonspecific sites to be occupied and must exceed the rate at which S-lactamases® can
detoxify the inhibitors. The antibiotic molecules that do reach the active site of target enzymes must
have appropriate electronic and steric properties to be recognized as a substrate or transition state
analog of the X-p-alanyl-p-alanine substrate!**. The S-lactam ring has to be reactive enough® that
when the antibiotic molecule collides with the active site serine®, a covalent ester linkage will form.
The half-life of the acylated transpeptidase needs to be long enough that turnover of the enzyme is
adversely affected, so that normal bacterial autolysins can operate on the peptidoglycan without a bal-
ancing biosynthesis of new crosslinked peptidoglycan®™. The net result is an aberrant cell wall
which is not sustainable.

Numerous investigations have separately addressed the behavior of p-lactam antibiotics in j-
lactamase resistance, permeability, and enzymic inhibitory assays. Experiments on the last two factors
usually rest on some assumptions and have not always been able explain relative microbiological poten-
cy of well studied antibiotics. If structure-property relationships were to be established, they could
be very valuable in prospectively evaluating the potential activity of new antibiotic structures.

ZIMMERMANN and ROSSELET assumed a steady state model and used p-lactamase hydrolysis rates
of intact and sonically disrupted cells to compute the concentration of six cephalosporins and two penicil-
lins inside the outer membrane of Escherichia coli®®. More hydrophili compounds were found to
have higher concentrations inside the cells, but this does not translate into better E. coli MICs. For
instance, the periplasmic concentration reached by cephacetrile is ten-fold higher than that of cephalothin,
and the diffusion parameter C of cephacetrile is seven times higher than that of cephalothin. Yet the
MIC against E. coli of the latter compound is two times better than that of cephacetrile'®.
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SAwALI, et al., evaluated the ability of five cephalosporins and two penicillins to pass through the
outer membrane of Proteus morganii, Citrobacter freundii, and E. coli'®. This work showed that
barriers vary from species to species and that there is a very rough correlation indicating more hydro-
philic compounds penetrate better. For this limited number of compounds, a statistically acceptable
correlation between the periplasmic concentration of antibiotic and MICs only appears to exist for
E. coli.

In another study, permeability coefficients were measured for six cephalosporins in regard to
penetration of the outer membrane of Enterobacter cloacae'®, but the coefficients do not correlate with
the MICs. Similarly, no general correlation exists between antibacterial concentration and periplasmic
concentration for a set of eight cephalosporins and 1-oxacephalosporins!'®. Still another study deter-
mined the transmembrane permeability coefficient for seven cephalosporins and three penicillins'®.
Although the ability to diffuse across the outer membrane of Haemophilus influenzae type b is related
to the lipophilicity of the compounds, analysis of the data fails to reveal any correlation between
permeability coefficients and MICs for either a j-lactamase-positive or a f-lactamase-negative strain
of this organism.

A very recent permeability study®:'® is especially significant because a large enough number of
compounds were examined to allow some conclusions to be reached about structure-property relation-
ships. Penetration through the porin channels of E. coli K-12 in reconstituted proteoliposomes was
determined for a wide range of cephalosporins and other p-lactam antibiotics of current interest!®:'®,
In contrast to the murein layer, the outer membrane of Gram-negative organisms presents a formidable
barrier to the diffusion of B-lactam antibiotics. Porins are thought to be trimeric'® or dimeric*” pro-
tein structures which form a channel through the outer membrane of enteric bacteria. The rate of dif-
fusion of cephalosporins through porins depends not just on lipophilicity, but also on ionic charge and
steric properties®. Some compounds with excellent antibacterial activity, such as cefotaxime and
other oxime-containing compounds, pass through porins more poorly than expected. The steric rigidi-
ty of the acylamino side chain may retard passage. YosHIMURA and NIKAIDO concluded that resistance
to S-lactamases compensates for the low penetration rate of these compounds, so that an effective peri-
plasmic concentration can, nevertheless, be achieved'®.

It has been pointed out that whereas cephalosporins appear to pass through the outer membrane
via porins, penicillins do not'®. The mode of penetration varies not only with organism, but also

with compound.
Regarding the other factor of enzyme inhibition, MIRELMAN attempted to use Pseudomonas

aeruginosa cells permeabilized by ether treatment to biochemically assess intrinsic activity, i.e., ability of
a compound to inhibit transpeptidase action isolated from the influences of penetration and j-lacta-
mases'?, However, only a modest correspondence between the enzymic inhibitory activities and MICs
could be established for cephalosporins (D. B. Boyp, unpublished work).

Other working models of intrinsic activity are the pp-peptidases from Streptomyces R61 and
Actinomadura R39%:2Y, These p-lactam-sensitive transpeptidases have been subjected to exhaustive
biochemical studies because they can be isolated and purified in stable, active form, unlike the target
penicillin-binding proteins. Recently enough data for these two model enzymes have emerged to show
that they generally have a profile of sensitivity to caphalosporins quite unlike those of 20 clinically im-
portant Gram-positive and Gram-negative pathogens®®. In other words, the model enzymes respond
differently to cephalosporins than do membrane-bound PBPs.
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Table 1. Organisms studied to determine if MICs can be regressed on data from the model systems.

Staphylococcus aureus X1.1 Klebsiella pneumoniae X26
” ” V41 ” ” X68
” » X400 Enterobacter aerogenes C32
S. epidermidis Epil E. cloacae EB5
Streptococcus pyogenes C203 Salmonella heidelberg X514
Group D Streptococcus X66 Pseudomonas aeruginosa X528
Haemophilus influenzae C.L. Serratia marcescens X99
Escherichia coli N10 Shigella sonnei N9
” ” ECl14 Norganella morganii PR15
» » TEM Providencia rettgeri C24

This article addresses the question of whether kinetic constants for the pp-peptidases can be related
to microbiological activity if available permeability data are taken into account. Eight of the cephalo-
sporins studied by the Liege group®’:** were also studied by YosHIMURA and NikaIpDo'®, Having a
larger number of compounds in a closely related series would be highly preferable. However, it is
worth-while to proceed with the available data while being mindful that statistical abnormalities may
arise.

MICs of the eight compounds against 20 pathogens (Table 1) are reported elsewhere®?. Rates
of diffusion through the OmpF porin of E. coli K-12'* are expressed relative to that of cephacetrile.
Kinetic constants??-20 for the R61 and R39 pp-peptidases include k,/K, k;, and k,/(k;K). K is the dis-
sociation constant of the reversible enzyme-inhibitor complex; k, is the rate of acylation, and k; is the

rate of release of the degradation product(s) from the enzyme.

K ke k3
E4+I—EIl— EI* — E+{P

The statistics programs MINITAB (Minitab Project, The Pennsylvania State University, University
Park, Pennsylvania, U.S.A., 1982) and STATPACK (R. HoucHARD, Western Michigan University, Kala-
mazoo, Michigan, U.S.A., 1974) were used to determine which, if any, of the MIC’s for the 20 organisms
could be linearly regressed on two independent variables: (1) one of the six kinetic constants mentioned
above and (2) relative diffusion rate R.  All quantities were treated in log,, units. Altogether over
120 regression equations were evaluated in terms of (a) the amount of variance in the MICs explained
(r? in percent), (b) the ratios of the coefficients to the standard deviation of the coefficient, and (c) the
probability of the null hypothesis being satisfied.

The strongest correlation found (Fig. 1) involves Enterobacter aerogenes C32 MICs and k,/K for
the R61 enzyme. Other strong regressions relate log R and R61 k,/K to MICs for additional enteric
Gram-negatives, Shigella sonnei N9, Klebsiella pneumoniae X26, and K. pneumoniae X68. All these two
variable regressions are able to explain 65 % or more of the variance in the MIC data and had T-ratios
of 2 or more for each term in the regression equation. For the eight compounds in Fig. 1, no strong
correlations are found between MICs and the porin R values alone.

When the data in Fig. 1 are examined carefully, one realizes that the E. aerogenes correlation is, in
fact, ‘“‘counter-intuitive”. The oxime-containing compounds, cefotaxime, HR109, and cefuroxime,
are at the low MIC end of Fig. 1, yet are relatively poor at inhibiting DD-peptidases?®-2?’ and diffusing
through porins'®. At the high MIC end is cephalosporin C, which passes through porins over three
times more rapidly than cefotaxime'® and is exquisitely potent at inhibiting the R39 and especially
R61 pp-peptidases®®:2Y. Fig. 1 is thus a case of statistics happening to explain the observations when
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Fig. 1. Experimental MICs against Enterobacter aerogenes C32 plotted against MICs predicted by MIC=
—(3.85-1.12)+(0.85+0.20) log (ko/K)+(2.11+0.59) log R, n=8, r=0.91, r*=83Y%, s=0.63, p=

1.24%.
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the number of observations is small and the number of variables is sufficient (two in this case).
One must still deal with the fact that for none of the 20 organisms are sensible correlations to be
found. One reason is that there are fundamental chemical and physical differences between PBPs and
DD-peptidases®®. Another equally important reason is that there are multiple A-lactam-sensitive
proteins, each with selective functions, catalytic activities, and affinities for structurally different anti-
biotics”. Even if a target membrane-bound p-lactam-binding protein can be isolated and studied, it
will be challenging to relate the kinetic properties of that one enzyme to microbiological activity. In
order to ferret out whatever relationships may exist between whole organism data and model system
data, future experiments on biochemistry and penetration should be designed such that structurally
related sets of antibiotics are examined and that the number of compounds is large (at least 15~ 20,
preferably 30~40). The number of compounds must be large enough that -lactamase susceptibilities
can be included in the regression analysis as an additional independent variable. In the meantime,
data from the model systems can be suggestive of the roles of intrinsic activity and permeability and will
have to form the basis of judicious inferences about these factors in property-activity relationships.
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