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Itmhibitory tumid! inactivatiomi poteumcies of fetracycliumes toward noumsyimcimrommous amid

synchronous cultures, respectively, of Esc/meric/iia co/i caim be correlated with the same
substitueimt iumdex for groups placed oim the D-ring. The inmplictttiomm gaimmed fronu this pair
of correlatioums is that time bacteriostatic timid bactericidal effects of tetracvclimmes are colt-
trotted by a conmmon electroumic factor. Similarly, aim equivalemmt electronic index and the
lipophihic index ir nmay be used to correlate time inhibitory potemmcies of a series of chlor-
amphemmicols, whose mode of actioim is similar to but at a site differemmt from that of time

tetracvchmmes.

Bticteriai growtim kimmetics provides ti

ummeaims of assessiumg djuttmitittntively time rela-

tive potemmcies of aimtibacterial agents. A

culture (If i)ttcteria in baiaimced growth htts

its chitimige iim popultmtiomm with tiimme described

by a first-order rate law. Immtroduction of

ami ammtii)iotic imito this culture results itt a

dimiumisimed rate of growth, wimich is reflected

by a lowered tipparent first-order late

coumstant. The effect (If the tintibiotic on

time culture mmmay be to inhibit time growth

of the bacteria at low commcemmtratiuums of

drug, or it mmmay be bactericidal at high con-

cent rtmtiomms of drug, in wimicim case a certain

portion of time cells are mttctivated, i.e.,

killed. Ami antibiotic is assunmed to itmhibit

btmcteritml growth wheum time rate itiw btlsedl

omm total populatiomm is superposabte on time

rate law i)tisOdl ()ii viable cell couumts. With

This work was smml)l)orte(l by Nat omial lost it mites

of Ilealtlm ( rammt AI-09199.
( )mi leave fronm t he tmmiversitv of Mammelmester.

I )epart mmmemm1 of Pima rnmary - I mmit NI K i mmgd ommm

tetracycline as time tumtii)iotic, it imas i)eelm

reported ( 1 ) flint time iumhmibition timid the

immactivat ioim of Eseheriehia co/i cult tires

lead to differing forums of time apparemmt rttte

law-. limimii)iti(In of tim(’ cttltures led to first-

order depeimdence, �vimi Ic iumact ivat ion (If

time cultures followed a frttctiommal-order

depeumdence (Iii tet rtmcydlimie commceimt rttt ion.

lime inmplicati(IIm gaimmed frommm this observa-

tiotm is that tetracvclines immimibit time growth

of bacteria in one way timid inactivate their

growth in anotimer.

Recemmt lv bacterial growtim kinetics has

1)een applied to oiltaiml time imilmibitory p0-

temmcies of a congenenc series (If tetrttcydiimi(’s

toward cultures of E. coli imm baiamiced

growtim (2). ‘I’Imese st U(lies imave beeii OX-

tended to Oiltailm t he iiitidt ivttt 1011 potemicies

of ti limmmited congemmeric series of tetracyclines

omm S!JflC/irOflo?I8/!J (J1.���,1fl(/ cultures of E. co/i.

Details of time synchmromiizatioim procedure

amid time beimavior of tim(’ svncimromiizod cul-

titles toward time tot raevchimios at Vutnoits



7-NO2 0.41 1.26d 1.61 2.87 2.88 0.01

7-NH2 0.24e -0.66 0.43 2.26 2.14 0.12

7-Br 0.12 0.23 0.05 1.71 1.90 0.19
H 0.00 0.00 0.00 1.20 1.97 1.87 (2.01) 0.10 (0.04)

9-NH2 0.24c -0.66 0.43 1.55 2.16 (2.09) (0.07)
9-NO2 0.41 0.78 0.61 2.59 1.64 (1.72) (0.08)
9-N(C113)2 0.24 -0.6 0.36 3.11 1.37 (1.34) (0.03)

#{176}From Charton (3).
Data of Miller et al. (2).

Calculated on the basis of Eq. la Values imi parentheses were calculated on the

d “Emihanced” value.

Assumed equal to N(CH3)2

basis of Eq. 3a.

TABLE 2

Inactima t ion potencies of D-ring substit uted tetracyclines

- Log kd, Log kd
Substituent Lr a a observed calculated”

‘� I

7-NO2 0.41 1.26 1.61 -1.13 -1.11 0.02

9-NH2 0.24 -0.66 0.43 -1.27 -1.32 0.05

H 0.00 0.00 0.00 -1.44 -1.40 0.04

N(CH3)2

STRUCTURE I
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Substituent

TABLE 1

Inhibitory potencies of D-ring substituted tetracyclines

E a g2 r a Log k�, Log k2,observedi calculate&

#{176}Calculated on the basis of Eq. 2a.

times in time cycle will be reported at a later

date.2 This report shows that the inhibitory

and immactivation poteumcies of tetracyclines

toward imonsyumchronous and synchroimous

cultures, respectively, caum be correlated

witim the sanme eiectrommic iimdex for D-ring

substituents.

Time general structure of the tetracyciiumes

considered is represeimted by I, where the

D ring is the aromatic rimmg on the left.

Inhibitory poteimcies for tetracyclines of

structure I toward nonsynchronous cultures

2 J� H. Collett, C. Collett, A. N. Martin, and

A. Canimarata, manuscript in preparatiomm.

are given jim Table 1 , tmnd itmactivation

potencies for tetracyclines of the saumme

geimerai structure t(Iward synchronous cul-

tures are given in Table 2.

It is generally agreed that tetracyclirmes

affect bacterial growtim by iimhibiting the

additioum of aminoacyi-tIINA to the 30 S

ribosoummal simbuumit (4, 5). TIme inhibitory

potencies listed in Thi 1 parallel time rela-

tive rates of proteimi synthesis within the

organisumms when the tetracycliumes are present

(2), so that they may be coimsidered as

representing the efficacy of the tetracycliumes

jim associating with a conmmon site on the

ril)oomal sui)uimit.

Oim the other hand, evideimce has been

presented suggesting that inhibitioim of cell

wall synthesis (6), of cornpoiments of the

respiratory chain (7), or of other biocimemical

systenms (8) nmay contribute to the hacteri-

cidal effects of the tetracyclines. Figure 1
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FIG. 2. (‘orrelation of tetracycline inhibitory

#{149}) and jnartivation (U potencics with Er
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Fin. 1. Superposition of survival curre.s for

synchronous- cultures- of E. coli B/i in the presence

of teti-aci�cline.s of structure I

#{149},X = 7-NO2; I, X = 9-Nih;

0, X = II.

simows a superpositiomm of survival citrves

oi)tained for the synchronous cultures immtime

presence of 20 ,.�g/mi of each tetracyclimie

studied. It is representative of time survival

curves oI)tttined at ammy tiumme duriimg time

growth cycle of the symmchronous cultures,

since the iimttct ivat on constaimt for each

tetracycliume (Tumble 2), whiclm is time slope

of the linear portiomu of time curve, is time same

at all sttmges up to aimd including division.

This kiumetic behavior is consistent with a

mechanisnm imm wimicim time tetracyciimmes in-

activate a process that is contiumuous

timroughout the life cycle of a bacterial cell.

Time counummoim extrttpoiated iimtercept iumdi-

cates tlmat time tetracyclimmes have a conmnmon

nuode of action at time higim concentration

used. These resitlts are interpreted as sug-

gestiimg time inactivation of a continuous

biochemical process, such as protein syum-

thesis, which in turn leads to the bactericidal

effects of the tetracyclines. The lag period

between the timmme when a synchronous cui-

ture is first placed itm coimtact with a tetra-

cyciine aimd time ideai time when the total

i)ttcterial populatiomm first eXpet’i(!mices time

i)ttct(#{176}I�icidal (‘fleets of time tetracycline is

tttkemm as time timmme during whicii ti p(IOl of tot

essential lmmetttl)olite, sitch as protein, immay lIe

utilized.

If it is assuummed that time inimibitiomm timid

immactivation of l)ttctenal growth l)y tetuti-

cyclines depemmds upon a coimmimmotm process

such as the imiterruptiomm of proteitm sytitimesis,

it nmight be expected that time inhibitory timid

immactivttt iotm potemicies for time tot racyclimies

can he related to time saimme imidex for 1)-ring

substituents. That this is indeed the case is

shown by Eq. 1, derived for time iumhibitory

potencies giveim jim Table 1 (7-substituted

compouumds)

log I� = 0.62a2 + 1.87,

(1 a)
it = 4, s = 0.17, i� = 0.96

log I’�, = 2.48Er + 1.73,
(ib)

n = 4, s = 0.30, i� = 0.87

and i)y Eq. 2, derived for time itmactivation

poteimcies of Table 2.

C

C
C

(2

3

�loo

(2

C



E,, observedb L, calculated I .� I

0.137 0.17 0.14 0.03

0.435 0.24 0.23 0.01

0.073 0.11 0.10 0.01

0.036 0.03 0.08 0.05

0.029 0.03 0.08 0.05

0.048 0.10 0.09 0.01

0.053 0.12 0.09 0.03

0.032 0.12 0.08 0.04

0.436 0.24 0.23 0.01
0.608 0.41 0.39 0.02
0.250 0.24 0.20 0.04

0.102 0.13 0.12 0.12

#{176}FromJaff#{233} (10).
b From Yamamnoto and Otsu (11).

A.ssumed equivalent to Nil2
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log 1�(J = 0.85(±0.28)Er

Substituent

4-OH

4-NMe2
4-OMe

4-t-Bu

4-Me

4-Cl
4-Br

4-I
4-CN
4-NO2
4-COMe
4-OPh

a”

TABLE 3

Parameters used in correlating a2 and Er

-0.37

-0.6(Y

-0.27

-0.19
-0.17

0.22

0.23

0.18

0.66

0.78

0.50

-0.32

log k� = 0.18a2 1.40,

it = 3,s = 0.07,r = 0.94

log k5 = 0.76Ev - 1.44,

n = 3, ,s = 0.01, r = 0.99

A plot of time datti is showum ium Fig. 2. Er is

the paranieter used iii immaking this plot, since,

with 7-substituted tetracyclines at least,

timis (�uaumtity led to correlations (If greater

statistical significaimce thaum wimeim a2 was the

substitueumt parameter. At tenmpts to cor-

relate the saumme data using the substituent

iumdices a (Haimmnmett), ir (Fujita tmumd Hansch),

�.2, r,� (vaim der \Vtials comitact distance), PB

(electronic polarizahility), or a5 and aR

(rfft) aloume aimd in linear coumml)iliati(Imi were

uimsuccessful.

Although it immay be argued that the small

nunmber of data points tends to conmprommmise

the correlations given by Eq. 1 amid 2, it

simould be enmphmasized t hmat the suhst itueumts

represented are ordinarily considered as- im-

parting ext renmes in elect rommic and lipophilic

character. Timus, a 7-NO2 group is strongly

electronm-withdrtuvmg (a = 0.78) amid tends

to increase lipophilic soluhihty (� = 0.24),

wimile a 7-NH2 group is stroimgly electron-

dontitimig (a = -0.66) and teimds to increase

aqueous soluilihty (� = - 1 .63) relative to

7-H (a = ii. = 0.0()). The correiatiomm of

(2tt) tetracyclimme activity with a2 teimds to suggest

a possible parabolic depeumdetmce of tetra-

cycline activity on a. Since the 7-NO2 and

(2b) 7-NH2 tetracycliume derivatives are the nmost

active of the compouimds iumvestigated, it

would seem that timmy parabolic trend in

tetracycline activity with a would have a

umiinminmunm iIlmt, timeoretically at least, no

maximunu. In other words, 7-substituents

th at tire more strongly eiectrolm-witimd rawing

than 7-NO2 or more strongly electroum-

donating thaum 7-NH2 should lead to even

nmore potenmt tetracyclines.

Timis immmplicatioim should not be taken over-

zealously. It nmight 1)0 timought that by

making suhstitutioims at positions 7 and #{182}1of

time tetracycline nucleus a more poteimt

tel racyciiime might be constructed.

fortumiately, steric factors mmmitigate the

antibacterial effects of 9-substituted tetra-

cyclines, as caim l)e seemi by time correlatioim

logk2 = 0.57(±0.31)a2

- 0.46(±0.09)r�

+ 2.56,

ii = 4,s = 0.11,r = 0.98

(3mm)
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A ease related to the use of a and a2 has beemi

reported (9).

TABLE 4

Inhibitoi-y potencies of chlorainphenicols substituted on the aromatic ring

4-SO2Me 0.12
4-I 0.12

4-i-Pr 0.03
4-Cl 0.10

4-OMe 0.11

4-Br 0.12
4-NO2 0.41

4-SMe 0.24
4-NH2 0.24

Substituent Er a a2 ir#{176} Log k�, Log kg, I Iobserved calculated’

0.73 0.53 -1.26 1.58 0.80 0.95 0.15

0.28 0.08 1.26 1.58 1.56 1.36 0.20

-0.15 0.02 1.40 1.96 1.08 1.38 0.30
0.23 0.05 0.70 0.49 1.10 1.14 0.04

-0.27 0.07 -0.04 0.00 1.26 1.20 0.06

0.23 0.05 1.02 1.04 1.32 1.10 0.22

0.78 0.61 0.24 0.05 2.00 2.11 0.11

-0.05 0.00 0.62 0.38 1.76 1.42 0.34

-0.66 0.43 -1.63 2.65 0.55 0.68 0.13

#{176}From the phemmoxyacetic acid system.
Calculated omm the basis of Eq. 5a.

- 0.47(±0.05)r�

+ 2.59,

in = 4, s = 0.09, r = 0.97

The compouimds on which this correlatioim is

based are fouimd in Tabie 1. To increase time

sample size, the ummsubstituted compound is

also included immthis set.

The unprecedented use of a2 alone3 (9) in

order to gainm a correlation with biological

poteimcies may be at least partially uimder-

stood by notimmg that Er parameters (Table
3), which are iimtended to provide a measure

of the ability of a substitueimt to stabilize

free radicals (11), are correlated l)y the

equation

Er = 0.50a2 + 0.07,

n = 12, s = 0.06, T = 0.94

At present, the correiatioims reported should

not 1)e iimterpreted as indicating that the

aimtibacterial effects arise from a tetracycline

free radical or a tetracyclinme conmplexed

witbm a metal ion having a lone electroim in

one of its d-orbitals (feedback might give the

appearatmce tlmtmt a free radical is being

stabilized). The chemical systems used to

derive time Er parameters show a parabolic

dependeimce in rate oim a, and Er is an em-

‘ pirical paraimmeter timat iii cotmml)immtmtion with

(�lb) a leads to a linear treimd. It woui(l limits seetmm

that Er immust be equivaleimt or proportional

to a2 for ti parabolic treimd witim a to he taken

iimto account. Time physical process leadiimg

to the parabolic trend, however, is obscure

at preseimt. Perhaps desolvatiotm coimtrol of a

froimtier-controiied interaction (12) is a coim-

trihutimmg factor, but further work is needed

to clarify timis point.

In this regard, it should be imoted timat a

series (If chloranmpimemmicol analogues, which

iimhibit the tidditioim of aimminoacyl-tRXA to

the 50 S ril)osonmtul subuimit rather thman time

30 S ribosoimmal subiumit, as for the tetra-

cyclimmes (13), have tmlso been studied with

respect to their potemmcies as deterimmitmed by

bacterial growtim kimmetics (14) (Table 4).

(4) These iimhibitory pd)telmcies htmve 110dm con’-

reltited witim electrommic polariztti)ilit los for

portions of the suhstitueimts timat nmay be iim

cotmtact witim a receptor surftmce (15) (a

frolmtier-controlledt immteract iou), mlti(t they

Imave also beetm correlated by a limietir conm-

bimmatiomm of the paranmeters Er amid �r (16). Jim

time first instance tue 4-SMe ttnd 4-NO2

points were deleted tumd imm time secommd imm-

staimcd’ the 4-NH2 point was omitted mm

arriving at tm correlatiomm. By assummmimig timat

Er for 4-NMe2 is close to that for 4-NH2,

all of the commmpoummds iii TH 4 caim 1)e

correlttted by



(5a)

66 CAMMARATA ET AL.

logk� - a2 = 0.34(±0.08)ir

- 0.26(±0.10)1r2

+ 1.26,

in = 9, s = 0.24, r = 0.92

log k9 - Er = 0.22(±0.08)ir

- 0.23(±0.09)ir2

+ 1.30,

n = 9, 8 = 0.22, r = 0.88

rj�� left-imaimd side d)f Eq. � inay i)e coin-

sidered as givilmg the biological potency in

excess of that which is a commsequence of the

iimteraction implied by a2 or Er

\\Thate\�er the pimysical origimi of a a2 term,

it is clear timat the potencies of the tetra-

cyclines and chioramphenicols considered

should be related to the sanme type of sub-

stituent property. The ir contribution un the

case of the chloramphenicols may reflect the

difference in the mechanism of action for

timese commmpounds from that for time tetra-

cyclines. With the tetracyclines, at least, it

seenms probable timat the change in the form

of the rate law with high and with low

coimcentrations of drug (1) is indicative of a

chaimge in the matmimer by which protein

syimtlmesis is interrupted, rather than of an

additional contrihutioim of one or more

alterimative mmmodes of action iimvolviimg differ-

emmt 1)iochetmmical processes.
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