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Kinetic Studies on the Interaction between a Ribosomal Complex Active in Peptide
Bond Formation and the Macrolide Antibiotics Tylosin and Erythromycin
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ABSTRACT. The inhibition of peptide bond formation by tylosin, a 16-membered ring macrolide, was studied
in a model system derived frofscherichia coli In this cell-free system, a peptide bond is formed between
puromycin (acceptor substrate) and AcPhe-tRNA (donor substrate) bound at the P-site of poly(U)-
programmed ribosomes. It is shown that tylosin inhibits puromycin reaction as a slow-binding, slowly
reversible inhibitor. Detailed kinetic analysis reveals that tylosin (I) reacts rapidly with complex C, i.e.,
the AcPhe-tRNApoly(U)-70S ribosome complex, to form the encounter complex Cl, which then undergoes
a slow isomerization and is converted to a tight complex, C*I, inactive toward puromycin. These events
are described by the schemetd == (Kj) Cl = (ka, ks) C*I. The K, ks, andks values are equal to @M,

1.5 mim?, and 2.5x 102 min~1, respectively. The extremely low value kfimplies that the inactivation

of complex C by tylosin is almost irreversible. The irreversibility of the tylosin effect on peptide bond
formation is significant for the interpretation of this antibiotic’s therapeutic properties; it also renders the
tylosin reaction a useful tool in the study of other macrolides failing to inhibit the puromycin reaction but
competing with tylosin for common binding sites on the ribosome. Thus, the tylosin reaction, in conjunction
with the puromycin reaction, was applied to investigate the erythromycin mode of action. It is shown that
erythromycin (Er), like tylosin, interacts with complex C according to the kinetic schemReEC= (Ke)

CEr = (ks, k7) C*Er and forms a tight complex, C*Er, which remains active toward puromycin. The
determination oKe,, ks, andk; enables us to classify erythromycin as a slow-binding ligand of ribosomes.

Macrolide antibiotics, a rather large group of naturally yet understood, it seems that erythromycin affects the
occurring inhibitors of protein synthesis, contain a large interaction of peptidyl-tRNA with the P-sitel{—13) and
lactone ring substituted with one or more sugar residues, prevents the formation of 50S ribosomal subunit in growing
some of them amino sugar (They can be roughly divided  bacterial cells 14). Despite the observed divergences in the
into two main groups which are structurally and functionally mode of action among the members of the above-mentioned
homogeneous and which are typically represented by eryth-groups, all macrolides seem to compete for similar or
romycin and spiramycin, respectivelg, (3). The erythro- overlapping binding sites on the large ribosomal subunit.
mycin group includes compounds with a 14-membered Thus, cross-resistance to different macrolides is associated
lactone ring glycosylated in two positions by different with mutations situated in the peptidyltransferase domain
monosaccharides, while the spiramycin group consists of (domain V of 23S rRNA) and in domain Il, as well as in
compounds with a 16-membered lactone ring usually gly- ribosomal proteins3, 15). Dissociated resistance to certain
cosylated at a single position by a disaccharide. The largermacrolides has been also report@)l (These observations
ring macrolides, such as spiramycin and tylosin, act at the have been confirmed by footprinting analysés 7, 16), as
level of the large ribosomal subunit and behave as typical well as by reconstitution and affinity labeling experiments
inhibitors of peptidyltransferase. They inhibit most of the (3).
protein synthesis assay systems, possibly by destabilizing on the assumption that the interaction of macrolides (1)
the P-site-bound peptidyl-tRNA or by blocking the exit yith ribosomes (R) could be represented by a fast equili-
channel for the growing peptide chain, but they are unable prated equation, R- | (K;) = RI, their potency has been
to block translation when the nascent peptide chain haseypressed on the basis & alone (7, and references
reached a certain lengttl,(3, 4). On the other hand,  therein). Despite this seemingly satisfactory modeling, it has
erythromycin exhibits a marginal inhibitory effect, unless peen demonstrated from a previous kinetic study in our
donor substrates with a peptidyl moiety of specific length |ahoratory (8) that one of these macrolides, spiramycin, does
and nature are employed in these ass&ysNevertheless,  not act simply by binding but that binding induces a
numerous studies in the literature are referred to the conformational change in the ribosome, thereby interfering
erythromycin interaction either with vacant ribosomes or with \yith peptidyltransferase activity. Furthermore, it has been
ribosomal subparticles1( 5—10). Although the precise recently reportedd) that two different types of interactions
mechanism for translation inhibition by erythromycin is not petween macrolides ang@scherichia coliribosomes exist:

a strong interactionKy = 1077—10"° M) classically mea-
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(TRNOEY} studies. In view of the above observations, we
thought it was interesting to examine another member of the
macrolide family, tylosin. A better understanding of pepti-
dyltransferase response to macrolide attack will have an
impact not only in basic research but also in clinical
applications.

The data presented here demonstrate that tylosin inhibits

peptidyltransferase activity in a two-step mechanism. The
values of the rate constants pertaining to the interaction of
tylosin with the ternary complex AcPhe-tRNgoly(U)-70S
ribosome are very low, allowing the classification of tylosin
as a slow-binding, slowly reversible inhibitor. Such properties
render tylosin a useful tool to study the interaction of
ribosomes with other antibiotics failing to inhibit the puro-
mycin reaction. An application of this strategy to the
investigation of the erythromycin mode of action is presented.

EXPERIMENTAL PROCEDURES

Materials.L-Phenylalanine, poly(U), GTP (disodium salt),
ATP (disodium salt), puromycin dihydrochloride, tRNA from
E. coli strain W, tylosin, and erythromycin were purchased
from Sigma Chemical CoL-Phenyl-[2,3,4,5,6H]alanine
was purchased from Amersham Life Science. Cellulose
nitrate filters (type HA, 24 mm diameter, 0.45 pore size)
were from Millipore Corp. Scintillation cocktail safefluor S
was purchased from Lumac LSC.

Biochemical Preparationssalt-washed ribosomes (0.5 M
NH4CI) and translation factors partially purified were
obtained fromE. coli B cells as reported previousiy19).
Crude AcPH]Phe-tRNA (2000 cpm/pmol) and complex C,
i.e., the AcfH]Phe-tRNApoly(U)-70S ribosome complex,
were prepared as described elsewhégs 19). The formed
complex C was adsorbed on cellulose nitrate filters and
washed with three 4-mL portions of cold buffer (100 mM
Tris-HCI, pH 7.2/50 mM KCI/10 mM MgG¥6 mM 2-mer-
captoethanol). Alternatively, complex C was desorbed into
a solution containing the detergent Zwittergent 3-12, (ZW
extract) according to a method described previougl).(

Puromycin ReactiornThe reaction between complex C and
an excess of puromycin was carried out at 10 mM2Mg
and 100 mM NH*, as described previousl2@). Briefly,
complex C reacted with an excess of puromycin in the

presence or in the absence of macrolides, and the progress

of the reaction was analyzed over a wide range of puromycin
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Scheme 1

Ky ks
C+SeT—=CS —> C +P

buffer solution (100 mM Tris-HCI, pH 7.2/100 mM NH
Cl/10 mM Mgt (acetate)/6 mM 2-mercaptoethanol). The
reaction was allowed to proceed at 26 for the desired
time intervals and was stopped by immersing the filter in
15 mL of cold buffer. The remaining active complex C, after
the cellulose nitrate filter was washed to remove traces of
tylosin not specifically bound, was determined by titration
with puromycin (2 mM, 2 min at 23C). The inactivation

of complex C by tylosin was also examined in the presence
of erythromycin. In another series of experiments, complex
C was first exposed to erythromycin for specified periods
of time (preincubation step), and subsequently tylosin was
added and allowed to react for the indicated time intervals.
The inactivation of complex C was monitored as mentioned
above.

When complex C was desorbed in solution, the inactivation
took place in 1 mL of buffer solution containing tylosin in
the appropriate concentration, and the reaction was stopped
by dilution with cold buffer {8). Following filtration and
wash with the same buffer, the remaining active complex C
was titrated by puromycin as above.

Calculation of the Rate Constant Values and Statistical
Analysis.The values of the rate constants were obtained by
linear regression fitting of kinetic data to eqs4 and A5-
A10, using the Microcal Origin 40 program (Microcal
Software, Inc.). All data presented in the figures denote the
mean values obtained from four independently performed
experiments. The standard error of the means was calculated
according to DanielZ1).

RESULTS

Inhibition of Peptide Bond Formation by Tylosifthe
reaction between complex C and excess puromycin (S)
proceeds as an irreversible pseudo-first-order reaction ac-
cording to the kinetic Scheme 1! 8 a modified species of
complex C not participating in re-forming complex C, and
P is the product (AcPhe-puromycin). The relationship

C
Ine—5=knd (1)

and macrolide concentrations. When desired, the reaction Wasyo|ds: C, is the reactive complex C at zero time, akgsis

terminated by addition of an equal volumgéloM NaOH.

The product, AcPhe-puromycin, was extracted in ethyl
acetate, and the radioactivity was measured in a liquid
scintillation spectrometer. In the kinetic analysis, the product

is expressed as a percentage of the isolated complex C on

the filter [LOOP/Co)]. Controls without poly(U) were in-

cluded in each experiment, and the values obtained were,

subtracted.

Inactivation of Complex by Tylosin in the Absence of
Puromycin.Complex C adsorbed on a cellulose nitrate filter
reacted with various concentrations of tylosina 2 mL

1 Abbreviations: complex C, the AcéH]Phe-tRNApoly(U)-70S
ribosome complex that bears A#d]Phe-tRNA bound at the ribosomal
P site; ZW, Zwittergent, the detergeM-dodecylN,N-dimethyl-3-
ammonium-1-propanesulfonate; TRNOE, the transferred nuclear Over-
hauser effect.

the apparent rate constant of product formatigguis related
to the puromycin concentration by the equation:

ks[S]

bs K$+ [S] (2)
which allows the determination d& and K values 22).
These values are equal to 2 minand 4 x 10 M,
respectively. In conformity to eq 1, the progress curve of
the puromycin reaction is a straight line at>d 10* M
puromycin (Figure 1A, upper line). However, in the presence
of tylosin the rate of product formation is slower, and each
time plot reaches a plateau which progressively bends down
with increasing concentrations of tylosin. This inhibition
pattern suggests that tylosin inactivates complex C rather
irreversibly. It is also apparent that the initial slope of
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1 A expresses the apparent rate constant for the inactivation
of complex C 4), and its value at each concentration of
puromycin and tylosin can be obtained from the slope of
straight lines, like those depicted in Figure 1B. At each
concentration of puromycin, the replot of thAevalue versus
tylosin concentration (not shown) deviates from linearity and
0 1 5 is characterized by a clear hyperbolic shape suggesting that
) ) a two-step mechanism of inhibition may exist. Moreover,
Time (min) the plot of Cy/AP,, versus 1/[S] is linear at each concentration
FIGUR_E lth (A) First-order tﬁm?hp|0t5bf0f ACPh}?-tp:Jmeygn fonlma-c of tylosin. In this case, the intercept on the vertical axis is
'on in the presence or in the absence of tylosin. Lompiex L constant, while the slope varies as a function of tylosin
adsorbed on a cellulose nitrate filter reacted will) 4 x 104 M concentration (Figure Z)p. According to previous studi)(/as on

puromycin in the absence or in the presence of tylosirOat0.6 T ) )
x 10°5M, (a) 2 x 10 M, and @) 6 x 10 M. (B) Replot of the inhibition of enzymes consumed during the reaction they

the data of (A) in the form of Iff./(P.. — P)] versus time.Pe catalyze 18, 24), such a behavior corresponds specifically
represents the product at infinite time and is practically estimated to the competitive mode of action. Consequently, a kinetic
from the maximal level of thé plots. scheme that could adequately explain the above-mentioned

. f . f the inhibi results is Scheme 2.
frraai%rrfszucurgft?nvirrlweait?\?a?ioﬁn;“ggn? Itef (':nb' ?t:/v%o.gfeen_. Inactivation of Complex Clby TylosimintiQnaI evidence.
mechénisrap:{:%) \?Vhereas in most catglyzed r)éactions thz in support of the mechanism Qf tylosin |nterac.t|on Wlt.h
enzyme is regénerated after each catalytic event, in the-Complex C was sought by reacting complex C Wlth tylosin

. . . ' in the absence of puromycin. In these experiments, the
puromycin .reactlon the enzyme (com.ple>.< C)is cqnsumed, inactivation of complex C was examined by exposing the
and therg IS no eqzyrr:]e turnover. meepc ana.lgls's. ﬁ.behe ribosomal complex to various tylosin concentrations for
E:rsotr;:ayecrgn rﬁggﬁgén tree\/%;;@n(czif 'I?:klige\ﬁgafclgu:]tltor several time intervals and titrating the remaining catalytic
this analyspis the datg presentea in i:igureglA were replottedaCti-V ity by puror_nycin. Inactivgtior_l plots at several concen-
in the form ;)f InP./(P. — P)] versus time (Figure 1B) trations of tylosin are sho_wn in Fl_gure _3A. A_II of them are
:/quhterZP is the rodwuctO;t infinite time. The Iinea?it of Iot’s represented by descending straight fines, intersecting the
iIIustratoeod in FFi)gure 1B indicates tHat the datayoberz)y the vertical .axis at a com.mon_poi_nt. This pattern leads to the

conclusion that the inactivation of complex C follows

equation pseudo-first-order kinetics. From the slope of each straight
= line, we can estimate a pseudo-first-order rate constant of
In—>=— = At (3) inactivation &n). The ki, values, if plotted against the
P,—P concentration of tylosin, give a rectangular hyperbolic curve

(not shown), further supporting the two-step mechanism of
which represents the integrated kinetic law of complex C inactivation @5). As expected, the double-reciprocal plot is
inactivation via two parallel and irreversible reactions, the given by a straight line intercepting the vertical axis at a
puromycin reaction and the tylosin reaction. The parameter point above 0 (Figure 3B). Assuming that the kinetic scheme
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Ficure 3: (A) First-order time plots for the inactivation of complex C by tylosin. Complex C adsorbed on a cellulose nitrate filter was
incubated with tylosin at4) 6 x 106 M, (O) 4 x 10%M, (v) 2 x 10°M, (a) 1 x 10¢M, and @) 0.4 x 10°® M at 25°C for the

indicated time intervals. The excess of tylosin was then removed, and the remaining active complex C was titrated with 2 mM puromycin.

Experiments of complex C titration in the absence of tyloBip\ere also performed. (B) Double-reciprocal plotklversus 1/[1]) for the
inactivation of complex C by tylosin. Thie, values were estimated from the slope of thelots.

of complex C inactivation by tylosin is correct, the relation-
ship

K1l
holds @5), and the values oK; andk, can be determined
from the double-reciprocal plot of eq 4 (Figure 3B). These
values were found to be equal to/@ and 1.5 min?,
respectively.

Reversibility of Complex C Inactiation by TylosinWhen
koft assumes a very low value, the binding of an inhibitor to
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the enzyme becomes very strong. In such a case, it may beFiGurRe 4: Regeneration of complex C from the tylosin complex

difficult to distinguish irreversible from slowly reversible
inhibition. With tight-binding inhibitors, which allow separa-
tion of E*l from free inhibitor, the reversibility of the

C*l. Complex C adsorbed on a cellulose nitrate filter was
preincubated with 2@M tylosin for 5 min at 25°C. The excess of
tylosin was removed by washing, and the filter was immersed into
5 mL of reaction buffer containing 2 mM puromycin for several

inactivation step can be inferred from the recovery of time intervals. The rate constant of the enzymatic activity regain
enzymatic activity after dilution of the E*I complex into a was measured from the slope of the line at the steady state.
large volume of buffer containing near-saturating substrate.
Such a treatment reduces the rate of reassociation of inhibitorinactivation occurs. At high concentrations of erythromycin
to the enzyme and permits the measurement of the enzymehe protection of complex C against tylosin is complete
regeneration rate from the inactive E*| compl@6), A very (Figure 5A, upper line). According to eq A9 (see Appendix),
slow recovery of activity is actually observed when C*l is the slope of the plots, like those presented in Figure 5A,
treated as above (Figure 4). A steady state for the reactiongives the apparent rate constant of inactivatiBly (vhich
is reached after 2 min, with la rate constantig) equal to depends on the concentration of both erythromycin (Er) and
(2.54 0.25) x 103 min™™. tylosin (I). On the basis of these results and taking into
Inactivation of Complex C by Tylosin in the Presence of account that erythromycin interacts wikh coli ribosomes
Erythromycin.Earlier works have demonstrated that eryth- by a two-step mechanisn®), we postulate Scheme 3 for
romycin does not inhibit in vitro translation systems, in which the competition of tylosin reaction by erythromycin. As
AcPhe-tRNA is used as a donor substr&je (Ve also found predicted by eq A7, at each concentration of tylosin the plot
that erythromycin fails to inhibit the puromycin reaction with  1/F versus erythromycin concentration is a straight line.
complex C. This renders the study of erythromycin interac- Figure 5B shows such a plot obtained atM tylosin and
tions with complex C impossible, if what we examine is its Vvarying erythromycin concentrations. From the slope of this
effects simply on peptide bond formation. However, eryth- plot (slope= Ki/kiKe{l]) a Ker value equal to 3.9« 107" M
romycin competes with tylosin for common binding sites can be estimatede values measured at different concentra-
on the ribosomes). This fact was exploited as follows: the tions of tylosin (I) according to equation A8 do not vary by
experiments of complex C inactivation by tylosin were more than 10%.
repeated in the presence of increasing concentrations of When preincubation of complex C with erythromycin
erythromycin, and the subsequent changes in the rate constarirecedes the addition of tylosin, a further decrease in the
of inactivation were monitored. As shown in Figure 5A, apparent rate constant of inactivation occurs. This effect
when a mixture of tylosin with erythromycin is used in place (preincubation effect) supports the notion that at least one
of tylosin alone, a decrease in the apparent rate constant oof the sequential steps of complex C interaction with
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8 Ficure 6: Determination of the dissociation rate const&ntfor

T the erythromycin complex C*Er. Complex C formed in the presence
- of 1 x 107> M erythromycin and adsorbed on a cellulose nitrate
filter was exposed to X 105 M tylosin for various time intervals,
and then the remaining activity was titrated by 2 mM puromycin.
- The k7 value was estimated from the late slope of the plot.

which is predicted by the slow-onset type of inhibiti@8).
The value of this ratio equals 10.

27 To calculate the individual values & andk;, complex
/‘ C preincubated with erythromycin and isolated on cellulose
p —_ nitrate filters was exposed to tylosin at various time intervals,

— 1 T 1 e o . ) .
0 2 4 5 and the remaining activity was titrated with puromycin. The
reaction displays two phases giving an early and a late slope

Ficure 5: Effect of erythromycin on the inactivation of complex (Figure 6). We suggest that the early slope represents the
C by tyldsin. (A) Comg))llex C Z\dsorbed on a cellulose nitratepfilter reqctlon of tylosin mostly with preexisting free_complex C.’
reacted with [) 4 x 10° M tylosin alone or with a solution while the late slope corresponds to the reaction of tylosin
containing 4x 107¢ M tylosin and erythromycin atlf) 2 x 1077 with complex C regenerated from the erythromycin complex
M, (@) 5x 107 M, (A) 1 x 10°M, (v) 2 x 10° M, (®) 3 x C*Er via the k; step of the kinetic scheme. From the late
10°M, (0) 5 x 10°°M, and (1) 2 x 10°° M. (B) Variation of  ggpe g value ok; equal to (0.060+ 0.005) mir? is

1/F as a function of the erythromycin concentration. The parameter . . .
F represents the apparent rate constant of complex C inactivation,calCU|ated' independently of the tylosin concentration. The

[Erythromycin] (uM)

and its values were estimated from the slope ofAt@ots. same value ok; was obtained when complex C*Er isolated
on the cellulose nitrate filter was exposed to a large volume
Scheme 3 of buffer (100 mM Tris-HCI, pH 7.2/100 mM NCI/10 mM
K; k. Mg?* (acetate)/ 6 mM 2-mercaptoethanol) at 25 for
Cola—ra —=r 1 specific time intervals, immersed in 8 10°° M tylosin

L solution for 3 min, and then titrated with puromycin (2 mM,
2 min). With k; andks/k; known, theks value is estimated
as equal to 0.6@= 0.05 mir?.

p Data Obtained from Experiments in Which the Reactions
Take Place in SolutionTo avoid artifacts from possible
ke interface problems caused by the cellulose nitrate filters, the
CEre—— C*Er

previous experiments were repeated using complex C des-
orbed in solution 18). The values of the kinetic parameters

erythromycin is not equilibrated instantaneously, and this OPtained are given in Table 1. For the sake of comparison,

should be the isomerization step. By preincubating complex the values obtained with complex C adsorbed on a cellulose

C with erythromycin to achieve steady state, not only the Nitrate filter are also included.

equilibrium C+ Er= CEr but also the equilibrium CEF

C*Er is attained. Consequently, the value %6L08 M of DISCUSSION

the dissociation constant estimated under such conditions Macrolides have been used extensively, not only for

measures the overall dissociation constafs*(), which therapeutic purposes but also as tools for studying ribosome

concerns both steps of erythromycin interaction with complex structure and function. Among them, tylosin and erythro-

C, and is defined by the equatioiKe* = [C][Er/([CEr] + mycin have been frequently utilize@%). However, kinetic

[C*Er]). Once bothKe, and K¢* have been estimated, the studies are scarce, and accidentally most of them have been

isomerization constankg/k; can be determined by the carried out under the prevalent notion that the interaction

equation between the ribosome (R) and the antibiotic (l) is expressed
by a simple equilibrium of the form:

k7

Ker* = Ker(i) (5)

Ki
ks t k7 R+1=RI
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Table 1: Kinetic and Equilibrium Constants Derived from Analysis
of the Interaction between Complex C and the Macrolide
Antibiotics Tylosin and Erythromyci

complex C on the filter complex C in solution

constant tylosin erythromycin tylosin erythromycin
Ki (uM) 3.00+ 0.03 2.30+0.02
ks (min~Y)  1.50+ 0.04 1.80+ 0.06
ks (min~* x  2.50+ 0.20 3.00+ 0.20
109
Ker (NM) 390+ 16 40+ 2
Ker* (NM) 36+2 42+0.2
ks (Min—1) 0.60+ 0.07 0.60+ 0.06
k7 (min—1) 0.060+ 0.005 0.07+ 0.005

aData represent the mea#t SE values obtained from four,
independently performed, experiments.

Dinos and Kalpaxis

assessed. The observation that the apparent rate constant of
inactivation A or ki, increases with increasing tylosin
concentration (illustrated in Figure 1B and Figure 3A) is
consistent with mechanism A and B but not with mechanism
C. In the latter case, the inactivation rate constant should
decline with increasing drug concentration. On the other
hand, the initial slope of the semilogarithmic time plots
(Figure 1A) significantly decreases in proportion with the
inhibitor concentration, while the replot & or ki, versus

[l is characterized by a hyperbolic shape, a finding
inconsistent with mechanism A. To date, nearly all reported
examples of slow-binding inhibition of the puromycin
reaction by antibiotics exhibit biphasic inhibition pattern due
to the formation of an initial CI complex followed by a
unimolecular isomerization toward a more tight C*I complex

The present report postulates that the initial encounter (30, 31). One exception reported earlier is the monophasic
complex between the ribosomal complex and the antibiotic slow-binding inhibition of peptide bond formation by spi-

is followed by a slowly equilibrated isomerization to a tight

complex and that the use of constants additionaKitas

ramycin, a 16-membered ring macrolids3), Compared with
spiramycin, tylosin shows a high&iy/ks value, which is an

required to evaluate late events of the ribosome/drug interac-index of C*I tightness, but exhibits a lower apparent

tion.
By monitoring the inhibition of the puromycin reaction

association constank{K;), which justifies the hypothesis
that tylosin stabilizes, rather than induces, C*I formation.

by tylosin, as well as by direct measurement of peptidyl- While most of the slow-binding inhibitors possess their
transferase inactivation by tylosin in the absence of puro- kinetic properties by virtue of their structural similarity to
mycin, we established that tylosin derives its potency through transition state or intermediates of the enzymatic reactions

a slow-binding inhibition mechanism. Tylosin interacts with

complex C with an apparent association rate constant (
Kj) of 0.8 x 10 M~1s7% This value is much lower than the
upper limit of 16 M~ s7* set for the characterization of a
drug as a slow-binding inhibito2@). However, slow-binding

inhibition requires that the reverse isomerization rate constant

inhibited 23, 32), it is difficult to imagine which event in
the peptide bond formation process might be resembled by
tylosin or spiramycin. Other cases of slow-binding inhibitors,
not behaving as transition-state or intermediate analogues,
have been reported in the literatu@2).

The tylosin reaction supplemented by the puromycin

(ks) must be less than the forward isomerization rate constantreaction can be used in the investigation of those antibiotics

(k). In the case of tylosin, this criterion is also satisfied,

since the value of th&/ks ratio is equal to 600. This high

that fail to inhibit peptide bond formation. For instance,
erythromycin does not inhibit AcPhe-puromycin formation,

value characterizes tylosin as a slow-binding, slowly revers- although it blocks the translation machines).(With the

ible inhibitor of peptide bond formation and suggests that

the C*I complex has a useful in vivo lifetime. Moreover,

the low value of thés rate constant gives us the opportunity

to kinetically analyze the effect as if tylosin were an
irreversible inhibitor. In the case of irreversible inhibitors,

aid of the tylosin reaction we found that erythromycin
interacts with complex C in a two-step mechanism, resem-
bling the inhibition pattern exhibited by tylosin. The
relatively low value of the apparent association constant (
Ker = 2.5 x 10 M~1 s71) and the fact that the reverse rate

the type of inhibition can be revealed by studying the effect constank; is less than the forward rate const&gn(ks/k; =

of substrate concentration on the apparent rate constant ofl0) allow us to characterize erythromycin as a slow-binding,
inactivation @8). Such a method cannot be applied in our slowly reversible drug, interacting with complex C. This
experimental system, since complex C is depleted during thefinding confirms previous observations that the binding of
reaction. Therefore, we followed another procedure of data erythromycin to bacterial ribosomes occurs in a two-step
elaboration, proposed for enzymes consumed in the reactionprocess: a first step involving a fast and weak interaction
they catalyze Z4). According to this analysis, the linearity  as revealed by TRNOE measureme®sand a second step

of the G/AP. versus 1/[S] plot suggests a competitive type involving strong interaction, as measured by equilibrium
of inhibition. Three mechanisms have been proposed to dialysis @3), fluorescence kinetic analysid7, 34), and
describe slow onset of competitive inhibitioRdj: footprinting analysis16). In the present work, thK, value
corresponding to the fast equilibrated step-@ == Cl was
found to be lower than that obtained by TRNOE analysis.
We assume that the observed difference may be due to the
fact that, instead of vacant ribosomes, complex C is used in
our experimental system. Nevertheless, the calculated value
of the overall dissociation constari* = 3.6 x 1078 M)

is in close proximity to values reported previoush6(17,

33, 34). It should be mentioned that, although there are some
differences in the values of thiée, and K¢* equilibrium
constants (Table 1), the mechanism of tylosin or erythro-
To discriminate between the binding mechanisms, the mycin interaction with complex C free in solution is similar
relationships observed betwenP../A, kin, [S], and [I] were to that observed with complex C adsorbed on a cellulose

mechanism A
E+1=El

mechanism B

E+1=ElI=FE*
mechanism C

E<=E*+|1<=E*
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nitrate filter. Consequently, it is evident that the slow-binding [C{] =[C] +[CI] + [CE(] + [C*ETr] (A3)
interaction between complex C and the examined antibiotics
does not reflect interface artifacts. As time approaches 0 and complex C reacts with a mixture

~ Like other macrolides, the primary site of erythromycin  of tylosin and erythromycin, the concentration of C*Er is
interaction with ribosomes is at the central loop of domain negligible. Thus, eq A3 can also be written

V of 23S rRNA (7, 10, and references thereirjiowever,
the footprinting pattern of erythromycin in this loop is K[Cl] [ENK[CI]
distinctive from that caused by macrolides with a 16- [C{]=——+[Cl] + ————
membered ring. This may be the first reason why erythro- (1 Kefl]
mycin does not inhibit the puromycin reaction, while the KiKer T Kelll + K[ET]
second one is probably due to the small molecular size of K, ll]
the drug, which does not permit functional groups of
erythromycin to extend into the catalytic cavity of peptidyl-
transferased4, 35). In support of this hypothesis, it has been
reported that puromycin, erythromycin, deacylated tRNA, C,=C o Ft
and a peptidyl-tRNA analogue can be bound simultaneously 0
to the same ribosomd ). Despite the inability of erythro-
mycin to inhibit the puromycin reaction, this drug, upon
binding to the ribosome, causes a conformational change in
the local environment of the P-site and the entrance of E= KeKed!] (A6)
nascent peptidelQ, 13). This effect could explain the KK + Kl + K[Er]
rearrangement of the encounter complex CEr to another C*Er
more tight species. Equation A6 can be written also as

On the basis of the arguments developed for slow-onset
inhibition of enzymes 3, 32), the slow-onset association 1 K+ Ki[Er
of tylosin and erythromycin with complex C acquires k] Kol (A7)
biological significance. From the standpoint of drug design 4 4 %e
for pharmaceutical applications, a slow rate of dissociation
is desirable as it may be expected to result in a longer lived or
C*lI complex, while a slow rate of association should be
avoided since it delays the time required for inhibition at a K-(l + [Er])
given concentration. The present work postulates that ' Ker/ 1
whenever a drug interaction with ribosomes is investigated, T K, m
an appropriate experimental system is required to reveal

possible late events of interaction. In such cases, the full Cr can be measured by titration with puromycin, which
characterization of drug potency requires the use of constants.onyertsCy to product P. If we substitut€; in eq A5 with

=[CI] x

(A4)

The differential ofCy is given by the equation:
(A5)

where

(A8)

T~
Sk

additional toK;. its equivalent?, we obtain
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From the plot of InCy/P] or In P versust, one can
APPENDIX experimentally obtain the apparent rate constatior the

In Scheme 3, complex C is inactivated by tylosin. This inactivation of complex C at each concentration of both |
inactivation is protected by erythromycin. In deriving the and Er. WithK; and ks known, the value ofKer can be
corresponding equations, it is assumed that the equilibria Cestimated by plotting /E versus [Er] (see eq A7) or/E
+ 1 = Cl and C+ Er= CEr are established rapidly, while versus 1/[l] (see eq A8).

the isomerizations Gi= C*| and CEr== C*Er are established When preincubation of complex C with erythromycin
slowly. Under these assumptions, one can write precedes the addition of tylosin, the sequential reactions
[CI0 Ki[Cl] ot ek e o
K=—"2= or Cl=—"-—"- Al + Er== CEr==C*Er
[ClIET] [CI[Er] K[CHIEr] have reached a steady-state equilibrium. Under this assump-
= CEr]= = i i i
= [CEN] [CEr] K. K tion, eq A8 is transformed to the equation
A2 Er
%2 i+ &)
Erythromycin does not inhibit the puromycin reaction. 1_1 + er /] 1 (A10)
Consequently, both CEr and C*Er species react with puro- F Kk K, n

mycin, and the concentration of noninactivated complex C,
[C+], is given by the equation: whereKe* = Kefki/(ks + k7)] (23). From eq A10, the value
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of Kef* can be calculated in a manner similar to that followed 17. Di Giambattista, M., Engelborghs, Y., Nyssen, E., and Cocito,

for the estimation of th&, value. C. (1987)J. Biol. Chem. 2628591-8597.
18. Dinos, G. P., Synetos, D., and Coutsogeorgopoulos, C. (1993)
Biochemistry 3210638-10647.
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