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SUMMARY
In a model system derived from Escherichia coli, acetylpheny-
lalanyl-puromycin is produced in a pseudo-first-order reaction
between the preformed acetylphenylalanyl/tRNA/poly(U)/ribo-
some complex (complex C) and excess puromycin. Two ami-
noacyl analogs [3, Gly-chloramphenicol (CAM); 4, L-Phe-CAM]
and two peptidyl analogs (2, L-Phe-Gly-CAM; 5, Gly-Phe-CAM)
of CAM (1) were tested as inhibitors in this reaction. Detailed
kinetic analysis suggests that these analogs (I) react competi-
tively with complex C and form the complex C*I, which is
inactive toward puromycin. C*I is formed via a two-step mech-
anism in which C*I is the product of a slow conformational
change of the initial encounter complex CI according to the
equation C 1 Iº CIº C*I. Furthermore, we provide evidence
that analog 5 may react further with C*I forming the species

C*I2. The values of the apparent association rate constant
(kassoc) are 1.45 3 104 M21 sec21 for 2, 5.5 3 103 M21 sec21 for
3, and 1.8 3 103 M21 sec21 for 4. In the case of analog 5, kassoc
is a linear function of the inhibitor concentration; when [I] ap-
proaches zero, the kassoc value is equal to 3.8 3 102 M21 sec21.
Such values allow the classification of CAM analogs as slow-
binding inhibitors. According to kassoc values, we could surmise
that analog 2 is 2.5-fold more potent than 3 and 8-fold more
potent than 4. The relative potency of analog 5 is the lowest
among the analogs and is dependent on its concentration. The
results are compared with previous data and discussed on the
basis of a possible retro-inverso relationship between CAM
analogs and puromycin.

CAM inhibits ribosomal protein synthesis in prokaryotes
as measured by various in vitro and in vivo assays (1, 2). This
antibiotic behaves as an inactive analog of the acceptor sub-
strate and after binding to the peptidyltransferase (EC
2.3.2.12) center, it interferes competitively with the interac-
tion of true substrates (3–6). However, there also is evidence
for a noncompetitive (7) or a mixed noncompetitive (8) mode
of CAM inhibition. It is possible that the bound antibiotic
somehow induces a conformational change in the rRNA,
which results in modification of the peptidyltransferase cat-
alytic rate constant (8).
Many reports have accumulated in an attempt to interpret

the inhibitory properties of CAM on a molecular basis. A
unique opportunity for these studies was afforded by the fact
that in cell-free systems, puromycin can be used as a substi-
tute of the 39 terminus of aminoacyl-tRNA and can form
peptide bonds between its free amino group and the carboxyl
terminus of appropriate model peptidyl-tRNAs (2). However,
attempts to define the exact structural relationship between
CAM and the 39-end of the aminoacyl-tRNA or puromycin

have never been successful (2). In the direction of other
explanations, a theoretical study (9) relates CAM to a peptide
backbone in peptidyl-tRNA bound to the P-site and to the
corresponding transition state involving aminoacyl-tRNA
and a catalytic center on the ribosome. The validity of this
suggestion has been widely argued because CAM is regarded
essentially as an A-site inhibitor. In another study, Bhuta et
al. (10) suggested that CAM resembles a transition state for
the puromycin reaction and proposed that the biological ac-
tivity of CAM can be explained in terms of retro-inverso
relationship.
Despite the fact that much has been accomplished, there

remains great interest in the elucidation of the CAM mech-
anism of action on protein synthesis (3–6, 11–14). A valuable
tool for exploring these new aspects could be the use of
aminoacyl and peptidyl analogs of CAM. Previous investiga-
tions (15–17) concerning synthetic derivatives of CAM, in
which the dichloroacetyl group has been replaced by amino-
acyl or peptidyl groups, revealed that this substitution has a
prominent influence on the activity of CAM. On the assump-
tion that these analogs behave as classic competitive inhibi-
tors, their potency has been expressed on the basis of Ki alone
(17). Despite this seemingly satisfactory one-site modeling, it
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is evident from the kinetic analysis of Drainas et al. (17) that
the assumption of classical competitive inhibition may not be
sufficient to express the overall inhibitory effect. Therefore,
parameters in addition to Ki are needed for full characteriza-
tion of potency. In view of the above observations, we thought
that it was interesting to examine further an available series
of aminoacyl analogs of CAM (17) as well as the peptidyl
analog 5 (Fig. 1) through detailed kinetic analysis. A better
understanding of the kinetic mechanism involved in pepti-
dyltransferase inhibition will have an impact not only on
basic research but also in clinical practice. The results that
we present demonstrate that the simple equilibrium C 1 Iº
CI may express only the initial encounter between the ribo-
somal complex (C) and the inhibitor (I). Subsequently, as a
result of conformational changes, a slow isomerization occurs
(CIº C*I), which requires the use of constants in addition to
Ki. An explanation of the differential influence of the acylam-
ino side-chain substitution on CAM kinetic behavior is also
presented.

Experimental Procedures
Materials. Poly(U), GTP (disodium salt), ATP (disodium salt),

phenylalanine, puromycin dihydrochloride, and heterogeneous tRNA
from Escherichia coli strain W were obtained from Sigma Chemical
(St. Louis, MO). L-Phenyl-[2,3-3H]alanine was purchased from Am-
ersham (Arlington Heights, IL). Cellulose nitrate filters (type HA,
24-nm diameter, 0.45-mm pore size) were from Millipore (Bedford,
MA). Spiramycin was a mixture of spiramycins I, II, and III (Sigma
Chemical). CAM free base [D-(2)-threo-1-(p-nitrophenyl)-2-amino-
1,3-propanediol] (1) was also from Sigma Chemical. Tritylglycin was
synthesized according to known methods (18, 19).N-Hydroxysuccim-
ide ester of tritylglycyl-L-phenylalanine was prepared in 65% yield
from tritylglycyl-L-phenylalanine according to Anderson et al. (20).
Analogs 2–4 (Fig. 1) were synthesized as described previously (17).

Preparation of D-(2)-threo-1-(p-Nitrophenyl)-2-(glycyl-L-
phenylalanyl-amido)-1,3-propanediol (Analog 5)

Preparation of D-(2)-threo-1-(p-nitrophenyl)-2-(N-trityl-gly-
cyl-L-phenylalanylamido)-1,3-propanediol (analog 5a). A solu-
tion of 1 (2.33 g, 11 mmol) in dry dimethylformamide (10 ml) and
triethylamine (2 ml) was cooled at 0°. Hydroxysuccimide ester of
tritylglycyl-L-phenylalanine (5.62 g, 10 mmol) was added to the
above solution with stirring. The mixture was incubated for 20 min
at 0° and then at room temperature overnight with continuous stir-
ring. The resulting solution was partitioned between 10 ml of a
saturated solution of sodium chloride and 70 ml of ethyl acetate. The
ethyl acetate layer was extracted twice with 10 ml of 5% citric acid,
once with 10 ml of 10% sodium carbonate, and with 10 ml of satu-
rated solution of sodium chloride. The ethyl acetate layer was then
dried over MgSO4 and evaporated in vacuo. The resulting light-
yellow powder was recrystallized from ethyl acetate and yielded
5.51 g (83.67%) of white crystals. Because the product contained a
small portion of impurities, as shown by TLC, the product was
further purified on a silica gel column (120 g, elution with CH2Cl2/
CH3OH, from 98:2 to 97:3). The final yield was 4.8 g (72.9%); TLC (in
chloroform/methanol, 9:1) RF 5 0.77.
Preparation of the tosylate of dipeptidyl analog of CAM

(analog 5b). An amount of 5a (4.61 g, 7 mmol) was dissolved in 25
ml of a warm (60°) solution of 10 mmol of toluene-4-sulfonic acid
monohydrate in isopropyl alcohol. The mixture was further incu-
bated at 60° for 5 min and then the tosylate was crystallized by
letting the mixture stand at room temperature overnight. The white
crystals were filtered under vacuum, washed with small aliquots of
ether, and recrystallized from isopropyl alcohol. The yield was 3.25 g

(78.8%) [m.p. 5 232–233°; TLC (in butanol/acetic acid/water, 2:3:5)
RF 5 0.74].
Preparation of dipeptidyl analog of CAM. Compound 5b was

obtained as free base from its tosylate. Then, 3 mmol (1.77 g) of 5b
was partitioned between 50 ml of ethyl acetate and 8 ml of 10%
sodium carbonate. The ethyl acetate layer was extracted three times
with 10 ml of a saturated solution of sodium chloride, dried over
MgSO4, and evaporated in vacuo. The yield was 479.6 mg (38.3%);
TLC (in butanol/acetic acid/water, 2:3:5) RF 5 0.74; UVmax (2%
CH3COOH) 5 279 nm (e 5 4040); MS (FAB) m/z 417 (M 1 H).
Elemental analysis gave the following data: C, 57.59; H, 5.72; N,
13.60.

Biochemical preparations

Salt-washed ribosomes (0.5 M NH4Cl) and factors washable from
ribosomes were obtained from frozen E. coli B cells as described
previously (21). Complex C was prepared and purified through ad-
sorption on cellulose nitrate filters, as reported previously (21). The
adsorbed radioactivity was measured in a liquid scintillation spec-
trometer. Controls without poly(U) were included in each experi-
ment, and the values obtained were subtracted.

Puromycin Reaction and First-Order Analysis

The puromycin reaction was carried out at 25°, as described pre-
viously (22). In the absence of inhibitor, the reaction follows pseudo-
first-order kinetics to .80% depletion of complex C at all concentra-
tions of puromycin that were used. The relationships ln[100/(100 2
x9)] 5 kobs 3 t and kobs 5 k3[S]/(Ks 1 [S]) hold, and the values of k3
and Ks can be obtained from the double-reciprocal plot (1/kobs versus
1/[S]).
In the presence of inhibitor, biphasic time plots are obtained. The

slope of the straight line going through the origin is called the early
slope (ke). Similarly, the second straight line gives the late slope (kl).
The early slope and the late slope were analyzed separately, accord-
ing to the method of Kallia-Raftopoulos et al. (22). Following the
same experimental procedure, we also determined the apparent
equilibration rate constant (keq) of the reaction between complex C
and inhibitor by assuming that this reaction proceeds toward equi-
librium as a pseudo-first-order reaction.

Detection of the Preincubation Effect

The preincubation effect with CAM or compounds 2-5 was de-
tected through use of the spiramycin method (23). Briefly, complex C

Fig. 1. Structures of CAM and its analogs.
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either without or after preincubation (10 min, at 25°) with 5 Ki of
inhibitor was exposed to 5 3 1026 M spiramycin. The percentage (x9)
of the remaining active complex C, after washing of the cellulose
nitrate filter to remove the excess antibiotics, was determined by
titration with puromycin (2 mM, 2 min).

Results
Progress curve analysis. The reaction between the disc-

adsorbed complex C (C) and excess puromycin (S) at 25° and
in the presence of 10 mM Mg21 proceeds as an irreversible
pseudo-first-order reaction in which C is converted to C9 (21).

C 1 S
Ks

º CS
k3
3 P 1 C9 (1)

As shown in Fig. 2 (top line), the progress curve of the
reaction of eq. 1 (reaction 1) is a straight line at 200 mM

puromycin. However, when reaction 1 occurs in the presence
of analog 2, 3, 4, or 5, an early as well as a late phase can be
seen clearly in the progress curves (Fig. 2). The deviation
from linearity suggests a delay in the availability of complex
C, which is engaged in reaction with inhibitor but is also
needed in reaction 1. However, there was no substantial
difference in the progress curves when the puromycin reac-
tion was carried out after preincubation of complex C with
the analogs (data not shown).
Analysis of the early slopes (ke) by double-reciprocal plots

and slope replots confirmed the results of a previous study
(17) showing that analogs 2–4 behave as simple competitive
inhibitors. The same kinetic examination was carried out for
the analog 5. The results, shown in Fig. 3, are completely
analogous. They show simple competitive inhibition. For
comparison, the Ki values for analogs 2–5, together with the
Ki value of CAM obtained in another study (8), are presented
in Table 1.
When the inhibitory effect of analogs 2–4 is analyzed at the

late phase of the time plots (late slope, kl analysis), the type
of inhibition is, again, simple competitive. Furthermore, the
linear slope replots meet the vertical axis at the point corre-
sponding to the slope of the double-reciprocal plot of the
control. Such a plot for analog 2 is given in Fig. 4. This
observation strongly supports that the reaction between com-
plex C and each of analogs 2–4 is expressed by eq. 2.

C 1 I
Ki

º CI
k6
º
k7

C*I (2)

where the second step represents a slow isomerization of CI
to C*I.
From the negative intercept of the late slope replots, a

different inhibition constant (K9i) can be determined. The
values of K9i are given in Table 1. The slow-onset type of
inhibition (22, 24) predicts the relationship

K9i 5 Ki

k7
k6 1 k7

(3)
Fig. 2. First-order time plots for acetylphenylalanyl-puromycin forma-
tion in the absence or presence of several CAM analogs. Complex C
reacts (f) with 200 mM puromycin (control) or with a solution containing
200 mM puromycin and 20 mM of (l) 2, (ç) 3, (å) 4, and (F) 5.

Fig. 3. Double-reciprocal plots (1/ke versus 1/[puromycin]) for acetyl-
phenylalanyl-puromycin formation in the presence or absence of ana-
log 5. The data are obtained from the early slope of logarithmic time
plots. The puromycin reaction is carried out (f) in the absence of analog
5 or in the following concentrations of analog 5: (F) 48 mM, (å) 120 mM,
(ç) 240 mM, and (l) 480 mM. Inset, replot of the slopes of the double-
reciprocal lines versus inhibitor concentration.

TABLE 1
Equilibrium and kinetic constants derived from primary and
secondary kinetic plots
The Ki and K9i values are calculated from the negative intercept of the early and
late slope replots, respectively. The k6 and k7 values are obtained from the sum
(k6 1 k7) and the ratio k6/k7. The sum (k6 1 k7) is obtained from the plateau of
equilibration plots, whereas the ratio k6/k7 is calculated from the K9i value of
analogs via eq. 3. The kassoc values are calculated from eq. 7.

Compound Ki K9i k6/k7 k6 k7 kassoc

mM min21 1023 M21 sec21

1 0.7a

2 2.0 0.44 3.44 2.2 0.64 23.00
3 5.8 2.25 1.58 2.0 1.20 9.00
4 20.0 7.00 1.86 2.3 1.25 2.90
5 90.0 25.00 2.60 2.5 0.96 0.64

a Data from Ref. 8.
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Once both Ki and K9i are calculated, the values of the ratio
k6/k7 can be determined from eq. 3 and are given in Table 1.
Reaction 2 (eq. 2) per se may be considered a pseudo-first-

order reaction going toward equilibrium with an apparent
rate constant keq (22) given by eq. 4.

keq 5 k7 1
k6@I#

Ki 1 @I#
(4)

Eq. 4 shows that when the concentration of I is much
higher than Ki, the value of keq reaches a plateau, corre-
sponding to the sum (k7 1 k6). From this sum and the ratio
k6/k7, we can obtain approximate values for k6 and k7 (Table 1).
Late slope analysis for analog 5. Unexpectedly, the

slope replot concerning analog 5 deviates from linearity
(Fig. 5). Only over a narrow range of inhibitor concentrations
([I] , 120 mM), can we observe a transient phase of simple
competitive inhibition (Fig. 5, inset). Consequently, only the

initial kinetic behavior of inhibitor can be expressed by reac-
tions 1 and 2. The values of K9i, k6/k7, k6, and k7 calculated
from experimental data of this transient phase are shown in
Table 1. Increase in the concentration of analog 5 alters the
type of inhibition to slope-parabolic competitive inhibition
(25), characterized by a nonlinear slope replot. The parabolic
curve of Fig. 5 indicates that there are more than one inhibitor
binding sites. To evaluate the molecular order of analog 5 pre-
cipitation in puromycin reaction, the log[kl/(kobs 2 kl)] values
were calculated at each concentration of puromycin and plotted
as a function of log[I] (26). Fig. 6 shows such a plot obtained
for 400 mm puromycin. This plot is curved with limiting
slopes of 21 at a very low [I] and of 22 at a very high [I].
A scheme that can adequately explain the kinetics of inhi-

bition by analog 5 is shown in Fig. 7. According to this model,
analog 5 exhibits a transient phase of competitive inhibition,
followed by a slow isomerization of complex CI to C*I and
then by a second phase of competitive inhibition. This com-
petitive inhibition during the second phase may be explained
by tentatively accepting the formation of a species such as
C*I2, containing two molecules of analog 5. The kinetic anal-
ysis of the late competitive phase (see Appendix) predicts
that the late inhibition constant Ki0 at various concentrations
of inhibitor obeys the relationship:

K0i 5
Kik7

k7 1 k6S1 1
@I#
K*i
D (5)

The expression for K0i can be rearranged to a linear form:

1
K0i

5
1
K9i

1
k6

k7KiK*i
@I# (6)

Thus, if the reciprocal of the K0i, determined from each dou-
ble-reciprocal plot, is replotted versus the corresponding [I],
the replot will be a straight line with a slope equal to k6/k7zKi

zK*
i
. With k6, k7, and Ki known, the K*i is estimated as 3.8 6

0.6 3 1025 M.
Reaction of spiramycin with complex C in the pres-

ence of CAM analogs. Spiramycin has been characterized
as a slow-binding, slowly reversible inhibitor of peptide bond
formation. It has been successfully applied to detect the
preincubation effect exerted by CAM and lincomycin (23). By
using the same method, we found that when a mixture of
spiramycin with a CAM analog is used to replace spiramycin,
a decrease in the apparent rate constant of inactivation of
complex C (kin) occurs. When complex C is preincubated with
the CAM analog before the addition of spiramycin, a further
decrease in kin occurs. Fig. 8 represents the inactivation plots
obtained with analog 2. Similar results were obtained with
analogs 3-5. This effect (the preincubation effect) supports
our proposal that the CAM analogs react with complex C as
slow-binding inhibitors.

Discussion
In the current study, we examined the inhibition of peptide

bond formation by several aminoacyl and peptidyl analogs of
CAM in a model reaction in which peptidyl-tRNA is replaced
by acetylphenylalanyl-tRNA and aminoacyl-tRNA is re-
placed by puromycin. The analogs interact with complex C
with an apparent association rate constant of ,105 M21 sec21

Fig. 4. Slopel replots (slopes of double-reciprocal plots versus inhibi-
tor concentration) for acetylphenylalanyl-puromycin formation in the
presence of analog 2.

Fig. 5. Slopel replot (slope of double-reciprocal plots versus inhibitor
concentration) for acetylphenylalanyl-puromycin formation in the pres-
ence of analog 5. Inset, detail for the transient phase of competitive
inhibition at low concentrations of analog 5 ([I] , 120 mM).
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(Table 1). This value is ,106 M21 sec21, which is considered
to be the upper limit for the characterization of a molecule as
a slow-binding inhibitor (24). The biphasic progress curves
suggest that the two-step model represented by eq. 2 is an
adequate mechanism to explain the behavior of CAM ana-
logs. Corroborative evidence comes from the hyperbolic shape
of the equilibration plots (not shown) and particularly from
the slope replots. The proposed mechanism suggests that the
CAM analogs inhibit protein synthesis by binding initially to
the ribosome in competition with puromycin. Subsequently,
as a result of a conformational change, a slow isomerization
occurs (CIº C*I), after which the analogs continue to inter-
fere with the binding of puromycin to the isomerized com-
plex. It has been suggested that the binding of CAM to
ribosomes induces conformational changes in the rRNA that

may be the basis for the inhibitory effect that CAM exerts on
protein synthesis (4, 27–29). Probably during the reaction of
eq. 2, the CAM analogs interact with the same sites of rRNA
as does the parent compound. Thus, the analogs of CAM
under investigation can be classified as members of the group

Fig. 6. Hill plot of inhibition of the puromycin reaction by analog 5. Disc-adsorbed complex C is formed at 10 mM Mg21 and then reacts at 25°
with 400 mM puromycin in reaction buffer. The molecular interaction coefficient (n) of analog 5 is obtained from the slope of this plot. The kl (in the
presence of analog 5) and kobs (in the absence of analog 5) values are calculated from the late phase of the corresponding logarithmic time plots.

Fig. 7. Kinetic scheme proposed for the puromycin reaction in the
presence of analog 5. C, complex C; I, analog 5; C*I, isomerized
complex CI; S, puromycin; P, acetylphenylalanyl-puromycin; C9, ribo-
somal complex after its reaction with puromycin.

Fig. 8. First-order time plots for the inactivation of complex C by
spiramycin when (f) spiramycin (5 3 1026 M) alone is present or (å)
spiramycin (5 3 1026 M) and analog 2 (1 3 1025 M) are concomitantly
present. In parallel, (F) complex C is preincubated with analog 2 at the
same concentration as used previously, and then spiramycin (5 3 1026

M) is added. The percentage (x9) of the remaining active complex C is
titrated by puromycin (2 mM, 2 min) after washing of cellulose nitrate
filter to remove the excess antibiotics.
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of slow-binding inhibitors. This group includes a number of
important drugs and agrochemicals (24, 30).
For analog 5, eq. 2 is extended by the binding of a second

molecule of 5 to the isomerized complex C*I. This is consis-
tent with the finding of other investigators that there are two
sites on 70 S ribosomal particles for the binding of CAM (1–3,
5, 7, 28). It should be noticed that eq. 2 is a reduced form of
the kinetic scheme of Fig. 7, when K*i 5 `. Our observations
further support the idea that the competitive character of the
CAM analogs, compared with the behavior of the parent
compound (8), seems to be a result of an increased structural
similarity of the analogs to the 39 terminus of aminoacyl-
tRNA. Thus, the mixed noncompetitive type of inhibition
observed in the case of CAM cannot be found even at high
concentrations of the analogs or at the delayed phase of the
puromycin reaction.
A common feature of slow-binding inhibitors is the “prein-

cubation effect.” However, when the puromycin reaction was
used to determine peptide bond formation, we failed to detect
a preincubation effect with either the aminoacyl or the pep-
tidyl analogs of CAM. This is in agreement with the fact that
CAM also does not exhibit this effect (8). However, by exploit-
ing the large difference between the k3/Ks value (73 M21

sec21) for the puromycin reaction and kassoc (3.3 3 104 M21

sec21) for the spiramycin reaction, we were able to reveal the
preincubation effect for the CAM analogs (Fig. 8). This fact
further supports the characterization of the analogs under
examination as slow-binding inhibitors.
According to previous reports, the potency of aminoacyl

and peptidyl analogs of CAM has been assigned solely on the
basis of the inhibition constant Ki (17) or of the parameter
IC50 (16). This approach was based on the assumption that
the equilibria concerning the inhibitor are attained instan-
taneously before a product is formed. However, this is incon-
sistent with the type of inhibition described in the present
kinetic analysis. The Ki value alone cannot represent the
potency of inhibitors at the late phase of inhibition. It is
obvious that some additional constants should be used for
fully characterizing the potency of CAM analogs. We propose
the use of the apparent association rate constant kassoc for
evaluating the potency because it represents the overall ten-
dency of complex C for engagement in reaction 2 (23). Al-
though, the order of analog potency (17) is not disturbed by
using the kassoc instead of Ki as a criterion of potency, the
relative inhibitory strength is altered. Thus, on the basis of
the current calculation, we could say that analog 2 is 8-fold
more potent than 4 and 2.5-fold more potent than 3. Further-
more, according to the proposed model, we can explain why
the relative potency of analog 5 is altered as a function of [I].
In contrast to the remainder of the analogs, analog 5 is
characterized by a kassoc value that is a linear function of [I].

kassoc 5

k7 1 k6S1 1
@I#
K*i
D

Ki
(7)

Consequently, at very high [I], the value of kassoc abruptly
increases, resulting in a stronger inhibition of peptide bond
formation.
It is worth noting that the “amide bond,” characterizing

many inhibitors of peptidyltransferase (31), remains intact
in the analogs used in the current work. It is also interest-

ing that the inhibitory activity of the compounds under in-
vestigation, although moderate compared with the parent
compound, is nevertheless evident during the puromycin re-
action. Although it is difficult to relate the L-p-methoxy-
phenylalanine moiety in puromycin to the examined analogs,
which have a d-configuration, the competitive character of
their action implies structural similarities to the acceptor
molecule. It is significant that the configuration of an ami-
noacyl residue does not substantially affect the inhibitory
ability of the respective analogs of CAM (32). Therefore, the
model of CAM action proposed by Bhuta et al. (10) could
successfully be extended to explain the relative activity of
analogs 3–5. By orienting the p-nitrophenyl group of these
compounds to the hydrophobic locus of A-site, the CONH
sequence of amide bonds in puromycin and CAM analogs is in
the opposite direction. Thus, they can be regarded as retro-
inverso analogs. In comparison to the parent compound 1, it
is obvious that replacement of the chlorine atoms by one
hydrogen and one amino group (analog 3) decreases the ac-
tivity of CAM. The introduction of a benzyl side chain at the
carbon bearing the free amino group of 3 gives the L-pheny-
lalanyl analog 4, which is less active than analog 3. The
possibility exists that the effect may be a modest electronic
steric perturbation of the p-nitrophenyl moiety by the bulky
acyl group, which alters its binding ability to the hydrophobic
locus of A-site. Replacement of the dichloroacetyl group of
CAM with the more extended L-glycyl-phenylalanyl moiety
produces analog 5, which is much less active than analog 4.
Furthermore, it seems that the conformational changes of
complex C, caused by the binding of analog 5, can accommo-
date the binding of a second molecule of 5 to ribosome. This
second equilibrium results in a further increase in the ap-
parent rate constant of complex C inactivation.
However, the p-nitrophenyl group of CAM analogs may not

always be confined to the hydrophobic locus of ribosomal
A-site. In fact, under certain structural limitations, the ana-
log molecule may be better projected into the puromycin
binding area, orienting its CONH sequence in a direction
parallel to the amide bond of puromycin. Such a model has
been proposed by McFarlan and Vince (16) and explains well
the relative high activity of analog 2. In comparison to isomer
analog 5, the biological activity of analog 2 revealed that the
critical feature that influences the biological activity of the
analogs is not the electronic structure at the acylamino chain
but rather the stereospecificity of this region that determines
the receptor engagement.
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Appendix
The rate of CS formation, corresponding to the kinetic

scheme of Fig. 7, is given by the following equation:

d@CS#

dt
5

k7@S#@Co 2 P]

KsS1 1
@S#

Ks
1

@I#
Ki
D 2 k@CS# (8)
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where

k5k71
k3@S#/Ks1k6@I#S11

@I#
K*i
DYKi

11
@S#

Ks
1

@I#
Ki

(9)

and Co represents the initial concentration of complex C. In
deriving eq. 8, it is assumed that the equilibria

C 1 S
Ks

º CS, C 1 I
Ki

º CI and C*I 1 I
K*i
º C*I2 (10)

are established rapidly, whereas the isomerization of Cl to
C*l,

CI
k6
º
k7

C*I, (11)

is established slowly.
Early competitive phase. As t approaches zero, there

will be neither C*I nor, consequently, C*I2 formation, but the
equilibria

C 1 S
Ks

º CS and C 1 I
Ki

º CI (12)

will have been established. Thus, eq. 8 is simplified to eq. 13:

d@CS#

dt
5 2

k3@S#@CS#

KsS1 1
@S#

Ks
1

@I#
Ki
D (13)

Given that

dP
dt

5 k3@CS#, (14)

eq. 13 can also be expressed as:

dP
dt

5
k3@Co 2 P#@S#

KsS1 1
@S#

Ks
1

@I#
Ki
D (15)

By integration of eq. 15, eq. 16 is obtained:

ln
@Co#

@Co 2 P#
5 ln

100
100 2 x9

5 ke z t 5
k3@S#

KsS1 1
@I#
Ki
D 1 @S#

t (16)

which is the integrated rate law for the initial stages of
product formation in the presence of the inhibitor. From eq.
16, by setting [I] 5 0, we obtain the rate law for reaction 1.
Late competitive phase. If we take into account that dur-

ing the late phase of the logarithmic time plot the reaction
CI º C*I has reached equilibrium, then k7@C*I# 5 k6@I#.
Under this assumption, eq. 8 is transformed to eq. 17:

@CS# 5
@Co 2 P#@S#

KsS1 1
@I#
K0i
D 1 @S#

(17)

where

K0i 5
Ki 3 k7

k7 1 k6S1 1
@I#
K*i
D (18)

By multiplying eq. 17 by k3, eq. 19 is obtained:

dP
dt

5 k3@CS# 5
k3@Co 2 P#@S#

KsS1 1
@I#
K0i
D 1 @S#

(19)

which by integration gives eq. 20:

ln
@Co#

@Co 2 P#
5 ln

100
100 2 x9

5 kl 3 t 5
k3@S#

KsS1 1
@I#
K0i
D 1 @S#

t (20)
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