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SUMMARY

The inactivation of penicillinase is accelerated in the presence of substrate apalogs.
The kinetics of the Teaction with respect to time, temperature, pH and analog con-
centration indicate great similarity and slight but definite difference between the
effect of substrate analogs and that of undiscriminating hydrogen-bond-breaking
agents. The analog-dependent inactivation is partly reversed by the substrate or by
pH changes. Both the inactivation and its reversal are temperature-depcndent
processes. The reported observations are discussed in terms of postulated differences
hetween substrate and analog-induced conformation of penicillinase.

INTRODUCTION

In a previous communpication! we have shown that the conformation of penicili.nase
is reversibly changed through interaction with a competitive inhibitor of the enzyme,
The inhibitor used was DMP, a synthetic penicillin. characterized by its unusually
high resistance to hydrolysis by penicillinase. Similar observations have been made
with another recently synthesized competitive inhibitor (see ref. 2.) The changes
nbserved in penicillinase exposed to either analog have been interpreted as dine to a
distortion of the active site of the enzyme, As a consequence, it was expected that
the thermostability of the enzyme would be lowered by the substrate analogs. This
indeed is the case; the kinetics of analog-induced labilization and its reversal are the
subject of the present communication.

MATERIALS AND METHODS

Penicillinase; The enzyme was prepared from the culture supernatant of Bactllu:
cereus strain §69/i1 (see ref. 3). The preparation was purified as previously described4
and its speciiic aciivily was similar to that reported for a crystalline penicillinase of
B. cereass,

* Part ot a I’h. 1. thesis, to be submitted to the Faculty of Science, The Hebrew University,
Jerusalem.

Abbreviutions: DMD, 6-(2.6-dimethoxybenzamido}penicillanic acid; P-12, 5-methvl-3-
phenyl-4-isoxazolyl-penicillanic acid; BP, sodiuvm benzylpenicillin.
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EFFECTS OF INHIBITORS ON PENICILLINASE 63
Assay of penictllinase: Total penicillinase activity was assayed by the mano-
metric method®?. The iodine-resistant (a-type) activity was assayed directly by
the iodometric procedure previously described®.
Pentcillins: BE was obiwined from Merck and Co., Inc., DMP wu: supplied by
Teva Ltd. and P-12 by Bristol Laboratories.

Heat treatment and assev of residnal activity

Standard heat treatment consisted of exposing penicillinase in c.05 47 phosphate
buffer (pH 7.3} and 0.259%; gelatin to 48° for 2 min. {Variations in pH. temperaturc
and duration of treatment will be specified in the respective experiments.)

The treatment was carried out in test tubes immersed in a water-bath, with
temperature regulated by a Thertnomix IT Immersion Thermostat within = o.17°.
At the end of the incubation the tubes were immersed in an ice-bath for I min and
transferred to a 30° water-bath where the enzyme was assayed.

The assay was based on the iodometric procedur: fur the determination of iodine-
resistant (a-type} activity*. The reagent mixture (0.5 mi of i,, 0.025 M in o.125 M
KI, 1.oml of o.1 M phosphate buffer, 3.0 ml of 0.5% gelatin and 3 mg of henzyl-
penicillin) was kept for 5 min ai 30° before the assay. The assay was started by the
transfer of the reagent mixture into tirwe tube containing the treated preparation, The
total volume of the assay was s ml.

RESULTS

Effect of DM P and P-12 on thermal {nactivation of penicillinase

Reports on thermostability of penicillinase are “‘extremely variable and in-
consistent’'®, This may be due, in part, to the fact that onlv crude preparations of
penicillinase were available for such studies. In fact Porrock and co-workers have
shown®.!® that ‘‘the enzyme can be strikingly protected from thermal inactivation
by the presence of high-molecular-weight compounds which may be present in the
preparation”. Using pure peniciilinase we have found that even a2 dilute solntion of
the enzyme (0.5 ug/ml) is quite stable in the presence of 0.259%, gelatin at tempera-
tures below 40°. Above that temperature, however, thermal inactivation is noticeable,
and at 58° a 2-min exposure is sufficient to cause complete inactivation. The tem-
perature-dependent inactivation of penicillinase at pH 7.3 is presented in Fig. 1
{(Curve ().

The effect of the competitive inhibitors of penicillinase on thermali inactivation
is also shown in Fig. 1. It will be noted that in the presence of less than 0.z W of
DMP (Curve A) or P-1z {Curve B) the thermostability of penicillinase has markedly
decreased.

The effect of DMP on the stability of the enzyme at pH 7.3 was clearest at 48°
where over go%, of the enzyme was inactivated as compared with 209, inactivation
in the control.

The above conditions (f.¢. 2 min at 48°) have been selected for further studies of
analog-induced thermolability of penicillinase.

The precision of the preseni r»thod »f measuring the effect of an analog is
evident from Fig. 2, where survival of enzyme activity is plotted against time of
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Fig. 1. Effect of DMP ard P-12 on the thermostability of penicillinase. Reaction mixtures (fina,
volume, o.4 ml) consistec of: penicillinase, o.5 ug; phosphate buffer {(pH 7.3), o.05 M _2)tin.
0.25% and ,respectively, DMP, 0.18 uM (Curve A}, P-12, 0.18 uM (Curve B}, no analog (Curve C)l
At the end of 2 min exposure to the indicated temperatures the residual activity was determined
as described in METHODS.

ol

exposure to 48°. Readings at 10-sec intervals reveal considerable differences in the
survival of penicillinase brought in contact with the analng (Fig. 2,A). Inactivation
of the control preparations containing no DMP proceeds at a much slower rate
(Fig. 2,B). Maximal DMP effect at 48° is reached after 120 sec exposure, s.e. under
the conditions used throughout this work. Similar observations have been made at
somewhat lower or higher temperatures. The results recorded at 46°, 48° and 50°

PENICILLINASE ACTIVITY (units /rl)

40 [ 1] 20 L
TIME {seconds)

Fig. 2. Effect of DMP as a function of time Reaction mixtures {final volume, o.4 mif) consisted of;

pealcillinase, 0.5 ug; DMP, 0.18 uM; phosphate buffer (pIl 7.3}, 0.05 M ; gelatin, 0.25%; {Curvo

A}, Controls contained no DMP (Curve B}. Treatment was atarted by introducing the cnzyme to

the reaction vessel, kept at 48°, and terminated by transferring the vessel to an ice-bath. Residual
activity was determined as described in METHODS,

Biockim. Biophys, Acta, 67 (1463) 64-72



EFFECTS OF INHIBITORS ON PENICILLINASE 67

are summarized in Fig. 3. It will be seen that the logarithms of residual activities
plotted against concentrations of the analog fall on straight lines. The slopes of the
lines give a measure of the effect of increasing DMP concentraiions on the stabtiity
of penicillinase at the respective temperatures. It follows clearly from Fig. 3 that
decrease in stability as a function of analog concentration is accelerated by increasing
the temperature.

05— o 1
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Fig. 3. Thermal inactivation of penicillinase as a fanction of PMP concentration. Kcaction mix-

tures (final volume, 0.4 mt) consisted of: penicillinase, 0.5 yug; phosphate buffer {pH 7.3), v.05 M;

gelatin, 0.25% and varying amounts of DAIP. At the end of 2z min exposure to 46° (@—@). 48°

(O -0) and 30" {f—4\) r=spectively, the resideal activity was determined (as described in

METHODS) and expressed as reaction velocity (). Log k is plotted against concentration of DMP
(in pg per 0.4 »' of reaction mixture).

Effect of pII on the thermostability of penicillinase in the presence and absence of analogs

The experiments reported so far have been carricd out at pH 7.3. Variations of
pH have a pronounced effect un the conformation of the enzyme. Consequently
thermal inactivation of penicillinase is strongly affected by the pH of the medium.
Thus a 2-min incabation at 58° causex complete loss of activity at pH values below
4.0 or above 7.4 whereas in the range of pH 4.8 to 5.3 the enzyme retains 807, of the
initial activity. The pH-dependent changes in thermostability of penicillinase are
plotted in Fig. 4

It will be noted that at 48° the pattern of thermostability is very different. Here
the enzyme is fully stable over the range of pH 4.0 to 6.0, and retains most of its
activity in the alkaline range.

The stability of penicillinase under these conditions is characteristically affected
by interaction with the analogs. Exposure to DMP at 48° brings out the bell-shaped
curve observed at 58°. Essentially identical results are obtained when DMP is re-
placed by P-12 at an equimolar concentration.

The effect of the analogs at 48° is strikingly similar to the effect of exposure to
58° in the absence of analog. Yet, whereas the thermostability curves obtained with
the two analogs are superimposable, they are shifted to the right of the 58° curve
(Fig. 4). Tnis shift appears to reflect a specific effect of the analog ¢a1 the conforma-
tion of the active site of penicillinase (see DISCUSSION).

Biochins. Biophys. Acta. 67 (1963) 6472
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Fig. 4. Survival of penicillinase activity following heat treatmoent at varving pH. Aliquots of

penicillinase {0.55 pg of enzyme protein) in o.03 M buffer solution of varying pH, exposed for

2 min to the indicated temperatures with and without the analogs. Tota) volume, 0.4 ml. Buffers

used: phthalate - NaOH (pH 4.0-6.0) and phosphate [pH 6.0-7.5). For assay of rexidual activity,

sce METHODS. B -, 487, o8 M DMP. @ -@. 48° o018 uM P-t2; C--- 2. 48°% no additions;
A — A, 58° no additions.

Reversal of the effect of analogs on the thermostabilily of penicillinase

Before considering the reversibility of the effects summarized in Fig. 4, it will
be useful to examine the conditions of trcatment and assay (sece METHODS). The
heat treatment was terminated by cooling the reaction vessel in an ice-bath. The
contents were subsequently diluted by a factor of 12.5§ with the assay reagent, pre-
warmed to 30°, The buffering capacity of the assay reagenis was sufficient to restore
to neutrality variously treated samples. Thus the temperature and pH conditions
during the assay of treated samples were identical. The assay was started by simul-
tancously exposing the enzvme to the substrate and to the iodine reagent. Under
these conditions there was no reversel of the offect of pre-treatment with DMP at
48° and pH 8.0 (see Fig. 3).

It was conceivable, however, that si:ch pre-treatment cansed excessive sensitivity
to iodine rather than irreversible inactivation. The enzyme is indeed sensitive to
iodination in the presence of substrat: analogs':?, but the indine-sensitive state is
reversed by the substrate!. Indeed : -nicillinase pre-treated by DDMFP at o° and
pH 7.3 displayed no loss of activit'r when assayed in the presence of iodine, thus
mdicating that the reversal by the substrate was practically instantancous!. Since
the pre-tr._tment by DMF in the present experiments was carried out under different
conditions (48°, pH 8.0} the Kinetics or reversal may have been diffcrent.

The experiments concerned with this point are summarized in Tig. 5. In one
series the pre-treated enzyme was brought in contact with the substrate immediately
upon the termination of the heat treatment and 1060 sec before the beginning of
the todometric assay (for details see legend to Fig. 5). The substrate was found to
be effective in restoring up to 159% of the initial activity {Fig. 5.B}.

1t will be noted that this slight reversal by the substrate was induced at pH 8.0.

Biochim. Biophys. Acta, 67 (1963) 6472



EFFECTS OF INHIBITOKS ON PENICILLINASE o]
When the pH was lowered to §.g upon the termination of the heat tieatment, and
before the wdometric assay. the reversal was more rapid and complete, Indeed the
presence of the substrate at this stage was not required for reversal. Spontaneous
recovery of 13Y%, was reached within § sec. and maximum reversal (30%, of the
initial activity} within 30 sec after lowering of pH and temperaturs /Fig. 5, Q).

Effect of temperature ni the reversibility of the anloz-tnduced change

The analng-induced change described above was temperature dependent in the
sense that it did not cause inactivation unless the temperature was raised. The
change was partly reversed by the substrate (Fig. 5.13) or by lowering the pH (Fig.
5.C}), but not by lowering the temperature (Fig. 5.A). The effect of temperature on
the reversibility of the analog-induced change was further examined in the following
experiment. As belure, the enzyme was exposed to DMP at 387 and pH 8.0, Reversd
was brougit about by the addition of pH 5.5 butier, and the assay of activity started
60 sec later, that is after maximum reversal was attained {¢f. Fig. 5.C).

c Lp
0 —

PENICILLINASE ACTIVITY {% of initial)

. ] N o
0 20 0 40 S0 60
TIME (seconds)
Fig. 5. IReversibility of the DMI-dependent thermal inactivation: effect of pH and substrate.
Reaction mixtures (hnal volume, ¢.4 ml) consisted of. penicibinase, 0.5 g phosphate builer
(pH 8.0), o.035 M; gclatine, 0.25%,: DMP, 100 ug. Treatment (2 min, 348°) was terminated by
injecting into thc reaction tube 0.3 ml of ice-cold phosphate bufler s follows: (A), on2 M
phosphate bufier (pH 8.0); (B), 0.0z M phosphate bufier [pi 8.0) containing 3 mg of benayl-
penicillin; (C), o.2 .M phosphate butier {pH 5.3) (final pH of reaction mixture, 5.9). Kesidual
activity {sce METHODS) was assayed after termination of treatment. at the indicatud time inicivais,
Correction has been macte for the penicilloic acid formed in samples treated with benzyipenicillin
(Curve B).

At this stage the treated samples were assayed in three series. In one series (A)
the temperature was kept constant {at 48°) throughout, in another (B) the tempera-

ture was progressively decreasing, and in the third (C) increasing as sumples were

Biochim. Bivphys. Acta, 67 (1903) &4-72
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acidified at g-sec intervals. The experimental details and results are presented in
Fig. 6.

The curves in Fig. 6 represent the activity of penicillinase recovered by acidi-
fying samples at various stages of temperature change (Fig. 6, B and C) and at a
constant high temperature {Fig. 6,A). It is clear from these data that the reversibility
of the analog-induced change is temperature dependent. Maximal recovery is ob-
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Fig. 6. Reversibility of the DMI-dependent thermal inactivation : effect of temperaturce. Reaction
mixturcs [(final volume ©.4 ml} consisted of: penicillinase, o.5 ug: phosphate buffcr {pH 8.0},
o.05 M; gelatin, 0.25%; DMP, 1vo ug. Standard heat treatment (2 min, 48°) was followed by
acidification, which consisted of adding 0.4 ml of 1.0 M phosphate bufler (pH 5.5) to each reacton
tube, at the indicated time intervals. (Final rezaction, pH 5.9). The temperature at this step was
controlled as follows: {A}, pH 5.5 bufier pre-warmed to 48°; reaction tubes maintained at 48°
throughout; (B), pII 5-5 bufier kept at o°; reaction tubes transferred to icc-bath immediately
upon weminaiiou of eat treatment; (C), Samples cooled ag in (B) for 30 sec, then transferred
to 48° along with o.4-mi aliquots of pll 5.5 butfer. Penicillinase actwuy was assayed 60 sec after
acidification as described in mETHODS,

tained when the reversal is carried out at 48°, that is at the temperature used in the
pre ireatment which led to inactivation. As the samples are cooled the response to
acidification becomes less effective. The recovery after jo sec at 0° is about §09%, of
that of uncooled enzyme. If, however, at this stage the temperature is raised, the
proportion of recovered enzyme is found to increase.

DiISCUSSION

Previously published evidence has indicated that the confurmation of penicillinase
15 affected by interaction wi.h penicillins®!!, The penicillins tested for their etfect

Biockim. Biophys. dcta, &7 (1963) 64-72
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on the conformation of the enzyme fall into two groups, which have in common the
penicillin nucleus (6-aminopenicillanic acid} but differ in side-chain structure. In
one group the variously substituted side-chains enhance the enzymic action of peni-
cillinase, 1.e. the hydrolysis of the g-lactam ving in the penicillin nucleust. In the
other group the side-chains impart a high degree of resistance to the action of
penicillinasels2,

It is highly significant that the two groups of penicillins (referred to as substrates
and substrate analogs, respectively) also differ in their effect on the confermation
of the active site of penicillinase. Thus the side-chain ot a reaciiy hvdrolysed peni-
cillin imparts a more ordered and morc folded conformation. On the other hand
interaction with a substrate analog has the opposiie effect. In the presence of such
analogs. penicillinase becomes completely inactivated by iodine or urea under con-
ditions where the free enzyme is unafiected. Our interpretation was that the modifi-
cation in the side-chain which takes a penicillin iesistant {v penicillinase appoars
to cause a marked distortion in the conformation of the enzyme,

The findings reported in the present paper are fully consistent with this inter-
pretation. The basic finding was that the thermostability of penicillinase decreases
in the presence of substrate analogs (Figs. 1 and 2). There is in fact a striking similarity
between the effect of the analog and that of elevated temperature. Inactivation at
constant temperature and increasing analog concentrations appears to follow the
same kinetics as that observed when temperature is the variable (Fig. 3).

When the analog-induced thermolability was examined over a wide range of
pH the similarity became even more apparent. Reference to Fig. 4 will serve to
illustrate this point. It will be seen, for instance, that exposure to the analog at 487
appears to be essentially equivalent to increasing the temperature by 10°. This
holds for the whole range of pH values at which the effect of analogs and temperature
was compared.

There is, however, a significant shift in the pH-stability curve which is depen-
dent on the interaction with the analog. Thus maximum stability is obtained in the
presence of analogs at pH 5.6-5.8 rather than at pH %.0-5.2 observed in their absence.
The pH values for maximal stability with the analog present are in good agreement
with the results observed in previous experiments! when the enzyine was tested
for iwdine sensitivity in the cold. The observations may also be rclevant that the
nH-activity curve obtained when the substrate (benzylpenicillin) was replaced by
DMP displaved a shift in the same direction (CiTR14).

It follows that the conformation imparted by the analogs, although very similar,
is not identical with that resulting from partial heat denaturation. This is hardly
surprising since the analogs, unlike heat or other hydrogen-bund-breaking agents.
exert their effect by specifically combining with the active site of the enzyme.

Indeed the analogs used in this work have beer shown io act as competitive
inhibitors of penicillinase’:®. It was thercforc not unexpected that the thermal in-
activation caused by analogs was partly reversed by the substrate under conditions
which were not conducive to spontaneous reversal Such reversal of analog-induced
changes by interaction with substrates has been previously described!:3:!1t. Also in
line with previously reported evidence!s:13 was the spontaneous reversal observed
when pH was adjusted (Fig. 5. C).

In this connection we made the rather unexpected observation that lowering
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the temperature did not promote reversal to the active conformation. Restoration
to activity {bv adjusting pH) was actually slowed down by cooling. It folluws quite
clearly from the data presented in Fig. 6 that the reversal of the DMP-induced
change, like the change itself, is a temperature-dependent process.

Although the interactions described in this paper are undoubtedly relevant to
the mechanism of enzyme action they are difficult to interpret with any degree of
precision. The present methods have been useful in detecting very elusive conforma-
tional changes which go to completion or disappear in a matter of seconds. They
vielded no direct information as to the bonds invoived and very little is known
about the chemical nature of the active site of penicillinase.

Nevertheless, an attempt to corrclate the present observations with those
previously reported leads to some distinctive conclusions. Analogs, in contrast to
substrates, have been found to cause labilization as well as exposure of new reactive
gronps in the active site of the enzyme. The similarity between the effect of the
analogs and that of hydrogen-bond-breaking treatment is probably the most striking
characteristic of this interaction. We feel justified in concluding that the interaction
between the enzyme and substrate analog involves breaking some specific secondary
bonds, such as hydrogen bridges, in the vicinity of the active site.

We wish to emphasize, however, the difterence between indiscriminate hydrogen-
bund breaking and the specific interaction which is characterized by a shight shift in
the pH-stability and pH-activity curves. We suggest that this shift may indicate
the tormation of an analog-directed secondary structure which is partly stabilized
by newly formed bonds. The existence of such semi-stable conformation would also
account for the effect of temperature on the reversal of the analog-induced change.
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