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Radiatien-induced inactivation of the

angiotensin-converting enzyme in solutions
3.* The effect of NaCl
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The effect of NaCl concentration (0—0.15 mol L™!') and y-irradiation dose on the
catalytic activity of the angiotensin-converting enzyme is considered. Special regions in
which a particular mechanism of dose response predominates are identified. In acid and
alkaline media, there are regions of substantial enzymic activation; in addition, damped
oscillations of the enzymic activity are observed. At pH 7.5, when the enzyme adopts a more
“unfolded” conformation, the clearly defined activation peaks on the surface relief are
smoothed over, indicating a decrease in the etfect of the salt concentration.
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Previously, we studied the behavior of the angio-
tensin-converting enzyme (ACE, peptidyl dipeptidase
A, EC 3.4.15.1) under various conditions using a
radioenzymotogical method.1'2 On the whole, the ACE
exhibited relatively high radiation stability, which was
manifested as the appearance of an induction (lag)
period, whose duration increased upon increase in the
enzyme concentration. The latent damages occurring
during this period are accompanied by the destruction or
modification of ~50% of the Trp and Tyr residues, which
perform the autoprotector function in the molecule of
this enzyme, together with the carbohydrate compo-
nent.2 However, it was noted that irradiation with low
doses (starting from 0.2 Gy) resulted in enzymic activa-
tion; this makes the character of the dose response of
the ACE molecule more complex than that for some
other enzymes exposed to similar doses.!»3 The activa-
tion effect can be manifested either as a primary or as a
secondary effect, i.e., one observed after a lag period
and/or inactivation. The sum of the results obtained
allowed us to claim! that the activation effect is mani-
fested most clearly where the conformational flexibility
of the active site is higher.

" The observed dose response of the enzyme molecule

(i.e., the dependence of its catalytic activity on the
irradiation dose) was pH- and enzyme concentration-
dependent and included a lag period, an activation
period, and consecutive activation and inactivation pro-
cesses (oscillations of catalytic activity reflecting the
conformational unbalance).! We proposed a mathemati-

* For Part 2, see Ref. 1.

cal model describing the dose response of an enzyme
and demonstrated that conditions for the generation of
damped oscillations of the enzymic activity on irradia-
tion can exist.4

The dose response of an enzyme depends also on
another important factor, namely, the presence of vari-
ous effectors, including inorganic salts, in the solution.
Thus our study of the influence of calcium and magne-
sium salts on the radiation stability of plant peroxidases
demonstrated the presence of both a specific influence
of metal ions on the flexibility of the active site and the
surface effect associated with the neutralization of the
surface charges of the protein globule by metal cations.

Anions are known® to have a substantial influence on
the catalytic activity of the ACE. Chloride anions are
the most efficient activating species. They are believed
to bind to the Lys residue near the active site of the
enzyme.$

Qur earlier experiments dealing with the behavior of
the ACE on exposure to radiation were carried out using
the physiological concentration of NaCl (0.15 mol L™1).
In this work, we studied the influence of NaCl in the
concentration range from 0 to 0.13 mo! L™ on the dose
response of the ACE at various pH; the results are
presented as surfaces in the enzymic activity—absorbed
dose—NaCl concentration coordinates. This way of pre-
sentation of experimental data in radioenzymology with
allowance for several variable parameters permits one to
identify clearly not only singular points but also the
regions in which a particular mechanism of the
dose response predominates and oscillations can be ob-
served.
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Results and Discussion

Based on our earlier data! on the p 1- iependence of
the radiation-induced inactivation of tt 2 CEin Q.15 M
solutions of NaCl, one can claim that. o: passing from
relatively low pH values (5.5) to high »F. values (9.0),
the conformation of the enzyme active site changes,
namely, a fairly flexible structure is trzns’ormed into a
more rigid one. The conformation irarsition is ob-
served! at about pH 7.0—7.5. Therefcre. to study the
influence of NaCl on the properties of he ACE, we
chose three pH values (6.0, 7.5, ani “.0) and two
enzyme concentrations (1073 and 107" m>l L™1); thus,
we could estimate the change in the nf.uence of the
NaCl concentration on the properties o' the enzyme
under conditions where the flexibility « { tne active site
changes. It should be taken into accoun: th.r any change
in the composition of the solution affec: . t. = ratio of the
concentration of the reactive water radic 'ys 5 products to
the concentration of enzyme molecules ' R: [Eq}), which
is a significant factor determining tr: -ossibility of
enzymic activation and oscillations of (he 2nzymic ac-
tivity.

The processes occurring on irradiz.ic -~ of 1078 M
solutions of the ACE under condition: ¢ variation of
the above-mentioned parameters are sum -+ ized in Table
1. For the physiological pH value, .5 no primary
activation was observed at any salt con. > “ations. Sec-
ondary activation (after inactivation) w:.; r.uted only for
low NaCl concentrations (£0.005 mol L ™! . an increase
in the salt concentration resulted in a p-at:-2u instead of
secondary activation for the same doses. T!.¢ physiologi-
cal NaCl concentration (0.15 mol L™" g.ve only a lag
period on the curve for the variation of i1e activity vs
irradiation dose. As noted above, pH = "~ 7.5 is the pH
range of the conformation transition’ g “ing a more
"unfolded” state, in which the accessibiz s.:rface area of
the globule is greater.

At other values of the pH of the me:.iu 1, the curves
for the catalytic activity vs irradiation <.0:- exhibit pri-
mary activation, and the successive ckan 2 in the salt

g
s

Table 1. Formal description of proces-2s occurring on
y-irradiation of 1078 M solutions of the AF st various pH
values and NaCl concentrations

[NaCl] ' pH

/mol L1 6.0 7.5 9.0

0 in—>pl->in n—>a-in i - pl-in
0.001 a - in in—s>a—in t —»pl-in
0.005 pl - in in - a-—in - a—in
0.01 in—spl—>in in > pl—in a-in
0.05 in-—+a-—in in->pl-oin pl - in
0.10 pl = in in - pl o ir a - in
0.15 a — in pl = in pl = in

Note. The following designations are used: in is nactivation, a
is activation, p! is plateau.

concentration results in the alternation of processes
(see Table 1), unlike the situation at pH 7.5, where
the mechanism of the dose response of the ACE
changes smoothly. Thus at pH 6.0, primary activation is
observed for two salt concentrations, viz., 0.00! and
0.15 mol L™!, secondary activation is observed at
a concentration of 0.05 mol L™!, and the lag period
is observed at 0.005 and 0.1 mol L™!. At pH 9.0, primary
activation takes place at NaCl concentrations
of 0.01 and 0.1 mol L~!, secondary activation
occurs at a concentration of 0.005 mol L~1, and
the lag period is exhibited at concentrations of 0.05 and
0.15 mol L1

These results imply that the flexibility of the active
site changes depending on the medium and allow one to
distinguish conditions under which a particular process
clearly predominates. To identify the singular points in
which one mechanism of the process is replaced by
another, we presented the experimental results as sur-
faces (Fig. 1) in the coordinates "residual enzymic activ-
ity—absorbed dose—NaCl concentration” for the se-
lected pH values. In this case, the singular points look
like breaks on the surface relief. It should be noted that
the relief of the surface (i.e., the dose response pattern)
observed for pH 6.0 and 9.0 is more complicated than
that for pH 7.3, when the conformation of the protein
globule has a greater accessible surface.

As was to be expected, the positions of the singular
points are determined not only by characteristics of the
solution (pH, salt concentration) but also by the dose,
ie., it is related to the [R]/[Ey] ratio. Thus, the posi-
tions of these points should depend also on the dose rate
of the radiation source (this changes the initial [R]/[Eg]
ratio); however, this is the subject of a special investiga-
tion. The results obtained confirm that the surface of the
ACE globule contains regions responsible for the con-
formational flexibility of the active site and the molecule
as a whole, although they are not necessarily connected
to the site itself. The amino acid composition of these
regions should largelv determine the dose response of
the molecule and these regions should be capable of
transferring energy or electron density ("mobile radi-
cal"). Therefore, the reactive water radiolysis products
present in a substantial excess can induce an unbalance,
resulting in the change in the accessible surface area of
the active site due to oscillation processes in the mol-
ecule, even without influencing directly the active site.
In this case, the absorbed dose can be small. We suggest
that it is the Trp residues, which undergo intense modi-
fication in the initial steps of irradiation of the ACE,?
that act as the key energy accumulators able to induce
the enzymic activation and cause any energetic and,
hence, conformational unbalance. This conclusion is
entirely consistent with the literature data”8 on the role
of Trp residues in the enzyme structure.

Table 2 presents the changes of the radiation-chemi-
cal parameters depending on the concentration of NaCl
and pH of the medium. The radiation-chemical yield of



Orlova er al.

2336 Russ.Chem. Bull., Vo!. 48, No. 12, December, 1999
a e -
100 juo
~ 80
I 60
40 |
20 !
0 e
07 o
40 ~0.08
D/Gy 60 04
\\ s .
80 ™ —
0 [NaCi]/mol L™}
b _.f‘f"_‘ﬁ‘m"‘xh
i/"-" [ . - -“%H“H
100 4
80
60
i
< 40
-
20
0
20 <~ 0.12
40~ "”ﬁ,ns
D/Gy 6(\/4 04
80 (NaCl}/moi L~
®
~

~ .
60\// .
80 0 [NaCl)/mol L™!

Fig. 1. Dose response of a 1078 M solution of the ACE at
various concentrations of NaCl and pH = 6.0 (@), 7.5 (), 9.0
(c): A is activity, D is irradiation dose.

inactivation G, is the most important parameter. The
salt concentration affects appreciably the Gj, value; the
maximum inactivation rate (increase in G;,) is observed
at NaCl concentrations of 0.05 mol L™} (at pH 6.0),
0.01 mol L~ (at pH 7.5), or 0.1 mol L~} (at pH 9.0).
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the addition of the salt to the system
antial drop of Dy further increase in the
‘ion results in a small increase in the Dy
’.5 and 9.0, the dependence of Dy on the
:ion passes through maxima at NaCl con-
0.001 and 0.01 mol L~! (pH 7.5) and at a
ration of 0.001 mol L™!' (pH 9.0). This
iditional illustration of the difference be-
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ant p.
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able 2) parameters which characterize the
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n of the observed dose responses of the
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3 the dose response vector occurs. For
i the concentration of NaCl varies from 0
1, a transition from a 1078 M solution of
10~7 M solution switches the "inactiva-
-n--inactivation” process to the "activa-
jon” process. As the salt concentration
15001 mo!l.L™}), the variations of the
soth ACE concentrations follow a general
both dependences have one maximum.
duration of the period of unbalance in the
rated enzyme solution depends on the
ration to a lesser extent.
influence of NaCl on the functioning of
:bstantial and manifests itself as enhance-
<ening of the conformational unbalance
1 of the conditions in the medium. This, in
se to clearly defined singular points (re-
surface for the variation of the enzymic
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Table 2. Radiation-chemical parameters for irradiation of 10™% M solutions of the ACE at various pH

values and NaCl! concentrations

[NBC” pH Gm - 10 Dind D:l Ay (%) Ddl Dm Ain (%)
/mol L™ Gy Gy
0 6.0 3.2 — ~ — 60 15 35
7.5 0.8 — 3 12 3 1.5 25
9.0 0.3 - — - 4 1.5 25
0.001 6.0 0.5 — I 16 ! — 10
7.5 0.4 — 9 12 9 I.5 20
9.0 0.1 — - - 15 1.5 30
0.005 6.0 0.5 9 - - 9 ~ -
7.5 0.7 — 3 18 3 0.5 30
9.0 0.6 — 3 30 3 1.5 30
0.01 6.0 0.6 - - — 10 3 15
7.5 3.2 — — - 30 0.5 30
9.0 0.1 — 0.5 20 0.5 - —
0.05 6.0 2.0 - 3 13 3 1.5 30
7.5 0.8 — - - 15 0.5 15
9.0 0.9 1 — - i - —
0.10 6.0 1.5 — — - 3 — -
7.5 0.8 — — — 3 0.5 30
9.0 1.7 — 0.5 12 0.3 -
0.15 6.0 1.2 — 9 30 9 - —
7.5 1.8 3 - —_ 3 — —
9.0 1.6 3 — — 3 - -

Note. Gy is the radiation-chemical yield

of inactivation determined using the section on the dose

response curve after Dy (the number of inactivated molecules per 100 ¢V of absorbed energy); Djq IS the
dose up to which the induction (lag) period is observed; Dy is the dose after which only inactivation is
observed; D, is the dose at which the maximum activation is attained: A, is the percent by which the
enzymic activity at the maximum activation exceeds that at the maximum inactivation or that at the
plateau; D, is the dose at which the inactivation maximum during the conformational unbalance period
is observed: A;, is the percent by which the enzymic activity has decreased in the conformational
unbalance region with respect to the initial activity. The experimental error is ~10%.

Table 3. Change in the radiation-chemical parameters for v-irradiation of a 10~7 M solution of the ACE at

various NaCl concentrations (pH 7.5)

[NaCl] ub G- 100 Dy D, 8 (%) _Dpa Diy 80 (%) Description
/mol L™t Gy Gy of the process®
0 2.0 10 3 3 45 — — — a—in
0.001 2.1 15 15 15 75 — ~— - a - in
0.005 2.2 60 15 15 20 - —_ — a - in
0.01 24 15 10 — - 10 — - pl = in
0.05 4.4 10 10 — — — 0.5 40 in-—>pl->in
0.10 6.3 10 10 - — — 0.5 40 in - pl—>in
0.15 7.2 10 3 3 20 0.5 - — pl - a—in

2 See Note to Table 2.
b lonic strength of the solution.
¢ See Note 10 Table 1.

activity as a function of the absorbed dose and the
concentration of NaCl and resuits in more clear-cut
oscillations of enzymic activity.

Experimesntal

Electrophoretically homogencous ACE from bovine lungs
was isolated and purified as described previously.? The enzymic

activity was determined by fluorimetry? using Z-Phe-His-Leu as
the substrate (Serva). Solutions were irradiated by a y-source
with a dose rate P, = 0.05 Gys™! at ~20°C. Solutions of the
protein (with concentrations of 1078 and 1077 mol L™1) were
prepared in a 0.025 M phosphate—Dborate buffer at an appropri-
ate pH. The concentration of NaCl was varied in the 0—
0.15 mol L™' range. After irradiation, the solutions were kept
for ! h to et possible secondary reactions come to completion.
No post-radiation effects were observed for the ACE.
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The radiation-chemical yields of inactivation (Gi,) (change
in the enzymic activity per 100 eV of absorbed energy) were
calculated from the section on the dose response curve that
immediately follows the attainment of the Dy point using the
equation

G = 0.96- 106 AE/AD,

where AE/mol L1 is the change in the enzyme concentration,
and AD/krad is the change in the dose.
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