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SUMMARY

The determination of rate limiting step in the metabolic process is of great importance
to understand the metabolic properties. In this paper the authors propose a modified
enzymatic method instead of thermodynamic method. This method is based on the
assumption that the over-all rate increment would be larger than by any other steps to
which the individual enzyme are added respectively, provided that the enzyme participated
in the rate limiting step is added to the reactions composed of n steps of metabolic

process with which n kind of enymes are concerned. The present paper deals with
- analysis and discussion about some factors having influence on the proposed process,

mainly about the metabolic process constituted with homogeneous steps. The results show
that the determination of rate limiting step by a modified enzymatic method is feasible,

provided that some restrictions are added in any type of mechanisms.

INTRODUCTION

In the metabolic process of living cells, there
must always be a rate limiting step which
controls the metabolic process. According to the
thermodyamic definition this step is defined as
the minimal change in Gibbs’ free energy (4G)
of a characterizd reaction and the following
equation is usually employed to determine the
step;

AG=—RT I, K.q=AH— TAS=nFAE

However the application of above equation to
such objective is rather complicate, since each
value which contains in each step of metabolic
process must be determined respectively. In order
to reduce such complication the authors present

a modified enzymatic method which appears to
be no report in the literature.

ANALYSIS

To determine a rate limiting step the authors

consider three factors, i.e., the mechanism types
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of the rate limitien step and of each step in the

metabolic process, the influence on the over-all

rate increment by adding the individual enzyme
to each step and the influence of feedback in-
hibition which may be occured ay adding the
enzyme.

As we shall show in the subsequent sections,
various mechanism types of enzymatic reaction
are given as follows.

1, Mechanism types involving one substrate

and one product.V™®

k1 k3
la. A+E? X—E+P
&

k1 %3
1b. A—FE@—**2 X ==RE4P
&

k4

.33 k3 k5
k2 k4 k6

r # %5 #7
1d. A+E=—=x#=X'+P, X'=EQ==—=E+Q
#2 1 #6 18

where k1, ks, ks,>--are rate constant.
11, Mechanism types involving two subs-
trates and two products Vo7

2a. Ping-pong mechanism.

k1 %3
A+-E—(AE==PE)—FE'+P
k2 k4

5 k7
B+E==(BE==QE )=—=E+Q
k6 8

2b. Ordered mechanism 2810

Bl
x2
3
AE—(—B? (AEB=—QEP)
k5
=QE+P
26
87
QE=—E+Q
18

2¢. Random mechanism. V7

K
A+E==AE @, PE==E+P
AW £l 4
\AEB—-"’“PEQ‘/

where ki, k3,---are rate constant and Kj, Ko,
Ks,-are equilibrium constant.
I. Mechanism types invelving ene substrate
and one product.
Mechanism 1 a: This mechanism represents an
intermediate complex retaining all the atoms

originally present in both substrate A and en-

zyme. E° Hence the kinetic equations are as
follows,
—“Z‘;‘—:klae—kzl""""""“""""""'(la_l)
dz
E—=k,ae—(k2+k3)x serasnanesnieen e (10 —2)
de
= (bt k) z—Rae wereeonnen (1a—3)
d;
e (la—4)
eo=e+z - e (la—5)

where a, = and p are concentrations of subst-
rate A, intermediate complex X and P, respec-
tively; e, and e are those of enzymes which

present initially and after time t, respectively.

k1 k3
Fig. 1. Progress curve for A+Ez‘k—? X — E+4P,

with ki~ky=~Fks; ao~e,—adopted from w.w.
Cleland.1?

In such a case, the explicit solution is not
possible without some restrictions and they can
only be integrated numerically, preferably with
help of computer.

A typical solution provided by prof. W,W.
Cleland?1V is given in Fig. 1., in which we

observe that the slopes of the progress curve for
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both X and e versus time are vitually equal to

zero over the considerable portion of the plot.
Thus the steady state approximation is valid for
all times (t) beyond the dotted line, i.e., throu-
ghout the whole period except for a very brief
period prior to the establishment of the steady
state, where dx/dt=0and de/dt=0 The larger
the ratio a./e. the smaller the initial period
during which the steady state approximation
does not hold. For this reason we obtain the
following equations.

dx/dt=~0~k,ae— (ks +ks)x or kae~~(ko+ks)x

Substituting in equation (1a-5),

. kiaeo ke +k
gives o= _}1_‘2: oy (eu—_:(?_klaa)_"i tz
(kla+k2+k3)x
lzla )
and substituting this in equation (1a-4);
—_da _dp ., . kkgae
L 7R Pl W ) 2
__ ksae, V-a
TThth - K ta - (1a—6)
P +a
1
where V=ksge, Ka.—_ﬁ%k—%

In the integrated form, this becomes

Ve 1=Kl 4 (a0 o (1a—7)

where V. and K. represent maximum velocity
of enzymatic reaction and Michaelis constant,
respectively.

Equation (1a-6) is called Michaelis-Menten
equation and it contains two parameters which are
both necessary and sufficient to define the rate
“law for these reactions, and the equation can he

rewritten for any initial substrate concentration;

kaaaea kaao
(Vn)a=ao— Ka-l—a,, —ken("e'— Ka+aa )
(%)
N\ de Jamconsr=k

Where V, is initial of the

velocity (¢=0)
reaction.

Therefor this means that the velocity () is
proportional to enzyme concentration (I,) and
this has been used as a basis for the method
of enzyme assays. We transformed the equation

(la-6) into the “rate constant equation” other

than Lineweaver and Burk, Eadie and Hofst ee?

as shown in Fig. 2.

klkaaea R kiaeo
v=hr = hths = Thatktks
— 2. € _hathtk 1 1
Tk’ v kika B a

(ﬁl:ksﬁ) eeeereeerseran anser o snssns s (12—8)

Fig. 2. Reciprocal plot of the “rate constant
equation” for enzyme catalyzed reaction.

According to above equation provided that pure
enzyme is added during the reaction process, k3
and By/k: can be calculated.

Mechanism 1b;

This is analogous to the mechanism la except
for reversible formation of the enzyme substrate

complex; this kinetic equations are as follows,

——j—'—_klae—kzx......u.................,.(113-—-1)
9 (hatbipde— (bt ha o (1b=2)
by h) 2= (ha—hip)e e (1b—3)
bt e (1b—4)
dt 2L —Rype--
ea-—e+x SRUUTURRUUPPRIPY & | o)

In the steady state, e.{a, and/or dx/dt=dp/dt
=0 and (kia+ksp)e=(ky+k)x. Thus as in the
case of mechanism la. we obtain the following
“rae constant equation.”

da dp (hkiksa— —kokyp)eg

@ T dt ~ (katks) Thiatkp
(Nwa— NzP)eo

C0+C1a+C2P cosaue (1b—6)
were Co:k2+k3 C1=k1 Co=ky N1:k1k3 N2=k2k4
This equation (1b-6) reduces to the Michaelis-
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Menten equation in terms of the initial velecity

v; for the forward reaction if we set p=0, and

does to that for the backward reaction with
initial velocity vz if we set a=0;

. kka  Viea e _ ketks 1 1 e (1l
00 r0= ket e = Rata’ o= kb “a T ks (1b—7)

kP VP e Rtk 1 1 e (b
(Uz)a=o— k2+k3+k4P = Kp+P Py, T X » + s (lb 8)

Where K, and K, indicated the Michaelis
constants of substrate and of product, respecti-
vely. In this instance %y, ks, ks and k4 can calc-
ulate from the experimentally determined para-

meters Ki, Kj, Vie V2 provided that e, is

known.
Where Vi=ks ey, Va=kyeo, Ka:llki;ok
and KP:%‘},—Zand at V=0, Keq=
Jaks _ ViK, P

koby — VoK, ~ a
Where Keq is equilibrium constant.

This relationship is derived by Haldane,” who
states that the kinetic parameters of a reversible
reaction catalyzed by enzyme are not independent
of one another and are limited by the thermo-
dynamic equilibrium constants for the over-all
reaction. Thus by substituting above ¢y or Keq
in the equation (1b-6) we obtain slightly different
form of equation (1b-6)

p— V1a — k1k3aeo
K,,—l-a+ i;{a_g_ k2+k3+k1a+k4p
V= VZP — —k2k4Peo
Kp‘*'P'*‘i;é’:_ kst kst+EiatEap
(lb—IO)

Fig. 3. The “rate constant
presence of product.

equation” in the

From above results we find a completely sym-
metrical set of equation, which now states that
an enzymatic reaction slows down as equlbrium
is approached, not only by virtue of thermody-
namic backward reaction but also of the reason
that an increasing proportion of the enzyme is
immobilized as an EP complex as p increases.
Such a product inhibition is an intrinsic property
of many reversible mechanism of enzymatic
reactions. In this case as we have shown in Fig.

Fat kst kuP

3, the term ——5 7 must be minimum in
kiks

order to increase the over-all reaction rate,
accordingly the concentration of product (p) must
be zero. This indicates that to eliminate the
influence of product on the reaction velocity it is
desirable to remove the product as the substrate
of the just next step reaction of the limiting
step or to measure the velocity at the initial
state prior to form the product,

Mechanism 1c :
o, X
A2
/w h\ ks
B,
{724 Y
25

The pertinent steady state and conservation

equations are as follows.

_ jta = hae—kox ..............(1(;—1)
dx
Tdr =hae— (bt ky)xthyy oo (1e—2)
d:
7d%=k3x+ksep‘— (Raths)yeeemeeeene (16—3)
de
gt ke thsy— (ha—keple v (le—4)
d;
—‘I%sty—ksb’? (1(:—5)
60:€+x+y vee esi bas see 0o nbe oer ann bas mun aae (IC—G)

In the steady state dx/dt:dy/dt:dé/a’t:O,
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this yields three linear equations to be solved
for three unknowns and they are substituted into
the velocity equation (1c—1). This can be done
by solving a third order determinant or direct

graphic method due to King and Altman;®

¢ __k_zks_kzk_4_k3_"5_ ceesereneneenn (1g—

€0 - Z (1C 7)
x k1k5a+k1k4d+k4k6p ........ 8
(4] Z (1c )

(kiksksa— kokskep)eo

erererane (1 =9)

€0

¥ kokepthokop+hiksa
- pM

> =sum of all numerater terms

Then this partition equations are substituted
into the “rate constant equation” (lc—1) as in
the case 1b.

(Nia—Nopleo ...

U= Rokstbokytkoks+ Ry (Rst Ryt bg)a+ Bg (Bat kst k)P0

co-Feratcop seaenen (1c—10)

. €o _ (k2k5+k2k4+k3k5) _1_ k3+k4+k5 """"(1(1_11)
P (v)p=0 (kksks) a ksks
oo _ (koksthokatheks) 1 | kytkyth T € Lo 1))
(v2)a=0 — (koksks) ? koky
o The pertinent steady state and conservation
* equations are as follows.
d.
_d_?:kl"_k” e anrens s enssns s (1d—1)
Roho bk ok
183K (P=0) d .
=y 4 ~_}_ B “_ ‘ o =hae—kipy— (bytks)x -+ o+ (1d—2)
| btk DY bz —Rapy-tkoe— by o ore e (1d—3)
: N R di T ReT T R4pYy T Ree— 5y
+ '5f—=k5y+kse—kee——k7eq sersmreene (1d—4)
Fig. 4. Rec1p.roc,z:l plot of t}‘le rate constant de = hyz—biae+hre—bgeeg oo (1d—5)
equation” for mechanism 1c. dt
e0=e+z+y+x’ “(ld—6)

Hence the case of mechanism 1c is resemble
to that of mechanism 1b except for complexity.
Mechanism 1d;

kia
E — X
kol & 1]k
Y — X
ks

k3k5k7€0

V= kskq+ kakr+ ksks+ kokap

When we assumed that the third step is

irreversible ks)ke the “rate constant equation” is

K= ko’kr (ko ks) (ko Req) + bokoke® (hokg+ (Ba-t ko) @)

kikoks(kaks+ kakr - kgke+- kakp)

In such case only certain restricted mechanisms
permit the complete evaluation of all individuall
rate constants in terms of the kinetic parameters.
If we assume ks)ks and ksPk; and also that P and
Q are not inhibitory each other, then the above

equation is simplified as follows.

K= (kz + k3) k7

v kokseo
v T ki(kg+kr)

T katke
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as follows.
__Va_
Y==K
where
. _ Va _ aeksk:
- U= K’+a - kz‘l‘k'z
. _aki(kst k) +ke(kat-ks)
’ k1 (k3 +ks)
_ k1k3k7aeo
T aki(kstke) kr(ketks)
L€ _ kathky | (kothks) 1
* v - kak'x klks a



(]

— ke(ks+ ) ———— e e -
OS]
kgt+ke
kakr

1
& . a
Fig. 5. Reciprocal plot of the “rate constant equation”™ of mechanism 1d under some

restricted conditions.

11. Mechanism types involving two subst-
rates and two products.

and the experimental facts on which much of
this theory is based are quite analogous to those
for one substrate reactions; the variation of the
initial velocity as a function of the variation of

the concentration of one (e.g.,a, the variable

The kinetic theory for these mechanisms have
been due mainly to the works of Alberty®~® and
Cleland.™ According to their works most enz-

ymatic reactions involve more than one substrate, substrate) of two substrates is given by a Mic

haelis-Menten equation (la-6), provided that (1)

the same restrictions are added as have been

and any accurate description must be taken into
account of this fact. In this case general equation

for a reversible reaction is given as follows, discussed on one substrate reaction especially

A+B=P+Q with respect to the absence of products, and (2)
A
1 T
(41
b (fixed substrate)
a(fixed substrate)
v KK
] Kot-—
slope= A
1 K. '
— AN
Ka K.Ks 1+i§3—
\ : intercept=—W—
. (= .
; / mntercep v ' /
' T .
i 1 ! %.
(2) ¢ ' (b

Fig.6. Reciprocal plot of general rate equation for two substrates reaction especially for
the ordered mechanism,
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fixed

a concentration

that the second substrate (here b, the
substrate) is held constant at
bi)es. If a similar set of measurments is then
carried out at a different concentration &2)ep,
again tho variation of the initial velocity as a
function of the concentration of substrate A
follows the Michaelis-Menten equation, but in
this case kinetic equation requires a total of
four parameters; as shown in the equation(2a-1),

AB; a,b; Koy Koy Kow Koy kaer; Vi, Ka
(forward reaction)

P.Q; #.a; Ks.Ke; Kp, K5 Faws Vi, Ko (reverse
reaction)

Where a and b indicate the concentration of
substrate A and B, p and q of product Pand Q,
respectively.
and also, K., K», K», Kg; Michaelis constant

K., Ks, Kp, Kq dissociation constant

2a. Ping-pong mechanism:

ka , (AE==PE’) k3

E'/‘ﬂ .é}E’
%

e, ke
Y QE=BEN

Kinetic analysis shows that for a mechanism
of this kind the last term(the one in a, b) in
the equation (2a-1) or (24-2) is missing and the
rate equation is given as follows;

14 K. K .
=l e (RK=0) o (2a-1)

The reciprocal plot of above equation (2a-1)
exhibits an unusual feature. Concideration of the

complete rate equation for the reversible over-all

Ex. RHy+E—F—EA=—FE'P—E—FH,+R
4 B E'

Fig. 7. Reciprocal plot for the ping-pong
mechanism.

(refering to (1b-6))
kan-1, k2at individual rate constant
V1, Va: maximal velocity
Ki, Ks: equilibrium constant for the-
over-all reaction. Thus we obtain the following:

two gene;ral kinetic equations.

o viah A
" K.Ks+Ksa+Kb+ab ° v

_ K.  Ki | K.Ks

__1-[-%[ ‘+ b-+ 25 coenanone (Za—l)'
Dy=— Vapg . Y

*T KKy +Kp+Kpgtpg =~ w2

K» | Ko , KiRq
=14+ P + 7 -+ 2q .........(za_z)

Thus the reciprocal plots for two substrate
reactions are shown in Fig. 6.

In general the rate equations in two substrates
reaction fall into above categories. (To simplify-

we used parameter instead of rate constants)

P
OX-+E—-FH,=—E'B=—EQ+~—E—F+0XH,
B (E» & Q
reaction shows another characteristic of this:
mechanism; Q(not the product P) is a competitive.
inhibitor for A and P (not Q) also for B, but A.
is an uncompetitive inhibitor of B and vice versa..
Several different Haldane relations are obtained;

K—_pkq__ V1Kp_l£q__ V1Kpj€q_
KKy~ VKK~ VKK

ViR, N ¢ 3 Y

kb
ka —,
== AE== AEB
E ko 4 l.
aq kep

Ex. NAD*+E==NAP'E
A EA
NAD*E+R;R,CHOH=—=(NAD*ECHOH
EA B EAB

RiRz)=—
NADH-E-CORiR,=—=NADH-E+ R R,.CO
QEP QFE P

NADH-E==E+NADH
QE Q
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This mechanism also gives rise to the rate law
of equation (2a-1) and (2a-2), but because of
their symmetry it is not obvious which substrate
is to be identified as substrate A and which one
is obligated to interact with the enzyme before
the reaction can proceed. This identification can
usually be accomplished by means of binding
studies; if the coenzymes are participated in the
reaction, they are much more tightly bound than
their respective substrates.

Furthermore only A (not B) is competitively
inhibited by its own product Q, especially in
this instance the mechanism type with one central
complex contains only eight rate constants and
this expression involvs both rate constants and

kinetic parameters;

\Z ViK. \% k
k= ealéa_ ky= E:Ka kg:?;é:<1+f)
P o Veks Vb,V
4T heo— Vs 5™ kieo— Vi 87 eoKy

k R,V V;

(H-‘Ii_) k= Kq.,ea2 ks = eaK2,, = (2b-1)

Thus its reciprocal plots are shown in Fig.6.
2¢. Random mechanism:

Ex, Many kinases; Phosphocreatine+ADP—
Creatine+ATP In this mechanism all possible
binary enzyme substrate complexes are formed
rapidly and reversibly, the magnitude of any
dissociation constant for a reactant is unaffected
prior to attachment of any other reactant to the
enzyme, and the only slow step is the intercon-
version of the two ternary complexes, at Ki=K;
and Ks=Kj3 and for the reverse direction Ky =Kj
and Ke¢=K,.

The rate law is given by equation (2a-2) with
Vi=kieo Vo=kees
E.=K.=Ki=K;
Kpy=Kp=Ky==Kgrrerveerees
Ki=K,=K;=Ks
K, =K,=K,=Ks

veeeerseenee (20-1)

The distinguished experimental feature of this
mechanism is that the intersection point of 1/V
versus 1/a or l/b plots are all met on the

. . e, 1 .
abscissa; this point is equal to — %, in the 1/a
a

plot and ——‘}%T in the 1/b plot, because the rate

law may be written as follows.
. Viab
VT KKt Keat Kob+ab
Vl — Ka N Kb
“&Z‘“+a)@Tb)

1f we put b=constant, above the rate equation

erseeenenennn (2¢-2)

K T

Fig. 8. Reciprocal plot for the random mechanism.

may be written as follows;

1 € _ = 1

27 o =k+K. p

Thus the reciprocal plot for the above equation

is shown in Fig. 8.
RESULTS AND DISCUSSION

As we mentioned above, the mechanism of
enzymatic reaction are wmainly classified into
following seven sections, la, 1b, 1c, 1d, 2a, 2b,
and 2c

I. Mechanism types involving one substrate

and one product.

la. The equation A+E%Xf—>E+P repre-
sents an irreversible mechanism. Although such
a mechanism is practically not involved in the
rate limiting step by general definition, it is
convenient to explain the other more complex
mechanism with this form under some restricted
conditions; in the case of a))K, in the Michaelis
Menten equation (1a-6) the reaction becomes zero
order, because of v:‘V('v=k3x and V=tze,,
accordingly e.=x)

This indicates that when the e, is completely

converted to complex with substrate the reaction
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rate is equal to limiting maximum velocity. From
the above results, we can elicit that e, is directly
proportional to v and V. Hence we assumed that
in the metabolic process composed of n steps in
which the rth step is limiting step, if the e
moles of enyme individual to the first step is
added to the same step which contains eolmoles
of enzyme initially, the total concentration may
be increased to eo:e1. Consequently we obtain
the following equation; at initial state eo='k—;
and in the second state it can put ¢=—k{- where
e==¢p;e1, and the amount of product correspon-
ding to e, may be used for the second steps of
this process. Thus the product increment can

caluculate by the equation (1a—7).

___&_&l .&_,.KLZ %o
=k k" a ks " app
_ Kal ag o _ Kal __P__
“_ka % Qo _kg nao

KV

2.7 . =F, .
szkstl e G0 (1:/] ¢ " %w,

K,V
(Fo—%2)
Hence the rate equation of the second step may

be given as follows,

—
v V(z)(F(ly e +a(2)> —
= e _ Vedo
K,(2,+(~F(f/)] e +a(2))) Keoy+a' @
Fo

(&' @= J € +ae

where the numbers in parenthesis, i.e.,
(1), (2), e (r) etc. indicate the order of

step:
When it continues from the first step to the rth
one, the following rase equation may be obtained;

V{r)a'(r)
K, (r) +a,(r)

On the other hand when the enzyme is added

v (=

directly to the rth step, the rate equation is
written as follows,

_Vna'e
Kﬂ(f) +a’’ (7)

while ¢’ =a"" ) Vel Ve <o oo’ 0

This result proves that the addition of enzyme

"o
v o=

to the rth step in the metabolic process promotes

the reaction more rapidly than to any one of

other steps except rth one to which same amount
of enzyme is added seperately.

When the feedback inibition is existed in the
metabolic process, the final product always in-
hibits is existed in the metabolic process, the
final product always inhibits the first step
enzyme of that process and the more final product
increases the more feedback inhibition, conseque-
ntly the addition of the enzyme to the rth step
may increase more feedback inhibition, compared
with that of any other steps in the corresponding
situations.

Thus the result shows contrast to the case
above mentioned. However provided that the final
product is removed by measuring the rate at the
(n-1) th step or by any other method, we obtain
the results like that of above case.

1b. In this mechanism the EAcomplex (x) is

reversible state;
1 ey
A+E=—=X=—E+P
#2 k4

However provided that the rate constant k4 of
product decomposition is eliminated the results
are as same as that of case la. For this purpose
we can take several methods;

1) Measuring the reaction rate at the initial
state before forming the final product may
prevent the interfering of the product,

2) Removing the product as the substrate for
just next step when the both respective enzymes
are added to the rth and(r+1)th steps makes
the reaction rate greater than at any other two
steps which are adjacent. When the feedback
inhibition present in this process the rate meas-
urement may be carried out at the (n~1) th step
which is just before the final step as in the case
of la in order to remove the final product
inhibition.

lc. There are six rate constants which are
more complicate than the case of 1b. However
the equation of coefficient form is very similar
to that of 1b;

_AN@—N;P)eo
Co+Cia+C.P
where Ni=kiksks No=kokske
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Co=kaks+ Eoky+Rsks
Ci=kiks+kiks+kiks
Co=koks+kaks+ kuke
Thus the reciprocal plot of 1c is so similar to
that of 1b that the rate measurment also may be
made as same as that of 1b.
1d. This mechanism is much more complicate
than any other one substrate mechanism. In such
a case the mechanism can not be analyzed
without some restrictions. However under some
restricted conditions like the above case 1b and
1c the rate limiting step can be determined.
1I. Mechanism types involving two subst-
rates and two products.
2a. A swe mentioned above, the variation of the
initial velocity as a function of the variation of
the one substrate concentration of the two
substrates (the concentration of other one main-
tains constant) is given by a Michaelis-Menten
equation. However when the both substrates are
“cooperative compounds” each other (A and B),
we must remove the final products (P and Q)
by early cited methods to determine the rate
limiting step
2b Among the most important reactions, the
reactions which catalyzed by a variety of NAD-
and NADP-requiring dehydrogenases are obeyed
to this mechanism. In such a case both coenzyme
and substrateare called in terms of “cooperative
substrate”, by the authors, therefore the final
products (P and Q) must be removed to determine
the rate limiting step.
2¢. This mechanism is entirely similar to one
substrate reversible mechanism, because of V=
ke and  Vo=kee,.

products (P and Q) are removed, the result may

Hence provided that the

be Vi)V , then V is directly proportional to the
amount of e.

REEEA oA HEEEFE] 2482 2 R#H

=
dA 2 d RABREA A EE B J-%??.

9 A% oldse o A FaF Aol
AEe oA AFE AAA BHBW ﬁ;‘aa rM
o AR BEN HEE AA sg o PHe

E%%
= i E e e old B zid BEE
AL dMrds AN KRY KE®EEsr A3
FAgaE BEd Jlxg £ Zolth. & AT
A FAd BERN kd A% KEEE BEd
ol A, olell F&F& vlX = HEY HTF A
o B es T2 FUE KHERE dd9= T
A" RBLER At fprstach. o] BR &
ol o8 B e 42e HIRel m
H2 A 49 49 1%%{‘F°i T4 9 RBEER
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