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pH feedbazk on immobilized enzymes is theoretically examined with respect to substrate and pH levels. strength of acids
produced by the reaction, buffering and asymmetry of the system. All the productions of proton by the different reactions are
taken into account by using a ‘symbolic species’ F/*. The system of differential diffusion-reaction equations is then integrated
using numerical methods. The local ‘effective enzyme activity’” modulated by an acidity factor enables us to predict and
quantify evolutions of the systems: NonMichaclian behavior of an immobilized Michaelis-Menten-type enzyme is shown, even
when pH back-actions are excluded: the analysis of intramembrane pH profiles shows that the shift of the optimal pH is a
complex function of the substrate and pH levels, the intrinsic pH dependence of the enzyme, and the membrane characteristics.
This study may casily be transposed to other types of effector such as divalent cations and used in examining self-regulations of

multienzyme systems where pH-active reactions are involved.

1. Introduction

Immobilized enzyme kinetics has been exten-
sively studied in the last 20 years; results and
conclusions have been summarized in many re-
views and books [1-6].

In recent years our group has mainly been
interested in functional enzyme structures in which
enzyme activity is monitored in space or time by
different effectors, namely, enzyme cofactor, sub-
strate or pH [7-9]. Most of the enzymes being pH
dependent, the proton (H*) may be considered as
a universal effector. Externally imposed pH levels
can control enzyme activity and its distribution in
the matrix; on the other hand, ‘pH-active’ reac-
tions in which protons are produced or consumed
may lead to pH modifications giving rise to feed-
back control of the enzyme activity.

A number of different pH-activity effects have
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already been reported in the literature. The shift of
the apparent (external) optimal pH, relative to the
intrinsic one, caused by the accumulation of acids
(or bases) produced in the matrix, was first re-
ported [10-16]. We have shown in multienzyme
systems that asymmetrical distribution of enzyme
activities induced by imposed transmembrane pH
gradients can lead to active transport pumping of
substrate [7-9,17]; pH oscillations were also pre-
dicted in open homogeneous systems by using
alternative pH-active reactions [18-20].

However. a careful examination of these results
has shown that some significant parameters have
been neglected or have only occasionaily been
taken into account. A more systematic analysis is
still needed. Non-pH-active reactions and reac-
tions producing strong acids in unbuffered systems
are the boundary cases and are also the best
known. However, the problem of production of
weak acids or that of slightly buffered systems has
not been studied in detail. Analytical equations of
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such feedback kinetics have been established and
experimentally verified with pH-active enzyme re-
actions in solution [21]; the neceassary mathemati-
cal simplification came from the use of a symbolic
species H*, an function of the free proton con-
centration.

Our interest here is in extending the use of this
species H* to diffusion-reaction kinetics in hetero-
geneous systems. With this concentration H*. the
use of a new acidity factor enables us to quantify
the back-action of protons in relation to substrate
and pH levels, the strength of the involved acids or
bases. buffereing and asymmetries.

For simplicitiy, we chose a reaction catalyzed
by a Michaelis-Menten-type enzyme E [22]:

S+E=ES—E+AH (1)

which may correspond to many enzyme systems.
The overall  reaction rate v may be written as
{21-24]:

where S is the substrate concentration (no brac-
kets will be used for concentrations), V the maxi-
mum reaction rate at a given pH, and K the
Michaelis constant: in general. K is a function of
pH but with many enzymes ionization constants of
the free enzyme E and of the enzyme-substrate
complex ES are not very different and variations
of K with respect to pH are sufficiently small to
be neglected. In this somewhat restricted situation
(which will be assumed here). A. a function only of
the substrate concentration, is the substrate depen-
dence of the enzyme E [17,19].

Due to protonation of amino acid residues
located near the active site, I is not constant but
depends on pH. The *pH dependence’ y may be
expressed by [20.21]:

v = = KUK, + HY(Ky + H) ©)

where K, and K, are the ionization constants of
the protonatable groups and V,, the maximum rate
at optimal pH. pH'.

In heterogeneous catalysis, for an uncharged
substrate the local coupling between reaction and

transport leads to the mass balance [7.26]:

as_(a5) @
dr dr [aituaon

When the pH of the medium is constant, the
Kinetic laws are simpler; analytical steady-state
expressions of substrate concentration profiles have
been established [26] and time evolutions describ-
ing transient states have been calculated numeri-
cally [27].

When pH-active reactions are involved the laws
are more complex and only a few particular aspects
have been examined [5.10-13]: the intramembrane
proton concentration depends on both the local
reaction and transport rates and a curvilinear pH
profile may appear.

In this systematic analysis, let us consider an
acid AH which is ionized in water as shown in eq.
5:

AH=A-+H"* (&)

Due to the ionic nature of the proton, the
Nernst-Planck equation should be used [28]; but if
high ionic strength is considered, the electric
potential created by the spatial distribution of the
H™* in the membrane may be neglected [29]. Under
these conditions, the problem may be reduced to a
classical type of diffusion reaction. Nevertheless.
in general. due to the complexity of equations.
only numerical solutions are accessible.

2. Theory

2.1. The equations

For a membrane-bound-enzyme reaction, the
disappearance of the substrate is expressed by the
classical diffusion-reaction equation [4.8,26]:
as 3’s

9r Tax?

-0 (6)

X being the space coordinate. Since protons are
involved in several reactions (R;), such as water
ionic equilibrium (R ,), acid-base equilibria of the
acid produced, AH (R_;,) (see eq. 5), and of any
non-reactive buffer, BH (R,,). added, the com-
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plete scheme may be written:

S — AH (enzyme reactionratev)

H,O0=H"+O0H"~ (withK,=H X OH)

AH=H"+A" (with K, = HX A/AH) (7)
BH=H"+B"~ (withK, = HX B/BH)

The global H* production rate is expressed by:

(5 )™ (50 e (50) e+ (50) e, (57)
3 Jrowat 3¢ /atusion ar /&, ar Jr,, ar Ry,

(8)
By writing similar expressions for the other species:
( agfﬂ )wlal - ( agfy )d.mmion+( agfl ) R (9)
() IR G F ) S (1)
(5= (5 )sn* (57) an
(30 ) s ™ (57 D™ (57 ) s (a2

noting that:

(3H /31Y R, = (BOH /31) R,

(BH /YR o= — (BAH /A1) Ry = (34 /31 Ry, (13)
(BH /3t) Ry, = (AB/0r) Ry,

and assuming that all the diffusion coefficients are
equal, eq. 8 becomes:

(a(u~on+ AH - B) )
o7 total

_ ({(H—OH+ AH — B)

h ( a ) diffuson

where the symbolic species H*= H — OH + AH —

B obeys the classical diffusion-reaction law:

oF* ) ( K> )
i + o 15
( 3t Jromt B Jditrasion as

which may be expressed as a function of space and
time by:

+ (14)

* al *
9K =D, l{
dz x2

+r (15a)
As in homogeneous kinetics [21], H* may be ex-
pressed as a function of the proton concentration:
Ht=H—K,/H+H/(Ky+ HYs ~ Koy /(Ko + H) B

(16)

where £ is the total buffer concentration (£ =B
+ BH ) and =7 the amount of the species produced
by the reaction; it is seen from eqgs. 10 and 12 that
the concentration of this species = also obeys the
diffusion-reaction law:

X4 X4
Roiet +p 17
( 9z )(ntal ( ar )dil'fuamn { )

Remarks

(a) The assumption of equality of diffusion
coefficients enabled us to obtain a general diffu-
sion-reaction law for the symbolic species H*. In a
moie careful examination of the system the in-
equality of these diffusion coefficients must be
considered because, while the diffusion coefficients
of B and AH may often be equal (weak acids
protonated or unprotonated), the coefficient of
H™ is generally much greater (at least 4- or 5-times)
than that of either AH or B. In this case, eqs. 14
and 15 are still valid but their expression as a
function of space and time changes and eq. 15a
can no longer be used. Analytically, it should be a
problem; but numerically, it is sufficient to replace
eq. 15a by eq. 15b:

= 2rrmw i
T _pHT L, (15b)

3z toax?
where:
Dy, Doy b
e _ Zhoyy R
H o H b (15¢)

{b) In the limiting case where K, and K, are
both high (no weak acids) and D, = D_ . H™ sim-

plifies to H-OH [30].
2.2 Solving the equations

With respect to eqgs. 3 and 4. the H* and S
concentration profiles are interdependent and no
analytical solution exists. Numerical methods are
then necessary to obtain kinetic evolutions of the
system. If an explicit scheme is used [27], the
kinetics is given by expressing the local concentra-
tion at time 1 + Az as a function of concentrations
at time 1:

e deF STy — 255
s;¢.h=s;+dl[5< A Aw;l.l\' x _G(Y}‘).,r] (18)
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and

B Rt —2R%
L ES n xrdx 7 C8 +a(-,.x);] 19)
X~

where the dimensionless parameters are:

h:"~"=h:’+4:[

s=S/Kn: h*=H*/K_: x=2X/e

20
¢ =1D /e and 6=V, e*/K..D, 20

e being the membrane thickness, D, the diffusion
coefficient of S and o the diffusion-reaction
parameter [4].

Initial concentration profiles and boundary
conditions being known, evolutions of profiles with
respect to time can be calculated step by step from
egs. 18 and 19.

The enzyme activity of the membrane is char-
acterized by two expressions:

(a) the global potential enzyme activity V(E)":

L’(If)'=j(—)loyfd.\'=£:t'(5)"d_\' @n

with its local equivalent, v( £), being related to
the pH profile inside the memtrane and giving
information about the distribution of enzyme ac-
tivities, especially in multienzyme systems:

(b) the global effective enzyme activity:

r((s)'=j”'ay(>\',dx=f0‘u(g)id_\- 22

takes into account both the pH and substrate
concentration levels, and corresponds to the real
enzyme activity of the membrane (the local equiva-
lent is ©(&))).

In the steady state. this effective enzyme activ-
ity is proportional to the sum of the boundary
fluxes:

I

T = (JitE - aitE

=1 -0

R

All the calculations were made on the IBM
168-370 computer of the CIRCE at Orsay. and the
program language was Fortran IV.

()

3. Results

Results are given by classifying systems accord-
ing to whether or not they are affected by proton

back-actions. Symmetry of the system is also taken
into account. Moreover, the systems considered
have only one steady state, independent of the
initial state; since shorter computer times are
required starting with an initially full instead of a
voild membrane, we decided to consider mem-
branes initially full of substrate.

3.1. Enzyme systems without proton back-action

Such systems corresponding to reactions that
do not produce (or consume) protons or to strongly

S

conc.

log (t' )

Fig. I. Kinetics of the dimensionless substrate concentration s
in different planes x =0. x = 0.1 and x =1 of the membrane.
Zone A corresponds to the existence of successive quasi-steady
states. This zone exists only when the volume ratio ¢, /vy, is
sufficiently large (2. /vy, > 100).
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buffered membrane and solutions may serve as
reference systems to which the deviation due to
proton back-actions can be compared.

J.L. 2. Symmetrical systems

The local potential activity v(E)’, is indepen-
dent of both the space (symmetry) and time (no
back-action) coordinates. If the substrate con-
centration is high (zero-order reaction), this is also
true for the local effective activity v(&),. If not.
v(&), becomes space and time dependent. Such
systems have been extensively studied [1,26,27]
and only two remarks should be made in analogy
with two-enzyme systems [20}:

(a) First, even with moving boundaries,
successive quasi-steady states exist only as long as

t=
X=

log (J

L
-3 Q

log (s}
Fig. 2. NonMichaclian behavior of a membrane containing a
Michaelis-Menten-type ¢nzyme: The product fluxes of the en-
zyme membrane ( ) and of a fictive Michaelis-type sys.
tem (- --~-~ ) are compared. The deviation increases with the
parameter o.

the ratio of compartment and membrane volumes
v,/ v,, remains large enough (fig. 1).

(b) Even in this simplest system, the coupling of
diffusion and Michaelis-type reaction does not
lead to a global Michaelis-type kinetics [31]; the
deviation increases with the increasing o value (fig.
2).

3.1.2. Asymmetrical systems

When asymmetry is impdsed on the membrane
by using a transmembrane pH difference, the
potential activity v(E)%, and the effective activity
v(&),. become functions of the space coordinate.
When a nonzero order of reaction is considered.
v( &)~ also becomes a function of time. If o is large
enough, i.e., the reaction turnover V, /K is larger

Fig. 3. The composition asymmetry imposed by a transmem-
brane pH gradient is transmitted to the system only if V(&)§>1
(curves A). When V(&)¢€ <1, the system is governed by diffu-
-sion and remains symmetrical (curves C).
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than the transport rate D /e?, this asymmetry
affects the concentration profiles. The rate is con-
trolled by diffusion and the shape of concentration
profiles, imposed by the reaction. is asymmetrical
(fig. 3).

The main interest of such asymmetrical systems
resides in functional structures: starling with a
homogeneous enzyme composition, asymmetrical
distribution of enzyme activity may be induced by
a transmembrane pH difference [7-9].

pH

Fig. 4. Mid-plane pH, plotted against external pH,. for differ-
ent substrate concentrations. In zone I, y has a maximum and
in zone IV, y has two symmetrical maxima. but in the two
zones pH, is lower than pH_ and remains near the pH’ value
(pH’ = 8): so. the system is activated. In zone IL. pH, deviates
from pH’ and the system is inhibited. In zone IIl, detailed
calculations are needed. Results are given for o =10 and the
dimensionless substrate concentration values are: 0 (A). 0.03

{B). 0.1 (C). 0.3 (D). 1 (E). 3 (F) and 30 (G).

3.2. Enzyme systems with strong acid back-actions

If the pH in the system is neither strongly
buffered nor strongly acid or alkaline, both the
v(E)Y and v(&),, activities become space and time
dependent. From this feedback action, curvilinear
pH profiles result and activations or inhibitions
may appear; the maximum activity of the system
may correspond to a pH different from the intrin-
sic optimum pH and an apparent pH dependence
different from the intrinsic one may result.

3.2.1. pH profile

Even if the pH at the boundaries is monitored
and constant, the H* concentration profile shows
a curvature and y varies as a function of the space
coordinate. Modifications of the local pH depend,

o 10
pH® =8

vIE)®

>

Fig. 5. Potential activity profiles corresponding to three groups
shown in fig. 4: activation corresponding to zone I (A): activa-
tion corresponding to zone 111 (B) and inhibition corresponding
to zone II (C).
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first of all, on the ratio of reaction and diffusion
rates of protons, i.e., v(&)., but also on the local
pH value, which can be taken into account in a
phenomenological acidity factor £:

g—_—lo-lpﬂ—'ll

which gives an account of the concentration of the
ions in water, H* and OH™, and is maximum
when the sum of their concentrations is minimum,
i.e,, when a given amount of proton has a maxi-
mum effect on the modification of the pH value.

When [v(£)§}L <« 1, the pH profile, scarcely
affected by the reaction, is similar to that without
back-action. When |v(&)§], > 1, the local pH is
modified (fig. 4), but due to the logarithmic pH
scale, the pH profile is flatter than the substrate
concentration profile: so, the largest pH variations
are mainly located near the boundaries of the
membrane. Relations between the external pH,
pH,. and the mid-plane pH, pH;, are shown in
Fig. 4; numbered zones define the activation of
the system.

Such pH profiles correspond to typical activity
profiles. The relative values of the optimum pH of
the enzyme, pH’, and pH_ may define three tvpes
of back actions: one for pH’ > pH_ and two more
for pH" < pH_, (fig. 5).

When pH’ > pH_, the steady-state potential ac-
tivity profile oy(x) always has a minimum. As
A(x) always decreases from boundaries to the
mid-plane of the membrane, the effective activity
profile [v(&)l(x) also shows a depression. The
greater the o value, the deeper the depression. A a
consequence, the enzyme membrane is more or
less inhibited (fig. 5C).

When pH’ < pH,, pH; overshoots or does not
reach pH’ according to whether the initial V(&)
value is high or low (zones I and III-1V in fig. 4).
in the latter case (zone I), y(x) has a single
maximum and [v(&)](x) resulting from the com-
bination of y(x) and A(x) can present either a
maximum or a minimum: At high substrate con-
centration, A(x) remains constant and the y(x)
profile prevails over the A(x) profile; so, the mem-
brane is activated (fig. 5A). When the substrate
concentration decreases, the A(x) profile becomes

very depressed and prevails of the y(x) profile and
the membrane is inhibited. However, when pH;
overshoots pH’ (zones III and 1V), the pH(x)
profile intersects pH’ in two different and symmet-
rical planes of the membrane and the y(x) profile
has two maxima (fig. 5B). At high initial v(&)
value, the two maxima are located near the
boundaries and pH; is much smaller than pH’
(zone I1I): the central layer of the membrane may,
in this way, degenerate into a pure diffusion laver.
Only detailed examination can decide whether
activation or inhibition of the membrane results.

3.2.3. Potential pH dependence of the membrane
First, the following points may be mentioned:

10+

PH g
Fig. 6. Steady-state potential pH dependence V(E) = f(pH.)
as a function of the substrate concentration s (same values as in
fig. 4). When enzyme activity increases (via A value) both the
deviation between pH’ and pH’(E), and the curvature of the
pH profile increase, while the maximum activity decreases.
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(a) Due to proton production, when pH,_, = pH’,
pH, is always lower than pH’ and the global
activity is lower than that obtained with a pH
value equal to pH’. On the other hand, if, for a
given pH_ > pH’, pH,; is comparable to pH’, the
membrane activity is almost maximum and so, the
potential optimum pH, pH'(E) is shifted toward
higher values. (b) Even under optimal conditions,
pH(x) is never uniformally eg-.al to pH’ and the
membrane activity is always lower than the activ-
ity at pH’ of the same quantity of enzyme in
solution. i.e. fgy(x)dx <1.

Now, the potential pH dependence of the mem-
brane, i.e. the potential membrane activity V(E)

Vv {€)

PH

Fig. 7. Steady-state effective pH dependence V(&) = f(pH,) as
a function of the substrate concentration s (same valucs as in
fig. 4. The cffective and potential pH-dependences are not
homothetic (see fig. 6) and the optimal pH'(&) is different from
pH'( £). The real pH dependence of the membrane is a func-
tion of the substrate level. the membrane parameter ¢ and. of
course, the intrinsic vy function.

as a function of pH,, can be drawn. The shift of
the optimal pH, pH'(E), linked to modifications
of the intramembrane pH, increases with o and A
(section 3.2.1). For a given enzyme membrane (o
constant) and an increasing A value, the shift of
pH’( E) increases and the maximum potential ac-
tivity (V(E) at pH = pH'(E)) decreases (fig. 6).
As a consequence, for a given pH_ value, V(FE)
has a maximum as a function of S,.

3.2.4. Effective pH dependence of the membrane
The real membrane activity is characterized by

s 100
Se- G.1
pH’: 8
1 { ~ T
I A
¢ 3
pHe = 8.9 PHe= 85§ 3
ver-es | v@-es N
vE) - 106 IV(t)': Tee F

-1
,S( 0

parameters s,Y, b’)

) ' 1

Fig. 8. The real membrane activity is a function of the A and v
profiles. Due to the difference between pH'(&’) and pH( E). to
one V(E) value may correspond two different V(&) values.
One is characterized by a two-maximum ¥ function (B) and the
second by a single-maximum vy function (A) depending on
whether or not pH(x) crosses pH’; the highest V(&) value is
obtained when the maxima of A(x) and y(x) correspond to
cach other, i.e, v{x) has two maxima located near the mem-
brane boundaries {case B; zone IV in fig. 4). This is clearly
shown by the global effective activity represented by the cross-
hatched area.
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pH

X

b

v[E)/rf

X

Fig. 9. Effect of a nonreactive pH buffer BH on enzyme membrane activity: (a) The pH profile follows the titration curve of the buffer
BH; if pKy,,, =1/2 (pH 1 + pH.,2), the linearity of pH profiles increases with the & concentration. Conditions are: zerc-order reaction,

6 =10. pH' =6 and & =10"3 (A). 0.1 (B), 1 (C) and 100 (D). The figure shows the initial pH profiles (

) and the steadxy-state

pH profiles (- - - - - - ) in every case. (b) A symmetrical activity profile y(x) is obtained when pK,,, = pH’ (same conditions as in panel

a).

V(&). In solution, the potential and effective pH
dependences are homothetic and both are centered
on the intrinsic optimal pH; pH’. This is different
in membrane systems (figs. 6 and 7) where the
potential optimal pH, pH’(E), and the effective
one, pH'(&), can be distinguished. Nevertheless,
pH'(£) is always situated between pH’ and
pH'(E).

Moreover, when pH, > pH’, V(E) is maximum
for a pH,; value close to pH’; two equal V(E)
values may thus be obtained, corresponding to
pH; < pH’ for the first and to pH, > pH’ for the
second. However, they correspond to two totally
different V(&) values (even at the same S, value),
the highest one being obtained when the maxima

of y(x) and A(x) correspond to each other, ie.,
when pH; < pH’ (fig. 8).

3.3. Enzyme systems with weak acid back-actions

Now, we will consider conditions when weak
acids are involved: either a nonreactive pH buffer,
BH, is added to the medium or the acid produced,
AH, is weak.

3.3.1. pH-buffered solutions
In a symmetrical configuration, the kinetic
behavior of buffered systems in which a strong

.acid H" is produced is intermediary between strong

acid production in an unbuffered medium (pH_
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plan 8

pH

pHe 6
pH' S5
(=2 2

*x

Fig. 10, Effcet of the weak acid AH produced by the reaction:
pH profiles as a function of pK,, values are shown. The
platcau type of the pH profile appears when the in-
tramembrane pH is close to pA ;.

very different from pK,;, or %#:=0) (see section
3.2) and a system without any back-action (pH, =
pH.. and high & value) (section 3.1). That means
that the time evolution of the intramembrane pH
is slow and the difference pH,; — pH, remains
small.

The most interesting case is given by an asym-
metrical system where the buffering acid can mod-
ify the shape of the initial pH profile. Calculations
show that the pH profile follows the titration
curve of the weak acid BH (eq. 14); for instance, if
pKu, = (pH, + pH,)/2 = pH’. high buffer con-
centrations tend to linearize the initial pH profile
and to render the activity profile symmetrical (fig.
9). increasing the thickness of the active layer of
the membrane.

3.3.2. Weak acid AH produced by the reaction

The behavior of the system depends on the pH
value, namely, if pH,>pK_, +2, AH acts as a
strong acid, but if pH_ < pK_, — 2, AH has no pH
effect and so pH profiles remain flat. In the inter-
mediary pH_ range, the reaction increases the
buffering power of the solution with time and pH,
decreases without being able to go below the pK
— 2 value. A typical pH profile may be observed
(fig. 10). Such profiles have been obtained with the
hydrolysis of urea by using urease [32].

4. Conclusions

We have shown that back-actions by proton
production in immobilized enzyme systems can be
quantified by the potential enzyme activity V(E)
which may characterize functional structures and
by the effective enzyme activity V(&) which is
directly responsible fer substrate and product
fluxes. When the initial V(&) value, corrected by
the acidity factor £, is smaller than unity, pH
back-actions have no effect on the behavior of the
system; the existence of quasi-steady states and
nonMichaelian behavior of a Michaelis-Menten-
type immobilized enzyme were shown, in agree-
ment with studies on two-enzyme models [17,31].
When V(&) > 1. pH profiles are modified by the
reaction and activations or inhibitions result (table
1). Contrary to enzymes in solution, the potential
and effective pH dependences are not homothetic
and the optimum pH is shifted toward higher
values with proton-producing reactions. The ap-
parent optimal pH depends on the intrinsic pH
dependence. substrate levels and membrane char-
a .~.ics grouped in the diffusion-reaction
Pa .uleler o.

Weak acid effects were also included in the
treatment thanks to a symbolic species H*, which
is a function of the free proton concentration only;
naturally weak acids are found to behave in the
same way as strong acids but with lesser effects.

All the results may easily be transposed to
base-producing reactions by interchanging H™* and
OH™. This treatment may also be transposed to
other types of effector such as bivalent cations
{(Mg2* for hexokinase, Ca?*_.)) which may react



J.-C. Vincent et al./pH feedback control 379

Table 1

Back-actions of an acid-producing enzyme reaction on the activity of the membrane. with respect to a nonpH-active reaction

Initial values of Profiles of Results (see
fJ& Vicrdx pH. s, A(x) i) f\unnlhcrcd zones
in fig. -4)
<1 v pH_ Vs, 1 minimum none no modification
pH. < pH’ Vs, 1 minimum 1 minimum inhibition (zone II)
>1 >1 0 minimum 2 maxima + inhibition (zonc I11)
1 minimum
pH, > pH’ <1 1 minimum 2 maxima -+ activation (zone 1V)
1 minimum
<< 1 1 minimum 1 maximum activation (zone I)

with any complexing agents added in the medium.

Relations between imposed boundary asymme-
tries and functional asymmetries are also ex-
amined. it is clear that this paper is mostly con-
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