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PREFACE

This is the third in & ccntinuing series of Memoranda
on the development of a mathematical simulation of human

blood biochemistry. The first--Dantzig, et al, [11--was

a feasibility study of the methods for mathematical anal-
ysis and computer simulation; the second--DeHaven and
DeLand [2]--added some details of hemoglobin chemistry
and carefully described the behavior of that system under
various conditions.

The subsequent body of critical comment and addi-
tional laboratory data enabled further elaboration and
definition of the model. Professor F.J.W. Roughton, F.R.S.,
q Cambridge University, particularly improved the hemogiobin

chemistry. In addition, the quantitative aspects of tue
’ plasma proteins have been reviewed and their buffering
properties incorporated.
y The present model therefore approaches more closely
the complexity of the real blood system. Properties of

the mathematical model such as gas exchange, buffering,

and response to chemical stress in the steady state are
practically indistinguishable from those ~roperties of

real blood within the limits of our current validation

- Lo %' s o

program.
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The program consists of two parts: detailed chemicel
analysis of human blood under a variety of chemical stresses;
and further elaboration of the model, e.g., by including
the phosphate system, double-valent ion binding by proteins,
and red cell organic constituents other than hemoglobin.
Laboratory experiments validating the model will be pub-
lished in the doctoral thesis of Eugene Magnier, M.D.,

Temple University Medical School.

The research done with Dr. F.J.W. Roughton was sup-

ported by the Department of Health, Education, and Welfare

Grant HE-08665 (National Inctitutes of Health).




SUMMARY

This Memorandum, one of a series on the modeling of
blood bicchemistry, describes, and examines the consequences
of, the ciassical analysis of human blood. Classically, the
macroscopic features of healthy blood--the principal f{1:iid
and electrolyte distributions--can be said to be in a
hemostatic steady state under the influence of several
interacting constraints, e.g., the osmotic effects of the
fixed proteins, the (fixed) charge of the proteins and
*he neutral electrostatic charge condition, and the active
cation pumps. Chapter 1 examines these constraints from the
vantage of a theoretical model, and shows them to be suf-
ficient explanation for the steady state; whether they are
also necessary has not been demonstrated.

Chapter 11 considers the incorporation of the micro-
scopic properties ol the proteins in the model, particularly
their buf€ering behavior. This work is ot complete, owing
principally to the lack of firm data cn hemoglobin.

Chapter 111 discusses the validation of the mathematical
model and the consequences of the previous biochemical struc-
tural detail, tesiing the model urder various conditions--

changes in gas pressure and pH, and additions of a few
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chemical stresses. 1t compares several validation experi-
ments with the literature. The Memorandum shows that,
except for certain interesting discrepancies, the model

satisfactorily agrees with the literature.
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Chapter 1

A PRELIMINARY MODEL OF BLOOD BIOCHEMISTRY

1. INTROGDUCTION

This is the third in a continuing series of Memoranda
detailing the development of a mathematical simulation of

human blood biochemistry. The first--Dantzig, et al. [1l]--

; was a feasibility study of a method for mathematical formu-
lation and computer solution of a biochemical simulaticn
problem. An example of a "simple' problem is, given the

basic molecular components (reactant species) of a chemical

milieu in a single phase, compute the ccncentration of all
g species in the equilibrium mixture for which the chemical
reaction coefficients and mass action constants are also

; given.

Such a system may, however, become complex if many re-
actions are interrelated, if some of the mclecules in the
milieu (such as proteins) are themselves complex, or if
the system is multiphasic, multicompartmented, or alive.

These complexities complicate the comput ition; in particular,

for viable systems, one speaks of the computations for a

supposed ''steady state' of the living organism, rather than

o Y,

%; the "equilibrium state."

s




The Dantzig Memorandum intrcduced the computer method
for minimizing the Gibbs free energy function to compute
the (unique) steady state of a multicompartmented blood
. system. The procedures are described in Ref. 1, and de-
veloped further in Shapiro and Shapley [3], Shapiro [4],
and Clasen [5]. DeHaven and DeLand [2] (the second Memo-
randum on blood simulation) explore the computer method for
determining a steady state in the three-conpartment model
(lung gas, plasma, and red cell), emphasizing the properties
of the chemical systems themselves., Even that rudimentary
model had many important characteristics of a blood system,
e.g., the proper distribution of water and electrolytes,
and a reasonable representation of normal physiologic
functions.

This Memorandum extends the previous results, docu-
menting them in more detail, and initiates the validation
of an improved model of the blood chemistry. Chapter I
analyzes the biochemical structure of the two-compartment
blood system. The purpose of this chapter is to elucidate,
with a rudimentary blocd mccdel such as that used in
Dantzig (1], the conventional rnles of the fixed proteins,
the neutral electrostatic charge constraints, and the

active cation pumps in d.termining the major physicul




characteristics of hemostatic blood. While these con-
ventional roles, as is well known, yield a sufficient
general explanation for the fluid and electrolyte distri-
bution of normal blocd, a mathematical model, which permits
experiments impossible in the laboratory, shows their
detailed interplay.

Chapter II describes a special mathematical procedure
for representing large chemical systems and discusses the
representation of the essential oroteins. Finally, Chap.
IIT discusses a model of the respiratory biochemistry of
the blood, using the previously developed details, and

shows some of the model's initial validation procedures.
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2.

ISOLATING AND DEFINING THAE PHYSIOLOGICAL SYSTEM

The blood, contained in the vascular system, may be

regarded as a uniform and continuous subsystem of the body.

Of course, it changes chemically in the circuit around

the body, visibly changing color. However, conceptually

isolating the blood as a subsystem and considering only

the biochemistry of the respiratory function, this sub-

system exhibits the following properties:

a)

b)

c)

The subsystem has natural boundaries; its extent
is well-defined. It is, for practical purposes,
contained within the vascular system, Important
and interesting exceptions to this sometimes
occur--e,g,, protein may pass through the capil-
lary walls to be returned to the vascular system
by lymph flow.

The function of the bounding membranes can be
defined and the substances crossing these mem-
branes analyzed--i.e., the inputs to and losses
from the subsystem are measurable. The actual
mechanisms and biochemical processes within the
membranes themselves are, for the most part,
3till hypothetical, but only the net results of
their functions are necessary to simulations

of the steady-state. Transport of substances
across these bounding membranes occurs prin-
cipally--and perhaps only--in capillary beds
either ac the lung or other body tissues.

Biochemical analyses of the blood can be made
easily and quickly and, with care, thoroughness
and accuracy is possible. Furthermore, samples
from this subsystem ar2 available. Thus, for
example, conservation of mass aquations, funda-
mental to the simulation, can be substantiated.




d) The subdivisions of the subsystem on the gross
level are clear, e.g., the red cells taken to-
gether as a compartment constitute a subdivision
of whole blood. However, the exterior environ-
ment of the vascular system must also be examined
for a model, since this environment largely de-
termines the transfer of substances across the
bounding membranes. Except in the interior of
certain organs, the environment of the vascular
system is interstitial fluid. However, in the
lung (and perhaps the brain) tne layer of inter-
stitial fluid is negligibly thin. In the lung
we may consider the environment cf the capillary
bed to be alveolar sac gas.

e) 'lhe physiological function of respiration for
the subsystem '"blood" is well-defined; its
purpose is clear., The biochemistry involved in
accomplishing this purpose is, on the gross
level, relatively well-understood. However, on
the level of chemnical detail, many unsolved
problems still exist. For example, the explana-
tions of the '"chloride shift'" phenomenon, or
the "Bohr shift" phenomencn, or the "sodium pump"
phenomena are, among many other such problems,
still subjects of research.

The chemical composition of blood varies, of course,
according to the point in the tody, the age and sex of
the individual, his response to disease, etc. An average,
resting, young, adult male human is the standard for this
exposition. The relevant data come from man. sources, but

particularly Dittmer (Ref. 6, Blood and Other I .dy Fluids)

and Spector (P f. 7, Handbook of Biological Data).




Table 1 summarizes these cata for three standard
types of blood for the average, young, adult male. Table
11 shows the distribution of the substance from Table I
for standard or average arterirl blood between plasma and
red cell compartments. These composition tables are
generally concerned with electrolytes, water, and gases.
This chapter does not detail the amino acids, lipids,
carbohydrates, organic phosphetes, or cther secondary
constituents. It mentions only the constituents which
play a direct role in respiration.

The plasma proteins and impermeable macromolecules,
principally albumin and the various globulins, amount
to about 8.7 x 10°* moles per liter of blood. At pH 7.4,
the average charge per molecule for the proteins is from
-10 to -20, as car be decermined by examining the titra-
tion curves for albumin and globulin [87. For this first
model where the proteins are not yet buffering, the value
of negative equivalents per mole will be fixed at -10.
Thus, the number of negative equivalents of plasma pro-
teins, used to determine that the solution is electrically
neutral, is 8.7 «x 1077,

The reo cell proteins present a much more complicated

situation. Of course, hemoglobin activity is crucial to




Table I

STANDARD BLOOD COMPOSITICN FOR RESTING YOUNG ADULT MALE®

Mixed-Venous, Arterial,
Venous Blood, Pulmonary Pulmonary
Item Large Vein Artery ~ Vein
pH 7.37 7.3¢ 7.39
pO2 65.0 mm 40.0 mm 100.0 mm
pCO2 46.0 mm 46.0 mm 40.0 mm
pN2 573.C mm 573.0 mm 573.0 mm
Hco; 22.3 meq/L 22.0 meq/l1. 21.0 meq/L
% Sat. 91.0 73.0 97.0
HZO 46.50 moles/L (b) (b)
c1” 80.05 meq/L
Na® 84.82 "
kt 45 05 "
cat™ 3.210 "
Mgt 3.225 "
SO, 1.05¢ "
HPOA 2.860
Lactic 2.033 "
+ "
NHA 0.869
Urea 3.142 mmoles/L
Glucose 3.666 "
pL pr~ 10 0.870 "
pc PR°* | 10.57 "
') (X)
Nb“ 2.2725

aSee notes in text.

bAll the following items in this column do not change
vith the type of blood, or their change has not been measured,
or the change is not significar: at this etage of the simulatio-
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Table I[1

DISTRIBUTION OF SPECIES IN LITER OF STANDARD ARTERIAL
BLOOD (Adult Male) AND ALVEOLAR SAC GAS

Alveolar

Item Sac (%) Plasma Red Cell
pH 7.39 7.19
0, 13.15 6.73x10"° roles|6.43x107° moles
co, 5.26 7.01x10°% v l4.76x107% v
N, 75.4 2.20x1o'4 " 2.20x10‘4 "
H,0 6.11 28.50 " 16.0 "
¢l 56.65 meq 23.40 meq
Na' 76.45 " 8.37 "
Kt 2.310 " 42.75 "

++ " '
Ca 2.86 0.344 "
Mgt 0.935 " 2.295 "

= ' a
50, 0.680 " |  e----
HPO, ) 1.88 " | a-e--
Lactic 1.30 " ] ene-a

+ "
NH,, 0.054 " |  cem--
Hco; 13.836 " 6.025 "
Glucose 2.00 mmoles|  -----
Urea 1.723 1.40 mmoles
Misc PR 0.87 " 10.568 "
L Y s 2.2725 "

a‘l

ox is reported in a form not pertinent to this representation.

.....

" indicates the value is eitler not reported




respiration, carrying CO, as well as oxygen in combina-

2
tion. In more complex models (Chap. III), the bufferirg
activity of hemoglobin also pertains. This preliminary,
illustrative model treats hemoglobin simply as a procein
combining with oxygen and contributing to the osmolarity
and, hence, hematocrit of the blood.

However, the red cells also contain miscellaneous
proteins, complex phosphates, and other anionic species
(excluding hemoglobin) generally represented in the liter-
ature [7] by X . This symbol indicates an undeterminea
anion residue necessary to make the red cell milieu
neutrally charged and to make the osmolarity of the red
cell milieu equal to that of plasma. Chapter III examines
this assumption of equal osmolarity, but the preliminary
model uses the undetermined anion residue to obtain the
proper hematocrit and a neutral e’:ctrical charge.

Neither the distributions of glucose and urea nor cf
the various sulphates and phosphates between plasma and
red cell have been carefully detailed for this preliminary
model. The diffusion of glucose through the red cell
membrane {s presumably an intricate process, while urea
is thought to pass freely through the membrane. Table II

reflects nefther of these facts. The species represented
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4 and HPOQ

phates reported in the literature. Table I{ does not

by SO are the acid-soluble sulphates and phos-
indicate that these substances may also be intricately
bouud to the proteins of red cell and plasma. Similarly,
Ca++ and Mg++ may be bound by protein. Chapter III will
discuss these conditions.

Most of the Na' and a larg: »art of the C1” are in
plasma, while most of the K' is in the red cell compart-
ment, a consequence of the ''sodium pump' and the Gibbs-
Donnan phenomenon. The distribution of the species H20
in Table II requires some ex; .aation. When large proteins
and other aggregated molecules are dissolved in water, the
volume of the solution is usually larger than the volume
of solvent., This "volume f{actor" has been found to ke 94
percent for normal plasma; that is, in Table II, the 28.50

moies of H,0, which is 516 cc at 38°C, represent 516/

2
0.94 = 549 cc of plasma per liter of blood. The red ceil
volume is, thus, 451 cc per liter of blood and the hemato-
crit is 45.1 percent. Since, {n the red cells, there are
anly 18.0 moles or 326 cc of RZO, the volume factor is

72.3 percent, vhich includes the volume occupied by the

stroma.




3. DEVELOPMENT OF THE BLOOD MODEL

GENERAL CONSIDERATIONS

The data of the previous section enible the simula-
tion of the average arteria' slocd of Table II, which
represents a liter of blo. . the steady, resting state.

We assume that metabolism continues at a steady rate
and, because metabolism in the red cells is principally
anaerobic, gives a net production of H' fons and lactate
ion along with other minor products. We also assume a
complex but undefined activity (referred to as the "sodium
pump') for the red cell membrane. One result is that all
mobile ions, particularly Na"L and K+, acquire across this
membrane steady concentraticn gradients different from
those without the active membrane. Also, the system has
a steady '"membrane potential'--roughly, that electrical
potential which is measured by suitable electrodes suit-
ably placed (Chap. III ansalyzes this definition}. A
steady pH exists in the plasma and, because of the activity
of the cell, a different, lower pH holds in the "interfor"
of the red cell.

The structu.e of the red cell is simpier than other

dody cells since the red cell is not nucleated and contains
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but one principal protein. In the model, the interiors
of all red cells in the liter of blood are taken together
as a single "compartment," uniformly mixed and separated
from the plasma by an ideal semi-permeable, thdugh active,
menbrane,

Conceptually, thon, two distinct compartments, with
chemical analyses given in Table II, communicate with
each other through the idealized membrane. Proteins and
certain other large molecules (e.g., complex phosphates)
cannot penetrate, but other ions and molecules pass
through regardless of the mechanism or of the time requirad.
The membrane is flexible and will not support a pressure
gradient, so the "red cell" may change volume by as much
as 5 percent between arterial and verous blood. Alsc,

the temperature i¢ supposed uniform throughout.

STATEMENT QOF THE PRELIMINARY PROBLEM

Given these basic hypotheses and assumptions (as well
as further assumptions carefully defined as 1. guired), the
essential problem of this simulation {s to create Table II
from Table I by neans c¢f a mathematical model--that is,
given the tctal composition of & liter of whole blood and

using the geperal mathematical program, distribute these
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"input'" substances into the compartment's plasma and red

cell so that the "output'" duplicates Table I1I.

FIRST APPROXIMATIONS

The construction of a model of arterial blood could
begin with the simulation of ordinary '"sod: water.," a
two-phase system of gas and liquid with both inter- and

intraphase reactions.ir The gases, 0,, CO have

20 €09 Ny
determined solubility constants at a given temperature
and pressure, and the solvent water has known vapor pres-
sure. One could, therefore, compute the concentratiouns
of each in the liquid phase as well as the partial pres-
sures of H20 vapor in the gaseous phase. In the liquid
phase, the carbonate system reaction constants are well-
documented,t so with fixed partial pressures of the gases
one could compute the concentrations of HCO., co;, H+,
Ok, and H,0 with arbitrary accuracy.

If the gas volume {s finite, the formation of the
sp2cies in solution will, by conservation of mass, alter

the gas composition., Therefore, the preliminary model

uses a very large gas phase, which also gives better

L 4
Reference ? further details this model.

tSee. for example Fds«ll and Wyman, Ref. 8, Chap. 10.
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control of independent variables. Using, say, 1000 moles
of gas phase at a determined compoeition versus one liter
of liquid phase causes the gas phase to remain almost
congtant, thus holding the gases in solution at constant
- concentration. The gas composition can be varied, of

. +
course, as required.

MODEL A--PRIMITIVE SYSTEM, PLASMA

The first model, Model A, only slightly enlarges the
soda water model which consists of the gases 02, COZ’ N2,
H,0, the solvent H,0, and fwo phases, gas and liquid.
Adding more species to the liquid phase without adding
intraphase reactions will change the resilts for soda

water only slightly. Thus, adding Na+, cl, K+, HPOZ,

Ca++, Mg++, SOZ, urea, glucose, lactic acid, and protein
up to the approximate concentrations of these substances
in plasma, changes the concer rations of dissolved gases
only slightly. although the pH may require adjustment

with NaOH or HCl. The gas concentrations do change be-

cause the solubility constant for the gases differs in

*Previous studies--Refs. 1 through 5--describe the
computation proncedure employed here,
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plasma and in water, and because the actual number of
moles of liquid phase, x, has increased. No new intra-
phase reactions are introduced yet. Later the protein
will buffer H' ion and bind Ca'’, Mg™. and c1™.

Here, the protein makes the solution non-ideal and
increases the volume of plasma over the water volume
by 6 percent, Otherwice, in the norme¢l viable range,
this two-phase preliminary system can be assumed to be
well-behaved. Again, concentration curves could be
computed for this simple system, but it is not yet of

much interest.

MODEL B-~-OSMOLARITY

A second model, Model B, has a third compartment
called "red cells" and several additional conditions.
For this model, the total amounts of subrtances added
to the total system will be exactly those of Table I,
arterial blood. The problem is to determine how much
of each of these substances is distributed into the
red cell compartment under various conditions. Such
& determination is a solution of the problem under

those conditicrs.
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First, for Model B, let the membrane between nlasma
and red cells be permeable to all species--including
protein. 1In this case, the mathematical solution is not
unique, for the membrane could divide the two compartments
arbitrarily, and the mixed composition of the two com-
partments would be identical and uniform except for x

Pl

and x the total number of moles of all species in

RC’
each,

Second, Model B a) supposes the membrane impermeable
to proteins only, b) ignores the electrical charge on the
ions and proteins, and c¢) supposes (as dc subsequent
models in Chap. I) that the gases have equal solubility
in red cells and plasma.

With the protein distributed and fixed in plasma and
red cells, and with the membrane flexible so that hydro-
static pressure gradients cannot arise, all species dis-
tribute between the compartments in proportion to the
amounts of impermeable proteirs in each, a2 result of the
elementary "osmotic' phenomenon: 1i.e., each substance,
including water, will distribute so that it has the same
concentration on each side of tho membrane, independently

of the other species. In addition, since the proteins

are impermeable, all other species must move,; i.e., :he
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membrane must move, so that the proteins or each side are
equally dilute. Thus, the total moles in each compartment

have the ratic
% /%, = 8.706x10"% (10 568-10"° « 2 7725x10-3) = 0.0678
PL’ *rC ' £ 205> Bt ‘

where the numbers on the right are the moles of protein
on each side of the membrane. Table III, a reproduction
of the computer results for Model B, illustrates these

comments.

MODEL C--ELECTRICAL NEUTRALITY

Model C involves an hypothetical experiment. Suppose
that, in addition tc the above conditions, each protein
now has an electrical charge of -1 per molecule, and the
other ions have their normal chemical valerce. Supnose,
further, that the sum of the charged input substances is
such that the whole is neutrally chacged. Now apply the
mathematical ccondition that each compartment, plasma and
red cells, be neutrally charged, i.e., that the sum over
all charged species in each compartment is zeco. Under
these conditions, no change at all will occur in the
computed distribution ol the species and the results will

be identical to Model B. That is, under the conditions
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for B but with all protein uniformly charged, all sub-
stances are already distributed on both sides of the
membrane such that each compartment is electrically

ncutral.

MUDEL D--GIBBS-DONNAN AND HAMBURGER SHIFT

Model D supposes that the average charge of the
protein molecules in plasma only is -10 per molecule. The
moles of ipput substances are identical to Table I, and
the average charges on hemoglobin and the miscellaneous
fixed species in red cells arec such that the total inputs
are neutrally charged. Apply.ng the neutral charge re-
straint now to plasma and to red ce.ls, if the average
charge per molecule of the red cell protein happens also
to be -10, the results are agaii as in Model B or C. Any
other charge on the average, red cell, protein molecule
causes 'ifferent results.

The average charge for all red cell proteins in
Table 1 is -3.5, and & comparison of this with -10 for
the average charge cf plasma protein irdicates that posi-
tive fons should be displuced into plasma and the permeable
negative icns displaced or repelled into red cells. Table

IV, a reproduction of the ccmputer results for Model D,
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shows this actually occurs. Table IV demonstrates that
Na+, say, is now predominantly in plasma, and Cl~ is pre-
dominantly in red cells. The total mole ratio of plasma

and red ce'l compartments, iPL/i has changed to 0.1455,

RC’

Note that this movement of the positive and negative
ions is anomalous. The directions of movement of the Cl~
fon and K fon here are opposite to the standard blood
distribution., Thus, the zero-charge restraint plus the
impermeable fixed-protein distribution alone are in-
adequate to establish the desired (Table II) electrolyte
distribution. This observation is significant because
Model D conteins both of the essential elements for the
classical Gibbs-Donnan equilibrium (97, i.e., the fixed-
protein and the charge restraint.

The Gibbs-Donnan phenomenon is usually explained
with an hypothetical system where electricslly charged
protein is on only one side of a rigid membrane in a
water solution containing other electrolytes. The zero-
charge constraint is then applied to a compartment on
one side of the membrane. Substances move across the

rigid membrane, in response to both the osmotic effect of

the protein and the charge condition, until a hydrostatic
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pressure builds up on the protein side sufficient to stop
further flow. Simultaneously, the electrolytes rearrange
to satisfy the charge condition. The hydrostatic pres-
sure thus acquired by the system is an empirical measure
of the "osmotic pressure'" of the system.

In the present case, the membrane is flexible so
hydrostatic pressure cannot build up--the complementary
compartments simply change size. Replacing the hydro-
static pressure which balances the flow, a second protein
is dissolved in the second compartment. OCsmotic re-
distribution will cease when the two proteins are equally
dilute, as in Model B, The charge restraint simultan-
eously redistributes the electrolyte, as in Models C and D.
The CGibbs-Dcnnan phenomenon, however, is basically the
same, and the above results show it is insufficient in
itself to establish the desiiced (Table I1) distribution
of electrolytes for arterial blood.

The Gibbs-Dornan equilibrium phenomenon does, how-
ever, contribute an important characteristic to the blood
modei--namely, the so-called "chloride" or "Hamuvurger
shift” which takes place reversibiy ac the lung surfece
and in the body tissue capillary beds "1 . At the body

tissue level, CO2 dissolves in plasma and diffuses {nto
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the red cell, where the en.yme carbonic anhydrase com-

bines it with a molecule of wacer to become H2C03. The

consequent ions dCO3 and H+ are, of cuurse, subject to
the charge constraint of the Gibbs-Donnan phenomenon,

just as any cther fon. Conventionally, the charge con-

straint affects the concentration of HCO3

exactly as it

does C1 , yielding

(HCO., ] (c17)
3 PL _ i Pl 1)
3 r

where square brackets indicate concentration. In this
case k = 1; Model G below introduces a difference in

solubility for CO2 between plasma and red cells, so k ¢ 1.
As the concentration of bicarbonate increases in the red

cell, the HCO3 moves into the plasma under a diffusicn

gradient. This movement of HCO3 would leave a net posi-
tive charge in the red cell except that Cl™, as well as
other anions, then shifts into the red cell =ilieu (the
chloride shift). Tue solvent species HZO must also shife

to maintain Eq. (1). Exactly tne opposite set of re-

ac.ions occurs at the lung surtace.




Two important tentative assumptions derive from this
discussion. Firsc, since Eq. (1) is accepted in the
literature {101 and verified empirically [6,77, neither
Cl™ nor HCOS is likely to be subject to active transport
{see below, Model E) at or in the cell membrane. If the
concentration ratios of either were effected, Eq. (1)
could not hold over the range of the Hamburger shift un-
1eés both were affected exactly equally by an active
transport mecnhanism, which is unlikely.

The second assumption is that Eq. (1) may be made
much stronger. Indeed, any ion not subject to active

transport must have the same chemical potential gradient

given by the zero-charge constraint, i.e.,

- - +- = %
r r M 1 r 1 ¢
[C17py ) HOO3lpy W e (:hsoavpl i )
- - - + "—"'.. _‘ —— e & o hd
a - fy 0 { ]
[Cl jRC [HC03"RC LH P1 *SOQ'RC

where the hydrogen ratio is inverted because of its sign
and the SOZ ratio is reduced because of its; valence.f
The dots indicate similar ratios for other ions. For

example, in the present Model I Na~ and K+ are ncot subject

'See Ref. 8, p. 227.




to active transport (see Model E) and therefore they, tco,

satisfy Eq. (2), as shown in Table 1IV.

MODEL E--THE SODIUM PUMP

dodel E, again a hypothetical experiment. ignor:
the electrical charge of the species in order to simplify
a first simulation of the sodium pump. Because the species
subject to the sodium pump have electrical charge, the
effects of the pump and the effects of the zero-charge
restraint applied in b would otherwise intersdct. In
order, then, to isolate the function of the sodium pump,
the mathematical zerc-charge restraint of the Gibbs-
Donnan phenomena is temporariiy suspended. All other
conditions--semipermeable, flexible membrane, etc.--still
apply.

"Sodium pump' is a generic name for the phenomena
whereby living cells, via a binchemical and/er bLiophysical
mechanism within or at the surface of the membrane of
those cells, selectively excrete cr absorb cations. The
sodium pump is a subclass of the more general "active
transport' processes, the exact mechaninsms for which ave

still gererally obscure 11,127,
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The present Model E concerns not the biochemicul or
biophysicai mechanism whereby the sodium pump is accom-
plished, but only the net result. As wmay be seen in
Table II, the sodium pump acting in the erythrocyte mem-
branes causes most of the Na+ and Ca++ ions to concentrate
in plasma, and most of the K' and Mg++ ions to concentrate
in the interiors of the red cells. The above examples
chow clearly that the Gibbs-Donnan forcing functions,
osmotic effects, and zero-charge condition cannot account
for the disposition of cations in Table II. Additional
work on these cations is recessary.

In order tc quantize the sodium pump phenomena, we
ascume that the species NS;LASMA and the species Na;ED CFLL

are not identical. It is convenient to say, instead, that
4+ -~
Na,, ~ Na . , AF (3)

is a chemical reactior converting one species to the
cther, an interphase reaction, even though Eq. (3) is

rot & complete reaction in the thermodynamic sense.
.urther, the increment of free energy, AF, i{s proportiona.
to the work done on the substance during conversion, al-

though the actual work in vivo is difficult to measure

- - . A -
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and may differ considerably from this theoretical minimum
viélue required to maintaln a gradient. Thus, though we
do not represent the membrane cr the mechanism, we postu-
late & free energy parameter proportional to the dif-
ference in concentrations or mcle fractions of the two

species in Eq. (3) at steady state.

Tables V and VI respectively list the input data
and reproduce the computer results for Model E. Table V
lists the species to be expected in the three compartments,
their respective free energy parameters, and the input
components from which the outnut species originate, as in
a chemical reaction.

The ''free energy parameters' in Table V have various
appropirlate meanings. The 02 species has 3 free energy
parameter -10.94 in the "Air Out" compartment, and zero
in "Plasma." This number is the log base e of the solu-

bility constant in mole fractions for O, in plasma,

-

3

free energy parameter -21.35, which is the log base e

0.02089 cec/cc/atm. The spacies KECO, in plasma has the

for the mass actinn constant in mole fractions for the
*

reaction

OH + CO, - HCC, , &F (4)

K]
See Ref. 2, p. 15.

<ty o = T = -
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Table V

INPUT DATA--ELEMENTARY MODEL
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Energy
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Table VI

SODIUM PUMP--MODEL E
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or
H.O0 + CO.. - H.CN.. - H™ + HCO.
2 2 © HatOy 3
plus
o +H 2 H,0
giving
(Hco;)
=K . (5)

(0H") (CO,) —

Using the free energy parameters for Na;] and Na:C

in Table V, we may compute from Table VI

~ 4 .+ -3 - -4
1n (Napl)//kNaRc) = In (2.908x10 //2.2A5Y10 ) = 2.1934 .

(6)

That is, the cations have acquired the gradients given oy
their respective free encrgy parameters, Cj' proportional

to &F of Eq. (3). Taking their valence into consideration,

the cther cations satisfv similar eqiations. References 1

—— . - -




-3]1-

and 3 develop the detailed mathematical background for
the procedures and computations involved here.

Note that the distribution of species in Table V1
is not yet that of Table II. From Table VI, because of
the new disposition of the solute resulting from the cation
pumps, the ratio of iPL/iRC is now 26.95/19.88 = 1.355.
The pH = 7.34 is the same for each compartment since H+
ion, assumed to be not subject to an active pump, is
distributed uniformly throughout. Model F agair applies
the charge constraint, causing tlie H% ion to shift nearer

to that of Tabkle II.

MODEL F--SIMULTANEOUS CONDITIONS

Model F finally applies the conditions of the previous
examples simultaneously, i.e., the cation pumps, the zero-
charge restraint, and the impermeable protein with average
charge -10 per molecule on the plasma proteins.

1ne input data for this model are, therefore, es-
sentially the same as Table V, except for the eq.ation
which computes and .mposes the charge constraint. Table
VI reproduces the computer results for Model F.

An anomalous shift of electrolytes has {mportant re-

sults. Compared with Table I11. the charge equation

s
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Table VII

NONLINEARITY--MODEL F
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effect of Table IV drives a small amount of Na+ into the
plasma compartment. OCn the other hand, compared with
Table VI, the game charge equation effect of Table VII
drives a small amount of Na+ into the red cell compart-
ment. That is, the charge equation applied to Model B
results in a different direction of ion movement than
would the same charge equation applied to Model E.

Thus, it would be convenient if a stress or forcing
constraint applied to the system always gave the same re-
sults. But this wish is naive. The result of a stress
is clearly a function of the system to which it is applied.

The hematocrit of Table VII is now 44 percent: the
pH of plasma {s nearly correct at 7.4, but the pH of red
cells is still alkaline (compared to Table I1I). The model

requires further modification.

MODEL G--HILL'S EQUATION, MYOGLOBIN

Model G, the final model in this preliminary series,
applies three small modifications tc Model F. The crude
outlines of a simulation of Table 11 are alresdy apparent
in Model F. The general descriptive characteristics of
live artarial blood at steady state have heen deduced

according to the classical principles of the “iochemical
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structure--i.e., using the Tixed proteins and the charge
constraint {(to obtain the Gibbs-Donnan pheromena), and
the scdium pump hypothesis. At this point, the model
resembles that of Ref., i which was derived from a dif-
ferent point of view.

The first kind of addition to be illustrated con-
cerns additional interphase reactions--or transport. As
an example, consider the HPOZ and SOZ anions. The total
of these ions, as acid-seluble phosphate and sulfate,
shown in Table I were computed from Edelman "137; the
distribution shown in Table II was estimated from Spector
(7] and f.lelman (137, The anions considered hcre do not
include the phosphaces and sulfur bound, for exampl , in
the structure of the nucleoproteins and lipids

In Table VII, these acid-scluble anions, in vesponse
to the charge equation, have 2 greater mole fraction ia
plasmt than in red cells, iust as the chl.oride fon does.
in fact, however, most of tire I Z in whrle blood is in
the red cell {nterior "7, and we presume the same for
SOZ “137, although the evidence for thie i{s meager and
somewhat contradictory.

lon selectivity ot the membrane may cause these

an{c~t "o appear mainly in the cell {nterior; HPG: in
99




particular may become involved in large complexes with
low permeability, giving o choice of methods to insure

the approximate distribution: An intraphase, red cell

reaction to combine the HPO, and 50, with an impermeable

4 &
species; or interphase, transp.rt-forcing functions similar
to the sccium pump. Either process would hold these red
cell anicns in a predetermined propurtion--a proportion
which wculd vary, however, with the number of other anions
present because of the charge equation and Gibbs-Donnan
effects.

We choose for this example the interphase pump for

distributing the HFO, and SO

N . Thus, in Table VIII, the

A

free energy paranecters, cj, or these anions differ by
2.0 between plasma and red cell. As in Eq. (6), this
causes a mole fraction gradient between the two compart-
ments: the wmole fraction ratio is approximately three,
the mole fraction being greater in red cells (Table IX).
More detail will be added {n later models where the phos-
phate also {~nizes in & buffering reaction.

The second modification gives the atmosphcric gases
a different solubility coefficient {n the red cell niliey

than i{n plasms. Using the dats from Roughton 147, Table

Vill shcws the computed differences in soiubility sas
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Table VIII

INPUT DATA--MODEL G

Free
.

Expected Energy Input

N

Species Parameter Species

AIR OUuT
02 -10,940000 1.000 02
co2 -1 690000 1.000 CQ2
NZ -11.520000 1.000 N2
M0 -36.600000 1.000 He+

PLASMA
02 0. 1.000 02
02 O. 14000 Cue2
[ C. 1.000 N2
He C. 1.000 He
OH- 0. 1.000 O¢~
CL- O, 1.00¢ CL~
NMA 0. 1.00u NA¢
Ke 0. 1.000 xe¢
(o T3 Jde 14000 CAee
HC -+ Qe 1.000 MGee
S04 Qe 1.000 SO0&s
HP Q4= Qe 1.000 HPD4=
UREA 0. 1,000 UREA
GLUCOS 0. 1.000 GLUCODS
LACTIC 0. 1.000 LACTIC
NH&+ s 1.000 NHé&+
HCO3- =21.3%0000 1.000 CO2
M2C03 ~32.040000 1.000 CO2
CO3» €.260000 1.000 C02
H20 -39.390000 1.000 He
4] SCPR 0. 1.000 M]ISCPL

RED CFLLS
02 -0.490000 1.060 G2
€02 0. 1,000 C02
N2 -0.500000 1,000 N2
He O. 1.000 MHe
ON- U, 1.000 Om-
Cr - 0. 1.000 <L~
NA+ 2.193)99 1,000 N&e
K+ ~2.941575 1.009 K¢
CA+e 2.2517190 1000 CAee
NG e e -0.45770) 1.0C0 MG+
S34 s ~2.000000 1.000 SOax
HPO 4 -2.000000 1.00° HPQO4=
URE 2 Qe 1.000 UREA
cLUCOS 0. 1.000 6!uCOos
LACTIC Ve 1.000 LAJTIC
NH&4 0. 1.000 Nr4e
HCO3- -21.490000 1.000 CG?2
#2C03 ~-32.840000 1.000 C02
€0y 6.120000 1.000 CO2
H20 -39,390000 1.000 W
HISCPR 0. 1.000 MISCRE
HB4 0. 1.000 HB4
HB&0?2 - 14%.230000 1.000 02

1.000 OH-~

-0.
-0.
~0.
0.
0.
-0,
~Q.
=-0.
=0.

-0.
-1,
1.000 On-
1.000 He
~1.000 He
1.000 OH-
-0.

1,000 OM-

1,000 He
-1.000 He

1.000 OM-

1.000 MB4

. -~ .

-0
-0.
-0.
=Je
=0.
-0,
-0.
Qe
-0

-G,
-0.
-0.

1.000 OW-

1.000 On-

=0.

1.000 NH-
1.000 0Oh-

1.000
-1.000
-1.000

1.000

1.000

2.000

2.000
-2.000
-2.000

-1.00v0
1.G00
-1.00¢

-2.000

-10.000

ePLASN
ePLASH
ePLASH
ePLASH
*PLASN
aPLASMH
oPLASH
aPLASH
ePLASH

ePLASH
oPLASH
P _ASH
oPLASH

ePLASH




COMPLETED DISTRIBUTION--MODEL G

Table IX

PRELIMINARY OLDON MOOEL

X=~BAR
PH

02

o2

N2

H20

OH-

-

NA+

CAee

MG

SOas

HPO& s

URFA

GLUCOS

LACTIC

NHé e

HC(OY-

H2C0)

COYs

MiSCPR

HB &

HB40?

MOLES
HFRAC

MOLES
MERAC

ES
LTSRN
MULES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAL

MOLES
MFRAC

MOLES

[ W

MOLFS
MFRAC

MOLES
MERAC

nOLES
MERAC

MmILES
HeRAL

MOLES
MFRAC

MOLES
MERAC

moLesS -

MFRAL

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

HOLES
MFRAC

AlR Cut
9.99127¢ 02
...0‘

1.31698E€ 02
1.31613-01

5.26022¢ 01
5.26482F-02

T.%54000€ 02
T.566%9€-01

6.10269E€ 01
8.,10797¢F-02

=-0.
-0.

-0,
-0.

0.
-0.

-0
=0,

-0,
=0.

-0,
-0,

~0.
-0.

-0.
-0,

=0
-0,

-n,
-0,

-0,
-1,

-0.
-0,

-0.
-0.

-0,
-0,

=0.
=0,

STO starTe

PLASNA
2.88744€ 01
7.39264€ 00

6., 73956€-05
2.3%4609%-06

6.95%300€~04
2.40801€-05

2.16367€~04
T.433I9E--0

2.CT139E Ol
9.94440€-01

2.10641€-08
1.29576€~10

3.0T724E€-07
1.06573€-00

Se T4290E-02
1.98892€E-03

T.6445%5€6-02
2.64752€-03

2.297195€E-0)
T.95704E-05

1.3798%€-03
4. 77878E-0%

4,61T23TE-06
1.61617€E-0%

1.84653€-04
6.39502€-06

5.02959€-~04
1.74188F-0%

1.93713€-C)
6.TOB879E~05

2.26019E-0)
T,R2764E-05%

1.645850€-01
$,05Li9E-0%

4. Y84UIF ~D4
1.51833F-05

1.3A678-32
4.80280F-04

9.83831F-07
1.42459¢€-08

1.94118E-05%
6.72284€-07

4, 70600E~06
3.01512E-08

0.
-0.

-0
-0.

NO

PROTEL? REACTIONS

RED CELLS
1.79%96¢ 01
7.19424€ 00

6.064255E-0%
3. 80997F-04

4.3/6706~04
2.40001E-0%

2.21882€6-04
1.23545€-0%

1.78598¢ O
9., 94440E -

2.06905€-CH
1.15206€-09

i.21211€-907
6.74909€-09

2.26210€-02
1.29955£-03

8.37440E-0)
4.66295E-04

4.27925€-02
2.38040E-0)

2.2%154E-04
1.25367€-0%

1.145266-0)
6.370808E-05

3,6036T7E-04
1.89507€-0%

9,27041€-048
5.16101E-0%

1.20487€-0)
6,70879¢-0%

1.40%81E-0)
T7.82766£-09%

5. T4697€-04
3. 19n83E-08

4.)05922€-04
2.39T5%6-0%

6,231V3¢-0)
Y. 4989 9¢ -04

6.15063¢-07
1.4040E-08

S5.' L988¢E-06
Vodt¥de-o07

3.750%0t - L)Y
2.08830F -4

3.35368E-0¢4
1.36734€~-0%

A.75463¢6-0)
4. BT452E-04

B N
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modified, free energy parameters. The result is the
solution of slightly more O2 and N2 in the red cell milieu
than in plasma. Reference 2 computes these data.

Finally, this preliminary model incorporates an
illustrative reaction of hemoglobin with oxygen. Hemo-
glohin oxygenation has an extensive literature (summarized
in Ref. 14) and is, of course, still the subject of much
research. This preliminary, illustrat.ve model incorporates
one of the earlier theoretical structures of the oxygena-
tion reactions, Studying a simpler theory and its short-
comings clarifies some of the details of, and much of the
motivation for, the following two chapters.

In 1910, A. V. Hill [15] proposed that reaction of a

solution of hemoglobin with oxygen could be written

Hb + nO2 - Hb(OZ)n , K (7

where both K ard 1 were to be determined from empirical
data from the laboratory. Using the Hill equation, as in
Ref. 14, the percent saturation of hemoglobin with oxygen,

y, can be computed from

_Lay'g_-_}.(-g..__ (8)

© e amn e e
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where p is the oxygen pressure in millimeters. The
saturation can be measured in the laboratory at various
p02 by a variety of means. Comparing the laboratory
experimental curve to that given by Eq. (8), one can
attempt to "fit" the laboratory curve by adjusting K and
n [147.

The discussion in the literature centers around the
fact that unigque K and a cannot be found to fit the ex-
perimental curve over the entire range of oxygen pressure
from zero to, say, 150 millimeters. A deterrent to fit-
ting the curve under general conditions (i.e., physiologic)
is the difficulty of determining a satisfactory laboratory
experimental curve, particularly at the extreme values of
oxygen pressure [14].

But, for purpcses of this comparison, the Dill curves
(161 are satisfactory. Thev have been the standard for
many years [7], and were obtained under conditiors reason-
ably well-controlled for the time.

Table VIII has, in the red cell compartment, a reac-
tion of oxygen with hemoglobin (cf. Table V)., The re-
action constanc, K, is determined in the nodel to give a
normal saturation (97 percent) at 100 mm 02” Figure 1

shows two cases (computed by varying the pOZ): two curves
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for the case n = 1 (as in Table VIII) and a curve for the
case n = 2.5 as Hill originally determined. The normal
Dill curve also appears. The Dill curve, of course, was
determined under general physiologic conditions.
Hemoglobin has four binding sites for oxygen. So
for the case n = 1, in order to bind one oxygen per
molecule of hemoglobin, the hemoglobin was conceptually
broken into four parts, each with a heme, as in Eq. (7).
Thus, for the case n = 1, 9.09 rather than 2.2725 moles
of hemoglobin combine with oxygen. The reaction constant
for this case is K = 4.98x10-3, or lneK = K' = -5.30.
Reducing this constant immediately decreases the maximum
saturation without materially shifting the curve toward
the Dill curve, as for the curve with K = 6.74x10-3,
K' = 5.0. The pH is 7.39 in plasma, 7.19 in red cells,
The Hill curve with n = 2.5 uses the proper average
number of moles of hemoglobin, 2.2725, per liter of blocd,
but. the fixed average number of oxygen molecules, 2.5,
attach to each molecule of hemoglobin. Thus, each hemo-

globin, Hb,, has either 2.5 molecules of 02 attached or

a’
none at all. There are no intermediate stages. An equi-

4

librium constant of K = 1.51x10-“, K' = -11.1 is necessary
to give 97 percent saturation at 100 mm 02 and the same

pH as before.
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Some of the data for Fig. 1 (the n = 2.5 and n = 1,
K = 5.3 curves) are verified in Ref. 14 where similar
curves were computed by desk calculator (the values of
K are not given). This reasonabl: validates the present
model under varying conditions. But the discrepency
between the empirical Dill curve and the Hill curves
necessitates better hypothesis and .n improved model.
Subsequent biochemical hypotheses for the oxygenation
reactions are increasingly sophisticated [2] and, also,
the presence of CO2 and H+ are important. Hemoglobin
binds 002 in the carbamino reactions as well as buffering
the H+ ion; both of these reactions effact oxygenation.

Reference 2 discusses these problems.
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Chapter II

CONCLPTUAL COMPARTMENTS

1. INTRODUCTION

Chemically speaking, by far the most interesting
constituents of the blood are the proteins. These species
along with other complex constituents--the organic phos-
phates, the lipids, the carbohydrates--can combine with
other blood constituents potentially to create innumerable
biochemical reaction products. However, such a model, with
lists of possibly thousands of reactions, would be ex-
tremely unwieldy; and the thousands of necessary micro-
scepic reaction constants probably could not be determined.

The problem then is to make a model which approximates
the more complex real situation but, at the same time, has
exactly the same characteristics as the large model whernver
possible.

The following eleuentary example illustrates this re-
mark. Consider a polypeptide having two identical but in-
depencert ionizing groups--i.e., the ionization of one does
not affect the ionization of the other. Thus, & representa-

tive molecule HRH has three ionization states and four

reactions
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HRM ~ HR- + H' | K
HRH — —RH + HY | k,

) . (1)
HR- k- + H' | Kk,

R T =R~ + H , k

each with the ‘ntrinsic microscopic dissociation constant

ki or intrinsic association constant 1/k But if the paths

i

of ionization are immaterial, one can instead write [8]

HRH = (HR— + —RH) + H' | K,

(2)
(—RH + HR=) = (—R-) + HT | K,

with constants K1 and KZ’ respectively, where Kl and KZ
are the apparent titraticn constants obtained from a

taboratory titration curve, and HR= and —RH ave {indis-
tinguichable, i.e., a single species. The constants ki
and Ki can be related by the following reasoning: Con-

sidering the several mass action equations for Eqs. (1)

and (2), we may write, as in Ref. 8,
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o o Lem) ¢+ R o) | R o) | o) )

1 (HRH) (HRH) T~ (HRH)
(3)
=k, +k,
nd
4 \ -1
A R LR + (R
((-RH) + (HR-) (—R—'(H+)
( \ / (&)
-1
11
= — —
{ ky kg |

\ )
The two chemical systems, Eq. (1) and Eq. (2), are thus
completely convertible, and equivaient in the sense that
the computed ratios of concentrations for (—R—)/(HRH) at
equilibrium are identical, as are the concentrations of
(H+) and (<HR + HR—). The first case, however, requirces
four reactions to represent the system; the second, only
two,

This and other types of reductions to be discussed
have a commow wperty: They educe the gize of the

problem but not the simulation accuracy. Such reductions




are importent in the computer model, since both the com-
puting time and the size of the computer reqnired for
a sclution increase nonlinearly with the problem size.
In biological systems, a problem could easily be too
large--i.e., have too many chemical reactions in its
representation--for even a reasonably large computer.

l1n the blcod, serum aibumin has 190 sites for active
hydrogen ionization, each of which falls into one of four
:lasses. These classes are independent but not mutually
exclusive; 1 e., ionization in one class dces not prohibit
ionization ir. another. Because ionization can occur
simultaneovsly in all four classes, they must be con-
sidered as simultaneous events though not with equal
probability., Since each site has two possible states and
there are Y9 sites in the first class, 16 in the second,

.
57 in the third, and 18 in the fourth, thea 27 + 2'% .

7 218 - 1060 states are poussible--each of which must

2
be represented in the model. Obviously, some reduction
i{s necessary.

While an equivalent representation can rveduyce the
size of complex systems, as in Eqs. (1) and (2).  con-

ceptual compartmentalization is generally an even more

economical device. As will be shown, the conceptual
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compartments are artificial compartments created in the
chemical milieu of the model to isclate classes of re-
actions on complex molecules when these reactions can occur
simultaneously. As in the example of serum albumin, the
reactions of independent classes may occur simultaneously--
thus, the same molecule must have multiple representation
to show all possible cunfigurations. The procedure sug-
gested here 1s to identify and characterize the myriad
chemic. . reactions according to class (type of ligand)
and interdependence (mutually exclusive, dependent, or
indegendent), in :.rder to represent each class of reaction
«S an isolatsd event rather than representing all possible
- ed~class species. Since the classes of reactions are
much fewer than the total possible number of species, the

reduction can be considerable.
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2. CONCEPTUAL COMPARTME.TS

PROTEIN IONIZATION--EXAMPLE

The blood macromolecules of principal concern are
serum albumin, the various globulins, and hemoglobin.
Because serum albumin is perhaps the simplest, most
stable, and best known, it will be used extensively as
an example. This protein is the most abundant of the
plasma proteins, about ten times more numerous than the
next most abundant. The pertinent characteristic cof
serum albumin is its ability to buffer hydrogen ion in
the physiological range of pH, but its activity is by no
means limicted to proton binding. Serum albumin alsc binds
small ions of either sign and even small neutral molecules.
To simplify the description of serum albumin for the medél,
we will deal exclusively with the hydrogen binding activity.

Tanford, et _al, (17 and Tanford (18] (sources for
much of the factual dats on albumin) li{st among the
tydrogen-binding sites cof serum slbumin, 95 carboxyl
radicals with average pK ~ 4.02 at 25°C. The carboxyl
groups alcne have 99 configurations of the molecule {n
which it has lost just one hydrogen, 99x98/2 configura-

tions in which it has lost two .ydrogens. and so on, in
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all 299 species in the milieu. But several ways exist
to reduce this variety to an approximate or an equivalent
system.

Assume first that the 99 sites are equivalent and
independent, that the ionization of one site will not
affect the probability of ionization of any other. An
equivalence can then be drawn between the i~nization of
this polybasic acid and 99 monobasic acids, each with the
same pK and the same concentration as the protein. But
this equivalence is immediate if the protein is concep-
tually split into n parts. If h is the numbef of moles
of hydrogen released per mole of protein per site then,

as for a mornbasic acid,

RH —R— + HT , & (5)
er
+ -
o= SR by (6)
(RH) 4

where k {a the microscopic dissociation constant for that
particular site. If this were the only site for {cniza-
tion, then cleariy the ideal titration cunstant determined

in the laboratory would be k. For n identical, independent
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sites on each molecule of R, n times as meny protons will
be released at the same pH, but of course tha ionization
pK remains the same, {.e., -log k. Also, v = nh is the

moles of protons for all sites per mole of R. Therefore,

nh __ (R-)
n(l-f) (R
or
k== @t
n=y

where, again, the empirically observed titrarion constant
in vitro would also be simply k.

For the similar case of n moles of monovalent acid,
each with the same concentration and pK as for R, the
titration constant will equal that of the prutein, i.e.,
either system will huffer maximally at the pK of the in-
trinsic {fonization groups. Then, in titration or buffering
action, the two systems would be indistinguishable except

for electrostatic concentration effects.
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We note for future reference the difference between
the titration constants and the dissociation constants,
For the monovalent acids, these two constants are the
same and are given by the mass action equation, i.e., the
pK of the ionizing hydrogen. For the protein, the pK of
the icnizing class (Eq. (6)) gives the titration constant;
but the dissociation constant, given by mass action
equations where the protein is not conceptually split,
depend upon the number of hydrogens dissociated (and
perhaps the particular configuration of their dissocia-
tion). This difference is important hecause the appzrent
mass action equation constant for a protein may be dif-
ficult to measure, whereas the titration constant can be
determined from the in vitro titration curve,

This discussion implies that, under the strong assump-
tion of equivalence and independence of the groups of 2
given class, for application to the computer model, the
simulation of the protein could be obtained by writing down
the chemical reaction, Eq. (5). and inserting this in the
model with constant k and in amount n times RH, {.e., n
monovalent acids. In fact, the simulation {s not quite

so simple: the milieu would contain n times too much

protein and the osmolarity would be in error.

¢
Ref. 8, Chap. 9.
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However, in other respects--e.g., the buffering re-
action--this simulstion would be perfectly valid. There-
fore, the model may reasonably contain an osmotically
isolated compartment for the monovalent acids. This
conceptual compartment will be impermeable to all species
except H' ion and will not be counted in the osmolarity--
it will be a sink or source of H+ fon, a place to store
H+ fon effectivily out of the milieu in proportion to the
pK of the monovalent acids which are availavle only with-
in the conceptuzl compartment.

The example of serum albumin in Sec. 1 permits more
specificity. Table X gives five major classes of ionizing
sites on the protein, each with a distinct number of sites.
There are 17 imidazole groups, 57 f-amino groups, 19 phenolic
groups, and 22 guanidine groups, so that, as on p. 46,
approximately 1060 species are possible and an equal number
of intrinaic conscants could be required for a chemical
description.

The method of conceptual compartments replaces each
fcnizing class with a single monobasic acid having the
“average'' pX of that class, but with n times the mole
number of the protein, where n i{s the number of sites in

the class. Then, to not disturb the osmolarity (or the




«-53-

Table Xa

TITRATABLE GROUPS PER 65,000 GRAMS SERUM ALBUMIN

Found by Amino Acid

Titration Analysis
a-carboxyl (1) 1
B, y-carboxyl 99 289.9
Imidazole 16 16.8
a-amino (1) 1
€-amino 57 57.0
Phenolic 19 18.1
Guanidine 22 22.0
Sulfhydryl (free) (0) 0.7

#adapted from Tanford, et al. [177.

total mole count), an artificial compartment is created
to contain the monobasic acid. This compartment has but
two species, the ionized and un-ionized forms. The dis-
tribution between these two species is determined by the
pK of the acid and the H* fon concentration of the liquid
compartment.

Thus, the serum albumin problem is reduced to a
representation conraining just elever species: the protein

in the main compartment and two species in each ionization
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class compartment. The remainder of this section shows
in what respect this problem with eleven species (plus
the remaining species in the liquid phase, such as Na+,

Cl™, OH , H,0, ¢...) is equivalent to the ariginal problem

2

of 1060 speczies, where '"equivalent' means that the solu-

tions of these two problems will be indistinguishable.
Shapiro (47 develops and proves in general an

equivalence theorem adaptable to the particular case of

serum albumin., Suppose, first, that the ionizing sites‘

on the protein are divisible into classes (e.g., carboxyl,

alpha-amino, etc.) and that within each class each ionizing

site is indistinguishahle, the order of ioniéation im-

material, and the free energy associated with ionization

is strictly additive (i.e., the fonization of one site

does not in any way affect the fonization of any other).
Second, suppose this entire protein-carboxyl system

is replaced in the mathematical model with a single mono-

basic acid having a pK identical to the equivalent hydrogens

of the protein but 99 times the number of moles of the

protein. Preserving the usmolality requires s new phase

or conceptual cowpartment containiug only the monobasic

acfd in its two states, ionized and un-icnized the pro-

tein itself remains unreactive in the original milieu
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(again, to keep the osmolality correct). The protein and
the monobasic acid are related by a conservation of mass
equation.

Shapiro then shows that under these conditions the
total number of moles of ionized monobasic acid will
equal the number of ionized sites in the original large
problem, although the number of species has decreased
from 299 to lust two. The reuaining species other than
the protein and monobasic acid will be unaffected in
concentration or distri{bution. Further, the total thermo-
dynamic free energy of the system will be unaffected. We
forego the details or proof of the more general theorem.

This model then proceeds similarly for the other
classes of ionizing sites on the protein (Table X). The
pK of each class comes directly from Tanford, et al. [177,
who determine the pK from the titration curve with a
correction for the static charge on the molecule and for
the adsorbed chloride ion. Reference 19 discusses this
computer model in detail and shows theét it reproduces
the titration curve for serum albumin within two fonizing
sites cver the range of pH from 3.5 to 10. The extreme

ends of the curve require a more complex model.
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3. GLOOD PROTEINS: PLASMA

The power and flexibility of conceptual compartmen-
tulization permits further development of the elementary
and insufficiently accurate blood model of Chap. 1. The
simulation will continue by incorporating further com-
plexities of the hemoglobin reactions and certain buf-
fering systems cof the blood.

~m one view, the principal buffering system of the
blvod ... the bicarbonate. With the loss of each CO2
7. !ecule at the lung surface, a free hydrogen ion is ab-
sorbed in solution by the OK™ ion from the decomposing
bicarboéate fon, thus making the blood rore basic. At
the tissue level, the absorption by the blood of each CO2
molecule creates hydrogen ions, making the blood nore
acid.

These two systems--the production and consumption of
ﬂ. fon by the bicarbonste reactions--need not be and per-
haps seldom are {n ex=»ct balance, thus causing cespi:atory

acidosis or alkalosis. However, the very low CO. content

2

L3

of the atmosphere relative to the bived permits €O, to be
[ 3

easilv (clezsed al the lungs; the autonomic contrels over

depta 4ng rate ot reaniiation and blood {low rate tend to

balance productior ard absorpticon of w* fon.
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The necessity for this bufiering may be e:sily shown.
At a steady resting state, blood coursing through the

tissues picks up about 40 ml of CO, per liter in changing

2
from artecrial to venous. This is equivalent to the re-
lease of about 2 mM of hydrogen ion, since co, either
combines with H20 to form HCOE and liberate a HY ion,
or forms a carbamino compound with hemoglobin and again
liberates almost one hydrogen per reaction. Since the
hydrogen ion concentration is normally only about 1.0-7
moles per liter of blood, this tremendous excess acidity
must be buffered. The net change in pH during the normal
transformation from arterial to venous blood is only about
0.03 pH units.

Hemoglobin itself takes up approximately three-
quarters of the excess hydrogen in the oxylablie binding
of hydrogen on groups which hecome availible on the molecule
as the oxygen is removed at the tissue level. The oxygen-
ation of hemog:obin y;éiés this hydrogen at the lung level,
thus preventing thc bleod from going basic from the loss
of CQZ’ |

The remaining excess hydrogen at the tissus level is

buffered princips.ly by the piasma protelns, the phosphate

fonizatiov systems, and by the non-cxylabile sit-: co the
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hemoglobin [20]. Plasma proteins, however, may account
for a maj>r portion of the remaining excess, since the
imidazole groups of the serum albumin are at their maxi-
mum buffering power in this important range of pH of the
viable system, Peferring again to Tanford (177, one
millimole of serum albumin buffers approximately one
millimole of hydrogen in a change of 0.1 pH point, Since
he pH changes about 0.03 points from arterial to venous
klood and since there is approximately 0.5 mM of serum
albumin per liter of blood, the serum albumin could buffer
up to 0.15 mM of H' during this change.

| tncorporating the plasma protein buffering system
fiAto the mathematical model requires modifying the gen-
e:élized model df plasma protein described in Chap. I.
Setﬁmhlbﬂ@in accounts normally for 80 or 90 percent by
mole nu@ber of the total plasma protein, .nd the various
glabuiin; for most of the remsinder. Fibrinogen is also
p:tsebt. but is ot thought to be an {mpor=ar buffer.
‘ wé nsgﬁmué that the two principal proteins represent all
¢f the important buffering power of the plasma fraction,
#nd Savé sim/lar titration curves, particularly {n the
fmtdale. viable range cof pH. This latter agssumption is

not quite true "18,21], but considering the small
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proportion of globulin and the reasonshbly small dif-
ference in the titration curves in the viable range, the
error will be insignificant--not more than 2 percent of
the maximum buffering power of the plasma proteins.

Finally, the titration curve itself is more sophis-
ticated than indicated in the previous section. Tanford
(17] used a solution of serum albumin with salt added to
provide an ionic strength 0.15. Thus, the titration curve
incorporates the electrostatic charge on the moiecule of
protein and the comne: tive binding of chloricde ion. The
pK of the hydrcgen-bindiny sites thereby varies appro-
priately through the raage of pH. &References 19 and 22
detail rhis problem. Of course, the behavicr of the
protein in plasma may differ greacly frnm its behavior
in the 0.15 molar NaCl titrating solution. However, this
error can temporarily be discounted, since Chap. I11 will
demonstrate with Astrup diagrams and more stringent tests
that the simulated biocod does bufter properly.

Serum albumin binds anions, cations, and even un-
charged particies by incompletely understeod mechanisms 8 .
However, Cl1  probably binds to the positively charged
amine gproups; this reaction is a functien of the pH and

the concentration ot chioride ions. Scatchard, et ai.

-

FN N
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for example, discuss the binding of C1 , which is im-
portant in the respiratory function of blood; Loken,
et al. 7247 treat the biading of calcium. These reac-
tions change the net charge on the protein molecule and
thus affect the buffering power of the protein; but by
tylng up permeablie ions, they also affect the Gibbs-
Donran equilibrium. Neither of these systems are ex-
plicitly in effect in the model, where serum protein may
bind up to 50 percent of the calcium, and up to 10 ions
of C1~ per molecule of protein, depending upon the pH.
The binding of these iocns by other proteins has not
been studied as closely; in purticular, hemoglobin's role
is net well understood. We presume that hemoglobin and
other complexes withir the cell may also bind these small
fong. Altbough ve mey assume that none of the single-
valent alkaline cations are bound, both the double-valent
Mg++ and the double-valent arions are tied up in various
ways. Tae literature regarding these intracellular re-
actions i{s not as definite as for Cl and Ca**. axd no

attempt has been made to account for them.
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+.  BLOOD PROTEINS: RED CELL

Hemoglobin is only one important constituent of the
red cell. 1In fact, the water content is approximately
99.45 percent of the total moles; hemoglobin is only
about 1.5 percent of the remainder, or about 2.30 mM per
liter of blood. However, hemoglobin is more prominent in
terms of mass: each liter of blood coatains about 160
grams of hemoglobin--all in the 450 c¢c occupied by red
cells. The hemoglobin protein, minor impermeable con-
stituents, and the membranes of the red cells (which are
very thin) increase the volume of the cells over that of
the pure water content by about 120 cc per liter of blood.

The physical-chemical structure of the red cell
interior may orient the hemoglcbin mclecules with respect
to each other, perhaps linked in a fluid crystalline
lattice. In any case, we assume an homogeneous fluid
thiroughout, with reasonably steady composition states
(within measurable error) when *he cell environment is
constant. A change !n the environment resulls in a change
in the cell interfor--i{.e., in the rate of {ti meci inisms--
and consecjently a new steady state.

Resides hemoglobin, {norganic electrolytes. organic

permeable molecules and ions, and water the red cell
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contains a complex of interesting and active substances,
most of which are charged. The kinds of these particles
(organic phosphates, enzymes, chelates, etc.) are so
numercus and their specific contributions so varied that
they are usually lumped together in the electrolyte balance
as simply X",

The milliequivalents of this total are more easily
calculated than the actual millimoles. By assuming that
the red cell milieu of a given volume of arterial red
cells is neutrally charged, one can ccmpute the total
charge attributable to X --about 10 milliequivalents of
negative charge per liter of blood. Then, since the
osmolarity of the milieu should equal that of plasma,
and the mcles of each other substance are report._d, one
can determine that there should be about 7.5 millimoles
of X, only an approximate calculation.

From this, however, the average charge per average
molecule is between one and two, about the average charge
of inorganic phosphate or of a hemoglobin molecule necar
the viable pH. Accordingly, the mathematical model carries
7.5 oM of X per liter, but (as Chap. I11 proves) for the

present model the net charge need not be specified. This
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is a temporary procedure for handling the mixture of
substan s denoted by X , whose deta.ls may be added
gradually to the model as specific reactions data become
available or important. However,6 the situation for
hemoglobin differs considerably, since its details are
important and relatively well-known.

Hemoglobin's chemical reactions important to respira-
tion are the reversible combinations formed with:

1) Oxygen (via the four ron atoms in the heme
groups);

2) Curbon dioxide (via Nk, groups, probably those

in heme and lying near the iron atom);
3) Hydrogen ion (via the —COOH, *GNHZ, and -1NH§
groups, a significart number of which are oxy-

labile in their ionization; {.e., the oxygen
attachment affects the bonding energy).

The Adair [257 equation for the oxygen dissociation

of hemoglobin under standard conditions--viz.,

- 4
v’ (alp + 2.2p2 + 383p3 + A‘AP )

- - (7)
iC0 2 ] 4
&(ao + alp + azp + n3p + ap )

where

. o gy, ~ - - g - e - ——— - e - - v g Ty AT o ——
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y' = percent saturation of hemoglobin,

8y = 1,
lj (8)
a, = K,
J o qa b

p = oxygen pressure in millimeters,

and

f - N
~--is used in this model, as in Ref. 2, for the generation
of the empirical saturation curve.

Given an empirical curve, y vs. p, from the labora-
tory, the analytic problem is to find the unique set of
four parameters, the ratios 3yt a;1 Ayt aztoa,,
the apparent Kj, that enable Eq. (7) to reproduce the

or simply

curve within the model. Because of the oxylability of

the anclllary reactions of hemoglobin, however, these

apparent Kj may differ from the {ntrinsic Kj of Eq. (9).
In this circumstance, Pauling 726 correctly wrote K3
for the apparent constanis in the milieu and K, for the

b

intrinsic constants of "pure” hemoglobin. The solution

of this {mpasse lies in finding analyticel transformaticns,
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based upon structural, physical, and chemical hypotheses,

which will carry one set of constants into “he other,

K T !
i "5y

The apparent macroscopic K!,

“;

}lb"(oz)j_1 + 02 - HbA(O for each j , (10)

2);
are not identical, and we have
A

Y * 100

! l|2 tpytpy! l.l'(‘
i Klp + 2K1K2p + 3K1K2K3p + 4K1K2K3Kap an

4 <E:+ Kip + KiKipz + KIK3KipY + KiKéKSK&pa

for the Adair Eq. (7).

Reference 2 discusses the use of the computer in the
derivation of the oxygenation constants. This study
utilizes the ratios derived independertly on the computer
and by Roughton, et al. (27,287, namely, K, : K, : K3 :
K& 01 £ 0.6 :0.246 : 9.4. The adbsolute values are od-
justed to give the proper saturation of hemoglcbin at p5S0,

the oxvgen pressure for half-eaturation. <Thapter 1il
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discusses the quantitative goodness-of-fit for these
consfants,

This simulation assumes that the transformation T
is affected only by the ancillary oxylabile carbamino
and hydrogen ionization reactions. In deriving T, we may
reasonably assume [14 two oxylabile hydrogen ionization
sites per heme group on hemoglobin, and 16 sites per heme
for non-oxylabile ionization. Identification of the
position and kind of these sites on the actual molecule
i3 not yet definite (147, but for convenient reference
this simulation classifies the oxylabile sites as a
carboxyl and an alphz-amino, the non-oxylabile as iden-
tical ligands on histidine groups. Further, we assume
that the pK's of the uxylabile yroups are sufficiently
far apart that only three species with respect to the

oxylabile heme groups appear in the milieu:

N (12)

where R is a lieme group.

Evidently, the CC, molecule is hound only by the

2

amptian he speciar on the right of Eq. (17), «#ith the
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amino in the NHZ condition. The apparent constants for

oxygenated and reduced hemoglobin differ, and therefore

the equations for the model are

6

Hb + CO, = Hb(CO,) + ut | Kee = 6.6x107 (13)

2

and

HbO. + CO 6

- + -
9 9 = dbOz(COZ) +H , K. = 25x10

oC (14)

where the symbol Hb indicates a 1/4 hemoglobin molecule,
and/or a reactive group on an amphanionic heme. Sim-

ilarly, the pK, for hvdrogen ionization will have sub-

i
scripts referring to oxygenated or reduced hemoglobin,
and the apparent pKi may correspond to any number of H+

equivalents ionized. The equations relating to the first

stage of oxygenation are:

Hb, + 0, z Hb, 0, . K}

Mb, T Hb, + H' ., pK = 5.25

Mb, 5 Hb, + W', PRy = 7.92 (15)
Hb,0) = Wb 0y + &' . pKy, = 5.75

i
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where Kl ir the first equation is the intrinsic reaction
constant for the attachment of 02 on:hny of the four hemes.
Ki is the apparent constant measvred in the laboratory in
the presence of H+ or 802 reactions. Equations (13), (14),
and (15) specify the interrelated reacticns with respect

to the first oxygenation state. Computing the ratio (in
moles) of oxygenated to reduced molecules yields (sup-

pressing the square concentration brackets)

Hb, O
4572 - K'T0.)
+ i
HbQO? + Hb ()2 + Hb402 + HbA02(C02) (16)
+ . .
be + Hb, + Hb, + Hb,(CO,)

Alternatively, using the equilibrium constants from the
individual mass action equations, Eqs. (9), (13), (14),
and (1%), pOz fn millimeters, and concentrations of each

specles (suppressing the square brackets), yields

+ K rc. K
, H N1 2 ol
Kyp + Kip o ¢+ K,p = + K p —= 22 g
Hb, O, 1 P X P " P K
‘ ¥
“ 1 H . KR! R COE \ez .
K. - ’ + + %C
o2 H }
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or

Kip = Kp

witere numerator and

multiplied by 760 mm.
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EA ) S S
' + +.7
l\OZ H (H) 0c ol (17)
+ KR co !
=l +I + i 2 Kre Xor
Kz H ")

denominator are divided by rHbl*'? and

Thus, a complex rutio modifies the

intrinsic constant K, to give Ki, the apparent conscant

for first-stage oxygenation in the presence of ancillary

reactions.

This result, Eq. (17), resemble¢s derivations

elsewhere, e.g., Pauling 7267.

Equation (1l1),

corresponding to the Adair formu.ation

for the dissociation of hemoglobin--i.e.,

Y =

s r_l2 |3 Oq(‘
élp + 532p + 3a3p + La

40

(.
4 ‘0

.

--shows the constant a;

2 3
+ aip + aép + 33p + &

; (18)
, 4
4P

if

- K! Now

1~ »
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t = ¥' ®' K ®
84 Kl K2 k3 KA ,

where the K; are the apparent jth-SCage oxygenation con-

stants in the milieu of reactions, then

glves aj fer j=1,...,4, the intrinsic Adair constants, by
an argument similar to that ylelding Eq. (17).

This mathematical model incorporates Eqs. (19). A
different model may result, howevar, {f the relations of
the several reactions of hewoglobin are eventually Ce-
termined to be deperident {n other ways. bSHome of the H+

ionizatior must be oxylabile, but certainly not all;, and
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the oxygen absorption will depend on Hf lability. Simi-
larly, remote arees of the protein and heme groups may

bhind CO, as non-oxylabile carbamino, althcugh carbamino

2
formation always depends on the pH. Aleo, some of these
reactions may be mutually exclusive--e.g., the CO and 02
reactions, and the Ca++ and H+ reactions, not considered
here.
In the format of the mathematical model, each stoi-

chiometric chemical reaction requires a separate entry in
the matrix of reactions. Thus, if five ways exist for

0, to combine with Hb, and four ways for H+ ionization,

2 4
and if these reactions are not mutually exclusive, then
20 entries would represent the possible combinaticns.
However, conceptual compartmeants convert this "multipli-
cative" wmodel into an equivalent "additive' model of uine
entries. In additicn to the principal red cell compart-
ment, the latter model computes carbamino reactions and
the H+ fonization of reduced and oxygenated heme in
separate but dependent conceptual compartments.

Equations (19) relate to a model which computes the
carbaminc reactions of oxvgenated or veduced heme in the

corresponding fonization compartments. This procedurs

is efficient and does not yteld multiplicative combinations




* Hb~, and HbCOz are assumed to be

mutually exclusive species, 002 combining cnly with the

because Hb+, Hb

amphanion form. Also, the present modei regards the
product of Eqs. (13) and (14) as completely ionized, an
assumption which is probably rnot much in error at viable
pH.

Finally, the computer program incorporates Eqs. (9),
(13), (14), and (15) as iists of the expected chemical
reactions and species in appropriate compartments. Table
XI shows the red cell and subsidiary conceptual compart-
ments for the current mathematical model. In the red
cell, the Adai~ formulation has four stages of oxygena-
tion of hemoglobin. The coefficients of the terms re-
duced heme, oxy heme, and histidine give the number of

equivalents assumed in n, moles of hemoglobin for sub-

]
sequent reactions in the conceptual compartments. Thus,
the coefficients in the rod cell compartment count the
woles of reduced and oxygenated hemes and the number of
oxystable H+ fonization sites, which are asasumes to be on
histidines. The two subaidiary cc partments each contain

the two stages of {onizstion and a carbamino reaction.

The amounts of reduced heme, oxy heme, and hiatidine
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srecies in the conceptual corpartments derive from the
red cell via conservation-of-mass equations called
"transfer rows." 1In all cases, the free energy parameters
a-e the natural logs of the several pK's in the mole
fraction scale which give the best fit to the hemoglobin
titration curve and to the amount of carbamino foimed
in the oxygenated and reduced cases.

It now remains tc show that the results of the con-
ceptual compartments and transfer rows in the model are
simply mass action equations similar to Eqs. (15) and

(17); i.e., that H+ ion and CO, reactions with hemoglobin

2
have the hypothesized effect upon the coxygenation
reactions.

Write the mass action equations from the model
treating the transfer coefficients as a species (see
Table XI). Consider the first-stage oxygenation of b, ,
the row "Hb402" in Table XI:

, 3
(Hb,0,) (RHeme)~ (OHeme) _ _-15.7665 ,
) (0,) ) ’ o
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where the symbol RHeme stands for a reduced heme of which
Hb402 contains three, and CHeme represents an oxygenated
heme. The concentrations are in mole fractions and the
exponent is log base e of the equilibrium constant, i.e.,
the intrinsic constant Ki. Equation (20) is, thcn, the
first-stage oxygenation with extra terms which transfyrn
the apparent oxygenation (as measured liy the actual con-

centrations) into the intrinsic equiiibrium, Equation

(20) shows this more clearly if written

(HbAOZ) ) 1 e-15.7665
(yhi)(OZ) (RHeme)B(OHeme)

, (21)

where the concentrations on the left are measured.
Investigating the nature of the transformation on

the right side of Eq. “21) via the mass action equations

for the chemical equations in the conceptual compartments

(Table XI) yields, comparing Eqs. (15):

. (RHeme)(H')  -22.4397
(H,Hb ")

KRz (22)

where
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(RHeme) = (HHb+ ") (the zwitterion) ,

@)@ -21.0582

KR1 * ~(Rieme) - © ’

b)) H 2 31,4723

KRC - (RHeme)(COz) =€ ’

and a similar set from the oxyheme compartment. These
expenents are in natural logs and mole fraction scale.
Considering that the mole tractions of all species

in a conceptusl compartment must sum to one,

(0} ¢ +.2

+ { {CO0.,)
(RHQmE) [;{Q‘.{.—l + 1 4+ k..BL + K -K-.R-g__g_] - ] (23)

RZ ) )

and, similarly,

+ K KOC(CO )
(onme) M.‘.l.'.-.g_‘_.*& —-——.—l—.] -] .
["oz whH O wh?




7=

In addition, the condition that one hemoglobin yields

four conceptual hemes with no change in free energy gives
Hb, = 4(RHeme) . (24)

Substituting Eqs. (23) and (24) into Eq. 721) immediately
results in Eq. (17). A similar development yields Eq.
(19). The ancillary reactions in the wodel thus affect

the oxygenation reactions in the hypothesized way, {.e.,

Eq. (19).




Chapter III

VALIDATION OF THE MODEL

1., INTRODUCTION

The addition of the serum albumin buffering and
hemoglobin reactions permits further testing of the mathe-
matical model begun in Chap. I. These tests will subject
the improved model to varied chemical stresses and note
in detail the qualitative and quantitative responses.
Generally, these computer validat{on experiments will be
similar to laboratory experiments, so that results in the
two facilities may be compared. Emphasis is therefore
placed on reproducing laboratory conditions as nearly
as possible, so that the experiments are conparable.

The subsecuent discussions of particular experiments will

further illustrate this point.
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2. THE STANDARD STATE

The standard reference state for the blood simuletinc
continues to be the arterial blood of a resting, adult
male, as in Tables I and II of Chapter I, where various
stages of an incceasingly complex model approximated these
reference data. The incorporation of serum protein buf-
fering and hewoglobin chemistry--the final stages in this
series of experiments--requires another comparison of these
standard data with those from the present model.

Tables XII and XIII list the input for this model,
called ''Standard Model BFFR-1." 1In comparison to Model G,
Chap. I, it contains several important additions. The
species protein (PROTIN) in the plasma compartment now has
subcategories associated with the conceptual compartments
Site 1, Site 2, Site 3, and Site 4, where the carboxyl,
imidazole, ¢-amino, and phenolic groups. respectively,
are ifonized. The miscellaneous protein (sometimes called
"X™") in the red cells also is ionized at an average pK
of 6.79. The hemoglobin (s oxygenated in the four Adair
stages and undergoes jfonization and carvaxnino reactions
according to the data developed in Chap. 11. (Tadble XIII

also shows the subcompartments of the red cell.)
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Table XII gives the tutal of species in the liquid
phase in moles-per-liter-of-hlood. The species H' and OH”
&re combined in the mode! according to (H+)(0H-)/(H20) - Kw
to give water. The total moles of miscellaneous macro-
molacular species and protein for plasma and red cells

come from Documenta Geigy [2971. Table XII also shows the

cas phases for equilibration.

The free energy parameters of Table XIII resemble those
of the previous models (Chap. I). Each additional chemical
reaction, however, also requires a parameter. For example,
coensider the carboxyl lonization of serum protein given
in Site 1, Table XIII. The conceptual compartment Site 1
shows two reactions. The symbol RCOO  represents a carboxyl
site orn a serum protein wmolecule. This site has twc pos-

sible expected states related by

(RCcO (R
(RCOOH)

K (1)

where (naK ~ -12.40503 with the concentrations in mole
- . - X w <8 = 1313 S o t¥
fractions, or loglcx PXoom 1.64, a "best fit" average
value from the titration data for carboxyl ionization sites,
Simiiarly. the remaining lorization parameters are
derived on & mole fraction sciale from the best {aboratory

estimates as discussed io the previous chapter.
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-83-

The oxygenation equilibrium constants have the
(Roughton) ratios derived in the previous chapter. Table
XIII expresses them in the mole fraction scale for all
constituents of the mass action equations. While the
ratios of the oxygenation constants are fixed, the
absolute values are adjusted empirically to give the
correct oxygenation at p50, the oxygen pressure at half-
saturation. This empirical fitting is the best procedure
presently svailable.

Table XIV prints the computer output for the standard
arterial state. All species appear in moles, mole frac-
tions, and moles-per-liter of water in each compartment.

Similariy, Table XV is a couputer solution for the
distribution of species in standard venous blood. The
differences between arterial and venous result entirely
from a change in gas pressures. For arterial blood,'pO2 -

100 mm, pCO = 40 mm, pCO, =

2 2 Z

465 nmm. Table X1 summarizes these data for some of the

= 40 mm; and for venous, p0

{wportant species, and compares them with similar dats
from the reterence literature,
Table AVI has faw {ngortant discrepencies. Tne mathe-

matical mndel uses a slightly higher (5 percent) solubility
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constant for oxygen than did the calculations of the
standard reference.f This slightly increased solubility
causes a small rise in the saturation of hemoglobin, but
the absolute level of the oxygenation constants for
hemoglobin are adjusted empirically to tit the saturation

curve, The carbamino CO, is also more abundant, in ac-

2

cordance with what are believed to be better laboratory
data.f The hematocrit is computed using volume factors
(cc of water per cc of plasma cr red cells) of 94 percent
for plasma and 72 percent for red cells.

In addition to comparing the data of Table XVI with
the litersture, many other criteria exist for evaluating
2 model of blood chiemistry. From Table XIV, one can

. -1 .
compute, for example, the ratio of Cl ion mole-fractions

petween plasma and red cell,

(C17)
—tE 194 - 105, (2)
(€1 dpe

while Bernstein 30  gives 1.44 for this ratio. Since

&
The present data are from F.I.W. Roughton, F.R.S.,
Cambridge University, private correspondence. 1965.

—t - - -, p— gy ~ . - . ——— - - T L e WP e e




Cl~ ions are assumed not actively pumped, the Cl™ gradient
is a messure of the Gibbs-Donnan gradient and of the
specific ion potential across the cell membrane. In this

connection, as in Chap. I,

© g (HOOy)py, (Mg ) g _ (O )
(C17)ge (HCO,) g ("“Z)n My (O

for the ratio for all single-valent ions having the iden-
tical apparent level of the active pump mechanism. This
study assigns a zero-level active pump to species satis-
fying Eq. (3), and names these ions the '"free'" ions in
contrast to ions associated with a non-zero-level active
pump. The simpler models of Chap. I could also show this
ratio equal to the square root of the sulfate ratio, but
it does not hold here, as will be demonstrated below. The
constant before the bicarbonate ratio is, here, 1.15. The
HCOE ratin is not the same as the Cl , owing to the
increased solubility of red cell CO2 over plasma and a
slight difference in spparent pK for the red celil bicarho-
nste reactions. This Memorandum thus postulstes a zero-

level active pump for the bicarbonate fon and sccounts
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for the anomalous bicarbonate ratio by differences in
intracellular ionic activity--although these two phencmena
may be difficult to distinguish,

One of the major discrepancies in this model of human
bloc | arises from an inconsistency in the variable bio-
logical data. Whercas the literature ({29,307 gives the
Cl” ion concentration ratio as 1.44, it usually gives the
H ion concentration ratio at around 1.57. This H+ ion
ratio is computed from the difference in pH between plasma
(pH 7.39) and red cells (pH 7.19), a difference of 0.2 pH
(7,317. 1f neither of these iuns is actively pumped,
the cause of the difference in concentration ratios, if
it exists, is not clear. Of course, a change in the
activity of H+ ion or of C1~ ion is possible, e.g., by
interaction wvith the proteins.

In Table XIV, the model has the "correct" Cl 1{on
concentration ratio 7397, In Table XVI1, the mcdel has
the "correct" H+ fon ratic "7°. In each table, the other
fon of the two has an e.ror in the quoted ratio. The
change in gradient of the free iong was obtained, in
this case, by increasing or decreasing the average nega-
tive charge on the serum proteins by &4 percent, the lower

average ncgative charge ziving the higher chloride ratio.
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This small inconsistency has not been resolved. The model

with the correct chloride ion was chosen for further com-

putation, siace it also has the "correct" hematocrit [7].
Foi the free ions, Eq. (3) holds and permits the

following definition of specific free fon potential:

(Ccl )PL *
RT In —— = RT(0.3716) =2 _ F E , (4)
(€1 )KC ¢l
where:
R = Gas constant = 1.987 cal deg-1 mole-l,
T = Absolute temnperature = 3100,
z _ = Valence of ion = -1,
C1
¥* , v -1 -1
F = One Faraday = 23,060 cal volt mole
E = Specific ion potential;
or
E e 615.9(0.3710)
(- 1)(25,060)
= -2 9 millivolts (%)

for the rod cell free specific ion potential.

4




4
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The specific ion potential as measured by Cl~ ion
gradient differs (rom that which could be computed simi-
larly from Nat or k' gradients, because of the active
cation pumps. The direction of the observed Na+ gradient,
and hence the mode’ gradient, is opposite to that given
by the Cl1~ specific fon potential. T..»+ specific ion
potential would, in fact, concentrate the positive ions
in the interior of the cell (see Chap. I), just as the
negative Cl™ ion is concentrated externaliv. Therefore,
the Na' pump wmust overcome the (Donnan) electrostatic
gradient, as well as raise Na+ ions up to the concentra-
tion ratio observed. Analytically,

(Na+)PL ] (C17)

Bl L 569 x 1.45 = 8,25 = e2- 113

+ 3 - , (6)
(Naec (€1 )ge

where the exponent on the right {s exactlv the free energy
parameter, in Table XIII, for the Na* purp. Taking the

log of both sides,

+
(Na’) (c1)
i ——F . —E e (N
) -
(Na Jec CH)pe
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Or, if we write
' (x)l
AF-RT&nT;s;, (8)
then
(Na+)PL
aF' + = RT /n e = 615.9(1.739) cal/mole
Na (Na )
RC
= 1071 cal/mole . (%)

The interpretation of Eq. (8) in this context is actualily
not s clear as Eq. {9) would suggest. Thus AF' replaces
the usual AF, becaucge the ideal equation (3) gives only
the theoretical work required to move an infinitesimal
increment of Na® ions (plus the concomitant negative icns)
from one concentration to the other while maintaining the
system in the present state; but it ignores any energy
loss2s i the membrane, the conceniravion ¢ffects in each
phase, or sny mechanism which maintains the gradient.
Particularly, Eq. (9) does not measure the work required
to obtain the present Sistribution from classical equi-

librium,




-9~

The K+ fon is concentrated in the cell interior, so
the Gibbs-Donnan gradient aids its active pump. There-
fore,

+ -
®", (1),

in ~~:—-L = -3.0220 - /p ———— = -3 .3945 | (10)
f .
(K )PC el )RC

where -3.0220, from Table XIII, is the free energy param-
eter rep-esenting the work per mole to maintain the ob-

served potassium gradient.

Computing the 'potential' of the K' ion from Eq. (4)

gives

E . . 615 9(-3.3945)
n (+1173.060

= -4 (07 miitlivoits

s
*

. e *
ard for Na .
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_ 615.9(1.798)
+ = (+1)23,060

E
Na

= +4.64 millivolts .

However, neither of these last two "potentials' are

significant for the activity of the cell, since the caticn

mobilities are so low in rel
For example, the ''membrane p

by Ref. 32,

+ .
RT Pk(K )RC + P

ation to those of the anions.

ccential' ot the cell, given

+ -
na M8 Jpe * P (€l )y

E = = n
m * +
F Pk(K )PL + ?

where the Pj are permeabilit
just Eq. (4) since PNa < Pk
Tables XIV and XV show
tion of the species SOZ and
These species represent the
phetes, the non-protein sulp
cations obtained by precipit

of these species in the mode

in the literature (cf. Table

 — e ——en Al 2 3 e - - - el ol . R g

. —PL 1)
—
na(N8 Dpp + Bey el e

y coefficients, reduces to
“ Pa-

a somewnat misleading distribu-

MPO,, as well as Ca' ' and Hg*+.

4°
so-called acid-soluble phos-
hate, and the double-valent
ation. While the distributions

1 corvesponc to results quoted

XV1), the "distribution” as
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such 18 not well-defined. These species are much more
likely to cumbine in various forms, as well as bind to
the protein, than are the singly-:-harged species of either
sign. But these reactions have not yet been incorporated
into the present mathematical model, which imposes theo-
retical conceniration gradients on these ions to create
in the two compartments the moles of each species observed
in chemical analysis.

While Tables XIV and XV give a detailed distribution
of species for arterial aid venous blood, Table XVIII
graphically presents the differences between arterial and
vepous as percent change from the arterial standdard for
both the plasma and red cells. These data present several
interesting facts requiring, for explanation, complex
intercompartmental relationships. For example, in changing
to venous blood from arterial, the hydrogen ion concentra-
tion increases proportionately more in the plasma than in

+ ++ ++
, Ca , and Mg move from

the red cells, whereas Na+, K
red cells to plasma, and C1 moves from plasma to red
cells, Since in the mndel the yxas pressure change alone

inftiates this pattern of movement, {.e.. p0_, changing

2
from 100 o to 40 and pCO2 changing from 40 mm to 46, |t

requires explanstion.
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Table XVIII lists concentrations of species computed

in millimoles per liter of H,0, although the plot is in

2
percent change in mole fractions. In either case, the
change in the water concentration appears as zero because,
even on the mole fraction scale, the molality of the solu-
ticn (and conseguently the mole fraction of H20) is
practically constant and is the same in each compartment.
Water moves, of course, under the influence of various
stresses applied to the blood; when ions cross the
membrane, a proportionate amount of water goes along to
maintain the equal osmolality. The changing concentra-
ticn of fixed protein in both compartments shows that
water moves from plasma to red cells in the change from
arterial to venous,; the concentration of plasma protein
increases and that of red cell protein decreases. Tables
XIV and XV, where the water movement is also evident,
demonstrate this more clearly.

Blocd plasma is less buffered than the red cell
milieu (evident also from the Astrup diagram studies of
separated fractions 337). When the pCO, rises, the pH

wi the plasma shifts proportionately more than that of

red ceils. Thus, as the CO2 accurmulates in the blood and
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(via carbonic anhydrase in the red cell) forms HCO3 and
H+, the hydrogen ion is buffered--principally by protein--
while the bicarbonate ion redistributes according to the
Gibbs-Donnan relations and in indi-ect response to the
cation pumps.

In the system model, the bicarbonate ion is just
another permeable, single-valent, negative ion, though
subject to intraphase reactions. Hence, it finally ac-
quires the gradient of Eq. (3), i.e., before and after
the CO2 accumulation. In this view, the apparent Cl~
shift (Hamburger shift) is merely a redistribution of the

tocal negative ion pool in response to an additional in-

crement of permeable negative ion whose corresponding

positive ion is buffered. Most of the additional HCO3

ion, however, is fcund in the red cell because the
increment in acidic pH shift is smaller than that of
plasma. By the Henderson-Hasselbach equation, the product

(H+)(HCOS) is directly proportional to pCO,; but with a

2'-

positive {ncrement in pCO ff the (H*) does not {ncrease,

2l
then the (HCO,) must. Thus, as Tables XIV and XV demon-
strate, a large proportion cf the produced H ). stays in

the red cell where the H' fon is highly buffered.

AP~ - ——r -~ - e o m—g - “ ¢ e— . . - .




-100-

Actually, these statements depend more compleiely
upon the intercompartmental mechanisms than has been
suggested. Fixed proteins in the red cell and plasma plus
the active cation pumps are the principal determinants of
electrolyte and water distribution, because of the inter-
play between the fixed charge on the protein and th=
active pumps. As the pCO2 changes, protein buffers the
H+ ion, altering the net fixed charge. Now a propor-
tionate change in the charge on the plasma versus the
red cell protein exists for which the Donnan gradient
would remain constant, but such an exact proportional
change would be coincidental. Generally, in the physio-
logical range, the hemoglobin buffers better than serum
albumin; the charge incremenc thus differs for the two
proteins, and ions must move. As ions move across the
membrane, taking along osmotic water, the cation gradients
also shift (the Na® gradient increasing s&nd k* decreas ing)
since the apparent activity cf the cation puuwps is a
function ot the ion reservoirs from and into which they
transport ions.

In addition, the hemoglobin oxygenat:on changes
slightly with pH and pCO2 (the "Bohr effect'), causing

a slight shift of all other species. Table XVIII also
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shows the changes in the oxygenated species of hemoglobin
in venous b jod relative to arterial blood, although these
changes exceed the graph boundaries. The fully oxygenated
species HbAOS decreases considerably while the remaining
species, insignificant at high saturation, increase greatly

at low p02.

THE MATRIX OF PARTIAL DERIVATIVES

Blood in a normal unchanging stcady state is probably
very rare. Blood is a viable system, so that even when
held in a bottle it changes chemical composition as it
metabolizes. 1In the body, it also has a constantly chang-
ing chewical composition, at least cyclic with the cir-
culation time. Blood composition reflects even small
inputs or losses around the vascular tree, since every
species in the blood is--at least via some series of mass
action equations--related tc every other.

We may nevertheless assume instantaneous 3teady
states at various and particular points in the circula-
tion and compute the chemical composition at these poiuts.
in addition, given a particular steady-state composition,
and ziven an increment in any one of the input ccmponents,
the expected response of each output species is comput-

able. I t i=1,....m are the input moles of species,

io
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and x, j=1,....n are the output moles, then we compute

3

the partial derivative, bxj/abt’

Tables XIXA and B compile these partial derivatives,

for each i and all j's.

Tables XIXA show the expected change in the output species
(left :olumn) per unit change in the input species (column
headings). Similarly, Table XIXB gives the expected
change in total moles in each compartment. Generally
speaking, small input increments cause additive responses,
i.e., the response to two small simultareous inputs equals
the sum of the two responses when the inputs are added
separately to the same reference state. <Consequently,
this matrix may be used to predict the systematic re-
sponse to small mixed inputs--e.g., the addition of NaCl
in water solution.

As an example of the matrix's use, first consider
the addition of 1 meq of Na* lon to a liter of arterial
blood. Reading under the Na® column, 9.13 «x l().1 meqg ot
the added Na+ will appear in plasma and the remainder,
8 65 «x 10.2 meq, will appear in red celis. The addition
also causes 5.99 » 1()“1 meq of C1 lon and .06 10‘2 mM
of water to move from the red cells to the plasma. Every

other species will aiso change. K ton decreases in both

compartments, but in the red cell compartment the OH ion
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Table XIXA

OUTPUT SPECIES INCREMENTS PER UNIT INCREASE
IN INPUT SPECIES
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decreases considerably more. 1In response to Na+ alone,
then, the red cells would go very acidic and the plasma
alkaline. Also, partly in response to the pH change,
hemoglobin oxygenation decreeses.

This experiment cannot be performed in the laboratory
since a negative ion must also be added. If 1 meq of Cl~
is a° 'ed simultaneously, however, the total response is
the sum of the two responses shown in the columns headed
Na+ and Cl1 . Thus, there is still a net Na+ transfer to
plasma; and although almcst two-thirds of the added Cl-
remains in the red cell--including the C1 transferred
in the Na+ column (5.99 «x 10-1 meq) and the distribution
of the added Cl~ (6.44 x 10-1 meq in plasma)--there is a
net inc-ease of 9.57 x 10-1 meg of C1° in the plasma
compartment as well as a net transfer .{ water to plasma.

These predicted effects will be proved‘ when dry
NaCl i5 added as an experimental stress. Other details
of the respcnse to NaCl can be predicted from the matrix
as well as the response of the syntem to other small

stresses. For large stresses, s.rh calculations must be

’In the “octoral thesis ot Eugene Magnier, M.D.,
Temple Universitvy Medicai Cent_r, Department of Physiclogy,
Philadelphia (unpublished).
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validated, since the partial derivatives are valid for

only that system state for which they were calculated.f

OXYGEN DISSCCIATION CURVES

Any simulation of the respiratory chemistry of blnod
shuuld reproduce the standard oxygen dissociation curves--
the oxygen-loading and -unloading fuactions of normal
blood~-when the pressure of oxygen to which it is sub-
jected varies from, say, 1 to 100 mm. This test is
fundamental.

Since 1942, the data of Dill [16) on oxygen dis-
sociation, from the Mayo Aero-Medical Unit have been the
best available for human blocoa. However, improved tech-
niques (the pH and oxygen electrodes) and nore carefu!?
attention to detail (especially at very low and very high
hemoglobin saturation) may prod _¢ an improved curve '3&7.:
The new Jata may modify the presently best available
saturation curve by as much as 2 percent of its vaiue in

some regions ot p0,. This amount is negligible for

clinical applications where calculations are seldom within

+
See the Jdiscussion of Mogel F in Chap. I, Sec. 3,
p- L.

&

~

F.J.W. Roughton, F.R.S., private communication,
1962,

S ——— e
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5 percent; but in biochemistry, a 2 percent saturation
error in the curve-fitting procedure may modify the
oxygen assoclation constants by 100 percent or more, and
lead to an entirely different hypothetical microchemistry,
particularly in the associated reactions of hemoglobin.

The present model, as Ref. 2, uses the Dill data for
validation. The solid lines of Fig. 2 are the Dill curves
for human blood; the plotted points are various experiments
with the model. The points marked by circles result from
a series of computer experiments (described in detail

below) wherein the pCO, was determined empirically to give

2
the stated pH of the Dill curves at 100 mm of 02. These
points reasonably fit the laboratory data--with less than
1 percent rror. This order of error may not evea be
detectable clinically, but may be crucial for a research
hyputhesis,

The "normal' curve (pCO2 = 40 mm, plasma pH = 7.4)
of Fig. 2 {s. of course, .enerated with all '"normal"
values in the liter of simulated blood, e.y., normal buffer
base hermoglobin, and was pressures--all variables with
standard values ‘romr the literature. The circie data

points shov the standard computer results holding pH

constant over the range of p0O,. Tne laboratory report "16°
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does not indicate whether the pH and pCO2 were monitored

throughout the range of p0, in the wet experiments. The

2

maintenance of both these parameters is now kncwn to be
critical in obtaining an accurate saturation curve.

Dill computed : "~ pCO? for given pH values and vary-

ing p0,, assuming constant HCO3 content. In fact, the

2)

varies uniformly with pH which, in turn, varies with

3

p02. Consequently, to maintain a constant pH cover the

HCO

- inge of pO2 in the saturation curve experiment, either
the pC02 or the non-carbonate base must gradually change

to hold pH and HCO3 constant. If pCO, is held constant,

2
either NaOH or HCl must be added to hold the pH.
Conversely, to obtain the extreme pH ranges of 7.2
and 7.6 indicated in Fig. 2 by varying pCO2 only, pCO2
values different from those quoted by Dill are recessary.
Whereas D.1]l computed a pCO2 of 25.5 for pH 7.6 and 61.3
for a pH of 7.2, the corresponding pCO, values are in
fact closer toc 20 mm and 85 mm, respectively. The
Henderson-Hasselhach equa’ ion also verifies these latter

fi~rures, when HCO3 varies in the presence of a protein

buffer having pK 7‘2.‘ The crossed pcints lying on or

"See Fdsall and Wyman, Ref 8, p. 569.
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near the corresponding Dill curves were obtained by
changing the pCO2 to these new values and recalculating
the saturation curves at pH 7.2 and 7.6.

For all three of the curves represented by the
crossed points, the computer results are satisfactory,
i.e., practically indistinguishable from the Dill curves.
This is important to several pertinent theoretical ques-
tions. For example, the interaction of CO2 and H+ with
cxygenation is evidently simulatable, if not in exact
detail than in overall effect. Again, note that the
oxyzenat ion parameters were determined for hemoglobin in
solution and not for whole blood [27. Yet when the
parameters w2re inccrporated in the whole blood, they
gave the same curve; i.¢., probably no unaccountable
change occurs in the oxygenation of hemoglobin incorporated
into whole blood compared to hemoglobin solution.

A further {mplication of the goodness of fit concerns
the effect of pH on the saturation curve. From p0, = 100 mm
to p()2 = 1 mm, the pH alonp the saturation curve drifts
basic by about C.1 p¥ unit. (This amount of drift i{s less
than that predicted from hemoglobin solution experiments--
0.23 pH units 14 --because the blood is more highly buf-

fored.) However, the reasonable fit to the Dill curve
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indicates that the pH was not controlled in the wet
experiments, and must have drifted approximately the
same amount,

With constant non-carbonate base in the blood and
constant pCOZ’ the pH of normal blood goes basic when
the blood deoxygenates, and vice-versa [14]. The exact
amount of this effect varies both with the absolute
saturation and the absolute pH. Beginning at 109 mm pO2
and pH 7.4, deoxygenation causes the non-ccnstant pH
curve to deviate from the constant p¥ curve, but by an
amount different than for the 7.2 or 7.6 curves [35'.

The oxylab.ie side reactions of the protein produce this
phenomenon, related to the Bohr eff .ct. Certain ionizing
groups, as yet not precisely specified, change pK ac-
cording to the state of a nearby oxygen site. Generally
speaking, the pK of nearby sites decreases as oxygen
attaches, although for certain sites it may rise with
oxygenation 367, Also, scme of these sites are evidently
carbamino sites, since tre absence ot CO? reduces the
ahift in pH effect [35].

To test the Jdifference between a curve run at
constant pH and one in which the pH drifted, HCl or NaOH

was added as though a laboratory pHStat had been used in




~-114-

the wet experiment. The circle points plotted in Fig. 2
indicate the results.

While the error from the Dill curves is biochemically
important at low p02, the absolute amounts of these effects
are difficult to verify in the literature, because of the
absence of definitely comparable experiments. 1ln several
published experiments which study the pH effects on
oxygenation, principal results are on hemoglobin solution
(14,28,36,3717. Since the whole blcod is buffered more
heavily than hemoglobin solution, the quantitative values
for whole blood are not evidenc from these experiments.
Several other papers note that for whole blrcd the de-
crease in pH shifts the saturation curve to the right,
i.e., decreased oxygen saturation at the s.. : pO? ‘as
expected); but generally this shift in pH is accomplished
by changing pCoO, 238,397, In short, a careful test of

this computer experiment wculd be interesting.

THE “ASTRUP' EXPERIMENTS

&
Figure 1 reproduces an Astrup-type chart for clinical

determinations of the state of whole blood. The straight

QCopyright' RADIOMZTER, Copenhagen.
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line A (from the literature "40°) represents an experi-
ment with normal aduit male blood; D is a comparable
experiment computed from the present model.

Generally speaking, the slope of the lines drawn on
the Astrup chart from blood samnples is proportional to
the buffer pcwer of the blood in respiratory acidosis.

The steeper the line, the better the blood will buffer

or increase in pCO2 (i.e., H+ ion). Thus, the line A--

or the line D (since they dJdiffer insignificantly)--gives
the nor:.al buffer slope for blood with the standard
amounts cf buffering constituents. 1In Fig. 3, blood at

pH 7.28 and at 40 mm pC0, contains the amount of ''standard"
bicarbonat= given by the Henderson-Hasselbach eguation,
here 23.8 meq/L blood. With other conditions constant,
but changing pCOZ. the buffered blood will normally follow
line A (or D) intersecting the hemoglobin content curve

At 16 (17) grams percent.

The buffering constituents are, in Jdecreasing order
of importance, the carbon dioxide system itself,6 ! *mo-
globin, plasma proteins, organic and inorgani: >hosphates,
and subsidiary systems. Together K theset several con-
stituents represent tte anions capable of hinding hydrogen

fon in the viable pH range and. except Jor the CO, system,
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are called the "buffer base'" of the bloud. The carbonate
system is not part of the buffer base because it is
(indirectly) the COP which is8 to be tuffered. ''Buffer
base" is an imprecisely defined term, since the hydrogen-
binding capacity of the proteinate and phosnhate factors
varies 8o considerably with pH, their "buffer power'" being
directly proportional zo the slope of their titration
curves at a particular pH. Nevertheless, the term "buffer
base'" is useful for the narrow range of pH in clinical
applications. At nnrmal concentrations of pretein and

at viable pH and pCO,, the imidazole ionizing groups of

20
protein plus the carbamino reactions and phosphate com-
plexes normally buffer as though about 45 to 4o meq per
liter of ionizing sites existed.

Additions of acids or bases, as in metabolic acidosis
or alkalosis without respiratory compensation, should
change an available buffer base of the hiood by just the
amount of acid or base added. Because the solvent water
has a low ionization constant. the added excess of hydrogen
or hydroxyl icn can not stay in sclutien in ionized form,
these ions must essentiallv either bind to a hydrogen-

binding site or remove a bound hydrogen--thus reducing or

incressing. respectively, the availatie buffer base.
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When the buffer base is non-normal, indicating a
ﬁetabolic alkalosis or acidosis, the buffering reactions
of the blood to increased pCO2 are approximately the same
as for the normal. However, the buffer line on the Astrup
diagrem will shift to the new range of pH corresponding
to the new value of the buffer base. Lines A' and D' of
Fig. 3 are, respectively, the ideal responses of whole
blood in the Astrup experiment and the response of the
computer model to changes in pCO2 after aldition of 10
meq of HCl per lite~. The slope of the buffer lines has
steepened slightly because the lower pi is closer to the
middle o7 the range of imidazole ionization, so the
buffering is more efficient. The lines D' did not move
a full ten units onr the base excess curve, although 10
meq of acid was added,

This discrepancy is difficult to rationalize. ‘lhe
literatura notes that the standard curves are based on
blood samples from 12 persons, and that the same titra-
tion results were obtained with hydrochloric, lactic, or
acetic acids [40]. Yet at constant pCOZ, the computer
blood buffers HCl better than real blood; i.e., for
conatant pCOZ, 10 meq of HCl changes the pH less {n the

model than the same amournt added to human blood.

o - — g - e . o - v U
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The discrepancy is large--about 10 percent of the
buffering capacity in this central pH range; and its
direction indicates that the model is already buffering
too well--i.e., the model does not need an additional
buffer system. On the other hand, the blood used to con-
struct the chart was probably not viable blood; it was
probably damaged by centrifugation, changes in temperature
and gas pressures, and by the addition of a fluoride
stabilizing agent [40). Some denaturation of the protein
by physical forces, plus slight hemolosis, plus fluoride
agents' interference with cell glycolysis could easily
make the blood a 10-percent-less-efficient buffer.

Line B in Fig. 3 is the iso-bicarbonate line, i.e;,

the line along which pH + log pCO, = K is8 constant, and

2

the HCO, concentration is consequently alsc constant.

3
Edsall and Wyman (87 give line E for the pCOzlpH relation-

3

concentration is nearly constant. They also remark that,

ship in 0.02 M sodium bicarbonate solution; the HCO

for this simpie solution case, the total CO,, T, carried
{s relatively invariant with pCOz, the change teing only
from 17.1 to 22.0 =M per liter, with a change in pCO2

from 0.45 to 63.0 mm,

[ - o e R o S petw NN . - e P W R e S VTS
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Blood, however, for efficient action must have a
different property. Relatively large arounts of 002

must be picked up or lost with small ir:rements of pCO2
between venous and arterial blood. This is accomplished
through better buffering of the blocd than the simple

solution affords. If the pH is almost constant, then, by

the Henderson-Hasselbach equation, as pCO, increases

2
HCOB must increase proportionately. Thus, buffering the

hydrogen {on is essential to CO, transport.

2

From an earlier mathematical model of human blood [2°
not containing the imidazole reactions in plasma and red
cell protein, line C in Fig. 3 indicates the buffer power--
and hence COz-transporc capacity. Rotating this iine to
the present increased buffer capacity (line D) was a matter
of including the titration r<actions of plasma protein and
of hemoglobin. Of these two groups of proteins, that of
the red cell is more important because of the carbamino

reactions of hemoglobin with CO,, oxylabile ionizing

2’

groups. and the large group of non-oxylabile sites.
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